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ABSTRACT 

Materials degradation at high temperatures is a serious problem in several high 

tech industries. Power plants are one of the major industries which encounter severe 

corrosion problems resulting in the substantial loss. The problem is becoming more 

prominent as the plants are getting older. Attempts to increase the efficiency of steam 

generating plant by raising the final steam temperature above 600°C and the use of gas 

turbines for the production of cheap electric power have made working conditions more 

severe for the materials. The boiler tubes used for super-haters and re-heaters in the 

steam generating systems are subjected to fireside corrosion, resulting in tube wall 

thinning and premature failure. Hot corrosion has been identified as a serious problem 

in high temperature applications such as in boilers, gas turbines, waste incinerations, 

diesel engines, coal gasification plants, chemical plants and other energy generation 

systems. 

Also, erosion-corrosion by solid particles in gaseous environments at elevated 

temperatures and hence wastage of alloys, is a serious problem in many industrial 

processes. Small, solid particles propelled by generally oxidizing gases in various fluid 

flow patterns constitute the primary operating environments in the combustion regions 

of energy generating boilers operating on such fossil fuels as coal and various kinds of 

biomass. High-temperature erosion-corrosion and oxidation of the heat transfer pipes 

and other structural materials in the coal fired boilers are recognized as being the main 

cause of downtime at power generating plants, accounting for 50% to 75% of the total 

arrest time. Maintenance costs for replacing the broken pipes in such installations are 

also very high and are estimated to be up to 54% of the total production costs. These 

facts emphasize the need to develop more and more corrosion resistant materials for 

such applications. Therefore, the boiler steel needs to be protected. 

In this regard, it is learnt from the published literature that one possible, 

practical, reliable and economically viable way to control or prevent the high 

temperature corrosion and erosion problems of the superheaters and reheaters of the 

boilers is an application of a thin layer of corrosion resistant coatings having good 

thermal conductivity. The physical vapour deposition (PVD) and plasma spray (a thermal 



spray process) have been reported to be two major coating processing technologies 

used In recent years, corrosion performance of nanostructured materials/coatings is a 

hot topic in the corrosion field. Nanostructured materials indeed behave differently than 

their microscopic counterparts because their characteristic sizes are smaller than the 

characteristic length scales of physical phenomenon occurring in bulk materials. In many 

tribological applications, hard coatings of metal nitrides are now commonly used. In the 

past years, hard protective TiAIN coatings and AICrN coatings were widely used for wear 

resistant properties. Recently these coatings are gaining importance for high 

temperature wear, corrosion and oxidation resistance applications. 

It is important to understand the nature of all types of environmental 

degradation of metals and alloys as vividly as possible so that preventive measures 

against metal loss and failure can be economically devised to ensure safety and 

reliability in the use of metallic components. The present study has been performed to 

evaluate the behavior of the nanostructured and conventional metal nitride coatings (obtained 

on the boiler tube steels and a Fe-based superalloy); when exposed to high temperature 

oxidation in air, molten salt (Na2SO4-60%V205) environment, in actual degrading conditions 

prevailing in a coal fired boiler of a thermal plant, erosion in simulated coal-fired boiler 

environment and simulated marine environment. Three types of boiler steel substrate materials 

namely "ASTM-SA210-Grade A-1," "ASTM-SA213-T-11" and steel "ASTM-SA213-T-22" and a Fe-

based superalloy having Midhani Grade Superfer 800H have been selected for the present study as 

the substrate materials. The nanostructured thin TiAIN and AICrN coatings; with thickness around 

4i.tm, were deposited on the substrates at Oerlikon Balzers Coatings India Limited, Gurgaon, 

India. The conventional thick TiAI and AICr coatings were deposited on the substrates by Plasma 

Spraying. The coating work was carried out at a commercial firm namely Anod Plasma Limited, 

Kanpur, India. The gas nitriding of the plasma sprayed conventional thick Ti-Al and Al-Cr coatings 

was done in the lab. The as-coated specimens were characterized by metallography, SEM, AFM, 

Porosity analysis, EDAX and X-ray mapping. Microhardness, bond strength and Surface 

roughness have also been measured. 

All the coatings were dense, uniform, continuous and adherent. The thickness of 

coating was in the range of 5.2-6.3 pm, 4.2-5.5 pm, 140-174 pm and 122-166 pm for the 

nanostructured TiAIN, nanostructured AICrN, conventional TiAIN and conventional AICrN 

coatings respectively. The nanostructured thin TiAIN and AICrN coatings exhibited 

negligible porosity values for as coated; which were less than 0.5 %. The conventional 
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TiAIN and AICrN coatings showed; higher porosity values (1.90-4.30%) for as sprayed 

conventional Ti-Al and Al-Cr coatings; which after gas nitriding were found to be less than 

0.65 %. The grain size (calculated by Scherrer formula from XRD plot) for nanostructured 

thin TiAIN and AICrN coatings was less than 22 and 28 nm respectively which was further 

verified by AFM analysis. A good adhesion of the conventional thick TiAIN and AICrN 

coatings was evident from bond test results. Average bond strength of 68.74 MPa and 

54.69 MPa was observed in case of conventional TiAIN and AICrN coatings respectively. 

The behavior of uncoated and coated alloys has been studied in the air, molten 

salt and actual industrial environment. Air and molten salt studies performed in the 

laboratory furnace for 50 cycles each cycle consisting of 1 hour heating at 900°C 

followed by 20 minutes cooling. At the end of each cycle the samples were critically 

examined and the change in weight was recorded. In case of studies under the molten 

salt, a uniform layer (3-5 mg/cm2) of the mixture of Na2SO4-60%V205  was coated on the 

samples with the help of camel hair brush by preheating the sample at 250°C.',The 

coated as well as bare alloy specimens were exposed to the platen super-heater zone 

of the coal fired boiler of Stage-II at Guru Nanak Dev Thermal Plant, Bathinda, Punjab 

(India). The specimens were exposed to the combustion environment for 10 cycles. 

Each cycle consisted of 100 hours heating followed by 1 hour cooling at ambient 

conditions. The temperature was measured at regular intervals during the studs& and 

the average temperature was about 900°C with variation of ± 10°C. At the end of each 

cycle the samples were critically examined regarding the colour, lustre, tendency to spall 

and adherence of scale and then subjected to weight change measurements. XRD and 

SEM/EDAX techniques were used to identify the phases obtained and the elemental 

analysis of the surface scale. These corroded samples were then cut across the cross-

sections and mounted to study the cross-sectional details by X-Ray mapping. 

Based on the overall weight gain after 50 cycles in air and in an aggressive 

Na2SO4-60%V205  (molten salt) environment at 900°C temperature, the oxidation 

resistance of the bare Fe-based alloys studied in the present investigation has been 

found to be in the following order: 

AIR ENVIRONMENT 

S.F 800H superalloy > Grade A-1 boiler steel > T-11 boiler steel > T-22 boiler steel 
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Na2SO4-60%V205  (MOLTEN SALT) ENVIRONMENT 

S.F 800H superalloy > T-11 boiler steel > Grade A-1 boiler steel > T-22 boiler steel 

The superior oxidation resistance of the Superfer 800H superalloy may be 

attributed to the development of homogeneous and continuous scale consisting of 

oxides of Ni and Cr due to higher percentage of Ni and Cr in the Superfer 800H. The 

higher weigh gain and spalling as observed in case of T-11 and T-22 boiler steels may be 

attributed to the presence of molybdenum in the steels. During initial oxidation; Fe is 

oxidized and the oxide scale is protective in nature. With progress of oxidation 

molybdenum becomes enriched at the alloy interface, leading to the formation of an 

inner layer of molten MoO3  (m. p. 795°C) which penetrates along the alloy-scale 

interface. This liquid oxide disrupts and dissolves the protective oYic de scale, causing the 

alloy to suffer catastrophic oxidation. Based on the overall weight gain after 50 cycles in 

air and in molten salt environment at 900°C temperature, the oxidation resistance of the 

coating on the Fe-based alloys has been found to be in the following order: 

AIR ENVIRONMENT 

Substrate ASTM-SA210-Grade A-1 Boiler Steel: 

Conventional AICrN > Conventional TiAIN > Nanost. AICrN > Nanost. TiAIN > Bare Grade A-1 

Substrate ASTM-SA213-T-11 Boiler Steel: 

Conventional AICrN > Conventional TiAIN > Nanost. AICrN > Nanost. TiAIN > Bare T-11 

Substrate ASTM-SA213-T-22 Boiler Steel: 

Conventional AICrN > Nanost. AICrN > Conventional TiAIN > Bare T-22 > Nanost. TiAIN 

Substrate Superfer 800H Superalloy: 

Nanost. AICrN > Nanost. TiAIN > Bare S.F 800H > Conventional TiAIN > Conventional AICrN 

&AgaZons:60%V05  (MOLTEN SALT) ENVIRONMENT 

Substrate ASTM-SA210-Grade A-1 Boiler Steel: 

Conventional AICrN > Conventional TiAIN > Nanost. TiAIN > Nanost. AICrN > Bare Grade A-1 

Substrate ASTM-SA213-T-11 Boiler Steel: 

Conventional AICrN > Nanost. AICrN > Nanost. TiAIN > Conventional TiAIN > Bare T-11 

Substrate ASTM-SA213-T-22 Boiler Steel: 

Conventional AICrN > Nanost. TiAIN> Conventional TiAIN > Nanost. AICrN > Bare T-22 

Substrate Superfer 800H Superalloy: 

Nanost. AICrN > Nanost. TiAIN > Conventional TiAIN > Conventional AICrN> Bare S.F 800H 
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All the coatings have shown protection to the substrate based on the overall 

weight gain after 50 cycles in air environment at 900°C temperature except 

nanostructured TiAIN coated T-22 boiler steel. The nanaostructured TiAIN and AICrN 

coatings has shown resistance to oxidation to some extent as the overall weight gain is 

less, but failed to sustain during the course of oxidation study. This might be due to the 

formation of oxide scale which is composed of a porous oxide mixture of TiO2 and A1203, 

with the domination of TiO2. The plasma sprayed gas nitride conventional thick coatings 

i.e. TiAIN and AICrN when subjected to cyclic oxidation studies at 900°C for 50 cycles 

developed a protective scale mainly consisting on A1203  along with some amount of TiO2 

(in case of conventional TiAIN coating) and Cr2O3  (conventional AICrN coating). In case of 

T-11 and T-22 boiler steels; the conventional TiAIN coating failed to sustain during the 

course of study. The weight change plots for the uncoated and coated alloys indicated 

that the oxidation behavior has shown conformance to parabolic rate law. Development 

of some minor cracks near or along the edges of the coated specimens may Joe 

attributed to the thermal shocks due to differences in the heat expansion coefficients of 

the oxides, coatings and the substrate. 

In case of specimens exposed to actual industrial environment; based on the 

materials depth affected by corrosion or corrosion rate in mils per year (mpy) after 1000 

hours of exposure, the corrosion resistance of the bare Fe-based alloys studied iruthe 

present investigation has been found to be in the following order: 

S.F 800H superalloy > Grade A-1 boiler steel > T-22 boiler steel > T-11 boiler steel 

Based on the materials depth effected by corrosion or corrosion rate in mils per 

year (mpy) after 1000 hours of exposure, the corrosion resistance of the uncoated and 

coated Fe-based alloys studied in the present investigation has been found to be in the 

following order: 

Substrate ASTM-SA210-Grade A-1 Boiler Steel: 

Conventional TiAIN > Conventional AICrN > Nanost. TiAIN > Bare Grade A-1> Nanost. AICrN 

Substrate ASTM-SA213-T-11 Boiler Steel: 

Conventional TiAIN > Conventional AICrN > Nanost. TiAIN > Nanost. AICrN > Bare T-11 

Substrate ASTM-SA213-T-22 Boiler Steel: 

Conventional TiAIN > Conventional AICrN > Nanost. AICrN > Conventional TiAIN > Bare T-22 



Substrate Superfer 800H Superalloy: 

Conventional TiAIN and AICrN > Nanost. TiAIN > Nanost. AICrN > Bare S.F 800H 

The coated as well as uncoated boiler steels have shown higher corrosion rate as 

compare to Superfer 800H supeallloy. In case of boiler steels; maximum corrosion rate 

has been observed in bare T-11 and minimum in case of conventional TiAIN coated 

Grade A-1 boiler steel. All the coatings have shown resistance to corrosion in terms of 

corrosion rate when compared with respective bare alloy except nanostructured AICrN 

coated Grade A-1. The conventional coatings have shown good resistance to the 

corrosive environment as the oxygen penetration is limited to very less thickness as 

compare to the uncoated and nanostructured coated boiler steels. All the coated as well 

as uncoated boiler steels have shown ash deposition on the surface. Thus final thickness 

is contributed by scale formation, erosion and ash deposition. 

Erosion testing was carried out using a solid, particle erosion test rig TR-471-M10 

Air Jet Erosion Tester (Ducom Instruments Private Limited, Bangalore, India. The samples 

were cleaned in acetone, dried, weighed to an accuracy of 1x10-5  g using an electronic 

balance, eroded in the test rig for 3 hours and then weighed again to determine weight 

loss. In the present study standard alumina 50 micron was used as erodent. The two 

temperatures were taken for the test, sample temperature 400°C and air/erodent 

temperature 900°C sim ulated to service conditions of boiler tubes in which sample 

temperature and flow gas temperature correspond to the inner and outer temperature 

of water wall pipes. Erosion resistance was measured in terms of volume loss after the 

erosion testing. All the specimens subjected to erosion wear were analyzed for the 

characterization of erosion products. The specimens were analyzed using surface SEM, 

EDAX and measurement of surface profiles using optical profilometer. 

All the uncoated and nanostructured TiAIN and AICrN coated alloys have 

shown higher erosion rate at oblique impact (at 30°) than at normal impact (at 90°), 

which indicate ductile behavior as proposed by Murthy et al. (2001). The 

nanostructured thin TiAIN and AICrN coatings were removed by the continuous strikes 

of the eroding particles on the surface of the coatings in most of the cases. The plasma 

sprayed conventional TiAIN coatings have successfully protected the substrates. All the 

conventional thick TiAIN coated alloys have shown higher erosion rate at oblique 
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impact (at 30°) than at normal impact (at 90°) thus indicating ductile behavior except 

in case of Grade A-1 boiler steel. The plasma sprayed conventional AICrN coatings have 

successfully protected the substrates at both impact angles except in case of T-11 boiler 

steel. The conventional AICrN coating gets removed by the continuous strikes of the 

eroding particles on the surface of the coating in case of T-11 boiler steel at both impact 

angles. All the conventional thick AICrN coated alloys have shown higher erosion rate 

at normal impact (at 90°) than at oblique impact (at 30°) except in case of Superfer 

800H superalloy. 

In order to evaluate the corrosion behavior of the substrates and coatings in 

simulated marine environment; linear polarization resistance (LPR) and potentiodynamic 

polarization tests were conducted in an aerated 3 wt% NaCI solution at room 

temperature. The initial corrosion current density and LPR (Rp ) was measured by LPR 

test. It can be inferred from the corrosion parameters i.e. corrosion current densities 

(icon) obtained in LPR test that all the coatings are protecting the substrates except 

conventional coatings on T-11 boiler steel and conventional TiAIN coated Superfer 800H 

superalloy. In case of uncoated alloys; bare T-22 boiler steel has shown maximum 

corrosion current density (108.60 I.AA/cm2) and Supefer 800H has shown best corrosion 

resistance at initial stage on the basis of corrosion current density (05.37 [tA/cm2) and 

polarization resistance values obtained in the test. In Potentiodynamic polarization test; 

the corrosion current densities of the coatings were found much lower than that of the 

substrate steel except for nanostructured and conventional TiAIN coated Superfer 800H 

superalloy. Also, the corrosion current densities of the substrate and the coatings were 

found much lower as compared to the LPR test (at initial stage) results. A protective 

oxide layer may have formed which has blocked further corrosion. The corrosion 

product formed may have reduced the passage of the electrolyte to attack the samples, 

and hence providing protection. 

The ASTM B117 Salt Fog test was used to evaluate the performance of the 

uncoated and nanostructured thin TiAIN and AICrN coatings. In the 8117 test, the 

samples are exposed to a salt fog generated from a 5% sodium chloride solution with a 

pH between 6.5 and 7.2 in salt fog testing set up (HSK 1000, Heraeus Votsch, Germany). 

All the samples were placed in the salt fog chamber for 24 Hrs, 48 Hrs and 72 Hrs. After 

exposure; samples were monitored and analyzed by using XRD and SEM/EDAX 

vii 



techniques. The uncoated boiler steels have shown higher weight loss per unit area in all 

three test conditions i.e. 24 Hrs, 48 Hrs and 72 Hrs tests; as compared to their coated 

counterparts. The uncoated as well as nanostructured TiAIN and AICrN coated Superfer 

800H superal.loy have performed well as these specimens have shown no weight change 

during exposure for 24 Hrs, 48 Hrs and 72 Hrs to salt fog tests. Both the coatings 

(nanostructured TiAIN and AICrN) have shown good protection to the substrate in terms 

of weight loss per unit area. Also, the weight loss per unit area increases with the 

duration of the test in case of bare and coated boilers steels. In case of uncoated boiler 

steel; the T-11 and T-22 have shown higher weight loss than Grade A-1 for 24 Hrs test 

duration. The bare Grade A-1 boilers steel undergoes higher weight loss during 48 Hrs 

and 72 Hrs test studies as compared to T-11 and T-22 boiler steels. XRD diffractograms 

for uncoated boiler steels have also indicated Fe304  is the main phases present in the 

oxide scale. 
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PREFACE 

The entire work carried out for this investigation has been presented in to nine chapters: 

Chapter-1 	contains the introductory remarks about hot corrosion and erosion 

problem faced by the various industries and especially in coal fired 

boilers. The ways to counteract this problem are also briefly discussed. 

Chapter-2 	begins with exhaustive survey of literature regarding various aspects and 

mechanism of hot corrosion and erosion in different degrading 

environments. Critical review of studies in air, molten salt and energy 

generation systems has been made. The various aspects for the control of 

these degradations and more detailed behavior of coatings have also 

been reviewed. 

Chapter-3 	deals with the experimental procedure for the present study. It includes 

the procedure to obtain the coatings, their characterization, high 

temperature oxidation studies in air, molten salt environment and in a 

coal fired boiler of a thermal plant, erosion studies in simulated coal-fired 

boiler environment and corrosion studies in simulated marine 

environment. 

Chapter-4 	deals with the results and discussion for the bare and coated ASTM- 

SA210 Grade A-1 boiler steel exposed to different degradation 

environments. 

Chapter-5 	deals with the results and discussion for the bare and coated ASTM- 

SA213-T-11 boiler steel exposed to different degradation environments. 

Chapter-6 	deals with the results and discussion for .the bare and coated ASTM- 

SA213-T-22 boiler steel exposed to different degradation environments. 

Chapter-7 	deals with the results and discussion for the bare and coated Superfer 

800H superalloy exposed to different degradation environments. 

Chapter-8 	It includes comprehensive discussions on the results obtained in present 

study. 

Chapter-9 	major conclusions of the study on the effect of various coatings on their 

behavior in the above mentioned environments; have been presented. 
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Conventional TiAIN coating, (e) Conventional AICrN coating 

Fig. 4.18 	Weight gain/area vs time (number of cycles) for the uncoated and 	169 

coated ASTM-SA210 Grade A-1 boiler steel exposed to molten salt 

(Na2SO4-60%V205) environment at 900°C for 50 cycles 

Fig. 4.19 	Column chart showing cumulative weight gain per unit area for the 	169 



uncoated and coated ASTM-SA210 Grade A-1 boiler steel exposed to 

molten salt (Na2SO4-60%V205) environment at 900°C for 50 cycles: (A) 

Uncoated, (B) Nanostructured TiAIN coating, (C) Nanostructured AICrN 

coating, (D) Convnetional TiAIN coating, (E) Conventional AICrN coating 

Fig. 4.20 	Weight gain/area square vs time (number of cycles) for the uncoated 	170 

and coated ASTM-SA210 Grade A-1 boiler steel exposed to molten salt 

(Na2SO4-60%V205) environment at 900°C for 50 cycles 

Fig. 4.21 (a) X-Ray Diffraction pattern of uncoated and coated ASTM-SA210 Grade A- 	172 

1 boiler steel exposed to molten salt (Na2SO4-60%V205) environment at 

900°C for 50 cycles: (A) Uncoated Grade A-1 boiler steel, (B) 

Nanostructured TiAIN coating, (C) Nanostructured AICrN coating 

Fig. 4.21 (b) X-Ray Diffraction pattern of uncoated and coated ASTM-SA210 Grade A- 	172 

1 boiler steel exposed to molten salt (Na2SO4-60%V205) environment at 

900°C for 50 cycles: (A) Conventional TiAIN coating, (B) Conventional 

AICrN coating 

Fig. 4.22 	Surface-scale morphology and EDAX patterns from different spots on 	174 

uncoated and coated ASTM-SA210 Grade Al boiler steel exposed to 

molten salt (Na2SO4-60%V205) environment at 900°C for 50 cycles: (a) 

Uncoated Grade Al boiler steel, (b) Nanostructured TiAIN coating, (c) 

Nanostructured AICrN coating, (d) Conventional TiAIN coating, (e) 

Conventional AICrN coating 

Fig. 4.23 	Oxide scale morphology and variation of elemental composition across 	176 

the cross- section of the uncoated and coated ASTM-SA210 Grade A-1 

boiler steel exposed to molten salt (Na2SO4-60%V205) environment at 

900°C for 50 cycles: (a) Uncoated Grade Al boiler steel (70 X), (b) 

Nanostructured TiAIN coating (71 X), (c) Nanostructured AICrN coating 

(55 X), (d) Conventional TiAIN coating (300 X), (e) Conventional AICrN 

coating (250 X) 

Fig. 4.24 (a) Composition image (BSEI) and X-ray mapping of the cross-section of 	177 

uncoated ASTM-SA210 Grade A-1 boiler steel exposed to molten salt 

(Na2SO4-60%V205) environment at 900°C for 50 cycles 
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Fig. 4.24 (b) Composition image (BSEI) and X-ray mapping of the cross-section of 	178 

Nanostructured TiAIN coated ASTM-SA210 Grade A-1 boiler steel 

exposed to molten salt (Na2SO4-60%V205) environment at 900°C for 50 

cycles 

Fig. 4.24 (c) Composition image (BSEI) and X-ray mapping of the cross-section of 	179 

Nanostructured AICrN coated ASTM-SA210 Grade A-1 boiler steel 

exposed to molten salt (Na2SO4-60%V205) environment at 900°C for 50 

cycles 

Fig. 4.24 (d) Composition image (BSEI) and X-ray mapping of the cross-section of 	180 

conventional TiAIN coated ASTM-5A210 Grade A-1 boiler steel exposed 

to molten salt (Na2SO4-60%V205) environment at 900°C for 50 cycles 

Fig. 4.24 (e) Composition image (BSEI) and X-ray mapping of the cross-section of 	181 

conventional AICrN coated ASTM-SA210 Grade Al boiler steel exposed 

to molten salt (Na2SO4-60%V205) environment at 900°C for 50 cycles 

Fig. 4.25 	Surface macrographs of eroded uncoated and coated ASTM-SA210 	189 

Grade A-1 boiler steel exposed to high temperature erosion studies in 

simulated coal-fired boiler environment 

Fig. 4.26 	Column chart showing the Volume wear rate of uncoated and coated 	191 

ASTM-SA210 Grade A-1 boiler steel eroded at normal and oblique 

impact: (A) Uncoated Grade A-1 boiler steel, (B) Nanostructured TiAIN 

coating, (C) Nanostructured AICrN coating, (D) Conventional TiAIN 

coating, (E) Conventional AICrN coating 

Fig. 4.27 	Surface-scale morphology and EDAX patterns from different spots on 	193 

eroded uncoated and coated ASTM-SA210 Grade A-1 boiler steel 

exposed to high temperature erosion studies in simulated coal-fired 

boiler environment at impact angle 90°: (a) Uncoated Grade Al boiler 

steel, (b) Nanostructured TiAIN coating, (c) Nanostructured AICrN 

coating, (d) Conventional TiAIN coating, (e) Conventional AICrN coating 

Fig. 4.28 	Surface-scale morphology and EDAX patterns from different spots on 	195 

eroded uncoated and coated ASTM-SA210 Grade A-1 boiler steel 

exposed to high temperature erosion studies in simulated coal-fired 



boiler environment at impact angle 30°: (a) Uncoated Grade Al boiler 

steel, (b) Nanostructured TiAIN coating, (c) Nanostructured AICrN 

coating, (d) Conventional TiAIN coating, (e) Conventional AICrN coating 

Fig. 4.29 	Schematic representation of (a) & (b); metal erosion, and (c) oxide 	199 

erosion illustrating the nature of interaction between the oxide scale and 

the substrate during erosion 

Fig. 4.30 	Schematic representation of coating fracture dependent on impact 	200 

angle; (a) Low angle, (b) High angle 

Fig. 4.31 	Potentiodynamic Polarization Curves for uncoated and coated ASTM- 	206 

SA210 Grade A-1 boiler steel 

Fig. 4.3-2 	Protective efficiency and. Polarization resistance of uncoated and coated 	207 

ASTM-SA210 Grade A-1 boiler steel: (A) Uncoated Grade Al boiler steel, 

(B) Nanostructured TiAIN coating, (C) Nanostructured AICrN coating, (D) 

Conventional TiAIN coating, (E) Conventional AICrN coating 

Fig. 4.33 	Surface macrographs of uncoated and coated ASTM-SA210 Grade A-1 	209 

boiler steel subjected to salt-fog testing (5% NaCI) : (A) Uncoated Grade 

A-1 boiler steel subjected to 24hrs, 48hrs and 72 hrs testing; (B) 

Nanostructured TiAIN coated Grade A-1 boiler steel subjected to 24hrs, 

48hrs and 72 hrs testing; (C) Nanostructured AICrN coated Grade A-1 

boiler steel subjected to 24hrs, 48hrs and 72 hrs testing 

Fig. 4.34 	Surface macrographs of uncoated and coated ASTM-SA210 Grade A-1 	210 

boiler steel subjected to salt-fog testing (5% NaCI) for 24 hrs: (a) 

Uncoated Grade Al boiler steel (b) Nanostructured TiAIN coating (c) 

Nanostructured AICrN coating 

Fig. 4.35 	Surface macrographs of uncoated and coated ASTM-SA210 Grade Al 	211 

boiler steel subjected to salt-fog testing (5% NaCI) for 48 hrs: (a) 

Uncoated Grade Al boiler steel (b) Nanostructured TiAIN coating (c) 

Nanostructured AICrN coating 

Fig. 4.36 	Surface macrographs of uncoated and coated ASTM-SA210 Grade A-1 	212 

boiler steel subjected to salt-fog testing (5% NaCI) for 72 hrs: (a) 

Uncoated Grade Al boiler steel (b) Nanostructured TiAIN coating (c) 



Nanostructured AICrN coating 

Fig. 4.37 (a) X-Ray Diffraction pattern of uncoated ASTM-SA210 Grade A-1 boiler 	213 

steel subjected to salt-fog testing (5% NaCl) for 24 Hrs, 48 Hrs and 72 Hrs 

Fig. 4.37 (b) X-Ray Diffraction pattern of coated ASTM-SA210 Grade A-1 boiler steel 	214 

subjected to salt-fog testing (5% NaCl) for 24 Hrs, 48 Hrs and 72 Hrs: (A) 

Nanostructured TiAIN coating, (B) Nanostructured AICrN coating 

Fig. 4.38 	Column chart showing weight loss per unit area for the uncoated and 	216 

coated ASTM-SA210 Grade A-1 boiler steel subjected to salt-fog testing 

(5% NaCI) : (A) Uncoated Grade A-1 boiler steel subjected to 24hrs, 48hrs 

and 72 hrs testing; (B) Nanostructured TiAIN coated Grade A-1 boiler 

steel subjected to 24hrs, 48hrs and 72 hrs testing; (C) Nanostructured 

AICrN coated Grade A-1 boiler steel subjected to 24hrs, 48hrs and 72 hrs 

testing 

Fig. 4.39 	Corrosion evolution of the as-deposited coatings in salt spray test; a: 

initiation of corrosion micro-crack, b: cracks propagation, c: crack 

branching, d: formation of corrosion hole 

Fig. 4.40 	Surface macrographs of uncoated and coated ASTM-5A210 Grade Al 	220 

boiler steel exposed to super-heater of the coal fired boiler environment 

at 900°C for 1000 hours : (a) Uncoated Grade Al boiler steel, (b) 

Nanostructured TiAIN coating, (c) Nanostructured AICrN coating, (d) 

Conventional TiAIN coating, (e) Conventional AICrN coating 

Fig. 4.41 	Weight gain/area vs time for uncoated and coated ASTM-SA210 Grade 	222 

A-1 boiler steel exposed to super-heater of the coal fired boiler 

environment at 900°C for 1000 hours 

Fig. 4.42 	Bar chart indicating overall gain in thickness for uncoated and coated 	222 

ASTM-SA210 Grade A-1 boiler steel specimens exposed to super-heater 

of the coal fired boiler environment at 900°C for 1000 hours 

Fig. 4.43 (a) X-Ray Diffraction pattern of uncoated and coated ASTM-SA210 Grade A- 	224 

1 boiler steel exposed to platen superheater of the coal fired boiler 

environment at 900°C for 1000 Hrs: (A) Uncoated Grade A-1 boiler steel, 

(B) Nanostructured TiAIN coating, (C) Nanostructured AICrN coating 



Fig. 4.43 (b) X-Ray Diffraction pattern of coated ASTM-SA210 Grade A-1 boiler steel 	224 

exposed to platen superheater of the coal fired boiler environment at 

900°C for 1000 Hrs: (A) Conventional TiAIN coating, (B) Conventional 

AICrN coating 

Fig. 4.44 	Surface-scale morphology and EDAX patterns from different spots on 	225 

uncoated and coated ASTM-SA210 Grade A-1 boiler steel exposed to 

platen superheater of the coal fired boiler environment at 900°C for 

1000 Hrs: (a) Uncoated Grade A-1 boiler steel, (b) Nanostructured TiAIN 

coating, (c) Nanostructured AICrN coating, (d) Conventional TiAIN 

coating, (e) Conventional AICrN coating 

Fig. 4.45 	Oxide scale morphology and variation of elemental composition across 	228 

the cross- section of the bare and coated ASTM-SA210 Grade A-1 boiler 

steel exposed to platen superheater of the coal fired boiler environment 

at 900°C for 1000 Hrs: (a) Uncoated Grade A-1 boiler steel (65 X), (b) 

Nanostructured TiA1N coating (45 X), (c) Nanostructured AICrN coating 

(31 X), (d) Conventional TiAIN coating (300 X), (e) Conventional AICrN 

coating (260 X) 

Fig. 4.46 	Bar chart indicating the extent of erosion/corrosion for uncoated and 	229 

coated ASTM-SA210 Grade Al boiler steel specimens exposed to super- 

heater of the coal fired boiler environment at 900°C for 1000 hours 

Fig. 4.47 	Corrosion rate in mils per year (mpy) for bare and coated ASTM-SA210 	230 

Grade A-1 boiler steel exposed to super-heater of the coal fired boiler 

environment at 900°C for 1000 hours 

Fig. 4.48 (a) Composition image (BSEI) and X-ray mapping of the cross-section of 	231 

uncoated ASTM-SA210 Grade Al boiler steel exposed to platen super-

heater of the coal fired boiler environment at 900°C for 1000 Hrs 

Fig. 4.48 (b) Composition image (BSEI) and X-ray mapping of the cross-section of 	232 

Nanostructured TiAIN coated ASTM-SA210 Grade Al boiler steel exposed 

to platen super-heater of the coal fired boiler environment at 900°C for 

1000 Hrs 

Fig. 4.48 (c) Composition image (BSEI) and X-ray mapping of the cross-section of 	233 
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Nanostructured AICrN coated ASTM-SA210 Grade Al boiler steel 

exposed to platen super-heater of the coal fired boiler environment at 

900°C for 1000 Hrs 

Fig. 4.48 (d) Composition image (BSEI) and X-ray mapping of the cross-section of 	234 

conventional TiAIN coated ASTM-SA210 Grade A-1 boiler steel exposed 

to platen super-heater of the coal fired boiler environment at 900°C for 

1000 Hrs 

Fig. 4.48 (e) Composition image (BSEI) and X-ray mapping of the cross-section of 	235 

conventional AICrN coated ASTM-SA210 Grade A-1 boiler steel exposed 

to platen super-heater of the coal fired boiler environment at 900°C for 

1000 Hrs 

Fig. 5.1 	Surface macrographs for the as coated ASTM-SA213-T-11 boiler steel (a) 	242 

Nanostructured TiAIN coating, (b) Nanostructured AICrN coating, (c) 

Conventional TiAIN coating, (d) Conventional AICrN coating 

Fig. 5.2 	Optical micrograph (200 X) of the surface of as coated ASTM-SA213-T-11 	243 

boiler steel (a) Nanostructured TiAIN coating, (b) Nanostructured AICrN 

coating, (c) Conventional TiAIN coating, (d) Conventional AICrN coating 

Fig. 5.3 	Surface-scale morphology and EDAX patterns from different spots on as 	'245 

coated ASTM-SA213-T-11 boiler steel (a) Nanostructured TiAIN coating, 

(b) Nanostructured AICrN coating, (c) Conventional TiAIN coating, (d) 

Conventional AICrN coating 

Fig. 5.4 	2D and 3D AFM images for the as coated ASTM-SA213-T-11 boiler steel 	246 

(a) & (b) Nanostructured TiAIN coating, (c) & (d) Nanostructured AICrN 

coating 

Fig. 5.5 	Microhardness profile across the cross-section for Conventional TiAIN 	247 

and Conventional AICrN coating on ASTM-SA213-T-11 boiler steel 

Fig. 5.6 	Fracture surfaces of a Plasma sprayed gas nitride specimen after ASTM 	247 

C633 tensile test; (a) Conventional TiAIN coating, (b) Conventional AICrN 

coating 

Fig. 5.7 	Surface-scale morphology and EDAX patterns from different spots on as 	249 

coated ASTM-SA213-T-11 boiler steel (a) Nanostructured TiAIN coating, 
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Fig. 5.8 (a) 

Fig. 5.8 (b) 

Fig. 5.8 (c) 

Fig. 5.8 (d) 

Fig. 5.9 

Fig. 5.10 

Fig. 5.11 

Fig. 5.12 

Fig. 5.13 (a) 

Fig. 5.13 (b) 

(b) Nanostructured AICrN coating, (c) Conventional TiAIN coating, (d) 

Conventional AICrN coating 

Composition image (BSEI) and X-ray mapping of the cross-section of as- 	251 

coated nanostructured TiAIN coating on ASTM-SA213-T-11 boiler steel 

Composition image (BSEI) and X-ray mapping of the cross-section of as- 	252 

coated nanostructured AICrN coating on ASTM-SA213-T-11 boiler steel 

Composition image (SEI) and X-ray mapping of the cross-section of as- 	253 

coated conventional TiAIN coating on ASTM-SA213-T-11 boiler steel 

Composition image (BSEI) and X-ray mapping of the cross-section of as- 	254 

coated conventional AICrN coating on ASTM-SA213-T-11 boiler steel 

Surface macrographs of uncoated and coated ASTM-SA213-T-11 boiler 	260 

steel after exposure to cyclic oxidation in air at 900°C for 50 cycles : (a) 

Uncoated T-11 boiler steel, (b) Nanostructured TiAIN coating, (c) 

Nanostructured AICrN coating, (d) Conventional TiAIN coating, (e) 

Conventional AICrN coating 

Weight gain/area vs time (number of cycles) for the uncoated and 	261 

coated ASTM-SA213-T-11 boiler steel subjected to cyclic oxidation in air 

at 900°C for 50 cycles 

Column chart showing cumulative weight gain per unit area for the 	262 

uncoated and coated ASTM-SA213-T-11 boiler steel subjected to cyclic 

oxidation in air at 900°C for 50 cycles; (A) Uncoated T-11 boiler steel, (B) 

Nanostructured TiAIN coating, (C) Nanostructured AICrN coating, (D) 

Conventional TiAIN coating, (E) Conventional AICrN coating 

Weight gain/area square vs time (number of cycles) for the uncoated 	262 

and coated ASTM-SA213-T-11 boiler steel subjected to cyclic oxidation in 

air at 900°C for 50 cycles 

X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-11 	264 

boiler steel exposed to cyclic oxidation in air at 900°C for 50 cycle : (A) 

Uncoated T-11 boiler steel, (B) Nanostructured TiAIN coating, (C) 

Nanostructured AICrN coating 

X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-11 	264 
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boiler steel exposed to cyclic oxidation in air at 900°C for 50 cycles: (A) 

Conventional TiAIN coating, (B) Conventional AICrN coating 

Fig. 5.14 	Surface-scale morphology and EDAX patterns from different spots on 	266 

uncoated and coated ASTM-SA213-T-11 boiler steel after exposure to 

cyclic oxidation in air at 900°C for 50 cycles : (a) Uncoated T-11 boiler 

steel, (b) Nanostructured TiAIN coating, (c) Nanostructured AICrN 

coating, (d) Conventional TiAIN coating, (e) Conventional AICrN coating 

Fig. 5.15 	Oxide scale morphology and variation of elemental composition across 	266 

the cross- section of the uncoated and coated ASTM-SA213-T-11 boiler 

steel after exposure to cyclic oxidation in air at 900°C for 50 cycles: (a) 

Uncoated T-11 boiler steel (65 X), (b) Nanostructured TiAIN coating (70 

X), (c) Nanostructured AICrN coating (70 X), (d) Conventional TiAIN 

coating (140 X), (e) Conventional AICrN coating (100 X) 

Fig. 5.16 (a) Composition image (BSEI) and X-ray mapping of the cross-section of r269 

uncoated ASTM-SA213-T-11 boiler steel subjected to cyclic oxidation in 

air at 900°C for 50 cycles 

Fig. 5.16 (b) Composition image (SEI) and X-ray mapping of the cross-section of 	270 

Nanostructured TiAIN coated ASTM-SA213-T-11 boiler steel subjected to 

cyclic oxidation in air at 900°C for 50 cycles 

Fig. 5.16 (c) Composition image (SEI) and X-ray mapping of the cross-section of 	271 

Nanostructured AICrN coated ASTM-SA213-T-11 boiler steel subjected to 

cyclic oxidation in air at 900°C for 50 cycles 

Fig. 5.16 (d) Composition image (BSEI) and X-ray mapping of the cross-section of 	272 

conventional TiAIN coated ASTM-SA213-T-11 boiler steel subjected to 

cyclic oxidation in air at 900°C for 50 cycles 

Fig. 5.16 (e) Composition image (BSEI) and X-ray mapping of the cross-section of 	273 

conventional AICrN coated ASTM-SA213-T-11 boiler steel subjected to 

cyclic oxidation in air at 900°C for 50 cycles 

Fig. 5.17 	Surface macrographs of uncoated and coated ASTM-SA213-T-11 boiler 	280 

steel exposed to molten salt (Na2SO4-60%V205) environment at 900°C 

for 50 cycles: (a) Uncoated T-11 boiler steel, (b) Nanostructured TiAIN 
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coating, (c) Nanostructured AICrN coating, (d) Conventional TiAIN 

coating, (e) Conventional AICrN coating 

Fig. 5.18 	Weight gain/area vs time (number of cycles) for the uncoated and 	282 

coated ASTM-SA213-T-11 boiler steel exposed to molten salt (Na2SO4- 

60%V205) environment at 900°C for 50 cycles 

Fig. 5.19 	Column chart showing cumulative weight gain per unit area for the 	282 

uncoated and coated ASTM-SA213-T-11 boiler steel exposed to molten 

salt (Na2SO4-60%V205) environment at 900°C for 50 cycles; (A) Bare T-11 

boiler steel, (B) Nanostructured TiAIN coating, (C) Nanostructured AICrN 

coating, (D) Conventional TiAIN coating, (E) Conventional AICrN coating 

Fig. 5.20 	Weight gain/area square vs time (number of cycles) for the uncoated 	283 

and coated ASTM-SA213-T-11 boiler steel exposed to molten salt 

(Na2SO4-60%V205) environment at 900°C for 50 cycles 

Fig. 5.21 (a) X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-11 	285 

boiler steel exposed to molten salt (Na2SO4-60%V205) environment at 

900°C for 50 cycles: (A) Uncoated T-11 boiler steel, (B) Nanostructured 

TiAIN coating, (C) Nanostructured AICrN coating 

Fig. 5.21 (b) X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-11 	285 

boiler steel exposed to molten salt (Na2SO4-60%V205) environment at 

900°C for 50 cycles: (A) Uncoated T-11 boiler steel, (B) Nanostructured 

TiAIN coating, (C) Nanostructured AICrN coating 

Fig. 5.22 	Surface-scale morphology and EDAX patterns from different spots on 	286 

uncoated and coated ASTM-SA213-T-11 boiler steel exposed to molten 

salt (Na2SO4-60%V205) environment at 900°C for 50 cycles: (a) Uncoated 

T-11 boiler steel, (b) Nanostructured TiAIN coating, (c) Nanostructured 

AICrN coating, (d) Conventional TiAIN coating, (e) Conventional AICrN 

coating 

Fig. 5.23 	Oxide scale morphology and variation of elemental composition across 	289 

the cross- section of the uncoated and coated ASTM-SA213-T-11 boiler 

steel exposed to molten salt (Na2SO4-60%V205) environment at 900°C 

for 50 cycles: (a) Uncoated T-11 boiler steel (90 X), (b) Nanostructured 



TiAIN coating (70 X), (c) Nanostructured AICrN coating (161 X), (d) 

Conventional TiAIN coating (90 X), (e) Conventional AICrN coating (90 X) 

Fig. 5.24 (a) Composition image (BSEI) and X-ray mapping of the cross-section of 	290 

uncoated ASTM-SA213-T-11 boiler steel exposed to molten salt (Na2SO4- 

60%V205) environment at 900°C for 50 cycles 

Fig. 5.24 (b) Composition image (BSEI) and X-ray mapping of the cross-section of 	291 

Nanostructured TiAIN coated ASTM-SA213-T-11 boiler steel exposed to 

molten salt (Na2SO4-60%V205) environment at 900°C for 50 cycles 

Fig. 5.24 (c) Composition image (BSEI) and X-ray mapping of the cross-section of 	292 

Nanostructured AICrN coated ASTM-SA213-T-11 boiler steel exposed to 

molten salt (Na2SO4-60%V205) environment at 900°C for 50 cycles 

Fig. 5.24(d) Composition image (BSEI) and X-ray mapping of the cross-section of 	293 

conventional TiAIN coated ASTM-SA213-T-11 boiler steel exposed to 

molten salt (Na2SO4-60%V205) environment at 900°C for 50 cycles 

Fig. 5.24 (e) Composition image (BSEI) and X-ray mapping of the cross-section of 	294 

conventional AICrN coated ASTM-SA213-T-11 boiler steel exposed to 

molten salt (Na2SO4-60%V205) environment at 900°C for 50 cycles 

Fig. 5.25 	Surface macrographs of eroded uncoated and coated ASTM-SA213-T-11 	302 

boiler steel exposed to high temperature erosion studies in simulated 

coal-fired boiler environment 

Fig. 5.26 	Column chart showing the Volume wear rate of uncoated and coated 	303 

ASTM-SA213-T-11 boiler steel eroded at normal and oblique impact: (A) 

Uncoated T-11 boiler steel, (B) Nanostructured TiAIN coating, (C) 

Nanostructured AICrN coating, (D) Conventional TiAIN coating, (E) 

Conventional AICrN coating 

Fig. 5.27 	Surface-scale morphology and EDAX patterns from different spots on 	305 

eroded uncoated and coated ASTM-SA213-T-11 boiler steel exposed to 

high temperature erosion studies in simulated coal-fired boiler 

environment at impact angle 90°: (a) Uncoated T-11 boiler steel, (b) 

Nanostructured TiAIN coating, (c) Nanostructured AICrN coating, (d) 

Conventional TiAIN coating, (e) Conventional AICrN coating 



Fig. 5.28 	Surface-scale morphology and EDAX patterns from different spots on 	306 

eroded uncoated and coated ASTM-SA213-T-11 boiler steel exposed to 

high temperature erosion studies in simulated coal-fired boiler 

environment at impact angle 30°: (a) Uncoated T-11 boiler steel, (b) 

Nanostructured TiAIN coating, (c) Nanostructured AICrN coating, (d) 

Conventional TiAIN coating, (e) Conventional AICrN coating 

Fig. 5.29 	Schematic representation of (a) & (b); metal erosion, and (c) oxide 	311 

erosion illustrating the nature of interaction between the oxide scale and 

the substrate during erosion 

Fig. 5.30 	Schematic representation of coating fracture dependent on impact 	312 

angle; (a) Low angle, (b) High angle 

Fig. 5.31 	Potentiodynamic Polarization Curves for bare and coated ASTM-SA213- 	317 

T-11 boiler steel 

Fig. 5.32 	Protective efficiency and Polarization resistance of bare and coated T-11 	317 

boiler steel: (A) Bare T-11 boiler steel, (B) Nanostructured TiAIN coating, 

(C) Nanostructured AICrN coating, (D) Conventional TiAIN coating, (E) 

Conventional AICrN coating 

Fig. 5.33 	Surface macrographs of uncoated and coated ASTM-SA213-T-11 boiler 	319 

steel subjected to salt-fog testing (5% NaCI) : (A) Uncoated T-11 boiler 

steel subjected to 24hrs, 48hrs and 72 hrs testing; (B) Nanostructured 

TiAIN coating subjected to 24hrs, 48hrs and 72 hrs testing; 	(C) 

Nanostructured AICrN coating subjected to 24hrs, 48hrs and 72 hrs 

testing 

Fig. 5.34 	Surface macrographs of uncoated and coated ASTM-SA213-T-11 boiler 	321 

steel subjected to salt-fog testing (5% NaCI) for 24 hrs: (a) Uncoated 

ASTM-SA213-T-11 boiler steel (b) Nanostructured TiAIN coating (c) 

Nanostructured AICrN coating 

Fig. 5.35 	Surface macrographs of uncoated and coated ASTM-SA213-T-11 boiler 	322 

steel subjected to salt-fog testing (5% NaCI) for 48 hrs: (a) Uncoated 

ASTM-SA213-T-11 boiler steel (b) Nanostructured TiAIN coating (c) 

Nanostructured AICrN coating 
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Fig. 5.36 	Surface macrographs of uncoated and coated ASTM-SA213-T-11 boiler 	323 

steel subjected to salt-fog testing (5% NaCI) for 72 hrs: (a) Uncoated 

ASTM-SA213-T-11 boiler steel (b) Nanostructured TiAIN coating (c) 

Nanostructured AICrN coating 

Fig. 5.37 	X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-11 	324 

boiler steel subjected to salt-fog testing (5% NaCI) for 24 Hrs, 48 Hrs and 

72 Hrs: (A) Uncoated T-11 boiler steel, (B) Nanostructured TiAIN coating, 

(C) Nanostructured AICrN coating 

Fig. 5.38 	Column chart showing weight loss per unit area for the uncoated and 	325 

coated ASTM-SA213-T-11 boiler steel subjected to salt-fog testing (5% 

NaCI) : (A) Uncoated T-11 boiler steel subjected to 24hrs, 48hrs and 72 

hrs testing; (B) Nanostructured TiAIN coated T-11 boiler steel subjected 

to 24hrs, 48hrs and 72 hrs testing; (C) Nanostructured AICrN coated T- 

11 boiler steel subjected to 24hrs, 48hrs and 72 hrs testing 

Fig. 5.39 	Corrosion evolution of the as-deposited coatings in salt spray test; a: 	326 

initiation of corrosion micro-crack, b: cracks propagation, c: crack 

branching, d: formation of corrosion hole 

Fig. 5.40 	Surface macrographs of uncoated and coated ASTM-SA213-T-11 boiler 	330 

steel exposed to super-heater of the coal fired boiler environment at 

900°C for 1000 hours: (a) Uncoated T-11 boiler steel, (b) Nanostructured 

TiAIN coating, (c) Nanostructured AICrN coating, (d) Conventional TiAIN 

coating, (e) Conventional AICrN coating 

Fig. 5.41 	Weight gain/area vs time for uncoated and coated ASTM-SA213-T-11 	332 

boiler steel exposed to super-heater of the coal fired boiler environment 

at 900°C for 1000 hours 

Fig. 5.42 	Bar chart indicating overall gain in thickness for uncoated and coated 	332 

ASTM-SA213-T-11 boiler steel specimens exposed to super-heater of the 

coal fired boiler environment at 900°C for 1000 hours 

Fig. 5.43 (a) X-Ray Diffraction pattern of bare and coated ASTM-SA213-T-11 boiler 	334 

steel exposed to platen superheater of the coal fired boiler environment 

at 900°C for 1000 Hrs: (A) bare T-11 boiler steel, (B) Nanostructured 
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TiAIN coating, (C) Nanostructured AICrN coating 

Fig. 5.43 (b) X-Ray Diffraction pattern of coated ASTM-SA213-T-11 boiler steel 	334 

exposed to platen superheater of the coal fired boiler environment at 

900°C for 1000 Hrs: (A) Conventional TiAIN coating, (B) Conventional 

AICrN coating 

Fig. 5.44 	Surface-scale morphology and EDAX patterns from different spots on 	335 

uncoated and coated ASTM-SA213-T-11 boiler steel exposed to platen 

superheater of the coal fired boiler environment at 900°C for 1000 Hrs: 

(a) Uncoated T-11 boiler steel, (b) Nanostructured TiAIN coating, (c) 

Nanostructured AICrN coating, (d) Conventional TiAIN coating, (e) 

Conventional AICrN coating 

Fig. 5.45 	Oxide scale morphology and variation of elemental composition across 	338 

the cross- section of the uncoated and coated ASTM-SA213-T-11 boiler 

steel exposed to platen super-heater of the coal fired boiler 

environment at 900°C for 1000 Hrs: (a) Uncoated T-11 boiler steel (36 X), 

(b) Nanostructured TiAIN coating (60 X), (c) Nanostructured AICrN 

coating (45 X), (d) Conventional TiAIN coating (100 X), (e) Conventional 

AICrN coating (60 X) 

Fig. 5.46 	Bar chart indicating the extent of erosion/corrosion for uncoated and 	339 

coated ASTM-SA213 T-11 boiler steel specimens exposed to super 

heater of the coal fired boiler environment at 900°C for 1000 hours 

Fig. 5.47 	Corrosion rate in mils per year (mpy) for uncoated and coated ASTM- 	340 

SA213-T-11 boiler steel exposed to super-heater of the coal fired boiler 

environment at 900°C for 1000 hours 

Fig. 5.48 (a) Composition image (BSEI) and X-ray mapping of the cross-section of 	341 

uncoated ASTM-SA213-T-11 boiler steel exposed to platen super-heater 

of the coal fired boiler environment at 900°C for 1000 Hrs 

Fig. 5.48 (b) Composition image (BSEI) and X-ray mapping of the cross-section of 	342 

Nanostructured TiAIN coated ASTM-SA213-T-11 boiler steel exposed to 

platen super-heater of the coal fired boiler environment at 900°C for 

1000 Hrs 



	

Fig. 5.48 (c) Composition image (BSEI) and X-ray mapping of the cross-section of 	343 

Nanostructured AICrN coated ASTM-SA213-T-11 boiler steel exposed to 

platen super-heater of the coal fired boiler environment at 900°C for 

1000 Hrs 

	

Fig. 5.48 (d) Composition image (BSEI) and X-ray mapping of the cross-section of 	344 

conventional TiAIN coated ASTM-5A213-T-11 boiler steel exposed to 

platen super-heater of the coal fired boiler environment at 900°C for 

1000 Hrs 

	

Fig. 5.48 (e) Composition image (BSEI) and X-ray mapping of the cross-section of 	345 

conventional AICrN coated ASTM-SA213-T-11 boiler steel exposed to 

platen super-heater of the coal fired boiler environment at 900°C for 

1000 Hrs 

Fig. 6.1 	Surface macrographs for the as coated ASTM-SA213-T-22 boiler steel (a) 	351 

	

Nanostructured TiAIN coating, (b) Nanostructured AICrN coating, (c) 	,1 

Conventional TiAIN coating, (d) Conventional AICrN coating 

Fig. 6.2 

	

	Optical micrograph (200 X) of the surface of as coated ASTM-SA213-T-22 	352 

boiler steel (a) Nanostructured TiAIN coating, (b) Nanostructured AICrN 

coating, (c) Conventional TiAIN coating, (d) Conventional AICrN coating 

Fig. 6.3 

	

	Surface-scale morphology and EDAX patterns from different spots on as 	353 

coated ASTM-SA213-T-22 boiler steel (a) Nanostructured TiAIN coating, 

(b) Nanostructured AICrN coating, (c) Conventional TiAIN coating, (d) 

Conventional AICrN coating 

Fig. 6.4 

	

	2D and 3D AFM images for the as coated ASTM-SA213-T-22 boiler steel 	354 

(a) & (b) Nanostructured TiAIN coating, (c) & (d) Nanostructured AICrN 

coating 

Fig. 6.5 

	

	Microhardness profile across the cross-section for Conventional TiAIN 	356 

and Conventional AICrN coating on ASTM-SA213-T-22 boiler steel 

Fig. 6.6 

	

	Fracture surfaces of a Plasma sprayed gas nitride specimen after ASTM 	356 

C633 tensile test; (a) Conventional TiAIN coating, (b) Conventional AICrN 

coating 

Fig. 6.7 	Surface-scale morphology and EDAX patterns from different spots on as 	358 



coated ASTM-SA213-T-22 boiler steel (a) Nanostructured TiAIN coating 

(10000 X), (b) Nanostructured AICrN coating (10000 X), (c) Conventional 

TiAIN coating (200 X), (d) Conventional AICrN coating (200 X) 

Fig. 6.8 (a) 	Composition image (SEI) and X-ray mapping of the cross-section of as- 	360 

coated nanostructured TiAIN coating on ASTM-SA213-T-22 boiler steel 

Fig. 6.8 (b) 	Composition image (BSEI) and X-ray mapping of the cross-section of as- 	361 

coated nanostructured AICrN coating on ASTM-SA213-T-22 boiler steel 

Fig. 6.8 (c) 	Composition image (BSEI) and X-ray mapping of the cross-section of as- 	362 

coated conventional TiAIN coating on ASTM-SA213-T-22 boiler steel 

Fig. 6.8 (d) 	Composition image (SEI) and X-ray mapping of the cross-section of as- 	363 

coated conventional AICrN coating on ASTM-SA213-T-22 boiler steel 

Fig. 6.9 	Surface macrographs of uncoated and coated ASTM-SA213-T-22 boiler 	369 

steel after exposure to cyclic oxidation in air at 900°C for 50 cycles: (a) 

Uncoated T-22 boiler steel, (b) Nanostructured TiAIN coating, (c) 

Nanostructured AICrN coating, (d) Conventional TiAIN coating, (e) 

Conventional AICrN coating 

Fig. 6.10 	Weight gain/area vs time (number of cycles) for the uncoated and 	370 

coated ASTM-SA213-T-22 boiler steel subjected to cyclic oxidation in air 

at 900°C for 50 cycles 

Fig. 6.11 	Column chart showing cumulative weight gain per unit area for the 	371 

uncoated and coated ASTM-SA213-T-22 boiler steel subjected to cyclic 

oxidation in air at 900°C for 50 cycles: (A) Uncoated T-22 boiler steel, (B) 

Nanostructured TiAIN coating, (C) Nanostructured AICrN coating, (D) 

Conventional TiAIN coating, (E) Conventional AICrN coating 

Fig. 6.12 	Weight gain/area square vs time (number of cycles) for the uncoated 	372 

and coated ASTM-SA213-T-22 boiler steel subjected to cyclic oxidation in 

air at 900°C for 50 cycles 

Fig. 6.13 (a) X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-22 	373 

boiler steel exposed to cyclic oxidation in air at 900°C for 50 cycles: (A) 

Uncoated T-22 boiler steel, (B) Nanostructured TiAIN coating, (C) 

Nanostructured AICrN coating 
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Fig. 6.13 (b) X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-22 	373 

boiler steel exposed to cyclic oxidation in air at 900°C for 50 cycles: (A) 

Conventional TiAIN coating, (B) Conventional AICrN coating 

Fig. 6.14 	Surface-scale morphology and EDAX patterns from different spots on 	375 

uncoated and coated ASTM-SA213-T-22 boiler steel after exposure to 

cyclic oxidation in air at 900°C for 50 cycles : (a) Uncoated T-22 boiler 

steel, (b) Nanostructured TiAIN coating, (c) Nanostructured AICrN 

coating, (d) Conventional TiAIN coating, (e) Conventional AICrN coating 

Fig. 6.15 	Oxide scale morphology and variation of elemental composition across 	378 

the cross- section of the uncoated and coated ASTM-SA213-T-22 boiler 

steel after exposure to cyclic oxidation in air at 900°C for 50 cycles: (a) 

Uncoated T-22 boiler steel (80 X), (b) Nanostructured TiAIN coating (130 

X), (c) Nanostructured AICrN coating (726 X), (d) Conventional TiAIN 

coating (150 X), (e) Conventional AICrN coating (300 X) 

Fig. 6.16 (a) Composition image (BSEI) and X-ray mapping of the cross-section of 	379 

uncoated ASTM-SA213-T-22 boiler steel subjected to cyclic oxidation in 

air at 900°C for 50 cycles 

Fig. 6.16 (b) Composition image (BSEI) and X-ray mapping of the cross-section of 	380 

Nanostructured TiAIN coated T-22 boiler steel subjected to cyclic 

oxidation in air at 900°C for 50 cycles 

Fig. 6.16 (c) Composition image (BSEI) and X-ray mapping of the cross-section of 	381 

Nanostructured AICrN coated T-22 boiler steel subjected to cyclic 

oxidation in air at 900°C for 50 cycles 

Fig. 6.16 (d) Composition image (BSE1) and X-ray mapping of the cross-section of 	382 

conventional TiAIN coated T-22 boiler steel subjected to cyclic oxidation 

in air at 900°C for 50 cycles 

Fig. 6.16 (e) Composition image (BSEI) and X-ray mapping of the cross-section of 	383 

conventional AICrN coated T-22 boiler steel subjected to cyclic oxidation 

in air at 900°C for 50 cycles 

Fig. 6.17 	Schematic diagram showing probable oxidation mechanism for uncoated 	386 

T-22 boiler steel exposed to air at 900°C for 50 cycles (Chaterjee et al., 
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2001 and Singh, Buta, 2003) 

Fig. 6.18 	Surface macrographs of uncoated and coated ASTM-SA213-T-22 boiler 	390 

steel exposed to molten salt (Na2SO4-60%V205) environment at 900°C 

for 50 cycles: (a) Uncoated T-22 boiler steel, (b) Nanostructured TiAIN 

coating, (c) Nanostructured AICrN coating, (d) Conventional TiAIN 

coating, (e) Conventional AICrN coating 

Fig. 6.19 	Weight gain/area vs time (number of cycles) for the bare and coated 	392 

ASTM-SA213-T-22 boiler steel exposed to molten salt (Na2SO4-60%V205) 

environment at 900°C for 50 cycles 

Fig. 6.20 	Bar chart showing cumulative weight gain per unit area for the uncoated 	393 

and coated T-22 boiler steel exposed to molten salt (Na2SO4-60%V205) 

environment at 900°C for 50 cycles: (A) bare T-22 boiler steel, (B) 

Nanostructured TiAIN coating, (C) Nanostructured AICrN coating, (D) 

Conventional TiAIN coating, (E) Conventional AICrN coating 

Fig. 6.21 	Weight gain/area square vs time (number of cycles) for the uncoated 	394 

and coated ASTM-SA213-T-22 boiler steel exposed to molten salt 

(Na2SO4-60%V205) environment at 900°C for 50 cycles 

Fig. 6.22 (a) X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-22 	395 

boiler steel exposed to molten. gait (Na2SO4-60%V205) environment at 

900°C for 50 cycles: (A) Uncoated T-22 boiler steel, (B) Nanostructured 

TiAIN coating, (C) Nanostructured AICrN coating 

Fig. 6.22 (b) X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-22 	395 

boiler steel exposed to molten salt (Na2SO4-60%V205) environment at 

900°C for 50 cycles: (A) Conventional TiAIN coating, (B) Conventional 

AICrN coating 

Fig. 6.23 	Surface-scale morphology and EDAX patterns from different spots on 	396 

uncoated and coated T-22 boiler steel exposed to molten salt (Na2SO4- 

60%V205) environment at 900°C for 50 cycles: (a) bare T-22 boiler steel, 

(b) Nanostructured TiAIN coating, (c) Nanostructured AICrN coating, (d) 

Conventional TiAIN coating, (e) Conventional AICrN coating 
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Fig. 6.24 	Oxide scale morphology and variation of elemental composition across 	398 

the cross- section of the uncoated and coated ASTM-SA213-T-22 boiler 

steel exposed to molten salt (Na2SO4-60%V205) environment at 900°C 

for 50 cycles: (a) Uncoated T-22 boiler steel (116 X), (b) Nanostructured 

TiAIN coating (140 X), (c) Nanostructured AICrN coating (33 X), (d) 

Conventional TiAIN coating (100 X), (e) Conventional AICrN coating (500 

X) 

Fig. 6.25 (a) Composition image (BSEI) and X-ray mapping of the cross-section of 	399 

uncoated ASTM-SA213-T-22 boiler steel exposed to molten salt (Na2SO4- 

60%V205) environment at 900°C for 50 cycles 

Fig. 6.25 (b) Composition image (BSEI) and X-ray mapping of the cross-section of 	401 

Nanostructured TiAIN coated ASTM-SA213-T-22 boiler steel exposed to 

molten salt (Na2SO4-60%V205) environment at 900°C for 50 cycles 

Fig. 6.25 (c) Composition image (BSEI) and X-ray mapping of the crossISection of 	402 

Nanostructured AICrN coated ASTM-SA213-T-22 boiler steel exposed to 

molten salt (Na2SO4-60%V205) environment at 900°C for 50 cycles 

Fig. 6.25 (d) Composition image (BSEI) and X-ray mapping of the cross-section of 	403 

conventional TiAIN coated ASTM-SA213-T-22 boiler steel exposed to 

molten salt (Na2SO4-60%V205) environment at 900°C for 50 cycles 

Fig. 6.25 (e) Composition image (BSEI) and X-ray mapping of the cross-section of 	404 

conventional AICrN coated ASTM-SA213-T-22 boiler steel exposed to 

molten salt (Na2SO4-60%V205) environment at 900°C for 50 cycles 

Fig. 6.26 	Surface macrographs of eroded uncoated and coated ASTM-SA213-T-22 	413 

boiler steel exposed to high temperature erosion studies in simulated 

coal-fired boiler environment 

Fig. 6.27 	Column chart showing the Volume wear rate of uncoated and coated 	415 

ASTM-SA213-T-22 boiler steel eroded at normal and oblique impact: (A) 

Uncoated T-22 boiler steel, (B) Nanostructured TiAIN coating, (C) 

Nanostructured AICrN coating, (D) Conventional TiAIN coating, (E) 

Conventional AICrN coating 

Fig. 6.28 	Surface-scale morphology and EDAX patterns from different spots on 	417 
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eroded uncoated and coated ASTM-SA213-T-22 boiler steel exposed to 

high temperature erosion studies in simulated coal-fired boiler 

environment at impact angle 90°: (a) Uncoated T-22 boiler steel, (b) 

Nanostructured TiAIN coating, (c) Nanostructured AICrN coating, (d) 

Conventional TiAIN coating, (e) Conventional AICrN coating 

Fig. 6.29 	Surface-scale morphology and EDAX patterns from different spots on 	419 

eroded uncoated and coated ASTM-SA213-T-22 boiler steel exposed to 

high temperature erosion studies in simulated coal-fired boiler 

environment at impact angle 30°: (a) Uncoated T-22 boiler steel, (b) 

Nanostructured TiAIN coating, (c) Nanostructured AICrN coating, (d) 

Conventional TiAIN coating, (e) Conventional AlCrN coating 

Fig. 6.30 	Schematic representation of (a) & (b); metal erosion, and (c) oxide 	422 

erosion illustrating the nature of interaction between the oxide scale and 

the substrate during erosion 

Fig. 6.31 	Schematic representation of coating fracture dependent on impact 	424 

angle; (a) Low angle, (b) High angle 

Fig. 6.32 	Potentiodynamic Polarization Curves for uncoated and coated T-22 	429 

boiler steel 

Fig. 6.33 	Protective efficiency and Polarization resistance of uncoated and coated 	430 

T-22 boiler steel: (A) Uncoated T-22 boiler steel, (B) Nanostructured 

TiAIN coating, (C) Nanostructured AICrN coating, (D) Conventional TiAIN 

coating, (E) Conventional AICrN coating 

Fig. 6.34 	Surface macrographs of uncoated and coated ASTM-SA213-T-22 boiler 	432 

steel subjected to salt-fog testing (5% NaCI) : (A) Uncoated T-22 boiler 

steel subjected to 24hrs, 48hrs and 72 hrs testing; (B) Nanostructured 

TiAIN coating subjected to 24hrs, 48hrs and 72 hrs testing; (C) 

Nanostructured AICrN coating subjected to 24hrs, 48hrs and 72 hrs 

testing 

Fig. 6.35 	Surface macrographs of uncoated and coated ASTM-SA213-T-22 boiler 	433 

steel subjected to salt-fog testing (5% NaCI) for 24 hrs: (a) Uncoated 

ASTM-SA213-T-22 boiler steel (b) Nanostructured TiAIN coating (c) 
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Fig. 6.36 

Fig. 6.37 

Fig. 6.38 

Fig. 6.39 

Fig. 6.40 

Fig. 6.41 

Fig. 6.42 

Fig. 6.43 

Nanostructured AICrN coating 

Surface macrographs of uncoated and coated ASTM-SA213-T-22 boiler 	434 

steel subjected to salt-fog testing (5% NaCI) for 48 hrs: (a) Uncoated 

ASTM-SA213-T-22 boiler steel (b) Nanostructured TiAIN coating (c) 

Nanostructured AICrN coating 

Surface macrographs of uncoated and coated ASTM-SA213-T-22 boiler 	435 

steel subjected to salt-fog testing (5% NaCI) for 72 hrs: (a) Uncoated T-22 

boiler steel (b) Nanostructured TiAIN coating (c) Nanostructured AICrN 

coating 

X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-22 	437 

boiler steel subjected to salt-fog testing (5% NaCI) for 24 Hrs, 48 Hrs and 

72 Hrs: (A) Uncoated T-22 boiler steel, (B) Nanostructured TiAIN coating, 

(C) Nanostructured AICrN coating 

Column chart showing weight loss per unit area for the uncoated and 	438 

coated ASTM-SA213-T-22 boiler steel subjected to salt-fog testing (5% 

NaCI) : (A) Uncoated T-22 boiler steel subjected to 24hrs, 48hrs and 72 

hrs testing; (B) Nanostructured TiAIN coated T-22 boiler steel subjected 

to 24hrs, 48hrs and 72 hrs testing; (C) Nanostructured AICrN coated T- 

22 boiler steel subjected to 24hrs, 48hrs and 72 hrs testing 

Corrosion evolution of the as-deposited coatings in salt spray test; a: 	438 

initiation of corrosion micro-crack, b: cracks propagation, c: crack 

branching, d: formation of corrosion hole 

Surface macrographs of uncoated and coated ASTM-SA213-T-22 boiler 	442 

steel exposed to super-heater of the coal fired boiler environment at 

900°C for 1000 hours: (a) Uncoated T-22 boiler steel, (b) Nanostructured 

TiAIN coating, (c) Nanostructured AICrN coating, (d) Conventional TiAIN 

coating, (e) Conventional AICrN coating 

Weight gain/area vs time for uncoated and coated ASTM-SA213-T-22 	444 

boiler steel exposed to super-heater of the coal fired boiler environment 

at 900°C for 1000 hours 

Bar chart indicating overall gain in thickness for uncoated and coated 	444 



ASTM-SA213-T-22 boiler steel specimens exposed to super-heater of the 

coal fired boiler environment at 900°C for 1000 hours 

Fig. 6.44 (a) X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-22 	446 

boiler steel exposed to platen superheater of the coal fired boiler 

environment at 900°C for 1000 Hrs: (A) Uncoated T-22 boiler steel, (B) 

Nanostructured TiAIN coating, (C) Nanostructured AICrN coating 

Fig. 6.44 (c) X-Ray Diffraction pattern of coated ASTM-SA213-T-22 boiler steel 	446 

exposed to platen superheater of the coal fired boiler environment at 

900°C for 1000 Hrs: (A) Conventional TiAIN coating, (B) Conventional 

AICrN coating 

Fig. 6.45 	Surface-scale morphology and EDAX patterns from different spots on 	447 

uncoated and coated ASTM-SA213-T-22 boiler steel exposed to platen 

superheater of the coal fired boiler environment at 900°C for 1000 Hrs: 

(a) Uncoated T-22 boiler steel, (b) Nanostructured TiAIN coating, (c) 

Nanostructured AICrN coating, (d) Conventional TiAIN coating, (e) 

Conventional AICrN coating 

Fig. 6.46 	Oxide scale morphology and variation of elemental composition across 	449 

the cross- section of the uncoated and coated ASTM-SA213-T-22 boiler 

steel exposed to platen super-heater of the coal fired boiler 

environment at 900°C for 1000 Hrs: (a) Uncoated T-22 boiler steel (50 X), 

(b) Nanostructured TiAIN coating (45 X), (c) Nanostructured AICrN 

coating (70 X), (d) Conventional TiAIN coating (130 X), (e) Conventional 

AICrN coating (82 X) 

Fig. 6.47 	Bar chart indicating the extent of erosion/corrosion for bare and coated 	450 

T-22 boiler steel specimens exposed to super-heater of the coal fired 

boiler environment at 900°C for 1000 hrs 

Fig. 6.48 	Corrosion rate in mils per year (mpy) for uncoated and coated T-22 	452 

boiler steel exposed to super-heater of the coal fired boiler environment 

at 900°C for 1000 hours: (A) Uncoated T-22 boiler steel, (B) 

Nanostructured TiAIN coating, (C) Nanostructured AICrN coating 

Fig. 6.49 (a) Composition image (BSEI) and X-ray mapping of the cross-section of 	453 



uncoated ASTM-SA213-T-22 boiler steel exposed to platen super-heater 

of the coal fired boiler environment at 900°C for 1000 Hrs 

Fig. 6.49 (b) Composition image (BSEI) and X-ray mapping of the cross-section of 	454 

Nanostructured TiAIN coated ASTM-SA213-T-22 boiler steel exposed to 

platen super-heater of the coal fired boiler environment at 900°C for 

1000 Hrs 

Fig. 6.49 (c) Composition image (BSEI) and X-ray mapping of the cross-section of 	455 

Nanostructured AICrN coated ASTM-SA213-T-22 boiler steel exposed to 

platen super-heater of the coal fired boiler environment at 900°C for 

1000 Hrs 

Fig. 6.49 (d) Composition image (BSEI) and X-ray mapping of the cross-section of 	456 

conventional TiAIN coated ASTM-SA213-T-22 boiler steel exposed to 

platen super-heater of the coal fired boiler environment at 900°C for 

1000 Hrs 

Fig. 6.49 (e) Composition image (BSEI) and X-ray mapping of the cross-section of 	457 

conventional AICrN coated ASTM-SA213-T-22 boiler steel exposed to 

platen super-heater of the coal fired boiler environment at 900°C for 

1000 Hrs 

Fig. 7.1 	Surface macrographs for the as coated Superfer 800H superalloy (a) 	464 

Nanostructured TiAIN coating, (b) Nanostructured AICrN coating, (c) 

Conventional TiAIN coating, (d) Conventional AICrN coating 

Fig. 7.2 	Optical micrograph (200 X) of the surface of as coated Superfer 800H 	465 

superalloy; (a) Nanostructured TiAIN coating, (b) Nanostructured AICrN 

coating, (c) Conventional TiAIN coating, (d) Conventional AICrN coating 

Fig. 7.3 	Surface-scale morphology and EDAX patterns from different spots on as 	467 

coated Superfer 800H superalloy (a) Nanostructured TiAIN coating, (b) 

Nanostructured AICrN coating, (c) Conventional TiAIN coating, (d) 

Conventional AICrN coating 

Fig. 7.4 	2D and 3D AFM images for the as coated Superfer 800H superalloy (a) & 	468 

(b) Nanostructured TiAIN coating, (c) & (d) Nanostructured AICrN coating 

Fig. 7.5 	Microhardness profile across the cross-section for Conventional TiAIN 	469 
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Fig. 7.6 

Fig. 7.7 

Fig. 7.8 (a) 

Figs 7.8 () 

Fig. 7.8 (c) 

Fig. 7.8 (d) 

Fig. 7.9 

Fig. 7.10 

Fig. 7.11 

Fig. 7.12 

and Conventional AICrN coating on Superfer 800H superalloy 

Fractured surfaces of a Plasma sprayed gas nitrided specimens after 	469 

ASTM C633 tensile test; (a) Conventional TiAIN coating, (b) Conventional 

AICrN coating 

Surface-scale morphology and EDAX patterns from different spots on as 	471 

coated Superfer 800H superalloy (a) Nanostructured TiAIN coating, (b) 

Nanostructured AICrN coating, (c) Conventional TiAIN coating, (d) 

Conventional AICrN coating 

Composition image (SEI) and X-ray mapping of the cross-section of as- 	473 

coated nanostructured TiAIN coating on Superfer800H superalloy 

Composition image (BSEI) and X-ray mapping of the cross-section of as- 	474 

coated nanostructured AICrN coating on Superfer800H superalloy 

Composition image (BSEI) and X-ray mapping of the cross-section of as- 	475 

coated conventional TiAIN coating on Superfer800H superalloy 

Composition image (BSEI) and X-ray mapping of the cross-section of as- 	476 

coated conventional AICrN coating on Superfer800H superalloy 

Surface macrographs of uncoated and coated Superfer 800H superalloy 	482 

after exposure to cyclic oxidation in air at 900°C for 50 cycles: (a) 

Uncoated Superfer 800H superalloy, (b) Nanostructured TiAIN coating, 

(c) Nanostructured AICrN coating, (d) Conventional TiAIN coating, (e) 

Conventional AICrN coating 

Weight gain/area vs time (number of cycles) for the uncoated and 	483 

coated Superfer 800H superalloy subjected to cyclic oxidation in air at 

900°C for 50 cycles 

Column chart showing cumulative weight gain per unit area for the 	484 

uncoated and coated Superfer 800H superalloy subjected to cyclic 

oxidation in air at 900°C for 50 cycles: (A) Uncoated Superfer 800H 

superalloy, (B) Nanostructured TiAIN coating, (C) Nanostructured AICrN 

coating, (D) Conventional TiAIN coating, (E) Conventional AICrN coating 

Weight gain/area square vs time (number of cycles) for the uncoated 	484 

and coated Superfer 800H superalloy subjected to cyclic oxidation in air 

Iii 



at 900°C for 50 cycles 

Fig. 7.13 (a) X-Ray Diffraction pattern of uncoated and coated Superfer 800H 	486 

superalloy exposed to cyclic oxidation in air at 900°C for 50 cycles : (A) 

Uncoated superalloy, (B) Nanostructured TiAIN coating, (C) 

Nanostructured AICrN coating 

Fig. 7.13 (b) X-Ray Diffraction pattern of uncoated and coated Superfer 800H 	486 

superalloy exposed to cyclic oxidation in air at 900°C for 50 cycles: (A) 

Conventional TiAIN coating, (B) Conventional AICrN coating 

Fig. 7.14 	Surface-scale morphology and EDAX patterns from different spots on 	488 

uncoated and coated Superfer 800H superalloy after exposure to cyclic 

oxidation in air at 900°C for 50 cycles : (a) Uncoated Superfer 800H 

superalloy, (b) Nanostructured TiAIN coating, (c) Nanostructured AICrN 

coating, (d) Conventional TiAIN coating, (e) Conventional AICrN coating 

Fig. 7.15 	Oxide scale morphology and variation of elemental composition across 	490 

the cross- section of the uncoated and coated Superfer 800H superalloy 

after exposure to cyclic oxidation in air at 900°C for 50 cycles: (a) 

Uncoated Superfer 800H superalloy (4000 X), (b) Nanostructured TiAIN 

coating (4000 X), (c) Nanostructured AICrN coating (2000 X), (d) 

Conventional TiAIN coating (500 X), (e) Conventional AICrN coating (500 

X) 

Fig. 7.16 (a) Composition image (BSEI) and X-ray mapping of the cross-section of 	492 

uncoated Superfer 800H superalloy subjected to cyclic oxidation in air at 

900°C for 50 cycles 

Fig. 7.16 (b) Composition image (BSEI) and X-ray mapping of the cross-section of 	493 

Nanostructured TiAIN coated Superfer 800H superalloy subjected to 

cyclic oxidation in air at 900°C for 50 cycles 

Fig. 7.16 (c) Composition image (BSEI) and X-ray mapping of the cross-section of 	494 

Nanostructured AICrN coated Superfer 800H superalloy subjected to 

cyclic oxidation in air at 900°C for 50 cycles 

Fig. 7.16 (d) Composition image (BSEI) and X-ray mapping of the cross-section of 	495 

conventional TiAIN coated Superfer 800H superalloy subjected to cyclic 



oxidation in air at 900°C for 50 cycles 

Fig. 7.16 (e) Composition image (BSEI) and X-ray mapping of the cross-section of 	496 

conventional AICrN coated Superfer 800H superalloy subjected to cyclic 

oxidation in air at 900°C for 50 cycles 

Fig. 7.17 	Schematic diagram showing probable oxidation mechanism for the 	500 

uncoated superalloy Superfer 800H exposed to air at 900°C for 50 cycles 

(Singh, Harpreet, 2005) 

Fig. 7.18 	Surface macrographs of uncoated and coated Superfer 800H superalloy 	504 

exposed to molten salt (Na2SO4-60%V205) environment at 900°C for 50 

cycles: (a) Uncoated Superfer 800H superalloy, (b) Nanostructured TiAIN 

coating, (c) Nanostructured AICrN coating, (d) Conventional TiAIN 

coating, (e) Conventional AICrN coating 

Fig. 7.19 	Weight gain/area vs time (number of cycles) for the uncoated and 	505 

coated Superfer 800H superalloy exposed to molten salt (Na2SO4- 

60%V205) environment at 900°C for 50 cycles 

Fig. 7.20 	Bar chart showing cumulative weight gain per unit area for the uncoated 	506 

and coated Superfer 800H superalloy exposed to molten salt (Na2SO4- 

60%V205) environment at 900°C for 50 cycles: (A) bare Superfer 800H 

superalloy, (B) Nanostructured TiAIN coating, (C) Nanostructured AICrN 

coating, (D) Conventional TiAIN coating, (E) Conventional AICrN coating 

Fig. 7.21 	Weight gain/area square vs time (number of cycles) for the uncoated 	507 

and coated Superfer 800H superalloy exposed to molten salt (Na2SO4- 

60%V205) environment at 900°C for 50 cycles 

Fig. 7.22 (a) X-Ray Diffraction pattern of uncoated and coated Superfer 800H 	509 

superalloy exposed to molten salt (Na2SO4-60%V205) environment at 

900°C for 50 cycles: (A) Uncoated superalloy, (B) Nanostructured TiAIN 

coating, (C) Nanostructured AICrN coating, (ID) Conventional TiAIN 

coating 

Fig. 7.22 (b) X-Ray Diffraction pattern of Conventional AICrN coated Superfer 800H 	509 

superalloy exposed to molten salt (Na2SO4-60%V205) environment at 

900°C for 50 cycles 
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Fig. 7.23 	Surface-scale morphology and EDAX patterns from different spots on 	510 

uncoated and coated Superfer 800H superalloy exposed to molten salt 

(Na2SO4-60%V205) environment at 900°C for 50 cycles : (a) Uncoated 

Superfer 800H superalloy, (b) Nanostructured TiAIN coating, (c) 

Nanostructured AICrN coating, (d) Conventional TiAIN coating, (e) 

Conventional AICrN coating 

Fig. 7.24 	Oxide scale morphology and variation of elemental composition across 	512 

the cross- section of the uncoated and coated Superfer800H superalloy 

exposed to molten salt (Na2SO4-60%V205) environment at 900°C for 50 

cycles: (a) Uncoated Superfer800H superalloy (1200X), (b) 

Nanostructured TiAIN coating (1200 X), (c) Nanostructured AICrN coating 

(1700 X), (d) Conventional TiAIN coating (500 X), (e) Conventional AICrN 

coating (500 X) 

Fig. 7.25 (a) Composition image (BSEI) and X-ray mapping of the cross-section of "• 515 

uncoated Superfer 800H superalloy exposed to molten salt (Na2SO4- 

60%V205) environment at 900°C for 50 cycles 

Fig. 7.25 (b) Composition image (BSEI) and X-ray mapping of the cross-section of 	516 

Nanostructured TiAIN coated Superfer 800H superalloy exposed to 

molten salt (Na2SO4-60%V205) environment at 900°C for 50 cycles 

Fig. 7.25 (c) Composition image (BSEI) and X-ray mapping of the cross-section of 	517 

Nanostructured AICrN coated Superfer 800H superalloy exposed to 

molten salt (Na2SO4-60%V205) environment at 900°C for 50 cycles 

Fig. 7.25 (d) Composition image (BSEI) and X-ray mapping of the cross-section of 	518 

conventional TiAIN coated Superfer 800H superalloy exposed to molten 

salt (Na2SO4-60%V205) environment at 900°C for 50 cycles 

Fig. 7.25 (e) Composition image (BSEI) and X-ray mapping of the cross-section of 	519 

conventional AICrN coated Superfer 800H superalloy exposed to molten 

salt (Na2SO4-60%V205) environment at 900°C for 50 cycles 

Fig. 7.26 	Surface macrographs of eroded uncoated and coated Superfer 800 	526 

superalloy exposed to high temperature erosion studies in simulated 

coal-fired boiler environment 
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Fig. 7.27 	Column chart showing the Volume wear rate of uncoated and coated 	527 

Superfer 800H syperalloy eroded at normal and oblique impact: (A) 

Uncoated Superfer 800H, (B) Nanostructured TiAIN coating, (C) 

Nanostructured AICrN coating, (D) Conventional TiAIN coating, (E) 

Conventional AICrN coating 

Fig. 7.28 	Surface-scale morphology and EDAX patterns from different spots on 	529 

eroded uncoated and coated Superfer 800H superalloy exposed to high 

temperature erosion studies in simulated coal-fired boiler environment 

at impact angle 90°: (a) Uncoated Superfer 800H, (b) Nanostructured 

TiAIN coating, (c) Nanostructured AICrN coating, (d) Conventional TiAIN 

coating, (e) Conventional AICrN coating 

Fig. 7.29 	Surface-scale morphology and EDAX patterns from different spots on 	530 

eroded uncoated and coated Superfer 800H superalloy exposed to high 

temperature erosion studies in simulated coal-fired boiler environment 

at impact angle 30°: (a) Uncoated Superfer 800H, (b) Nanostructured 

TiAIN coating, (c) Nanostructured AICrN coating, (d) Conventional TiAIN 

coating, (e) Conventional AICrN coating 

Fig. 7.30 	Schematic representation of (a) & (b); metal erosion, and (c) oxide 	535 

erosion illustrating the nature of interaction between the oxide scale and 

the substrate during erosion 

Fig. 7.31 	Schematic representation of coating fracture dependent on impact 	536 

angle; (a) Low angle, (b) High angle 

Fig. 7.32 	Potentiodynamic Polarization Curves for uncoated and coated Superfer 	540 

800H superalloy 

Fig. 7.33 	Protective efficiency and Polarization resistance of uncoated and coated 	541 

Superfer 800H superalloy: (A) Uncoated Superfer 800H, (B) 

Nanostructured TiAIN coating, (C) Nanostructured AICrN coating, (D) 

Conventional TiAIN coating, (E) Conventional AICrN coating 

Fig. 7.34 	Surface macrographs of uncoated and coated Superfer 800H superalloy 	543 

subjected to salt-fog testing (5% NaCI) : (A) Uncoated T-22 boiler steel 

subjected to 24hrs, 48hrs and 72 hrs testing; (B) Nanostructured TiAIN 
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coating subjected to 24hrs, 48hrs and 72 hrs testing; (C) Nanostructured 

AICrN coating subjected to 24hrs, 48hrs and 72 hrs testing 

Fig. 7.35 	Surface macrographs of uncoated and coated Superfer 800H superalloy 	544 

subjected to salt-fog testing (5% NaCI) for 72 hrs: (a) Uncoated Superfer 

800H superalloy (b) Nanostructured TiAIN coating (c) Nanostructured 

AICrN coating 

Fig. 7.36 	X-Ray Diffraction pattern of uncoated and coated Superfer 800H 	545 

superalloy subjected to salt-fog testing (5% NaCI): : (A) Uncoated 

Superfer 800H superalloy, (B) Nanostructured TiAIN coating, (C) 

Nanostructured AICrN coating 

Fig. 7.37 	Surface macrographs of uncoated and coated Superfer 800H superalloy 	548 

exposed to super-heater of the coal fired boiler environment at 900°C 

for 1000 hours: (a) Uncoated Superfer 800H superalloy, (b) 

Nanostructured TiAIN coating, (c) Nanostructured AICrN coating, (d) 

Conventional TiAIN coating, (e) Conventional AICrN coating 

Fig. 7.38 	Weight gain/area vs time for uncoated and coated Superfer 800H 	549 

superalloy exposed to super-heater of the coal fired boiler environment 

at 900°C for 1000 hours 

Fig. 7.39 	Bar chart indicating overall gains/loss in thickness for uncoated and 	550 

coated Superfer 800H superalloy specimens exposed to super-heater of 

the coal fired boiler environment at 900°C for 1000 hours: (a) Uncoated 

Superfer 800H superalloy, (b) Nanostructured TiAIN coating, (c) 

Nanostructured AICrN coating, (d) Conventional TiAIN coating, (e) 

Conventional AICrN coating 

Fig. 7.40 (a) X-Ray Diffraction pattern of uncoated and coated Superfer 800H 	552 

superalloy exposed to platen superheater of the coal fired boiler 

environment at 900°C for 1000 Hrs: (A) Uncoated Superfer 800H 

superalloy, (B) Nanostructured TiAIN coating, (C) Nanostructured AICrN 

coating 

Fig. 7.40 (b) X-Ray Diffraction pattern of coated Superfer 800H superalloy exposed to 	552 

platen superheater of the coal fired boiler environment at 900°C for 
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1000 Hrs: (A) Conventional TiAIN coating, (B) Conventional AICrN coating 

Fig. 7.41 	Surface-scale morphology and EDAX patterns from different spots on 	553 

uncoated and coated Superfer 800H superalloy exposed to platen 

superheater of the coal fired boiler environment at 900°C for 1000 Hrs : 

(a) Uncoated Superfer 800H superalloy, (b) Nanostructured TiAIN 

coating, (c) Nanostructured AICrN coating, (d) Conventional TiAIN 

coating, (e) Conventional AICrN coating 

Fig. 7.42 	Oxide scale morphology and variation of elemental composition across 	555 

the cross- section of the uncoated and coated Superfer800H superalloy 

exposed to platen super-heater of the coal fired boiler environment at 

900°C for 1000 Hrs: (a) Uncoated Superfer800H superalloy (1600 X), (b) 

Nanostructured TiAIN coating (1200 X), (c) Nanostructured AICrN coating 

(1700 X), (d) Conventional TiAIN coating (800 X), (e) Conventional AICrN 

coating (1000 X) 

Fig. 7.43 	Bar chart indicating the extent of erosion/corrosion for uncoated and 	556 

coated Superfer 800H superalloy specimens exposed to super-heater of 

the coal fired boiler environment at 900°C for 1000 hours: (a) Uncoated 

Superfer 800H superalloy, (b) Nanostructured TiAIN coating, (c) 

Nanostructured AICrN coating, (d) Conventional TiAIN coating, (e) 

Conventional AICrN coating 

Fig. 7.44 	Corrosion rate in mils per year (mpy) for uncoated and coated Superfer 	557 

800H superalloy exposed to super-heater of the coal fired boiler 

environment at 900°C for 1000 hours 

Fig. 7.45 (a) Composition image (BSEI) and X-ray mapping of the cross-section of 	559 

uncoated Superfer 800H superalloy exposed to platen superheater of 

the coal fired boiler environment at 900°C for 1000 Hrs 

Fig. 7.45 (b) Composition image (BSEI) and X-ray mapping of the cross-section of 	560 

Nanostructured TiAIN coated Superfer 800H superalloy exposed to 

platen superheater of the coal fired boiler environment at 900°C for 

1000 Hrs 

Fig. 7.45 (c) Composition image (BSEI) and X-ray mapping of the cross-section of 	561 



Nanostructured AICrN coated Superfer 800H superalloy exposed to 

platen superheater of the coal fired boiler environment at 900°C for 

1000 Hrs 

Fig. 7.45 (d) Composition image (BSEI) and X-ray mapping of the cross-section of 	562 

conventional TiAIN coated Superfer 800H superalloy exposed to platen 

superheater of the coal fired boiler environment at 900°C for 1000 Hrs 

Fig. 7.45 (e) Composition image (BSEI) and X-ray mapping of the cross-section of 	563 

conventional AICrN coated Superfer 800H superalloy exposed to platen 

superheater of the coal fired boiler environment at 900°C for 1000 Hrs 

Fig. 8.1 	Column chart showing cumulative weight gain per unit area (mg/cm2) for 	569 

the uncoated and coated alloys' specimens subjected to cyclic oxidation 

in air at 900°C for 50 cycles; (A) Uncoated, (B) Nanostructured TiAIN 

coating, (C) Nanostructured AICrN coating, (D) Convnetional TiAIN 

coating, (E) Conventional AICrN coating 

Fig. 8.2 	Column chart showing cumulative weight gain per unit area (mg/cm2) for 	571 

the uncoated and coated alloys' specimens exposed to molten salt 

(Na2SO4-60%V205) environment at 900°C for 50 cycles; (A) Uncoated, (B) 

Nanostructured TiAIN coating, (C) Nanostructured AICrN coating, (D) 

Convnetional TiAIN coating, (E) Conventional AICrN coating 

Fig. 8.3 	Column chart showing the Volume wear rate of uncoated and coated 	574 

alloys' specimens eroded at normal and oblique impact: (A) Uncoated 

Alloy, (B) Nanostructured TiAIN coating, (C) Nanostructured AICrN 

coating, (D) Conventional TiAIN coating, (E) Conventional AICrN coating 

Fig. 8.4 	Column chart showing weight loss per unit area for the uncoated and 	581 

coated alloys subjected to salt-fog testing (5% NaCI) : (A) Uncoated alloy; 

(B) Nanostructured TiAIN coating; (C) Nanostructured AICrN coating 

Fig. 8.5 	Column chart indicating cumulative weight gain per unit area (mg/cm2) 	582 

for the uncoated and coated alloys' specimens exposed to super-heater 

of the coal fired boiler environment at 900°C for 1000 hours; (A) 

Uncoated, (B) Nanostructured TiAIN coating, (C) Nanostructured AICrN 

coating, (D) Convnetional TiAIN coating, (E) Conventional AICrN coating 
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Fig. 8.6 

Fig. 8.7 

Column chart indicating the extent of erosion/corrosion for uncoated 	584 

and coated alloys' specimens exposed to super-heater of the coal fired 

boiler environment at 900°C for 1000 hours; (A) Uncoated, (B) 

Nanostructured TiAIN coating, (C) Nanostructured AICrN coating, (D) 

Convnetional TiAIN coating, (E) Conventional AICrN coating 

Column chart indicating corrosion rate (mpy) for the uncoated and 	585 

coated alloys' specimens exposed to super-heater of the coal fired boiler 

environment at 900°C for 1000 hours; (A) Uncoated, (B) Nanostructured 

TiAIN coating, (C) Nanostructured AICrN coating, (D) Convnetional TiAIN 

coating, (E) Conventional AICrN coating 
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Chapter 1 

INTRODUCTION 

Corrosion is the destruction or deterioration of a material over time due to its 

reaction with environment to form oxides or sulphides, or other metallic compounds, 

generally considered to be ores, as material's compositional elements have a natural 

tendency to return to their most thermodynamically stable state. It is said that corrosion 

never stops. Corrosion is both costly and dangerous. Corrosion causes plant shut downs, 

waste of valuable resources, loss or contamination of products, reduction in efficiency 

and costly maintenance. In USA, the loss due to corrosion is around 4 per cent of GDP. In 

India, the corrosion losses will be around Rs. 1 lakh crore per annum. Around 80 per cent 

of the unscheduled shutdowns and breakdowns in industries are due to corrosion and 

process fouling. Out of the total loss due to corrosion, 25 per cent of loss can be easily 

saved with pro-active approach and protecting the system by applying protective 

coatings (Madhu Chittora, 2008). Apart from monetary costs it diminishes our natural 

resources. From human safety point of view, corrosion is considered more disastrous, as 

premature failure of bridges, structures or operating equipments can result in human 

injury or even loss of life. 

Metals and alloys get oxidized when they are heated to elevated temperatures in 

air or highly oxidizing environments, such as a combustion gas with excess of air or 

oxygen. They often rely on the oxidation reaction to develop a protective oxide scale to 

resist corrosion attack, such as sulphidation, carburisation, ash/salt deposit corrosion etc. 

That is why oxidation is considered to be the most important high-temperature corrosion 

reaction. Further the rate of oxidation for metals and alloys increases with increasing 

temperature (Lai, 1990). Hot corrosion is the degradation of materials caused by the 

presence of a deposit of salt or ash in a general sense. In a more restricted sense, hot 

corrosion is the degradation of metals and alloys owing to oxidation process, which are 

affected by a liquid salt deposit. Eliaz et al. (2002) have defined the hot corrosion as an 

accelerated corrosion, resulting from the presence of salt contaminants such as Na2SO4, 

NaCI, and V205  that combine to form molten deposits, which damage the protective 
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surface oxides. In hot corrosion, metals and alloys are subject to degradation at much 

higher rates than in gaseous oxidation, with a porous, non-protective oxide scale formed 

at their surface, and sulphides in the substrate. 

Hot corrosion was first recognized as a serious problem in 1940s in connection 

with the degradation of fireside boiler tubes in coal-fired steam generating plants. 

Since then the problem has been observed in boilers, internal combustion engines, gas 

turbines, fluidized bed combustion and industrial waste incinerators (Khanna and ilia, 

1998). Hot corrosion became a topic of importance and popular interest in the late 60s 

as gas turbine engines of military aircraft suffered severe corrosion during the 

operation over sea water in the Vietnam War. Metallographic inspection of failed parts 

often showed presence of sulphides of nickel and chromium, so the mechanism was 

initially called as "sulphidation" (Rapp, 1986 and 2002). 

Hot corrosion is one of the serious problems for high temperature application, 

such as aircraft, marine, utility, industrial and land-base gas turbines, boilers, oil refinery 

furnace and engines. The use of wide range of fuels from natural gas, kerosene, diesel 

oils, residual oils and gaseous fuels coupled with increased operating temperatures 

cause hot corrosion (Nicholls, 2002). Higher corrosion rates have occurred due to molten 

salt deposits even when bio-fuel fired boiler has been operated with steam temperature 

of 530°C (Salmenoja et al., 1996). On the other hand, in order to meet the demand for 

more electricity, the operating temperature and pressure of pulverized coal-fired boilers 

have to be increased (Blum, 1997). As the lower steam temperatures drastically 

decrease the efficiency of electricity production. The combination of such high-

temperatures with contaminants of environment and low grade fuels necessitate special 

attentions to the phenomenon of hot corrosion. 

In energy generation processes the mechanism of hot corrosion is dependent on 

the formation of a liquid phase that is predominantly Na2SO4  or K2SO4. The sulphur 

released from the coal, forms SO2  with a minor amount of SO3  and reacts with the 

volatilised alkalis to form Na2SO4  vapour, which then condenses together with fly ash 

on the super-heater and reheater tubes in the boiler. Such a liquid phase dissolves the 

chromium oxide in the protective coating, which allows the base metal to react with 

sulphate ions to form sulphide ions and non-protective oxides (Natesan, 1976 and 

Rapp et al., 1981). Due to depletion of high-grade fuels and for economic reasons use 
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of residual fuel oil in these systems is well known. The damage by hot corrosion is 

likely to increase by the use of these low quality fuels and higher temperature to 

increase the efficiency of boilers. According to Khanna (2002) and Marriott (1990) the 

hot corrosion plays an important role in determining the life of boiler components. 

Also, erosion-corrosion by solid particles in gaseous environments at elevated 

temperatures and hence wastage of alloys, is a serious problem in many industrial 

processes (Stack et al., 1993 and Stack et al., 1995). Erosion-corrosion of materials 

occurs in environments as diverse as catalytic cracking systems in oil and gas separation, 

combined-cycle coal conversion systems such as pressurized fluidized bed combustion, 

and on the turbine blades of jet engines where erosive component may be caused by 

the ingestion of particulate material or the accumulation of such material as a result of 

the corrosion process (Stack et al., 1993). Small, solid particles propelled by generally 

oxidizing gases in various fluid flow patterns constitute the primary operating 

environments in the combustion regions of energy generating boilers operating on s'uch 

fossil fuels as coal and various kinds of biomass (Levy, 1993). Unacceptable levels of 

surface degradation of metal containment walls and heat exchanger tubing by a 

combined erosion-corrosion mechanism have been experienced in some boilers, 

particularly fluidized bed combustors (FBC). The extent of such degradation has varied 

considerably, both between different boilers and within the same boiler operating on 

different feedstocks (Levy, 1993). 

Coal gasification systems operate at temperature of up to 2000 F (1093°C) and at 

a pressure of up to 100 atm depending on the specific process and the product, coal gas 

generates the greatest problems (Rapp and Goto, 1981). The coal used in Indian power 

stations has large amounts of ash (about 50%), which contain abrasive mineral species 

such as hard quartz (up to 15%), which increase the erosion propensity of coal (Stringer, 

1997 and Wells et al., 2005). Coal contains a wide variety of minerals, but it is generally 

acknowledged that only those minerals that are harder than steel contribute 

significantly to the abrasive and erosive behavior of the coal particles (Wells et al., 

2005). The vast technical literature available is evidence that corrosion and deposits on 

the fireside of boiler surfaces or in gas turbines represent important problems (Landry et 

al., 1959). Erosive, high-temperature wear of heat exchanger tubes and other structural 

materials in coal-fired boilers has become a key material issue in the design and 
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operation of thermal power plants and is recognized as being one of the main causes of 

downtime in these installations, which could account for 50-75% of their total arrest 

time (Hidalgo et al., 2001A and Hidalgo et al., 2001B). Maintenance costs for replacing 

broken tubes in the same installations are also very high, and can be estimated at up to 

54% of the total production costs (Hidalgo et al., 2001B). 

High-temperature oxidation and erosion caused by the impact of fly ashes and 

unburnt carbon particles are the main problems to solve in these applications, especially 

in those regions where the component surface temperature is above 873 K. Therefore, 

the development of wear and high-temperature oxidation protection systems in 

industrial boilers is a very important topic from both engineering and an economic 

perspective (Hidalgo et al., 2001A and Hidalgo et al., 2001B). A number of 

countermeasures are currently in use or under investigation to combat different types of 

corrosion. While selecting a particular corrosion control strategy it is always emphasized 

that the protection system must be practical, reliable and economically viable. So far as 

the high-temperature oxidation and erosion problem of metals and alloys is concerned, 

it may be tackled by controlling the process parameters, use of inhibitors, designing a 

suitable industrial alloy, protective coatings and superficially applied oxides as per 

requirements in the given environment. 

Controlling the various process parameters (air/fuel ratio, temperature, pressure 

etc.) of the boiler and gas turbine is useful to some extent to combat corrosion, but 

these parameters can be controlled only within certain limits. There are numerous 

inhibitors commercially available that are intended to reduce the severity of oil ash 

corrosion, particularly Mg and Mn-based inhibitors, which have proven to be effective 

(Paul and Seeley, 1991). Investigations in the area of inhibitors like MgO, CeO2, CaO, 

Mn02, etc. have already been done in the department and the decrease in the extent of 

hot corrosion in the most aggressive environment of Na2504-60%V205 at 900°C has been 

achieved. But the major problem being faced is how to inject these inhibitors along with 

the fuel in the combustion chamber in actual industrial environment (Tiwari and 

Prakash, 1998 and Gitanjaly et al., 2002). 

Material selection, preparation and fabrication are therefore of paramount 

importance for the efficient functioning. of the system ,components. Present materials 

being capable of resisting erosive and corrosive environments are highly alloyed, and 
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thus expensive. In search for cost-effective solutions for erosion-corrosion problems, the 

effective method of erosion-corrosion prevention is to coat the alloy with a protective 

layer, which has been used in the current investigation. This is the preferred approach 

and various coatings like thermal sprayed coatings have become attractive (Uusitalo et 

al., 2002).Modern design philosophy is based on the use of a substrate to provide the 

necessary mechanical strength properties and a thin coating to inhibit oxidation and 

other corrosive degradation processes (Ananthapadmanabhan et al., 1991). It is now 

generally accepted practice to apply coatings to components in fossil fuel energy 

generation processes to provide thermal insulation, corrosion and wear resistance 

and in chemical process plants or boilers to protect the surface of structural steels 

against surface degradation processes such as wear, oxidation, corrosion and erosion 

(Wang et al., 1992). 

Coating technology is one of the more rapidly growing technologies in the field of 

materials (Chawla et al., 2007B). Recent studies show that 80% of the total cost for the 

protection of metals is related to coating applications (Fedrizzi et al., 2004). Coatings 

provide a way of extending the limits of the use of the materials at the upper end of 

performance capabilities, by allowing the mechanical properties of the substrate 

materials to be maintained while protecting against wear, oxidation and corrosion (Singh 

et al., 2005). According to DeMasi-Marcin and Gupta (1994), physical vapor deposition 

(PVD) and plasma spray (a thermal spray process) have been reported to be two major 

coating processing technologies which are used worldwide. The PVD processes have 

been particularly successful in improving mechanical properties such as wear, friction, 

and hardness (Pierson, 1987). Their use as corrosion-resistant coatings is also -  becoming 

widespread. Among the thermal spray coating processes, plasma spraying is reported to 

be versatile technology that has been successful as a reliable cost-effective solution for 

many industrial problems (Fauchais et al., 1997). 

In recent years, corrosion performance of nanostructured materials/coatings is a 

hot topic in corrosion field. As reported by Chawla et al. (2008), in the past decade, 

attractive properties associated with a nanostructure have been documented for bulk 

materials, where most of the research in the field of nanomaterials has been focused. 

Nanostructured materials indeed behave differently than their microscopic counterparts 

because their characteristic sizes are smaller than the characteristic length scales of 
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physical phenomenon occurring in bulk materials (Chawla et al., 2007A). In many 

tribological applications, hard coatings of metal nitrides are now commonly used 

(Bertrand. et al., 2000). The major properties required for such coatings are hardness 

and wear resistance. However, because of severe operating conditions, there is a need 

to combine mechanical features with corrosion resistance properties. In the past years, 

hard protective TiAIN coatings and AICrN coatings were widely used for wear resistant 

properties. Recently these coatings are gaining importance for high temperature wear, 

corrosion and oxidation resistance applications (Kalss et al., 2006, Fujita, 2005). 

It is important to understand the nature of all types of environmental 

degradation of metals and alloys as vividly as possible so that preventive measures 

against metal loss and failure can be economically devised to ensure safety and 

reliability in the use of metallic components (Sidhu and Prakash, 2006). Uusitalo et al. 

(2003) has also suggested that there is a need to investigate the high temperature 

corrosion behavior of thermal spray coated materials in different aggressive 

environments. Mostly Cr and Al are added to enhance the oxidation resistance of alloys. 

Besides the oxidation resistance at high temperature, the resistance to pitting corrosion 

at normal temperature is another important performance of these materials (Liu et al., 

2007). In many applications, the coated parts are frequently exposed to an aggressive 

working environment, for instance a Cr containing corrosive medium which has strong 

effects in promoting localized corrosion, particularly in marine environment (Jehn and 

Baumgartner, 1992). The chloride-rich seawater is a harsh environment that can attack 

the materials by causing pitting and crevice corrosion (Dobrzanski et al., 2007). 

Little work has been published on high temperature erosion/corrosion behavior 

of nanostructured and conventional hard metal nitride coatings to the best of 

knowledge of the author. The present study has been performed to evaluate the 

behavior of the nanostructured and conventional metal nitride coatings when exposed 

to high temperature oxidation in air, molten salt (Na2SO4-60%V205) environment, in 

actual degrading conditions prevailing in a coal fired boiler of a thermal plant, high 

temperature solid particle erosion and simulated marine environment. Behavior of 

these coatings under different degrading environments once evaluated will be helpful 

in choosing the suitable coating for the given environment. 
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Chapter 2 
LITERATURE REVIEW 

Literature review relevant to the research has been divided into four phases. First 

phase contains a comprehensive review of the existing literature on high temperature 

oxidation, hot corrosion, erosion-corrosion and marine environment corrosion along with 

existing characteristics and mechanisms. In the second phase, critical review regarding the 

protective coatings and coating deposition processes have been described. The existing 

related patents have been reviewed in the third phase of this chapter. The third phase is 

related to the problem formulation, scope and objectives of the present research work. 

2.1 HIGH TEMPERATURE PROCESSES AND MATERIALS 

The attainment of high temperatures has been important in the development of 

civilization for many countries (Khanna, 2002). In order to meet the demand for more 

electricity, the operating temperature and pressure of pulverized coal-fired boilers have to 

be increased (Blum, 1997). As the lower steam temperatures drastically decrease the 

efficiency of electricity production. Thus, structural materials in many front-line high 

technology areas have to operate under extreme conditions of temperature, pressure and 

corrosive environment (Ananthapadmanabhan et al., 1991). Materials degradation at high 

temperatures is a serious problem in several high tech industries. Gas turbines in aircraft, 

fossil fueled power plants, refineries, petrochemical industries and heating elements for 

high temperature furnaces are some examples where corrosion limits the use or reduces 

the life of these components, considerably affecting the efficiency (Khanna, 2002). 

World-wide, the majority of electricity is generated in coal-fired thermal power 

plants, in which the coal is burned to boil water (Stringer, 1997). Coal is a complex and 

relatively dirty fuel that contains varying amount of sulfur and a substantial fraction of non 

combustible mineral constituents, commonly called ash (Natesan, 1997). The coal used in 

Indian power stations has large amounts of ash (about 50%), which contain abrasive mineral 

species such as hard quartz (up to 15%), which increase the erosion propensity of coal 
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(Krishnamoorthy, 1993). The vast technical literature available is evidence that corrosion 

and deposits on the fireside of boiler tube surfaces or in gas turbines represent important 

problems. 

An increasing demand for more electricity, reduced plant emissions and greater 

efficiency is forcing power plants to increase the steam temperature and pressure of the 

boilers. Ultra-supercritical steam conditions greater than 31 MPa and 600°C have been 

adopted and the thermal efficiency up to 45% have been obtained for the pulverized coal-

fired boilers. Efforts are being made to further improve the efficiency of the boilers. 

Therefore, superheater and re-heater materials which have high creep rupture strength and 

high corrosion resistance at temperatures of about 750°C and above are required (Blum, 

1997; Evans et al., 2004). 

Alloys that are used for structural components at higher temperatures in corrosive 

environments are generally austenitic and ferritic stainless steels and superalloys based on 

nickel, iron, and cobalt. Superalloys serve in a wide variety of environments where oxygen, 

sulphur, sodium, vanadium, halogens, and nitrogen are the aggressive reactive species most 

frequently encountered (Stroosnijder et al., 1994). Iron- and nickel- base superalloys are the 

commercial alloys commonly used for the high temperature applications. The superior 

mechanical performance and good corrosion resistance of the superalloys, especially the 

nickel-base superalloys at high temperature make them favourites as base materials for hot 

components (such as blades or vanes) in industrial gas turbines and other energy 

conversion systems. The presence of sufficient amount of aluminum and chromium 

concentrations permit the selective oxidation of chromium and aluminum in the nickel 

base superalloy enable them to act as alumina and chromia scale former. 

Several very important engineering systems operating at high-temperatures (650-

1100°C) involve contact of metallic or ceramic materials with the gaseous -combustion 

products or other oxidizing gases containing inorganic impurities, e.g. steam generators, 

incinerators, gas turbines, and numerous petrochemical process vessels. As the gases are 

cooled, fused salt deposits are formed on the hardware (Rapp, 1990). Metals and alloys may 

experience accelerated oxidation when their surfaces are coated by a thin film of fused salt in 
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an oxidizing gas. This mode of attack is called hot corrosion. High temperature degradation is 

one of the main failure modes of hot-section components in the gas turbines. Erosive, high- 

temperature wear of heat exchanger tubes and other structural materials in coal-fired 

boilers has become a key material issue in the design and operation of thermal power 

plants and is recognized as being one of the main causes of downtime in these installations, 

which could account for 50-75% of their total arrest time (Hidalgo et al., 2001A and Hidalgo 

et al., 2001B). Maintenance costs for replacing broken tubes in the same installations are 

also very high, and can be estimated at up to 54% of the total production costs (Hidalgo et 

al., 2001B). 

High temperature oxidation and erosion by the impact of fly ashes and unburned 

carbon particles are the main problems to be solved in these applications. Therefore, the 

development of wear and high temperature oxidation protection systems in industrial 

boilers is a very important topic from both engineering and an economic perspective 

(Hidalgo, 2001A). Material selection, preparation and fabrication are therefore of 

paramount importance for the efficient functioning of the system components. Modern 

design philosophy is based on the use of a substrate to provide the necessary mechanical 

strength properties and a thin coating to inhibit oxidation and other corrosive degradation 

processes (Ananthapadmanabhan et al., 1991). So, it is now generally accepted practice to 

apply coatings to components in fossil fuel energy generation processes to provide 

thermal insulation, corrosion and wear resistance and in chemical process plants or 

boilers to protect the surface of structural steels against these surface degradation 

processes (Wang et al., 1992). 

2.2 HIGH TEMPERATURE OXIDATION 

Almost all the metals are found in nature in the form of an oxide, sulfide, or some 

other metal compound. Thus all the metals that are derived from ores, when exposed to air 

at room temperature, form surface compounds, which may be oxides or other compounds, 

depending upon the contamination in air (Budinski , 1979 & Khanna, 2002). It takes from a 

few hours to a few days to form this oxide layer on the surface, depending upon the type of 
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environment. The rate of the reaction of oxide formation increases many folds, if the 

sample is exposed to the same atmosphere but at a temperature much higher than the 

room temperature. 

An oxidation reaction between the oxygen gas (02) and a metal (M) can be written as: 

fi aM(s)+-02(g)--->Mcpfl (s) 	 (2.1) 

In the simplest form, oxidation of metal appears as the addition of oxygen to the metal 

surface. However, the oxidation behavior of metals depends upon various factors and the 

reaction mechanism involved may prove to be complex (Khanna, 2002). 

Thermodynamically, an oxide is likely to foim  on a metal surface when the oxygen 

potential in the environment is greater than the oxygen partial pressure in equilibrium with 

the oxide (Kofstad, 1966). The oxide layer growth may depend upon the accessibility of the 

metal surface to the oxidizing gas, or on the diffusion of ions or/and electrons (Grainger, 

1989). The initial step in the metal-oxygen reaction involves the adsorption of gas on the 

metal surface. As the reaction proceeds, oxygen may dissolve in the metal, resulting in the 

formation of oxide layer or separate oxide nuclei on the metal surface (Kofstad, 1966). 

If the compound formed on the surface is volatile or continually falls off, the 

corrosion or oxidation will proceed rapidly, the metal is consumed continuously and the 

material ultimately fails (Grainger, 1989). However, if the compound formed on the surface 

of metal is adherent to the surface, it can give protection by acting as a barrier that 

separates the metal from the gas. Further oxidation may proceed only through a solid-state 

diffusion of the reactants through the film (Kofstad, 1966). The metal ions and /or oxygen 

may penetrate across the barrier layer and combine chemically to form new oxide at the 

scale/gas or scale/metal interface (Stott, 1998). In the first case, Fig.2.1 (A), metal ions and 

electrons diffuses faster than oxygen ions, which causes the oxide to grow at the outer 

surface. This mechanism is seen in iron, copper, chromium and cobalt. In the second, Fig.2.1 

(B), oxygen ions and electron diffuses through the existing oxide layer faster than metal 

ions. This causes the oxide layer to grow at the metal/oxide interface, a situation seen in 

titanium and zirconium (Grainger, 1989). 
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Fig: 2.1 	Schematic illustrations of the mechanisms of oxidation at the surface of a 
metal (Grainger et al, 1989) 

2.2.1 Mechanisms of High Temperature Oxidation 

In actual practice, alloys, rather than pure metals are used in various high 

temperature applications. The oxidation behavior of metals is generally modified by the 

alloying addition to renders them suitable for a particular high temperature application 

(Khanna, 2002). The rate of oxidation at high temperature depends on the oxide layer that 

forms on the surface of metal (Chawla et al., 2007C). 

Wagner has explained the oxidation behavior for an A-B alloy that is forming both 

AO and BO oxides (Samuel, 1987). When oxides of metals form, their relative position and 

distribution depends on the thermodynamic properties of the oxides and the alloy, the 

diffusion processes and reaction mechanisms. The first situation involves immiscible oxides 

with the more stable oxide growing slowly. With both AO and BO stable but with rapid 

growth of AO and slow growth of BO, the more stable BO may nucleate first, but gradually 

becomes over-whelmed and surrounded by fast-growing AO. Figure 2.2 (a) and (b) illustrate 

the situation. 

11 



AO /BO 

AO 

A-8 alloy - A-8 alloy 

BO 

(a)  	 (b) 	 

A029 A-B alloy 

(c) 	• 

Fig: 2.2 	Mechanisms of oxidation at the surface of a metal (Samuel, 1987) 

If diffusion in the alloy is rapid, the oxidation proceeds to form an AO scale with BO 

islands scattered through it. However, if diffusion in the alloy is slow, the metal becomes 

depleted of A near the metal/oxide interface, while the growth of BO continues until it 

forms a complete layer, undercutting the AO (Fig. 2.2 c). Pockets of AO at the metal/oxide 

interface will gradually be eliminated by the displacement reaction: 

AO + Hoy) 	—4> 	BO A(alloy) 
	

(2.2) 

Because BO is thermodynamically more stable than AO, this reaction continues even if the 

oxygen supply is cut off. The second situation involves two oxides that are partially miscible. 

For alloys rich in A, an AO scale will form with some B ions dissolved sub-stitutionally in the 

AO structure. For alloys rich in B, a BO layer first forms. If B ions diffuse through the scale 

faster than 'A' ions, the concentration of A ultimately builds up in the scale close to the 

metal/oxide interface. An AO layer then forms underneath the BO. On the other hand, if A 

ions diffuses through the original BO scale more quickly than B ions, the AO layer eventually 

forms on top of the 80 layer. In addition, if 'A' ions diffuse rapidly through BO and B ions 

diffuse rapidly through AO, alternate layers of BO/AO/BO/AO may even form. Further, the 

spinels, which are double oxides of a metal with +2 valence and a metal with +3 valence, 

having the general formula MO.Me203  and also having the crystal structure of the mineral 

spinel (MgO-A1203), may form. 
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The establishment of oxide layer on an alloy takes place by nucleation and growth 

process (Stott, 1998). Small impinging nuclei of all the thermodynamically stable oxides 

develop on the surface of the component, when it is exposed to an oxygen rich gas. These 

initial nuclei of oxide coalesce rapidly to give a complete layer. During this initial or transient 

stage, the rate of oxidation is rapid; all the elements in the alloy oxidize and the amounts of 

the various oxides in the layer are approximately proportional to the concentration of the 

elements in the alloy. Once the transient oxide layer has been established, it continues to 

grow following diffusion of metal ions to the scale/gas interface or oxygen to the scale/alloy 

interface. 

Further, from the standpoint of oxidation of engineering alloys, the parabolic law is 

of great importance. As per this law, the oxide growth occurs with a continuing decreasing 

oxidation rate (Khanna, 2002). This is represented as: 

(2.3) x2 ----K Pt 

Where x is the scale thickness in dimensions of length, t is the time and Kp  the parabolic 

growth rate constant in dimensions of length2/time. Most of the metals and engineering 

alloys follow parabolic kinetics at elevated temperature. However, minor deviations from 

the parabolic behavior are often observed (Doychak, 1995). According to Smialek (2001) 

the most of the oxide scales have a very fine grain size, often submicron during the first few 

hours of oxidation. Since bulk diffusion in many stoichiometric oxides is relatively slow, 

short-circuit processes such as grain boundary diffusion have a considerable effect on the 

net growth rate and may cause deviations from true parabolic kinetics. in addition to scale 

growth kinetics, scale adhesion in cyclic exposures also must be considered for continuous 

protection to prevent rapid metal consumption upon re-oxidation. 

Li et al. (2003) have reported that although considerable insights has been 

accumulated on mechanisms of high temperature oxidation, from both engineering and 

more fundamental studies, reaction mechanisms are often not fully understood. Oxidation 

at high temperature involves the oxidation of selective elements, formation of oxide scales 

and internal oxidation (Hussain et al., 1994). The phenomenon is too complex to be 

understood in simple terms of diffusion processes. Authors further said that knowledge of 
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reaction kinetics and the nature of the surface scales formed during oxidation are important 

for assessing the degradation characteristics of materials in high temperature applications. 

Plenty of literature is available on high temperature oxidation of metals and alloys, 

which is not possible to review in a sensible manner in such a short space. As an alternative 

it is proposed to overview the high temperature phenomenon in context with some current 

studies conducted by various researchers in the field, which may form basis for the 

formulation of the problem. 

2.2.2 Oxidation Behavior of Iron-Based Alloys 

Carbon steel is probably the most widely used engineering material. It is extensively 

used for high temperature application in power plants, chemical, and petrochemical 

industries, oil refining and in many other industries (Khanna, 2002). Boiler tubes in power 

plants, reactors vessels in process industries, heat treating fixtures and exhaust train piping 

are examples of a few components made out of mild steel. The oxidation behavior of mild 

steels is very similar to that of iron. Carbon steel have negligible oxidation in air up to 

temperatures of about 250-300°C. Oxidation attack is less than about 20 mg/cm2  up to 

450°C. Above this temperature, the oxidation rate increases rapidly especially above 600°C. 

High Strength Low Alloy steels which contain minor additions of alloying elements, such as 

manganese, silicon, chromium and nickel have lower oxidation rate. 

Wright (1987) reported alloys intended for high temperature applications are 

designed to have the capability of forming protective oxide scale. Figure 2.3 schematically 

represents the oxidation rate of iron-chromium alloys (1000°C, in 0.13 atm oxygen) and 

depicts the types of oxide scale associated with various alloy types. A useful concept in 

assessing the potential high-temperature oxidation behavior of an alloy is that of the 

reservoir of scale-forming element contained by the alloy in excess of the minimum level 

(around 20 wt% for iron-chromium alloys at 1000°C, according to Fig.2.3). The more likely 

the service conditions are to cause repeated loss of the protective oxide scale, the greater 

the reservoir of scale-forming element required in the alloy for continued protection. 
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Fig.2.3 	Schematic of the variation with alloy chromium content of the oxidation rate 
and oxide scale structure, based on isothermal studies at 1000°C in 0.13 atm 
oxygen (Wright, 1987) 

Chromium-molybdenum steels are considered to be a better choice for moderate 

temperature applications. The presence of Mo enhances creep strength at these 

temperatures, while chromium helps in forming a chromium-rich scale which protects the 

steel from further oxidation. In case of stainless steel (containing more than 12% Cr), 

corrosion resistance is imparted by the formation of a protective chromia layer on the 

surface. 

Some of the high temperature oxidation studies conducted by various investigators 

in air on iron-based alloys are summarized in Appendix A.1. 
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2.2.3 Oxidation Behavior of Superalloys 

Superalloys have been developed for gas turbine engines, which require both 

superior high temperature strength and strong oxidation resistance (Khanna, 2002). 

Applications of some of these alloys have now been extended to other industries such as 

heat treating, chemical processing, petrochemical, oil refining and power generation. 

The superalloys have been developed to achieve oxidation resistance by utilizing the 

concept of selective oxidation. The selective oxidation approach to obtain oxidation 

resistance in superalloys consists of oxidizing essentially only one element in the superalloy 

and relying upon this element's oxide for protection. For effective protection, it is 

anticipated that the oxide should cover the whole surface of the alloy and it must be an 

oxide through which the diffusion of the reactants takes place at comparatively slow rate. 

Nickel-, cobalt- and iron-base superalloys make use of the selective oxidation of the 

aluminum or chromium to develop oxidation resistance (Pettit and Meier, 1985). Further, 

Pettit and Meier (1985) have reported that the selective oxidation processes are affected by 

a number of factors such as alloy composition, alloy surface conditions, gas environment 

and cracking of the oxide scale. Cyclic oxidation conditions whereby the oxide scales crack 

and spall, as well as certain phases present in the superalloys, both affect the capability to 

selectively oxidize aluminum or chromium in the superalloys. Some of the high temperature 

oxidation studies conducted by various investigators in air on Ni, Co and Fe-based 

superalloys are summarized in Appendix A.1. 

2.3 HOT CORROSION 

According to Eliaz et al. (2002) and Khanna et al. (1998) hot corrosion is accelerated 

corrosion of materials at high temperatures, resulting from the presence of salt 

contaminants such as Na2SO4, NaCI and V205  that combine to form molten deposits, which 

damage the protective surface oxides. It is also called deposit corrosion, as the salts first 

deposit on the surface and then change to liquid melt, either of their own or by forming 

complex mixtures of salts (Khanna, 2002). 
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Hot corrosion is observed in boilers, incinerators, diesel engines, mufflers of internal 

combustion engines and gas turbines. During the combustion stage in heat engines, 

particularly in gas turbines, sodium and sulphur impurities present either in fuel or in 

combustion air, react to form sodium sulphate (Na2SO4). If the concentration of the 

sulphate exceeds the saturation vapour pressure at the operating metal temperature for 

turbine blades and vanes (700-1100°C), then the deposition of the Na2SO4  will occur on the 

surface of these components (Khanna et al., 1998). At higher temperatures the deposits of 

Na2SO4  are molten (m.p=884°C) and can cause accelerated attack of the Ni, Fe and Co- base 

superalloys. 

Hot corrosion is often divided into two forms of attacks: Type-I (High temperature 

hot corrosion) and Type-II (Low temperature hot corrosion), as reported by Eliaz et al. 

(2002) and Khanna et al. (1998). Various parameters may affect the development of these 

two forms, including alloy composition and thermo-mechanical condition, contaminant 

composition and flux rate, temperature and temperature cycles, gas composition and 

velocity, and erosion processes (Eliaz et al., 2002 and Pettit at al., 1987). 

2.3.1 High Temperature (Type-I) Hot Corrosion (HTHC) 

Type I hot corrosion is observed mainly within the temperature range 850-950°C, 

when the salt deposit on the metal or alloy is in liquid state (Khanna, 2002, Hancock, 1987, 

Wright, 1987 and Eliaz et al., 2002). Type-I hot corrosion involves the transport of sulphur 

from a sulphatic deposit (generally Na2SO4) across a preformed oxide into the metallic 

material with the formation of the most stable sulphides. The dominant salt in Type-I hot 

corrosion is Na2SO4  due to its high thermodynamic stability. Other impurities present either in 

the fuel or in the air, such as vanadium, phosphorous, lead, and chlorides, can combine with 

Na2SO4  to form compounds with lower melting points, thus broadening the range of attack. 

For example, Na2SO4  (M.P. 884°C) when combined with V205  (M.P. 670°C), a eutectic is 

formed with a melting point of 550°C, thus providing a very aggressing environment (Tiwari, 

1997). The macroscopic appearance of HTHC is characterized in many cases by severe 

peeling of the metal and by significant color changes. For instance, greenish tone appears 
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on the surface of metals and alloys due to the formation of NiO in the area of accelerated 

attack. Microscopically, the morphology of Type-I is characterized by a sulphidised and 

depleted region beneath the porous, non-protective, scale. The reaction products 

frequently exhibit oxide precipitates dispersed in the salt film (Rapp, 1986). 

2.3.2 Low Temperature (Type-II) Hot Corrosion (LTHC) 

Type-II hot corrosion usually occurs well below the melting point of Na2SO4.The 

reaction product morphology is characterized by a non-uniform attack in the form of pits, 

with only little sulphide formation close to the alloy/scale interface and little depletion of Cr 

or AI in the alloy substrate (Rapp and Zhang, 1994).This form of hot corrosion is observed 

mainly within the temperature range 650-800°C (Eliaz et al., 2002). Wright (1987) reported 

that a high partial pressure of SO3  in the gaseous phase is required in the low temperature 

hot corrosion reactions to occur, in contrary to High temperature hot corrosion. The 

localized nature of attack is related to localized failure of the scale as a result of thermal 

cycling, erosion, or chemical reactions. Microscopic sulphidation or chromium depletion is 

not generally observed in Type-II hot corrosion (Hancock, 1987; Meier, 1989; Driver et al., 

1981; Santorelli et al., 1989). 

2.3.3 Hot Corrosion Degradation Sequence 

The hot corrosion degradation of superalloys usually involves two distinct stages of 

attack (Pettit and Meier, 1985; Pettit and Giggins, 1987), namely, an initiation (incubation) 

stage and propagation stage. Such conditions are depicted schematically in Fig.2.4. 

2.3.3.1 The Initiation Stage 

No alloy is immune to hot corrosion attack indefinitely although there are some alloy 

compositions that require a long initiation times before the hot corrosion process moves 

from the initiation stage to the propagation stage. During the initiation stage of hot 

corrosion, superalloys are being degraded at rates similar to those that would have 

prevailed in the absence of the deposits. Elements in the alloy are oxidized and electrons 
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Lesser protective 
reaction product 

are transferred from metallic atoms to the reducible substances in the deposit. 

Consequently, the reaction product barrier that forms beneath the deposit on the alloy 

surface usually exhibits primarily those features resulting from the gas—alloy reaction (Pettit 

and Giggins, 1987). Numerous factors affect the time at which the hot corrosion process 

moves from the initiation stage into the propagation stage as shown in Fig. 2.4. 

HOT CORROSION CHRONOLOGY 

Initiation Stage 

Important factors 

• Alloy composition 

Fabrication condition 

• Gas composition & velocity 

• Salt composition 

• Salt deposition rate 

Condition of salt 

Temperature 

Temperature cycles 

• Erosion 

• Specimen geometry 

Propagation Stage 

Fig. 2.4 
	

Schematic diagram illustrating the conditions that develop during the 

initiation and the propagation of hot corrosion attack and to identify the 

factors that determine the time at which the transition from the initiation to 

the propagation stage occurs (Pettit and Meier, 1985). 
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These factors also play the dominant role in determining the type of reaction 

product that is formed in the propagation stage. This fact is responsible for variety of hot 

corrosion processes that have been observed when superalloys are exposed to different 

environments (Pettit and Meier, 1985). 

2.3.3.2 The Propagation Stage 

The propagation stage of the hot corrosion sequence is the stage for which the 

superalloy must be removed from service since this stage always has much larger corrosion 

rates than for the same superalloy in the initiation stage (Pettit and Meier, 1985 and Pettit 

and Giggtris, 1987). Since superalloys always contain elements that have high affinities for 

oxygen, an oxygen gradient is established across the deposit. Hence, an important effect of 

the deposit is to separate the superalloy from the gas environment. This situation usually 

results in a lower oxygen activity over the surface of the alloy than what would have been 

established in the absence of a deposit (Pettit and Meier, 1984; Pettit and Giggin, 1987). 

2.3.4 Chemistry of Salts 

2.3.4.1 Chemistry and Phase Stability of Na2SO4 Salt 

Rapp (1986 and 2002) described that oxyanion melts of alkali nitrates, carbonates, 

hydroxides and sulphates exhibit an acid base character whereby the acid components may 

be considered as NO2(g), CO2(g), H20(g) or S03(g) respectively. Although the use of the Lux-

Flood selection of NO3, C032-, OH-  and S042-  as the basic components is common for such 

fused salts, the oxide ion can be alternatively chosen as the Lewis base in common for all of 

these salts (Rapp, 1986 and 2002). For a melt of pure Na2SO4  (m.p. 884°C), there exists the 

equilibrium as given below: 

Nc22SO4  ---> Na20 + S03(g) 	 (2.4) 

According to Rapp (1986), in examining the expected stability of the protective oxide 

Cr203, with respect to dissolution either as acidic solutes such as Cr2(SO4)3 or as basic 

solutes such as Na2Cr04 or NaCr02, the phase stability diagram for the Cr-S-0 system can be 

superimposed on that for Na-S-0, as shown in Fig. 2.5. The two abscissa scales at the 
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Fig. 2.5 	Na-Cr-S-0 phase diagram for 1200K (Rapp, 1986) 

2.3.4.2 Vanadate Solution Chemistry 

As reported by Hwang and Rapp (1989) vanadium is unique, in that it forms a low-

melting oxide V205. This low melting temperature (670°C under 1 atm of oxygen) results from 

the peculiar crystal structure of the compound in which vanadium is 5-coordinated with oxygen 

and in which there occur four different vanadium-oxygen bond lengths ( Suito and Gaskell, 

1971). Rapp and Goto (1981) have suggested that the presence of such multivalent metal ions 

in a fused salt deposit could greatly accelerate the hot corrosion rate either by counter diffusion 
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of the multivalent cations or else by electron hopping, which would provide the fast transport 

of charge through the salt film. 
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Fig. 2.6 	Phase stability diagram for Na-V-S-O phase diagram at 900°C (Hwang and 
Rapp, 1989) 

The phase stability diagram for the Na-V-S-O system at 900°C reported by Hwang and 

Rapp (1989) has been shown in Fig. 2.6. The dashed lines present the isoactivity lines for the 

vanadate species in the salt solution. They determined the dependence of the equilibrium 

concentrations of various vanadate solutes in the sodium sulphate-vanadate solutions on the 

melt basicity by considering following equilibrium reactions: 

Na2SO4  -> Na20+ SO3  (2.5) 

Na3VO4 	Na20+ NaVCA (2.6) 

2NaV03  ---> Na20±V205  (2.7) 
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The equilibrium concentration of each vanadium compound varies continuously with 

melt basicity. Na3VO4 is the dominant component in the melt at basicity less than 8.2 and 

V205  is dominant at basicity greater than 16.3. For basicities between 8.2 and 16.3, NaV03  is 

the most important vanadium solute (Hwang and Rapp, 1989). 

2.4 FAILURE OF OXIDE SCALE 

The process of oxidation involves nucleation, growth and finally, the formation of a 

protective oxide scale on the surface (Khanna, 2002). It has been observed from the 

literature review, that there are varieties of conditions which can be considered for hot 

corrosion degradation of the materials. Researchers have proposed number of mechanisms 

for this type of degradation such as failure of oxide scale, sulphidation-oxidation, oxide 

solubility, and effect of vanadium (Goebel and Pettit, 1970A; Goebel and Pettit, 1970B; 

Beltran and Shores, 1972; Rapp and Goto, 1981; Pettit and Meier, 1985; Rapp, 1986; 

Stringer, 1987; Baxter and Natesan, 1989; Otsuka and Rapp, 1990; Zhang et al., 1993; Eliaz 

et al., 2002). According to Wright (1987), the desired characteristics for a protective oxide 

scale are: High temperature stability (highly negative Gibbs free energy of formation), low 

vapor pressure so that the oxide forms as a solid and does not evaporate into the 

atmosphere, Pilling-Bedworth ratio (PBR, which is defined as the ratio of the molar volume 

of metal to the molar volume of the oxide formed on it), greater than 1.0 so that the oxide 

completely covers the metal surface, low coefficient of diffusion of reactants species so that 

the scale has a slow growth rate, high melting temperature and good adherence to the 

metal surface. 

Mechanical failure and sulphur penetration (or sulphide formation) are the two 

primary modes of breakdown of protective oxide scales (Baxter and Natesan, 1989). The 

mechanical failure is mainly due to stress build-up in the oxide and at the scale-metal 

interface that causes cracking and delamination of oxide scales or the failure may result 

from erosion or erosion—corrosion. Kofstad (1990) has explained the development of 

adherent and spalled scale by diffusion processes with the help of a neat sketch shown in 

Fig. 2.7, which illustrate the growth of chromia scales in the presence or absence of oxygen 
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active elements. In many cases, the scale formed is very smooth and adherent (Fig. 2.7.i) 

and does not spall at all while in other cases the spallation starts at the very early stages of 

oxidation (Fig. 2.7.ii) and continues with intermediate rebuilding of the scale (Khanna, 

2002). 

Fig. 2.7 Schematic illustration of the growth of chromia scales in (0 adherent oxide scale, 

in the presence of oxygen active elements and with predominant inward 

transport of oxygen, and (ii) spalled oxide scale, in the absence of oxygen active 

elements and with predominant outward transport of chromia through the scale 

(Kofstad, 1990) 

The main reason for scale spallation is the stress generation in the oxide during its 

growth. The stress generation depends upon whether the oxide is growing by inward 

movement of oxygen ions or outward movement of metal ions (Kofstad, 1990). Figure 2.7 

illustrate the growth of chromia scales in the presence or absence of oxygen active 
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elements. When inward oxygen diffusion predominates, oxide formation takes place at the 

scale-alloy interface, reducing void or cavity formation and thereby increased scale 

adhesion is achieved. If the voids or cavity move and precipitate at the oxide metal 

interface, it become the initiation point for the scale spallation (Khanna, 2002). 

Nucleation and growth of base-metal sulphides at the scale-gas interface are 

initiated by the penetration of sulphur into the oxide scale. The penetration of sulphur into 

the oxide can be either through solute diffusion along oxide grain boundaries (short-circuit 

diffusion) (Atkinson, 1988) or gas molecular transport via physical defects (pores or cracks) 

(Singh and Birks, 1979). The presence of sulphur in the oxide and at the scale-metal 

interface increases the outward flux of cations which form sulphides on the oxide surface 

(Singh and Birks, 1979). Stott et al. (1984) proposed that sulphur-containing species, 

penetrating through localized short-circuit paths in the oxide, develop sulphide ducts 

from the scale—metal interface to the scale—gas interface. The sulphide ducts provide 

easier diffusion paths for the base-metal ions through the oxide to the surface, and 

eventually allow more rapid growth of sulphide nodules above the oxide. However, 

Natesan (1985) reported that no transport of sulphur into the oxide, or sulphide duct 

formation was necessary to form massive mixed iron and chromium sulphides at the 

oxide—gas interface. Based on the experimental results of sulphidation—oxidation of 

Incoloy 800, author reported that adsorption of sulphur by the oxide scale accelerates 

the transport of cations such as Fe and Ni from the substrate to the gas/scale interface 

and if the sulphur partial pressure in the gas is above that needed for base-metal 

sulphidation, the transported cations react with sulphur to form sulphides as an outer 

scale, external to the preformed chromium oxide layer. 

Most industrial applications of high temperature materials involve temperature 

fluctuation. Khanna (2002) reported that the metal usually has a higher coefficient of 

expansion than the oxide and on cooling induces a compressive stress in the oxide. The 

greater the disparity between expansion coefficients, the less adherent the oxide becomes 

during cooling. The imposition of thermal cycling during oxidation leads to enhanced 

oxidation due to oxide failure, either by decohesion or cracking, and the consequent 
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exposure of the metal to the oxidant. However, long soaking times at a high temperature 

between cooling schedules should improve the adhesion of the scale by allowing stress 

relief at the high temperatures; hence increase its protective potential. 

Rapp and Zhang (1994) opined that upon contacting a fused salt, metals and alloy 

components are oxidized to form thin scales whose protectiveness depends upon the 

stability of the oxide in the salt. Rapp and Goto (1981) proposed that protective scales on 

alloy become non-protective when the solubility gradients of the protective oxides in the 

molten deposit are negative, since continuous dissolution and re-precipitation of oxide is 

then possible. On the basis of oxide solubilities measurement in molten Na2SO4  as a 

function of the acidity of the sat, authors suggested that a negative gradient of the 

solubility of the protective oxide in the salt film at the oxide/salt interface should lead to 

oxide dissolution at this interface and to precipitation of a non-protective oxide away 

from the interface, where the solubility is lower. Fluxing arises in this case only because of 

the local variation of sodium oxide activity and/or oxygen partial pressure across the salt 

film, without any necessity of sulphide-forming reaction. This mechanism can explain a 

self-sustaining process of dissolution of the protective oxide to maintain an accelerated 

corrosion attack (Stringer, 1987). 

Hwang and Rapp (1989) have reported the solubilities of A1203  and Cr203 in a fused 

Na2SO4-30 mole % NaVO3  salt solution as follows: 

A403  +Na20 —>2NaAlq 	 (2.8) 

A1203  +2NaV03  -->2A1VO4 + Na2O 	(2.9) 

and 
	

Cr203  + 2Na20 + 02  —> 2 Ma 2  CrO 4 	(2.10) 

Cr203  + 2NaV03  -->2CrVO4 + Na20 	(2.11) 

It has been reported that the vanadate ions greatly increase the acidic solubilities of 

A1203  and Cr203  over a wide range of melt basicity. 
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2.5 ELEMENTS AFFECTING HOT CORROSION OF METALS/ALLOY 

The alloying elements, presence of S and 	in the deposit and the temperature play 

important roles in hot corrosion (Khanna et al., 1998). The resistance of superalloy (and 

other materials) against hot corrosion is directly related to the chemical composition of the 

alloy and its thermo-chemical history (Eliaz et al., 2002). Unfortunately, many alloying 

elements have an adverse effect on the mechanical properties of the superalloy at high 

temperatures and on its resistance to hot corrosion. The elements such as tungsten, 

vanadium and molybdenum are excellent in improving the mechanical properties, but their 

presence makes the alloy highly susceptible to hot corrosion (Stringer, 1987 and Otsuka et 

al., 1990A). Chromium is the most effective alloying element for improving the hot 

corrosion resistance of materials (Otsuka et al., 1990B).The effect of other alloying elements 

on the hot corrosion resistance of superalloys has been reported as well. Otsuka et al. 

(1990B) have suggested that cerium, lanthanum, zirconium, yttrium and scandium 

significantly increase the resistance because of improvement of adhesion between the alloy 

and the protective oxide. 

Sulphur-induced hot corrosion is generally known as sulphidation (Khanna et al., 

1998 and Wright, 1987). Sulphidation is a specific form of hot corrosion but the attack does 

not always take place via sulphidation. At high temperatures a substantial amount of 

sulphide phases may be found beneath the molten deposits. As these sulphides begin to 

oxidize, the resulting phases are not protective because of SO2 evolution (Khanna et al., 

1998). 

The presence of chlorine may also affect the hot corrosion of alloys. Cl2 

concentrations in the ppm range may increase the propensity of oxide scales (e.g. A1203  and 

Cr203) on alloys to crack and spall (Khanna et al., 1998). Further, large concentrations of 

chloride in the deposit causes rapid removal of Al and Cr from alloys by the formation of 

volatile metal chlorides in the low oxygen pressure regions. The chloride-induced effect is 

significant between 700 and 1000°C. Temperature is an extremely important factor. The 

onset temperature of catastrophic attack, "threshold temperature"' generally occurs near 

the melting point of the salt or salt mixture. As temperature is increased further, the rate of 
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diffusion-controlled processes increases and reaches a maximum at about 980°C for most 

alloys. 

2.6 HOT CORROSION IN THE MOLTEN SALT (Na2SO4-V205) ENVIRONMENT 

Tiwari and Prakash (1996 and 1997) and Tiwari (1997) have reported hot corrosion 

studies on some industrial superalloys in temperature range 700-900°C in the environments 

comprising of pure Na2SO4, Na2SO4-15%V205  and Na2SO4-60%V205. Very high corrosion 

rates were observed in the environment having Na2SO4-60%V205  composition. Tiwari et al 

(1997) further revealed that in Na2SO4-60%V205  melt, the degradation was due to the 

cracking Of the protective scale under the influence of the fluxing action of the melt for both 

Fe-base alloy Superfer 800H and Co- base alloy Superco 605. The enhanced degradation was 

reported to be due to the presence of tungsten in form of Na2WO4-W03  compound. 

Authors concluded that the Co-base alloy has inferior corrosion resistance than the Ni-base 

alloy in Na2SO4-60%V205  environment at 900°C. 

Otero et al. (1987) investigated the hot corrosion behavior of IN657 (46.5 Cr, 1.32 Nb, 

bal-Ni) at 635°C in a molten salt environment of 60:40 V205:Na2SO4  (MoI%). They 

characterized the morphology and chemical compositions of the corrosion products and 

found that the presence of sulphur and its oxidized compounds favour the formation of 

isolated lobes with radial morphology. These lobes had great permeability which facilitated 

the access of oxygen; therefore the protective character of the scale was reduced. They 

reported that the presence of vanadium and its oxidized products generate compounds 

with aciculate morphology, which is not very much covering and reduces the protective 

character of the scale. The equilibrium diagram for varying composition of Na2SO4  is 

shown in Fig. 2.8 and the mixture of Na2SO4-60%V205  is seen to have the lowest eutectic 

temperature. 

Molten sulphate-vanadate deposits, resulting from the condensation of combustion 

products of residual fuels, are extremely corrosive to high-temperature materials in the 

combustion systems (Natesan, 1976). Luthra and Spacil (1982) carried out a thermochemical 

analysis of deposits in gas turbines for liquid fuels containing Na, S and V. Authors observed 
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that the predominant species in the salt deposits formed on the gas turbine surfaces were 

Na2SO4, V205 and Na2V206. This environment is also pertinent to the boilers. 

Kolta et al (1972) studied the kinetics of the reactions between Na2SO4  (X) and V205  

(Y) and revealed that the rate of reaction depended both on the temperature (600-1300°C) 

and the molar ratios of X: Y. Authors further found that with increase in the reaction period 

(>30 min.), there was decrease in reaction rate which finally reached to zero order. 

Fig. 2.8 	Phase Diagram for Na2SO4-V205  System (Otero et al., 1987) 
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This decrease in the reaction rate has been attributed to the formation of 

vanadosulphate complexes such as (NaV308)2.Na2SO4 and (NaV03)2.Na2SO4 which get 

decomposed at higher temperatures giving the meta- and pyro-vanadates respectively. 

Barbooti et al. (1988) revealed that sodium vanadyl vanadate (Na20.V204.5V205), which melts 

at a relatively low temperature 550°C, is found to be the most common salt deposit on boiler 

superheaters. 

Almeraya et al. (1998A) carried out electrochemical studies of hot corrosion of 

steel AISI-SA-213-TP-347H in 80 wt% V205  + 20 wt% Na2SO4  at 540°C-680°C and reported 

the corrosion rate values of around 0.58-7.14 mm/year. Increase in corrosion was 

observed with time. However the corrosion potential was observed to be decreasing with 

increase in temperature from 540 to 680°C. Almerya et al. (1998 B) further conducted 

similar studies on type 347H stainless steel under similar environment and temperature 

range, and revealed the fact that with change in temperature from 540 to 680°C the 

corrosion potential decreased. 

Cuevas-Arteaga et al (2001) used both LPR (Linear Polarisation Resistance) and 

weight loss techniques during hot corrosion study on alloy 800 in Na2SO4-20%V205, and 

reported slightly higher corrosion rate at 900°C than at 700°C. In both the techniques, 

corrosion rates increased in the beginning of the experiment but decreased later on until 

steady values reached. Sidhu (2003) studied the hot corrosion behavior of boiler tube steels 

namely ASTM-SA210 Grade A-1, ASTM-SA213-T-11 and ASTM-SA213-T-22 in air and molten 

salt environments of Na2SO4-60%V205  at 900°C. Authors found that all the steels show less 

resistance in the molten salt environment than in air. Authors reported that the presence of 

vanadium, sodium and sulphur reported to accelerates the rate of corrosion of boiler steels 

in the molten salt environment. 

Gitanjaly (2003) has conducted hot corrosion studies on some Ni-, Fe- and Co-based 

superalloys in an environment of Na2SO4+60%V205  at 900°C. Whilst the observed corrosion 

rate was significant in all the superalloys, Ni-base superalloy Superni 75 showed lowest rate 

of corrosion and the Co-base superalloy Superco-605 the highest. Better corrosion 

resistance of Ni-base superalloys was attributed to the presence of refractory nickel 
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vanadate Ni(V03)2  which acted as a diffusion barrier for the oxidising species and a Cr203  

band. The proposed hot corrosion mechanisms of this study for the superalloys Superni 75 

and Superni 601 have been schematically shown in Fig. 2.9. Some of the hot corrosion 

studies conducted by various investigators in molten salt environment on iron, nickel and 

cobalt-based alloys are summarized in Appendix A.2. 
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Fig. 2.9 
	

Schematic diagram showing probable hot corrosion mechanism in Na2SO4- 
60%V205  after exposure for 50 cycles at 900°C for alloys: (a) Superni 75; (b) 
Superni 601 (Gitanjaly, 2003) 
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2.7 HOT CORROSION IN ENERGY GENERATION SYSTEMS 

The availability of electrical power and the development of millions of devices that 

use it have made electricity the energy of choice in contemporary industrial societies. It is 

estimated that in the United States approximately 70% of the electricity is produced in fossil 

power plants, 15% in nuclear power plants, 12% in hydraulic power plants and the 

remainder from other types of sources (Viswanathan, 1989). The fuels used in fossil-fired 

plants are natural gas, petroleum and coal. Natural gas is generally extremely pure and does 

not constitute a corrosion threat, unless firing is substoichiometric for reducing NO„ 

emission (Jaffee, 1987). Petroleum fuels can be corrosive to boilers if contain vanadium 

oxides or alkali sulfates, both of which are highly corrosive to metals in the combustion 

chamber or hot gas passages. However, coal contains impurities such as sulfur, chlorides 

and alkali metals, which are extremely corrosive. 

Metallic components in coal based energy generation systems are exposed to severe 

corrosive atmospheres and high temperatures. The corrosive nature of the gaseous 

environments which contain oxygen, sulphur and carbon may cause rapid material 

degradation and result in the premature failure of components (Danyluk and Park, 1979, 

Chawla et al. 2006, and Wang, 1988). The phenomenon of accelerated corrosion at high-

temperatures occurs due to the deposition of ashes during combustion processes. Ashes 

usually have high concentrations of compounds of vanadium, sodium and sulphur, mainly as 

Na2SO4—V205  complex and sodium—vanadates mixtures. Thse impurities are also present in 

residual oils used as fuel (Harada and Kawamura, 1980; Harada et al., 1981; Wong-Moreno 

and Salgado, 1995). Some mixtures of these compounds have melting points (480 to 510°C) 

lower than the metallic surface temperatures and turn into liquid state which increases the 

corrosion rates (Cuevas-Arteaga et al., 2004). 

According to Khanna (2002) and Marriott (1990) the hot corrosion plays an important 

role in determining the life of boiler components. A schematic of a coal-fired boiler showing 

as two main parts susceptible to hot corrosion is presented in Fig.2.10. Water wall fireside 

corrosion occurs mainly due to reducing (substoichiometric) conditions caused by 

incompletely combustion of coal particles and molten salt attack. Reducing conditions lower 
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the melting point of deposited salt and increase its ability to dissolve the normal oxide 

scales. Further, local disruption of the normal oxide film on the wall tubes through fluxing 

by molten salt can lead to accelerated oxidation or oxidation-sulphidation. 

Fig. 2.10 Schematic illustration of coal fired boiler (Khanna, 2002 and Marriott, 1990) 

As suggested by Khanna et al. (1998), the sulphur present in coal and fuel oils yields 

502 on combustion which is partially oxidised to S03. The NaCI (either as impurities in the 

fuel or in the air) reacts with SO3 and water vapours at combustion temperatures to yield 

Na2SO4  as below: 

2NaC1+ SO3 + H20-4 Na2SO4 +2HC1(g) 	(2.12) 

At lower temperatures Na2SO4  can further react with SO3 to form sodium 

pyrosulphate, Na25207 with melting point (m. p.) of 401°C: 
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Na2SO4 +S03:".÷Na2S207 
	 (2.13) 

Small amounts of vanadium may be present in fuel oils, which on combustion forms 

V205. This may further react with Na2SO4  to form low melting sodium vanadates, which are 

highly corrosive. 

xNa2SO4  +V205 —> (Na20).,.V205  + xSq 	(2.14) 

Thus metals and alloys in combustion gases are exposed to various corrosives such 

as 02, S02/503, molten salts, e.g. Na2SO4  or sulphate mixtures, sodium vanadates, NaCI 

(Khanna et al., 1998). The fireside corrosion of superheaters in coal-fired boilers has 

restricted lower steam temperatures (Khanna, 2002). The enhanced corrosion of the 

superheater tubes is generally associated with the deposition of ash along with molten salts 

on the tube walls as illustrated in Fig.2.11. 

Fig. 2.11 	Enhanced corrosion of superheater, associated with the formation of a 

molten deposit on the tube walls (Khanna, 2002) 
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Moujahid (1987) observed severe ash corrosion, mechanical deformation and cracks 

on the cast iron chains of moving grate used for air burning of coal. Liquid coal ash at 

1300°C, strongly acidic, dissolves the basic spine) layers which formed on the chains at 

elevated temperature. The fused ash embeds coal particles and also reduces the thermal 

efficiency of the equipment. Drastic enhancement in ash corrosion rate has been attributed 

to the mechanical damages. 

2.8 COUNTERMEASURES AGAINEST HOT CORROSION 

Fuels with sulphur and other impurities cause hot corrosion which significantly 

reduces the life of components (Sharma, 1996). Corrosion and its associated losses cannot 

be eliminated completely. However, 25 to 30% of annual corrosion related costs could be 

saved with development and use of better corrosion control technologies (Koch et al., 2002; 

Priyantha et al., 2003). 

Various time-proven methods for preventing and controlling corrosion depend on 

the specific material to be protected, environmental concerns such as soil resistivity, 

humidity and exposure to saltwater or industrial environments, the type of product to be 

processed or transported and many other factors (Koch et al., 2002). Preventive measures 

against metal losses and failures due to corrosion should be economically devised to ensure 

safety and reliability in the use of metallic components (Chatterjee et al., 2001). 

Corresponding to the variety of corrosive environments numbers of 

countermeasures have been developed to avoid excessive material damage. Heath et al. 

(1997) grouped the countermeasures into following categories: 

1. Alloy selection: A large number of Fe, Ni- and Co-based alloys exist today especially 

designed for good resistance to oxidation, sulphidation or corrosion by ash/salt 

deposits. 

2. Design aspect: Improve temperature distribution (avoid hot spots), avoid excessive 

deposition of ash and slags by use of soot blower, rapping, screens etc. 

3. Chemical additives: Neutralisation of corrosive components in the flue gases by 

injecting additives such as limestone and dolomite. 
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4. Shielding: SiC tiles in waste incinerations, other type of refractory linings 

5. Coatings: Different coating techniques are applied to protect the critical surface 

areas from corrosive gases, including co-extrusion, chromising, weld overlay and 

thermal spray coatings. 

Choice of substrate metal is usually governed by cost, weight and general physical, 

mechanical or fabrication properties and these factors normally dictate a very limited 

number of possible materials none of which may be ideal in resisting the corrosive 

environment which will be encountered in service. In general alloying elements which can 

improve the hot corrosion resistance of materials such as Cr, Al, etc., often have a negative 

effect on the mechanic-al properties in high temperature environments and are expensive 

(Wu and Okuyama, 1996). As reported by Goebel et al. (1973) and Sims (1987), the 

corrosion control in highly aggressive applications requires careful selection of materials. 

Nickel-based superalloys have good mechanical properties and superior corrosion 

resistance at higher temperatures and are used as base materials for many hot 

components. However, the hot corrosion is inevitable when these alloys are used at higher 

temperatures for longer periods of time in an extreme environment. 

Inhibitors and fuel additives have been used with varying success to prevent oil ash 

corrosion. Because of its effectiveness and relatively low cost the most common fuel 

additives are based upon MgO (Paul and Seeley, 1991). Further the MgO, CaO, ZnSO4, PbO 

and SnO2  based inhibitors are reported to be effective to decrease the extent of hot 

corrosion pertaining to molten salt environment (Na2SO4-60%V205) for iron-, nickel- and 

cobalt-based superalloys by Gitanjaly and Prakash (1999), Gitanjaly et al. (2002) and 

Gitanjaly (2003). However, these inhibitors have shown only limited success due to 

solubility and/or thermal stability problems in high-temperature, concentrated salt 

solutions such as in chemical heat pumps (Priyantha et al., 2003). 

Increasingly greater demand imposed on materials makes it more difficult or, at the 

current stage of development, even impossible to combine the different properties 

required in one single material (Chawla et al., 2006C). Therefore, a composite system of a 

base material providing the necessary mechanical strength with a protective surface layer 
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different in structure and/or chemical composition and supplied by a surface treatment can 

be an optimum choice in combining material properties. Although protective surface 

treatments are widely used at low temperature, the use of these at elevated temperature is 

more recent (Chawla et al., 2005). Current high temperature applications are limited largely 

to the aerospace industry. An enormous challenge exists now to develop and apply these 

techniques to other high temperature applications (Stroosnijder et al, 1994 and Li et al, 

2003). 

Wang and Luer (1994) have reported the use of coatings to protect the heat 

exchanger tubes of fluidized bed combustor from erosion-corrosion problems and Hocking 

(1993) has also suggested the use of corrosion resistance alloys as coatings to protect 

substrate alloys having good mechanical properties. Hidalgo et. al. (1997, 1998, 1999 and 

2000) have further discussed the use of plasma sprayed thin anti wear and anti oxidation 

coatings to take care of the high temperature erosion and corrosion problems in energy 

generation systems. The effective method of hot corrosion prevention is to coat the alloy 

with a protective layer, which has been used in the current investigation. This is the 

preferred approach, even when relatively hot corrosion-resistant alloys are used (Eliaz et al., 

2002). 

2.9 MECHANICALLY ASSISTED DEGRADATION OF METALS 

Mechanically assisted degradation of metals is defined as the degradation that 

involves both corrosion and a wear or fatigue mechanism. Five such forms of degradation 

are: erosion, fretting, fretting fatigue, cavitation and water drop impingement and corrosion 

fatigue. Erosion is the removal of material from a surface by high velocity fluids conraining 

solid particles, or small drops of liquid or gas (Bhushan and Gupta, 1991) as shown in Fig. 

2.12. According to ASTM standard G76-04, erosion is the progressive loss of original 

material from a solid surface due to mechanical interaction between that surface and a 

fluid, a multi-component fluid, or impinging liquid or solid particles. Erosion is a serious 

problem in many engineering systems, including steam and jet turbines, pipelines and 

37 



valves used in slurry transportation of matter and fluidized bed combustion systems (Kosel, 

1992). 

Cavitation damage is caused by the formation and collapse of vapor bubbles in a 

liquid near a metal surface (Fig.2.13). Cavitation damage occurs in hydraulic turbines, ship 

propellers, pump impellers, and other surfaces where high-velocity liquid flow and pressure 

changes are encountered (Fontana and Greene, 1967). Fretting describes corrosion 

occurring at contact areas between materials under load subjected to vibration and slip. It 

appears as pits or grooves in the metal surrounded by corrosion products. Corrosion fatigue 

is defined as the reduction of fatigue resistance due to the presence of a corrosive medium 

(Fontana and Greene, 1967). 

Fig. 2.12 Schematic of erosive wear (Bhushan and Gupta, 1991) 
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Fig. 2.13 Schematic of mechanically assisted degradation of metals by cavitation 

(Bhushan and Gupta, 1991) 

2.9.1 Solid Particle Erosion 

Solid particle erosion (or erosive wear) is the removal of material from component 

surfaces due to successive impact of hard particles travelling at substantial velocities 

(Sundarajan et al., 1997). The solid particle erosion is different from the other forms of 

erosion like liquid impact erosion, slurry erosion, cavitation erosion and fretting. Material 

removal due to solid particle erosion is a consequence of a series of essentially independent 

but similar impact events. Thus, the contact between the hard particles and the component 

surface is of a very short duration. From this point of view the erosion is completely 

different from the other closely related processes like sliding wear, abrasion, grinding and 

machining wherein the contact between the tool/abrasive and the target/work-piece is 

continuous. Degradation of materials due to solid particle erosion, either at room 

temperature or elevated temperature, is encountered in a large variety of engineering 

industries as illustrated in Table: 2.1. 
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Kosel (1992) and Zhang et al. (2000) have reported that the solid particle erosion is a 

serious problem in many engineering systems, including steam and jet turbines, pipelines 

and valves carrying particulate matter, sand erosion of helicopter blades and ingestion of 

sand and erosion of jet engine blades and vanes. According to one of the estimate reported 

by Stein et al. (1999) solid particle erosion costs US $150 million a year in term of lost 

efficiency, forced outage and repair costs. At the same time, the erosion process has been 

used to advantage in a number of situations like sand blasting of casting, shot peening of 

rotating components, cutting of hard and brittle materials by abrasive jets and rock drilling 

(Sundarajan et al., 1997). Solid particles transported in gas or liquid flows cause severe 

damage on industrial components and lead to expensive repair and part replacement 

(Mishra et al., 2006A and Mishra et al., 2006B). Thus, the technological and commercial 

significance of erosion cannot be overlooked. 

Table: 2.1 	Examples of components subjected to solid particle erosion 
(Sundarajan et al., 1997) 

System Components 

Chemical Plant Transport tubes carrying abrasive materials in an air 
stream 

Fluidized bed combustor Boiler heat exchanger tubes in bed tubes, tube 
banks and expander turbine 

Hydraulic mining 
machinery 

Pumps and valves 

Coal gasification Turbine, lock hopper valves 

Coal liquification Valve to throttle the flow of product steam 

Propellent system Rocket motors trail nozzle, gun barrel 

Aircraft engines Compressor and turbine blades 

Helicopter engine Rotor and gas turbine blades 
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2.9.1.1 Factors affecting solid particle erosion at room temperature 

The factors affecting solid particle erosion are: (i) impact velocity, (ii) Impact angle, 

(iii) particle shape and size, (iv) hardness of erodent, (v) flux rate of erodent particles, (vi) 

various strengthening mechanisms and (vii) temperature. 

(I) 
	

Impact velocity of the erodent particle has the most dramatic effect on the 

erosion rate. The erosion rate of a material (E) is usually defined as the ratio of 

weight loss suffered by the eroding material to the weight of the erodent 

particles causing the loss. The velocity dependence of erosion rate is 

characterized by the velocity exponent "p" is given by: 

E= Eo  VP 	 (2.15) 

Where Eo  is a constant and V is impact velocity. In the case of metallic materials, 

Sundararajan and Shewmon (1983) have reported a mean value of 2.55 for "p" 

for erosion under normal impact. Roy et al. (1994) have reported the values for 

"p" in case of ceramics and polymer matrix composites as around 3 and 5 

respectively. Further Sundarajan et al. (1997) have reported that the velocity 

exponent is also influenced by other parameters such as impact angle, particle 

size. 

(ii) 	Impact angle is defined as the angle between the target material and the 

trajectory of the erodent. Dependence of erosion rate on the impact angle is 

largely determined by the nature of target materials. There is a dramatic 

difference between ductile and brittle materials when the weight loss in erosion 

is measured as a function of the impact angle. As reported by Bhushan and 

Gupta (1991), brittle erosion deals with the material removal due to crack 

formation whereas ductile erosion occurs due to extrusion of microplatelets of 

the base material from craters, which then flattened and fractured. The erosion 

rate of ductile materials (like metals and alloys) is maximum at intermediate 

impact angles (15°, 30°) as shown in Fig. 2.14 (a), whereas the maximum erosion 
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rate of a brittle materials (like glass) is usually obtained at normal impact angle 

i.e. at 90°( Sundarajan et al., 1997). This occurs because ductile materials are 

capable of absorbing the large amount of energy produced by the impacting 

particles without fracture and brittle materialsare capable of withstanding large 

amount of shear stress (Bhushan and Gupta, 1991). In general, ductile material 

fail in shear before tension and brittle materials fails in tension before shear. 

Wensink and Elwensoek (2002) reported that when brittle material i.e. ceramic-

type material or oxide scales on metals is impacted by a hard sharp particle, the 

contact area is formed. After the impact, the plastic deformation leads to large 

tensile stresses that result in lateral cracks causing the material removal. 

(iii) Particle size is an important variable which influence the erosion behavior 

(Sundarajan et al., 1997). Further, authors reported that the erosion rate 

increases with an increase in particle size up to a limiting size (50 to 100 p.m) 

beyond which erosion rate becomes independent of particle size (Fig.2.14. b). 

Similar observations have also been made by Zhou and Bahadur (1989) and Levy 

(1989). 

(iv) Several investigators have studied the influence of particle shape on the erosion 

rate. Levy and Chik (1983) and Brown et al. (1983) observed significantly higher 

erosion rates in many metallic materials when eroded with angular particles 

rather than spherical particles. Maximum erosion rate was observed in Cu and 

Cu based alloys at normal impact angles when a non-friable, spherical steel shot 

was used as the erodent (Reddy and Sundararajan, 1986). Their observation is 

presented in Fig.2.14 (c). When an angular SiC is used as the erodent, the same 

Cu and Cu alloys exhibited a ductile response with regard to erosion behavior. 

Thus, as the angularity of the erodent particle increases, the erosion rate 

increases and in addition, the erosion rate-impact angle behavior shifts more 

towards a ductile response. 

(v) The flux rate of erodent particles usually does not have a significant influence on 

the erosion rate of metallic materials (Sundarajan et al., 1997). However, at very 
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(vi) 	Sundarajan et al. (1997) have reported the effect of the various strengthening 

mechanisms on the erosion rate of single phase metals and alloys. None of the 

strengthening mechanisms like, cold work, grain size hardening and solid 

solution strengthening available for single phase materials are effective in 

improving the erosion resistance of the eroding material. Even in multiphase 

alloys, though the various strengthening mechanisms result in a substantial 

improvement in material strength, the erosion rate changes only marginally. 

2.9.1.2 Factors affecting solid particle erosion at elevated temperature 

(i) Sundarajan et al. (1997) have classified the temperature dependence of erosion 

rate under three groups. In the first group, the erosion rate initially decreases 

with increasing temperature, reaches a minimum and then starts increasing with 

increasing temperature. Materials such as 5Cr-0.5Mo, 17-4PH, 410SS, Alloy 800, 

Ti-6AI-4V and tungsten, belongs to this group. The second group comprises 

metals like Ta, lead and alloys like 310SS, 1018 steel, 1100 aluminum (normal 

impact) which exhibit a temperature independent erosion rate up to a critical 

temperature followed by an increasing erosion rate with increase in 

temperature. The group third materials show an ever increasing erosion rate 

with increasing temperature. Inco 600, carbon steel, 12Cr-1Mo-V steel and 2.25 

Cr-1Mo steel, lead and 2024 Al are some of the typical examples of this group. 

(ii) Most of the metallic materials irrespective of temperature of erosion, exhibit a 

ductile behavior, i.e. a maximum erosion rate at oblique impact angles (10° to 

30°). 

(iii) The value of velocity exponent (p) covers a wide range from 0.9 to 2.88 

(Sundarajan et al., 1997). The velocity exponent decreases with an increase in 

erosion test temperature for 304 SS to values as low as 0.9 at low impact 

velocities. At relatively higher impact velocities, "p" appears to lie in the range 2 

to 3. 
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(iv) Tabakoff and vital (1983) carried out erosion tests on Inco 600 alloy using quartz 

particles in the size range of 70 p.m to 800 gm. Authors observed that the 

erosion rate increased marginally with the increase of particle size. In case of 

9Cr-1Mo steel, the rate of erosion increases with an increase in particle size, 

when the steel is eroded at 650°C temperature and also for a 1018 steel eroded 

at 450°C (Levy et al., 1986, 1989). 

(v) The data available on the influence of particle shape on elevated temperature 

erosion is very limited. Levy et al. (1986, 1989) investigated the erosion rate of a 

number of Cr containing steels at 850°C with angular SiC and spherical A1203  as 

erodent particles. The erosion rate is considerably higher when SiC is used as the 

erodent. 

(vi) As reported by Sundarajan et al. (1997), the influence of eroding material 

properties on the erosion behavior of metallic materials at elevated 

temperatures has been investigated only to a very little extent. The fact that the 

various strengthening mechanisms in relation to erosion at room temperature 

becomes less important or even unimportant at elevated temperatures. At one 

extreme, if the elevated temperature erosion data pertaining only to high impact 

velocities and/or with the angular SiC as the erodent is considered, the analysis 

becomes simpler because the metal erosion is the dominant regime under such 

conditions. In the case of elevated temperature erosion tests conducted at low 

velocities and using rounded A1203  as the erodent, the oxidation effect becomes 

important. In the case of steels having Cr < 10%, thick Fe203 scales, very much 

prone to spalling, formed during erosion leading to high erosion rates. In 

contrast, in the case of steels having Cr > 10%, segmented and thin Cr203 + spinet 

scales formed during erosion, leading to low erosion rate (Sundarajan et al., 

1997). 
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2.9.1.3 Solid Particle Erosion of Metals and Alloys 

The solid particle erosion behavior of various metals and alloys at elevated 

temperatures depends on whether the tests are conducted below or above about Tm, 

where Tm  is the melting point of the erodent material (Singh and Sundararajan, 1990). It 

was reported that at test temperatures below about 0.35 Tm  or at higher temperatures with 

an inert atmosphere, the erosion behaviors of ductile materials appear to be deformation 

controlled at room temperature. Further, it has been suggested that at higher temperature 

due allowance should be made for the alteration of mechanical behavior of the eroding 

material as caused by recovery and recrystallization. In these regimes authors observed 

from the erosion data that dependence of erosion rate with respect to velocity and impact 

angle at elevated temperature was similar to that obtained at room temperature. It has 

further been demonstrated that the mechanism of erosion under such conditions is 

identical to that obtained at room temperature. Beyond a test temperature of about 

0.35Tm, the oxidation of the eroding material becomes important and thus the nature of the 

interaction between erosion and oxidation becomes relevant and should be necessarily 

incorporated in the erosion model. 

Hansen (1979) coinpared the erosion rates of alloys, ceramics and cermets. Author 

proposed that the order of material rankings would change with any of the change in 

variables such as velocity, particle type or size, and angle of impingement. Erosion tests 

using 27 p.m A1203 particles at normal incidence and 170 m/s at 20°C and 700°C in nitrogen 

has been performed. The tests were also conducted with a gas-jet erosion apparatus in 

which particles are fed from a hopper into a nozzle where they mix and are accelerated by a 

flowing gas stream (ASTM G76). Author normalized the erosion rates by defining the 

relative erosion factor (REF) as specimen volume loss divided by that of a stranded material, 

Ste!lite 6B. It has been concluded that REFs of most of the metals were similar at 20°C and 

700°C, typically within a range of 20%. Tabakoff (1995) studied the high temperature 

erosion resistance of nickel-based MAR-M246 and cobalt-based X-40 superalloys in an 

erosion wind tunnel (high temperature), which simulates the operating conditions of steam 

and gas turbines. These superalloys showed maximum erosion rates at 45° impingement 
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angle. Further, both alloys showed good erosion resistance to turbo-machinery exposed to 

high temperatures and velocities. 

Chinnadurai and Bahadur (1995) investigated the erosion mechanisms and effect of 

temperature (240°C to 800°C) on two heat resistant sUperalloys, Haynes-188 and Waspaloy 

at the impingement velocity of 50m/s. Authors have shown flake formation and ploughing 

as two types of erosion mechanisms. According to them flake formation occurs when the 

surface undergoes plastic deformation because of the repeated impacts of erodent 

particles. These impacts produce a fine layered structure. The extremities of these layers 

are severely work hardened and so develop radial cracks. Successive particle impacts break 

theSe outer layers thereby causing the erosive loss of material. Flakes are formed during 

impacts predominantly at high impingement angles and low operating temperatures. It has 

been reported that in a ploughing process, erodent particles penetrate the surface and 

travel a short distance thereby tearing the substrate and removing the material. Ploughing 

occurs predominantly at high operating temperatures. It was concluded that the surface 

eroded in the 24-200°C temperature range exhibited predominantly the flake appearance 

while those eroded in the 500 to 800°C range had more of the ploughing effect. 

Shanov et al. (1997) investigated the erosion behavior of a nickel-based supealloy 

Waspaloy. Waspaloy behaved as a ductile material because the maximum erosion was 

between 30° to 45° impact angle. They also found that , the sample temperature has a 

significant effect on the material erosion rate. Further it has been inferred that the erosion 

resistance of the Waspaloy decreases at elevated temperatures and were proportional to 

the particle impact velocity. Tabakoff (1999A, 1999B) also investigated the erosion behavior 

of INCO 718, Waspaloy, INCO 738 and MAR-246. The effects of the impact angle, particle 

velocity and temperature on the erosion rate of these superalloys had been experimentally 

investigated and it was established that these superalloys exhibit ductile erosion pattern 

and the erosion rate was found to be strongly dependent on the particle velocity. It has 

been concluded that the alloy INCO 718 wears less at elevated temperatures, while the 

Waspaloy deterioration is enhanced by raising the temperature. 
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Yang et al. (2008) have reported the erosion performance of mild steel for boiler 

tube at temperature from 300 to 800°C. The study was performed with alumina grit at 

velocity of 12 m/s as erosive particles at two impingement angles 30° and 90°. The erosion 

rate of the mild steel increased with the increase of the test temperature at the erosion 

angles of both 30° and 90°. The erosion rate at 800°C was 4 times higher than that at 300°C 

at an erosion angle 30° and 7 times higher in case of erosion angle 90°. 

Sidhu et al. (2007A) studied the solid particle erosion behavior of boiler tube steels 

Grade A-1, T-11 and T-22 at 250°C temperature using silica sand as erodent. The tests were 

conducted with particle flow velocity 26 m/s at impact angles 30° and 90°. All the boiler 

steels have shown relatively higher erosion rate in the early cycles of the study, followed by 

steady state erosion rate with increase in the duration of study. The variation in the erosion 

rate was more during the incubation period (up to 4-5 cycles) and thereafter variation 

reduces because of smooth surface. The T-22 boiler steel has shown marginally higher 

erosion rate than T-11 steel at both impact angles. The erosion resistance of Grade A-1 was 

found to be minimum. 

2.10 EROSION-CORROSION 

Erosion-corrosion by solid particles in gaseous environments at elevated 

temperatures and hence wastage of alloys, is a serious problem in many industrial 

processes (Stack et al., 1993 and Stack et al., 1995). Erosion-corrosion of materials occurs in 

environments such as catalytic cracking systems in oil and gas separation, combined-cycle 

coal conversion systems such as pressurized fluidized bed combustion, and on the turbine 

blades of jet engines where erosive tompcinent may be caused by the ingestion of 

particulate material or the accumulation of such material as a result of the corrosion 

process (Stack et al., 1993). The reason for the extensive research in this area is that a 

synergy is observed between erosion and corrosion; this means essentially that the 

degradation can be greater than the sum of the processes operating separately. However, 

in other cases, the formation of a corrosion product can inhibit erosion; i.e. the erosion rate 

can be less than in the absence of corrosion. These contrary observations mean that models 
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developed for solid particle erosion and corrosion in the absence of erosion do not 

adequately describe many erosion-corrosion processes; hence this is the reason why 

erosion-corrosion interactions in oxidizing gases have received much attention in recent 

years (Stack et al., 1993). Numerous investigators have tried to identify the various possible 

mechanisms for interaction between erosion and corrosion. Such interactions were first 

described in terms of regimes by Hogmark and his co-workers (Stack et al., 1995). 

Hogmark and his co-workers (Stack et al., 1995) identified six different mechanisms 

of erosion and corrosion interaction ranging from 'erosion-dominated' behavior where 

erosion of the alloy substrate predominates to 'corrosion-dominated' behavior where 

degradation due to corrosion is significantly greater than that due to erosion. In the later 

regime, erosion is considered to be negligible compared to corrosion. The intermediate 

regimes where corrosion alternately accelerates or inhibits erosion have received much 

attention from investigators working in the area. These intermediate regimes have been 

further sub-divided because the transition points can define whether erosion-corrosion 

rates can increase or decrease as a function of variables such as temperature. 

Natesan and Liu (1989) divided the mechanisms of corrosion and erosion into two 

regimes on the basis of the kinetic energies of the impacting particles. According to them, 

when the kinetic energy is low, erosion behavior exhibits brittle erosion mechanism 

characterized by a maximum erosion rate under normal impact condition and a velocity 

exponent more than 3.0. When the kinetic energy is high, erosion behavior is ductile, i.e. 

maximum erosion rate occurs at oblique impact angles and the velocity exponent lies in the 

range of 2-2.5. 

Kang and Birks (1987) have reported that four regimes existed, based on erosion-

oxidation studies of pure metals (Fig 2.15). Such regimes were termed as: (i) erosion of 

metal, (ii) oxidation-affected erosion, (iii) erosion-enhanced oxidation, and (iv) oxide 

erosion. Sundararajan (1990) proposed five different modes of interaction between erosion 

and oxidation. Authors defined erosion-corrosion regimes as: 

(i) Metal erosion 

(ii) Oxidation-affected erosion 
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Fig. 2.15 	Classification of erosion-corrosion according to Kang et al. (1987) 

A number of parameters were introduced for predicting the conditions under which 

each of these regimes will operate. According to his model if steady state thickness of the 

oxide scale is smaller than the critical thickness of the oxide scale, three modes of 

interaction between erosion and oxidation are possible. In the first case, which applies 

either when there is no oxide scale or when the depth of deformation is much higher than 

the thickness of the oxide scale, metal erosion becomes important (presented in Figs 2.16.a 

and 2.16.b). In the second case, when the depth of deformation is smaller than the steady 

state thickness of the oxide scale, erosion of the oxide scale takes place as illustrated in Fig. 

2.16 (c). When the depth of deformation is comparable to the steady state thickness of the 
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oxide, a regime known as oxidation affected erosion becomes dominant. In this case, 

erodent actually deforms the substrate along with the oxide scale as shown in Fig. 2.17 (a), 

leading to the formation of either a composite layer containing oxide and metal loss takes 

place from the composite layer. The erosion response of this layer depends on the oxide 

content of the layer. The oxidation controlled mode becomes operative when the steady 

state thickness of the oxide scale is more than the critical thickness of the oxide scale; the 

oxidation controlled mode becomes operative. Depending on the extent of growth of the 

oxide scale during the time interval between two successive impacts at the same site, two 

different modes can be envisaged. If the scale attains its critical thickness in between two 

successive impacts, oxidation controlled erosion (continuous) as shown in Fig. 2.17 (b), will 

be the operating mechanism. Otherwise, oxidation controlled erosion (spalling) becomes 

important (Fig. 2.17.c). 

Fig. 2.16 Schematic representation of metal erosion (a) & (b); and oxide erosion (c), 

illustrating the nature of interaction between the oxide scale and the substrate 

during erosion (Sundararajan, 1990) 
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The vast technical literature available is evidence that corrosion and deposits on the 

fireside of boiler surfaces or in gas turbines represent important problems. When a 

comparison is made between the amount of ash collected in a boiler or a gas turbine, in the 

form of deposits, and the total amount of ash released during combustion, the conclusion is 

clear that most of the ash passes through the unit (Landry et al., 1959). For particles to 

collect on boiler surfaces or blade surfaces, they must first be brought close to the surface 

itself and be of the proper size. This can be ascribed to physical phenomenon involving the 

reaction of particles to the forces to which they are subjected within the stream of gases 

passing near the surfaces. A particle may hit and then rebound from the surface. If it hits or 

rubs the surface with sufficient force, erosion will result. On the other hand, if the particle is 

captured physically or chemically by the surface, a deposit is initiated whose growth 

appears aerodynamically inevitable. Because of high temperatures, reactions can then take 

place between the various particles deposited, and also with the gases passing nearby, 

particularly 503  and SO2. The resulting compounds may then react, by diffusion, with the 

metal structure on which they are attached and cause corrosion, which is known as Hot 

Corrosion (Landry et al., 1959). 

Wang (1995) studied the erosion-corrosion behavior of two steels (AISI 1018 low 

carbon steel and Type 304 stainless steel) by fly ash from a biomass-fired boiler. The tests 

were carried out at 450°C and at room temperature, with particle velocities of 30 m/s for 

5hr duration and at impact angles 30° and 90°. The major mechanism of material wastage 

was erosion simulated corrosion and corrosion accelerated erosion. Author has further 

added that the material wastage tested at room temperature for all the materials tested 

were much lower than those tested at 450°C. 

Link et al. (1998) have studied the erosion—corrosion behavior of pure nickel, Ni-

20Cr and Ni-30Cr alloys at 700°C and 800°C temperature. The exposures were made using 

normal impact of an air stream loaded with 20pm alumina. The erodent flowed at the rate 

of 400 mg per min and the velocities used were 75 m/s and 125 m/s. The reaction kinetics 

was measured discontinuously by interrupting the exposure and measuring weight loss. 
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Authors proposed that, under erosion-corrosion, the erosive stream prevents the formation 

of a continuous layer of chromia by removing the oxide faster than it can spread laterally. 

The specimen is said to be in a state of erosion-maintained transient oxidation. This 

mechanism implies that it would be difficult for protective scales to form in the presence of 

erosion and the oxidation behavior of an alloy cannot be used as a guide to its resistance to 

erosion-corrosion. 

Fig. 2.18 Model illustrating the oxide formation during oxidation and erosion-corrosion at 

550°C (Norling and Olefjord, 2003) 
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Norling and Olefjord (2003) have investigated the erosion-corrosion behavior of four 

steels (Fe2.25Cr1Mo, Fe9Cr1Mo, AISI 304, 353MA) and one NI-based superalloy (Inconel 

625). The alloys were exposed in a test rig at 550°C in air for 1 day, 1 and 3 weeks. The 

alumina erodent particle velocity was 1.2m/s. The erosion-corrosion rates for some of the 

materials were observed in the same order of magnitude as in a real FBC plant. The alloy 

showing the lowest wastage rate was 353 MA (maximum Cr content). The erosion-corrosion 

rate of the Ni-based alloy Inconel 625 was considerably high. Authors concluded that the 

alloy composition affects the wastage rate considerably. The uppermost erosion-corrosion 

resistance is obtained from the alloy containing the highest Cr-concentration. It has been 

suggested that the eroding particles cause crack formation in the oxide layer through which 

oxygen or other oxidizing gases are transported towards the metal. Figure 2.18 summarizes 

the oxide formation and cracking of the oxide for the higher alloyed Fe- and Ni-based alloys 

via a model. The strong oxide forming elements (Cr and Mn) are enriched in the thin oxide 

formed on the surface of the non-eroded areas. 

2.11 COMBATING EROSION-CORROSION 

Erosive, high-temperature wear of heat exchanger tubes and other structural 

materials in coal-fired boilers has become a key material issue in the design and operation 

of thermal power plants and is recognized as being one of the main causes of downtime in 

these installations, which could account for 50-75% of their total arrest time (Hidalgo et al., 

2001A and 2001B). High-temperature oxidation and erosion caused by the impact of fly 

ashes and unburnt carbon particles are the main problems to solve in these applications, 

especially in those regions where the component surface temperature is above 873 K. 

Therefore, the development of wear and high-temperature oxidation protection systems in 

industrial boilers is a very important topic from both engineering and an economic 

perspective (Hidalgo et al., 2001A and 2001B). Preventive measures against metal losses 

and failures due to erosion-corrosion should be economically devised to ensure safety and 

reliability in the use of metallic components (Chatterjee et al., 2001). 
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As suggested by Fontana and Greene (1967), five methods of prevention or 

minimization of damage due to erosion-corrosion are used. These can be grouped into 

following categories: 

1. Better materials: The reasons for using better materials which give better 

performance are obvious. A large number of Fe, Ni- and Co-based alloys exist today 

especially designed for good resistance to oxidation, erosion- corrosion by ash/salt 

deposits, but are expensive. 

2. Design: Erosion-corrosion can be reduced through better design. Design involves 

change in shape, or geometry i.e. misalignment from one pipe section to the next 

can cause erosion-corrosion in both flanged and welded joint. Good design implies 

proper construction and workmanship. 

3. Alteration of the environment: De-aeration and the addition of inhibitors are 

effective methods, but in many cases these are not sufficiently economical for 

minimizing erosion-corrosion damage. Temperature is the worst enemy in erosion-

corrosion, which should be reduced. But this will reduce the efficiency of the plant. 

4. Cathodic protection: This help to reduce attack, but it has not found widespread use 

for erosion-corrosion due to complexity of the process. 

5. Coatings: Different coating techniques are applied to protect the critical surface 

areas from corrosive gases, including co-extrusion, chromising, weld overlay and 

thermal spray coatings. 

Present materials being capable of resisting erosive and corrosive environments are 

highly alloyed, and thus expensive. In search for cost-effective solutions for erosion-

corrosion problems, the effective method of erosion-corrosion prevention is to coat the 

alloy with a protective layer, which has been used in the current investigation. This is the 

preferred approach and various coatings like thermal sprayed coatings have become 

attractive (Uusitalo et al., 2002). Increasingly greater demand imposed on materials makes 

it more difficult or, at the current stage of development, even impossible to combine the 

different properties required in one single material (Chawla et al., 2006C). Therefore, a 
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composite system of a base material providing the necessary mechanical strength with a 

protective surface layer different in structure and/or chemical composition and supplied by 

a surface treatment can be an optimum choice in combining material properties. 

As reported by Wang and Luer (1994), the use of coatings to protect the heat 

exchanger tubes of fluidized bed combustor from erosion-corrosion problems. Hocking 

(1993) has also suggested the use of corrosion resistance alloys as coatings to protect 

substrate alloys having good mechanical properties. Hidalgo et al. (1997, 1998, 1999 and 

2000) have further discussed the use of plasma sprayed thin anti wear and anti oxidation 

coatings to take care of the high temperature erosion and corrosion problems in energy 

generation systems Recent studies show that AO% of the total, costs for the protection of 

metals are related to coating applications. Organic coatings cover a large part of this 

percentage, but also metallic ones have a relatively big market. In fact, metallic coatings 

possess, together with good corrosion resistance, good aesthetics, brightness, and 

interesting mechanical properties such as hardness and wear resistance (Fedrizzi et al., 

2004). 

2.12 MARINE CORROSION 

Marine corrosion includes the deterioration of structures and vessels immersed in 

seawater, the corrosion of machinery and piping systems that use seawater for cooling and 

other industrial purposes, and corrosion in marine atmosphere (Heidersbach, 1987). 

Hossain et al. (2009) have reported that deterioration of the built infrastructure due to 

marine salts in coastal regions has been, for many years, a significant and ongoing problem. 

Marine salts adversely affect the durability of the infrastructure and reduce its service life. 

Although salt water is generally considered to be a corrosive environment, it is not widely 

understood how corrosive salt water is in comparison to other environments, such as fresh 

water (Dexter, 1987). Figure 2.19 (a) shows the corrosion rate of iron in aqueous sodium 

chloride (NaCI) solutions of various concentrations. The maximum corrosion rate occurs 

near 3.5% NaCI-the approximate salt concentration of seawater. Dobrzanski et al. (2007) 
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also reported that the chloride-rich seawater is a harsh environment that can attack the 

materials by causing pitting and crevice corrosion. 

Fig. 2.19 (a) Effect of NaCI concentration on the corrosion rate of iron in aerated room-
temperature solutions; (b) Zones of corrosion for steel piling in seawater, and 
relative loss of metal thickness in each zone (Dexter, 1987) 

According to Dexter (1987), the general marine environment includes a great 

diversity of sub-environments, such as full strength open ocean water, coastal seawater, 

brackish and estuarine waters, bottom sediments and marine atmospheres. Exposure of 

structural materials to these environments can be continuous or intermittent, depending  vii 

the application. Structures in shallow coastal or estuarine waters are often exposed 

simultaneously to five zones of corrosion. Beginning with the marine atmosphere, the 

structure then passes to down through the splash, tidal, continuously submerged (for 

subtidal), and subsoil (or mud) zone. Figure 2.19 (b) illustrate the relative corrosion rate 

often experienced on a steel structure passing through all of these zones. 

The sea spray, composed primarily of sea water along with particles naturally 

generated by the action of wind on the seawater surface, introduces ionic species into the 
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atmosphere, principally chlorides and sulfates (Hossain et al., 2009).The air containing sea 

spray causes accumulative deposition of ions on the external surface of the materials 

operating in marine environments, that penetrates the interior of the material through ionic 

diffusion causing its degeneration. Such environments are extremely dangerous as salt can 

penetrate and crystallize inside the material, causing deterioration of the material. The 

atmospheric sulfate and chloride pollutants can enhance conductivity of the wet film on the 

metal surface, leading to the metal deterioration process (Sahoo and Balasubramaniam, 

2008 and Corvo et al., 1995). Chloride ions present in sea aerosol can be considered as a 

natural pollutant. Chloride ions serve as the catalyzer in accelerating the corrosion process. 

Further it has been reported that the plain carbon steel is subjected to more 

corrosion attack in a marine environment than in urban and rural media. According to 

Dobrzanski et al. (2007), resistance to pitting and crevice corrosion is very important if the 

material is to be used in chloride-containing environments. 

2.12.1 Marine Atmospheres induced Corrosion 

The marine or marine-industrial type environment is generally considered to be 

most aggressive environment (Griffin, 1987).. The marine atmospheric corrosion includes 

atmospheric corrosion (Zone 1, Fig. 2.19b) and the splash zone above high tide (Zone 2, Fig. 

2.19b). For carbon steels in marine exposure, the maximum corrosion rate occurs in the 

splash zone, in which the alloy is wet almost continually with well-aerated seawater. Griffin 

(1987) has reported that the annual cost of corrosion in the United States has been 

estimated at $167 billion. A reasonable fraction of this amount is the result of atmospheric 

corrosion. The buildings, automobiles, bridges, storage tanks, ships, and other items that 

must be coated, repaired, or replaced represents only some of the problem areas of 

corrosion to the U.S. economy. 

Bao et al. (2008) have explained the importance of corrosion induced by marine 

atmosphere. According to authors, MCrAIY (M = Ni and/or Co) overlay coatings are widely 

utilized on blades and other high-temperature components in gas turbine engines because 

of their excellent high-temperature oxidation and hot corrosion resistance, both as 
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standalone coatings and as bondcoats for thermal barrier coating systems (TBCs). The main 

function of MCrAIY coatings is on high-temperature protection. Naturally, most research on 

MCrAIY coatings was on their oxidation and hot corrosion properties at high temperature. 

However, a distinct fact is that those hot section components especially for airfoils, covered 

with MCrAIY coatings, will "relax" if they are exposed to ambient temperature for a long 

period of time during service. Pitting corrosion of compressor blades occurs when moisture-

containing salts are collected on. These corrosion pits could cause detrimental 

consequence, such as penetrative corrosion, and fatigue cracking, etc. (Swadzba et al., 

1993). Surprisingly, it seems no research works have been conducted on the behavior of this 

type of corrosion occurring in MCrAIY coatings on turbine blades. Therefore, it is meaningful 

to investigate the ambient environmental corrosion behavior and mechanism of the 

materials as is done in present work by evaluating the corrosion behavior of substrate and 

coatings in accelerating mode, i.e., by salt spray tests and electrochemical methods. 

Corrosion of metals in aqueous environments (marine environment containing 

moisture and salt, aqueous solutions, atmospheric air, natural waters and man-made 

solutions) is almost always electrochemical in nature (Merek, 1987). It occurs when two or 

more electrochemical reactions take place on a metal surface. As a result, some of the 

elements of the metal or alloy change from a metallic state into a nonmetallic state. The 

products of corrosion may be dissolved species or solid corrosion products; in either case, 

the energy of the system is lowered as the metal converts to a lower-energy form (Merek, 

1987 and Chawla et al., 2006). Rusting of steel is the best known example of conversion of a 

metal (iron) into a nonmetallic corrosion products (rust). 

For metals, corrosion to occur, an oxidation reaction (generally a metal dissolution 

or oxide formation) and a cathodic reduction (such as proton or oxygen reduction) must 

proceed simultaneously. For example, the corrosion of iron in acid solutions is expressed as 

follows (Fontana and Greene, 1967): 

Oxidation (anodic) Fe —> Fe 2+  + 2e- 	(2.16) 

Reduction (cathodic) 2H+  + 2e-  —> H2 
	(2.17) 
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Overall reaction 

Fe + 2H +  -4 F e2+ + H2 	 (2.18) 

An oxidation reaction or anodic reaction (Eq. 2.16) and reduction or cathodic reactions 

(Eq. 2.17) are partial reactions-both must occur simultaneously and at the same rate of the 

metal surface. If this was not true, the metal would spontaneously become electrical charged, 

which is clearly impossible. This leads to one of the most important basic principles of 

corrosion: during metallic corrosion, the rate of oxidation equals the rate of reduction in 

terms of electron production and consumption. Now, when iron is immersed in water or 

seawater which is exposed to atmosphere Le. a solution containing dissolved oxygen. 

The following expressions are used: 

Oxidation (anodic) 	 Fe -> Fe2+  + 2e- 	 (2.19) 

Reduction (cathodic) 	02  + 4H+  + 4e-  -+ 21120 	(2.20) 

Overall reaction 

2F e + 02  + 4H +  -> 2F e2+  + 2H20 	 (2.21) 

The reaction for the metal dissolution (M -> M") driven by the cathodic reaction 0 --> 

R, is: 

M + 0 -> M"++ R 	 (2.22) 

Where M is a metal, 0 is oxygen or another oxidizing agent, n+ is the multiple of charge, and 

R is the reduced species or reduction. The corrosion process has been written as two separate 

reactions occurring at two distinct sites on the same surface. Figure 2.20 (a) shows these two 

processes spatially separated for clarity. Whether or not these are actually separated or occur 

at the same point on the surface does not affect the above principle of charge conservation 

(Fontana and Greene, 1967). 
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Fig. 2.20 Schematics of two distinct corrosion processes, (a) the corrosion process 
showing the separation of anodic and cathodic sites; (b) the corrosion process 
involving two cathodic reactions (Soesmith, 1987) 

The corroding metal is equivalent to a short-circuited energy-producing cell in which 

the energy is dissipated during the consumption of cathodic reagent and the formation of 

corrosion product (Fig. 2.20.a). Because electrons are liberated by the anodic reaction and 

consumed by the cathodic reaction, corrosion can be expressed in terms of electrochemical 

current. Expressing the mass balance requirement in electrochemical terms, it can be stated 

that the total current flowing into the cathodic reaction must be equal and opposite in sign to, 

the current flowing out of anodic reaction (Fig. 2.20 b). 

The rate of an electrochemical reaction is limited by various physical and chemical 

factors (Fontana and Greene, 1967). Hence, an electrochemical reaction is said to be 

polarized or retarded by these environmental factors. Polarization can be divided into two 

different types, activation polarization and concentration polarization. Activation polarization 

refers to an electrochemical process which is controlled by the reaction sequence at the 

metal-electrolyte interface. Concentration polarization refers to electrochemical reactions 

which are controlled by the diffusion in the electrolyte. Another phenomenon which is 
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associated with electrochemical reactions, which has fascinated scientists and engineers for 

over 120 years, is metallic passivity. It refers to the loss of chemical reactivity experienced by 

certain metals and alloys under particular environmental conditions (Davis and Hardbound, 

1999). That is, certain metal and alloys become essentially inert and act as if they were noble 

metals. The metals most susceptible to this kind of behavior are the common engineering and 

structural materials, including iron, nickel, silicon, chromium, titanium, and alloys containing 

these elements. 

A corrosion pit is a unique type of anodic reaction (Fontana and Greene, 1967, Davis 

and Hardbound, 1999 and Liang, 2008). It is an autocatalytic process. That is, the corrosion 

processes within a pit produce conditions which are both stimulating and necessary for the 

continuing activity of the pit. Consider a metal 'M' is being pitted by an aerated NaC1 

solution. Rapid dissolution occurs within the pit, while oxygen reduction takes place on 

adjacent surfaces. This process is self-stimulating and self-propagating. 

Oxidation (anodic) 
	

M —> M" + ne- 	 (2.23) 

Reduction (cathodic) 
	

02  + 2H20 + 4e- 	40H- 	(2.24) 

The rapid dissolution of metal within the pit tends to produce an excess of positive charge 

in this area, resulting in the migration of chloride ions to maintain electro-neutrality. Thus, 

in the pit there is a high concentration of MCI and, as a result of hydrolysis (Eq. 2.25), a high 

concentration of hydrogen ions. Both hydrogen and chloride stimulate the dissolution of 

most metals and alloys, and the entire process accelerates with time (Liang, 2008). The 

metal chloride and water will react as: 

M+C/ -  + H2O —> MOH I + HCl+- 	 (2.25) 

Since the solubility of oxygen is virtually zero in concentrated solutions, no oxygen reduction 

occurs within a pit. The cathodic oxygen reduction on the surfaces adjacent to pits tends to 

suppress corrosion. In a sense, pits cathodically protect the rest of the metal surface (Fontana 

and Greene, 1967). 

64 



Cross section of tube 

Rings of various 
states of the iron 

Hollow portion of tube 

Fe...  

Fe.♦  

(t.
t Fluid filled 

F 4-  

Fe"" 	

IHighly onodiC, mmir  

Highly cathodic 

Liang (2008) and Fontana and Greene (1967) have explained the corrosion tube 

growth mechanism. At the interface between the pit and the adjacent surface, iron 

hydroxide forms due to interaction between the OH-  produced by the cathodic reaction and 

the pit-corrosion producer. This is further oxidized by the dissolved oxygen in the solution 

to Fe(OH)3, Fe304, Fe2O3, and other oxides. This 'rust' rim grows in the form of a tube as 

shown in Fig. 2.21. Electrochemical tests methods primarily focus on the control and 

measurement of the fundamental properties of electrochemical reactions (Davis and 

Hardbound, 1999). The electrochemical potential is equivalent to the driving force for 

reactions and it determines the reactions that can occur at the anode and cathode in an 

electrochemical cell. The current is equivalent to the reaction rate in an operating corrosion 

cell. 

Fig. 2.21 Corrosion tube growth mechanism (Fontana and Greene, 1967 and Liang, 2008) 
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The greater the current, the greater is the corrosion rate. Scully (1987) reported that 

pitting and crevice corrosion are usually associated with the breakdown of passivity. The 

anodic electrochemical behavior of a passive alloy in deaerated acid is schematically shown 

in Fig. 2.22. The characteristics of this diagram will aid in determining the resistance of an 

alloy to localized attack. Tests for evaluating the susceptibility of a material to pitting and 

crevice corrosion include potentiodynamic tests, galvanostatic tests, tribo-ellipsometric 

methods, pit-propagation rate curves, and electrochemical noise measurements (Scully, 

1987). 

Log current density ( c.d.) mtucmi  

Fig. 2.22 	Hypothetical anodic and cathodic polarization behavior for a material exhibiting 
passive anodic behavior (Davis and Hardbound, 1999) 
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2.12.2 Factors affecting Marine Corrosion 

According to Griffin (1987), a variety of factors affect the atmospheric corrosion behavior of 

materials. These include moisture, temperature, winds, airborne contaminants, alloy 

content, location, and biological organisms. 

1. Moisture: For corrosion to occur by an electrochemical process there must be an 

electrolyte present. An electrolyte is a solution that will allow a current to pass 

through it by the diffusion of anions (negatively charged ions) and cations (positively 

charged ions). Water that contains ions is a very good electrolyte. Therefore, the 

amount and availability of moisture present is an important factor in atmosphere 

corrosion. One of the measures of the effects of moisture is the time of wetness. 

The corrosion rate increases as the time of wetness increases. The corrosion 

products and contaminants have also effect on relative humidity. When the sulfur 

dioxide level increases, there is a corresponding increase in the overall corrosion 

rate. However, the severity o the marine environment is related to the salt content 

of the sea spray or dew that contacts the material surface, which is usually more 

corrosive than rainfall. 

2. Airborne Contaminants: The second most important factor in atmospheric 

corrosion is the contaminants found in air. These can be man-made or natural, such 

as airborne moisture carrying salt from the sea or sulfur dioxide put into the 

atmosphere by a coal-burning utility plant. The important contaminants are 

chlorides, sulfur dioxide, carbon dioxide, nitrogen dioxide and hard dust particles. 

The maximum corrosion rate is related to the maximum chloride in the atmosphere. 

The chlorides of calcium and magnesium have a tendency to form liquid films on 

metal surfaces. The presence of SO2  in the atmosphere increases the thickness of the 

electrolyte film and increasing the aggressiveness of the environment whereas the 

presence of CO2 lessens the effect of 502. 

3. Location: The height above the ground and the distance from the sea are both 

important. In the splash zone, the corrosion rate is highest slightly above mean high 

tide. This zone would not only have high chloride content, but would also be 

67 



alternately wet and dry. As the height above the sea increases, the corrosion rate 

decreases because the specimen is not wet as often. 

4. Temperature: The relative humidity, the dew point, the time of wetness and the 

kinetics of the corrosion are affected by the temperature. For atmospheric 

corrosion, there are three distinct patterns with increasing temperature over the 

range of 20 to 40°C: corrosion rate increases for iron, decreases for zinc and remains 

constant for copper. 

5. Metallurgical Variables: As a class, the stainless steel alloys are more susceptible to 

damage by pitting corrosion than are any other group of metals and alloys (Fontana 

and Greene, 1967). Surface finish often has a marked effect on pitting resistance. 

Pitting and localized corrosion are less likely to occur on polished than on etched or 

ground surfaces. The selection of a particular alloy composition can make a 

significant difference in the corrosion rate of a material. The significance of 

chromium (Cr) as an alloying element for atmospheric corrosion conditions classified 

as moderate and severe marine. Above 12 wt% Cr, the atmospheric corrosion 

becomes negligible; lower Cr levels result in a rapid increase in the corrosion rate. 

6. Sunlight: it influences the degree of wetness and affects the performance of 

coatings and plastics. 

7. Wind: The direction and velocity of the wind affect the rate of accumulation of 

particles on metal surfaces. Also, wind disperses the airborne contaminants and 

pollutants. A marine site may be made even more aggressive by the prevailing winds 

bringing industrial pollutants, particularly SO2, to the marine site. 

8. Time: For many materials, there is decrease in corrosion rate as time increases. This 

decrease is associated with the formation of protective corrosion layer. 

9. Exposure Time: One of the difficulties with marine atmospheric corrosion testing is 

the length of time required for the tests. For steels, a reasonable estimate of long-

term corrosion performance can be made from short-term data. This is not always 

the case; any short-term result must be used very cautiously and it is always best to 

have long-term test data available. 
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2.12.3 Countermeasures against Marine Corrosion 

Corresponding to the variety of corrosive environments is the number of 

countermeasures that have been developed to avoid excessive material damage in marine 

atmosphere. These can be: 

1. Better materials: The reasons for using better materials which give better 

performance are obvious. The selection of a particular alloy composition can make a 

significant difference in the corrosion rate of a material. The significance of 

chromium (Cr) as an alloying element for atmospheric corrosion conditions classified 

as moderate and severe marine. Above 12 wt% Cr, the atmospheric corrosion 

becomes negligible; lower Cr levels result in a rapid increase in the corrosion rate 

(Griffin, 1987). 

2. Cathodic protection: Cathodic protection is an electrochemical means of corrosion 

control that is widely used in the marine environment (Heidersbach et al., 1987). It 

can be defined as a technique of reducing or eliminating the corrosion rate of a 

metal by making it the cathode of an electrochemical cell and passing sufficient 

current through it to reduce its corrosion rate. Two types of cathodic protection 

systems are commonly used in marine applications: impressed-current (active) 

systems and sacrificial anode (passive) systems. 

3. Organic Coatings: Smart and Heidersbach (1987) reported that organic coatings are 

the principal means of corrosion control for the hulls and topsides of ships and for 

the splash zones on permanent offshore structures. Organic coatings include primers 

(inhibitive primers, zinc-rich primers), top coats, chlorinated rubber coatings and 

epoxies. 

4. Metallic Coatings: According to Montemarano and Shaw (1987), effective protection 

from the marine environment can be provided by metallic coatings, which include 

thermal spray, galvanizing, and for certain applications, electroplating. In general, 

metallic coatings are two to three times more expensive than their traditional 
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organic counterparts; therefore the use is usually justified for longer service life and 

reduced maintenance. 

2.13 PROTECTIVE COATINGS 

In a wide variety of applications, materials have to operate under severe conditions 

such as erosion, corrosion and oxidation at higher temperature in hostile chemical 

environments. Therefore, surface modification of these components is necessary to protect 

them against various types of degradation (Pawlowski, 1995). Coating technology is one of 

the more rapidly growing technologies in the field of surface modifications of materials 

(Chawla et al., 2007B). A coating can be defined as a layer of material, formed naturally or 

synthetically or deposited artificially on the surface of an object made of another material, 

with the aim of obtaining required technical or decorative properties (Burakowski and 

Wierzchon, 1999). There are three main kinds of compositions barriers: Inert or essentially 

inert, inhibitive and sacrificial. Various combinations of these types are found in coating 

systems designed to use some or all of the several protective advantages provided. It must 

be remembered that there is no such thing as a "perfect" coating in a practical sense so 

none of these types or any combination can be expected to give perfect protections 

(Hamner, 1977). 

Coatings provide a way of extending the limits of use of materials at the upper end 

of their performance capabilities, by allowing the mechanical properties of the substrate 

materials to be maintained while protecting them against wear or corrosion (Sidky and 

Hocking, 1999). In the last few decades, development of protective coatings has become an 

active area in the field of materials engineering (Wang and Chen, 2003). AS summarized by 

Heath et al. (1997); the main advantages of coatings as follows: 

o Very high flexibility concerning alloy selection and optimization for specific 

resistance to corrosion environments and particle abrasion/erosion. Surface 

properties can be separated from required mechanical properties of the structural 

component. 
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• Coating systems (multi-layered or functionally graded) can be used, combining, for 

example, good adhesion with optimized corrosion and erosion behavior. 

*—Unique-al-loys-and-mierostructures-ean-be-obtained 	with-thermal 	sprayi-n-g-which-are 	 

not possible with a wrought material. These include continuously" graded 

composites and corrosion resistant amorphous phases. 

• Costs of a coating solution are normally significantly lower than those of a highly 

alloyed bulk material; thermal spray coatings are especially interesting for their 

cost/performance ratio. 

• Thermal spray coatings additionally offer the possibility of on-site application and 

repair of components, given a sufficient accessibility for the sprayer and his 

equipment. However, thermal spraying in the workshop is preferred, whenever 

possible, to achieve optimum results. 

The demand for higher performance and increased efficiency has resulted in the 

progressive increase in the temperatures of operation of turbines. This has been 

accompanied by the development of single crystal blade technology, more advanced 

corrosion-resistant coatings and complex cooling techniques (Stott et al, 1994; Conner and 

Connor, 1994). The development of modern coal fired power generation systems with 

higher thermal efficiency requires the use of construction materials of higher strength and 

with improved resistance to the aggressive service atmospheres. These requirements can 

be fulfilled by protective coatings (Nickel et al., 2002). 

Protective surface treatments are widely used at low temperature, but the use of 

these at elevated temperature is more recent. High-temperature applications are limited 

largely to the aerospace industry. An enormous challenge exists to develop and apply these 

techniques to other high-temperature applications (Stroosnijder et al., 1994). Though 

superalloys have been designed for high temperature applications, however, protective 

coatings are applied to enhance their life for use in corrosive environments as they are not 

able to meet the requirement of high-temperature strength and high-temperature 

corrosion resistance simultaneously (Liu et al., 2001). 
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Nanostructured protective coatings composed of crystalline/amorphous nanophase 

mixture have recently attracted increasing interests in fundamental research and industrial 

applications, because of the possibilities of synthesizing a surface protection layer with 

unique physical-chemical properties that are often not attained in the bulk materials (Pei et 

al., 2005). Nanostructured materials as a new class of engineering materials with enhanced 

properties and structural length scale between 1 and 100 nm (Chawla et al., 2006A). 

Nanostructured materials indeed behave differently than their microscopic counterparts 

because their characteristic sizes are smaller than the characteristic length scales of physical 

phenomena occurring in bulk materials (Chawla et al., 2007A). in recent years; it has been 

found that nanoerystalline coatings produced by the magnetron sputtering technique had 

shown superior oxidation corrosion resistance compared with that of conventional 

polycrystalline alloys (Liu et al., 2007). 

Corrosion performance of nanostructured materials/coatings is a hot topic in 

corrosion field. As reported by Chawla et al. (2008), in the past decade, attractive properties 

associated with a nanostructure have been documented for bulk materials, where most of 

the research in the field of nanomaterials has been focused. Nanostructured materials 

indeed behave differently than their microscopic counterparts because their characteristic 

sizes are smaller than the characteristic length scales of physical phenomenon occurring in 

bulk materials (Chawla et al., 2007A). In many tribological applications, hard coatings of 

metal nitrides are now commonly used (Bertrand et al., 2000). The major properties 

required for such coatings are hardness and wear resistance. However, because of severe 

operating conditions, there is a need to combine mechanical features with corrosion 

resistance properties. In the past years, hard protective TIAIN coatings and AICrN coatings 

were widely used for wear resistant properties. Recently these coatings are gaining 

importance for high temperature wear, corrosion and oxidation resistance applications 

(Kalss et al., 2006, Fujita, 2005). 

The development of a truly satisfactory-coating that meets all of the requirements is 

a difficult task. Accordingly, compromises are often made, depending on the specific 

application of the coated material in a particular environment. Moreover, because of 
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coating-environment and coating-substrate reactions, the structures of the actual 

protective coating systems are complex. 

2.14 COATING PROCESSES 

There are many coating deposition techniques available, and choosing the best 

process depends on the functional requirements, adaptability of the coating material to the 

technique intended, level of adhesion required, (size, shape, and metallurgy of the 

substrate), and availability and cost of the equipment. The commonly employed coating 

(both diffusion and overlay) deposition techniques have been enlisted in Fig. 2.23 (Bhushan 

and Gupta, 1991). These techniques are divided into metallic and non-metallic categories. 

From a production point of view, three methods are in current use, these being 

chemical vapour deposition (CVD) from a pack, physical vapour deposition (PVD) and 

thermal spraying (metal spraying). A serious drawback of the pack process is the inclusion of 

pack particles in the coating which can lead to coating failure (Nicoll, 1984). Moreover, 

disadvantage of the CVD process is that, because it is a non-line-of-site technique, proper 

masking and tooling become design considerations and an expense (DeMasi-Marcin and 

Gupta, 1994). Moreover, according to DeMasi-Marcin and Gupta (1994), although the PVD 

method is a complex process, especially in case of deposition of M-Cr-Al-Y type coatings as 

the vaporization pressures of each of the elements of interest must be considered for 

producing controlled alloy chemistry, yet physical vapor deposition and plasma spray (a 

thermal spray process) have been reported to be two major coating processing technologies 

which are used worldwide. The PVD processes have been particularly successful in 

improving mechanical properties such as wear, friction, and hardness (Pierson, 1987). Their 

use as corrosion-resistant coatings is also becoming widespread. One of the advantages of 

thermal spraying is the fact that the molten or partly molten coating material droplets are 

deposited on to a substrate material without melting and only slight heating of the 

substrate occurs. 
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Fig. 2.23 Coating deposition processes (Shushan and Gupta, 1991) 

2.15 THERMAL SPRAYING PROCESS 

The earliest records for thermal spraying are patents by the Swiss engineer M.U. 

Schoop, originating in the early 1900s (Bunshah, 2001). At first lead and tin wires were 

melted in a welding torch by the energy of an acetylene/oxygen flame. The brilliant idea of 

using fine atomized metallic particles for production of coatings came to Schoop after 
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watching his son playing with his toy cannon. Mr. Schoop observed that the hot lead shots 

that were projected out of the cannon, stuck to almost any surface, the result of which gave 

	hinithe 	idea that-if-nietal-coutd-be-metted-and-prolectecHn-a-spray-Fike-mannet;then 	 

surface could be built up with that material. The wire-arc spraying process was patented 

around 1908 by Mr. Schoop, making the deposition of more, and various metals possible 

(Bunshah, 2001). The technology continued, but expanded in the 70s (Fig. 2.24) due to 

development of the thermal plasmas and the increasing demand of high-temperature and 

wear resistant materials and coating systems (Knotek, 2001). Most thermal spray processes 

require abrasive blasting or a bond coat to optimize the coating adhesion (Budinski, 1998). 

Fig. 2.24 Historical development of thermal spraying equipment, processes, and materials 
(Bunshah, 2001) 
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Thermal spraying is a generic coating technique whereby droplets of molten or 

partially-molten material are generated and projected at a surface to form a coating. The 

droplets undergo little interaction with the substrate, merely adhering to the roughened 

surface through physical means to form an "overlay" coating. Generally, any material which 

does not decompose, vaporize, sublimate, or dissociate on heating, can be thermally 

sprayed. Materials ranging from polymers to metals, cermets and ceramics are routinely 

sprayed. In the generalized thermal spray process, the coating material in rod, wire or 

powder form is fed into a high temperature heat source, where it is heated close to, or in 

excess of its melting temperature. A high velocity accelerating gas or combustion gas 

stream accelerates the droplets of material to the substrate, where they impact and spread 

across the surface to form a "splat", Fig. 2.25 (Matthews, 2004). 

Porosity 

Splat 

Oxide. 
Inclusion 

("stringer) 

Substrate 

Fig.2.25 	Schematic developmerit of the thermal spray process and mechanism of 
coating build-up (Matthews, 2004) 

The thermal spray coating process should start as soon as possible after the surface 

preparation is completed, since the prepared surface is very active and oxidation, 

recontamination, etc., should be avoided. The oxidation time during thermal spray coating is 

short (Fig.2.26) typically less than 0.01 s, and can occur in either the solid or molten state. 

The oxidation of coatings is not always harmful, it is equally important to control and 
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understand the different aspects of oxidation of coatings; therefore, it is important to find 

an optimum level for oxidation of coatings (Herman, 1988; Korpiola and Vuoristo, 1996; 

Nerz et al., 1992). The Thermal spray processes that have been used to deposit the coatings 	 

for the protection against the high-temperature corrosion are enlisted below, summarized 

by Heath et al. (1997): 

e Flame spraying with a powder or wire 

• Electric arc wire spraying 

• Plasma spraying 

o Spray and fuse 

• High Velocity Oxy-fuel (HVOF) spraying 

o Detonation Gun 

Fig.2.26 Coating deposition and the oxidation process (Herman, 1988) 

During in-flight oxidation, a layer of oxide is formed on the molten particle due to 

chemical reactions between the surface of the liquid phase and oxygen or due to diffusion 

of oxygen into the liquid (Deshpande et al., 2006). The turbulent mixing of the liquid part of 

the powder particle during its flight destroys the surface layer of oxides and causes the 
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oxides to be distributed more uniformly through the bulk volume of the particle. However, 

when temperature of the particle starts dropping during later part of the flight, these oxides 

tend to solidify and a thin oxide shell would form around the droplet (Fig.2.27). 

Molten particle ...It— Internal Oxide. Void 
NiO Molten particle 

NIAI 
-4' Oxide. A1203  

Oxide shell. 
A120.3  

a: Particle with oxide shell on surface b: Particle with internal oxides 

Void 

Fig. 2.27 	Schematics for oxidation of particles, in-flight (Deshpande et al., 2006) 

A variety of engineering problems have been solved using thermal spraying 

applications. Thermal spray coatings are being increasingly and successfully used for a 

broad variety of high temperature corrosion applications (Heath et al., 1997). The use of 

thermal spraying ranges across many manufacturing processes, from the automotive 

(Nakagawa et al., 1994) to the space exploration industry (Nicoll, 1994). Among the thermal 

spray coating processes, plasma spraying is reported to be versatile technology that has 

been successful as a reliable cost-effective solution for many industrial problems (Fauchais 

et al., 1997). 

2.16 PLASMA SPRAYING 

Plasma spraying is the most flexible/versatile thermal spray process with respect to 

the sprayed materials. The high temperatures of plasma spray processes permit the 

deposition of coatings for applications in areas of liquid and high temperature corrosion and 

wear protection and also special applications for thermal, electrical, and biomedical 

purposes (Bunshah, 2001). 

Plasma techniques are capable of producing thick coatings films more than 100 

at high production rates with no degradation of the mechanical properties of the alloy 

substrate (Yoshiba, 1993). Among other key features of plasma spraying are formation of 
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microstructures with fine, noncolumnar and equiaxed grains, ability to produce 

homogeneous coatings that do not change in composition with thickness (length of 

deposition time), ability to process materials in virtually any environment (e.g., air, reduced-

pressure inert gas, high pressure, under water) (National Materials Advisory Board, 1996). 

Plasma spraying is gaining importance in many critical areas of application, which 

include corrosion, temperature and abrasion resistant coatings and production of 

monolithic and near net shape shapes. The plasma spray also finds application in 

reclamation of worn or corroded components, production of aerospace and nuclear power 

components. A new application of plasma spraying is in producing hydroxyapatite coatings 

onto the stems of orthopaedic endoprostheses (Batchelor et al, 2003). High temperature 

superconductive materials have also been deposited by the plasma spray process (Pfender, 

1988). it enables a whole range of materials including metals and alloys to be plasma sprayed 

on to a great variety of substrate types and geometries (Modi et al., 1986 and Wu and 

Okuyama, 1996). 

2.16.1 Plasma Spraying-The Process 

A plasma torch or gun consists of a water cooled copper anode and a thoriated (2 

wt%) tungsten cathode as shown in Fig. 2.28. A gas, usually argon or nitrogen or a mixture 

of these with hydrogen or helium flows around the cathode and exits through the anode 

nozzle. A dc arc is maintained between the electrodes and plasma of ions and atoms 

emerges at a temperature of 6,000-12,000°C at a distance of 1 cm from the nozzle, 

decreasing rapidly to 3000°C at a distance of 10 cm from the nozzle. The point of entry of 

the powder into the plasma jet is usually in the diverging portion of the nozzle or 

sometimes the powder is fed externally. Plasma gas velocities with most conventional 

torches are subsonic. Near the nozzle, the gas velocity is 200-600 ms-1  but the particle 

velocity is only 20 ms-1. However the particle acceleration (due to gas frictional forces) is 

100000 gf so that 18 pm particles reach a maximum velocity of 275 ms-1  at a distance of 6 

cm from the nozzle (Sidky and Hocking, 1999). 
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Fig. 2.28 The plasma spray apparatus (Batchelor et al, 2003) 

The very high temperature generated in plasma spray process melts even the most 

refractory particles. Further, Plasma spraying operates at high energy levels; the power 

consumption of a typical coating unit is approximately 50 kW with an electric current of 

several hundred amperes flowing in the plasma arc (Batchelor et al.; 2003). The high 

impingement speeds of the molten particles during spraying are intended to ensure that the 

molten droplets disintegrate on contact instead of remaining as discrete droplets, this 

process is known as splat formation. 

The structure of the plasma sprayed coatings can be envisaged as a series of 

interlocking splats (Batchelor et al., 2003). The splats have columnar or equi-axed structures 

with grain sizes between 50 and 200 nm. However this fine structure is altered by grain size 

effect, large volume fraction of internal interfaces, voids, pores and so on (Fauchais, 2004). 

Upon impact on the substrate, the liquid particles will flatten and freeze. The freezing 

time of small particles (about 30 pm) is in the range 10-7  to 10-6  s. During this time 

between 50 and 100 particles impinge per square meter. 
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Fig. 2.29 The mechanism of coating deposition (Batchelor et al., 2003) 

As a consequence, the freezing of a particle is completely isolated, i.e. it is not 

affected by other particles. The coatings built up particle by particle and each particle is 

frozen before the next particle arrives (Fig. 2.29). This results in a layered structured 

(lamellae) coating (Pfender, 1988). The plasma spray is often done in closed chamber filled 

with inert gas, to prevent the escape of any polluting or toxic debris from the process and to 

suppress the oxidation of the metal powder during the plasma spraying. 

2.17 VAPOR DEPOSITION PROCESSES 

Vapor deposited coatings modify the surface properties of materials. They are 

widely used and have been particularly successful in improving such mechanical properties 

as wear, friction, and hardness in cutting applications (Pierson, 1987). Vapour deposition 

processes can be divided into two types, (a) physical deposition (PVD) and (b) chemical 

vapour deposition (CVD), which in turn comprise various subcategories (Bunshah, 2001). 

PVD processes involve the creation of material vapors, (by evaporation, sputtering, ion 

plating) and subsequent condensation onto a substrate to form the film. CVD processes are 
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generally defined as the deposition of a solid material from the vapor phase onto a (usually) 

heated substrate as a result of chemical reactions. 

According to Schneider et al. (2000), historically the first sputtering experiments 

were reported by Grove in 1852, early reports on evaporation were made by Faraday in 

1857, and the first arc deposition was patented by Edison in 1892. The PVD (physical vapour 

deposition) techniques are widely used nowadays for improvement of the mechanical and 

other properties, of a broad range of engineering materials. The application of PVD 

techniques ranges over a wide variety of applications from decorative, to high temperature 

superconducting films (Bunshah, 2001). The thickness of then deposits can vary from 

angstroms to millimeters. 

2.17.1 Physical Vapor Deposition Process 

According to Randhawa (1991), all deposition processes involve three major steps 

for the formation of a thin film on a substrate: (1) creation of a flux of condensable species 

(neutral atoms and ions); (2) transport of the species created thus from source to substrate; 

(3) film growth on the substrate. The basic PVD processes fall into three general categories: 

.(a) Sputtering, (b) Evaporation, and (c) Ion Plating. 

2.17.1.1 Sputtering 

Sputtering is the basic PVD process. In this process, the species for condensation are 

created by the positive ions of an inert gas bombarding the source, which is called the 

target, and thus generating atoms-ions of the target material by momentum transfer. The 

sputtering rate is thus dependent on the power input to the target, i.e. the cathode voltage 

and current for sputtering. In reactive sputtering, however, one must consider target 

poisoning effects (Randhawa, 1991). Further, the sputtering rate is also dependent on the 

plasma in the vicinity of the target surface. Figure 2.30 (a) shows a schematic of the 

sputtering process. In most cases, the inert or noble gas is argon. Argon has higher mass 

than other noble gases, such as neon or helium, and is easier to ionize (Pierson, 1987). 

Higher mass gives a higher sputtering yield, especially if the mass of the bombarding 
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particle is of the same order of magnitude or is greater than that of the target atom. Other 

gases, such as oxygen or nitrogen may be used, but these may react chemically with the 

target. 

Fig. 2.30 Various PVD processes; (a) Sputtering; (b) Evaporation; (c) Ion Plating (Pierson, 
1987) 

The sputtering process begins when an electric discharge is produced and the argon 

becomes ionized. The low pressure electric discharge is known as glow discharge, and the 

ionized gas is termed plasma (Bunshah, 2001). The target (the source of coating material) is 

negatively biased and therefore attracts the positively charged argon ions, which are 

accelerated in glow discharge. This attraction of the ions to the target (also called 

bombardment) causes the target to sputter, which means that material is dislodged from 

the target surface because of momentum energy exchange. 

Sputtering developed very rapidly in the 1970s in the semiconductor industry, in 

which the technique is essential for mass production. Sputtering is making rapid inroads in 

such corrosion applications as high-chromium alloy coatings on the turbine blades and 

many other new applications that require high-quality coatings with good adhesion. 
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2.17.1.2 Evaporation 

Evaporation was the first PVD process used on an industrial basis for aluminum 

metallization of plastics and glass for decorative purposes (Pierson, 1987). Originally the 

most widely used process; evaporation has now been overtaken by sputtering. 

In the case of an evaporation process, the condensable species are created by 

physical heating of the source material (Randhawa, 1991). This is achieved by resistance 

heating, electron beam heating, arc evaporation, induction heating or flash evaporation 

methods. The evaporation rate varies directly with the vapor pressure of the source 

material which in turn depends on the surface temperature of the source material. Figure 

2.30 (b) shows a schematic of the evaporation process. Practically all metals can be 

evaporated, making evaporation a universal process with regard to metals. 

2.17.1.3 Ion Plating 

Ion Plating is actually a hybrid concept based on the evaporation (or sputtering) 

mechanism coupled with a glow discharge (Fig. 2.30.c). There are three possible deposition 

systems: resistance evaporation, electron beam evaporation and sputtering. All three 

systems generate plasma by a glow discharge, thus imparting a large increase in the energy 

of the deposition species. According to Mattox (2000), ion plating is an atomistic vacuum 

coating process in which the deposition film is continuously or periodically bombarded by 

energetic atomic-sized inert or reactive particles that can affect the growth and properties 

of the film. 

It is generally accepted that plasma plays the same part as high temperature in 

improving the adhesion and increasing the reactivity of the coating. The simplest forms of 

ion plating are ion nitriding and ion carburizing, in which nitrogen or carbon ions are 

obtained from the ionization of nitrogen or a hydrocarbon. The deposited species in ion 

plating have higher energy than those of evaporation or sputtering processes: this result in 

improved adhesion as well as a deposit with improved structure and fewer imperfections 

(Pierson, 1987). On the negative side, the equipment is more complicated and therefore 

more expensive than either evaporation or sputtering equipment. 
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2.17.2 Plasma Assisted Physical Vapor Deposition Process 

Plasma assisted physical vapor deposition (PAPVD) involves the condensation of 

vapor created from a solid source, in the presence of a glow discharge or plasma (Schneider 

et al., 2000). Typical PAPVD processes are evaporative ion plating; reactive sputtering and 

some plasma/ion beam based and/or assisted deposition techniques. State of the art 

PAPVD processes allow the deposition of metals, alloys, ceramic and polymer thin films 

onto a wide range of substrate materials. The original PAPVD system was patented by 

Berghaus in 1938, but until the 1960s the potential of the process was not recognized when 

Mattox coined the term 'ion plating' and led the research into ion plating of metallic films 

(Schneider et al., 2000). By the early 1980s evaporation systems were in widespread use for 

the production of ceramic coatings, especially for cutting tools, most notably by the Balzers' 

company. The reactions of importance in the plasma-assisted PVD processes are ionization, 

dissociation, electron impact excitations and the ion energies involved (Randhawa, 1991). 

The plasma-assisted ion plating process involves ion bombardment of the substrate 

prior to deposition for substrate cleaning and during deposition to modify film properties 

(Randhawa, 1991). Plasma-assisted ion plating is commonly applied for metal films, oxides, 

nitrides, carbides, carbonitrides, alloy films and multicomponent materials. Plasma-assisted 

sputtering in which the depositing species are ejected from the target surface as a result of 

the momentum transfer from the bombarding ions of the plasma and condense on suitably 

placed substrates, constitutes one of the oldest applications of plasmas in material 

processing (Randhawa, 1991). Inert gas plasmas (usually argon) at low pressures typically in 

the range 1-70 mTorr are generally used. 

In Activated reactive evaporation (ARE), a plasma discharge is sustained in a flux of 

evaporated material and a reactive gas. The dissociation and ionization which are induced in 

the low pressure (I-35mTorr) reactive gas promotes reactivity on the surface of the growing 

film. ARE is used for depositing metal oxides, carbides, nitrides and carbonitrides. According 

to Randhawa (1991), the plasma-assisted processes discussed above involve creation of 

depositing species of metal or alloys or dissociated gas atoms or vapors in the presence of 

discharge plasmas. The major role of plasma in this case is twofold: (1) to activate the 
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reactions between evaporating metal species and reactive gas to enhance the formation of 

compound films; (2) to modify the growth kinetics and hence structure-morphology and 

thus physical properties of the deposit. 

2.17.3 Applications of Plasma Assisted Physical Vapor Deposition Process 

Plasma-assisted deposition processes are used in a wide variety of applications. The 

widespread applications of plasma-assisted PVD techniques have been in the area of 

perishable cutting tools, decorative coating of jewelry, watch cases and bands, eye glass 

frames, corrosion applications, optical applications etc. The performance of cutting and 

forming tools can be significantly improved by applying a thin film of refractory metal 

nitride or carbide. Since the commercialization of physical vapor deposited (PVD) TiN 

coatings in early 1980s, transition metal nitrides based hard coatings have been successfully 

used for the materials protection particularly to improve cutting tools lifetime (Budinski, 

1998). This type of coating, however, suffered severe oxidation at the temperatures 550 or 

600°C (He et al., 2001). A possible solution was found in consideration to the fact that both 

TiN and TiAIN have the same crystallographic structure (fcc), and therefore addition of Al 

atoms to the TiN matrix in the 1990s. At high temperature exposures, a very dense and 

strongly adhesive A1203 film is observed because of diffusion of Al atoms to the surface, 

which stops further oxidation (He et al., 2001). Since the addition of aluminum increases 

the oxidation resistance of Ti-N coatings, a similar effect on the oxidation resistance of Cr-N 

coatings should be expected (Priyantha et al., 2003). It has been reported that the hardness, 

oxidation resistance and the tribological properties improve with increasing Al-content up 

to 70-75% in the AICrN coatings as long as fcc-structure is predominant. For higher 

aluminum content, hcp-structure starts to form and thus the oxidation resiitarit 

deteriorates (Stein et al., 1999). 

There are many environments in which parts and components come into contact 

with chemical fluids which may be corrosive (Bunshah, 2001A). TiN films are found to be 

highly resistant to chemical attack from concentrated acids or other such corrosive 

chemicals. However, the choice of substrate used can aggravate these problems. If the 
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substrate has a lot of free iron or nickel, it is found that galvanic corrosion tends to 

dominate the situation. In such cases, CrN films were found to be more effective. CrN films 

are also found to be very effective in controlling the wear and corrosion in automobile 

bearings. A variety of surgical tools and instruments (Randhawa, 1991) are being coated 

with wear resistant and corrosion-resistant coatings. The coatings primarily being used are 

TiN and CrN. The coated instruments not only provide improved life but also are more 

compatible with the chemicals used for sterilization and storage. 

2.18 SOME STUDIES RELATED TO Ti-Al AND Al-Cr BASED COATINGS 

In the last decades, transition metal nitrides have been studied intensively due to 

their superior mechanical properties and are widely used today (Man et al., 2004). Quesada 

et al. have reported that coating materials with the widest applications to improve 

mechanical and tribological properties are those composed by titanium like TIN, TiC, TiCN 

and TiAIN (Quesada et al., 2006). These ceramic materials exhibit important characteristics 

like high hardness, low friction coefficient and wear resistance among others. It is well 

known that TiN, the most widely used material for hard coatings, however quickly oxidizes 

at temperatures near 550°C, resulting in fast wear of the hard coating in cases where the 

matching processes involve higher temperature. As a possible solution to this problem, Al 

atoms have been added to the TiN material taking into account that both TiN and TiAIN 

have the same crystallographic structure (fcc). In high temperature applications, a very 

dense and strongly adhesive A1203  film is observed because of diffusion of Al atoms to the 

surface, which stops further oxidation. It was demonstrated that the hardness increases 

with Al content until a certain point. A wide variety of microstructures can be obtained by 
varying the Al content and deposition parameters. 

Endrino et al. (2007) have reported that chromium nitride coatings oxidize due to 

the outward diffusion of chromium and the formation of chromium oxide surface layers. 

Oxidation studies have shown the superior oxidation resistance of the ternary AlxCr1-xN as 

compared to AIxTi1-xN. This makes wear resistant AlxCr1-xN coatings better candidates for 

many specific applications. Recently, a number of studies have been performed on the 
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impact of aluminum content on the hardness and oxidation resistance of Al—Cr—N coatings. 

It has been reported that the hardness, oxidation resistance and the tribological properties 

improve with increasing Al-content up to 70-75% in the AlCrN coatings as long as the fcc-

structure is predominant. For higher aluminum content hcp-structure starts to form and the 

oxidation resistance deteriorates. In the hcp case the oxidation rate is almost tripled 

compared to the fcc-AICrN. 

Kalss et al. (2006) have studied some Ti and Al based coating and reported that the 

TiAl-based nitrides such as TiAIN and AITiN were stable against oxidation up to 

temperatures about 800°C. The coating with best oxidation resistance was AICrN. Even at 

1100°C only a thin layer of about 150nm in thickness could be observed. These coatings 

exhibit good thermal conductivity and better wear resistance. Sugehis et al. (2006) have 

studied corrosion performance of duplex treatments based on plasma nitriding and PAPVD 

TiAIN coatings. The plasma nitrided substrates were coated commercially with BALINIT 

FUTURA NANO (TiAIN) coatings (Balzers, Inc., USA). The nanograined TiAIN coating has 

shown better results than that of conventional counterpart. 

Thermal spray coating of titanium (Ti) by plasma spraying in the air is predominantly 

comprised of Ti oxide and nitride, as Ti is an active metal to react easily with ambient gases 

containing oxygen and nitrogen while spraying (Adachi and Nakata, 2007). The sprayed Ti 

coating contains so many cracks and pores internally, which cause to decrease the adhesive 

strength and the corrosion protections properties (Adachi and Nakata, 2007). They have 

reported that the adhesive strength of the coating was improved by filling cracks and pores 

of the Ti compounds layers with the Al phase to form a dense microstructure, and also by 

hardening the Ti compounds and Al phase with the oxygen and nitrogen contained in the 

coating. Further, they have reported that the sprayed Ti-50 mass% Al coatings had higher 

adhesive strength than the other coatings sprayed and had the maximum value. Since the 

addition of aluminum increases the oxidation resistance of Ti-N coatings, a similar effect on 

the oxidation resistance of Cr-N coatings is expected (Spain et al., 2005). Conclusively, 

Adachi and Nakata (2007) have reported that the formation of the Ti—Al sprayed coating on 

the substrate would proceed as follows. At first, the compounds of Ti oxide and nitride in 
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the fused particles would be solidified almost as soon as adhering to the substrate, as the 

melting points of TiO and TiN are 2023 K and 3223 K, respectively, which are much higher 

than that of Al, 933 K. Then, cracks and pores between the Ti compound layers would be 

filled with the melting Al particles, and the coating finally became solidified as a whole. 

2.19 PATENT SEARCH 

After reviewing the literature critically, the patent search has been done on some 

related topics of interest. Table.2.2 shows the search results for some topics regarding 

World Intellectual Property Organization; European Patent Office website; U.S. Patent 

Database. The U.S Database has shown 02 (Reported in Appendix A.3) patents for "Nitrided 

Ti-Al and Al-Cr based coatings high temperature applications"; and "Protective Ti-Al and Al-

Cr based nitrided coatings" along with 50 patents (Reported in Appendix A.3) for 

"Development of hot corrosion oxidation resistant coatings". The World Intellectual 

Property Organization and European Patent Office website have shown zero patents on the 

topics listed in Table.2.2. 

2.20 PROBLEM FORMULATION 

2.20.1 Scope 

Materials degradation at high temperatures is a serious problem in several high tech 

industries. Power plants are one of the major industries which encounter severe corrosion 

problems resulting in the substantial loss. The problem is becoming more prominent as the 

plants are getting older. Attempts to increase the efficiency of steam generating plant by 

raising the final steam temperature above 600°C and the use of gas turbines for the 

production of cheap electric power have made working conditions more severe for the 

materials (Thilakan et al., 1967). The boiler tubes used for super-haters and re-heaters in 

the steam generating systems are subjected to fireside corrosion, resulting in tube wall 

thinning and premature failure. Hot corrosion has been identified as a serious problem in 
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high temperature applications such as in boilers, gas turbines, waste incinerations, diesel 

engines, coal gasification plants, chemical plants and other energy generation systems. 

Table: 2.2 	Patent search results of topics of interest 

Sr. 
No. 

TOPIC 

	

WORLD 	----ff:,11.- 

	

INTELLECTUAL 	,N11 

	

PROPERTY 	' - 

ORGANIZATION 

. 
Europasches 
Patintlint 
European 

I 
 PiritifrOffice 
Office europeen 
cl, 	brecnets 

U.S. 
PATENT - 

- - 
i 

01 NITRIDED AND Ti-Al AND 

Al-Cr AND BASED AND 
COATINGS AND HIGH 
AND TEMPERATURE AND 
APPLICATIONS 

0 records 0 records 02 
patents 

02 DEVELOPMENT AND OF 
AND Ti-Al AND Al-Cr AND 
BASED AND NITRIDED 
AND COATINGS AND FOR 
AND BOILER AND 
APPLICATIONS 

0 records 0 records 0 
records 

03 DEVELOPMENT AND OF 
AND HOT AND 
CORROSION AND 
OXIDATION AND 
RESISTANT AND 
COATINGS 

0 records 0 records 50 
patents 

04 PROTECTIVE AND Ti-Al 
AND Al-Cr AND BASED 
AND NITRIDED AND 
COATINGS 

0 records 0 records 02 
patents 

Hot corrosion is induced by the impurities such as Na, V, S etc. present in the coal or 

in the fuel oil used for combustion in the mentioned applications. In some situations, these 

impurities may be inhaled from the working environment, for instance NaCI in marine 

atmospheres. There is a general agreement that condensed alkali metal salts notably, 

Na2SO4, are a prerequisite to hot corrosion (Beltran and Shores, 1972). Coal is an attractive 
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fuel owing to its low price linked to its worldwide availability and due to the future 

shortage of other fossil fuel reserves such as oil and gas (Sidhu et al., 2006D). Also, due 

to high cost of removing the impurities, the use of this low grade fuel is usually justified. 

Combustion of coal generates very corrosive media particularly near the superheater tubes 

of the boilers (Weulersse-Mouturat et al., 2004). These are the major areas where critical 

high-temperature fireside' corrosion problems are encountered, particularly on the leading 

tubes in a bank. The corrosion has been attributed to the fluxing action of the molten salt 

on the oxide scales formed over the tubes, leading to a rapid localized corrosion, 

accompanied by the sulphidation (Beltran and Shores, 1972); 

High-temperature erosion-corrosion and oxidation of the heat transfer pipes and 

other structural materials in the coal fired boilers are recognized as being the main cause 

of downtime at power generating plants, accounting for 50% to 75% of the total arrest 

time (Cutler, 1978). Erosion-corrosion of materials occurs in environments as diverse as 

catalytic cracking systems in oil and gas separation, combined-cycle coal conversion systems 

such as pressurized fluidized bed combustion, and on the turbine blades of jet engines 

where erosive component may be caused by the ingestion of particulate material or the 

accumulation of such material as a result of the corrosion process (Stack et al., 1993). 

Maintenance costs for replacing the broken pipes in such installations are also very high 

and are estimated to be up to 54% of the total production costs (Chandler and Quigley, 

1986). 

In case study of a coal fired boiler of a power plant in north western region of 

India, Prakash et al (2001) have reported that out of 89 failures occurring in one year 

duration, 50 failures were found to be due to hot corrosion and erosion by ash. These 

facts emphasize the need to develop more and more corrosion resistant materials for 

such applications. Therefore, the boiler steel needs to be protected. It is important to 

understand the nature of all types of environmental degradation of metals and alloys as 

vividly as possible so that preventive measures against metal loss and failure can be 

economically devised to ensure safety and reliability in the use of metallic components 

(Sidhu and Prakash, 2006A). 
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Fe and Ni-based superalloys are extensively used in turbine blades of industrial gas 

turbines and jet engines. Mostly Cr and Al are added in superalloys to enhance the 

oxidation resistance. Besides the oxidation resistance of superalloys at high temperature, 

the resistance to pitting corrosion at normal temperature is another important performance 

of these materials (Liu et al., 2007). The chloride-rich seawater is a harsh environment that 

can attack the materials by causing pitting and crevice. corrosion (Dobrzanski et al., 2007). 

Surprisingly, it seems no research works have been conducted on the behavior of this type 

of corrosion occurring in high temperature corrosion resistant coatings. Therefore, it is 

meaningful to investigate the ambient environmental corrosion behavior and mechanism of 

the materials as is done in present work by evaluating the corrosion behavior of substrate 

and coatings in simulated marine environment. 

It has been learnt from the literature that high temperature corrosion and erosion 

problems needs to be arrested through some other preventive means; prominent among 

them being controlling process parameters, use of inhibitors, application of protective 

coatings etc. as there lies little scope in improvement of the combustion environments. In 

Indian context, this is even more relevant as the Indian coal is found to have. high ash 

content (Sharma, 1996). Further, the use of inhibitors is not easily viable due to practical 

implications in injecting these inhibitors along with the fuel in the combustion chamber in 

an actual industrial environment (Tiwari and Prakash, 1998 and Gitanjaly et al., 2002). In 

this regard, it is further learnt from the published literature that one possible, practical, 

reliable and economically viable way to control or prevent the high temperature corrosion 

and erosion problems of the superheaters and reheaters of the boilers is an application of a 

thin layer of corrosion resistant coatings having good thermal conductivity. 

Due to the continuously rising cost of the bulk materials as well as increased 

material requirements, the coating techniques have been given more importance in the 

recent times. Therefore, the use of protective overlay coatings has been identified as a 

potential area for the present research. Porosity, stress generation and interlayer 

separation between the different deposited layers are the prominent parameters to be 

considered for selecting a particular process for deposition of the corrosion resistant 
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coating as they are the preferential corrosion paths where the corrosion species can 

penetrate through the coating to reach the substrate and may cause rapid corrosion attack. 

The easiness, economy and convenience of operations are the other major factors that 

must be considered for applying the coatings to industrial installations. 

The physical vapour deposition (PVD) and plasma spray (a thermal spray process) 

have been reported to be two major coating processing technologies used worldwide 

(DeMasi-Marcin and Gupta, 1994). Thermal spray has emerged as an important tool of 

increasingly sophisticated surface engineering technology. It is one of the many methods of 

applying overlay coatings for applications ranging from protection of materials in harsh 

environments, to dimensional restoration of worn machine elements (Yamada et al, 2002). 

Among the thermal spray coating processes, plasma spraying is reported to be versatile 

technology that has been successful as a reliable cost-effective solution for many industrial 

problems (Fauchais et al, 1997). In recent years, corrosion performance of nanostructured 

materials/coatings is a hot topic in corrosion field. As reported by Chawla et al. (2008), in 

the past decade, attractive properties associated with a nanostructure have been 

documented for bulk materials, where most of the research in the field of nanomaterialt 

has been focused. Nanostructured materials indeed behave differently than their 

microscopic counterparts because their characteristic sizes are smaller than the 

characteristic length scales of physical phenomenon occurring in bulk materials (Chawla et 

al., 2007A). In many tribological applications, hard coatings of metal nitrides are now 

commonly used (Bertrand et at., 2000). The major properties required for such coatings are 

hardness and wear resistance. However, because of severe operating conditions, there is a 

need to combine mechanical features with corrosion resistance properties. In the past 

years, hard protective TiAIN coatings and AICrN coatings were widely used for wear 

resistant properties. Recently these coatings are gaining importance for high temperature 

wear, corrosion and oxidation resistance applications (Kalss et al., 2006; Fujita, 2005). 

Recent reports emphasized that the understanding of the degradation and failure 

mechanisms of high-temperature coatings in the field need to be improved, particularly 

with respect to the effects of engine operation and environment on the coating 
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performance e.g., thermal cycling (National Materials Advisory Board, 1996). In general, the 

reaction behavior of protective coatings in environments of their use and their interactions 

with the substrate during high-temperature performance is not well understood (Chatterjee 

et al, 2001). Uusitalo et al (2003) has also suggested that there is a need to investigate the 

high temperature corrosion behavior of thermal spray coated materials in different 

aggressive environments. 

In an earlier work conducted by Buta Singh (2003) in our department, laser 

remelting of the plasma sprayed coatings was attempted to eliminate the porosity of the 

coatings. However, he observed that these laser remelted coatings showed slightly inferior 

hot corrosion resistance in molten salt environment as compared to the as coated samples. 

This behavior was attributed to the presence of vertical cracks in the laser remelted samples 

after exposure to hot corrosion, through which the oxidizing environment could reach the 

substrate steels. Harpreet Singh (2005) has studied oxidation behavior of plasma sprayed 

NiCrAIY, Ni-20Cr, Stellite-6 and Ni3A1 coatings on Ni- and Fe-based superalloys and in all the 

cases, NiCrAIY was used as a bond coat. He reported that NiCrAIY coating on Fe-based 

superalloy has provided the best protection in both air and molten salt environment. Sidhu 

T.S., (2006C) has studied the hot corrosion behavior of HVOF sprayed coatings in the 

laboratory as well as in actual industrial boiler environment and concluded that Ni-20Cr 

coating provided highest protection; whereas, satellite-6 coating provided the least 

resistance to molten salt environment in the laboratory. In case of industrial environment, 

he reported that Ni-20Cr showed a better resistance and the least resistance was observed 

in case of Cr3C2-NiCr coatings. He further explained that the high chromium content in 

Cr3C2-NiCr coating resulted in the formation of thick network of chromium oxide around the 

nickel rich splats and responsible for spallation and disintegration of the coating due to the 

difference in coefficient of thermal expansion of oxide scale, the coating and the substrate. 

Little work has been published on high temperature erosion/corrosion behavior of 

nanostructured and conventional hard metal nitride coatings to the best of knowledge of 

the author. The present study has been performed to evaluate the behavior of the 

nanostructured and conventional metal nitride coatings when exposed to high temperature 
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oxidation in air, molten salt (Na2SO4-60%V205) environment, in actual degrading conditions 

prevailing in a coal fired boiler of a thermal plant, high temperature solid particle erosion 

and simulated marine environment. Three types of boiler steel substrate materials namely 

"ASTM-SA210-Grade Al," "ASTM-SA213-T-11" and steel "ASTM-SA213-T-22" and a Fe-

based superalloy having Midhani Grade Superfer 800H have been selected for the present 

study as the substrate materials. Boiler steels were procured in the tube form from the 

mentioned thermal power plant and the superalloy was procured in form of rolled sheets 

from Mishra Dhatu Nigham Ltd, Hyderabad (India). The boiler steels are used as boiler tube 

materials in some of the power plants in Northern India. The selected superalloy is widely 

used for steam boilers, furnace equipment, heat exchangers and piping in the chemical 

industry, reformers and baffle plates/tubes in fertilizer plants. Behavior of these coatings 

under different degrading environments once evaluated will be helpful in choosing the 

suitable coating for the given environment. 

2.20.2 Objective 

1. The objective of the present research work is aimed at studying the behavior of the 

nanostructured and conventional metal nitride coatings when exposed to high 

temperature oxidation in air, molten salt (Na2SO4-60%V205) environment, in actual 

degrading conditions prevailing in a coal fired boiler of a thermal plant, high 

temperature solid particle erosion and simulated marine environment. The 

conventional thick (by plasma spraying and gas nitrided) and nanostructured thin (by 

physical vapor deposition process) TiAIN and AICrN coatings have been developed on 

boiler steels i.e. Grade A-1, T-11 and T-22 and a superalloy Superfer 800H. 

2. To compare the oxidation and hot corrosion performance of the coated with bare 

alloys and assess its suitability for using it in the boiler super-heaters and re-heaters, 

and for other future hot section components to be used in similar corrosive 

environments. 

3. To understand and propose mechanisms for the high-temperature corrosion of the 

uncoated and coated alloys, wherever possible. As far as the testing in air 
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environment is concerned, the study could also provide useful information regarding 

the adhesion of the coatings and the spalling tendency of their oxide scales apart 

from air oxidation behavior of the coatings. 

4. In order to establish the behavior of these coatings and bare alloys in the actual 

working conditions in which they may be used, the coatings are investigated in the 

operational environment of the coal fired boiler at Guru Nanak Dev Thermal Plant, 

Bathinda, Punjab, India. 

5. In both the laboratory as well in industrial environments, the experiments are 

planned to conduct under cyclic conditions as it provides the severest conditions for 

testing and represents the actual industrial environment where breakdown and 

shutdown occur frequently. 

6. The conventional thick and nanostructured thin TiAIN and AICrN coatings; after high 

temperature air oxidation and hot corrosion studies were characterized by the 

techniques such as XRD, SEM/EDAX and X-ray mapping to render an insight into the 

corrosion mechanisms based on the morphology of the corroded products formed 

on the coated alloys. The similar characterizations studies were performed for the 

corroded uncoated alloys. 

7. To compare the high temperature erosion behavior of coated and uncoated alloys. 

The erosion studies were carried out using a high temperature air-jet erosion test rig 

at a velocity of 35 ms-1  and impingement angles of 30°  and 90°. The tests were 

carried out at high temperatures. The two temperatures were taken for the test, 

sample temperature 400°C and air/erodent temperature 900°C simulated to service 

conditions of boiler tubes in which sample temperature and flow gas temperature 

correspond to the inner and outer temperature of water wall pipes. The alumina 

particles of average size 50 p.m were used as erodent. 

8. Erosion rates in terms of volumetric loss (mm3/g) for different uncoated and coated 

alloys are compared. The eroded samples were analyzed with SEM/EDAX and optical 

profilometer. The erosion rate data for each coated alloy has been plotted along with 
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uncoated alloy in order to assess the coating performance. Efforts have been made 

to understand the mode of erosion. 

9. In order to evaluate the corrosion behavior of the substrates and coatings in 

simulated marine environment; by electrochemical methods i.e. linear polarization 

resistance (LPR) and potentiodynamic polarization tests in an aerated 3.0 wt% NaCI 

solution at room temperature; and salt spray (Fog) tests. The LPR and 

potentiodynamic polarization tests were carried out using EG&G PAR model 273A 

potentiostat. The ASTM B117 Salt Fog test was used to evaluate the performance of 

the specimens. 

10. The initial corrosion current density and LPR (RP) was measured by LPR test. 

Potentiodynamic polarization curves of the substrate and each film and the 

corrosion parameters were compared. In case of salt fog tested coated and 

uncoated specimens after exposure were monitored and analyzed by using XRD, 

weight change measurement and SEM/EDAX techniques. 

11. To summarize the important contributions made in the present work on 

Nanostructured and conventional metal nitride coatings on selected boiler steels 

and a superalloy and highlight the scope for future work in the high temperature 

corrosion of coatings. 
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eitapter 3 
EXPERIMENTAL TECHNIQUES AND PROCEDURES 

This chapter presents the experimental techniques and procedures employed for 

deposition and characterization of coatings. A detailed description of high temperature 

oxidation studies in air and in molten salt environments, erosion-corrosion in simulated 

coal-fired environment, corrosion studies in simulated marine environment and erosion-

corrosion studies in an actual industrial environment; of coated and bare alloys is given in 

this chapter. The procedures for analyzing the corrosion products are discussed. The 

specifications of the equipments used are furnished. 

3.1 SUBSTRATE MATERIALS 

Selection of candidate material for the study has been made after consultation with 

Guru Nanak Dev Thermal Plant, Bathinda (India) and Mishra Dhatu Nigham Ltd, Hyderabad 

(India). Three types of boiler steel substrate materials (low carbon steel) namely "ASTM-

SA210-Grade A-1 (Grade A-1)," 1Cr-0.5Mo steel "ASTM-SA213-T-11 (Grade T-11)" and 

2.25Cr-1Mo steel "ASTM-SA213-T-22(Grade T-22)" and a Fe-based superalloy having 

Midhani Grade Superfer 800H have been selected for the present study as the substrate 

materials. The boiler steels are used as boiler tube materials in some of the power plants in 

Northern India. Grade A-1 has a wide range of applications in boilers, especially in the 

construction of their water walls. When the service conditions are stringent from the point of 

temperature and pressure other two types of steel (Grade T-11 and 1-22) are being 

employed. The selected superalloy is widely used for steam boilers, furnace equipment and 

piping in the chemical industry, baffle plates/tubes in fertilizer plants. Boiler steels were 

procured in the tube form from the above mentioned thermal power plant and the 

superalloy was procured in the form of rolled sheets from Mishra Dhatu Nigham Ltd, 

Hyderabad (India). The actual chemical composition of these alloys has been determined 

with the help of Optical Emission Spectrometer (Thrmo Jarrel Ash, TJA181/81, U.S.A); which 

is reported in Table 3.1 along with nominal chemical composition. Figure 3.1 shows the 
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optical micrographs (X 200) of the substrates using Zeiss Axiovert 200 MAT Inverted Optical 

microscope. 

3.2 DEVELOPMENT OF COATINGS 

3.2.1 Nanostructured Thin Coatings 

3.2.1.1 Preparation of Substrate Materials 

Specimens with dimensions of approximately 20mm X 15mm X 5mm were cut from 

the alloy tubes (in case of boiler steels) and rolled sheet (in case of superalloy). The 

specimens were polished using emery papers of 220, 400, 600 grit sizes and subsequently 

on 1/0, 2/0, 3/0 and 4/0 grades and then mirror polished using cloth polishing wheel 

machine with 1pm lavigated alumina powder suspension. The specimens were prepared 

manually and all care was taken to avoid any structural changes in the specimens. 

Fig. 3.1 
	

Optical micrographs of substrate alloys; (a) ASTM-SA210 Grade A-1 boiler 

steel, 200X, (b) ASTM-SA213-T-11 boiler steel, 200X, (c) ASTM-SA-213-T-22 

boiler steel, 200X, (d) Superfer 800H superalloy, 200X 
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3.2.1.2 Formulation of coatings 

The nanostructured thin TiAIN and AICrN coatings; with a thickness around 4pm, 

were deposited on the substrates at Oerlikon Balzers Coatings India Limited, Gurgaon, India. 

A front-loading Balzer's rapid coating system (RCS) machine (make Oerlikon Balzers, Swiss) 

was used for the deposition of the coatings. The machine is equipped with 6 cathodic arc 

sources. In case of nanostructured thin TiAIN coatings; two of the six sources were used to 

deposit a thin, 0.3 µm thick TiN sub-layer to improve adhesion of coating. The remaining 

four sources were employed to deposit the main layer of the coatings, which was obtained 

using customized sintered targets. Whereas in case of nanostructured thin AICrN coating; all 

the six targets sources were employed to deposit the main layer of the coatings. The 

Oerlikon Balzers Coatings India Limited, Gurgaon, India has optimized the coating 

parameters for all the substrates. The compositions of the targets used, coating thickness 

and the summary of the process parameters are presented in Table 3.2. For all coatings; 

argon (Ar) and pure nitrogen atmosphere was used during deposition. Prior to deposition all 

the substrates were cleaned in two steps: firstly with Ultrasonic Pre-Cleaner (make Imeco, 

Pune, India) and secondly with Ultrasonic Cleaning Machine with 9 Tanks including hot air 

dryer (make Oerlikon Balzers Ltd. India) for 1.5 Hrs. 

3.21 Conventional Thick Coatings 

3.2.2.1 Preparation of Substrate Materials 

Specimens with dimensions of approximately 20mm X 15mm X 5mm were cut from 

the alloy sheets. The specimens were polished using emery papers of 220, 400, 600 grit 

sizes and subsequently on 1/0, 2/0, 3/0 and 4/0 grades. These substrates are then grit 

blasted with alumina powders (Grit 45) prior to the deposition of the coatings by Plasma 

Spraying (a thermal spray process), for developing better adhesion between the substrates 

and the coatings. The specimens were prepared manually and all care was taken to avoid 

any structural changes in the specimens. 
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Table 3.2: 	Summary of Nanostructured thin coatings' deposition parameters 

Coating Parameters Nanostructured TiAIN Nanostructured AICrN 

Machine used Standard balzers rapid coating 
system {RCS) machine 

Standard balzers rapid coating 
system (RCS) machine 

Make Oerlikon Balzers, Swiss Oerlikon Balzers, Swiss 

Targets composition Ti, Ti 50A150  A170C r30 

Number of targets Ti (02), Ti 50A150  (04) A170Cr30 (06) 

Targets power 3.5KW 3.5KW 

Reactive gas Nitrogen Nitrogen 

Deposition Pressure 3.5 Pa  3.5 Pa 

Substrate Bias Voltage -40V to -170V -40V to -170V 

Coating Thickness 4 pm ± 1 p.m 4 p.m ± 1 pm 

3.2.2.1 Feedstock Materials for Coatings 

Two types of coating powders namely Ti-50AI (50 Ti-50 Al Wt %) and Al-30Cr (70 Al-

30 Cr Wt %) were chosen for plasma spray deposition on the four types of substrates. These 

powders were prepared in laboratory ball mill for 8 hrs to form a uniform mixture from 

three types of commercially available alloy powders namely Titanium powder with 

minimum assay 98.0 % (Art.6322) supplied by Loba Chemie, Mumbai, India, Aluminum 

powder with minimum assay 90.0 % and size 200 mesh (Art. 37064) and Chromium powder 

with minimum assay 99.0 % and size 60 mesh (Art. 36054) supplied by S.D. Fine Chemical 

Limited, Mumbai, India. SEM (Scanning Electron Microscopy) micrographs along with EDAX 

(Energy Dispersive X-Ray Analysis) reveal the morphology of coating powders as shown in 

Fig. 3.2. The chemical composition and particle size of the coating powders are reported in 

Table 3.3. It may be mentioned here that these coating powders have been selected for 

depositing the coatings on the substrates as the characterization and high temperature 

corrosion studies of these coated substrates are scarce in the literature. 
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SEM/EDAX patterns (showing Wt %) for different coating powders; (a) Ti-metal powder, (b) 

Al-metal powder, (c) Cr-metal powder, (d) Ti-Al (50-50 Wt %)powder, (e) Al-Cr (70-30 Wt %) 

powder 
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Table 3.3: 	Composition, particle size and designation of the coatings powders 

Coating Powder Composition (Wt %) Particle Size (pm) 

Ti-50 Al 50 % Ti and 50 % Al 05-55 p.m 

Al-30 Cr 70 % Al and 30 % Cr 05-90 gm 

3.2.2.2 Formulation of Coatings 

The coating work was carried out a commercial firm namely Anod Plasma Limited, 

Kanpur, Inclia. They used 40 kW Miller Thermal (USA) plasma spray apparatus to apply the 

coatings. Argon was used as powder carrying and shielding gas. Standard spray parameters 

were designed by the above firm for depositing the coatings in the present work. All the 

process parameters were kept constant throughout the coating process while spraying 

distance was maintained in a narrow range of 90-110 mm. The process parameters for the 

shrouded plasma spray process employed for applying the coatings are summarized in Table 

3.4. 

Table 3.4: 	Parameters of the argon shrouded plasma spray process 

Arc Current (A) - 750 

Arc Voltage (V) 45 

Powder Feed Rate 
(rev/min) 

5.2 

Spraying Distance (mm) 90-110 

Plasma Arc Gas (Argon) ) 
Pressure 

58 psi 

Powder Gas Pressure 60 psi 

AVX Gas Pressure 10 psi 
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3.2.2.3 Gas Nitriding 

Gas nitriding is a case hardening process whereby nitrogen is introduced into the 

surface of an alloy by holding it at a suitable temperature in contact with a nitrogenous gas i.e. 

nitrogen or ammonia. After reviewing the literature critically; it was decided to do the gas 

nitriding of the plasma sprayed conventional thick Ti-Al and Al-Cr coatings in the lab. The 

apparatus used for the gas nitriding process is shown in Fig.3.3; which consist of a long steel 

tube placed in a silicon tube furnace. In the front view (Fig.3.3), the steel tube is connected to 

the nitrogen cylinder for nitrogen supply and in the rear view; the outlet of the nitrogen gas is 

through water for slow and constant discharge rate. The gas nitriding parameters were 

optimized after conducting several trials on plasma sprayed coated specimens. The process 

parameters employed for the gas nitriding are as summarized in Table.3.5. 

Fig. 3.3 	Front and rear views of the set-up used for gas nitriding of the plasma 

sprayed conventional thick Ti-Al and Al-Cr coatings in the laboratory 
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Table 3.5: 	Parameters of the gas nitriding process 

Temperature 650 °C 

Duration 3 hrs 
5 hrs 

For Ti-Al coating 
For Al-Cr coating 

Discharge Rate of nitrogen 0.3 1/min 

3.3 CHARACTERIZATION OF THE COATINGS 

3.3.1 Specimen preparation 

The as-coated specimens were cut with a diamond cutter (Buehler's Precision Diamond 

Saw, Model ISOMET 1000, made in USA) across its cross-section and subsequently hot mounted 

in Buehler's transoptic powder (20-3400-080). Subsequently, the mounted specimens were 

polished manually using emery papers of 220, 400, 600 grit sizes and subsequently on 1/0, 

2/0, 3/0 and 4/0 grades. Finally, the specimens were mirror polished on a cloth polishing wheel 

machine with 0.05 pm alumina powder suspension. The specimens were washed thoroughly 

with flowing water, and dried in hot air to remove any moisture. 

3.3.2 Measurement of Coating Thickness 

The thickness of the coatings was monitored during the coating processes. In case 

of plasma sprayed conventional thick coatings; the thickness was monitored with a 

Minitest-2000 thin film thickness gauge (made in Germany, precision ±1 pm). Efforts were 

made to obtain the coatings with uniform thickness. The thickness of some of the as-coated 

specimens (nanostructured as well as conventional coatings) were further verified by 

cutting along the cross-section and mounted (as explained in Section 3.3.1). A Field 

emission scanning electron microscope (FE-SEM)(FEI Quanta 200F, Made in Czech Republic) 

was used to obtain the back scattered electron (BSE) images. The average coating thickness 

measured from the BSE images at different locations is reported in Chapter 4, 5, 6 and 7 of 

the present study. 

106 



3.3.3 	Measurement of Porosity 

Porosity of the coatings was measured with an image analyser using Zeiss Axiovert 200 

MAT inverted optical microscope, fitted with imaging software Zeiss Axiovision Release 4.1, 

(Germany) software, which was developed based on ASTM B276. The magnification was 

chosen such that the coating microstructure image covers the screen and allows the 

resolution of the voids that contributes notably to the total porosity area percentage. The 

process of selecting the appropriate range of light grey contrast spots was carried out 

methodically by stereographic imaging to ensure that only voids were selected. The analysis 

using image processing software determines the pore area size in the view field by 

converting the pore areas (grey-level areas) into a background color such as red while the 

rest of the microstructure remains in its original color. The area of one feature is 

numerically related to the total area of the picture, as the program counts the number of 

one color type pixels (red) and sets that as a ratio of the total number of pixels in the 

picture (total area). About twenty (20) separate locations were selected to avoid the 

overlap between two locations and determine the area percent porosity and the values are 

reported in Chapter 4, 5, 6 and 7 of the present study. 

3.3.4 Metallographic Studies 

The as-coated specimens were prepared as explained in Section 3.3.1 for 

metallographic studies. Specimens were then examined under Zeiss Axiovert 200 MAT 

Inverted Optical Microscope interfaced with imaging software Zeiss AxioVision Release 4.1 

to obtain surfce rnicr"str. ict. 	of the coatings. The surface as well as cross-sectional 

microstructures of the specimens is discussed in Chapter 4, 5, 6 and 7 of the present study. 

3.3.5 Measurement of Microhardness 

For obtaining microhardness of the gas nitrided plasma sprayed coatings, the 

specimens were cut, mounted and polished as explained in section 3.3.1. The microhardness of 

the as sprayed coatings was measured by using Miniload 2 Microhardness Tester (Leitz, 

Germany) fitted with a Vickers pyramidal diamond indenter. A 15 g (147.1mN) load was applied 
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to the indenter for penetration of as sprayed coatings. Hardness value was calculated from the 

relation Hv =1854.4 x 
d2 

where 'F' is the load in grams and 'd' is the diameter of the indenter 

in micrometer. Each reported value of the microhardness is the average value of five 

measurements. These microhardness values are plotted as a function of distance from the 

coating/substrate interface and incorporated in Chapter 4, 5, 6 and 7 of the present study. 

3.3.6 Measurement of Surface Roughness 

The surface roughness (Ra) values of the gas nitrided plasma sprayed as coated 

specimens were measured using Surface Roughness Tester (Mitutoyo 5J-201, Japan). Each 

reported value of surface roughness (Ra) is the mean of five observations taken at different 

locations. The centre line average (CLA) method was used to obtain the Ra values. 

3.3.7 Measurement of Bond Strength 

The bond strength of the gas nitrided plasma sprayed coatings was tested using the 

ASTM standard C633-01. This test method covers the determination of the degree of adhesion 

(bonding strength) of a coating to a substrate or the cohesion strength of the coating in a 

tension normal to the surface. The test consists of coating one face of a substrate fixture, 

bonding this coating to the face of a loading fixture, and subjecting this assembly of coating and 

fixtures to a tensile load normal to the plane of the coating. A data acquisition system has 

continuously recorded the tensile load exerted by the machine. It is adapted particularly for 

testing coatings applied by thermal spray, which is defined to include the combustion flame, 

plasma arc, two wire arc, high-velocity oxygen fuel and detonation processes for spraying 

feedstock, which may be in the form of , wire, rod or powder. A total of three specimens were 

tested and average value of the bond strength is reported in Chapter 4, 5, 6 and 7 of the 

present study. 

3.3.8 Atomic Force Microscopy (AFM) Analysis 

The surface morphology (2D and 3D) of the nanostructured thin as coated 

specimens; was characterized by Atomic Force Microscope (AFM) (Model: NTEGRA, NT- 
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MDT, Ireland). Also, the surface roughness and particle size were calculated which are 

reported Chapter 4, 5, 6 and 7 of the present study. 

3.3.9 X-Ray Diffraction (XRD) Analysis 

XRD analysis was carried out for the as coated specimens to identify the various 

phases present on their surfaces. The X-ray diffraction patterns were obtained by a Bruker 

AXS D-8 Advance Diffractometer (Germany) with Culc radiation and nickel filter at 30 mA 

under a voltage of 40 kV. The specimens were scanned with a scanning speed of 2°/min in 20 

range of 20°  to 120°  and the intensities were recorded. Assuming height of the most 

prominent peak as 100%, the relative intensities were calculated for all the peaks. The 

diffractometer interfaced with Bruker DIFFRACPlus  X-Ray diffraction software provides 'd' 

values directly on the diffraction pattern. These 'd' values were then used for identification of 

various phases with the help of JCPDS data cards. The grain size of the nanostructured thin 

coatings was estimated from Scherrer formula (Cullity, 1970) as follows: 

D= 0.9 X/B CosO 

Where X, B and 0 are the X-ray wavelength (1.54056 °A), Bragg diffraction angle and line 

width at half maximum, respectively. The grain size values of the nanostructured thin coatings 

are presented in Chapter 4, 5, 6 and 7 of the present study. 

3.3.10 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDAX) 
Analysis 

A or - 	ilkval  0 r phology/EDAx Analysis  3.3.10.i aim idce 

The surface morphologies of the coating powders and as coated specimens were 

studied with the help of a Field Emission Scanning Electron Microscope (FEI Quanta 200F, 

Made in Czech Republic) fitted with EDAX Genesis software attachment; with an aim to 

understand the morphology of the coating powders and to identify inclusions, un-melted, 

partially melted particles and pores in the as sprayed coatings. The EDAX genesis software 

indicates the elemental compositions (weight %) present at point/area of interest. Although 
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the composition correspond to selected points on the as-sprayed surfaces it is useful to 

understand the formation of desired compositions in the coatings. SEM/EDAX analysis of the 

as coated specimens is reported in Chapter 4, 5, 6 and 7 of the present study. 

3.3.10.2 Cross sectional analysis 

The sample was prepared as explained in the section 3.3.1. The analysis was carried out 

using a Field Emission Scanning Electron Microscope (FEI Quanta 200F, Made in Czech 

Republic) fitted with EDAX Genesis software attachment. The back scattered electron images 

were taken and the EDAX analysis was performed across the cross section to ascertain 

elemental composition (weight %) at different points as well as to identify the presence of 

various elements along the cross-section of the coatings. 

3.3.10.3 X-ray mapping analysis 

To obtain cross-sectional analysis of the different elements present in the coatings, the 

specimens were cut along the cross-section, mounted and polished in accordance with the 

procedure already discussed in section 3.3.1. X-ray mapping analysis of the samples was done 

on field emission scanning electron microscope (FEI, Quanta 200F Company) for image 

acquisition entailed a backscattered electron image (BSEI) and secondary electron image 

(SEI) mode. An accelerating voltage of 20-25 kV, a working distance of 9-10 mm, and an 

image size of 1024*884 pixels were used for getting quality images. Energy Dispersive X-ray 

Analysis (EDAX) and X-ray mapping were employed while imaging on FE-SEM was carried 

out to obtain elemental composition at different areas of the coating and surface 

morphology of the coatings, respectively. The specimen were silver pasted between samples 

and the stub in order to have conductivity, thereafter, gold coated to facilitate elemental X-ray 

mapping analysis of the different elements present across the coating. The selected area has 

three regions i.e. substrate, coating and some epoxy region. X-ray mappings were obtained for 

all the elements of the substrate and the coatings, but only those mappings are reported which 

indicates the presence of some element. 
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3.4 HIGH TEMPERATURE OXIDATION AND HOT CORROSION STUDIES 

3.4.1 Experimental Setup 

Oxidation and hot corrosion studies were conducted at 900°C in a laboratory silicon 

carbide tube furnace (make Digitech, India) as shown in Fig.3.4 (a & c). The furnace was 

calibrated to an accuracy of ± 5°C using Platinum/Platinum-13% Rhodium thermocouple 

fitted with a temperature indicator of Electromek (Model-1551 P), India. The bare as well as 

the coated specimens were polished down to 11.tm alumina wheel cloth polishing to obtain 

similar condition of reaction before being subjected to corrosion run. The physical 

dimensions of the specimens were then recorded carefully with Sylvac digital vernier 

caliper (Swiss make, resolution 0.01) to evaluate their surface areas. Subsequently, the 

specimens were washed properly with acetone and dried in hot air to remove the moisture. 

During experimentation, the prepared specimen was kept in an alumina boat and the 

weight of boat and specimen was measured. The alumina boats used for the studies were 

pre-heated at a constant temperature of 1200°C for 12 hours and it was assumed that their 

weight would remain constant during the course of high temperature cyclic 

oxidation/corrosion study. Then, the boat containing the specimen was inserted into hot 

zone of the furnace maintained at a temperature of 900°C. The weight of the boat loaded 

with the specimen was measured after each cycle during the corrosion run, the spalled 

scale if any was also considered during the weight change measurements. Holding time in 

the furnace was one hour in still air followed by cooling at the ambient temperature for 20 

minutes. Following this, weight of the boat along with specimen was measured and this 

constituted one cycle of the oxidation study. Electronic Balance Model CB-120 (Contech, 

Mumbai, India) having a sensitivity of 10-3  g was used to conduct the weight change studies 

(Fig.3.4.e). The specimens were subjected to visual observations carefully after the end of 

each cycle with respect to color or any other physical aspect of the oxide scales being 

formed. All oxidation and hot corrosion studies were carried out for 50 cycles. The 

reproducibility in the experiments was established by repeating hot corrosion experiments 

for three cases. 

111 



Fig. 3.4 
	

Experimental set up for high temperature oxidation and hot corrosion 

studies; (a) Heat Zone inside furnace, (b) Molten salt coating, (c) Silicon tube 
furnace, (d) Oven for pre heating the specimens, (e) Electronic balance 
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3.4.2 Oxidation Studies in Air 

The oxidation tests at 900°C were performed on all four bare alloys (mirror polished) 

as well as coated alloys in laboratory silicon tube furnace (Fig.3.3) up to 50 cycles as 

discussed in section 3.4.1. 

3.4.3 Hot Corrosion Studies in Molten Salt (Na2SO4  - 60%V205) 

3.4.3.1 Coating of Molten Salt 

The as coated as well as bare specimens (mirror polished) were prepared for studies 

as discussed in section 3.4.1. The specimens were then heated in an oven up to 250°C and a 

salt mixture of Na2SO4-60%V205  dissolved in distilled water was coated on all the six 

surfaces of the warm polished specimens with the help of a camel hair brush (Fig.3.4.b). The 

salt Na2SO4 was obtained from S.D. Fine-chem Limited (Art. 40223), Mumbai and V205  was 

obtained from Loba Chemie Pvt. Ltd (Art. 6470), Mumbai. Amount of the salt coating was 

kept in the range of 3.0 -5.0 mg/cm2. The salt coated specimens as well as the alumina 

boats were then dried in the oven (Fig.3.4.d) for 3 hours at 100°C and weighed before being 

exposed to hot corrosion tests. 

3.4.3.2 Hot Corrosion Studies 

The bare as well as coated specimens after application of salt coating were subjected 

to hot corrosion in the laboratory furnace at 900°C for 50 cycles as discussed in section 

3.4.1. 

3.4.4 Studies in coal fired Industrial boiler Environment 

The coated as well as bare alloy specimens were exposed to the platen super-

heater zone of the coal fired boiler of Stage-II at Guru Nanak Dev Thermal Plant, Bathinda, 

Punjab (India). This zone was selected for the present study as many breakdowns 

occurred in this power plant due to hot corrosion degradation of the platen super-heater 

tubes of the coal fired boilers. A hole of 1.2 mm diameter was drilled in all the specimens 

to hang them in the boiler for experimentation. The coated as well as bare specimens 
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were polished down to 1p,m alumina on a cloth polishing wheel machine to obtain similar 

conditions of reaction on the surface of all the specimens. The physical dimensions of the 

specimens were measured with a Sylvac digital vernier caliper (Swiss make, resolution 

0.01), to evaluate their surface areas. 

Table 3.6: Chemical analysis of ash and flue gases inside the boiler 

Ash Flue Gases 

(Volumetric flow, 231 m3/sec) Constituent Wt. 
%age 

Silica 54.70 Constituent Value relative to flue 
gases 

Fe2O3  5.18 SO, 236 mg/m3  
A1203- 
Fe2O3/A1203  

29.56 NO 1004 pg/m3  

Calcium oxide 1.48 CO2  12% 

Magnesium 
oxide 

1.45 02 7% 

SO3  0.23 

40% excess air was supplied to the 
boiler for the combustion of coal. 

Na2O 0.34 

K2O 1.35 

Ignition loss 4.31 

To measure the thickness during experimentations, the average thickness of each 

specimen (average of 10 measurements) was measured using Sylvac micrometer screw 

gauge (Swiss make, resolution 0.001), before exposing them to the boiler environment. 

The coated as well as bare specimens were then hanged with the help of a stainless steel 

wire through the soot blower dummy points at 27 m height from the base of the boiler. 

The specimens were exposed to the combustion environment for 10 cycles. Each cycle 

consisted of 100 hours heating followed by 1 hour cooling at ambient conditions. The 

temperature was measured at regular intervals during the study and the average 

temperature was about 900°C with variation of ± 10°C. 
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(a) 

&MAO 	- MS AtP/0 
CK 11.67 18.19 
NK 01.30 01.73 
OK 44.13 51.64 
NaK 00.22 00.18 
MgK 00.55 00.42 
AIK 18.89 13.11 
Si K 20.17 13.45 
SK 00.25 00.15 
KK 00.69 00.33 

Ca K 00.69 00.32 
FeK 01.44 00.48 
Matrix Correction ZAF 

Fig. 3.5 	Analysis of fly ash; (a) SEM morphology and (b) EDAX compositional analysis 

After the end of each cycle, the specimens were visually observed for any change 

in the surface texture, further it has been washed by acetone and weight of the specimens 

were measured subsequently using an Electronic Balance Model CB-120 (Contech, 

Mumbai, India, and sensitivity 1013  g). The chemical analysis of the flue gas and ash 

present inside the boiler is given in Table 3.6. The SEM/EDAX analysis of the fly ash is 

shown in Fig. 3.5. After the end of each cycle, the specimens were subjected to careful 

visual observation for any change in the surface. 
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3.5.5.3 X-ray mapping analysis 

X-ray mapping analysis of the oxidized and corroded samples was done on field 

emission scanning electron microscope (FEI, Quanta 200F Company) as described in section 

3.3.10.3. The selected area has three regions i.e. substrate, scale and some epoxy region. X-ray 

mappings were obtained for all the elements of the substrate and the scale, but only those 

mappings are reported which indicates the presence of some element. 

3.6 EROSION STUDIES IN SIMULATED COAL-FIRED BOILER ENVIRONMENT 

3.6.1 Experimental Setup 

Erosion testing was carried out using a solid particle erosion test rig TR-471-M10 Air 

Jet Erosion Tester (Ducom Instruments Private Limited, Bangalore, India) capable of 

conducting tests at room temperature as well as high temperature shown in Fig.3.6. The rig 

consisted of an air compressor, erodent feeding system, mixing chamber, furnace unit, 

specimen holder, nozzle, erodent collection chamber, pneumatic control box and electrical 

control box. The test method utilizes a repeated impact erosion approach involving a small 

nozzle delivering a stream of gas containing abrasive particles which impacts the surface of 

a test specimen. 

Dry compressed air was mixed with the erodent particles, which were fed at a 

constant rate from hopper through erodent feeding system in the mixing chamber and then 

accelerated by passing the mixture through a converging nozzle made of inconel material of 

4 mm diameter. These accelerated particles impacted the specimen kept in the furnace unit 

consisting of specimen heater and air heater. The specimen could be held at various angles 

with respect to the impacting particles using an adjustable sample holder. The discharge 

rate of the particles could be controlled by varying the frequency of motor speed in the 

erodent feeding system. The erodent feeding system consists of a hopper which allows 

erodent to fall under gravity through throat on a wheel which is rotated by a motor through 

timer belt. Motor speed determines the extent of discharge. The impact velocities of the 

particles could be varied by varying the pressure of the compressed air. 

118 



Fig. 3.6 
	

Experimental set-up for erosion-corrosion in simulated coal-fired boiler 

environment (a) Air Jet Erosion Tester, (b) Interior view of specimen loading 

chamber 

3.6.2 Erosion Studies in an Air Jet Erosion Test Rig 

The studies were performed for uncoated as well as coated specimens for the purpose 

of comparison. The erosion test conditions utilized in the present study are listed in Table 3.7. 

A standard test procedure was employed for each erosion test. The uncoated as well as the 

coated specimens were polished down to ltim alumina wheel cloth polishing to obtain similar 

condition on all the samples before being subjected to erosion run. The samples were cleaned 

in acetone, dried, weighed to an accuracy of lx10-5  g using an electronic balance, eroded in 

the test rig for 3 hours and then weighed again to determine weight loss. In the present study 
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standard alumina 50 micron ( supplied with Erosion Test Rig by Ducom Instruments Private 

Limited, Bangalore, India) was used as erodent (Fig. 3.7). 

The two temperatures were taken for the test (Table 3.7), sample temperature 

400°C and air/erodent temperature 900°C simulated to service conditions of boiler tubes in 

which sample temperature and flow gas temperature correspond to the inner and outer 

temperature of water wall pipes. In general, Erosion resistance is measured using weight loss 

technique by measuring the weights before and after the test. But at high temperature, 

weight change measurements leads to flawed results due to oxidation of samples. In order to 

overcome the limitations of the weight change technique, a different technique was used for 

the present investigation. Erosion resistance was measured in terms of volurn.e Loss after the 

erosion testing. 

Table 3.7 	Erosion-Corrosion Test conditions 

Erodent material Alumina (Irregular shape) 

Erodent Specifications 50 micron A1203  

Particle velocity (m/s) 35m/s 

Erodent feed rate (g/min) 2 gm/min 

Impact angle (°) 30, 90 

Test temperature Sample Temperature 400°C and Air 
Temperature 900°C 

Nozzle diameter (mm) 4 

Test time (Hrs) 3 Hours 

3.6.3 Analysis of eroded surfaces 

All the specimens subjected to erosion wear were analyzed for the characterization 

of erosion products. The specimens were analyzed using surface SEM, EDAX and 

measurement of surface profiles using optical profilometer. 
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Fig. 3.7 	Analysis of Alumina (A1203); (a) SEM morphology and (b) EDAX compositional 
analysis 

3.6.3.1 Visual Observation 

For the specimens eroded in laboratory test rig, visual examination was made after 

the completion of erosion cycles and the macrographs of the eroded specimens were 

taken. 

3.6.3.2 Erosion rate in terms of Volume loss 

The volume loss occurred after erosion testing was measured by using non contact 

optical profilometry. The method was used to evaluate surface characteristics, such as 

erosion volume loss and depth, surface topography. Veeco Optical Profitometer (NT 1100, 

USA make) was used_ This method characterizes and quantifies critical dimensions (such 

as area and volume of the damaged erosion wear scars), and topographical features. It 

has three-dimensional profiling capability with excellent precision and accuracy. The 

shape of a surface can be displayed by a computer-generated map developed from 

digital data derived from a three-dimensional interferogram of the surface. 

The erosion depth was measured at six random locations to obtain the average 

erosion depth of an eroded scar on an eroded specimen. At each location (including eroded 
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and uneroded area) surface profiles were taken. The intact/unaffected surface (uneroded 

area) was used as a reference plane for the erosion depth measurement. At each erosion 

scar, six contour maps were obtained. The maximum erosion depth was obtained by 

measuring a step height between a nominal surface and a zero level of the bottom wear 

surface of the erosion scar in a cross-sectional profile of each contour map. Then, the mean 

value of the six maximum erosion depths was determined and defined as the mean erosion 

depth. The erosion scar area was measured using Image analysis software (Image J 1.41). 

Thus, the erosion wear volume loss can be calculated. The histograms illustrating the erosion 

rates in terms of volume loss (mm3/g) have been plotted to compare erosion rates of 

different uncoated alloys and coated alloys and have been discussed in Chapters 4, 5, 6 and 

7. 

3.6.3.3 SEM/EDAX Analysis 

Surface SEM analysis of the eroded samples was conducted using Field emission 

scanning electron microscope (FEI Company, Quanta 200F) with EDAX attachment as 

explained in section 3.3.10.1. EDAX analysis at few points of interest was taken which are 

presented in Chapters 4, 5, 6 and 7. 

3.7 CORROSION STUDIES IN SIMULATED MARINE ENVIRONMENT 

3.7.1 Linear polarization resistance (LPR) and potentiodynamic polarization tests 

In order to evaluate the corrosion behavior of the substrates and coatings in 

simulated marine environment; linear polarization resistance (LPR) and potentiodynamic 

polarization tests were conducted in an aerated 3 wt% NaCI solution at room temperature. 

The electrolyte employed was prepared with NaCI analytical grade reagent with minimum 

assay 99.9 % supplied by Qualigens Fine Chemicals, Mumbai, India and deionised water. The 

LPR and potentiodynamic polarization tests were carried out using EG&G PAR model 273A 

potentiostat as shown in Fig.3.8. The test cell used was having the provisions  in the form of 

circular openings of different sizes to permit the introduction of the two high purity 

graphite counter electrodes, the working electrode (test specimen) and the Luggin probe 
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capillary tube, which housed the saturated calomel reference electrode (SCE). The tip of the 

Luggin probe capillary was placed near the sample. The exposed surface area of all 

specimens was 1 cm2  and the remaining portion except the exposed area was painted with 

good quality nail-polish in order to prevent the initiation of corrosion. Before the 

electrochemical measurements, samples were allowed to stabilize at their open circuit 

potential for 30 min. 

Fig. 3.8 	Experimental set-up for linear polarization resistance (LPR) and 

potentiodynamic polarization tests (a) Potentiostat, (b) Specimen coated 

with nail-paint (c) Test cell 

The initial corrosion current density and LPR (Re) was measured by LPR test. The 

primary reason was that linear polarization scans were conducted in very small potential 

range (-20mV to + 20mV vs Open Circuit Potential), which does not damage the surface of 

the sample, unlike potentiodynamic polarization scans, which require scanning over a 

longer potential range (Sahoo and Balasubramaniam, 2007). Potentiodynamic polarization 

measurements were carried out starting from -250 mVocp to 1600 mVscE  with a scan rate of 

0.5 mV/s. The potentiodynamic polarization plots were interpreted using SoftcorrTM Ill 
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Chapter 4 

SUBSTRATE ASTM-SA210 GRADE A-1 BOILER STEEL 

This chapter deals with the results and discussion for the bare and coated ASTM-

SA210 Grade A-1 boiler steel exposed to different degradation environments. It includes the 

characterization of the nanostructured and conventional TiAIN and AICrN coatings on Grade 

A-1 boiler steel and their behavior when exposed to high temperature oxidation studies in 

air, molten salt (Na2SO4-60%V205) environment and in a coal fired boiler of a thermal plant, 

erosion studies in simulated coal-fired boiler environment and corrosion studies in 

simulated marine environment. 

4.1 CHARACTERIZATION OF COATINGS 

The present work has been focused to characterize the conventional thick (by 

plasma spraying and gas nitrided) and nanostructured thin (by physical vapor deposition 

process) TIAIN and AICrN coatings developed on ASTM-SA210 Grade A-1 boiler steel. 

4.1.1 Results 

4.1.1.1 Visual observations 

The nanostructured thin (by Physical Vapor Deposition process) and conventional 

thick (by Plasma Spraying and Gas Nitriding) TiAIN and AICrN coatings have been formulated 

successfully on ASTM-SA210 Grade A-1 boiler steel. The macrographs of as-coated Grade A-

1 boiler steel are shown in Fig.4.1. It can be observed from the macrographs; the 

nanostructured thin TiAIN coating is violet grey in color and nanaostructured thin AICrN 

coating is light grey in color. Visual observations indicate; the surface of nanostructured 

coatings is smooth whereas the surface of conventional thick coatings is rough. The coior of 

the thick coatings appeared as grey with some bluish shining. Also, Optical micrographs of 

the nanostructured and conventional coatings are shown in Fig.4.2. The nanostructured 

coatings (Fig.4.2.a & b) have uniform microstructure. It is evident from the microstructure 
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that the coatings contain some pores and inclusions. In case of conventional thick coatings 

(Fig.4.2.c & d); the massive microstructure can be observed with irregularly shaped grains. 

Fig. 4.1 
	

Surface macrographs for the as coated ASTM-SA210 Grade A-1 boiler steel (a) 
Nanostructured TiAIN coating, (b) Nanostructured AICrN coating, (c) 
Conventional TiAIN coating, (d) Conventional AICrN coating 

4.1.12 Surface analysis 

4.1.1.2.1 X-ray diffraction analysis (XRD) 

XRD diffractograms for nanostructured and conventional TiAIN and AICrN coated 

Grade A-1 boiler steel are depicted in Fig.4.3 on reduced scale. As indicated by the 

diffractograms in Fig.4.3; TiN and AIN are the main phases present in the nanostructured 

thin TIAIN coating. Further, in case of nanostructured AICrN coating, the prominent phases 

are CrN and AIN. The grain size of the nanostructured thin coatings was estimated from 
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Fig. 4.3 
	

X-Ray Diffraction pattern of as coated ASTM-SA210 Grade A-1 boiler steel (a) 

Nanostructured TiAIN coating, (b) Nanostructured AICrN coating, (c) 

Conventional 'VAIN coating, (d) Conventional AICrN coating 

4.1.1.2.3 AFM analysis of the as deposited nanostructured thin coatings 

The surface topography of the nanostructured thin TiAIN and AICrN coatings was 

studied using Atomic Force Microscope (AFM: NT-MDT: NTEGRA Model) in semi contact 

mode. Figure 4.4 shows the AFM surface morphology (2D and 3D) of the nanostructured 

thin TiAIN and AICrN coatings deposited on Grade A-1 boiler steel. The difference in the 

morphology between the two coatings can be inferred by comparing the 2D images in Fig. 

A A i-A and I-A- ke...e..Nr a dearer comparison of th. coatings  crud/ be afforded by viavinaI . ?  vai .1141../,uvvv. 	 %.s..s.... ..“. . 	 Ce * 	 "C 

3D images in Fig. 4.4 (b) and (d). As the axis scale indicates the overall roughness of the 

nanostructured TiAIN coating (Fig. 4.4.b) is less than that of AICrN coating (Fig. 4.4.d). The 

surface roughness and particle size in the coatings as analyzed by AFM analysis; reported in 
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4.1.1.2.5 Evaluation of microhardness and bond strength of the conventional coatings 

The microhardness of the coatings has been measured along the cross-section of the 

conventional thick TiAIN and AICrN coated Grade A-1 boiler steel. Figure 4.5 shows the 

microhardness profiles along the cross-section of the coatings as a function of distance from 

the coating-substrate interface. The critical hardness values of the substrate Grade A-1 

boiler steel was found to be in the range 200-250 Hv. From the microhardness profiles 

(Fig.4.5) it is obvious that the conventional TiAIN coating has shown maximum 

microhardness of the order of 900-950 Hv. The conventional thick AICrN coating has shown 

microhardness of the order of 600-700 Hv. 

The bond strength of the conventional thick TiAIN and AICrN coatings was measured 

on three specimens as per ASTM standard C633-01. The coatings failed at the substrate-

coating interface while remaining attached to the adhesive (Fig.4.6). Average bond strength 

of 68.74 MPa and 54.69 MPa was observed in case of conventional TiAIN and AICrN coatings 

respectively (Table.4.2). 

4.1.1.2.6 Surface morphology of coatings 

SEM micrographs along with EDAX point analysis reveal the surface morphology of 

the nanostructured and conventional TiAIN and AICrN coated Grade A-1 boiler steel; are 

shown in Fig.4.7. Micrograph (Fig.4.7.a) for nanostructured thin TiAIN coating at higher 

magnification (10000 X) indicates grey matrix with some black and white contrast regions. 

Dense structure with lower porosity is observed in the coating microstructure and also it is 

free from cracks. EDAX analysis at point 1 and point 2 in Fig.4.7 indicates the prescenre. of Ti, 

Al and N with negligible amount of Fe. The black colored areas revealed the higher amount 

of Ti and less concentration of Al as compared to the white contrast region. In case of 

nanostructured thin AICrN coated Grade A-1 boiler steel, the SEM micrograph indicates 

dense grey colored coating with tiny dark grey particles dispersed in the matrix. EDAX point 

analysis (Point 3 and 4 in Fig.4.7) shows, the coating is rich in Al, Cr and N along with small 

amount of Fe and oxygen (Fig.4.7.b). 
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Fig. 4.7 	Surface-scale morphology and EDAX patterns from different spots on as coated 
ASTM-SA210 Grade A-1 boiler steel (a) Nanostructured TiAIN coating, (b) 
Nanostructured AICrN coating, (c) Conventional TiAIN coating, (d) Conventional 
AICrN coating 
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The micrographs in case of conventional plasma sprayed gas nitride TiAIN and AICrN 

coatings are shown in Fig.4.7(c and d). In general microscopic features indicate that the 

conventional coatings are homogeneous, massive and free from cracks. Presence of some 

oxide stringers as well as open pores has been noticed in general in the conventional 

coatings. The EDAX point analysis (Point 5 and 6 in Fig.4.7); in case of conventional TiAIN 

coating indicates the higher concentration of Ti and Al in the coating along with some 

amount of N and oxygen. The presence of Al and Cr along with N and oxygen is revealed by 

EDAX analysis in case of conventional AICrN coating (Point 7 and 8 in Fig.4.7). 

4.1.1.3 Cross-sectional analysis 

4.1.1.3.1 Coating thickness 

The as-coated samples were cut across the cross section using Buehler Isomet 1000 

precision saw and mounted in transoptic mounting resin and subsequently mirror polished 

to obtain scanning electron back scattered micrographs and X-ray mapping of different 

elements for coated Grade A-1 boiler steel. The coating thickness values were measured 

from SEM back scattered micrographs as shown in Fig.4.8; and average coating thickness is 

reported in Table.4.2. The measured average coating thickness values for nanostructured 

thin and conventional thick TiAIN and AICrN coatings are 6.1, 4.2, 172 and 166 respectively. 

4.1.1.3.2 X-Ray mapping 

BSEI and X-ray mapping analysis for nanostructured and conventional TiAIN and 

AlCrN coated Grade A-1 boiler steel is shown in Fig-. 1.1.8. 	BSEI and X-ray mapping 

analysis of the nanaostructured TiAIN coated Grade A-1 boiler steel is presented in Fig. 

4.8.(a). The X-ray mapping indicates presence of Al and Ti along with small amount of N in 

the coating and no diffusion of Fe from the substrate has been observed. In case of 

nanostructured thin AICrN coated Grade A-1 boiler steel; the BSEI and X-ray mapping are 

shown in Fig. 4.8.(b). 
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Fig. 4.8 (a) 	Composition image (SEI) and X-ray mapping of the cross-section of as-coated 
nanostructured TiAIN coating on ASTM-SA210 Grade A-1 boiler steel 
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Fig. 4.8 (b) 	Composition image (SEI) and X-ray mapping of the cross-section of as-coated 
nanostructured AICrN coating on ASTM-SA210 Grade A-1 boiler steel 
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Fig. 4.8 (c) 	Composition image (SEI) and X-ray mapping of the cross-section of as-coated 

conventional TiAIN coating on ASTM-SA210 Grade A-1 boiler steel 

138 



Cr 

• 

I IV 	1.14,1 	. 

N 

Fig. 4.8 (d) 	Composition image (SEI) and X-ray mapping of the cross-section of as-coated 
conventional AICrN coating on ASTM-SA210 Grade A-1 boiler steel 
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The X-ray mapping indicates the presence of Al and Cr along with some 

concentration of N in the coating; and no diffusion of Fe and other elements from the 

substrate have been observed. In case of conventional thick TiAIN coated Grade A-1 boiler 

steel, Fig.4.8.(c), Al and Ti rich coating along with negligible amount of N and 0; has been 

observed. The diffusion of Fe from the substrate has taken place as indicated by X-ray 

mapping analysis. Figure.4.8.(d) depicts the BSEI and X-ray mapping in case of conventional 

AICrN coated Grade A-1 boiler steel. The coating is rich in Al and Cr with negligible presence 

of N and 0. The X-ray mapping analysis indicates the presence of thin horizontal bands of Al 

and 0 in the coating. 

4.1.2 Discussion 

The nanostructured thin TiAIN and AICrN coatings on ASTM-SA210 Grade A-1 boiler 

steel were obtained using a front-loading Balzer's rapid coating system (RCS) machine at 

Oerlikon Balzers Ltd. Gurgaon (India). In case of conventional thick TiAIN and AICrN 

coatings; the plasma spray coatings were obtained at Anod Plasma Ltd. Kanpur (India) using a 

40 kW Miller Thermal Plasma Spray apparatus. The compositions of the targets used and the 

summary of the process parameters are presented in detail in chapter 3. The coating 

thickness was measured along the cross-section for some of the randomly selected samples and 

reported in Table 4.1 and 4.2. The coatings thickness was observed to be 6.1 and 4.2 gm in case 

of naostructured TiAIN and AICrN coatings respectively. The self-disintegration of thicker 

coatings usually restricts the thickness of the coatings (Sidhu et al, 2004). In case of 

conventional thick coatings; it was possible to obtain a thickness in range of 150-200 tiro for Ti-

Al and Al-Cr coatings. After coating deposition process; the gas nitriding was done in lab in order 

to obtain hard metal nitride coatings. The coating thickness was measured along the cross-

section for some randomly selected samples and reported in Table 4.2. The coatings thickness 

was observed as 172 and 166 gm in case of conventional thick TtAIN and AICrN coatings 

respectively. 

The surface appearance of nanostrucured TiAIN coating was violet grey in color and 

light grey in case of nanostructured AICrN coating (Fig.4.1). In case of conventional thick 
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coatings: the surface appearance of conventional TiAIN and AICrN coatings was grey with 

some bluish shining (Fig.4.1). The surface of conventional thick coatings was rough. As 

inferred from optical micrographs (Fig.4.2 a & b) that the nanostructured coatings were 

dense with uniform microstructure. It is evident from the microstructure that the coatings 

contain some pores and inclusions. In case of conventional thick coatings (Fig.4.2.c & d); the 

massive microstructure could be observed with irregularly shaped grains. 

The negligible porosity values for as coated nanostructured thin TiAIN and. AICrN 

coatings were observed; which were less than 0.5 % (Table 4.1). The measured porosity 

values of plasma sprayed and gas nitrided coatings are reported in Table 4.2. The measured 

values of porosity (2.00-4.30%) for as sprayed conventional Ti-Al and Al-Cr coatings are almost 

in close agreement with the findings of Chen et al. (1993), Erickson et al. (1998), Hidalgo et 

al. (1998 and 1999), Singh (2003) and Sidhu et al. (2004 and 2005A) for thermal plasma 

sprayed coatings. Further, the porosity values found to be less than 0.6% after gas nitriding, 

which may be because of elimination of microstructural in-homogeneities by filling of pores 

and voids by nitrogen during gas nitriding. 

The phases identified by XRD analysis (Fig.4.3) for nanostructured thin TiAIN coating are 

TiN and AIN. The phases analyzed are also in agreement with that reported by Yoo et al. 

(2008), Falub et al. (2007) and Man et al. (2004). The prominent phases in case of 

nanostructured AICrN coating are CrN and AIN which are in agreement with the findings of 

Reiter et al. (2005) and Endrino et al. (2006). Further, the main phases identified for the 

conventional thick TiAIN coating are A1203, TiN, Ti3A1, AIN and small peaks of 1102  and Fe2O3. 

The phases identified in case of conventional thick AICrN coating are CrN, AIN, and Al2O3  

with minor peaks of Cr2O3. The presence of metal nitride phases indicates that the gas 

nitriding process has successfully produced the desired coatings. Further, the phases 

analyzed are also in agreement with that reported .by Adachi and Nakata (2007). 

The grain size (Table.4.1) of the nanostructured thin coatings was estimated from 

Scherrer formula (Cullity, 1970) as follows: 

D. 0.9 X/8 Cosa 	 (4.1) 
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Where A, B and 0 are the X-ray wavelength (1.54056 °A), Bragg diffraction angle and 

line width at half maximum, respectively. The calculated grain size for nanostructured thin 

TiAIN and AICrN coatings was 16 and 26 nm respectively. The grain size in case of 

nanostructured coatings was further verified by AFM analysis and reported in Table 4.1. The 

nanostructured thin TiAIN coating had shown smaller particle size (18 nm) as compared to 

nanostructured thin AICrN coating (28 nm). The particle size determined by AFM analysis is 

in good agreement with the results obtained from Scherrer formula. 

The surface roughness was also measured with AFM analysis and reported in Table 

4.1. As the axis scale indicates the overall roughness of the nanostructured TiAIN coating 

(Fig. 4.4.b) is less than that of AICrN coating (Fig. 4.4.1:1). The _surface roughness in case of 

nanostructured TiAIN coating was observed 3.75 nm and 6.10 nm in case of nanostructured 

AICrN coating (Table.4.1). The coating surface was very rough in case of conventional thick 

TiAIN and AICrN coatings due to the presence of unmelted/partially melted particles and 

the roughness was found to be in the range of 10.35-15.13 gm and 11.84-15.23 p.m 

respectively. The centre line average (CLA) method was used to obtain the Ra  values. 

Hardness is the most frequently quoted mechanical property of the coatings 

(Tucker, 1994). The observed microhardness values (Fig.4.5) for the conventional coatings 

are within the range of microhardness values reported for plasma coatings by Adachi and 

Nakata (2007), Vuoristo et al. (1994), Chen and Hutchings (1998 ) and Westergard et al.(1998). 

Microhardness plots indicate some increase in the microhardness of substrate steel at the 

substrate coating interface. The hardening of the substrates as observed in the current study 

might have occurred due to the high speed impact of the coating particles during plasma 

spray deposition similar to the findings of Singh (2003 ), Hidalgo et al. (1997, 1998, 1999 and 

2000) and Sidhu et al. (2004 and 2005B). The observed non-uniformity in the hardness values 

along the thickness of the coatings may be due to the microstructural changes along the cross 

section of the coatings (Stain  et 	7nni). Mnrpnvar, the microhardness and other properties 

of the thermal spray coatings are anisotropic because of typical splat structure and directional 

solidification (Tucker, 1994). 
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The bond strength of the conventional thick TiAIN and AICrN coatings was measured 

on three specimens as per ASTM standard C633-01. The coatings failed at the substrate-

coating interface while remaining attached to the adhesive (Fig.4.6). Average bond strength 

of 68.74 MPa and 54.69 MPa was observed in case of conventional TiAIN and AICrN coatings 

respectively. The bond strength in case of conventional TiAIN coatings (68.74 MPa) is almost 

in good agreement with the results reported by Adachi and Nakata (2007). 

SEM micrographs along with EDAX point analysis reveal the surface morphology of 

the nanostructured and conventional TiAIN and AICrN coated ASTM-SA210 Grade A-1 boiler 

steel; are shown in Fig.4.7. Surface EDAX analysis supported the results obtained by XRD 

(Fig.4.3) and X-ray mapping analysis (Fig.4.8) in all the coatings. The presence of Ti, Al and N 

with negligible amount of Fe (in nanostructured TiAIN coating), Al, Cr and N along with small 

amount of Fe and oxygen (in nanostructured TiAIN coating), the higher concentration of Ti 

and Al in the coating along with some amount of N and oxygen (in conventional TiAIN 

coating) and Al and Cr along with N and oxygen (in conventional AICrN coating); is revealed 

by surface EDAX analysis (Fig.4.7). Also, the XRD analysis indicates the presence of the oxide 

phases in the coatings i.e. A1203, T102 and Fe203 in case of conventional TiAIN coating and 

the presence of A1203 and Cr203 in case of conventional AICrN coatings. The oxides may form 

due to the in-flight oxidation during spraying process and/or preexisting in the feed material 

(Bluni and Mardar, 1996). The latter reason for the oxides formation in the structure of coatings 

under study looks to be more relevant as the chances of in-flight oxidation are meager in case 

of the shrouded plasma spraying. 	Deshpande et al. (2006) proposed that, during in-flight 

oxidation, a layer of oxide is formed on the molten partirla duo to chemical reactions 

between the surface of the liquid phase and oxygen or due to diffusion of oxygen into the 

liquid. The turbulent mixing of the liquid part of the powder particle during its flight 

destroys the surface layer of oxides and causes the oxides to be distributed more uniformly 

through the bulk volume of the particle. However, when temperature of the particle starts 

dropping during later part of the flight, these oxides tend to solidify and a thin oxide shell 

would form around the droplet. The oxidation time during thermal spray coating is short 

typically less than 0.01 s, and can occur in either the solid or molten state. The oxidation of 
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coatings is not always harmful, it is equally important to control and understand the 

different aspects of oxidation of coatings; therefore, it is important to find an optimum level 

for oxidation of coatings (Herman, 1988; Korpiola and Vuoristo, 1996; Nerz et al., 1992). The 

diffusion of Fe from the substrate to the coating (in conventional coatings) was identified by 

XRD and X-ray-mapping analysis. This type of diffusion of the base metal component into the 

coating has also been observed by Wang et al. (2001). 

4.1.3 Conclusions 

The nanostructured thin TiAIN and AICrN coatings (by physical vapour deposition process) 

and conventional thick TiAIN and AICrN coatings (by plasma spraying followed by gas 

nitriding process) were successfully deposited on ASTM-SA210 Grade A-1 boiler steel. The 

coatings were characterized for microstructural features and hardness in present work. The 

following observations were made based on the present study: 

1. The nanostructured thin TiAIN and AICrN coatings exhibited negligible porosity 

values; which were less than 0.5 %. The conventional TiAIN and AICrN coatings 

showed; higher porosity values (2.00-4.30%) for as sprayed conventional Ti-Al and Al-Cr 

coatings which has been found to be less than 0.6 % after gas nitriding. 

2. The phases identified by XRD analysis for nanostructured thin TiAIN coating are TiN and 

AIN. Further, in case of nanostructured AICrN coating, the prominent phases are CrN 

and AIN. The main phases identified (by XRD analysis) for the conventional thick 

TiAIN coating were A1203, TiN, Ti3A1, AIN along with small peaks of TiO2 and Fe2O3. 

The phases identified in case of conventional thick AICrN coating were CrN, AIN, and 

A1203 with minor peaks of Cr2O3. 

3. The grain size (calculated by Scherrer formula from XRD plot) for nanostructured 

thin TiAIN and AICrN coatings was 16 and 26 nm respectively. The particle size 

determined by AFM analysis is in good agreement with the results obtained from 

Scherrer formula. 
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4. The surface roughness in case of nanostructured TiAIN coating was observed 3.75 

nm and 6.10 nm in case of nanostructured AICrN coating. The coating surface was 

very rough in case of conventional thick TiAIN and AICrN coatings. 

5. The average bond strength of 68.74 MPa and 54.69 MPa Psi was observed in case of 

conventional TiAIN and AICrN coatings respectively. 
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4.2 OXIDATION STUDIES IN AIR 

The present work has been focused to compare the cyclic oxidation behavior of 

conventional thick (by plasma spraying and gas nitrided) and nanostructured thin (by 

physical vapor deposition process) TiAIN and AICrN coatings on ASTM-SA210 Grade A-1 

boiler steel, in air environment, at 900°C for 50 cycles. The kinetics of the cyclic oxidation of 

coated as well as uncoated specimens was determined using the weight change studies. 

After the oxidation studies, the exposed specimens were analyzed by XRD, SEM-EDAX 

analysis and elemental X-ray mapping. The detailed experimental procedure is explained in 

chapter 3. 

4.2.1 Results 

4.2.1.1 Visual observations 

The macrographs for uncoated and coated ASTM-SA210 Grade A-1 boiler steel 

subjected to cyclic oxidation in air at 900°C for 50 cycles are shown in Fig.4.9. For the 

uncoated Grade A-1 boiler steel, a grey colored scale appeared on the surface right from 

the 2nd  cycle. This bare steel showed spalling of scale and scale starts falling in the boat after 

3rd  cycle. Some metallic sound was also observed during cooling for some cycles. At the end 

of cyclic study; a blackish grey colored scale with cracks was observed (Fig.4.9.a). 

In case of nanostructured thin TiAIN coated Grade A-1 boiler steel, color of the oxide 

scale at the end of the study was observed to be grey with some whitish grey areas on the 

surface, as shown in Fig.4.9 (b). Grey color spots were observed after 13th  cycle. 

Subsequently, cracks were developed in the scale and spalling was observed after 30th  cycle. 

Whereas nanostructured thin AICrN coated Grade A-1 boiler steel has shown the formation 

of smooth scale with the presence of very fine cracks, when subjected to cyclic oxidation in 

air at 900°C for 50 cycles, as shown in Fig.4.9 (c). Golden and ink blue reflections were 

observed in the scale, after the completion of 2nd  cycle, which turned to dark grey 

subsequently. The oxide scale at the end of cyclic study has shown very fine cracks on the 

surface. Some amount of superficial spalling was noticed at the end of 3rd  cycle in case of 
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conventional thick TiAIN coated Grade A-1 boiler steel, which may be due to the loosely 

bond particles on the surface of the coating. A visual observation of (Fig.4.9.d), showed the 

formation of very light grey color in the middle of the sample along with dark grey sides 

after 6th  cycle. 

Fig. 4.9 Surface macrographs of uncoated and coated ASTM-SA210 Grade A-1 boiler 
steel after exposure to cyclic oxidation in air at 900°C for 50 cycles : (a) 
Uncoated Grade A-1 boiler steel, (b) Nanostructured TiAIN coating, (c) 
Nanostructured AICrN coating, (d) Conventional TiAIN coating, (e) Conventional 
AICrN coating 
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After 46th  cycle, four brownish grey lines have been observed on the surface as 

shown in Fig.4.9 (d) and rest of the surface appearance was observed as whitish grey. The 

scale was smooth and adherent to the substrate. In case of conventional thick AICrN coated 

Grade A-1 boiler steel, color of the oxide scale was bluish grey after 4th  cycle, which turned 

to whitish grey in the middle along with brownish grey corners at the end of the cyclic study 

(Fig.4.9.e). The scale was found to be adherent and smooth. 

4.2.1.2 Weight change measurements 

Weight gain per unit area (mg/cm2) versus time (number of cycles plot) for coated 

and bare ASTM-SA210 Grade A-1 boiler steel subjected to cyclic oxidation  in air at900°C for 

50 cycles, is presented in Fig.4.10. It can be inferred from the plots that the uncoated and 

nanostructured thin coated Grade A-1 boiler steels have shown high rate of oxidation as 

compared to conventional thick coatings. The plots for all samples shows higher weight gain 

at initial cycles followed by gradual weight gain. 

Number of cycles 

Fig. 4.10 Weight gain/area vs time (number of cycles) for the uncoated and coated 

ASTM SA210 Grade A-1 boiler steel subjected to cyclic oxidation in air at 

900°C for 50 cycles 

W
e

ig
ht

  g
ai

n/
A

re
a  

(m
g/

cm
2)

  

148 



Nanostructured TiAIN Coating 
Nanostructured AICrN Coating 

0 Conventional TiAIN Coating 

Conventional AICrN Coating 

Uncoated 
A •  

P .  

	

11 	- 	..• 

r' • 

	

•• 	• 
A •• 	..•••- • A,  c 
_ • 

	

.1••••,• 	• 	11.• 
•••• • AO' 	•••,••■•••11......••• • 

•-• 
. 	 a - 	rOt. 

••• 	- 	.4. 

	

I 	 •■•-• r•a••• •41.1.  • • 

1 	f • 	 •, • 1,.r 	• 
..4 

	

* olve 4 	••• 
. • any... 	 • 
• II ••••,.." 	• 'I 

a■-■• 	• .11••••• 	. -sr 

• ..•&•4•:!;4.' l'•••• 	••••; 
il•-•r.••••'•."  -• 

	

160 		 

E 

E 120 

cto 
• 80 - 
eA 
cu 

cu 
40 

eo 

(-) 	0 	 

A 
	

B 	 C 
	

D 	 E 

Fig. 4.11 Column chart showing cumulative weight gain per unit area for the uncoated 
and coated ASTM-SA210 Grade A-1 boiler steel subjected to cyclic oxidation in 
air at 900°C for 50 cycles; (A) Uncoated, (B) Nanostructured TiAIN coating, (C) 
Nanostructured AICrN coating, (D) Convnetional TiAIN coating, (E) Conventional 
AICrN coating 

The conventional thick coatings have shown full protection to the substrate steel as 

the weight gain becomes almost constant after 5th  cycle, as shown in Fig.4.10. The thin 

nanostructured coatings have provided the protection to the substrate to some extent, as 

the weight gain rate is less than that of uncoated Grade A-1 boiler steel, which has shown 

highest rate of oxidation. The cumulative weight gain per unit area for the coated and 

uncoated Grade A-1 boiler steel subjected to cyclic oxidation in air at 900°C for 50 cycles is 

shown in Fig. 4.11. Further, the overall weight gain is highest in case of uncoated Grade A-1 

boiler steel and is lowest in case of conventional thick AICrN coated steel (17% of weight 

gain in case of uncoated Grade A-1 boiler steel). In Fig.4.12, the (weight gain/area)2  versus 

number of cycles plot are shown for all the cases to ascertain conformance with the 

parabolic rate law. The coated and uncoated Grade A-1 boiler steel followed the parabolic 

rate law as evident from the Fig.4.12. The parabolic rate constant Kp  was calculated by a 

linear least-square algorithm to a function in the form of (W/A)2= Kp  t, where W/A is the 

weight gain per unit surface area (mg/cm2) and 'V indicates the number of cycles 

representing the time of exposure. The parabolic rate constants for the bare and coated 
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Grade A-1 boiler steel calculated on the basis of 50 cycle's exposure data are shown in 

Table.4.3. It is inferred that the 'Kr' values for the coated Grade A-1 boiler steel were less 

than the bare boiler steel. 
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Fig. 4.12 Weight gain/area square vs time (number of cycles) for the uncoated and 
coated ASTM-SA210 Grade A-1 boiler steel subjected to cyclic oxidation in air at 
900°C for 50 cycles 

4.2.1.3 Surface scale analysis 

4.2.1.3.1 X-ray diffraction analysis (XRD) 

XRD diffractograms for coated and uncoated ASTM-SA210 Grade A-1 boiler steel 

subjected to cyclic oxidation in air at 900 °C for 50 cycles are depicted in Fig.4.13 on 

reduced scale. As indicated by the diffractograms in Fig.4.13 (a), Fe203  is the main phases 

mrnrrs+ icacm. lit am VAIUC 	U uncoated 	nanostructured Lnin TiAiN  and A1CrN coated 

Grade A-1 boiler steel. In nanostructured TiAIN coating, minor phase such as A1203 has been 

observed, whereas in case of nanostructured AICrN coating, Cr203 along with A1203 have 

been observed (Fig.4.13.a). Further, the main phases identified for the conventional thick 
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TiAIN coating are A1203, Ti, Ti3A1, Al and 1102 (Fig.4.13.b). The surface oxides on conventional 

thick AICrN coating were, Cr203, A1203 and Fe203 (Fig.4.13.b). 

Table 4.3 	Parabolic rate constant 'Kr' values of uncoated and coated ASTM-SA210 
Grade A-1 boiler steel subjected to cyclic oxidation in air at 900°C for 50 

cy 

4.2.1.3.2 Surface scale morphology 

SEM micrographs along with EDAX point analysis reveals the surface morphology of 

the coated and uncoated Grade A-1 boiler steel subjected to cyclic oxidation in air at 900 °C 

for 50 cycles are shown in Fig.4.14. Micrograph (shown in Fig.4.14 .a) for uncoated Grade A-

1 boiler steel indicates a scale containing distorted grains. EDAX analysis at point 1 and 

point 2 in Fig.4.14 indicates the formation of mainly iron oxide. The SEM micrograph of 

oxidized nanostructured thin TiAiN coatings is shown in Fig.4.14 (b). The developed surface 

scale appears like vertical needles (Point 4) grown on matrix (Point 3). EDAX analysis of the 

scale revealed the presence of Fe (52.86 %) and 0 (38.88 %) as the main elements in 

needles and Fe (93.04 %) and minor amount of oxygen in the matrix along with very small 

amount of Al and Ti. In case of nanostructured thin AICrN coated Grade A-1 boiler steel; the 

SEM micrograph indicates the needles like pattern. EDAX point analysis shows the top scale 

rich in Fe and 0. The small amount of Mn, Al, N, Cr, and C are also present. 

Substrate / Coating K,, x 10-08  gm2cm4s-1 

Uncoated Grade A-1 boiler steel 14.211 

Nanostructured TiAIN coating 09.963 

Nanostructured AICrN coating 08.933 

Conventional TiAIN coating 00.626 

Conventional AICrN coating 00.474 
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The surface scale developed on conventional thick TiAIN coated Grade A-1 steel is 

massive and without any cracks, with white contrast (Point 7) and grey contrast regions 

(Point 8). EDAX analysis indicates the presence of Ti, Al and 0 as the main phases along with 

very small amount of Fe. The white contrast region as indicated by Point 7 in Fig.4.14 

depicts the presence of lesser Al (37.17 %) and more Ti (12.02 %) as compared to the dark 

contrast region which indicates Al (42.31 %) along with Ti (01.61 %). A homogeneous and 

continuous surface scale is developed on conventional thick AICrN coated Grade Al boiler 

steel, which has Al, Cr and 0 as main elements (Fig.4.14.e). The white contrast region (Point 

9) indicates more Cr (17.39) and less Al (50.99 %) and 0 (30.02 %) as compared to the dark 

region (Point 10). 

4.2.1.4 Cross-sectional analysis 

Fig 	4.2.1.4.1 Scale thickness 

The oxidized samples were cut across the cross section using Buehler Isomet 1000 

precision saw and mounted in transoptic mounting resin and subsequently mirror polished 

to obtain scanning electron back scattered micrographs and X-ray mapping of different 

elements for coated and uncoated Grade A-1 boiler steel. The scale thickness values were 

measured from SEM back scattered micrographs as shown in Fig.4.15. Very thick scale is 

observed in case of uncoated Grade A-1 boiler steel, which is around 5.23 times thicker than 

the scale measured for conventional thick AICrN coated Grade A-1 boiler steel. The 

measured average scale thickness values for uncoated Grade A-1, nanostructured thin 

TiAIN, nanostructured thin AICrN, conventional thick TiAIN and conventional thick AICrN 

coatings are 1100, 978, 934, 272 and 2101.tm respectively. 

4.2.1.4.2 Cross-sectional scale morphology 

Back Scattered Electron Image (BSEI) micrograph and elemental variation across the 

cross-section for coated and uncoated Grade A-1 boiler steel subjected to cyclic oxidation in 
Fig 	

air at 900°C for 50 cycles are shown in Fig.4.15. 
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Fig. 4.15 Oxide scale morphology and variation of elemental composition across the cross-
section of the uncoated and coated ASTM-SA210 Grade Al boiler steel after 
exposure to cyclic oxidation in air at 900°C for 50 cycles: (a) Uncoated Grade Al 
boiler steel (75 X), (b) Nanostructured TiAIN coating (100 X), (c) Nanostructured 
AICrN coating (100 X), (d) Conventional TiAIN coating (250 X), (e) Conventional 
AICrN coating (300 X) 

Fig. 4.16 (a) Composition image (BSEI) and X-ray mapping of the cross-section of uncoated 
ASTM-SA210 Grade A-1 boiler steel subjected to cyclic oxidation in air at 900°C 
for 50 cycles 
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Fig. 4.16 (b) Composition image (BSEI) and X-ray mapping of the cross-section of Nanostructured 
TiAIN coated ASTM-SA210 Grade A-1 boiler steel subjected to cyclic oxidation in air 
at 900°C for 50 cycles 
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Fig. 4.16 (c) Composition image (BSEI) and X-ray mapping of the cross-section of Nanostructured 
AICrN coated ASTM-SA210 Grade A-1 boiler steel subjected to cyclic oxidation in air 
at 900°C for 50 cycles 
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Fig. 4.16 (d) Composition image (BSEI) and X-ray mapping of the cross-section of conventional 
TiAIN coated ASTM-SA210 Grade A-1 boiler steel subjected to cyclic oxidation in air 
at 900°C for 50 cycles 
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Fig. 4.16 (e) Composition image (BSEI) and X-ray mapping of the cross-section of conventional 
AICrN coated ASTM-SA210 Grade Al boiler steel subjected to cyclic oxidation in air 
at 900°C for 50 cycles 
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The SEM micrograph in case of uncoated Grade A-1 boiler steel shows thick scale 

(Fig.4.15.a). The scale is fragile and indicating cracking. EDAX analysis reveals the presence 

of iron and oxygen throughout the scale. The existence of significant amount of oxygen and 

iron indicates the possibility of Fe2O3 in the oxide scale. BSEI micrograph and elemental 

variation depicted in Fig.4.15 (b), for the exposed cross-section of nanostructured thin TiAIN 

coated Grade A-1 boiler steel shows the thick, continuous and adherent scale. The EDAX 

analysis reveals the presence of Fe, Ti, Al and oxygen throughout the scale. Point 3 

(Fig.4.15.b) in the micrograph depicts the good percentage of Ti and Al along with Fe and 

oxygen. A thick and adherent oxide scale can be seen in case of nanostructured AICrN 

coated Grade Al boiler steel (Fig.4.15.c).The scale is indicating cracking. The EDAX point 

analysis indicates the presence of Fe and oxygen throughout the scale along with minor 

amounts of Cr and Al at point 4 and 6 (Fig.4.15.c). 

In case of conventional TiAIN coated Grade A-1 boiler steel, the scale is non uniform, 

thin and adherent as depicted in Fig.4.15 (d). The EDAX point analysis indicates the 

presence of Fe, 0, Ti and Ai throughout the scaie with variable amounts. A location at point 

3 and 4 in Fig.4.15 (d) shows higher percentage of Al and Ti with negligible percentage of Fe, 

whereas at point 2, 5, 6 and 7, the percentage amount of Fe is more. The conventional thick 

AICrN coated Grade A-1 boiler steel (Fig.4.15.e) indicates continuous, thin and adherent 

scale. EDAX point analysis shows the presence of Fe and Al throughout the scale. The top 

scale shows higher percentage of Fe and 0 along with good amount of Al (point 1 and 2 in 

Fig.4.15.e). In the subscale region as indicated by points 3, 4, 5 and 6, the scale is rich in Fe 

and AI with negligible amount of 0, Cr and N. 

4.2.1.4.3 X-Ray mapping 

X-ray mappings for a part of oxide scale of uncoated and coated Grade A-1 boiler 

steel oxidized in air at 900°C for 50 cycles are shown in Fig. 4.16. In case of uncoated Grade 

A-1 boiler steel, the scale mainly contains iron and oxygen with some amount of 

manganese, as indicated by X-ray mapping. The X-ray mapping analysis of the scale formed 

on nanaostructured TiAIN coated Grade A-1 boiler steel is presented in Fig. 4.16 (b). The X- 
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ray mapping indicates presence of oxygen and iron throughout the scale with a thin 

irregular band of Ti in the scale. In case of nanostructured thin AICrN coated Grade A-1 

boiler steel; the BSEI and X-ray mapping are shown in Fig. 4.16 (c). The X-ray mapping 

indicates the presence of iron and oxygen throughout the scale. A thin irregular band of Al 

and Cr is also present. In case of conventional thick TIAIN coated Grade A-1 boiler steel, 

Fig.4.16 (d); Al and Ti rich splats are clearly seen along with Fe and oxygen. Ti is present in 

the upper scale along with Fe and 0. The bright regions of Al are overlapping with 0 and in 

some regions of Al, oxygen is completely absent. Figure 4.16 (e) depicts the X-ray mapping 

in case of conventional AICrN coated Grade A-1 boiler steel. The Al is present in the sub 

scale region aloi—ig with Fe, where 0 is cornpletery missing. Th-e upper scale is rich in Fe and 

Oxygen. 

4.2.2 Summary of Results 

Results obtained after exposure of uncoated and coated ASTM-SA210 Grade A-1 

boiler steel to cyclic oxidation in air at 900°C for 50 cycles are summarized in Table.4.4. 

4.2.3 Discussion 

The weight change plots (Fig.4.10) for the uncoated and coated Grade A-1 boiler 

steel indicated that the oxidation behavior has shown conformance to parabolic rate law. 

The parabolic kinetic behavior is due to the diffusion controlled mechanism operating at 

900°C under cyclic conditions (Mahesh et al., 2008). Small deviation from the parabolic rate 

law might be due to the cyclic scale growth. The higher weight gain during the first few 

cycles might be attributed to the rapid formation of oxides at the splat boundaries and 

within the open pores due to the penetration of the oxidizing species, further the 

subsequent increase in weight gain is gradual (Singh H et al., 2007). The parabolic rate 

constant fnr the uncoated Grade A-1 boiler steel is found to be greater than all the coatings. 

It is well known that the performance of thermal sprayed coatings in high 

temperature corrosive environment depends upon the several factors such as porosity, 

inclusions, oxides and size and shape of the splat microstructures (Dent et al., 1999). 
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Table 4.4 
	

Summary of the results obtained for uncoated and coated ASTM-SA210 
Grade A-1 boiler steel subjected to cyclic oxidation in air at 900°C for 50 
cycles 

Coating Cumulative 
Weight 

gain 
(mg/cm2)  

Parabolic 
rate 

constant 
(K,, x 10' 

gm2cm-ts
-1

)  

XRD 
phases 

Remarks 

Uncoated Grade- 

A-1 boiler steel 

159.17 14.211 Fe2O3 A grey colored scale with spalling 
tendency appeared on the surface 
right from the 2nd  cycle. Some 
metallic sound was also observed 
during cooling for some cycles. At 
the end uniform scale with cracks 
and 	blackish 	grey color surface 
appearance was observed 

Nanostructured 

TiAIN coating 

134.15 09.963 Fe2O3  
and A1203  

Color of the oxide scale at the end of 
the study was observed to be grey 
with some whitish grey areas on the 
surface. 	Grey 	color 	spots 	were 
observed 	after 	13th cycle. 
Subsequently, cracks were developed 
in the scale and spalling was observed 
after 30th  cycle. 

Nanostructured 

AICrN coating 

125.62 08.933 Fe203, 
A1203  and 
Cr2O3  

Golden and ink blue reflections were 
observed 	in 	the 	scale, 	after 	the 
completion of 2nd  cycle, which turned 
to dark grey subsequently. The oxide 
scale at the end of cyclic study was 
smooth with very fine cracks on the 
surface. 

Conventional 

TiAIN Coating 

32.65 00.626 A1203, Ti, 

	

Ti3A1, 	Al 
... .1 TiO2...4.4 	i 	 ... 

At the end; four brownish grey lines 
have been observed on the whitish 
grey 	surface. 	Some 	amount 	of 
superficial spoiling was noticed at the 
end 	of 	3rd 	cycle. 	The 	scale 	was 
smooth 	and 	adherent 	to 	the 
substrate. 

Conventional 

AICrN coating 
28.32 00.474 Cr2O3, 

A1203  and 
Fe2O3  

Color of the oxide scale was bluish 
grey after 4th  cycle, which turned to 
whitish grey in the middle along with 
brownish grey corners at the end of 
the cyclic study. The scale was found 
to be adherent and smooth. 

163 



In case of conventional thick coatings, after rapid weight gain during initial cycles the 

coatings subsequently becomes dense and movement of oxidizing species to the inner 

portion of the coating gets slowed down once the oxides are formed at places of porosity 

and splat boundaries. This would relatively minimize the weight gain and results in the 

steady state oxidation behavior with the prolonged exposure time. It is evident form XRD 

(Fig.4.13) results of the oxidized conventional thick coated Grade A-1 boiler steel that A1203  

as the main phase along TiO2  (in case of conventional TiAIN coating) and Cr203  

(conventional A1CrN coating), which are further supported by EDAX (Fig.4.14. d & e) and X-

ray mapping (Fig.4.16.d & e) analysis (which shows some locations where Al and 0 co-

exists). For conventional thick AICrN coating: The existenc_e of Fe20L on the surface indicates 

the diffusion of Fe from the substrate during oxidation at temperature of 900°C. 

The oxidation rate (total weight gain values after 50 cycles) of the coated and 

uncoated Grade A-1 boiler steel follows the sequence as given below: 

Uncoated Gr Al > Nanostructured TiAIN > Nanostructured AICrN > Conventional TiAIN> Conventional AICrN 

During cyclic testing, cracks and spalling of oxide scale (Fig.4.15.a & c) might be attributed 

to the different values of thermal coefficients for the coating, scale and the substrate as 

reported by Sidhu et al. (2003), Singh et al. (2004), Evans et al. (2001), Wang et al. (2002) 

and Niranatlumpong et at (2000). Though these cracks the corrosive environment can 

quickly reach the base metal and cut its way under the coating to result in adhesion loss and 

spalling, whereas some elements may diffuse outwards through these cracks to form oxides 

or spinels (Singh H et al., 2004). The presence of Fe and oxygen (Fig.4.16.) in the top of the 

scale is believed to be due to the diffusion of iron through the pores and cracks that 

appeared in the coating during the course of oxidation studies (Singh Buta et al., 2003). 

The nanostructured coatings has shown resistance to oxidation to some extent as 

the overall weight gain is less  than as compared to the uncoated Grade A-1 boiler steel, but 

failed to provide full protection to the substrate. This might be due to the difference in 

thermal expansion co-efficient as explained above. However, the parabolic rate constant 

value (Table 4.3) for naostructured coatings is quite less than that of uncoated Grade A-1 
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boiler steel. In case of nanostructured TiAIN coating, Fe203 is the main phase present in the 

scale as indicated by the XRD (Fig.4.13.b), EDAX (Fig. 4.14.b) and X-ray mapping (Fig.4.16.b) 

analysis. The surface morphology (Fig.4.14.c), XRD (Fig 4.13.c) and X-ray mapping 

(Fig.4.16.c) analysis in case of nanostructured AICrN coating, indicates the presence of Fe203 

as the main phase along with a thin band of Cr, which might be the reason for lesser 

oxidation rate as compared to the uncoated Grade A-1 boiler steel. In the present 

investigation it has been observed that conventional thick TiAIN and AICrN coatings can 

provide a very good oxidation resistance at high temperature although these hard coatings 

are traditionally specified for wear and erosion applications. 

4.2.4 Conclusions 

The high temperature oxidation behavior of uncoated and coated ASTM-SA210 

Grade A-1 boiler steel have been investigated in air at 900°C for 50 cycles. The following 

conclusions are made: 

1. The plasma sprayed gas nitride conventional thick coatings i.e. TiAIN and AICrN 

when subjected to cyclic oxidation at 900 °C for 50 cycles developed a protective 

scale mainly consisting on A1203 along with some amount of T102  (in case of 

conventional TiAIN coating) and Cr203 (in case of conventional AICrN coating) and 

the oxide scale formed is adherent to the substrate. 

2. The nanaostructured TiAIN and AICrN coatings has shown resistance to oxidation to 

some extent as the overall weight gain is less as compared to the uncoated Grade A-

1 boiler steel, but failed to provide full protection to the substrate. 

3. The oxidation rate (total weight gain values after 50 cycles) of the coated and 

uncoated Grade Al boiler steel follows the sequence as given below: 

Uncoated Grade A-1 > Nanostructured TiAIN > Nanostructured AICrN > Conventional 

TiAIN> Conventional AICrN 

4. In case of uncoated Grade A-1 boiler steel, the weight gain is highest. The 

conventional thick TiAIN and AICrN coatings can provide a very good corrosion 

resistance at high temperature applications. 
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4.3 HOT CORROSION STUDIES IN MOLTEN SALT ENVIRONMENT 

There is no reported study on cyclic high temperature corrosion behavior of 

nanostructured thin and conventional thick TiAIN and AICrN hard coatings in molten salt 

environment. Therefore, the present research work has been focused to investigate and 

compare the hot corrosion behavior of conventional thick (by plasma spraying and gas 

nitrided) and nanostructured thin (by physical vapor deposition process) TiAIN and AICrN 

coatings on ASTM-SA210 Grade A-1 boiler steel, in an aggressive environment of Na2SO4- 

60%V205  molten salt at 900°C under cyclic conditions. XRD, SEM/EDAX and X-ray mapping 

techniques have been used to characterize the corrosion products. The detailed 

experimental procedure is reported in chapter 3. 

4.3.1 Results 

4.3.1.1 Visual observations 

The macrographs for uncoated and coated ASTM-SA210 Grade A-1 boiler steel 

subjected to cyclic oxidation in Na2SO4-60%V205  molten salt at 900°C for 50 cycles are 

shown in Fig.4.17. For the uncoated Grade A-1 boiler steel, a light grey colored scale 

appeared on the surface right from the 2nd  cycle. After 16th  cycle dark grey color spots 

appeared on the surface with hairline cracks. This bare steel showed severe spalling of the 

oxide scale after 25th  cycle and scale starts falling in the boat. Some metallic sound was also 

observed during cooling for some cycles. At the end of cyclic study, uniform scale with 

severe cracks and blackish grey color surface appearance in the middle with light grey color 

along the sides was observed which can be seen in Fig.4.17 (a). 

In case of nanostructured thin TiAIN coating, color of the oxide scale at the end of 

the study was observed to be grey with some whitish grey areas on the surface, as shown in 

Fig.4.17 (b). Hairline cracks were observed after 16th  cycle. Subsequently, few very fine 

cracks were developed in the scale and spalling was observed. The nanostructured thin 

AICrN coated Grade A-1 boiler steel has shown the formation of grey colored scale with 

severe spalling and visible cracks over the whole area as shown in Fig.4.17(c). 
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Fig. 4.17 Surface macrographs of uncoated and coated ASTM-SA210 Grade A-1 boiler 
steel exposed to molten salt (Na2504-60%V205) environment at 900°C for 50 
cycles : (a) Uncoated Grade A-1 boiler steel, (b) Nanostructured TiAIN coating, 
(c) Nanostructured AICrN coating, (d) Conventional TiAIN coating, (e) 
Conventional AICrN coating 
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Dark grey spots were observed in the scale, after the completion of 9th  cycle, these 

turned to light and dark grey subsequently. Fine hairline cracks were observed after 17th  

cycle which turn into severe cracking after 33rd  cycle and continued to 50th  cycle. A visual 

observation of conventional thick TiAIN coated Grade A-1 boiler steel (Fig.4.17.d), showed 

the formation of brownish grey color in the middle of the sample along with dark grey sides 

at the end of the study. Some amount of superficial spelling was noticed at the end of 5th 

cycle, which may be due to the loosely bond particles on the surface of the coating. The 

scale was smooth and adherent to the substrate. In case of conventional thick AICrN coated 

Grade A-1 boiler steel, color of the oxide scale was whitish grey at the end of the study 

(M.4.17.e). The scale was-found to be adherent and smooth and no sign of palling was 

observed at any stage during the course of the study. 

4.3.1.2 Weight change measurements 

Weight gain per unit area (mg/cm2) versus time expressed in number of cycles plot 

for coated and bare ASTM-SA210 Grade A-1 boiler steel subjected to cyclic oxidation in 

Na2SO4-60%V205  (molten salt environment) at 900°C for 50 cycles, is presented in Fig. 4.18. 

It can be inferred from the plots that the uncoated and nanostructured thin coated Grade 

A-1 boiler steels have shown high rate of oxidation as compared to conventional thick 

coatings. The plots for conventional thick samples shows relatively higher weight gain at 

initial cycles followed by gradual weight gain. The conventional thick coatings have shown 

protection to the substrate steel as the weight gain becomes almost constant after 5th  cycle. 

The thin nanostructured TiAIN coating has provided the protection to the substrate to some 

extent, as the weight gain rate is slightly lower than that of uncoated Grade A-1 boiler steel. 

The nanostructured AICrN thin coating has provided no protection to the substrate steel as 

the weight gain rate is almost same as in case of uncoated Grade A-1 boiler steel. 

The cumulative weight gain per unit area for the coated and bare Grade A-1  kriilcir 

steel subjected to cyclic oxidation in Na2SO4-60%V205 (molten salt environment) at 900°C 

for 50 cycles is shown in Fig.4.19. 
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Fig. 4.18 Weight gain/area vs time (number of cycles) for the uncoated and coated ASTM-
SA210 Grade A-1 boiler steel exposed to molten salt (Na2504-60%V205) 
environment at 900°C for 50 cycles 
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Fig. 4.19 Column chart showing cumulative weight gain per unit area for the uncoated 
and coated ASTM-SA210 Grade A-1 boiler steel exposed to molten salt (Na2SO4-  
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Fig. 4.20 Weight gain/area square vs time (number of cycles) for the uncoated and 

coated ASTM-SA210 Grade A-1 boiler steel exposed to molten salt (Na2504-  
60%V205) environment at 900°C for 50 cycles 

Table 4.5: 	Parabolic rate constant 	values of uncoated and coated ASTM-SA-210 

Grade A-1 boiler steel subjected to cyclic oxidation in Na2SO4-60%V205  
(molten salt environment) at 900°C for 50 cycles 

Substrate / Coating lc, x 10-08 gm2
CM45

-1 

Uncoated Grade Al boiler steel 30.27 

Nanostructured TiAIN coating 29.36 

Nanostrix-tured AlCrN coating -2.75 

Conventional TiAIN coating 00.25 

Conventional AICrN coating 00.81 
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As evident from Fig.4.19; the overall weight gain is highest in case of uncoated 

Grade A-1 boiler steel and is lowest in case of conventional thick AICrN coated steel. The 

weight gain in case of conventional AICrN coated Grade A-1 boiler steel is only 08 % of 

weight gain in case of uncoated Grade A-1 boiler steel and in case of conventional TiAIN 

coating, the weight gain is 16 % of the weight gain in case of uncoated boiler steel. 

In Fig.4.20; the (weight gain/area)2  versus number of cycles plot are shown for all 

the cases to ascertain conformance with the parabolic rate law. All the coated and uncoated 

ASTM-SA210 Grade A-1 boiler steel followed the parabolic rate law as evident from the 

Fig.4.20. The parabolic rate constant Kp  was calculated by a linear least-square algorithm to 

a function in the form of (W/A)2= Kp  t, where W/A is the weight gain per unit surface area 

(mg/cm2) and 't" indicates the number of cycles representing the time of exposure. The 

parabolic rate constants for the bare and coated Grade A-1 boiler steel calculated on the 

basis of 50 cycle's exposure data are shown in Table.4.5. The 'Kp' values for the coated 

Grade A-1 boiler steel are less than the bare boiler steel. 

4.3.1.3 Surface scale analysis 

4.3.1.3.1 X-ray diffraction analysis (XRD) 

XRD diffractograms for coated and uncoated ASTM-SA210 Grade A-1 boiler steel 

subjected to cyclic oxidation in Na2SO4-60%V205  (molten salt environment) at 900°C for 50 

cycles are depicted in Fig.4.21 (a and b) on reduced scale. As indicated by the diffractograms 

Fe703 is the main phases present in the oxide scale of uncoated and nanostructured thin 

TiAIN and AICrN coated Grade A-1 boiler steels (Fig.4.21.a). !n nanostructured TiAIN coating, 

minor phase such as A1203 has been observed, whereas in case of nanostructured AICrN 

coating, Cr203 has been observed. Further, the main phases identified for the conventional 

thick TiAIN coating are A1203, Ti3A1, AI, TiO2 and Fe203 (Fig.4.21.b). The surface oxides on 

conventional thick AICrN coating were A1203 and Cr203 (Fig.4.21.b). 
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Fig. 4.21 (a) X-Ray Diffraction pattern of uncoated and coated ASTM-SA210 Grade A-1 

boiler steel exposed to molten salt (Na2SO4-60%V205) environment at 900°C 

for 50 cycles: (A) Uncoated Grade A-1 boiler steel, (B) Nanostructured TiAIN 

coating, (C) Nanostructured AICrN coating 

Fig. 4.21 (b) X-Ray Diffraction pattern of uncoated and coated ASTM-SA210 Grade A-1 

boiler steel exposed to molten salt (Na2SO4-60%V205) environment at 900°C 

for 50 cycles: (A) Conventional TiAIN coating, (B) Conventional AICrN coating 
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4.3.1.3.2 Surface scale morphology 

SEM micrographs along with EDAX point analysis reveals the surface morphology of 

the coated and uncoated Grade A-1 boiler steel subjected to cyclic oxidation in Na2SO4- 

60%V205 (molten salt environment) at 900°C for 50 cycles are shown in Fig.4.22. 

Micrograph (shown in Fig.4.22.a) for uncoated Grade A-1 boiler steel indicates a scale 

developed which appears like needles grown on matrix containing distorted grains. EDAX 

analysis at point 1 and point 2 on Fig.4.22 indicates the formation of mainly iron oxide. 

The SEM micrograph of oxidized nanostructured thin TiAIN coatings is shown in 

Fig.4.22 (b). The surface scale containing distorted grains. EDAX analysis of the scale 

revealed the presence of Fe and 0 as the main elements along with very small amount of Al 

and Ti. In case of nanostructured thin AICrN coated Grade A-1 boiler steel, EDAX point 

analysis shows, the top scale is rich in Fe and 0. The small amount of Al, Na, Cr, and C are 

also present. The surface scale developed on conventional thick TiAIN coated Grade A-1 

steel is massive and without any cracks, with white contrast regions. EDAX analysis indicates 

the presence of Ti, Al and 0 as the main phases along with very small amount of Fe. The 

white contrast region as indicated by Point 7 on Fig.4.22 depicts the presence of lesser Al 

(23.76 %) and more Ti (16.01 %) as compared to the grey contrast region which indicates Al 

(45.48 %) along with Ti (02.09 %). A homogeneous and continuous surface scale is 

developed on conventional thick AICrN coated Grade A-1 boiler steel. EDAX point analysis 

shows Al (47.84%), Cr (9.34%) and 0 (37.18%) as the main elements in the scale (Fig.4.22.e) 

along with very small amount of Fe, Na and V. 

4.3.1.4 Cross-sectional analysis 

4.3.1.4.1 Scale thickness 

The oxidized samples were cut across the cross section using Buehler Isomet 1000 

precision saw and mounted in transoptic mounting resin and subsequently mirror polished 

to obtain scanning electron back scattered micrographs and X-ray mapping of different 

elements for coated and uncoated Grade A-1 boiler steel. 
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The scale thickness values were measured from SEM back scattered micrographs as 

shown in Fig.4.23. Very thick scale is observed in case of uncoated Grade A-1 boiler steel, 

which is around 10.13 times thicker than the scale measured for conventional thick AICrN 

coated Grade A-1 boiler steel. The measured average scale thickness values for uncoated 

Grade A-1, nanostructured thin TiAIN, nanostructured thin AICrN, conventional thick TiAIN 

and conventional thick AICrN coatings are 1480, 1205, 1294, 282 and 146 urn respectively. 

The conventional coatings have shown good resistance to the corrosive environment as the 

oxygen penetration is limited to very less thickness as compared to the uncoated and 

nanostructured coated Grade A-1 boiler steel. 

4.3.1.4.2 Cross-sectional scale morphology 

Back Scattered Electron Image (BSEI) micrograph and elemental variation across the 

cross-section for coated and uncoated ASTM-SA210 Grade A-1 boiler steel subjected to 

cyclic oxidation in Na2SO4-60%V205  molten salt at 900°C for 50 cycles are shown in Fig.4.23. 

The SEM micrograph in case of uncoated Grade A-1 boiler steel shows thick scale as shown 

in Fig. 4.23 (a). Also, the scale is fragile and indicating cracking. The scale is not adherent to 

the substrate and showing tendency to get away from the substrate. EDAX analysis reveals 

the presence of iron and oxygen throughout the scale. The existence of significant amount 

of oxygen indicates the possibility Fe2O3  in the oxide scale. 

BSEI micrograph and elemental variation depicted in Fig.4.23 (b), for the exposed 

cross-section of nanostructured thin TiAIN coated Grade A-1 boiler steel shows the thick, 

continuous and adherent scale. The EDAX analysis reveals the presence of Fe, and 0 

throughout the scale. A location at point 6 (Fig.4.23.b) in the micrograph depicts the good 

percentage of Ti and Al along with Fe and oxygen. A thick and adherent oxide scale can be 

seen in case of nanostructured AICrN coated Grade A-1 boiler steel (Fig.4.23.c).The scale is 

showing fine cracks at some locations. The EDAX point analysis indicates the presence of Fe 

and 0 throughout the scale. 
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Fig. 4.23 Oxide scale morphology and variation of elemental composition across the cross-

section of the uncoated and coated ASTM-SA210 Grade A-1 boiler steel exposed to 

molten salt (Na2SO4-60%V205) environment at 900°C for 50 cycles: (a) Uncoated 

Grade Al boiler steel (70 X), (b) Nanostructured TiAIN coating (71 X), (c) 

Nanostructured AICrN coating (55 X), (d) Conventional TiAIN coating (300 X), (e) 

Conventional AICrN coating (250 X) 

Fig. 4.24 (a) Composition image (BSEI) and X-ray mapping of the cross-section of uncoated 

ASTM-SA210 Grade A-1 boiler steel exposed to molten salt (Na2SO4-60%V205) 

environment at 900°C for 50 cycles 
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Fig. 4.24 (b) Composition image (BSEI) and X-ray mapping of the cross-section of Nanostructured 
TiAIN coated ASTM-SA210 Grade A-1 boiler steel exposed to molten salt (Na2SO4- 
60%V205) environment at 900°C for 50 cycles 
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Fig. 4.24 (c) Composition image (BSEI) and X-ray mapping of the cross-section of Nanostructured 
AICrN coated ASTM-SA210 Grade A-1 boiler steel exposed to molten salt (Na2SO4- 
60%V205) environment at 900°C for 50 cycles 
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Fig. 4.24 (d) Composition image (BSEI) and X-ray mapping of the cross-section of conventional 
TiAIN coated ASTM-SA210 Grade A-1 boiler steel exposed to molten salt (Na2SO4- 
60%V205) environment at 900°C for 50 cycles 
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Fig. 4.24 (e) Composition image (BSEI) and X-ray mapping of the cross-section of conventional 
AICrN coated ASTM-SA210 Grade Al boiler steel exposed to molten salt (Na2SO4- 
60%V205) environment at 900°C for 50 cycles 
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In case of conventional TiAIN coated Garde A-1 boiler steel, the scale is non uniform, 

thin and adherent as depicted in Fig.4.23 (d). The EDAX point analysis indicates the 

presence of Fe, 0, Ti and Al throughout the scale with variable amounts. A location at point 

4 in Fig.4.23 (d) shows higher percentage of Al along with Fe and 0. The amount of Ti in the 

top scale is higher (Point 1) which decreases subsequently towards the substrate. In the top 

scale Na and V are also present as revealed from the cross-section micrograph (Fig.4.23.d). 

The conventional thick A1CrN coated Grade A-1 boiler steel (Fig.4.23.e) indicates 

continuous, thin and adherent scale. EDAX point analysis shows the presence of Al, 0 and 

Fe throughout the scale. The top scale shows higher percentage of Al and 0 along with good 

amount of Fe (point 2 in Fig.4.23.e). In the subscale region as indicated by points 3, 4, 5 and 

6, the amount of Fe is increasing and of Al and 0 is decreasing as we move towards the 

substrate/scale interface. The presence of Cr in the top scale is indicated by the EDAX point 

analysis at point 3 in Fig.4.23 (e). 

4.3.1.4.3 X-Ray mapping 

X-ray mappings for a part of oxide scale of uncoated and coated ASTM-SA210 Grade 

A-1 boiler steel oxidized in Na2SO4-60%V205  (molten salt environment) at 900 °C for 50 

cycles are shown in Fig. 4.24. In case of uncoated Grade A-1 boiler steel, the micrograph 

(Fig.4.24.a) indicates a dense scale, which mainly contains iron and oxygen with some 

amount of manganese, as indicated by X-ray mapping. The X-ray mapping analysis of the 

scale formed on nanaostructured TiAIN coated Grade A-1 boiler steel is presented in Fig. 

4.24 (b). The X-ray mapping indicates presence of oxygen and iron throughout the scale 

with a thin band of Al in the top scale. In case of nanostructured thin AICrN coated Grade A-

1 boiler steel; the BSEI and X-ray mapping are shown in Fig. 4.24 (c). The X-ray mapping 

indicates the presence of iron and oxygen throughout the scale. A very small percentage of 

Al is indicated at the scale/substrate interface. 

In case of conventional thick TiAIN coated Grade A-1 boiler steel, Fig.4.24 (d); Al and 

Ti rich bands are clearly seen along with Fe and oxygen. Titanium (Ti) is present in the upper 

scale along with Fe and 0. The bright regions of Al are overlapping with 0 and in some 
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regions of Al, oxygen is completely absent. Figure 4.24 (e) depicts the X-ray mapping in case 

of conventional AICrN coated Grade A-1 boiler steel. The thick band of Al is present in the 

top scale region. The upper scale is rich in Al with a thin band of 0 and Cr. The oxygen fails 

to break the thick Al band and thus present in the top scale as a very thin band along with 

some Cr. A few horizontal strings of 0 can be seen in the X-ray mapping, where 0 gets 

succeeded in entering to the scale. The oxygen is not present in the substrate. So, we can 

say the conventional thick AICrN coating has provided the full protection to the Grade A-1 

boiler steel in the corrosive environment. 

4.3.2 Summary of Results 

Results obtained after exposure of uncoated and coated ASTM-SA210 Grade A-1 

boiler steel to cyclic oxidation in Na2SO4-60%V205  (molten salt environment) at 900°C for 50 

cycles are summarized in Table.4.6. 

4.3.3 Discussion 

The non protective conditions can be immediately inferred from the BSEI image of 

the corroded bare Grade A-1 boiler steel; where the scale has detached from the substrate 

and cracked (Fig.4.23.a). Further the formation of Fe203  in the spalled scale (Fig.4.21) has 

also been reported to be non-protective by Das et al. (2002) during their hot corrosion 

study on Fe3AI-based iron aluminides in Na2SO4  atmosphere. Formation of only iron oxide in 

the given molten salt environment is further supported by Holt and Kofstad (1989) where 

authors reported that in the high temperature region having 02  + 4% S02/S03  {where 
Fe2(504)3 is formed on the surface}, the reaction mechanism is essentially that of the 

oxidation of iron in oxygen and the scale consists of Fei_yO/Fe304/Fe203. The XRD analysis 

(Fig.4.21) of the nanostructured coatings after hot corrosion studies in Na2SO4-60%V205  
(molten salt environment) at 900°C indicates the presence of Fe203  in the top scale , which 
is further supported by EDAX analysis (Fig.4.22). 
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Table 4.6 	Summary of the results obtained for uncoated and coated ASTM-SA-210 
Grade A-1 boiler steel subjected to cyclic oxidation in molten salt (Na2SO4-  
60%V205) environment at 900°C for 50 cycles 

Coating Cumulative 
Weight 

gain 
(mg/cm2) 

Parabolic 
rate 

constant 
(Kp  x les  

gm2cm4s1) 

XRD 
phases 

Remarks 

Uncoated Grade- 
A-1 boiler steel 

230.26 30.27 Fe203  A grey colored scale appeared on the 
surface right from the 2nd  cycle. After 
16th  cycle, dark grey colored spots 
appeared 	on 	the 	surface 	with 
hairline 	cracks. 	Severe 	spalling 	of 
scale after the 25th  cycle, and scale 
starts falling in the boat. At the end 
of cyclic study, uniform scale with 
severe cracks and blackish grey color 
surface appearance in the middle 
with light grey color along the sides; 
was observed. 

Nanostructured 

TiAIN coating 

213.40 29.36 Fe203  
and A1203  

Color of the oxide scale at the end of the 
study was observed to be grey with 
some whitish grey areas on the surface. 
Hairline cracks were observed after 16th  
cycle. Subsequently, few very fine cracks 
were developed in the scale and spalling 
was observed. 

Nanostructured 
AICrN coating 

226.44 25.75 Fe203, 
and 
Cr203  

Dark grey spots were observed on the 
surface after the completion of 9th  cycle, 
which turned to light and dark grey 
spots subsequently. After 17th  cycle, fine 
hairline cracks were observed which 
turn into severe cracking after 33"1  cycle 
and continued to 50th  cycle. 

Conventional 

TiAIN Coating 

38.73 00.25 A1203, 
Ti3Al, 	Al, 
TiO2  and 
Fe203  

The smooth and adherent oxide scale 
was brownish grey color in the middle of 
the sample along with dark grey sides 

Conventional 

AICrN coating 

20.11 00.81 A1203  and 
Cr203  

The whitish grey oxide scale was found 
to be adherent and smooth and no sign 
of spalling was observed at any stage 
during the course of the study. 
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Due to the formation of Fe203 in the scale as major phase (which is reported to be 

non-protective oxide scale) these coatings have shown higher weight gain (Fig.4.19) and 

offer very less protection to the substrate as compared to the conventional coatings. In case 

of conventional TiAIN and AICrN coatings, the protective oxides of aluminum and chromium 

have been detected by XRD analysis (Fig.4.21). The results are further supported by EDAX of 

surface (Fig.4.22.d and e) and cross-section (Fig.4.23. d and e). Due to which these two 

coatings have performed brilliantly and provided the full protection to the substrate boiler 

steel, as it is obvious from the weight change plot (Fig.4.18). During cyclic testing, cracks in 

the oxide scale (Fig.4.17.a & c) and spalling of the uncoated and nanostructured coatings 

might be attributed to the different values of thermal coefficients for the coating, scale and 

the substrate as reported by Sidhu et al. (2003), Singh et al. (2004), Evans et al. (2001), 

Wang et al. (2002) and Niranatlumpong et al (2000). Though these cracks the corrosive 

environment can quickly reach the base metal and cut its way under the coating to result in 

adhesion loss and spalling, whereas some elements may diffuse outwards through these 

cracks to form oxides or spinets (Singh H et al., 2004). The presence of Fe and oxygen 

(Fig.4.24.a, b and c) in the top of the scale of the bare and nanostructured thin coated 

Grade-A-1 boiler steel is believed to be due to the diffusion of iron through the pores and 

cracks that appeared in the coating during the course of oxidation studies (Singh B et. al., 

2003). 

The weight change plots (Fig. 4.18 and 4.20) indicate that the oxidation behavior of 

the specimens has shown conformance to parabolic rate law. The parabolic kinetic behavior 

is due to the diffusion controlled mechanism operating at 900°C under cyclic conditions 

(Mahesh et al., 2008). Small deviation from the parabolic rate law might be due to the cyclic 

scale growth. The rapid increase in the weight gain during the initial period of exposure to 

Na2SO4-60%V205  (molten salt environment) at 900°C may be due to the rapid diffusion of 

oxygen through the molten salt layer. Kolta et al. (1972) proposed that in the temperature 

range of 900°C, the Na2SO4  and V205  will combine to form NaVO3  (having a melting point of 
610°C) as follows: 

Na2SO4 + V205 = 2NaVO3 (I) + SO2 + /2 02 	 (4.2) 
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This NaVO3 acts as a catalyst and also serves as an oxygen carrier to the base alloy 

through the open pores present on the surface, which will lead to the rapid oxidation of the 

base elements of the substrate to form a protective oxide scale. Hence, an increase in the 

weight gain of the alloys occurs in the early stages of the hot corrosion. During the 

subsequent cycles, the formations of oxides have blocked the diffusion of corrosive species 

by covering the pores and the splat boundaries. The rapid increase in the weight gain during 

the initial period was also reported by Sidhu et al (2006E), Harpreet Singh et al.(2005), 

Tiwari and Prakash (1997) and UI-amid (2003) during studies on the hot corrosion of alloys. 

The parabolic rate constant for the uncoated and nanostructured thin coated Grade-

Al boiler steel is found to be nearly equal, which is higher than that of conventional thick 

coatings (Table.4.5). Both conventional thick TiAIN and AICrN coatings have been found 

successful in reducing the overall weight gain of bare Grade-Al boiler steel. The oxidation 

rate (total weight gain values after 50 cycles) of the coated and uncoated Grade-Al boiler 

steel follows the sequence as given below: 

Uncoated Gr Al > Nanostructured AICrN > Nanostructured TiAIN > Conventional TiAIN> Conventional AICrN 

In case of nanostructured TiAIN and AICrN coatings, Fe2O3 is the main phase present 

in the scale as indicated by the XRD (Fig.4.21), EDAX (Fig. 4.22.b and c) and X-ray mapping 

(Fig. 4.24.b and c) analysis. The coatings has shown resistance to oxidation to some extent 

as the overall weight gain is less than as compared to the uncoated Grade-Al boiler steel, 

but failed to provide full protection to the substrate which may be due to the difference in 

thermal expansion coefficient. In case of, plasma sprayed gas nitride conventional thick 

coatings i.e. TiAIN and AICrN when subjected to cyclic oxidation in Na2SO4-60%V205 molten 

salt at 900°C develops a scale mainly consisting on aluminum oxide and chromium oxide, 

which are supported by XRD (Fig.4.21), EDAX (Fig.4.23.d and e) and X-ray mapping analysis 

(Fig.4.24.d and e). These oxides are very protective as reported by Ul-Hamid (2003) and 

Sundarajan et al. (2004A). A thick band of Al is protecting the substrate from the 

environment as shown by X-ray mapping analysis (Fig.4.24.d and e). It can be mentioned 

based on the present investigation that conventional thick TiAIN and AICrN coatings can 
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provide a very good oxidation resistance in Na2SO4-60%V205 molten salt environment at 

high temperature although these hard coatings are traditionally specified for wear and 

erosion applications. 

4.3.4 Conclusions 

The high temperature oxidation behaviors of uncoated and coated ASTM-SA210 Grade A-1 

boiler steel have been investigated in Na2SO4-60%V205 molten salt at 900°C for 50 cycles. 

The behavior of nanostructured TiAIN and AICrN coatings were compared with conventional 

counterparts and the following conclusions are made: 

1. The plasma sprayed gas nitride conventional thick coatings i.e. TiAIN and AICrN have 

developed a protective scale mainly consisting on aluminum oxide and chromium 

oxide. 

2. The nanaostructured TiAIN and AICrN coatings has shown resistance to oxidation 

only up to some extent as the overall weight gain is less than as compared to the 

uncoated Grade A-1 boiler steel. 

3. The oxidation rate (total weight gain values after 50 cycles) of the coated and 

uncoated Grade A-1 boiler steel follows the sequence as given below: 

Uncoated Grade A-1 > Nanostructured A1CrN > Nanostructured TiAIN > Conventional 

TiAIN> Conventional AICrN 

4. In case of uncoated Grade-Al boiler steel, the weight gain is highest with thickest 

scale. Some cracks are also observed in case of bare and nanostructured thin AICrN 

coated boiler steel. 

5. The conventional thick TiAIN and AICrN coatings can provide a very good oxidation 

resistance in Na2SO4-60%V205 (molten salt environment) at high temperature to 

Grade A-1 boiler steel substrate. 

6. The oxide scale formed is adherent to the substrate in all coatings. But in case of 

bare Grade-A-1 boiler steel, the scale is found to be detached from the substrate 

after hot corrosion studies. 
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4.4 EROSION STUDIES IN SIMULATED COAL-FIRED BOILER ENVIRONMENT 

The present work has been focused to compare the high temperature erosion 

behavior of conventional thick (by plasma spraying and gas nitrided) and nanostructured 

thin (by physical vapor deposition process) TiAIN and AICrN coatings on ASTM-SA210 Grade 

A-1 boiler steel. The erosion studies were carried out using a high temperature air-jet 

erosion test rig at a velocity of 35 ms-1  and impingement angles of 30°  and 90°. The tests 

were carried out at high temperatures. The two temperatures were taken for the test, 

sample temperature 400°C and air/erodent temperature 900°C simulated to service 

conditions of boiler tubes in which sample temperature and flow gas temperature 

correspond to the inner and outer temperature of water wall pipes. The alumina particles of 

average size 50 pm were used as erodent. Erosion rates in terms of volumetric loss (mm3/g) 

for different uncoated and coated alloys are compared. The eroded samples were analyzed 

with SEM/EDX and optical profilometer. The erosion rate data for each coated alloy has 

been plotted along with uncoated alloy in order to assess the coating performance. Efforts 

have been made to understand the mode of erosion. 

4.4.1 Results 

4.4.1.1 Visual observations 

The macrographs for uncoated and coated ASTM-SA210 Grade A-1 boiler steel 

subjected to erosion studies in simulated coal-fired boiler environment are shown in 

Fig.4.25. The effect of corrosion along with the erosion was observed. The shape of the scar 

(developed by constant strike of erodent) is circular in case of normal impact (at 90°) and 

elliptical in case of oblique impact (at 30°) of erodent. The uncoated Grade A-1 boiler steel 

shows a thin scale. The erosion seems to clean the scale off the surface in the 

eroded/corroded region. The impact of erodent removes the scale down to the substrate-

scale interface. Away from this eroded region a thin layer of scale was observed on the 

surface and the eroded/corroded region showed rust colored discoloration (Fig.4.25.a). 
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Fig. 4.25 Surface macrographs of eroded uncoated and coated ASTM-SA210 Grade A-1 
boiler steel exposed to high temperature erosion studies in simulated coal-fired 
boiler environment 
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The nanostructured TiAIN coated Grade A-1 boiler steel showed clear marks of 

erosion as shown in Fig.4.25 (b). The color of the coated specimen changed from violet-

grey to whitish at scar and blackish blue ring around the scar. The macrograph in case of 

eroded nanostructured AICrN coating are shown in Fig.4.25 (c). The color of the scars was 

observed as light grey surrounded by dark colored ring. A visual observation of conventional 

thick TiAIN and AICrN coated Grade A-1 boiler steel (Fig.4.25.d and e), showed the 

formation-of dark grey colored scar surrounded by a light colored ring. Also, the un-eroded 

area around the scars appeared as rough surface. 

4.4.1.2 Erosion rate 

The erosion loss has been calculated by volume change method. The volume loss 

occurred after erosion testing was measured by using non contact optical profilometry as 

explained in chapter 3. The erosion depth was measured at six random locations to obtain the 

average erosion depth of an eroded scar. At each location (including eroded and un-eroded 

area) surface profiles were taken. 

The erosion rate for uncoated and coated ASTM-SA210 Grade A-1 boiler steel at an 

impact velocity of 35 ms-1  and impingement angle of 30°  and 90° when substrate 

temperature was 400°C and surrounding air at 900°C; is shown in Fig. 4.26. The volume 

erosion rate for uncoated Grade A-1, nanostructured thin TiAIN, nanostructured thin AICrN, 

conventional thick TiAIN and conventional thick AICrN coatings; is 0.2955 X10-3, 0.03758 

X10-3, 0.03078 X10-3, 2.073 X10-3  and 3.12 x103  mm3/gm respectively at 90° impact 

angle. While at 30° impact, the volume erosion rate for uncoated Grade A-1, 

nanostructured thin TiAIN, nanostructured thin AICrN, conventional thick TiAIN and 

conventional thick AICrN coatings; is 0.494 X10-3, 0.0553 X103, 0.0392 x10-3, 1.898 X10-3  

and 2.557 X10-3  mm3/gm respectively. 

From the graph, it can be inferred that the erosion rate of the uncoated Grade A-1 boiler 

steel eroded at oblique impact i.e. at 30° impingement angle is more as compared to erosion 

rate at 90° impact thus showing the typical behavior of ductile materials. The similar 

behavior was observed in case of the naostructured thin TiAIN and AICrN hard coatings with 
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negligible overall volume erosion loss (Fig.4.26). In case of the conventional thick TiAIN and 

AICrN coated Grade A-1 boiler steel; the erosion rate at normal impact i.e. at 90° impingement 

angle is more as compared to erosion rate at 30° impact thus showing the typical behavior 

of brittle materials. 
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Fig. 4.26 Column chart showing the Volume wear rate of uncoated and coated ASTM-. 
SA210 Grade A-1 boiler steel eroded at normal and oblique impact: (A) 
Uncoated Grade A-1 boiler steel, (B) Nanostructured TiAIN coating, (C) 
Nanostructured AICrN coating, (D) Conventional TiAIN coating, (E) Conventional 
AICrN coating 

4.4.1.3 SEM/EDAX Analysis 

SEM micrographs along with EDAX point analysis reveals the surface morphology of 

the uncoated and coated ASTM-SA210 Grade A-1 boiler steel subjected to erosion studies in 

simulated coal-fired boiler environment when substrate temperature was 400°C and 

surrounding air at 900°C; are shown in Fig. 4.27 and 4.28. The SEM observations were 

made on the eroded surface of all the uncoated and coated Grade A-1 boiler steel 

specimens at both the impact angles i.e. at 90° and 30°. Scanning electron microscopy 

191 



(SEM) revealed various erosion mechanisms like metal removal, oxide chipping, fracture 

and spalling within the oxide/coating layer and at the scale/metal interface etc. The 

micrographs have revealed fracture at the surfaces with impressions of formation of craters 

with crack network. 

Micrographs (Fig.4.27) for the eroded surfaces of uncoated and coated Grade A-1 

boiler steel at 90° impact angle, clearly indicates the formation of crater, oxide fracture and 

removal, coating fracture and retained erodent. It can be observed from the micrographs of 

the eroded surface of the uncoated boiler steel (Fig.4.27.a) that the erodent particles 

deform the exposed surface by ploughing and introducing the craters in the matrix by 

displacing material to the side. EDAX analysis revealed the presence of Fe, Al and 0 as the 

main elements on the eroded area, which indicates the formation of iron oxide due to 

oxidation and presence of retained erodent i.e. alumina. In case of nanostructured TiAIN 

coating (Fig.4.27.b); the micrograph revealed shallow impact craters. EDAX analysis 

indicates the presence of Fe, Al and 0 as the main elements along with some amount of Ti, 

Mn and Si. This is the indication that the nanostructured coating is severely damaged and 

fractured when the eroding particle strikes the surface of a coating at 90°; and hence failed 

to protect the substrate. Further, in case of nanostructured AICrN coating; the signs of 

coatings removal and retained erodent have been observed (Fig. 4.27.c). EDAX analysis 

shows the presence of Al and Cr along with N as the main elements (which are main 

elements of coating) along with some amount of iron and oxygen. The erodent impacts 

causes cracking and fracture of some part of the coating, but fails to remove the coating 

completely. 

The micrograph of the conventional TiAIN coating (Fig.4.27.d) revealed the oxide 

fracture and removal at various locations. When the eroding particle strikes the surface of 

the coating at 90° the material is severely damaged and fractured as shown in Fig. 4.27 (d). 
X A I "1-• and 
	4.1.- EDAX analysis shows the presence of 	 anu 0 as Lire main elements along with very less 

amount of Fe and C; indicating that the coating is still there after three hours continuous 

erodent impacts at an impact velocity of 35 ms-1  and impingement angle of 90°  when 

substrate temperature was 400°C and surrounding air at 900°C. 
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Fig. 4.27 Surface-scale morphology and EDAX patterns from different spots on eroded uncoated 

and coated ASTM-SA210 Grade A-1 boiler steel exposed to high temperature erosion 

studies in simulated coal-fired boiler environment at impact angle 900: (a) Uncoated 

Grade Al boiler steel, (b) Nanostructured TiAIN coating, (c) Nanostructured AICrN 

coating, (d) Conventional TiAIN coating, (e) Conventional AICrN coating 
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The coating has successfully protected the substrate. Further in case of 

conventional AICrN coating, the erodent particle impacts have severely damaged the 

coating by causing cracking and fracture (Fig. 4.27.e). EDAX analysis revealed the presence 

of Al and Fe as the main elements with small amount of 0, Mn and C; indicating that the 

coating has failed to protect the substrate and hence exposed the substrate. 

In case of 30° impact, Micrographs (Fig.4.28) for the eroded surfaces of uncoated 

and coated Grade A-1 boiler steel clearly indicates presence of retained erodent, the 

formation of wider and shallow crater, crack propagation, oxide fracture and removal and 

coating fracture. In case of uncoated boiler steel; the micrographs (Fig.4.28.a) revealed the 

severe deformation at the surface resulting in formation of craters with minor cracks. 

EDAX analysis revealed the presence of Fe, Al and 0 as the main elements on the eroded 

area, which indicates the formation of iron oxide due to oxidation and presence of retained 

erodent i.e. alumina. Micrograph in case of nanostructured TiAIN coating (Fig.4.28.b); 

revealed shallow impact craters with minor cracks. EDAX analysis indicates the presence of 

Fe, Al and 0 as the main elements along with some amount of Ti and C. it can be inferred 

that the nanostructured TiAIN coating gets severely damaged and fractured when the 

eroding particle strikes the surface of a coating at 30° and failed to protect substrate. 

Further, in case of nanostructured AICrN coating; the signs of crater and crack propagation 

have been observed (Fig. 4.28.c). EDAX analysis shows the presence of Al and Fe along with 

some amount of 0, Cr, Mn and C. The erodent impacts causes cracking and fracture of the 

coating, and removed the coating completely thus exposing the substrate. The micrograph 

of the conventional TiAIN coating (Fig.4.28.d) revealed the oxide fracture and removal at 

various locations along with craters. When the eroding particle strikes the surface of the 

coating at 30° the material is severely damaged and fractured (Fig. 4.28.d). EDAX analysis 

shows the presence of Al, Ti and 0 as the main elements along with very less amount of Fe 

and C. It can be inferred that the coating is still there after three hours continuous erodent 

impacts at an impact velocity of 35 ms-1  and impingement angle of 30°  when substrate 

temperature was 400°C and surrounding air at 900°C. 
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Fig. 4.28 Surface-scale morphology and EDAX patterns from different spots on eroded uncoated 

and coated ASTM-SA210 Grade A-1 boiler steel exposed to high temperature erosion 

studies in simulated coal-fired boiler environment at impact angle 30°: (a) Uncoated 

Grade Al boiler steel, (b) Nanostructured TiAIN coating, (c) Nanostructured AICrN 

coating, (d) Conventional TiAIN coating, (e) Conventional AICrN coating 
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The coating has successfully protected the substrate. Further in case of 

conventional AICrN coating, the erodent particle impacts have severely damaged the 

coating by causing cracking and fracture (Fig. 4.28.e). EDAX analysis revealed the presence 

of AI, Cr and 0 as the main elements with small amount of Fe and N; indicating that the 

coating has successfully protected the substrate. 

4.4.2 Discussion 

In erosion testing, the material is eroded by continuous impact of erodent 

particles; the erosion starts at the centre first, and then proceeds towards the edges of 

the samples. The shape of developed scar depends on the angle of impact. When erodent 

strikes the surface at an impact angle of 90°, material is eroded creating a circular 

depression; while at a 30°  impact angle, material is eroded forming an elliptical shape 

depression. The erosion rate for uncoated and coated Grade A-1 boiler steel at an impact 

velocity of 35 ms-1  and impingement angle of 30°  and 90° when substrate temperature 

was 400°C and surrounding air at 900°C; is shown in Fig.4.26. The volume erosion rate 

for uncoated Grade A-1, nanostructured thin TiAIN, nanostructured thin -AICrN, 

conventional thick TiAIN and conventional thick AICrN coatings; is 0.2955 x103, 0.03758 

x10-3, 0.03078 x103, 2.073 X10-3  and 3.12 X103  mm3/gm respectively at 90° impact 

angle. Based on the present data the erosion rates for 90° impact angle can be arranged 

in the following order: 

Conventional AICrN > Conventional TiAIN > Uncoated steel > Nanostructured TiAIN > Nanostructured AICrN 

It can be inferred from the above data that the relative erosion resistance of 

conventional thick AICrN coating is least among the uncoated and coated Grade A-1 

boiler steel specimens. Further, the SEM/EDAX analysis (Fig.4.27) indicates that in case of 

nanostructured AICrN, conventional thick TiAIN coated Grade A-1 boiler steel; the coating is 

still there after three hours continuous erodent impacts at an impact velocity of 35 ms-1  

and impingement angle of 90°  when substrate temperature was 400°C and surrounding 

air at 900°C. These coatings have successfully protected the substrate. The 

nanostructured thin TiAIN and conventional AICrN hard coatings were removed 
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completely by the continuous strikes of the eroding particles on the surface of the coating 

at 90° (Fig.4.27). 

While at 30° impact; the volume erosion rate for uncoated Grade A-1, 

nanostructured thin TiAIN, nanostructured thin AICrN, conventional thick TiAIN and 

conventional thick AICrN coatings; is 0.494 X10-3, 0.0553 X10-3, 0.0392 X10-3, 1.898 X10-3  

and 2.557 X10-3  mm3/gm respectively. 

Based on the present data the erosion rates for 30° impact angle can be arranged in the 

following order: 

Conventional AICrN > Conventional TiAIN > Uncoated steel > Nanostructured TiAIN > Nanostructured AICrN 

It can be inferred from the above data that the relative erosion resistance of 

conventional thick AICrN coating is least among the uncoated and coated Grade A-1 

boiler steel specimens. The erosion resistance sequence for the uncoated and coated 

Grade A-1 boiler steel is independent of the impact angle in this case. Further, the FE-

SEM/EDAX analysis (Fig.4.28) indicates that in case of conventional thick TiAIN and AICrN 

coated Grade A-1 boiler steel; the coating is still there after three hours continuous erodent 

impacts at an impact velocity of 35 ms-1  and impingement angle of 30°  when substrate 

temperature was 400°C and surrounding air at 900°C. These coatings have successfully 

protected the substrate. The nanostructured TiAIN and AICrN coatings were removed 

completely by the continuous strikes of the eroding particles on the surface of the coating 

at 30° (Fig.4.28). 

The solid particle erosion rate of the uncoated and nanostructured thin TiAIN and 

AICrN coated Grade A-1 boiler steel as shown in Fig.4.26 indicated that maximum 

erosion took place at 30° impact angle, which indicate ductile behavior as proposed by 

Murthy et al. (2001). Authors suggested that the material subjected to erosion initially 

undergoes plastic deformation and is later removed by subsequent impacts of the erodent 

on the surface. The ploughing occurs by the impact of the erodent particles and lips or 

ridges are formed at the bank of the craters. These lips are fractured or removed with 

further erosion. At low erosion temperatures, at high impact velocities and feed rates, there 

is no oxide scale. Even if there is any oxide scale, it will be very thin and it will be able to 
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deform in the same manner as that of the substrate target. The works of Shida and Fujikawa 

(1985), Singh and Sundararajan (1990) Levy et al., (1986) can be considered elevated 

temperature erosion of metals with minimum or negligible oxidation. Under such 

circumstances, erosion takes place from the metallic surface and this mechanism of erosion 

is called metal erosion. Most of the metallic materials, irrespective of temperature of 

erosion, exhibit a ductile behavior, i.e. a maximum erosion rate at oblique impact angles 

(Tabakoff W and Vittal, 1983). The erosion behavior in this regime is similar to the ambient 

temperature erosion behavior of metallic materials. The erosion response in the metal 

erosion regime is ductile as described by Bellman and Lavy (1981). Authors suggested that 

the creation of platelet-like edges by impact extrusion protrude outward over adjacent 

material and the loss of these platelets appears to be responsible for the mass loss. Authors 

have further explained that repeated deformation of craters and forming of new craters is 

common and some platelets are extruded several times before getting knocked off. 

Sundararajan and Roy (1997) proposed a model of metal erosion and oxide erosion. 

According to his model if steady state thickness of the oxide scale is smaller than the critical 

thickness of the oxide scale, three modes of interaction between erosion and oxidation are 

possible. In the first case, which applies either when there is no oxide scale or when the 

depth of deformation is much higher than the thickness of the oxide scale ( as in the case of 

uncoated and nanostructured thin coated Grade A-1 boiler steel in present case), metal 

erosion becomes important (presented in Figs 4.29. a and b). In the second case, when the 

depth of deformation is smaller than the steady state thickness of the oxide scale, erosion 

of the oxide scale takes place as illustrated in Fig. 4.29 (c). 

The solid particle erosion rate of the conventional thick TiAIN and AICrN coated 

Grade A-1 boiler steel as shown in Fig.4.26 indicated that maximum erosion took place 

at 90° impact angle, which indicate brittle behavior of the conventional coatings. As metal 

nitride coatings are hard and brittle in nature so erosion of brittle materials is identified as a 

complex mechanism in which different stages like tribochemical reaction, microfracture etc. 

operate. In case of brittle materials; loss in solid particle erosion occurs predominantly 

through the formation and interaction of a subsurface micro crack network (Guessasma et 

al., 2006). Authors further suggested that the material removal is related to the formation 
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and propagation of cracks. The cracks develop on the surface when the surface stresses 

reach a critical value to initiate microcracking. When these cracks propagate and intersect 

with the surface, material is lost. Hence for a brittle material the erosion resistance is a 

function of its resistance to crack. Also, erosion in plasma sprayed coatings has been 

attributed to the failure of individual splat boundaries (Ramm et al., 1993). In the present 

investigation, the conventional coatings showed brittle erosion morphology as indicated by 

their cracked and chipped surfaces (Fig.4.27 and 4.28). 

Fig. 4.29 Schematic representation of (a) & (b); metal erosion, and (c) oxide erosion 
illustrating the nature of interaction between the oxide scale and the substrate 
during erosion (Sundararajan and Roy 1997) 

Under continual impacting of particles, the radial and lateral cracks were developed, 

and then fractured and loosened pieces were chipped off. Finally, many small voids and pits 

formed. Similar observations have been reported by Habib et al., (2006) and Branco et al., 

(2004). Also, at relatively higher temperatures and lower particle feed rates and impact 
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velocity, the oxide scale that forms during erosion is brittle and non-adherent. In such cases, 

the oxide scale gets removed after it attains a critical thickness. The erosion behavior in this 

regime exhibits a brittle erosion response. 

So in conventional thick TiAIN and AICrN coatings; the erosion rate was high at 

normal impact and low at oblique impact. The difference in erosion rates for shallow and 

normal impact angles can be attributed to the different material removal mechanisms in 

these two cases. At low angle impact, the kinetic energy of the erodent particles contributes 

mainly to the ploughing mechanism and very little to normal repeated impact. The 

ploughing mechanism is associated with the plastic smearing and cutting of the materials, 

while the repeated impact mechanism is responsible for initiating and propagating the grain 

boundary microcracks. Conventional metal nitride coatings have high hardness, and thus 

they are not easily plastically deformed. Hence the material removal rate is low. At high 

angle impact, the kinetic energy of the impinging particles contributes mainly to repeated 

impact. Brittle nature of the materials allows the cracks readily to propagate to form crack 

networks. The subsequent impacts will easily remove the surface material via the ejection 

of the upper layer grains. 

Fig. 4.30 Schematic representation of coating fracture dependent on impact angle; (a) 
Low angle, (b) High angle 
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Hence the material removal rate is high. Figure 4.30 shows schematically the 

fracture of coatings dependent on impact angle. It is shown schematically how an impinging 

solid particle can damage coating surfaces. From the present study, it can be inferred that 

that in case of conventional thick coatings; the erosion rates of alloys were greatest at 90°  

impact angle, which is the characteristic erosion behavior of brittle materials. The solid 

particle erosion rate of the uncoated and nanostructured thin TiAIN and AICrN coated 

Grade A-1 boiler steel as shown in Fig.4.26 indicated that maximum erosion took place 

at 30° impact angle, which indicate ductile behavior. 

4.4.3 Conclusions 

The erosion behavior of conventional thick (by plasma spraying and gas nitrided) and 

nanostructured thin (by physical vapor deposition process) TiAIN and AICrN coatings on 

Grade A-1 boiler steel in simulated coal-fired boiler environment has been analyzed. The 

following conclusions are made: 

1. The erosion rates for 90° impact angle can be arranged in the following order: 

Conventional AICrN > Conventional TiAIN > Uncoated steel > Nanostructured TiAIN > 

Nanostructured AICrN 

The relative erosion resistance of conventional thick AICrN coating is least among 

the uncoated and coated Grade A-1 boiler steel specimens. 

2. The nanostructured AICrN, conventional thick TiAIN coatings have successfully 

protected the substrate at 90° impact. The nanostructured thin TiAIN and 

conventional AiCrN hard coatings were removed completely by the continuous 

strikes of the eroding particles on the surface of the coating at 90° impact. 

3. At 30° impact, the volume erosion rate can be arranged in the following order: 

Conventional AICrN > Conventional TiAIN > Uncoated steel > Nanostructured TIAIN > 

Nanostructured AICrN 

The relative erosion resistance of conventional thick AICrN coating is least among 

the uncoated and coated Grade A-1 boiler steel specimens. 
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4. The conventional thick TiAIN and AICrN coatings have successfully protected the 

substrate. The nanostructured TiAIN and AICrN coatings were removed 

completely by the continuous strikes of the eroding particles on the surface of the 

coating at 30° impact. 

5. From the present study, it can be inferred that that in case of conventional thick 

coatings; the erosion rates of alloys were greatest at 90°  impact angle, which is the 

characteristic erosion behavior of brittle materials. The solid particle erosion rate of 

the uncoated and nanostructured thin TiAIN and AICrN coated Grade A-1 boiler 

steel is higher at 30° impact angle, which indicate ductile behavior. 
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4.5 CORROSION STUDIES IN SIMULATED MARINE ENVIRONMENT 

The research works on the corrosion behavior of high temperature corrosion 

resistant coatings in marine environments is scarce in the literature. Therefore, it is 

meaningful to investigate the ambient environmental corrosion behavior and mechanism of 

the materials as is done in present work by evaluating the corrosion behavior of substrate 

and coatings in simulated marine environment. Therefore, the present work has been 

focused to compare the corrosion behavior of conventional thick (by plasma spraying and 

gas nitrided) and nanostructured thin (by physical vapor deposition process) TiAIN and 

AICrN coatings on ASTM-SA210 Grade A-1 boiler steel, by electrochemical methods i.e. 

linear polarization resistance (LPR) and potentiodynamic polarization tests in an aerated 3.0 

wt% NaCI solution at room temperature; and salt spray (Fog) tests. The detailed 

experimental procedure is explained in chapter 3. 

4.5.1 Results and Discussion 

4.5.1.1 Linear polarization resistance (LPR) and potentiodynamic polarization tests 

Linear polarization resistance (LPR) and potentiodynamic polarization tests were 

conducted in an aerated 3 wt% NaCI solution at room temperature in order to evaluate the 

corrosion behavior of the substrate and coatings. The initial corrosion current density and 

LPR (Rp) was measured by LPR test. The linear polarization scans are conducted in very small 

potential range (-20mV to + 20mV vs Open Circuit Potential), which does not damage the 

surface of the sample. Whereas the potentiodynamic polarization scans require scanning 

over a longer potential range (Sahoo and Balasubramaniam 2007). 

The corrosion parameters obtained in LPR test are shown in Table 4.7. The corrosion 

current densities of all the coatings were found much lower than that of the substrate. The 

uncoated Grade A-1 boiler steel has shown maximum current density i.e. 22.40 igt/cm2. The 

nanostructured thin TiAIN coating at initial stage has performed very well and showed best 

corrosion resistance in terms of corrosion current density and polarization resistance. The 
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corrosion protection is provided by all the coatings at initial stage as indicated by the LPR 

test results in terms of corrosion current density and polarization resistance (Table 4.7). 

Potentiodynamic polarization curves of the substrate and each film are shown in Fig.4.31 

and the corrosion parameters in Table 4.8. The corrosion current density and the corrosion 

potential were obtained by the intersection of the extrapolation of anodic and cathodic 

Tafel curves. The corrosion current densities of the coatings were found much lower than 

that of the substrate steel. The corrosion current densities of the substrate and the coatings 

were found much lower as compared to the LPR test (at initial stage) results. A protective 

oxide layer may have formed which has blocked further corrosion. The corrosion product 

formed may have reduced the passage of the electrolyte to attack the samples, and hence 

providing protection. 

The corrosion rate ( icon. ) of the specimens was obtained using the Stern-Geary 

equation(Eq.4.3). 

1 	/3a/3c _ 
i

T 
--=

2.303 
x 
 Rp x (  
	 (4.3) COT 

2.303 	fla + 13c) 	Rp 

Where 13a  = anodic Tafel slope, I3c  = cathodic Tafel slope, Rp  = polarization resistance and, Z 

is a function of the Tafel slopes. 

Table 4.7 	Results of Linear Polarization Resistance Test (LPR) of uncoated and 

coated ASTM-SA210 Grade Al boiler steel 

1 

Substrate / Coating Ecorr 

(mV) 

icorr 

( pA/cm2) 

13a 

(V/decade) 

Pc 

(V/decade) 

Rp  

(kil-cm2 ) 

Uncoated Grade A-1 boiler steel -589.2 22.40 0.1 0.1 0.969 

Nanostructured TiAIN coating -448.7 01.92 0.1 0.1 11.27 

Nanostructured AlCrN coating ..cq7.g 09.42 0.1 0.1 02.30 

Conventional TiAIN coating -667.5 12.87 0.1 0.1 01.68 

Conventional AICrN coating -567.3 03.77 0.1 0.1 05.75 
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In potentiodynamic polarization tests the nanostructured thin TiAIN coating has 

performed very well and showed best corrosion resistance as evident from corrosion 

current density and polarization resistance values reported in Table 4.8.The conventional 

thick TiAIN and AICrN coatings have shown performance comparable to nanostructured 

TiAIN coating in terms of corrosion current density and polarization resistance. The 

corrosion current densities are 2.071 and 1.308 1.1A/cm2 
for conventional TiAIN and AICrN 

coatings respectively, which are very less as compared to the corrosion current density in 

case of uncoated ASTM-SA210 Grade A-1 boiler steel (9.498 pA/cm2). 

From polarization test results, the protective efficiency, Pi  (%) of the coatings can be 

calculated by Eq. (4.4): 

Pi (%) = [1 	)] x 100 
ecorr (4.4) 

Where i CO IT and Pcorr  indicate the corrosion current density of the film and substrate, 

respectively [Yoo et al., 2008]. Figure 4.32 shows the variation in protective efficiency and 

polarization resistance of uncoated and coated ASTM-SA210 Grade A-1 boiler steel 

subjected potentiodynamic polarization test. 

Table 4.8 	Results of Potentiodynamic Polarization Tests of uncoated and coated 
ASTM-SA210 Grade A-1 boiler steel 

Substrate / Coating Ecorr 

(mV) 

'corr 

( tiA/cm2) 

Na 

(V/decade) 

I3c 

(V/decade) 

RP  

(k0-cm2  ) 

Pi  

(%) 

F 

(%) 

Uncoated Grade Al -606.0 9.498 0.0759 0.3089 02.78 -- -- 

Nanostructured TiAIN -405.6 0.676 0.0642 0.2136 40.38 92.87 0.015 

Nanostructured AICrN -442.1 5.982 0.0735 0.3790 04.46 37.01 0.432 

Conventional TiAIN -872.4 2.071 0.1593 146.5x1018  33.33 78.19 0.371 

Conventional AICrN -562.9 1.308 0.1517 0.2520 31.43 86.22 2.390 
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— (Uncoated Gr A-1 boiler steel) 
(Nanostructured TiAIN coating) 
(Nanostructured AICrN coating) 
(Conventional TiAIN coating) 
(Conventional AlCrN coating) 

Fig. 4.31 Potentiodynamic Polarization Curves for uncoated and coated ASTM-SA210 

Grade A-1 boiler steel 

The nanostructured thin TiAIN coating showed the highest protective efficiency of 

92.87 % caused by lowest corrosion current density of 0.676pA/cm2. The observed 

protection by the nanostructured TiAIN and AICrN coatings in an aerated 3 wt.% NaCI 

solution at room temperature, are almost in agreement with the findings of Yoo et al. 

h 	l(00 The conventional thick TiAIN and AICrN coatings have(2008) and Xing-zao et a. 28).  

also shown protection to the substrate with protective efficiency 78.19 % and 86.22 % 

respectively. 
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For further justification the porosity values has also been measured quantitatively by 

the electrochemical methods [Yoo et al., 2008] according to Eq. (4.5) and reported in Table 

4.8. 

F (%) = [ 1?-2p  17-1  X10 
R 

_ I AEcor rifia  
x 100 	 (4.5) 

Where LEcorr the corrosion potential difference between the substrate and coating layer, Rp  

the polarization resistance of the coating-substrate system, A the anodic Tafel constant of 

substrate, Rpm  is the polarization resistance of the substrate and F represent porosity. The 

porosity measurement of the coatings is presented in Table 4.8. 

Fig. 4.32 Protective efficiency and Polarization resistance of uncoated and coated ASTM-

SA210 Grade A-1 boiler steel: (A) Uncoated Grade Al boiler steel, (B) 

Nanostructured TiAIN coating, (C) Nanostructured AICrN coating, (D) 

Conventional TiAIN coating, (E) Conventional AICrN coating 

The nanostructured TiAIN film has shown minimum porosity of 0.015% and 

conventional AICrN has shown maximum 2.39% porosity value. In case of nanostructured 

AICrN and conventional TiAIN coatings, the porosity measurement by electrochemical test 
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analysis and with image analyser, having software Dewinter Materials Plus 1.01 based on 

ASTM 8276, is having closer results. The difference in the measured porosity by these two 

methods in case of nanostructured TiAIN and conventional AICrN coatings may be because 

that image analysis (IA) measures both open as well as closed porosity and cannot 

distinguish between the two, whereas electrochemical test is able to assess pore 

connectivity in a coating that exists due to the interlamellar pores and intralamellar cracks 

(Deshpande et al., 2004). The porosity also affects the corrosion current density, as more is 

the connected porosity the higher is the corrosion current. 

4.5.1.2 Salt spray (Fog) testing 

The ASTM B117 Salt Fog test was used to evaluate the performance of the uncoated 

and nanostructured thin TiAIN and AICrN coated ASTM-SA210 Grade A-1 boiler steel. The 

salt fog test is an accelerated corrosion test by which samples exposed to the same 

conditions can be compared. In the B117 test, the samples are exposed to a salt fog 

generated from a 5% sodium chloride solution with a pH between 6.5 and 7.2. All the 

samples were placed in the salt fog chamber for 24 Hrs, 48 Hrs and 72 Hrs. Photographs 

were taken before and subsequent to exposure to document the surface conditions. Initial 

weight and dimensions were also measured. After exposure; samples were monitored and 

analyzed by using XRD and SEM/EDAX techniques. Then all the samples were cleaned in 

running water not warmer than 38°C to remove salt deposits from the surface and then 

immediately dried with compressed air. 

The macro morphologies of the uncoated and nanostructured thin TiAIN and AICrN 

coated Grade A-1 boiler steel exposed to salt fog test for 24 Hrs, 48 Hrs and 72 Hrs; are 

depicted in Fig.4.33. The uncoated Grade A-1 boiler steel suffered severe corrosion in all 

the three test conditions i.e. 24 Hrs, 48 Hrs and 72 Hrs (Fig. 4.33.A). The brownish colored 

corrosion product on the surface of the samples and corrosion pits are visible. The 

nanostructured coated samples have shown resistance to the corrosion as compared to the 

uncoated Grade A-1 boiler steel. The nanaostructured TiAIN coatings have shown negligible 

corrosion products in case of 24 Hrs study, but for 48 Hrs and 72 Hrs studies, some 
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24 hrs 

48 hrs 

72 hrs 

corrosion products formation has been observed (Fig. 4.33.B). In case of nanostructured 

AICrN coating, the surface of the samples was no longer uniform as before the test in case 

of salt fog testing for 48 Hrs and 72 Hrs (Fig. 4.33.C). Some corrosion products can also be 

seen in case of the sample exposed to the salt mist corrosion for 24 Hrs. 

Fig. 4.33 Surface macrographs of uncoated and coated ASTM-SA210 Grade A-1 boiler 
steel subjected to salt-fog testing (5% NaCI) : (A) Uncoated Grade A-1 boiler 
steel subjected to 24hrs, 48hrs and 72 hrs testing; (B) Nanostructured TiAIN 
coated Grade A-1 boiler steel subjected to 24hrs, 48hrs and 72 hrs testing; (C) 
Nanostructured AICrN coated Grade A-1 boiler steel subjected to 24hrs, 48hrs 
and 72 hrs testing 
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Fig. 4.34 Surface macrographs of uncoated and coated ASTM-SA210 Grade A-1 boiler steel 

subjected to salt-fog testing (5% NaCI) for 24 hrs: (a) Uncoated Grade Al boiler steel 

(b) Nanostructured TiAIN coating (c) Nanostructured AICrN coating 

Figure 4.34 shows the surface SEM images of uncoated and nanostructured TiAIN and 

AICrN coated Grade A-1 boiler exposed to salt fog test for 24 Hrs. Figure 4.34 (a) reveals; 

massive corrosion products accumulated on the surface of uncoated boiler steel. The EDAX 

analysis at some locations points out the presence of iron and oxygen on the corroded surface 

(Point 1 and 2 in Fig. 4.34). In case of nanostructured TiAIN coating; corrosion cracks were also 

observed on the surface (Fig. 4.34.b). 
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Fig. 4.35 Surface macrographs of uncoated and coated ASTM-SA210 Grade Al boiler steel 

subjected to salt-fog testing (5% NaCI) for 48 hrs: (a) Uncoated Grade Al boiler steel 

(b) Nanostructured TiAIN coating (c) Nanostructured AICrN coating 

The EDAX point analysis (Point 4 on Fig. 4.34) reveals the presence of Fe and 0 as the 

main elements in the corrosion products with negligible amount of Al and Ti. The un-corroded 

un-reacted surface (Point 3) is rich in Ti, Al and N with negligible amount of Fe and oxygen. 

Figure 4.34 (c) shows the SEM image of the nanostructured AICrN coating. The corrosion 

products were composed of Fe and 0 with negligible amount of AL, Cr, N and Mn (Point 5 in Fig. 

4.34). Figure 4.35 shows the surface SEM images of uncoated and nanostructured TiAIN and 

AICrN coated Grade A-1 boiler steel exposed to salt fog test for 48 Hrs. 

Fe 
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Fig. 4.36 Surface macrographs of uncoated and coated ASTM-SA210 Grade A-1 boiler steel 

subjected to salt-fog testing (5% NaCI) for 72 hrs: (a) Uncoated Grade Al boiler steel 

(b) Nanostructured TiAIN coating (c) Nanostructured AICrN coating 

The uncoated Grade A-1 boiler steel has shown severe corrosion with corrosion cracks 

and corrosion products on the surface. The EDAX analysis shows the presence of Fe and 0 as 

the main elements along with some Mn;  CI and Na. As can be seen in Fig: 4.35 	and r), 

corrosion cracks were observed on the surface of as-deposited nanostructured TiAIN and AICrN 

coatings after salt spray tests. Massive corrosion products were accumulated around the 

corrosion crevice. 
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Obviously, severer corrosion would proceed in the as-deposited nanostructured thin 

coatings through the cracks, and cause coating cracking and fracture damage in the 

subsequent service at elevated temperatures. EDAX analysis (Point 3 and 4 on Fig. 4.35) of 

nanostructured TiAIN coating indicates the presence of Fe and 0. The corrosion products in 

case of nanostructured AICrN coating were found rich in iron and oxygen with some amount 

of Al, Cr and Mn. The EDAX point analysis at point 6 in Fig.4.35; reveals the presence of AI, 

Cr and Fe as the main element with less amount of oxygen. The surface SEM images of 

uncoated and nanostructured TiAIN and AICrN coated Grade A-1 boiler steel exposed to salt 

fog test for 72 Hrs; are shown in Fig.4.36. Massive corrosion products were accumulated on 

the surface in case of uncoated and nanostructured AICrN coated Grade A-1 boiler steel 

after salt fog tests. EDAX analysis (Fig.4.36) shows the corrosion products were composed of 

mainly Fe and 0 in all test samples. 

Fig. 4.37 (a) X-Ray Diffraction pattern of uncoated ASTM-SA210 Grade A-1 boiler 
steel subjected to salt-fog testing (5% NaCI) for 24 Hrs, 48 Hrs and 72 Hrs 
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XRD diffractograms for coated and uncoated ASTM-SA210 Grade A-1 boiler steel 

subjected to salt fog tests for 24 Hrs, 48 Hrs and 72 Hr; are depicted in Fig.4.37 on reduced 

scale. As indicated by the diffractograms in Fig.4.37 (a), Fe3O4  is the main phases present 

in the oxide scale of uncoated Grade A-1 boiler steel. In nanostructured TiAIN coating, AIN, 

TiN and Fe304 are the main phases revealed with minor phases i.e. TiO2  and A1203  (Fig. 

4.37.b). Further, the main phases identified for the nanostructured AICrN coating are CrN, 

AIN along with A1203, Cr203 and Fe304. The formation of Fe304 in the scale of corroded 

specimens in salt spray tests is found to be in agreement with the results reported by 

Panda, Bijayani et al. (2008) and Vera et al (2009). 

Fig. 4.37 (b) X-Ray Diffraction pattern of coated ASTM-SA210 Grade A-1 boiler steel 

subjected to salt-fog testing (5% NaCI) for 24 Hrs, 48 Hrs and 72 Hrs: (A) 

Nanostructured TiAIN coating, (B) Nanostructured AICrN coating 

214 



The weight loss measurements were carried out for the uncoated and 

nanaostructured thin TiALN and AICrN coated Grade A-1 boiler steel exposed to the salt fog 

tests for 24 Hrs, 48 Hrs and 72 Hrs. Fig. 4.38, depicts the column chart showing the weight 

loss per unit area for the uncoated and coated Grade A-1 boiler steel. It can be inferred 

from the plots that the uncoated Grade A-1 boiler steel has shown maximum weight loss 

per unit area in all three test conditions i.e. 24 Hrs, 48 Hrs and 72 Hrs tests; as compared to 

the coated counterparts. Both the coatings have shown good protection to the substrate in 

terms of weight loss per unit area. 

As can be seen in Fig.4.38 for uncoated and coated Grade A-1 boiler steel; the 

weight loss per unit area increases with the duration of the test. The weight loss per unit 

area in case of nanosructured thin TiAIN coating is less as compared to the nanostructured 

AICrN coating and uncoated boiler steel in all test conditions. It can be mentioned based on 

the present investigation that nanostructured thin TiAIN and AICrN coatings can provide a 

very good corrosion resistance when exposed to the simulated marine environment i.e. salt 

fog test. Salt spray corrosion is an electrochemical reaction process (Bao et al., 2007). 

Generally, the corrosion resistance is influenced significantly by several factors, such as 

compositions, internal microstructure, and especially the surface condition. 

The proposed corrosion mechanism of the coated specimen is as explained in 

Fig.4.39; which is similar to the one reported by Bao et al., (2007). Micro-cracks got initiated 

by residual stress during deposition of coatings. The micro-cracks would be corroded easily 

and the solution would infiltrate into loose corrosion products and reach crack tip to sustain 

the internal corrosion, followed by crack propagation (Fig. 4.39 b and c). This process obeys 

the rules of crevice corrosion. Acidity in the cracks increased significantly as neutralisation 

was not easily obtained by exchanging solution between inside and outside the cracks. An 

ascending acidity accelerates the corrosion attack and results in an unfavourable inner 

structure. When the acid solution flows across pores, corrosion will take place and enlarge a 

pore to a corrosion hole. 
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Fig. 4.38 Column chart showing weight loss per unit area for the uncoated and coated 

ASTM-SA210 Grade A-1 boiler steel subjected to salt-fog testing (5% NaCI) : (A) 

Uncoated Grade A-1 boiler steel subjected to 24hrs, 48hrs and 72 hrs testing; (B) 

Nanostructured TiAIN coated Grade A-1 boiler steel subjected to 24hrs, 48hrs 

and 72 hrs testing; (C) Nanostructured AICrN coated Grade A-1 boiler steel 

subjected to 24hrs, 48hrs and 72 hrs testing 

Fig. 4.39 Corrosion evolution of the as-deposited coatings in salt spray test; a: initiation of 

corrosion micro-crack, b: cracks propagation, c: crack branching, d: formation of 

corrosion hole (Bao et al., 2007) 

216 



4.5.2 Conclusions 

The corrosion behavior of conventional thick (by plasma spraying and gas nitrided) 

and nanostructured thin (by physical vapor deposition process) TiAIN and AICrN coatings on 

ASTM-SA210 Grade A-1 boiler steel, has been analyzed by electrochemical methods i.e. 

linear polarization resistance (LPR) and potentiodynamic polarization tests in an aerated 3.0 

wt% NaCI solution at room temperature; and salt spray (Fog) tests (5.0 wt% NaCI). The 

following conclusions are made: 

1. In Linear polarization resistance (LPR) test, the corrosion current densities of all the 

coatings were found much lower than that of the substrate. The corrosion resistance 

of the coatings and substrate followed the sequence: 

Nanostructured TiAIN > Conventional AICrN > Nanostructured AICrN > Conventional 

TiAIN > Substrate 

2. The corrosion protection is provided by all the coatings at initial stage as indicated 

by the LPR test results in terms of corrosion current density and polarization 

resistance. The uncoated Grade A-1 boiler steel has shown maximum corrosion 

current density and minimum in case of nanostructured thin TiAIN coating. 

3. In Potentiodynamic Polarization test, the corrosion current densities of the films 

were found much lower than that of the substrate steel. All the coatings have 

performed well in 3 wt. % NaCI solution in comparison to the substrate steel. 

4. The corrosion current densities of the substrate and the coatings in Potentiodynamic 

Polarization test were found much lower as compared to the LPR test (at initial 

stage) results. This may be due to the formation of protective oxide layer which has 

blocked the passage of the electrolyte to attack the samples. The corrosion 

resistance of the coatings and substrate followed the sequence: 

Nanostructured TiAIN > Conventional AICrN > Conventional TiAIN > Nanostructured 

AICrN > Substrate 
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5. The measured protective efficiency for nanostructured thin TiAIN, nanostructured 

thin AICrN, conventional thick TiAIN and conventional thick AICrN coatings is 92.87%, 

37.01%, 78.19% and 86.22% respectively. 

6. The porosity values has also been measured quantitatively by the electrochemical 

methods for nanostructured thin TiAIN, nanostructured thin AICrN, conventional 

thick TiAIN and conventional thick AICrN coatings, which are 0.015%,0.432%, 0.371% 

and 2.39% respectively. 

7. In salt spray tests; the uncoated Grade A-1 boiler steel suffered severe corrosion in 

all three test conditions i.e. 24 Hrs, 48 Hrs and 72 Hrs. The nanostructured coated 

samples have shown resistance to the corrosion as compared to the uncoated Grade 

A-1 boiler steel. 

8. The weight loss per unit area increases with the duration of the test. The weight loss 

per unit area in case of nanosructured thin TiAIN coating is less than as compared to 

the nanostructured AICrN coating and uncoated boiler steel in all test conditions. 

9. The nanostructured thin TiAIN and AICrN coatings can provide a very good corrosion 

resistance when exposed to the simulated marine environment i.e. salt fog test. 
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4.6 EROSION-CORROSION STUDIES IN INDUSTRIAL ENVIRONMENT 

After conducting the various experiments on uncoated and coated ASTM-SA210 

Grade A-1 boiler steel in lab, the present research work has been focused to investigate and 

compare the high temperature corrosion and erosion behavior of conventional thick (by 

plasma spraying and gas nitrided) and nanostructured thin (by physical vapor deposition 

process) TiAIN and AICrN coatings on Grade A-1 boiler steel, in actual industrial 

environment of coal fired boiler. The uncoated and coated specimens were exposed to low 

temperature super-heater zone of the coal fired boiler of Guru Nanak Dev Thermal Power 

Plant, Bathinda, Punjab, India. The specimens were hanged in the platen super-heater of 

coal fired boiler for 10 cycles, each cycle consisting of 100 hours exposure followed by 1 

hour cooling at ambient temperature at gas temperature 900°C. The detailed experimental 

procedure is explained in chapter 3. 

4.6.1 Results 

4.6.1.1 Visual observations 

The macrographs for uncoated and coated ASTM-SA210 Grade A-1 boiler steel 

exposed to super-heater of the coal fired boiler environment at 900°C for 1000 hours are 

shown in Fig.4.40. For the uncoated Grade A-1 boiler steel, a dark black grey colored scale 

appeared on the surface right from the 1St  cycle. Ash deposition has started just after the 1st  

cycle and the sample showed spalling and gets welded with the wire with which it was 

hanged in the boiler environment. After every cycle; the samples were washed with 

acetone in order to remove ash deposited before weight measurement. Erosion was also 

observed after 2nd  cycle at some spots on the surface of the sample. Ash deposition, erosion 

and severe spalling in case of bare Grade A-1 boiler steel continued to last cycle. At the end 

of cyclic study; ash deposition on fragile scale and blackish brown color surface appearance 

in the middle with whitish grey color along the sides was observed which can be seen in 

Fig.4.40 (a). In case of nanostructured thin TiAIN coated Grade A-1 boiler steel, color of the 

oxide scale at the end of the study was observed to be blackish grey with some visible 

cracks and ash deposited surface, as shown in Fig.4.40 (b). Ash deposition has started just 
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after the ft cycle and the sample showed spalling and gets welded with the wire with which 

it was hanged in the boiler environment. Ash deposition, erosion and severe spalling were 

observed throughout the cyclic study. 

Fig. 4.40 Surface macrographs of uncoated and coated ASTM-SA210 Grade A-1 boiler 

steel exposed to super-heater of the coal fired boiler environment at 900°C for 

1000 hours : (a) Uncoated Grade A-1 boiler steel, (b) Nanostructured TiAIN 

coating, (c) Nanostructured AICrN coating, (d) Conventional TiAIN coating, (e) 

Conventional AICrN coating 
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The nanostructured thin AICrN coated Grade A-1 boiler steel has shown the 

formation of dark blackish grey colored scale with severe spalling and visible hairline cracks 

over the whole area, as shown in Fig.4.40 (c). After ft  cycle, golden spots were seen on the 

surface with ash deposition and no sign of spalling and thermal expansion of the material. 

The scale shows spalling after 3rd  cycle and the sample gets welded to the wire. The ash 

deposition, erosion and spallling continue till the end. 

A visual observation of conventional thick TiAIN coated Grade A-1 boiler steel 

(Fig.4.40.d), showed the formation of bluish grey colored ash deposited scale at the end of 

the study. The scale was rough and adherent to the substrate. The sample gets welded to 

the wire after 4th  cycle and no spalling was observed afterwards. The rough scale may be 

due to the erosion. In case of conventional thick AICrN coated Grade A-1 boiler steel, color 

of the ash deposited oxide scale was dark grey with some whitish areas at the end of the 

study. The scale was found to be adherent. No spalling was observed till 4th  cycle after 

which the sample gets welded to the wire and showed spalling and signs of erosion (Fig. 

4.40.e). 

4.6.1.2 Weight change and sample thickness measurements 

Weight gain per unit area (mg/cm2) versus time expressed in number of cycles plot 

for coated and bare Grade A-1 boiler steel exposed to super-heater of the coal fired boiler 

environment at 900°C for 1000 hours; is presented in Fig. 4.41. However weight change 

data could not be of much use for predicting the corrosion behavior because of suspected 

spalling and ash deposition on the specimens. Although the specimens were washed with 

acetone after every cycle before weight measurement in order to remove ash deposited yet 

it was difficult to remove the ash completely. Hence extent of corrosion could only be 

monitored by measuring the thickness of the un-reacted sample after the total exposure of 

1000 hrs i.e. measuring scale thickness in cross-sectional view. It can be inferred from the 

plots (Fig.4.41) that the uncoated and nanostructured thin coated Grade A-1 boiler steels 

have shown high weight gain as compared to the conventional thick coatings. 
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Fig. 4.42 Bar chart indicating overall gain in thickness for uncoated and coated ASTM-

SA210 Grade A-1 boiler steel specimens exposed to super-heater of the coal 

fired boiler environment at 900°C for 1000 hours 
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The conventional AICrN coating has shown gradual erosion-corrosion rate after 

initial cycles and again higher rate after 8th  cycle where as the weight gain in case of 

conventional TiAIN coating is gradual after ft  cycle. The thin nanostructured AICrN coating 

has shown weight gain rate less than that of uncoated Grade-Al boiler steel whereas it is 

more in case of nanostructured TiAIN coating (Fig.4.41). Bar chart (Fig.4.42) indicates the 

overall gain/loss in the thickness (in mm) of the specimen. All the coatings and bare Grade 

A-1 boiler steel have shown increase in overall thickness after erosion-corrosion for 1000 

hrs. The thickness of the specimens was measured before and after the erosion-corrosion 

test and average of ten values has been used to calculate the thickness gain/loss. The 

measured average gain in overall specimen thickness values for uncoated Grade A-1, 

nanostructured thin TiAIN, nanostructured thin AICrN, conventional thick TiAIN and 

conventional thick AICrN coatings are 5.185, 4.653, 4.639, 0.551 and 0.906 mm respectively. 

4.6.1.3 Surface scale analysis 

4.6.1.3.1 X-ray diffraction analysis (XRD) 

XRD diffractograms for coated and uncoated ASTM-SA210 Grade A-1 boiler steel 

exposed to super-heater of the coal fired boiler environment at 900°C for 1000 hours; are 

depicted in Fig.4.43 (a and b) on reduced scale. As indicated by the diffractograms in 

Fig.4.43, Fe2O3, A1203 and SiO2  are the main phases present in the oxide scale of coated 

and uncoated Grade A-1 boiler steel. In case of conventional thick TiAIN coating; addition to 

the above mentioned phases Ti3A1 is also present in the oxide scale. 

4.6.1.3.2 Surface scale morphology 

SEM micrographs along with EDAX point analysis reveals the surface morphology of 

the coated and uncoated ASTM-SA210 Grade A-1 boiler steel exposed to super-heater of 

the coal fired boiler environment at 900°C for 1000 hours; are shown in Fig.4.44. 

Micrograph (Fig.4.44.a) for uncoated Grade A-1 boiler steel indicates a scale developed dark 

grey and white regions. 
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Fig. 4.43 (a) X-Ray Diffraction pattern of uncoated and coated ASTM-SA210 Grade A-1 

boiler steel exposed to platen superheater of the coal fired boiler 

environment at 900°C for 1000 Hrs: (A) Uncoated Grade A-1 boiler steel, (B) 

Nanostructured TiAIN coating; (C) Nanostructured AICrN coating 
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Fig. 4.43 (b) X-Ray Diffraction pattern of coated ASTM-SA210 Grade A-1 boiler steel 

exposed to platen superheater of the coal fired boiler environment at 900°C 

for 1000 Hrs: (A) Conventional TIAIN coating, (B) Conventional AICrN coating 
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Fig. 4.44 Surface-scale morphology and EDAX patterns from different spots on uncoated and 
coated ASTM-SA210 Grade A-1 boiler steel exposed to platen superheater of the 
coal fired boiler environment at 900°C for 1000 Hrs: (a) Uncoated Grade A-1 boiler 
steel, (b) Nanostructured TiAIN coating, (c) Nanostructured AICrN coating, (d) 
Conventional TiAIN coating, (e) Conventional AICrN coating 
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EDAX analysis at point 1 on Fig.4.44 (white region) indicates the presence of Al, 0 

and Si with no iron, which may be the ash. The dark grey region (Point 2) mainly consists of 

Fe and 0 with minor amounts of Al and Si. The SEM micrograph of oxidized nanostructured 

thin TiAIN coatings is shown in Fig.4.44 (b). The surface scale containing distorted grains. 

EDAX analysis (Point 3 and 4) of the scale revealed the presence of Fe, 0. Al and Si as the 

main elements along small amount of Ti, P and Ca. In case of nanostructured thin AICrN 

coated Grade A-1 boiler steel, the scale consists of white and dark grey regions. EDAX point 

analysis at point 5 (white region) shows the presence of Al, Si and 0 along with K, C and N 

with no iron, whereas the dark grey region (Point 6) shows higher amount of Al, 0, Si and Fe 

along with small amount of K, V and Cr. 

The surface scale developecron conventional thick TiAIN coated Grade A-1 steel is 

massive and without any cracks. EDAX analysis indicates the presence of Si, Al, Fe and 0 as 

the main phases along with very small amount of Ti and Ca. A spalled surface scale is 

developed on conventional thick AICrN coated Grade A-1 boiler steel. EDAX point analysis at 

point 10 (white region) shows Al (10.11%), Si (21.07%) and 0 (43.39%) as the main elements 

in the scale (Fig.4.44.e) along with very small amount of Fe, C and Ca whereas the matrix is 

rich in Fe (52.88 %), 0 (30.32 %) with negligible Al and Si. 

4.6.1.4 Cross-sectional analysis 

4.6.1.4.1 Cross-sectional scale morphology 

Back Scattered Electron Image (BSEI) micrograph and elemental variation across the 

cross-section for coated and uncoated Grade A-1 boiler steel exposed to super-heater of the 

coal fired boiler environment at 900°C for 1000 hours; are shown in Fig.4.45. The SEM 

micrograph (Fig.4.45.a) in case of uncoated Grade A-1 boiler steel shows thick scale. Also, 

the scale is fragile and indicating cracking. EDAX analysis reveals the presence of iron and 

oxygen throughout the scale. The existence of significant amount of oxygen points out the 

nnccihilitv of ria,(1., in the nvirin 

BSEI micrograph and elemental variation depicted in Fig.4.45 (b), for the cross-

section of nanostructured thin TiAIN coated Grade A-1 boiler steel shows the thick, 
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continuous and adherent scale. The scale is showing fine cracks at some locations. The 

EDAX analysis reveals the presence of Fe, and 0 throughout the scale. A location at point 7 

(Fig.4.45.b) in the micrograph depicts the good percentage of Al along with Fe and oxygen. 

A thick and adherent oxide scale can be seen in case of nanostructured AICrN coated Grade 

A-1 boiler steel (Fig.4.45.c). The EDAX point analysis indicates the presence of Fe and 0 

throughout the scale. 

In case of conventional TiAIN coated Garde A-1 boiler steel, the scale is non uniform, 

thin and adherent as depicted in Fig.4.45 (d). The EDAX point analysis indicates the 

presence of Fe, 0, Ti and Al throughout the scale with variable amounts. The amount of Ti 

and Al in the top scale is higher (Point 1 and 2) which decreases subsequently after point 5 

as we move towards the substrate. The conventional thick AICrN coated Grade A-1 boiler 

steel (Fig.4.45.e) indicates uniform, thin and adherent scale. EDAX point analysis shows the 

presence of Al, 0 and Fe throughout the scale. The top scale shows higher percentage of Al 

and 0 where the concentration of Fe decrease (point 2 and 3 on Fig.4.45.e). This trend is 

also visible at point 5; where Al increases and Fe decreases. 

4.6.1.4.2 Scale thickness 

The oxidized samples were cut across the cross section using Buehler Isomet 1000 

precision saw and mounted in transoptic mounting resin and subsequently mirror polished 

to obtain scanning electron back scattered micrographs and X-ray mapping of different 

elements for coated and uncoated Grade A-1 boiler steel. The scale thickness values were 

measured from SEM back scattered micrographs as shown in Fig.4.45. The extent of 

erosion-corrosion in terms of scale/coating thickness (in microns) and corrosion rate in mils 

per year (mpy) for coated and uncoated Grade A-1 boiler steel exposed to super-heater of 

the coal fired boiler environment at 900°C for 1000 hours; are shown in Fig.4.46 and 4.47 

respectively. Very thick scale is observed in case of uncoated and nanostructured coated 

Grade A-1 boiler steel. 

227 



2 	3 	.4 	
a
5 	6 

Point of nalysis 

100 
90 
80 
70 
60 
50 
40 
30 
20 
10 

0 

1 	2 	3 	4 	'5 	6 
	

7 	8 
Point of analysis 

100 
90 
80 
70 
60 

:go  50 
cu 40 

30 
20 
10 

0 

1 	2 	3 	4 	5 	6 
	

7 	8 
Point of analysis 

100 
90 
80 

g
0 70 

 
60 
50 
ao 
30 
20 
10 

0 

1 7 	8 

100 
90 
80 
70 
60 

-Coa  50 
a)  40 

30 
20 
10 

0 

1 

228 

2 	3 	4 	5 	6 
Point of analysis 

7 	8 



1 	2 	3 	4 	5 	6 
Point of analysis 

7 	8 

1427 0 

150( 

Fig. 4.45 Oxide scale morphology and variation of elemental composition across the cross-

section of the uncoated and coated ASTM-SA210 Grade A-1 boiler steel exposed to 

platen superheater of the coal fired boiler environment at 900°C for 1000 Hrs: (a) 

Uncoated Grade A-1 boiler steel (65 X), (b) Nanostructured TiAIN coating (45 X), (c) 

Nanostructured AICrN coating (31 X), (d) Conventional TiAIN coating (300 X), (e) 

Conventional AICrN coating (260 X) 

■ Average thickness of scale/coating before erosion/corrosion 

0 Gain in thickness after erosion/corrosion 

Conventional AICrN coating 

Conventional TiAIN coating 
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Nanostructured TIAN coating 
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Fig. 4.46 Bar chart indicating the extent of erosion/corrosion for uncoated and coated ASTM-

SA210 Grade A-1 boiler steel specimens exposed to super-heater of the coal fired 

boiler environment at 900°C for 1000 hours 
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Fig. 4.47 Corrosion rate in mils per year (mpy) for uncoated and coated ASTM-SA210 

Grade A-1 boiler steel exposed to super-heater of the coal fired boiler 

environment at 900°C for 1000 hours: (A) Uncoated Grade A-1 boiler steel, (B) 

Nanostructured TiAIN coating, (C) Nanostructured AICrN coating, (D) 
Conventional TiAIN coating, (E) Conventional AICrN coating 

The measured corrosion rate for uncoated Grade A-1, nanostructured thin TiAIN, 

nanostructured thin AICrN, conventional thick TiAIN and conventional thick AICrN coatings 

are 491, 438, 513, 68 and 82 mpy respectively. The conventional coatings have shown good 

resistance to the corrosive environment as the oxygen penetration is limited to very less 

thickness as compared to the uncoated and nanostructured coated Grade A-1 boiler steel 

(Fig.4.46 and 4.47). 

4.6.1.4.3 X-Ray mapping 

X-ray mappings for a part of oxide scale of uncoated and coated Grade A-1 boiler 

steel exposed to super-heater of the coal fired boiler environment at 900°C for 1000 hours; 

are shown in Fig. 4.48. 
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In case of conventional thick TiAIN coated Grade A-1 boiler steel, Fig.4.48 (d), Al and Ti rich 

thick bands are clearly seen along with Fe and oxygen. Ti is present in the upper scale along with 

Fe and 0. Figure (4.48.e) depicts the X-ray mapping in case of conventional AICrN coated Grade A-

1 boiler steel. The thick band of Al is present in the top scale region. The upper scale is rich in Al 

with 0 and Fe. A thin band of Al and 0 can be seen in the top scale where Fe is completely missing. 

Fig. 4.48 (a) Composition image (BSEI) and X-ray mapping of the cross-section of uncoated 
ASTM-SA210 Grade A-1 boiler steel exposed to platen super-heater of the coal fired 
boiler environment at 900°C for 1000 Hrs 
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Fig. 4.48 04 Composition image (BSEI) and X-ray mapping of the cross-section of Nanostructured 
TiAIN coated ASTM-SA210 Grade A-1 boiler steel exposed to platen super-heater of 
the coal fired boiler environment at 900°C for 1000 Hrs 
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Fig. 4.48 (c) Composition image (BSEI) and X-ray mapping of the cross-section of Nanostructured 
AICrN coated ASTM-SA210 Grade A-1 boiler steel exposed to platen super-heater of 
the coal fired boiler environment at 900°C for 1000 Hrs 
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Fig. 4.48 (d) Composition image (BSEI) and X-ray mapping of the cross-section of conventional 
TiAIN coated ASTM-SA210 Grade A-1 boiler steel exposed to platen super-heater of 
the coal fired boiler environment at 900°C for 1000 Hrs 
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0 

Fig.4.48 (e) 
	

Composition image (BSEI) and X-ray mapping of the cross-section of conventional 
AICrN coated ASTM-SA210 Grade A-1 boiler steel exposed to platen super-heater of 
the coal fired boiler environment at 900°C for 1000 Hrs 
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In case of uncoated Grade A-1 boiler steel, the micrograph (Fig.4.48.a) indicates a 

dense scale, which mainly contains iron and oxygen with some amount of manganese, as 

indicated by X-ray mapping. The X-ray mapping analysis of the scale formed on 

nanaostructured TiAIN coated Grade A-1 boiler steel is presented in Fig. 4.48.b. The X-ray 

mapping indicates presence of oxygen and iron throughout the scale with a thin band of Al 

in the sub-scale. In case of nanostructured thin AICrN coated Grade A-1 boiler steel; the 

BSEI and X-ray mapping are shown in Fig. 4.48.c. The X-ray mapping indicates the presence 

of iron and oxygen throughout the scale. 

4.6.2 Summary of Results 

Results obtained after 1000 hrs of exposure of uncoated and coated Grade A-1 

boiler steel to super-heater of the coal fired boiler environment at 900°C are summarized in 

Table 4.9. 

4.6.3 Discussion 

Fragile scale with tendency to spall has been observed for the uncoated Grade A-1 

boiler steel used in present investigation (Fig.4.40). The higher weight gain (Fig.4.41) of 

uncoated and nanostructured thin TiAIN and AICrN coated Grade-A-1 boiler steel than 

conventional thick might be attributed to spallation of the oxide scale in the actual 

environment of the coal fired boiler and fluxing action of the molten salt along with erosion 

of oxide scale. The most common deposit found on boiler super heaters is sodium vanadyl 

vanadate, Na2O. V204. 5V205, which melts at a relatively low temperature, 550°C, above the 

melting point, this ash material corrodes metals by long-term contact (Sidhu and Prakash, 

2006). The accumulation of low melting-point salts from flue-gas on the fire side surface of 

boiler tubes induces hot corrosion and is considered a root cause for the severe wastage of 

tube materials used for super heaters and reheaters in "advanced" steam-generating 

system (Sidhu et al, 2005). The interaction of ash (Na2O, K2O etc.) with the boiler gas (502, 

503, 02 etc.) results in the formation of alkali sulphates (K2SO4, Na2SO4). 
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Table 4.9 	Summary of the results obtained for uncoated and coated ASTM-SA210 

Grade A-1 boiler steel exposed to super-heater of the coal fired boiler 

environment at 900°C for 1000 hours 

Coating Weight 
gain 

mg/cm2  

Extent of 
Corrosion 

(mm) 

Corrosion 
Rate 

(mpy) 

XRD 
phases 

Remarks 

Uncoated Grade- 
A-1 boiler steel 

546.58 1.427 491.2 Fe203, 	A1203  
and Si02  

Ash 	deposited 	scale 	with 
severe 	spalling 	and 	blackish 
brown 	colored 	surface 
appearance. 	Ash 	deposition, 
erosion 	and 	severe 	spalling 
continued to last cycle. 

Nanostructured  
TiAIN coating 

535.36 1.280 438.0 Fe203, 	A1203  
and Si02  

Color of the oxide scale at the 
end of the study was observed 
to be blackish grey with some 
visible 	cracks 	and 	ash 
deposited surface. Erosion and 
ash 	deposition 	continued till 
end of the study. 

Nanostructured  
AICrN coating 

435.50 1.500 513.8 Fe203, 	A1203  
and Si02  

The formation of dark blackish 
grey colored scale with severe 
spalling 	and 	visible 	hairline 
cracks was observed at the 
end. 	The 	ash 	deposition, 
erosion and spallling continue 
till the end. 

Conventional 
TiAIN Coating 

121.31 0.372 68.94 Fe203, A1203, 
Si02  and Ti3A1 

Bluish 	grey 	colored 	ash 
deposited scale at the end of 
the study. The scale was rough 
and adherent to the substrate. 

Conventional 
AICrN coating 

242.67 0.406 82.69 Fe,03. 	AI203  
, -- anti Si02  

Color of the 	ash 	deposited 
oxide scale was dark grey with 
some whitish areas at the end. 
The scale was found to be 
adherent. 	No 	spalling 	was 
observed 	till 	4th 	cycle 	after 
which 	the 	sample 	showed 
spalling and signs of erosion. 
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These alkali sulphates react with iron oxides (present in the scale or in the ash itself), 

in presence of SO3  in the gas, to form alkali-ion trisulphates (Na, K)3Fe(SO4)3, theses alkali- 

iron trisulphates are molten at the operating temperature of the boiler due to their low 

melting temperatures: 624°C for Na3Fe(SO4)3, 618°C for K3Fe(SO4)3  and 552°C for the mixed 

compound (Na, K)3Fe(SO4)3 (Srivastava et al, 1997; Weulersse-Mouturat et al., 2004). These 

molten compounds can flux the scale or react with the alloy to form internal sulphides. 

Therefore, the alkali-iron trisulphides are responsible for the degradation of super-heater in 

the coal-fired plants. 

Conventional thick TiAIN and AICrN coatings have been found successful in reducing 

the overall weight gain of bare Grade A-1 boiler steel. The higher weight gain during the 

first few cycles might be attributed to the rapid formation of oxides at the splat boundaries 

and within the open pores due to the penetration of the oxidizing species, further the 

subsequent increase in weight is gradual (Singh H et al., 2007). There is continuous 

formation of thin oxide scale with subsequent depletion by spallation and erosion under 

cyclic test conditions. The top surface may contains inclusions, which leads to vertical cracks 

through which the corrosive species might have penetrated along the crack and between 

the metallic layers. The cracks and oxide layer have propagated parallel to the top surface. 

During cyclic testing, cracks in the oxide scale and spalling of the uncoated and coated 

Grade A-1 boiler steel might be attributed to the different values of thermal coefficients for 

the coating, scale and the substrate as reported by Sidhu et al. (2003), Singh et al. (2004), 

Evans et al. (2001), Wang et al. (2002) and Niranatlumpong et al (2000). 

The presence of Fe and oxygen (Fig.4.45) in the top of the scale of the uncoated and 

coated Grade-A-1 boiler steel is believed to be due to the diffusion of iron through the 

pores and cracks that appeared in the coating during the course of oxidation studies (Singh 

Buta et al., 2003). The phases revealed by XRD diffractograms are found to be in 

agreement with those reported by Longa-Nova et al (1996), Calvarin et al (2000) and 

Nickel et al (2002). In case of conventional thick TiAIN coating; addition to the above 

mentioned phases Ti3AI is also present in the oxide scale (Fig.4.43). Formation of hematite 

(Fe2O3) as revealed by the X-ray diffractograms might be due to the reaction of iron with 
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oxygen since iron is the main constituent of boiler steel. Formation of such type of oxides has 

also been analyzed by Prakash et al (2001) and Srikanth et at (2003) during the failure analysis 

of superheater tubes caused by fireside corrosion. The formation of A1203 and SiO2 might be 

due to the deposition of ash on the eroded-corroded tubes. The higher amount of Al and Si is 

found in the ash. The presence of such phases in slag has also been reported by John 

(1986) in his study on slag, gas and deposit thermochemistry in a coal gasifier and the 

possibility for formation of such phase in ash constituents during combustion has 

further been reported by Nelson et al (1959). Absence of sulphide formation as indicated 

by the XRD analysis is further supported by the findings of Crossley et at (1948). They reported 

that the presence of fly ash particles rich in magnetite reduced the concentration of 503  in the 

boiler system fired by mechanical stokers. 

It can be mentioned based on the present investigation that conventional thick TiAIN 

and AICrN coatings can provide erosion-corrosion resistance when exposed to super-heater 

of the coal fired boiler environment at 900°C. It is well supported by corrosion rate plot 

(Fig.4.47) as the corrosion rate is very less in case of conventional thick coatings as 

compared to the uncoated and nanostructured coated Grade A-1 boiler steel. These results 

are well supported by EDAX (Fig.4.44) and X-ray mapping analysis (Fig.4.48). The resistance 

offered by conventional thick TiAIN and AICrN coatings to the erosion-corrosion in boiler 

environment may be due to the presence of a thick band of Al along with oxygen; as shown 

by X-ray mapping analysis (Fig.4.48.d and e). 

4.6.4 Conclusions 

The high temperature erosion-corrosion behaviors of uncoated and coated ASTM-SA210 

Grade A-1 boiler steel have been investigated in super-heater of the coal fired boiler 

environment at 900°C for 1000 hours (10 cycles). The behavior of nanostructured TiAIN and 

AICrN coatings were compared with their conventional counterparts and the following 

conclusions are made: 

1. The plasma sprayed gas nitride conventional thick coatings i.e. TiAIN and AICrN have 

developed a protective scale mainly consisting on aluminum oxide. 
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2. All the coated as well as uncoated boiler steels have shown ash deposition on the 

surface. Thus final thickness is contributed by scale formation, erosion and ash 

deposition. 

3. The corrosion rate for the uncoated and coated Grade A-1 boiler steel specimens 

exposed to the super-heater of the coal fired boiler environment at 900°C follows 

the sequence: 

Nanostructured AICrN > Uncoated Grade A-1 > Nanostructured TiAIN > Conventional 

AICrN> Conventional TiAIN 

4. The nanaostructured TiAIN and AICrN coatings has shown resistance to erosion-

corrosion to some extent as the overall weight gain and thickness are less than as 

compared to the uncoated Grade A-1 boiler steel, but failed to provide full 

protection to the substrate. 

5. Thick TiAIN and AICrN coatings can provide good erosion-corrosion resistance when 

exposed to super-heater of the coal fired boiler environment at 900°C. 

6. The oxide scale formed is adherent to the substrate in all coatings. But in case of 

uncoated and nanostructured coated Grade-A-1 boiler steel, the scale is found to be 

fragile with some cracks. 
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Chapter S 
SUBSTRATE ASTM-SA213-T-11 BOILER STEEL 

This chapter deals with the results and discussion for the bare and coated ASTM-

SA213-T-11 boiler steel exposed to different degradation environments. It includes the 

characterization of the nanostructured and conventional TiAIN and AICrN coatings on T-

11 boiler steel and their behavior when exposed to high temperature oxidation studies 

in air, molten salt (Na2SO4-60%V205) environment and in a coal fired boiler of a thermal 

plant, erosion studies in simulated coal-fired boiler environment and corrosion studies in 

simulated marine environment. 

5.1 CHARACTERISATION OF COATINGS 

Little work has been published on high temperature corrosion behavior of 

nanostructured and conventional hard metal nitride coatings to the best of the 

knowledge of the author. Therefore, these coatings were developed on the ASTM-

SA213-T-11 boiler steel and their behavior was studied when exposed to high 

temperature oxidation in air, molten salt environment, industrial environment, high 

temperature solid particle erosion and simulated marine environment. In the present 

section the conventional thick (by plasma spraying and gas nitrided) and nanostructured 

thin (by physical vapor deposition process) TiAIN and AICrN coatings developed on 

ASTM-SA213-T-11 boiler steel have been characterized. 

5.1.1 Results 

5.1.1.1 Visual observations 

The nanostructured thin (by Physical Vapor Deposition process) and conventional 

thick (by Plasma Spraying and Gas Nitriding) TiAIN and AICrN coatings have been 

formulated successfully on ASTM-SA213-T-11 boiler steel. The macrographs of as-coated 

T-11 boiler steel are shown in Fig.5.1. As observed from the macrographs the 

nanostructured thin TiAIN coating is violet grey in color and nanaostructured thin AICrN 

coating is light grey in color. Visual observations indicate; the surface of nanostructured 
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coatings is smooth whereas the surface of conventional thick coatings is rough. The 

color of the thick coatings appeared as dark grey. Also, Optical micrographs of the 

nanostructured and conventional coatings are shown in Fig. 5.2. The nanostructured 

coatings (Fig.5.2.a & b) have uniform microstructure. It is evident from the 

microstructure that the coatings contain some pores and inclusions. In case of 

conventional thick coatings (Fig. 5.2.c & d); the massive microstructure can be observed 

with irregularly shaped grains. 

Fig. 5.1 	Surface macrographs for the as coated ASTM-SA213-T-11 boiler steel (a) 

Nanostructured TiAIN coating, (b) Nanostructured AICrN coating, (c) 

Conventional TiAIN coating, (d) Conventional AICrN coating 

Surface analytic 

5.1.1.2.1 X-ray diffraction analysis (XRD) 

XRD diffractograms for nanostructured and conventional TiAIN and AICrN coated 

T-11 boiler steel are depicted in Fig.5.3 on reduced scale. TIN and AIN are the main 

phases identified in the nanostructured thin TiAIN coating. Further, in case of 
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nanostructured AICrN coating, the prominent phases are CrN and AIN. The grain size of 

the nanostructured thin coatings was estimated from Scherrer formula (as explained in 

Chapter 3); which is reported in Table.5.1. The calculated grain size for nanostructured 

thin TiAIN and AICrN coatings is 15 and 21 nm respectively. Further, the main phases 

identified for the conventional thick TiAIN coating are A1203, TiN, Ti3A1, AIN and T102. The 

phases identified in case of conventional thick AICrN coating are CrN, AIN, and A1203  with 

minor peaks of Cr2O3. 

Fig. 5.2 
	

Optical micrograph (200 X) of the surface of as coated ASTM-SA213-T-11 

boiler steel (a) Nanostructured TiAIN coating, (b) Nanostructured AICrN 

coating, (c) Conventional TiAIN coating, (d) Conventional AICrN coating 

5.1.1.2.2 Porosity analysis 

The porosity analysis is of prime importance in high temperature corrosion 

studies. The dense coatings are supposed to provide very good corrosion resistance as 
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compared to porous coatings. The porosity measurements were made by PMP3 inverted 

metallurgical microscope with stereographic imaging and subsequently the porosity was 

evaluated with the help of software as explained in chapter 3. The porosity of 

nanostructured thin TiAIN and AICrN coatings was found below 0.4 % (Table.5.1). In case 

of conventional thick coatings; the porosity of as sprayed Ti-Al (2.60-4.00 %) and Al-Cr 

(2.50-4.10 %) coatings was also evaluated; which is reported in Table.5.2. A considerable 

decrease in the porosity had been observed after gas nitriding and it was found to be 

less than 0.6 % (Table.5.2). 

Table 5.1 	Microstructural and mechanical properties of nanostructured thin 
TiAIN and AICrN coated ASTM-SA213-T-11 boiler steel 

Coating Surface 
Roughness 

(nm) 

Particle Size (nm) Coating 
Thickness 

(Itm) 

Porosity 
(% age) 

Coating 
Color 

Scherrer 
Formula 

AFM 
Analysis 

Nanostructured 
TiAIN Coating 

03.69 15 14 5.2 < 0.4 violet-grey 

Nanostructured 

AICrN Coating 
05.18 21 20 5.5 < 0.4 light-grey 

Table 5.2 	Microstructural and mechanical properties of conventional thick 
TiAIN and AICrN coated ASTM-SA213-T-11 boiler steel 

Coating Surface 
Roughness 

(ttni) 

Coating 
Thickness 

(Pin) 

Porosity (% age) Bond 
Strength 

(MPa) 

Coating 
Color 

As Sprayed After 
Gas 

Nitriding 
Conventional 
TiAIN Coating 

7.3644.31 174 2.60-4.00 < 0.6 68.74 Bluish-grey 

Conventional 
AICrN Coating 

12.20-15.45 122 2.50-4.10 < 0.6 54.69 Bluish-grey 
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Fig. 5.3 	Surface-scale morphology and EDAX patterns from different spots on as 

coated ASTM-SA213-T-11 boiler steel (a) Nanostructured TiAIN coating, (b) 

Nanostructured AICrN coating, (c) Conventional TiAIN coating, (d) 

Conventional AICrN coating 

5.1.1.2.3 AFM analysis of the as deposited nanostructured thin coatings 

The surface topography of the nanostructured thin TiA1N and AICrN coatings was 

studied using Atomic Force Microscope (AFM NT-MDT: NTEGRA Model) in semi contact 

mode. Figure 5.4 shows the AFM surface morphology (2D and 3D) of the nanostructured 

thin TiAIN and AICrN coatings deposited on T-11 boiler steel. The difference in the 

morphology between the two coatings can be inferred by comparing the 2D images in 

Fig. 5.4 (a) and (c); however a clearer comparison of the coatings could be afforded by 

viewing 3D images in Fig. 5.4 (b) and (d). As the axis scale indicates the overall roughness 

of the nanostructured TiAIN coating (Fig. 5.4.b) is less than that of AICrN coating 

245 



20 

j 
Wm 

Nm 04' 

(b) 

(d) 

(Fig.5.4.d). The surface roughness and particle size in the coatings was also provided by 

AFM analysis; which are reported in Table.5.1. The surface roughness in case of 

nanostructured TiAIN coating was observed 3.69 nm and 5.18 rim in 	of 

nanostructured AICrN coating (Table.5.1). The nanostructured thin TiAIN coating had 

shown lesser particle size (14 nm) as compared to nanostructured thin AICrN coating (20 

nm). 

5.1.1.2.4 Surface roughness (Ra) values of the conventional thick coatings 

The coating surface was very rough in case of conventional thick TiAIN and AICrN 

coatings due to the presence of unmelted/partially melted particles and the roughness 

was found to be in the range of 07.36-14.31 pm and 12.20-15.45 pm respectively. The 

centre line average (CLA) method was used to obtain the Ra  values. 

Fig. 5.4 	2D and 3D AFM images for the as coated ASTM-SA213-T-11 boiler steel (a) & 

(b) Nanostructured TiAIN coating, (c) & (d) Nanostructured AICrN coating 
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Fig. 5.5 	Microhardness profile across the cross-section for Conventional TiAIN and 

Conventional AICrN coating on ASTM-SA213-T-11 boiler steel 

Fig. 5.6 	Fracture surfaces of a Plasma sprayed gas nitride specimen after ASTM C633 

tensile test; (a) Conventional TiAIN coating, (b) Conventional AICrN coating 
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5.1.1.2.5 Evaluation of microhardness and bond strength of conventional coatings 

The hardness of the coatings has been measured along the cross-section of the 

conventional thick TiAIN and AICrN coated T-11 boiler steel. Figure 5.5 shows the 

microhardness profiles along the cross-section of the coatings as a function of distance 

from the coating-substrate interface. The critical mocrohardness value of the substrate 

T-11 boiler steel was found to be in the range 200-300 Hv. From the microhardness 

profiles (Fig.5.5) it is obvious that the conventional TiAIN coating has shown maximum 

microhardness of the order of 900-1000 Hv. The conventional thick AICrN coating has 

shown microhardness of the order of 650-700 Hv. 

The bond strength of the conventional thick TiAIN and AICrN coatings was 

measured on three specimens as per ASTM. standard C_____613-0:t. The coatings failed  at the 

substrate-coating interface while remaining attached to the adhesive (Fig.5.6). Average 

bond strength of 68.74 MPa and 54.69 MPa was observed in case of conventional TiAIN 

and AICrN coatings respectively (Table.5.2). 

5.1.1.2.6 Surface morphology of coatings 

SEM micrographs along with EDAX point analysis reveal the surface morphology 

of the nanostructured and conventional TiAIN and AICrN coated T-11 boiler steel; are 

shown in Fig.5.7. Micrograph (Fig.5.7.a) for nanostructured thin TiAIN coating at higher 

magnification (10000 X) indicates .grey matrix with some black and white contrast 

regions. Dense structure with lower porosity is observed in the coating microstructure 

and also it is free from cracks. EDAX analysis at point 1 and point 2 on Fig.5.7 indicates 

the presence of Ti, Al and N with negligible amount of 0 and Fe. The black colored areas 

revealed the higher amount of Ti and less concentration of Al as compared to the white 

contrast region. In case of nanostructured thin AICrN coated T-11 boiler steel, the SEM 

micrograph indicates dense grey colored coating with tiny dark grey particles dispersed 

in the matrix. EDAX point analysis (Point 3 and 4 on Fig.5.7) shows, the coating is rich in 

Al, Cr and N along with small amount of Fe and oxygen (Fig.5.7.b). The micrographs in 

case of conventional plasma sprayed gas nitride TiAIN and AICrN coatings are shown in 

Fig.5.7(c and d). In general microscopic features indicate that the conventional coatings 

are homogeneous and massive, free from cracks. 
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Fig. 5.7 	Surface-scale morphology and EDAX patterns from different spots on as coated 
ASTM-SA213-T-11 boiler steel (a) Nanostructured TiAIN coating, (b) Nanostructured 
AICrN coating, (c) Conventional TiAIN coating, (d) Conventional AICrN coating 
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Presence of some oxide stringers as well as open pores has been noticed in 

general in the conventional coatings. The EDAX point analysis (Point 5 and 6 on Fig.5.7); 

in case of conventional TiAIN coating indicates the higher concentration of Ti and Al in 

the coating along with N and oxygen. The presence of Al and Cr along with N and oxygen 

is revealed by EDAX analysis in case of conventional AICrN coating (Point 7 and 8 in 

Fig.5.7). 

5.1.1.3 Cross-sectional analysis 

5.1.1.3.1 Coating thickness 

Th-e as-coated samples were cut across the cross section using Buehler Isomet 

1000 precision saw and mounted in transoptic mounting- resin and subsequently mirror 

polished to obtain scanning electron back scattered micrographs and X-ray mapping of 

different elements for coated c:sk os=1 T-11 boiler steel. The coating thickness 

values were measured from SEM back scattered micrographs as shown in Fig.5.8; and 

average coating thickness is reported in Table.5.2. The measured average coating 

thickness values for nanostructured thin and conventional thick TiAIN and AICrN 

coatings are 5.2, 5.5, 174 and 122 pm respectively. 

5.1.1.3.2 X-Ray mapping 

BSEI and X-ray mapping analysis for nanostructured and conventional TiAIN and 

AICrN coated T-11 boiler steel is shown in Fig. 5.8. The X-ray mapping indicates presence 

of Al and Ti along with small amount of N in the nanostructured TiAIN coating (Fig. 

5.8.a). In case of nanostructured thin AICrN coated T-11 boiler steel; the BSEI and X-ray 

mapping are shown in Fig. 5.8 (b). The X-ray mapping indicates the presence of Al and Cr 

along with some concentration of N in the coating. In case of conventional thick TiAIN 

coated T-11 boiler steel, Fig.5.8 (c), Al and Ti rich coating along with negligible amount of 

N and 0; has been observed. The diffusion of Fe from the substrate has taken place as 

indicated by X-ray mapping analysis. Figure.5.8 (d) depicts the BSEI and X-ray mapping in 

case of conventional AICrN coated T-11 boiler steel. The coating is rich in Al and Cr with 

negligible presence of N and 0. The X-ray mapping analysis indicates the presence of Fe 

in the coating. 
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Fig. 5.8 (a) 	Composition image (BSEI) and X-ray mapping of the cross-section of as-coated 
nanostructured TiAIN coating on ASTM-SA213-T-11 boiler steel 
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Fig. 5.8 (b) 	Composition image (BSEI) and X-ray mapping of the cross-section of as-coated 
nanostructured AICrN coating on ASTM-SA213-T-11 boiler steel 
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Fig. 5.8 (c) 	Composition image (SEI) and X-ray mapping of the cross-section of as-coated 
conventional TiAIN coating on ASTM-SA213-T-11 boiler steel 
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Fig. 5.8 (d) 	Composition image (BSEI) and X-ray mapping of the cross-section of as-coated 
conventional AICrN coating on ASTM-SA213-T-11 boiler steel 
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5.1.2 Discussion 

The nanostructured thin TiAIN and AICrN coatings on ASTM-SA213-T-11 boiler 

steel were obtained using a front-loading Balzer's rapid coating system (RCS) machine at 

Oerlikon Baizers Ltd. Gurgaon (India). In case of conventional thick TiAIN and AICrN 

coatings; the plasma spray coatings were obtained at Anod Plasma Ltd. Kanpur (India) using 

a 40 kW Miller Thermal Plasma Spray apparatus. The surface appearance of nanostrucured 

TiAIN coating was violet grey in color and light grey in case of nanostructured AICrN 

coating (Fig.5.1). In case of conventional thick coatings: the surface appearance of 

conventional TIAIN and AICrN coatings was grey with some bluish shining (Fig.5.1). The 

surface of conventional thick coatings was rough. As inferred from optical micrographs 

(Fig.5.2 a & b) that the nanostructured coatings were dense with uniform 

microstructure. It is evident from the microstructure that the coatings contain some 

pores and inclusions. In case of conventional thick coatings (Fig.5.2.c & d); the massive 

microstructure could be observed with irregularly shaped grains. 

The phases identified by XRD analysis (Fig.5.3) for nanostructured thin TiAIN coating 

are TIN and AIN. The phases analyzed are also in agreement with that reported by Yoo et 

al. (2008), Falub et al. (2007) and Man et al. (2004). The prominent phases in case of 

nanostructured AICrN coating are CrN and AIN which are in agreement with the findings 

of Reiter et al. (2005) and Endrino et al. (2006). Further, the main phases identified for 

the conventional thick TIAIN coating are A1203, TIN, Ti3A1, AIN and small peaks of T102 

and Fe2O3. The phases identified in case of conventional thick AICrN coating are CrN, 

AIN, and A1203 with minor peaks of Cr2O3. The presence of metal nitride phases indicates 

that the gas nitriding process has successfully produced the desired coatings. Further, 

the phases analyzed are also in agreement with that reported by Adachi and Nakata (2007). 

The grain size (Table.5.1) of the nanostructured thin coatings was estimated from 

Scherrer formula (Cullity, 1970) and further verified by AFM analysis (reported in Table 

5.1). The particle size determined by AFM analysis is in good agreement with the results 

obtained from Scherrer formula. The nanostructured thin TIAIN coating had shown 

smaller particle size (15 nm) as compared to nanostructured thin AICrN coating (21 nm). 

The coating thickness was measured along the cross-section for some of the 

randomly selected samples and reported in Table 5.1 and 5.2. The coatings thickness was 
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observed to be 5.2 and 5.5 pm in case of naostructured TiAIN and AICrN coatings 

respectively. The self-disintegration of thicker coatings usually restricts the thickness of the 

coatings (Sidhu et al., 2004). In case of conventional thick coatings; it was possible to obtain 

a thickness in range of 150-200 pm for Ti-Al and Al-Cr coatings. After coating deposition 

process; the gas nitriding was done in lab in order to obtain hard metal nitride coatings. The 

coating thickness was measured along the cross-section for some randomly selected 

samples and reported in Table 5.2. The coatings thickness was observed as 174 and 122 pm 

in case of conventional thick TiAIN and AICrN coatings respectively. 

The surface roughness was also measured with AFM analysis and reported in 

Table 5.1. As the axis scale indicates the overall roughness of the nanostructured TiAIN 

coating (Fig.5.4.b) is less than that of AICrN coating (Fig.5.4.d). The coating surface was 

very rough in case of conventional thick TiAIN and AICrN coatings due to the presence of 

unmelted/partially melted particles. The negligible porosity values for as coated 

nanostructured thin TiAIN and AICrN coatings were observed; which were less than 0.4 

% ( Table.5.1). The measured porosity values of plasma sprayed and gas nitrided coatings 

are reported in Table 5.2. The measured values of porosity (2.50-4.10%) for as sprayed 

conventional Ti-Al and Al-Cr coatings are almost in close agreement with the findings of 

Chen et al (1993), Erickson et al (1998), Hidalgo et al (1998 and 1999), Singh (2003) and 

Sidhu et al (2004 and 2005) for thermal plasma sprayed coatings. Further, the porosity 

values found to be less than 0.6% after gas nitriding, which may be because of 

elimination of microstructural in-homogeneities by filling of pores and voids by nitrogen 

during gas nitriding. 

Hardness is the most frequently quoted mechanical property of the coatings 

(Tucker, 1994). The observed microhardness values (Fig.5.5) for the conventional 

coatings are within the range of microhardness values reported for plasma coatings by 

Adachi and Nakata (2007), Vuoristo et al. (1994), Chen and Hutchings (1998 ) and 

Westergard et al. (1998). Microhardness plots indicate some increase  in  the  mirrf-th2rrInPcc 

of substrate steel at the substrate coating interface. The hardening of the substrates as 

observed in the current study might have occurred due to the high speed impact of the 

coating particles during plasma spray deposition similar to the findings of Singh (2003 ), 

Hidalgo et al. (1997, 1998, 1999 and 2000) and Sidhu et al. (2004 and 2005). The observed 

non-uniformity in the hardness values along the thickness of the coatings may be due to the 
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microstructural changes along the cross section of the coatings (Staia et al., 2001). 

Moreover, the microhardness and other properties of the thermal spray coatings are 

anisotropic because of typical splat structure and directional solidification (Tucker, 1994). 

The bond strength of the conventional thick TiAIN and AICrN coatings was measured on 

three specimens as per ASTM standard C633-01. The coatings failed at the substrate-

coating interface while remaining attached to the adhesive (Fig.5.6). Average bond 

strength of 68.74 MPa and 54.69 MPa was observed in case of conventional TiAIN and 

AICrN coatings respectively. The bond strength in case of conventional TiAIN coatings 

(68.74 MPa) is almost in good agreement with the results reported by Adachi and Nakata 

(2007). 

Surface EDAX analysis supported the results obtained by XRD (Fig.5.3) and X-ray 

mapping analysis (Fig.5.8) in all the coatings. The presence of Ti, Al and N with negligible 

amount of Fe (in nanostructured TiAIN coating), Al, Cr and N along with small amount of 

Fe and oxygen (in nanostructured TiAIN coating), the higher concentration of Ti and Al in 

the coating along with some amount of N and oxygen (in conventional TiAIN coating) 

and Al and Cr along with N and oxygen (in conventional AICrN coating); is revealed by 

surface EDAX analysis (Fig.5.7). Also, the XRD analysis indicates the presence of the 

oxide phases in the coatings i.e. A1203, TiO2 and Fe203  in case of conventional TiAIN 

coating and the presence of A1203  and Cr203  in case of conventional AICrN coatings. The 

oxides may form due to the in-flight oxidation during spraying process and/or preexisting in 

the feed material (Bluni and Mardar, 1996). The latter reason for the oxides formation in the 

structure of coatings under study looks to be more relevant as the chances of in-flight 

oxidation are meager in case of the shrouded plasma spraying. 	Deshpande et al. 

(2006) proposed that, during in-flight oxidation, a layer of oxide is formed on the molten 

particle due to chemical reactions between the surface of the liquid phase and oxygen 

or due to diffusion of oxygen into the liquid. The turbulent mixing of the liquid part of 

the powder particle during its flight destroys the surface layer of oxides and causes the 

oxides to be distributed more uniformly through the bulk volume of the particle. 

However, when temperature of the particle starts dropping during later part of the 

flight, these oxides tend to solidify and a thin oxide shell would form around the droplet. 

The oxidation time during thermal spray coating is short typically less than 0.01 s, and 

can occur in either the solid or molten state. The oxidation of coatings is not always 
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harmful, it is equally important to control and understand the different aspects of 

oxidation of coatings; therefore, it is important to find an optimum level for oxidation of 

coatings (Herman, 1988; Korpiola and Vuoristo, 1996; Nerz et al., 1992). 

5.1.3 Conclusions 

The nanostructured thin TiAIN and AICrN coatings (by physical vapour deposition 

process at Oerlikon Balzers Ltd. Gurgaon, India) and conventional thick TiAIN and AICrN 

coatings (by plasma spraying process at Anod Plasma Ltd. Kanpur, India; followed by gas 

nitriding process) were successfully deposited on ASTM-SA213-T-11 boiler steel. The 

coatings were characterized for microstructural features and hardness in present work. 

The following observations were made based on the present study: 

1. The nanostructured thin TiAIN and AICrN coatings exhibited negligible porosity 

values for as coated (0.4 %). The conventional TiAIN and AICrN coatings showed; 

higher porosity values (2.50-4.10 %) for as sprayed conventional Ti-Al and Al-Cr 

coatings which after gas nitriding were found to be less than 0.6 %. 

2. The presence of metal nitride phases as identified by XRD analysis; indicates that 

the gas nitriding process has successfully produced the desired coatings. 

3. The grain size of the nanostructured thin coatings was estimated from Scherrer 

formula and further verified by AFM analysis. The particle size determined by 

AFM analysis is in good agreement with the results obtained from Scherrer 

formula. The nanostructured thin TiAIN coating had shown smaller particle size 

(15 nm) as compared to nanostructured thin AICrN coating (21 nm). 

4. The surface roughness of nanostructured TiAIN coating was observed to be 3.69 

nm and 5.18 nm for nanostructured AICrN coating. The coating surface was very 

rough in case of conventional thick TiAIN and AICrN coatings. 

5. A good adhesion of the conventional thick TiAIN and AICrN coatings was evident 

•r•""./Y1 
-11%./11111 bond test results. Avarga hnnd strength of 6R_74 MPa and 54.69 MPa Psi 

was observed in case of conventional TiAIN and AICrN coatings respectively. 
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5.2 OXIDATION STUDIES IN AIR 

The present work has been focused to compare the cyclic oxidation behavior of 

conventional thick (by plasma spraying and gas nitrided) and nanostructured thin (by 

physical vapor deposition process) TiAIN and AICrN coatings on ASTM-SA213-T-11 boiler 

steel, in air environment, at 900°C for 50 cycles. The kinetics of the cyclic oxidation of 

coated as well as uncoated specimens was determined using the weight change studies. 

After the oxidation studies, the exposed specimens were analyzed by XRD, SEM-EDAX 

analysis and elemental X-ray mapping. The detailed experimental procedure is explained 

in chapter 3. 

5.2.1 Results 

5.2.1.1 Visual observations 

The macrographs for uncoated and coated ASTM-SA213-T-11 boiler steel 

subjected to cyclic oxidation in air at 900°C for 50 cycles are shown in Fig.5.9. For the 

uncoated T-11 boiler steel, a grey colored scale appeared on the surface right from the 
d—n z cycle. This bare steel showed spalling of scale from the 2nd  cycle onward. Some 

metallic sound was also observed during cooling after 6th  cycle which continued till 50th  

cycle. At the end of cyclic study, uniform scale with cracks and blackish grey color 

surface appearance, was observed which can be seen in Fig.5.9 (a). 

In case of nanostructured thin TiAIN coated T-11 boiler steel, color of the oxide 

scale at the end of the study was observed to be brownish grey with severe cracking on 

the surface, as shown in Fig.5.9 (b). After 4th  cycle, the scale starts falling in the boat and 

grey color spots were seen. Rapid spalling of scale was observed after 10th  cycle. The 

nanostructured thin AICrN coated T-11 boiler steel has shown the formation of smooth 

scale with the presence of very fine cracks, when subjected to cyclic oxidation in air at 

900 °C for 50 cycles, as shown in Fig.5.9 (c). Golden and ink blue reflections were 

observed in the scale, after the completion of 2nd  cycle, which turned to dark grey 

subsequently. The oxide scale at the end of cyclic study has shown very fine cracks on 

the surface. 

A visual observation of conventional thick TiAIN coated T-11 boiler steel 

(Fig.5.9.d), showed the formation of light grey color in the middle of the sample along 
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with bluish grey sides after 6th  cycle. After 11th  cycle, severe spalling was observed and a 

very fine layer of coating gets separated from the substrate and fallen in the boat. At the 

end of 50 cycles, dark grey sides along with brownish spots at some locations have been 

observed on the surface as shown in Fig.5.9 (d) and rest of the surface appearance was 

observed as whitish grey. 

Fig. 5.9 	Surface macrographs of uncoated and coated ASTM-SA213-T-11 boiler steel after 
exposure to cyclic oxidation in air at 900°C for 50 cycles : (a) Uncoated T-11 boiler 

steel, (b) Nanostructured TiAIN coating, (c) Nanostructured AICrN coating, (d) 

Conventional TiAIN coating, (e) Conventional AICrN coating 
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In case of conventional thick AICrN coated T-11 boiler steel, color of the oxide 

scale was bluish grey after 4th  cycle, which turned to whitish grey at the end of the cyclic 

study (Fig.5.9.e). Some amount of superficial spalling was noticed at the end of 3rd  cycle, 

which may be due to the loosely bond particles on the surface of the coating. The scale 

was found to be adherent and smooth with a very fine hair line crack. 

5.2.1.2 Weight change measurements 

Weight gain per unit area (mg/cm2) versus time expressed in number of cycles 

plot for coated and bare T-11 boiler steel subjected to cyclic oxidation in air at 900°C for 

50 cycles, is presented in Fig.5.10. The plots for all samples shows higher weight gain at 

initial cycles followed by gradual weight gain. It can be inferred from the plots that the 

uncoated T-11 boiler steels have shown high rate of oxidation as compared to the 

coatings. The cumulative weight gain per unit area for the coated and uncoated T-11 

boiler steel subjected to cyclic oxidation in air at 900°C for 50 cycles is shown in Fig.5.11. 

Further, the overall weight gain is highest in case of uncoated T-11 boiler steel and is 

lowest in case of conventional thick AICrN coated steel, which is 67% of the weight gain 

in case of uncoated T-11 boiler steel. Figure 5.12 shows (weight gain/area)2  versus 

number of cycles for all the cases to ascertain conformance with the parabolic rate law. 

0 	5 	10 	15 	20 	25 	30 	35 	40 	45 	50 

Number of cycles 

Fig. 5.10 Weight gain/area vs time (number of cycles) for the uncoated and coated 

ASTM-SA213-T-11 boiler steel subjected to cyclic oxidation in air at 900°C for 

50 cycles 

261 



200 

u  160 

120 

.tLo 

3 80 

E 40 

0 

                 

          

El Uncoated 

E3 Conventional TiAIN 

 

      

Nanostructured TiAIN 

  

      

Nanostructured AICrN 

  

        

           

            

Conventional AICrN 

 

             

     

• ' 	 .._6X 1/1.1. 

	

. 	y.? 1.10.••• • 	■■•,,L 
egok .. 

...A. 

•-•t...o,s•-••••■ 	• 	- 
• g•-lk 	.11/1.4-h' 

E•••  
••:•,*••• •••••,. t,•••,- • 4,4•••••■•■•• 

, 	1,, •`'1.1..f... 

#4' 	• ;i■ri 
1,....et•-• 

••Vs•••r• - ;•,.; ,••••**•••••••4 
ti■-••• No et 	-e 

• ae,../•••••••• 

**Tr"... 

- 	'4••••••••■ -tte •••■ 	 • 
•111 reit 	• 	.w±t 

          

               

              

                 

B 
	

C 
	

D 
	

E 

Fig. 5.11 Column chart showing cumulative weight gain per unit area for the uncoated 

and coated ASTM-SA213-T-11 boiler steel subjected to cyclic oxidation in air 

at 900°C for 50 cycles; (A) Uncoated T-11 boiler steel, (B) Nanostructured 

TiAIN coating, (C) Nanostructured AICrN coating, (D) Conventional TiAIN 

coating, (E) Conventional AICrN coating 
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Fig. 5.12 Weight gain/area square vs time (number of cycles) for the uncoated and 

coated ASTM-SA213-T-11 boiler steel subjected to cyclic oxidation in air at 

900°C for 50 cycles 
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All the coated and uncoated T-11 boiler steels followed the parabolic rate law as 

evident from the Fig.5.12. The parabolic rate constant Kp  was calculated by a linear least-

square algorithm to a function in the form of (W/A)2= Kp t, where W/A is the weight gain 

per unit surface area (mg/cm2) and 't" indicates the number of cycles representing the 

time of exposure. The parabolic rate constants for the bare and coated T-11 boiler steel 

calculated on the basis of 50 cycle's exposure data are shown in Table.5.3. It is inferred 

that the 'Kr' values for the coated T-11 boiler steel were less than bare boiler steel. 

Table 5.3 	Parabolic rate constant 'Kr' values of uncoated and coated ASTM-SA213- 

T-11 boiler steel subjected to cyclic oxidation in air at 900°C for 50 cycles 

Substrate / Coating Kp  x 10.08 gm2
CM

-4
S

-1 

Uncoated T-11 boiler steel 17.26 

Nanostructured TiAIN coating 11.49 

Nanostructured AICrN coating 09.97 

Conventional TiAIN coating 09.97 

Conventional AICrN coating 09.01 

5.2.1.3 Surface scale analysis 

5.2.1.3.1 X-ray diffraction analysis (XRD) 

XRD diffractograms for coated and uncoated ASTM-SA213-T-11 boiler steel 

subjected to cyclic oxidation in air at 900 °C for 50 cycles are depicted in Fig.5.13 (a and 

b) on reduced scale. As indicated by the diffractograms Fe203 is the main phases present 

in the oxide scale of uncoated and nanostructured thin TiAIN and AICrN coated T-11 

boiler steel along with small amount of Cr203 for uncoated and nanostructured thin 

AICrN coated T-11 boiler steel. Further, the main phases identified for the conventional 

thick TiAIN coating are Fe203, A1203, Ti3AI and Al. The oxide phase found in case of 

conventional thick AICrN coating was A1203. 
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Fig. 5.13 (a) X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-11 

boiler steel exposed to cyclic oxidation in air at 900°C for 50 cycle : (A) 

Uncoated T-11 boiler steel, (B) Nanostructured TiAIN coating, (C) 
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Fig. 5.13 (b) X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-11 

boiler steel exposed to cyclic oxidation in air at 900°C for 50 cycles: (A) 

Conventional TiAIN coating, (B) Conventional AICrN coating 
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5.2.1.3.2 Surface scale morphology 

SEM micrographs along with EDAX point analysis reveals the surface morphology 

of the coated and uncoated ASTM-SA213-T-11 boiler steel subjected to cyclic oxidation 

in air at 900°C for 50 cycles are shown in Fig.5.14. The oxide scale for uncoated T-11 

boiler steel indicates the dominance of Fe and 0 (Fig.5.14.a). A small amount of Mo and 

Mn are also found in the scale. The SEM micrograph of oxidized nanostructured thin 

TiAIN coatings is shown in Fig.5.14 (b). EDAX analysis of the scale revealed the presence 

of Fe (54.31%) and 0 (26.73%) as the main elements in the matrix along with small 

amount of Mo and Mn (Point 4 on Fig.5.14). The dark region as indicated by point 3 on 

Fig.5.14 depicts the presence of Fe (80.72%) as main element present with very small 

amount of 0 (04.72%). In case of nanostructured thin AICrN coated T-11 boiler steel, the 

SEM micrograph indicates the needles like pattern. EDAX point analysis shows, the top 

scale is rich in Fe, 0 and Mo. 

The surface scale developed on conventional thick TiAIN coated T-11 steel is with 

white contrast (Point 7) and grey contrast regions (Point 8). EDAX analysis at point 7 

indicates the presence of Ti, Al and 0 as the main phases along with very small amount 

of Fe, whereas the dark region (Point 8 in Fig.5.14) indicates Fe (73.73%) and Mo 

(13.57%) as the main elements. A homogeneous and continuous surface scale is 

developed on conventional thick AICrN coated T-11 boiler steel, which has Al, Cr and 0 

as the main elements (Fig.5.14.e). 

5.2.1.4 Cross-sectional analysis 

5.2.1.4.1 Scale thickness 

The oxidized samples were cut across the cross section, mounted and 

subsequently mirror polished to obtain scanning electron back scattered micrographs 

and X-ray mapping of different elements for coated and uncoated T-11 boiler steel. The 

scale thickness values were measured from SEM back scattered micrographs as shown in 

Fig.5.15. Very thick scale is observed in case of uncoated T-11 boiler steel. The measured 

average scale thickness values for uncoated T-11 boiler steel, nanostructured thin TiAIN, 

nanostructured thin AICrN, conventional thick TiAIN and conventional thick AICrN 

coatings are 1266, 992, 968, 671 and 1000 gm respectively. 
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Fig. 5.14 Surface-scale morphology and EDAX patterns from different spots on uncoated and 

coated ASTM-SA213-T-11 boiler steel after exposure to cyclic oxidation rl air at 
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5.2.1.4.2 Cross-sectional scale morphology 

Back Scattered Electron Image (BSEI) micrograph and elemental variation across 

the cross-section for coated and uncoated ASTM-SA213-T-11 boiler steel subjected to 

cyclic oxidation in air at 900°C for 50 cycles are shown in Fig.5.15. The SEM micrograph 

in case of uncoated T-11 boiler steel shows thick scale as shown in Fig. 5.15 (a). Also, the 

scale is fragile and indicating cracking. EDAX analysis reveals the presence of iron and 

oxygen throughout the scale. The existence of significant amount of oxygen points out 

the possibility of Fe2O3  in the oxide scale. 

BSEI micrograph and elemental variation depicted in Fig.5.15 (b), for the exposed 

cross-section of nanostructured thin TiAIN coated T-11 boiler steel shows the thick, 

continuous and adherent scale. The EDAX analysis reveals the presence of Fe, Mo, Al and 

oxygen throughout the scale. A location at point 4 (Fig.5.15.b) in the micrograph depicts 

the good percentage of Al and 0 along with small amount of Fe. A thick and adherent 

oxide scale can be seen in case of nanostructured AICrN coated T-11 boiler steel 

(Fig.5.15.c).The scale is indicating cracking. The EDAX point; analysis indicates the 

presence of Fe, Mo, AI, Cr and oxygen in the oxide scale. At point 6 i.e. interface of 

substrate and scale, a good percentage of Cr, Al and 0 is present. 

In case of conventional TiAIN coated T-11 boiler steel, the scale is uniform and 

adherent as depicted in Fig.5.15 (d), but with cracks. The EDAX point analysis indicates 

the presence of Fe, 0, and Mo throughout the scale with variable amounts. A location at 

point 4 shows good percentage of Al with 0 and Fe. The conventional thick AICrN coated 

T-11 boiler steel (Fig.5.15.e) indicates continuous, thick and adherent scale. EDAX point 

analysis shows the presence of Fe, Mo and 0 throughout the scale. The top scale shows 

higher percentage of Fe and 0 along with good amount of Al (point 1 and 2 in 

Fig.5.15.e). In the subscale region the percentage of Al decreased to zero. 

5.2.1.4.3 X-Ray mapping 

X-ray mappings for a part of oxide scale of uncoated and coated ASTM-SA213-T-

11 boiler steel oxidized in air at 900 °C for 50 cycles are shown in Fig. 5.16. In case of 

uncoated T-11 boiler steel, the micrograph (Fig.5.16.a) indicates a dense scale, which 

mainly contains iron and oxygen with some amount of Cr as indicated by X-ray mapping. 
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Fig. 5.15 Oxide scale morphology and variation of elemental composition across the cross-
section of the uncoated and coated ASTM-SA213-T-11 boiler steel after exposure to 
cyclic oxidation in air at 900°C for 50 cycles: (a) Uncoated T-11 boiler steel (65 X), (b) 
Nanostructured TiAIN coating (70 X), (c) Nanostructured AICrN coating (70 X), (d) 
Conventional TiAIN coating (140 X), (e) Conventional AICrN coating (100 X) 

Fig. 5.16 (a) Composition image (BSEI) and X-ray mapping of the cross-section of uncoated 
ASTM-SA213-T-11 boiler steel subjected to cyclic oxidation in air at 900°C for 50 
cycles 
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Fig. 5.16 (b) Composition image (SEI) and X-ray mapping of the cross-section of Nanostructured 

TiAIN coated ASTM-SA213-T-11 boiler steel subjected to cyclic oxidation in air at 

900°C for 50 cycles 
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Fig. 5.16 (c) Composition image (SEI) and X-ray mapping of the cross-section of Nanostructured 

AICrN coated ASTM-SA213-T-11 boiler steel subjected to cyclic oxidation in air at 

900°C for 50 cycles 
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Fig. 5.16 (d) Composition image (BSEI) and X-ray mapping of the cross-section of conventional 

TiAIN coated ASTM-SA213-T-11 boiler steel subjected to cyclic oxidation in air at 

900°C for 50 cycles 

272 



N 

0 

Cr 

Fig. 5.16 (e) Composition image (BSEI) and X-ray mapping of the cross-section of conventional 

AICrN coated ASTM-SA213-T-11 boiler steel subjected to cyclic oxidation in air at 

900°C for 50 cycles 
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Figure 5.16 (b), shows X-ray mapping analysis of the scale formed on 

nanaostructured TiAIN coated T-11 boiler steel. The X-ray mapping indicates presence of 

oxygen and iron throughout the scale with a thick regular band of Al at scale substrate 

interface. In case of nanostructured thin AICrN coated T-11 boiler steel subjected to 

cyclic oxidation in air, the BSEI and X-ray mapping are shown in Fig. 5.16 (c). The X-ray 

mapping indicates the presence of iron and oxygen throughout the scale. A thin irregular 

band of Cr is present at the interface. In case of conventional thick TiAIN coated T-11 

boiler steel, Fig.5.16 (d), Fe and 0 are present throughout the scale. Fig.8.e, depicts the 

X-ray mapping in case of conventional AICrN coated T-11 boiler steel. Thick band of Al is 

present in the top scale region along with Fe and 0 and the sub scale is rich in Fe and 0. 

5.2.2 Summary of Results 

Results obtained after exposure of uncoated and coated ASTM-SA213-T-11 boiler 

steel to cyclic oxidation in air at 900°C for 50 cycles are summarized in Table.5.4. 

5.2.3 Discussion 

During cyclic testing, cracks in the oxide scale (Fig.5.15.a, c & d) and spalling of 

the uncoated, nanostructured AICrN and conventional TiAIN coatings might be 

attributed to the different values of thermal expansion coefficients for the coating, scale 

and the substrate as reported by Sidhu et al. (2003), Singh H et al. (2004), Evans et al. 

(2001), Wang et al. (2002) and Niranatlumpong et al (2000). Further Niranatlumpong et 

al. (2000) opined that spallation could be initiated by the rapid growth of void–like 

defects lying adjacent to coating protuberances, at which tensile radial stress developed 

during cooling as a result of the thermal contraction mismatch between the oxide and 

coating is maximum. The formation of cracks in the coating originates from stresses 

developed in the deposit or at the coating-base metal interface (Heath et al., 1997). 

Though these cracks the corrosive enviror —nt can quickly reach the base  metnl and cut 

its way under the coating to result in adhesion loss and spalling, whereas some elements 

may diffuse outwards through these cracks to form oxides or spinels (Singh H et al., 

2004). This may be the reason for severe spalling and hence failure of conventional TiAIN 

coating which results falling of a thin layer of scale in the boat just after 11th  cycle. 
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Table 5.4 	Summary of the results obtained for uncoated and coated ASTM-SA213- 

T-11 boiler steel subjected to cyclic oxidation in air at 900°C for 50 cycles 

Coating Cumulative 
Weight 

gain 
(mg/cm2 ) 

Parabolic 
rate 

constant 
(Kp x 10.08 

gm2cm-4s-1)  

XRD 
phases 

Remarks 

Uncoated T-11 

boiler steel 

175.37 17.26 Fe2O3  A 	grey 	colored 	scale 	with 	spalling 
tendency appeared on the surface right 
from 	the 	2nd 	cycle. 	Some 	metallic 
sound was also observed during cooling 
for after 6th  cycles. At the end uniform 

scale 	with 	cracks 	and 	blackish 	grey 
color surface appearance was observed 

Nanostructured 

TiAIN coating 

141.49 11.49 Fe2O3  Color of the oxide scale at the end of 
the study was observed to be brownish 
grey 	with 	severe 	cracking 	on 	the 

surface. After 4th  cycle, the scale starts 
falling in the boat and grey color spots 
were seen. The coating gets destroyed 
and 	scale starts falling rapidly in the 
boat after 10th  cycle. 

Nanostructured 

A1CrN coating 

133.10 09.97 Fe203, 
and 
Cr2O3 

Golden and ink blue reflections were 
observed 	in 	the 	scale, 	after 	the 
completion of 2nd cycle, which turned 
to dark grey subsequently. The oxide 
scale at the end of cyclic study was 
smooth with very fine cracks on the 
surface. 

Conventional 

TiAIN Coating 

125.51 09.97 Fe2O3, 
A1203, 
Ti3Al 
and 
Al 

After 	11th 	cycle, 	severe 	spalling was 

observed 	and 	a 	very 	fine 	layer 	of 
coating 	gets 	separated 	from 	the 
substrate and fallen in the boat. At the 
end of 50 cycles, dark grey sides along 
with brownish spots at some locations 
have been observed on the whitish 
grey surface. 

Conventional 

AICrN coating 
118.78 09.01 A1203  Color of the oxide scale was bluish grey 

after 4th  cycle, which turned to whitish 
grey at the end of the cyclic study. The 
scale was found to be adherent and 
smooth with a very fine hair line crack. 



The presence of Fe, Mo and oxygen (Fig.5.15) in the top of the scale, is believed 

to be due to the diffusion of iron and molybdenum through the pores and cracks that 

appeared in the coating during the course of oxidation studies (Singh Buta et al., 2003). 

Sever spatting and inferior oxidation resistance of nanostructured and conventional 

TiAIN coatings may be as opined by Xing-zhao Ding et al. (2008). According to them, in 

an oxidation or corrosive environment Ti element often forms a porous non-protective 

oxide scale, which limits the oxidation and corrosion resistance of titanium-based 

coatings. Kazuhisa Fujita (2005) has reported that the oxide scale of binary TiAI alloy is 

composed of a porous oxide mixture of TiO2  and A1203, which has dominated by TiO2. 

This might be the reason for rapid increase in oxidation rate of TiAIN coatings after 16th  

cycle (Fig. 5.10). Kalss et al. (2006) have also reported the formation of oxidized layer of 

thickness of about 350nm for TiAIN coating at 900°C. Due to high temperature the 

segregation of titanium and aluminum atoms is probable. Evidently;  high temperature 

oxidation involved diffusion of aluminum atoms to the surface to form a thin aluminum 

oxide top layer while the remaining titanium under layered formed titanium dioxide. At 

950°C, the whole coating was decomposed and pure titanium dioxide was formed (Kalss 

et al., 2006), which is supported by Man et al. (2004). 

The weight change plots (Fig.5.10) for the uncoated and coated T-11 boiler steel 

indicated that the oxidation behavior has shown conformance to parabolic rate law. The 

parabolic kinetic behavior is due to the diffusion controlled mechanism operating at 

900°C under cyclic conditions (Mahesh et al., 2008). Small deviation from the parabolic 

rate law might be due to the cyclic scale growth. The higher weight gain during the first 

few cycles might be attributed to the rapid formation of oxides at the splat boundaries 

and within the open pores due to the penetration of the oxidizing species, further the 

subsequent increase in weight gain is gradual (Singh H et al., 2007). The parabolic rate 

constant for the uncoated T-11 boiler steel is found to be greater than all the coatings. 

Conventional thick AICrN coatings have been found successful in reducing the 

overall weight gain of bare T-11 boiler steel. It is evident form XRD (Fig.5.13) results of 

the oxidized conventional thick AICrN coated T-11 boiler steel that A1203  as the main 

phase which has further been supported by EDAX (Fig.5.14. e) and X-ray mapping 

(Fig.5.16. e) analysis. 
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The oxidation rate (total weight gain values after 50 cycles) of the coated and 

uncoated T-11 boiler steel follows the sequence as given below: 

Bare T-11 > Nanostructured TiAIN > Nanostructured AICrN > Conventional TiAIN> Conventional AICrN 

The parabolic rate constant (Kr) values for the coated T-11 boiler steel were less 

than that of bare boiler steel. It is nearly half in case of coated steel (Table.5.3). Thus, 

the coated T-11 boiler steels have shown lower rate of oxidation than bare boiler steel. 

The presence of some percentage of chromium in the subscale as revealed by the X-ray 

mapping analysis (Fig.5.16) across the cross-section of bare T-11 steel is in accordance 

with the findings of Sadique et al. (2000). The authors have reported that Fe-Cr alloys in 

oxygen at higher temperature (950-1050°C) form spine! (FeCr204) and Cr203  on the inner 

side and Fe203  on the outer side of the scale. This can also be attributed to depletion of 

iron due to oxidation to form the upper scale thereby leaving chromium rich pockets 

those further get oxidized to form iron chromium spine!. 

In case of nanostructured TiAIN and AICrN coatings, Fe203  is the main phase 

present in the scale as indicated by the XRD (Fig.5.13. b & c), EDAX (Fig. 5.14. b & c) and 

X-ray-mapping (Fig.5.16. b & c) analysis along with a thick band of Al and thin band of Cr 

at the interface of scale and substrate, respectively. The nanostructured coatings has 

shown resistance to oxidation to some extent as the overall weight gain is less than as 

compared to the uncoated T-11 boiler steel, but failed to provide full protection to the 

substrate. This might be due to the difference in thermal expansion co-efficient as 

explained above. 

5.2.4 Conclusions 

The high temperature oxidation behaviors of uncoated and coated ASTM-SA213-T-11 

boiler steel have been investigated in air at 900°C for 50 cycles. The behavior of 

nanostructured TiAIN and AICrN coatings were compared with their conventional 

counterparts and the following conclusions are made: 

1. The plasma sprayed conventional thick coatings AICrN when subjected to cyclic 

oxidation at 900°C for 50 cycles developed a protective scale mainly consisting on 

A1203. 
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2. The conventional TiAIN coating failed as of severe spalling just after 11th  cycle, 

which may be initiated by the rapid growth of void—like defects lying adjacent to 

coating protuberances, at which tensile radial stress developed during cooling as 

a. result of the thermal contraction mismatch between the oxide and coating is 

maximum. 

3. The nanaostructured TiAIN and AICrN coatings has shown resistance to oxidation 

to some extent as the overall weight gain is less than as compared to the 

uncoated T-11 boiler steel, but failed to provide full protection to the substrate. 

4. The oxidation rate (total weight gain values after 50 cycles) of the coated and 

uncoated T-11 boiler steel follows the sequence as given below: 

Uncoated T-11 > Nanostructured TiAIN > Nanostructured AICrN > Conventional 

TiAIN> Conventional AICrN 

5. In case of uncoated T-11 boiler steel, the weight gain is highest with thickest 

scale. The parabolic rate constant in case of coatings is very less as compared to 

the bare steel. 

6. Sever spalling and inferior oxidation resistance of nanostructured and 

conventional TiAIN coatings may due to the reason as in an oxidation or corrosive 

environment Ti element often forms a porous non-protective oxide scale, which 

limits the oxidation and corrosion resistance of titanium-based coatings. 

7. The oxide scale formed is adherent to the substrate in all cases. 
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5.3 HOT CORROSION STUDIES IN MOLTEN SALT ENVIRONMENT 

The present research work has been focused to investigate and compare the hot 

corrosion behavior of conventional thick (by plasma spraying and gas nitrided) and 

nanostructured thin (by physical vapor deposition process) TiAIN and AICrN coatings on 

ASTM-SA213-T-11 boiler steel, in an aggressive environment of Na2SO4-60%V205  

(molten salt) at 900°C under cyclic conditions. Long-term exposure of the coatings in the 

aggressive high temperature environment with the characterization of the failure 

mechanisms is essential for estimating the protection capability of the coatings (Uusitalo 

et al., 2003). X-ray diffraction (XRD), scanning electron microscopy/energy-dispersive 

analysis (SEM/EDAX) and X-ray mapping techniques have been used to characterize 

corrosion products after hot corrosion at 900°C. The detailed experimental procedure is 

reported in chapter 3. 

5.3.1 Results 

5.3.1.1 Visual observations 

The macrographs for uncoated and coated ASTM-SA213-T-11 boiler steel 

subjected to cyclic oxidation in Na2SO4-60%V205  (molten salt) environment at 900°C for 

50 cycles are shown in Fig.5.17. For the uncoated T-11 boiler steel, a grey colored scale 

appeared on the surface right from the 3rd  cycle. This bare steel showed spalling of scale 

just after the 5th  cycle. After 16th  cycle fine cracks were observed which grow further and 

after 29th  cycle the scale starts falling in the boat. Some metallic sound was also 

observed during cooling after 4th  cycle which continued till 50th  cycle. At the end of cyclic 

study, uniform scale with cracks and dark grey color surface appearance, was observed 

which can be seen in Fig.5.17. (a). 

In case of nanostructured thin TiAIN coated T-11 boiler steel, color of the oxide 

scale at the end of the study was observed to be brownish grey, as shown in Fig.5.17 (b). 

After 8th  cycle, some dark and light grey spots were observed on the surface. Spalling 

was observed after 10th  cycle and after 26th  cycle the surface becomes rough and the 

scale remains adherent to the substrate till 50th  cycle. The nanostructured thin AICrN 

coated T-11 boiler steel has shown the formation of smooth scale with the presence of 
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very fine cracks, as shown in Fig.5.17 (c). Some hairline cracks were observed after 9th 

cycle which continued till 50th  cycle. After 35th  cycle some scale fall in the boat. The 

surface appearance after 37th  cycle was light grey at middle area of the sample with dark 

grey sides, which turns to blackish grey after 50th  cycle. 

Fig. 5.17 Surface macrographs of uncoated and coated ASTM-SA213-T-11 boiler steel 
exposed to molten salt (Na2SO4-60%V205) environment at 900°C for 50 
cycles: (a) Uncoated T-11 boiler steel, (b) Nanostructured TiAIN coating, (c) 
Nanostructured AICrN coating, (d) Conventional TiAIN coating, (e) 
Conventional AICrN coating 
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A visual observation of conventional thick TiAIN coated T-11 boiler steel 

(Fig.5.17.d), showed no sign of spalling in the initial cycles. After 16th  cycle hairline cracks 

were observed along the edges but the scale is adherent to the substrate till 20th  cycle. A 

very small layer of scale gets detached frorri the sample and falls in the boat after 21st  

cycle. After 39th  cycle more strips of scale starts falling in the boat. At the end of the 

study, a brownish grey layer of scale is visible on the surface along with some cracks and 

some darks grey areas from where the scale gets detached from the substrate 

(Fig.5.17.d). In case of conventional thick AICrN coated T-11 boiler steel, color of the 

oxide scale was whitish grey after 4th  cycle, which continued during the course of the 

study (Fig.5.17.e). A very small amount of superficial spalling was noticed at the end of 

3rd 
 
cycle, which may be due to the loosely bond particles on the surface of the coating. 

The scale was found to be adherent and smooth. 

5.3.1.2 Weight change measurements 

Weight gain per unit area (mg/cm2) versus time expressed in number of cycles 

plot for coated and bare T-11 boiler steel subjected to cyclic oxidation in Na2SO4- 

60%V205 (molten salt) environment at 900°C for 50 cycles, is presented in Fig.5.18. The 

plots for all samples shows higher weight gain at initial cycles followed by gradual weight 

gain. It can be inferred from the plots that the uncoated T-11 boiler steels have showed 

high rate of oxidation as compared to the coatings. After 16th  cycle, the conventional 

TiAIN coating has shown increase in oxidation rate which further increases after 21st  

cycle as shown in Fig.5.18. 

The cumulative weight gain per unit area for the coated and uncoated T-11 boiler 

steel subjected to cyclic oxidation in Na2SO4-60%V205  (molten salt) environment at 

900°C for 50 cycles is shown in Fig.5.19. Further, the overall weight gain is highest in 

case of uncoated T-11 boiler steel and is lowest in case of conventional thick AICrN 

coated steel, which is 50% of the weight gain in case of uncoated T-11 boiler steel. Both 

conventional and nanostructured AICrN coatings have performed well and shown less 

weight gain as compared to the conventional and nanostructured TiAIN coatings as 

shown in Fig.5.19. 
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Fig. 5.18 Weight gain/area vs time (number of cycles) for the uncoated and coated 

ASTM-SA213-T-11 boiler steel exposed to molten salt (Na2504-60%V205) 

environment at 900°C for 50 cycles 
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Fig. 5.19 Column chart showing cumulative weight gain per unit area for the uncoated 

and coated ASTM-SA213-T-11 boiler steel exposed to molten salt (Na2SO4-  
60%V205) environment at 900°C for 50 cycles; (A) Bare T-11 boiler steel, (B) 
Nanostructured TiAIN coating, (C) Nanostructured AICrN coating, (D) Conventional 
TiAIN coating, (E) Conventional AICrN coating 
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Fig. 5.20 Weight gain/area square vs time (number of cycles) for the uncoated and 

coated ASTM-SA213-T-11 boiler steel exposed to molten salt (Na2SO4- 

60%V205) environment at 900°C for 50 cycles 

Table 5.5 
	

Parabolic rate constant 'Ic,, values of uncoated and coated ASTM-SA213- 

T-11 boiler steel subjected to cyclic oxidation in Na2SO4-60%V205  (molten 

salt) environment at 900°C for 50 cycles 

Substrate / Coating Kp x 1008 gm2
CMAS

-1 
• 

Uncoated T-11 boiler steel 12.33 

Nanostructured TiAIN coating 11.11 

Nanostructured AICrN coating 03.80 

Conventional TiAIN coating 12.49 

Conventional AICrN coating 02.98 
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Figure 5.20 shows the (weight gain/area)2 versus number of cycles plot for all the 

cases to ascertain conformance with the parabolic rate law. All the coated and uncoated 

T-11 boiler steel followed the parabolic rate law as evident from the Fig.5.20. The 

parabolic rate constant Ku  was calculated by a linear least-square algorithm to a function 

in the form of (W/A)2= Ku  t, where W/A is the weight gain per unit surface area (mg/cm2) 

and 't" indicates the number of cycles representing the time of exposure. The parabolic 

rate constants for the bare and coated T-11 boiler steel calculated on the basis of 50 

cycle's exposure data are shown in Table.5.5. It is inferred that the 'Ku' values for the 

nanostructured and conventional AICrN coated T-11 boiler steel were less than that of 

bare, nanostructured and conventional TiAIN coated T-11 boiler steel. 

5.3.1.3 Surface scale analysis 

5.3.1.3.1 X-ray diffraction analysis (XRD) 

XRD diffractograms for coated and uncoated ASTM-SA213-T-11 boiler steel 

subjected to cyclic oxidation in Na2SO4-60%V205  (molten salt) environment at 900°C for 

50 cycles are depicted in Fig.5.21 (a and b) on reduced scale. As indicated by the 

diffractograms Fe203 is the main phases present in the oxide scale of uncoated and 

nanostructured thin TiAIN and AICrN coated T-11 boiler steel along with small amount of 

Cr203  for uncoated and nanostructured thin TiAIN coating and weak peaks of A1203  and 

Cr203 in case of nanostructured AICrN coating. Further, the main phases identified for 

the conventional thick TiAIN coating are Fe203, A1203, Ti3A1 and Ti02. The oxide phases 

found in case of conventional thick AICrN coating were Fe203, Cr203 and A1203. 

5.3.1.3.2 Surface scale morphology 

SEM micrographs along with EDAX point analysis reveals the surface morphology 

of the coated and uncoated ASTM-SA213-T-11 boiler steel subjected to cyclic oxidation 

in Na2SO4-60%V205  (molten salt) environment at 900°C for 50 cycles are shown in 

Fig.5.22. The oxide scale for uncoated T-11 boiler steel indicates the dominance of Fe 

and 0 (Fig.5.22 .a) along with small amount of Mo and C. The surface scale shows 

distorted grains like microstructure. The SEM micrograph of oxidized nanostructured 

thin TiAIN coatings is shown in Fig.5.22 (b). 
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Fig. 5.21 (a) X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-11 

boiler steel exposed to molten salt (Na2SO4-60%V205) environment at 

900°C. for 50 cycles: (A) Uncoated T-11 boiler steel, (B) Nanostructured 

TiAIN coating, (C) Nanostructured AICrN coating 

Fig. 5.21 (b) X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-11 

boiler steel exposed to molten salt (Na2SO4-60%V205) environment at 

900°C for 50 cycles: (A) Conventional TiAIN coating, (B) Conventional 

AICrN coating 
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Fig. 5.22 Surface-scale morphology and EDAX patterns from different spots on uncoated and 
coated ASTM-SA213-T-11 boiler steel exposed to molten salt (Na2SO4-60%V205) 
environment at 900°C for 50 cycles: (a) Uncoated T-11 boiler steel, (b) 
Nanostructured TiAIN coating, (c) Nanostructured AICrN coating, (d) Conventional 
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EDAX analysis of the scale revealed the presence of Fe (50.68 %) and 0 (28.47 %) 

as the main elements in the matrix along with small amount of Mo, Na and C (Point 4 on 

Fig.5.22). In case of nanostructured thin AICrN coated T-11 boiler steel, the SEM 

micrograph indicates the porous material like pattern. EDAX point analysis shows, the 

top scale is rich in Fe, 0, Mn and Mo. The region indicated by point 5 (dark grey) in 

Fig.5.22, is showing more 0 and less Fe as compared to the region indicated by point 6 

(whitish grey). The surface scale developed on conventional thick TiAIN coated T-11 steel 

is having white contrast (Point 7) and grey contrast regions (Point 8). EDAX analysis at 

point 7 indicates the presence of Ti (16.18%), Al (27.53%) and 0 (51.76%) as the main 

phases along with very small amount of Fe (01.01%), whereas the dark region (Point 8 in 

Fig.5.22) indicates Ti (35.30 %) and 0 (41.88 %) as the main elements with small 

amounts of Al (7.65%), Fe (4.37%), Mo (4.24%), Na (4.30%) and V (1.06%). A 

homogeneous and continuous surface scale is developed on conventional thick AICrN 

coated T-11 boiler steel, which has Al (61.79%) and 0 (28.74%) as main elements 

(Fig.5.22.e) along with small amounts of Cr, Na, V and Fe. 

5.3.1.4 Cross-sectional analysis 

5.3.1.4.1 Scale thickness 

The oxidized samples were cut across the cross section using Buehler Isomet 

1000 precision saw and mounted in transoptic mounting resin and subsequently mirror 

polished to obtain scanning electron back scattered. micrographs and X-ray mapping of 

different elements for coated and uncoated ASTM-SA213-T-11 boiler steel. The scale 

thickness values were measured from SEM back scattered micrographs as shown in 

Fig.5.23. Very thick scale is observed in case of conventional and nanostructured TiAIN 

coated T-11 boiler steel. The measured average scale thickness values for uncoated T-11 

boiler steel, nanostructured thin TiAIN, nanostructured thin AICrN, conventional thick 

TiAIN and conventional thick AICrN coatings are 886, 1093, 578, 1190 and 650 pm 

respectively. 
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5.3.1.4.2 Cross-sectional scale morphology 

Back Scattered Electron Image (BSEI) micrograph and elemental variation across 

the cross-section for coated and uncoated ASTM-SA213-T-11 boiler steel subjected to 

cyclic oxidation in Na2SO4-60%V205  (molten salt) environment at 900°C for 50 cycles are 

shown in Fig.5.23. The SEM micrograph in case of uncoated T-11 boiler steel shows thick 

scale as shown in Fig. 5.23 (a). EDAX analysis reveals the presence of iron molybdenum 

and oxygen throughout the scale. The existence of significant amount of oxygen points 

out the possibility Fe2O3  in the oxide scale. BSEI micrograph and elemental variation 

depicted in Fig.5.23 (b), for the exposed cross-section of nanostructured thin TiAIN 

coated T-11 boiler steel shows the thick and continuous scale. Also, the scale is fragile 

and indicating cracking in the direction perpendicular to the surface. The EDAX analysis 

reveals the presence of Fe, Mo and oxygen throughout the scale. A location at point 2 

(Fig.5.23.b) in the micrograph depicts the good percentage of Al and 0. A thick and 

adherent oxide scale can be seen in case of nanostructured AICrN coated T-11 boiler 

steel (Fig.5.23.c).The scale is indicating cracking along the surface. The EDAX point 

analysis indicates the presence of Fe, Mo and oxygen in the oxide scale. 

In case of conventional TiAIN coated T-11 boiler steel, the scale is uniform and 

adherent as depicted in Fig.5.23 (d), but with cracks. The EDAX point analysis indicates 

the presence of Fe, 0, and Mo throughout the scale with variable amounts. The top 

scale is rich in Al and Ti. A location at points 1 and 2 shows good percentage of Ti, Al with 

0 and Fe. The conventional thick AICrN coated T-11 boiler steel (Fig.5.23.e) indicates 

continuous, thick and adherent scale, EDAX point analysis shows the presence of Fe, Al, 

Mo and 0 throughout the scale. The top scale shows higher percentage of, Fe and 0 

along with good amount of Al (point 1, 2 and 3 in Fig.5.23.e). In the subscale region the 

Al is completely absent. 

5.3.1.4.3 X-Ray mapping 

X-ray mappings for a part of oxide scale of uncoated and coated ASTM-SA213-T-

11 boiler steel oxidized in Na2SO4-60%V205  (molten salt) environment at 900°C for 50 

cycles are shown in Fig. 5.24. 
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Fig. 5.23 Oxide scale morphology and variation of elemental composition across the cross-
section of the uncoated and coated ASTM-SA213-T-11 boiler steel exposed to 
molten salt (Na2SO4-60%V205) environment at 900°C for 50 cycles: (a) Uncoated T-
11 boiler steel (90 X), (b) Nanostructured TiAIN coating (70 X), (c) Nanostructured 
AICrN coating (161 X), (d) Conventional TiAIN coating (90 X), (e) Conventional AICrN 
coating (90 X) 

Fig. 5.24 (a) Composition image (BSEI) and X-ray mapping of the cross-section of uncoated 
ASTM-SA213-T-11 boiler steel exposed to molten salt (Na2SO4-60%V205) 
environment at 900°C for 50 cycles 
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Fig. 5.24 (b) Composition image (BSEI) and X-ray mapping of the cross-section of Nanostructured 
TiAIN coated ASTM-SA213-T-11 boiler steel exposed to molten salt (Na2SO4- 
60%V205) environment at 900°C for 50 cycles 
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Fig. 5.24 (c) Composition image (BSEI) and X-ray mapping of the cross-section of Nanostructured 
AICrN coated ASTM-SA213-T-11 boiler steel exposed to molten salt (Na2SO4- 
60%V205) environment at 900°C for 50 cycles 
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Fig. 5.24 (d) Composition image (BSEI) and X-ray mapping of the cross-section of conventional 
TiAIN coated ASTM-SA213-T-11 boiler steel exposed to molten salt (Na2SO4- 
60%V205) environment at 900°C for 50 cycles 
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Fig. 5.24 (e) Composition image (BSEI) and X-ray mapping of the cross-section of conventional 
AICrN coated ASTM-SA213-T-11 boiler steel exposed to molten salt (Na2SO4- 
60%V205) environment at 900°C for 50 cycles 
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Table 5.6 
	

Summary of the results obtained for uncoated and coated ASTM-SA213- 
T-11 boiler steel subjected to cyclic oxidation in molten salt (Na2504-  
60%V205) environment at 900°C for 50 cycles 

Coating Cumulative 
Weight 

gain 
(mg/cm2) 

Parabolic 
rate 

constant 
(Kp  x 10°8  

gm2cm4s1) 

XRD 
phases 

Remarks 

Uncoated 	T-11 
boiler steel 

148.42 12.33 Fe203 A grey colored scale appeared on the 
surface right from the 3rd  cycle. This bare 
steel showed spalling of scale just after the 
5th  b 	cycle. After 16th  cycle fine cracks were 
observed which grow further and after 29th  
cycle the scale starts falling in the boat. At 
the end of cyclic study, uniform scale with 
cracks 	and 	dark 	grey 	color 	surface 
appearance, was observed 

Nanostructured 
TiAIN coating 

139.59 11.11 Fe203 
and 
Cr203 

Color of the oxide scale at the end of the 
study was observed to be light brownish 
grey. Spalling was observed after 10th  cycle 
and after 26th  cycle the surface becomes 
rough and the scale remains adherent to 
the substrate till 50th  cycle. 

Nanostructured 
AICrN coating 

82.70 03.80 Fe203, 
A1203 and 
Cr203 

Smooth scale with the presence of very fine 
cracks. The surface appearance after 37th  
cycle was light grey at middle area of the 
sample with dark grey sides, which turns to 
blackish grey after 50th  cycle. 

Conventional 
TiAIN Coating 

144.51 12.49 Fe203, 
A1203, 
Ti3Al and 
TiO2 

No signs of spalling in the initial cycles. 
After 	16th 	cycle 	hairline 	cracks 	were 
observed along the edges but the scale is 
adherent to the substrate till 20th  cycle. A 
very small layer of scale gets detached from 
the sample and falls in the boat after 21st  
cycle. At the end of the study, a brownish 
grey layer of scale is visible on the surface 
along with some cracks. 

Conventional 
AICrN coating 

74.98 02.98 Fe203, 
Cr203 
and A1203 

Color of the oxide scale was whitish grey 
after 4th  cycle, which continued during the 
course of the study. A very small amount of 
superficial spalling was noticed at the end 
of s-rd  cycle, which may be due to the 
loosely bond particles on the surface of the 
coating. 	The 	scale 	was found to 	be 
adherent and smooth. 
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In case of uncoated T-11 boiler steel, the micrograph (Fig.5.24.a) indicates a 

dense scale, which mainly contains iron and oxygen with some amount of chromium, as 

indicated by X-ray mapping. Figure 5.24 (b), shows X-ray mapping analysis of the scale 

formed on nanaostructured TiAIN coated T-11 boiler steel. The X-ray mapping indicates 

presence of oxygen and iron throughout the scale with some pockets of Al in the scale 

and at the interface of scale and substrate. Also, a thin band of Ti and Cr is visible. In 

case of nanostructured thin AICrN coated T-11 boiler steel, the BSEI and X-ray mapping 

are shown in Fig. 5.24 (c). The X-ray mapping indicates the presence of iron and oxygen 

throughout the scale. A thin irregular band of Al is present in the top scale. Thin bands of 

Cr can be seen near the scale/substrate interface. In case of conventional thick TiAIN 

coated T-11 boiler steel, Fig.5.24 (d), Fe and 0 are present throughout the scale. But, the 

top scale is rich in Al and Ti, as a thick band of these elements can be seen in top scale. 

Fig.5.24 (e), depicts the X-ray mapping in case of conventional AICrN coated T-11 boiler 

steel. Thick band of Al is present in the top scale region along with Fe and 0. The sub 

scale is rich in Fe and 0 with some pockets of Cr. 

5.3.2 Summary of Results 

Results obtained after exposure of uncoated and coated ASTM-SA213-T-11 boiler 

steel to cyclic oxidation in Na2SO4-60%V205 (molten salt) environment at 900°C for 50 

cycles are summarized in Table.5.6. 

5.3.3 Discussion 

The surface macrographs of bare and coated ASTM-SA213-T-11 boiler steel 

subjected to cyclic oxidation in Na2SO4-60%V205  (molten salt) environment at 900°C for 

50 cycles are shown in Fig.5.17. It is observed from the macrographs that the oxide 

scale was intact with the coating and marginal spalling was observed from the 

surface in race of nanostructured and conventional AiCrii coatings (Fig.5.17.c and e). 

But, in case of nanostructured and conventional TiAIN coated T-11 boiler steel, 

severe spalling was observed (Fig.5.17.b and d). 

The appearance of cracks/peeling off in the coatings during hot corrosion 

studies may be attributed to the different values of thermal expansion coefficients for 

the coating, scale and the substrate as reported by Sidhu et al. (2003), Singh H et al. 
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(2004), Evans et al. (2001), Wang et al. (2002) and Niranatlumpong et al. (2000). Further 

Niranatlumpong et al. (2000) opined that spallation could be initiated by the rapid 

growth of void—like defects lying adjacent to coating protuberances, at which tensile 

radial stress developed during cooling as a result of the thermal contraction mismatch 

between the oxide and coating is maximum. The formation of cracks in the coating 

originates from stresses developed in the deposit or at the coating-base metal interface 

(Heath et al., 1997). Though these cracks the corrosive environment can quickly reach 

the base metal and cut its way under the coating to result in adhesion loss and spalling, 

whereas some elements may diffuse outwards through these cracks to form oxides or 

spinels (Singh H et al., 2004) as revealed by XRD and EDAX analysis. Also as reported by 

Chatterjee et al. (2001), during initial oxidation iron is oxidized and the oxide scale is 

protective in nature. With progress of oxidation Mo becomes enriched at the alloy 

interface, leading to the formation of an inner layer of molten MoO3  (m. p. 795°C) 

which penetrates along the alloy-scale interface. This liquid oxide disrupts and 

dissolves the protective oxide scale, causing the alloy to suffer catastrophic oxidation 

(Lai, 1990). This may be the reasons for severe spalling and hence failure of 

nanostructured and conventional TiAIN coating. 

The weight change plots (Fig.5.18) for the uncoated and coated T-11 boiler steel 

indicated that the oxidation behavior has shown conformance to parabolic rate law. The 

parabolic kinetic behavior is due to the diffusion controlled mechanism operating at 

900°C under cyclic conditions (Mahesh et al., 2008). Small deviation from the parabolic 

rate law might be due to the cyclic scale growth. The rapid increase in the weight gain 

during the initial period of exposure to Na2SO4-60%V205 (molten salt) environment at 

900°C may be due to the rapid diffusion of oxygen through the molten salt layer. Kolta et 

al. (1972) proposed that in the temperature range of 900°C, the Na2SO4  and V205  will 

combine to form NaVO3  having a melting point of 610°C. This NaVO3  acts as a catalyst 

and also serves as an oxygen carrier to the base alloy through the open pores present on 

the surface, which will lead to the rapid oxidation of the base elements of the substrate 

to form a protective oxide scale. Hence, an increase in the weight gain of the alloys 

occurs in the early stages of the hot corrosion. There may be simultaneous dissolution of 

Cr2O3 in the molten salt due to the reaction (Seiersten and Kofstad, 1987; Swaminanthan 

et al., 1993): 
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Cr203 + 4NaVO3 + 3/202 = 2Na2CrO4  + 2V205 	(5.1) 

During the subsequent cycles, the formations of oxides have blocked the 

diffusion of corrosive species by covering the pores and the splat boundaries. The rapid 

increase in the weight gain during the initial period was also reported by Sidhu et al. 

(2006B), Harpreet Singh et al. (2005), Tiwari and Prakash (1997) and UI-amid (2003) 

during studies on the hot corrosion of alloys. 

The surface XRD analysis (Fig.5.21) indicated the formation of Fe2O3 as the main 

constituent of the top scale in case of bare, nanostructured and conventional TiAIN and 

nanostructured AICrN coated boiler steel. The formation of Fe203  has also been observed 

by Shi (1993) for the oxidation of iron by Na2SO4  at 750°C and by Tiwari and Prakash 

(1996) during hot corrosion of Iron-base superalloy in the Na2SO4-60%V205 environment 

at 900°C. Weak intensity peaks of Cr203 in the scale of T-11 steel may due to the presence 

of some amount of chromium in the alloy steel. The presence of some percentage of 

chromium in the subscale as revealed by the X-ray mapping analysis (Fig.5.24) across the 

cross-section for T-11 steel is in accordance with the findings of Sadique et al. (2000). 

The authors have reported that Fe-Cr alloys in oxygen at higher temperature (950-

1050°C) form spine! (FeCr2O4) and Cr2O3 on the inner side and Fe203 on the outer side of 

the scale. This can also be attributed to depletion of iron due to oxidation to form the 

upper scale thereby leaving chromium rich pockets those further get oxidized to form 

iron chromium spinel. 

Conventional thick and nanostructured thin AICrN coatings have been found 

successful in reducing the overall weight gain of bare T-11 boiler steel. It is evident form 

XRD (Fig.5.21) results of the oxidized conventional thick and nanostructured thin AICrN 

coated T-11 boiler steel that A1203  as the main phase which are further supported by 

EDAX (Fig.5.22) and X-ray mapping (Fig.5.24) analysis. A thick band of Al in the top scale 

(Fig.5.24.e) is observed in case of conventional AICrN coating, which may have acted as a 

barrier to the environment. The oxidation rate (total weight gain values after 50 cycles) 

of the coated and uncoated T-11 boiler steel follows the sequence as given below: 

Bare T-11 > Conventional TiAIN > Nanostructured TiAIN > Nanostructured AICrN > Conventional AICrN 
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The nanostructured TiAIN coating has shown resistance to oxidation to some 

extent as the overall weight gain is less than as compared to the uncoated T-11 boiler 

steel. The conventional thick TiAIN coatings has shown protection up to 16th  cycle as 

observed in weight gain plot (Fig.5.18) supported by visual observations, but it fails to 

provide the protection to the substrate till 50th  cycle. Inferior oxidation resistance of 

TiAIN coating may be as .opined by Ding et al. (2008); in an oxidation or corrosive 

environment Ti element often forms a porous non-protective oxide scale, which limits 

the oxidation and corrosion resistance of titanium-based coatings. Fujita (2005) has 

further reported that the oxide scale of binary TiAI alloy is composed of a porous oxide 

mixture of TiO2  and A1203, which has dominated by TiO2. This might be the reason for 

rapid increase in oxidation rate of TiAIN coatings after 16th  cycle (Fig. 5.18). Kalss et al. 

(2006) have reported, at 900°C an oxidized layer of thickness of about 350nm for TiAIN 

coating was measured. Due to high temperature the segregation of titanium and 

aluminum atoms is probable. Evidently, high temperature oxidation involved diffusion of 

aluminum atoms to the surface to form a thin aluminum oxide top layer while the 

remaining titanium under layered formed titanium dioxide. At 950°C, the whole coating 

was decomposed and pure titanium dioxide was formed (Kalss et al., 2006), which is 

supported by Man et al. (2004). 

5.3.4 Conclusions 

The high temperature oxidation behaviors of uncoated and coated ASTM-SA213-T-11 

boiler steel have been investigated in Na2SO4-60%V205  (molten salt) environment at 

900°C for 50 cycles. The behavior of nanostructured TiAIN and AICrN coatings were 

compared with their conventional counterparts and the following conclusions are made: 

1. The plasma sprayed gas nitride conventional thick AICrN coating when subjected 

to  cyclic oxidation in Na2SO4-60%V205  molten salt at 900°C for 50 cycles 

developed a protective scale mainly consisting on aluminum oxide and chromium 

oxide. 

2. The oxidation rate of the coated and uncoated T-11 boiler steel follows the 

sequence as given below: 
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Bare T-11 > Conventional TiAIN > Nanostructured TiAIN > Nanostructured AICrN > 

Conventional AICrN 

3. The nanaostructured thin AICrN coatings has shown resistance to oxidation as 

the overall weight gain is less than as compared to the uncoated T-11 boiler 

steel. 

4. In case of uncoated T-11 boiler steel, the weight gain is highest with thickest 

scale. Some cracks are also observed in case of bare, nanostructured thin and 

conventional thick TiAIN coated boiler steel. 

5. Nanostructured thin and conventional thick AICrN coatings can provide a good 

oxidation resistance in Na2SO4-60%V205 molten salt environment at high 

temperature. 

6. The oxide scale formed is adherent to the substrate in all coatings. But in case of 

bare nanostructured thin and conventional thick TiAIN coated boiler steel, the 

scale is found to be detached from the substrate after hot corrosion studies. 

7. The appearance of cracks/peeling off in the coatings during hot corrosion 

studies may be attributed to the different values of thermal expansion 

coefficients for the coating, substrate steels and oxides formed. 
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5.4 EROSION STUDIES IN SIMULATED COAL-FIRED BOILER ENVIRONMENT 

The present work has been focused to compare the high temperature erosion 

behavior of conventional thick (by plasma spraying and gas nitrided) and nanostructured 

thin (by physical vapor deposition process) TiAIN and AICrN coatings on ASTM-SA213-T-

11 boiler steel. The erosion studies were carried out using a high temperature air-jet 

erosion test rig at a velocity of 35 ms-1  and impingement angles of 30°  and 90°. The tests 

were carried out at high temperatures. The two temperatures were taken for the test, 

sample temperature 400°C and air/erodent temperature 900°C simulated to service 

conditions of boiler tubes in which sample temperature and flow gas temperature 

correspond to the inner and outer temperature of water wall pipes. The alumina 

particles of average size 50 1AM were used as erodent. Erosion rates in terms of 

volumetric loss (mm3/g) for different uncoated and coated alloys are compared. The 

eroded samples were analyzed with SEM/EDX and optical profilometer. The erosion rate 

data for each coated alloy has been plotted along with uncoated alloy in order to assess 

the coating performance. Efforts have been made to understand the mode of erosion. 

5.4.1 Results 

5.4.1.1 Visual observations 

The macrographs for uncoated and coated ASTM-SA213-T-11 boiler steel 

subjected to erosion studies in simulated coal-fired boiler environment are shown in 

Fig.5.25. The effect of corrosion along with the erosion was observed. The shape of the 

scar (developed by constant strike of erodent) is circular in case of normal impact (at 

90°) and elliptical in case of oblique impact (at 30°) of erodent. The uncoated T-11 boiler 

steel shows a thin scale. The erosion seems to clean the scale off the surface in the 

eroded/corroded region. The impact of erodent removes the scale down to the 

substrate-scale interface. Away from this eroded region a thin layer of scale was 

observed on the surface and the eroded/corroded region showed rust colored 

discoloration (Fig.5.25.a). The nanostructured TiAIN coated T-11 boiler steel showed 

marks of erosion as shown in Fig.5.25 (b). The color of the coated specimen changed 

from violet-grey to whitish at scar and blackish blue ring around the scar. 

301 



At 90° Impact At 30° Impact 

Uncoated T-11 boiler steel 

A 

Nanostructured TiAIN coating 

B 

Nanostructured AICrN coating 

C 

Conventional TiAIN coating 

D 

Conventional AICrN coating 

E 

Fig. 5.25 Surface macrographs of eroded uncoated and coated ASTM-SA213-T-11 boiler 

steel exposed to high temperature erosion studies in simulated coal-fired boiler 

environment 
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The macrograph in case of eroded nanostructured AICrN coating are shown in 

Fig.5.25 (c). The color of the scars was observed as light grey surrounded by dark colored 

ring. A visual observation of conventional thick TiAIN and AICrN coated T-11 boiler steel 

(Fig.5.25.d and e), showed the formation of dark grey colored scar surrounded by a light 

colored ring. Also, the un-eroded area around the scars appeared as rough surface. 
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Fig. 5.26 Column chart showing the Volume wear rate of uncoated and coated ASTM-

SA213-T-11 boiler steel eroded at normal and oblique impact: (A) Uncoated 

T-11 boiler steel, (B) Nanostructured TiAIN coating, (C) Nanostructured AICrN 

coating, (D) Conventional TiAIN coating, (E) Conventional AICrN coating 

5.4.1.2 Erosion rate 

The erosion loss has been calculated by volume change method. The volume loss 

occurred after erosion testing was measured by using non contact optical profilometry as 

explained in chapter 3. The erosion rate for uncoated and coated T-11 boiler steel at an 

impact velocity of 35 ms-1  and impingement angle of 30°  and 90° when substrate 

temperature was 400°C and surrounding air at 900°C; is shown in Fig.5.26. The 

volume erosion rate for uncoated T-11, nanostructured thin TiAIN, nanostructured thin 

AICrN, conventional thick TiAIN and conventional thick AICrN coatings; is 0.0387 X10-3, 
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0.00432 X10-3, 0.105 X10-3, 1.444 X10-3  and 1.02325 X10-3  mm3/gm respectively at 90° 

impact angle. While at 30° impact, the volume erosion rate for uncoated T-11, 

nanostructured thin TiAIN, nanostructured thin AICrN, conventional thick TiAIN and 

conventional thick AICrN coatings; is 0.4762 X10-3, 0.1850 X10-3, 0.2670 X10-3, 2.3987 

X10-3  and 0.7767 X10-3  mm3/gm respectively. 

From the graph, it can be inferred that the erosion rate of the uncoated T-11 boiler 

steel eroded at oblique impact i.e. at 30° impingement angle is more as compared to 

erosion rate at 90° impact thus showing the typical behavior of ductile materials. The 

similar behavior was observed in case of the naostructured thin TiAIN, AICrN and 

conventional thick TiAIN coatings (Fig.5.26). In case of the conventional thick AICrN coated 

T-11 boiler steel; the erosion rate at normal impact i.e. at 90° impingement angle is more 

as compared to erosion rate at 30° impact thus showing the typical behavior of brittle 

materials. Also, the overall volume erosion rate in case of conventional AICrN coating is 

less as compared to conventional thick TiAIN coating. 

5.4.1.3 SEM/EDAX Analysis 

SEM micrographs along with. EDAX point analysis reveals the surface morphology 

of the uncoated and coated T-11 boiler steel subjected to erosion studies in simulated 

coal-fired boiler environment when substrate temperature was 400°C and 

surrounding air at 900°C; are shown in Fig. 5.27 and 5.28. The SEM observations were 

made on the eroded surface of all the uncoated and coated T-11 boiler steel specimens 

at both the impact angles i.e. at 90° and 30°. Scanning electron microscopy (SEM) 

revealed various erosion mechanisms like metal removal, oxide chipping, fracture and 

spalling within the oxide/coating layer and at the scale/metal interface etc. The 

micrographs have revealed fracture at the surfaces with impressions of formation of 

craters with crack network. 

Micrographs (Fig.5.27) for the eroded surfaces of uncoated and coated  T-11 

boiler steel at 90° impact angle, clearly indicates the formation of crater, impact zone, 

oxide fracture and removal, coating fracture and retained erodent. It can be observed 

from the micrographs of the eroded surface of the uncoated boiler steel (Fig.5.27.a) 

that the erodent particles deform the exposed surface by ploughing and introducing 

the craters in the matrix by displacing material to the side. 
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Fig. 5.27 Surface-scale morphology and EDAX patterns from different spots on eroded uncoated 

and coated ASTM-SA213-T-11 boiler steel exposed to high temperature erosion studies 

in simulated coal-fired boiler environment at impact angle 90°: (a) Uncoated T-11 boiler 

steel, (b) Nanostructured TiAIN coating, (c) Nanostructured AICrN coating, (d) 

Conventional TiAIN coating, (e) Conventional AICrN coating 
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formation of craters with minor cracks. EDAX analysis revealed the presence of Fe, Al 

and 0 as the main elements on the eroded area, which indicates the formation of iron 

oxide due to oxidation and presence of retained erodent i.e. alumina. Micrograph in case 

of nanostructured TiAIN and AICrN coatings (Fig.5.28.b and c); revealed shallow impact 

craters with retained erodent. EDAX analysis indicates the presence of Fe, Al and 0 as 

the main elements along with some amount of Cr, Ti and C. It can be inferred that the 

nanostructured coatings gets severely damaged and fractured when the eroding particle 

strikes the surface of a coating at 30° and failed to protect substrate. 

The micrograph of the conventional TiAIN coating (Fig.5.28.d) revealed the oxide 

fracture and removal at various locations along with craters. When the eroding particle 

strikes the surface of the coating at 30° the material is severely damaged and fractured 

as shown in Fig.5.28 (d). EDAX analysis shows the presence of Al, Ti and 0 as the main 

elements along with very less amount of Fe and C. It can be inferred that the coating is 

still there after three hours continuous erodent impacts at an impact velocity of 35 ms-1  

and impingement angle of 30°  when substrate temperature was 400°C and 

surrounding air at 900°C. The coating has successfully protected the substrate. 

Further in case of conventional AICrN coating, the erodent particle impacts have 

severely damaged the coating by causing cracking and fracture. The impact zone is 

wider (Fig.5.28.e) which may be caused by the continuous subsequent impacts of 

erodent particles. Also, the signs of splat debonding and craters can be observed in 

micrograph. EDAX analysis revealed the presence of Al and Fe as the main elements with 

small amount of 0, Mn and C; indicating that the coating has failed to protect the 

substrate and hence exposed the substrate. 

5.4.2 Discussion 

In erosion testing, the material is eroded by continuous impact of erodent 

particles; the erosion starts at the centre first, and then proceeds towards the edges of 

the samples. The shape of developed scar depends on the angle of impact. When 

erodent strikes the surface at an impact angle of 90°, material is eroded creating a 

circular depression; while at a 30°  impact angle, material is eroded forming an elliptical 

shape depression. The erosion rate for uncoated and coated T-11 boiler steel at an 

impact velocity of 35 ms-1  and impingement angle of 30°  and 90° when substrate 
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temperature was 400°C and surrounding air at 900°C; is shown in Fig.5.26. The 

volume erosion rate for uncoated T-11, nanostructured thin TiAIN, nanostructured thin 

AICrN, conventional thick TiAIN and conventional thick AICrN coatings; is 0.0387 x10-3, 

0.00432 X10-3, 0.105 X10-3, 1.444 X10-3  and 1.02325 X103  mm3/gm respectively at 90° 

impact angle. Based on the present data the erosion rates for 90° impact angle can 

be arranged in the following order: 

Conventional TiAIN > Conventional AICrN > Nanostructured AICrN > Bare T-11 > Nanostructured TiAIN 

It can be inferred from the above data that the relative erosion resistance of 

conventional thick TiAIN coating is least among the uncoated and coated T-11 boiler 

steel specimens. Further, the SEM/EDAX analysis (Fig.5.27) indicates that in case of 

nanostructured and conventional TiAIN coated T-11 boiler steel; the coating is still there 

after three hours continuous erodent impacts at an impact velocity of 35 ms-1  and 

impingement angle of 90°  when substrate temperature was 400°C and surrounding 

air at 900°C. These coatings have successfully protected the substrate. The 

nanostructured and conventional AICrN hard coatings were removed by the 

continuous strikes of the eroding particles on the surface of the coating at 90° (Fig.5.27). 

While at 30° impact, the volume erosion rate for uncoated T-11, 

nanostructured thin TiAIN, nanostructured thin AICrN, conventional thick TiAIN and 

conventional thick AICrN coatings; is 0.4762 X10-3, 0.1850 X10-3, 0.2670 X10-3, 2.3987 

X10-3  and 0.7767 X10-3  mm3/gm respectively. Based on the present data the erosion 

rates for 30° impact angle can be arranged in the following order: 

Conventional TiAIN > Conventional AICrN > Bare T-11 > Nanostructured AICrN > Nanostructured TiAIN 

It can be inferred from the above data that the relative erosion resistance of 

conventional thick TiAIN coating is least among the uncoated and coated T-11 boiler 

steel specimens. The erosion resistance sequence for the conventional coatings is 

independent of the impact angle in this case. Further, the SEM/EDAX analysis 

(Fig.5.28) indicates that in case of conventional thick TiAIN coated T-11 boiler steel; the 

coating is still there after three hours continuous erodent impacts at an impact velocity 

of 35 ms-1  and impingement angle of 30°  when substrate temperature was 400°C and 

surrounding air at 900°C. This coating has successfully protected the substrate. The 
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nanostructured TiAIN and AICrN and conventional AICrN coatings were removed by 

the continuous strikes of the eroding particles on the surface of the coating at 30° 

(Fig.5.28). 

The solid particle erosion rate of the uncoated and nanostructured thin TiAIN 

and AICrN coated T-11 boiler steel as shown in Fig.5.26 indicated that maximum 

erosion took place at 30° impact angle, which indicate ductile behavior as proposed by 

Murthy et al (2001). Authors suggested that the material subjected to erosion initially 

undergoes plastic deformation and is later removed by subsequent impacts of the 

erodent on the surface. The ploughing occurs by the impact of the erodent particles and 

lips or ridges are formed at the bank of the craters. These lips are fractured or removed 

with further erosion. At low erosion temperatures, at high impact velocities and feed 

rates, there is no oxide scale. Even if there is any oxide scale, it will be very thin and it 

will be able to deform , in the same manner as that of the substrate target. The works of 

Shida and Fujikawa (1985), Singh and Sundararajan (1990) Levy et al., (1986) can be 

considered elevated temperature erosion of metals with minimum or negligible 

oxidation. Under such circumstances, erosion takes place from the metallic surface and 

this mechanism of erosion is called metal erosion. Most of the metallic materials, 

irrespective of temperature of erosion, exhibit a ductile behavior, i.e. a maximum 

erosion rate at oblique impact angles (Tabakoff W and Vittal, 1983). The erosion 

behavior in this regime is similar to the ambient temperature erosion behavior of 

metallic materials. The erosion response in the metal erosion regime is ductile as 

described by Bellman and Lavy (1981). Authors suggested that the creation of platelet-

like edges by impact extrusion protrude outward over adjacent material and the loss of 

these platelets appears to be responsible for the mass loss. Authors have further 

explained that repeated deformation of craters and forming of new craters is common 

and some platelets are extruded several times before getting knocked off. 

Sundararajan and Roy (1997) proposed a model of metal erosion and oxide 

erosion. According to his model if steady state thickness of the oxide scale is smaller 

than the critical thickness of the oxide scale, three modes of interaction between 

erosion and oxidation are possible. In the first case, which applies either when there is 

no oxide scale or when the depth of deformation is much higher than the thickness of 

the oxide scale ( as in the case of uncoated and nanostructured thin coated T-11 boiler 
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steel in present case), metal erosion becomes important (presented in Figs 5.29.a and 

b). In the second case, when the depth of deformation is smaller than the steady state 

thickness of the oxide scale, erosion of the oxide scale takes place as illustrated in Fig. 

5.29 (c). 

The solid particle erosion rate of the conventional thick TiAIN coated T-11 

boiler steel as shown in Fig.5.26 indicated that maximum erosion took place at 30° 

impact angle, which indicate ductile behavior of the conventional coatings. The solid 

particle erosion rate of the conventional thick AICrN coated T-11 boiler steel as 

shown in Fig.5.26 indicated that maximum erosion took place at 90° impact angle, 

which indicate brittle behavior of the conventional coatings. In case of brittle materials; 

loss in solid particle erosion occurs predominantly through the formation and 

interaction of a subsurface micro crack network (Guessasma et al., 2006). 

Fig. 5.29 Schematic representation of (a) & (b); metal erosion, and (c) oxide erosion 

illustrating the nature of interaction between the oxide scale and the 

substrate during erosion (Sundararajan and Roy, 1997) 
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SO in conventional thick AICrN coatings; the erosion rate was high at normal, 

impact and low at oblique impact. Whereas in case Of conventional thick TiAIN coating; 

the erosion rate was high at oblique impact and low at normal impact. The difference in 

erosion rates for shallow and normal impact angles can be attributed to the different 

material removal mechanisms in these two cases. At low angle impact, the kinetic energy 

of the erbdent particles contributes mainly to the ploughing mechanism and very little to 

normal repeated impact. The ploughing methaniSm is associated with the plastic 

smearing and cutting Of the materials, while the repeated impact mechanism is 

responsible for initiating and propagating the grain boundary microcracks. Brittle 

Materials are not easily plastically deformed. Hence the material removal rate is low in 

case of brittle materials and higher in case of ductile materials. At high angle impact, the 

kinetic energy of the impinging particles contributes mainly to repeated impact. 

Fig. 5.30 Schematic representation of coating fracture dependent on impact angle; (a) 
Low angle, (b) High angle 
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Brittle nature of the materials allows the cracks readily to propagate to form 

crack networks. The subsequent impacts will easily remove the surface material via the 

ejection of the upper layer grains. Hence the material removal rate is high in brittle 

materials. Figure 5.30 shows schematically the fracture of coatings dependent on impact 

angle. It is shown schematically how an impinging solid particle can damage coating 

surfaces. 

5.4.3 Conclusions 

The erosion behavior of conventional thick (by plasma spraying and gas nitrided) 

and nanostructured thin (by physical vapor deposition process) TiAIN and AICrN coatings 

on ASTM-SA213-T-11 boiler steel at an impact velocity of 35 ms-1  and impingement 

angle of 90°  and 30°  when substrate temperature was 400°C and surrounding air at 

900°C; has been analyzed. The following conclusions are made: 

1. The erosion rates for 90° impact angle can be arranged in the following order: 

Conventional TiAIN > Conventional AICrN > Nanostructured AICrN > Bare T-11 > 

Nanostructured TiAIN 

2. The nanostructured and conventional TiAIN coatings have successfully 

protected the substrate at 90° impact. 

3. At 30° impact, the volume erosion rate can be arranged in the following 

order: 

Conventional TiAIN > Conventional AICrN > Bare T-11 > Nanostructured AICrN > 

Nanostructured TiAIN 

4. The conventional thick TiAIN coating has successfully protected the substrate. 

The conventional AICrN, nanostructured TiAIN and AICrN coatings were 

removed by the continuous strikes of the eroding particles on the surface of the 

coating at 30° impact. 

5. In case of conventional thick AICrN coating; the erosion rate was more at 90°  

impact angle, which is the characteristic erosion behavior of brittle materials. The 

solid particle erosion rate of the uncoated, conventional thick TiAIN and 

nanostructured thin TiAIN and AICrN coated T-11 boiler steel was maximum at 

30° impact angle, which indicate ductile behavior. 
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5.5 CORROSION STUDIES IN SIMULATED MARINE ENVIRONMENT 

The research works on the corrosion behavior of high temperature corrosion 

resistant coatings in marine environments is scarce in the literature. Therefore, it is 

meaningful to investigate the ambient environmental corrosion behavior and 

mechanism of the materials as is done in present work by evaluating the corrosion 

behavior of substrate and coatings in simulated marine environment. Therefore, the 

present work has been focused to compare the corrosion behavior of conventional thick 

(by plasma spraying and gas nitrided) and nanostructured thin (by physical vapor 

deposition process) TiAIN and AICrN coatings on ASTM-SA213-T-11 boiler steel, by 

electrochemical methods i.e. linear polarization resistance (LPR) and potentiodynamic 

polarization tests in an aerated 3.0 wt% NaCI solution at room temperature; and salt 

spray (Fog) tests. The detailed experimental procedure is explained in chapter 3. 

5.5.1 Results and Discussion 

5.5.1.1 Linear polarization resistance (LPR) and potentiodynamic polarization tests 

Linear polarization resistance (LPR) and potentiodynamic polarization tests were 

conducted in an aerated 3 wt% NaCI solution at room temperature in order to evaluate 

the corrosion behavior of the substrate and coatings. The initial,  corrosion current 

density and LPR (Rp) was measured by LPR test. The linear polarization scans are 

conducted in very small potential range (-20mV to + 20mV vs Open Circuit Potential), 

which does not damage the surface of the sample. Whereas the potentiodynamic 

polarization scans require scanning over a longer potential range (Sahoo and 

Balasubramaniam, 2007). 

The corrosion parameters obtained in LPR test are shown in Table 5.7. The 

corrosion current density in case of nanostructured thin coatings was found much lower 

than that of the substrate. The conventional thick coatings have shown higher corrosion 

current density as compared to the substrate and nanostructured coatings, which may 

be due to the open pores and voids in the coating. The conventional thick AICrN coating 

has shown maximum current density i.e. 51.89 pA/cm2. The nanostructured thin TiAIN 

coating has performed very well and showed best corrosion resistance on the basis of 
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corrosion current density and polarization resistance. The corrosion protection is 

provided by the nanostructured thin coatings at initial stage as indicated by the LPR test 

results in terms of corrosion current density and polarization resistance (Table.5.7). 

Potentiodynamic polarization curves of the substrate and each film are shown in 

Fig.5.31 and the corrosion parameters in Table 5.8. The corrosion current density and 

the corrosion potential were obtained by the intersection of the extrapolation of anodic 

and cathodic Tafel curves. The corrosion current densities of the coatings were found 

much lower than that of the substrate steel. The corrosion current densities of the 

substrate and the coatings were found much lower as compared to the LPR test (at 

initial stage) results also. A protective oxide layer may have formed which has blocked 

further corrosion. The corrosion product formed may have reduced the passage of the 

electrolyte to attack the samples, and hence providing protection. 

Table 5.7 	Results of Linear Polarization Resistance Test (LPR) of uncoated 

and coated ASTM-SA213-T-11 boiler steel 

Substrate / Coating Ecorr 

(mV) 

icorr 

( 11A/CM2) 

Pa 

(V/decade) 

Pc 

(V/decade) 

Rp 

(ko-cm2  ) 

Uncoated T-11 boiler steel -601.1 12.54 0.1 0.1 01.73 

Nanostructured TiAIN coating -536.6 03.99 0.1 0.1 05.43 

Nanostructured AICrN coating -540.1 08.99 0.1 0.1 02.44 

Conventional TiAIN coating -740.1 43.63 0.1 0.1 00.49 

Conventional AICrN coating -740.1 51.89 0.1 0.1 00.41 

The corrosion rate (icon.) of the specimens was obtained using the Stern-Geary equation 

(Eq.5.2). 

1 	 /3a/3c 
icorr = 

2.303 Rp x (3a + f3c) 	Rp 
(5.2) 
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Where (3a  = anodic Tafel slope, 13c  = cathodic Tafel slope, Rp  = polarization resistance and, 

Z is a function of the Tafel slopes. 

In potentiodynamic polarization tests the conventional thick TiAIN coating has 

indicated best corrosion resistance as evident from corrosion current density and 

polarization resistance values reported in Table.5.8. The nanostructured thin TiAIN and 

AICrN coatings have shown performance comparable to conventional thick TiAIN coating 

in terms of corrosion current density and polarization resistance. The measured 

corrosion current density for uncoated ASTM-SA213-T-11 boiler steel , nanostructured 

thin TiAIN, nanostructured thin AICrN, conventional thick TiAIN and conventional thick 

AICrN coatings is 8.085, 1.268, 0.315, 0.059 and 6.6411.1A/cm2  respectively. 

Thus all the coatings have shown protection to the bare T-11 boiler steel in 3 wt. 

% NaCI solution. 

From polarization test results, the protective efficiency, Pi  (%) of the coatings can be 

calculated by Eq. (5.3): 

= [1 	)1 X 
100 

Ccorr 

Where i corr and i°corr indicate the corrosion current density of the film and 

substrate, respectively [Yoo et al., 2008]. 

Table 5.8 	Results of Potentiodynamic Polarization Tests of uncoated and 
coated ASTM-SA213-T-11 boiler steel 

Substrate / Coating Ecorr 

(mV) 

icorr 

( pA/cm2) 

Da 

(V/decade) 

Pc 

(V/decade) 

RI) 

(Ica-cm2  ) 

Pi 

(%) 

F 

(%) 

Uncoated T-11 boiler steel -567.6 08.085 0.0689 0.2771 23.95 -- -- 

Nanostructured TiAIN -441.0 01.268 0.1220 0.2140 33.73 84.31 01.05 

NannstrIrtured AICrN -410.3 00.315 0.2150 0.2390 64.77 96.10 00.19 

Conventional TiAIN -882.1 00.059 0.0506 0.0520 187.78 99.20 0.0003 

Conventional AICrN -894.9 06.641 0.1232 0.0660 02.80 17.86 0.0153 

(5.3) 
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Fig. 5.31 Potentiodynamic Polarization Curves for uncoated and coated ASTM-SA213-  

T-11 boiler steel 

Fig. 5.32 Protective efficiency and Polarization resistance of uncoated and coated 

ASTM-SA213T-11 	boiler steel: (A) Uncoated T-11 boiler steel, (B) 

Nanostructured TiAIN coating, (C) Nanostructured AICrN coating, (D) 

Conventional TiAIN coating, (E) Conventional AICrN coating 
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Figure 5.32 shows the variation in protective efficiency and polarization 

resistance of uncoated and coated T-11 boiler steel subjected potentiodynamic 

polarization test. The conventional thick TiAIN coating showed the highest protective 

efficiency of 99.20 % caused by lowest corrosion current density of 0.059 pA/cm2. The 

nanostructured thin TiAIN and AICrN coatings have shown protective efficiency 84.31% 

and 96.10% respectively. The observed protection by the nanostructured TiAIN and 

AICrN coatings in an aerated 3 wt.% NaCI solution at room temperature, are almost in 

-agreement with the findings of Yoo et al. (2008) and Xing-zhao et al. (2008). The 

conventional thick AICrN coatings have also shown protection to the substrate but with 

protective efficiency 17.86 %. 

For further justification the porosity values has also been measured 

quantitatively by the electrochemical methods (Yoo et al., 2008) according to Eq. (5.4) 

and reported in Table.5.8. 

imcorri ii 
F (%) = 	x 	

pa
I x 100 (5.4) 

Where LEcorr  the corrosion potential difference between the substrate and coating layer, 

Rp  the polarization resistance of the coating-substrate system, Pa the anodic Tafel 

constant of substrate, Rpm  is the polarization resistance of the substrate and F represent 

porosity. The porosity measurement of the coatings is presented in Table 5.8. The 

conventional thick TiAIN film has shown minimum porosity of 0.0003% and 

nanostructured thin TiAIN has shown maximum 1.05% porosity value. The porosity 

measurement by electrochemical test analysis and with image analyser, having software 

Dewinter Materials Plus 1.01 based on ASTM 8276, are having different results. The 

difference in the measured porosity by these two methods in case of nanostructured 

TiAIN and conventional AICrN coatings may be because that image analysis (IA) 

measures both open as well as closed porosity and cannot distinguish between the two, 

whereas eiectrochemicai test is able to assess pore connectivity in a coating that exists 

due to the interlamellar pores and intralamellar cracks (Deshpande et al., 2004). The 

porosity also affects the corrosion current density, as more is the connected porosity the 

higher is the corrosion current. 
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24 hrs 

48 hrs 

5.5.1.2 Salt spray (Fog) testing 

The ASTM 8117 Salt Fog test was used to evaluate the performance of the 

uncoated and nanostructured thin TiAIN and AICrN coated ASTM-SA213-T-11 boiler 

steel. The salt fog test is an accelerated corrosion test by which samples exposed to the 

same conditions can be compared. In the B117 test, the samples are exposed to a salt 

fog generated from a 5% sodium chloride solution with a pH between 6.5 and 7.2. All the 

samples were placed in the salt fog chamber for 24 Hrs, 48 Hrs and 72 Hrs. 

Fig. 5.33 Surface macrographs of uncoated and coated ASTM-SA213-T-11 boiler steel 

subjected to salt-fog testing (5% NaCI) : (A) Uncoated T-11 boiler steel 

subjected to 24hrs, 48hrs and 72 hrs testing; (B) Nanostructured TiAIN 

coating subjected to 24hrs, 48hrs and 72 hrs testing; (C) Nanostructured 

AICrN coating subjected to 24hrs, 48hrs and 72 hrs testing 
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Photographs were taken before and subsequent to exposure to document the 

surface conditions. Initial weight and dimensions were measured. After exposure; 

samples were monitored and analyzed by using XRD and SEM/EDAX techniques. The 

macro morphologies of the uncoated and nanostructured thin TiAIN and AICrN coated T-

11 boiler steel exposed to salt fog test for 24 Hrs, 48 Hrs and 72 Hrs; are depicted in 

Fig.5.33. The uncoated T-11 boiler steel suffered severe corrosion in all three test 

conditions i.e. 24 Hrs, 48 Hrs and 72 Hrs (Fig.5.33.A). The brownish colored corrosion 

product on the surface of the samples and corrosion pits are visible. The nanostructured 

coated samples have shown resistance to the corrosion as compared to the uncoated T-

11 boiler steel. The nanaostructured TiAIN coatings have shown negligible corrosion 

products in case of 24 Hrs study, but for 48 Hrs and 72 Hrs studies, these have also 

shown the formation of some corrosion products (Fig.5.33.13}. In case of nanostructured 

AICrN coating, the surface of the samples was no longer uniform as before the test in 

case of salt fog testing for 48 Hrs and 72 Hrs (Fig.5.33.C). Some corrosion products can 

also be seen in case of the sample exposed to the salt mist corrosion for 24 Hrs. 

Figure 5.34 shows the surface SEM images of uncoated and nanostructured TiAIN 

and AICrN coated T-11 boiler exposed to salt fog test for 24 Hrs. As can be seen in 

Fig.5.34 (a), massive corrosion products were accumulated on the surface of uncoated 

boiler steel. The EDAX analysis at some locations indicates the presence of iron and 

oxygen on the corroded surface (Point 1 and 2 on Fig.5.34). In case of nanostructured 

TiAIN coating; very less corrosion products are visible (Fig.5.34.b). The EDAX analysis 

(Point 3 and 4 on Fig.5.34) revealed the presence of Ti and Al as the main elements with 

small amount of Fe, N, Mo and 0. Fig.5.34 (c) shows the SEM image of the 

nanostructured AICrN coating. 

The surface is rich in Al, Cr along with N and negligible amount of Fe and 0; as 

revealed by EDAX analysis (Point 5 and 6 on Fig.5.34). Figure 5.35 shows the surface SEM 

images of uncoated and nanostructured TiAIN and AiCrN coated T-11 boiler steel 

exposed to salt fog test for 48 Hrs. The uncoated T-11 boiler steel has shown severe 

corrosion as shown in Fig.5.35 (a). Corrosion cracks and corrosion products can be seen 

on the surface. The EDAX analysis shows the presence of Fe and 0 as the main elements 

along with some Mo, CI and Na. 

320 



nPenesnpanesistnenmapeaps 117.6p-00 Innen 
pi...: 

VselesinpneepSeallwrieemaps 0410:001101133 
Llese : I 

POINT 4 01.89 % Fe 
08.88 % 
09.04 %C 
22.16 % Al 
07.57 %N 
45.11 % Ti 
03.56 %Mo 

POINT 3 
02.11 % Fe 
03.15 % 0 
06.91 % C 
27.01 % Al 
02.73 % N 
52.41 % Ti 
02.49 % Mo 

left 	SAO 
Item, • SKII pp 	3.411 	W 	LSO 	leg 

energy-WI 
300 ,tt 

01.60 % Fe 
01.69 %0 
09.44%C 
35.01 % Al 
14.48 %N 
35.98 %Cr 

Fe 

55.32 % Fe 
30.11 %O 
06.24% C 
00.70%Na 
04.97 % Mo 

eoctaartlypooslayamoops-spc 04-Mas-21.1111:Mkg 
LSees: • 

53.66 % Fe 
19.08 %0 
05.53 % C 
02.01 %Na 
01.09 % Si 
14.29 % Mo 
02.66 % Cr 

Ye 0 
5!P  0 

POINT 2 

11. 	p. 
t1 Fe 

C Cr 
tb 

P 
pa 

tb 
Rep 

....Aeaftenosielgamnapampo .7•161,71/01701.7 
Iliac.: 

POINT 6 
01.60 % Fe 
02.23 % 0 
08.09 % C 
35.68 % Al 
20.29 % N 
29.88 % Cr 

a
' a  

Bum.- MY 
Lit 

Fig. 5.34 Surface macrographs of uncoated and coated ASTM-SA213-T-11 boiler steel 

subjected to salt-fog testing (5% NaCI) for 24 hrs: (a) 'Uncoated ASTM-SA213-T-11 

boiler steel (b) Nanostructured TiAIN coating (c) Nanostructured AICrN coating 

As can be seen in Fig.5.35 (b & c), corrosion cracks were observed on the surface of as- 

deposited nanostructured TiAIN and AICrN coatings after salt spray tests. Massive corrosion 

products were accumulated around the corrosion crevice. Obviously, severer corrosion would 

proceed in the as-deposited nanostructured thin coatings through the cracks, and cause coating 

cracking and fracture damage in the subsequent service at elevated temperatures. EDAX 

analysis (Point 3 and 4) in case of nanostructured TiAIN coating indicates the products were 

composed of Fe and 0. 
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XRD diffractograms for coated and uncoated T-11 boiler steel subjected to salt 

fog tests for 24 Hrs, 48 Hrs and 72 Hr; are depicted in Fig.5.37 on reduced scale. As 

indicated by the diffractograms; Fe304 and with some minor peaks of Cr203 are the 

main phases present in the oxide scale of uncoated T-11 boiler steel. In nanostructured 

TiAIN coating, AIN, TiN and Fe3O4  are the main phases revealed with minor phases i.e. 

TiO2  and A1203. 

Further, the main phases identified for the nanostructured AICrN coating are 

CrN, AIN along with A1203, Cr203 and Fe304. The formation of Fe304  in the scale of 

corroded specimens in salt spray tests is found to be in agreement with those reported 

by Panda, Bijayani et al. (2008) and Vera et al. (2009). 

Fig. 5.37 X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-11 boiler 

steel subjected to salt-fog testing (5% NaCI) for 24 Hrs, 48 Hrs and 72 Hrs: (A) 

Uncoated T-11 boiler steel, (B) Nanostructured TiAIN coating, (C) 

Nanostructured AICrN coating 
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The weight loss measurements were carried out for the uncoated and 

nanaostructured thin TiAIN and AICrN coated T-11 boiler steel exposed to the salt fog 

tests for 24 Hrs, 48 Hrs and 72 Hrs. Fig. 5.38, depicts the column chart showing the 

weight loss per unit area for the uncoated and coated T-11 boiler steel. It can be inferred 

from the plots that the uncoated T-11 boiler steel has shown maximum weight loss per 

unit area in all three test conditions i.e. 24 Hrs, 48 Hrs and 72 Hrs tests; as compared to 

the coated counterparts. Both the coatings have shown good protection to the substrate 

in terms of weight loss per unit area. As can be seen in Fig.5.38 for uncoated and coated 

T-11 boiler steel; the weight loss per unit area increases with the duration of the test. 

The weight loss per unit area in case of nanosructured thin TiAIN coating is less than as 

compared to the nanostructured AICrN coating and uncoated boiler steel in all test 

conditions. It can be mentioned based on the present investigation that nanostructured 

thin TiAIN and AICrN coatings can provide a very good corrosion resistance when 

exposed to the simulated marine environment i.e. salt fog test. 
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Fig. 5.38 Column chart showing weight loss per unit area for the uncoated and coated 
ASTM-SA213-T-11 boiler steel subjected to salt-fog testing (5% NaCI): (A) 
Uncoated T-11 boiler steel subjected to 24hrs, 48hrs and 72 hrs testing; (B) 
Nanostructured TiAIN coated T-11 boiler steel subjected to 24hrs, 48hrs and 
72 hrs testing; (C) Nanostructured AICrN coated T-11 boiler steel subjected 
to 24hrs, 48hrs and 72 hrs testing 
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Salt spray corrosion is an electrochemical reaction process (Bao et al., 2007). 

Generally, the corrosion resistance is influenced significantly by several factors, such as 

compositions, internal microstructure, and especially the surface condition. The 

proposed corrosion mechanism of the coated specimen is as explained in Fig.5.39; which 

is similar to the one reported by Bao et al., (2007). Micro-cracks got initiated by residual 

stress during deposition of coatings. The micro-cracks would be corroded easily and the 

solution would infiltrate into loose corrosion products and reach crack tip to sustain the 

internal corrosion, followed by crack propagation (Fig. 5.39 b and c). This process obeys 

the rules of crevice corrosion. Acidity in the cracks increased significantly as 

neutralization was not easily obtained by exchanging solution between inside and 

outside the cracks. An ascending acidity accelerates the corrosion attack and results in 

an unfavorable inner structure. When the acid solution flows across pores, corrosion will 

take place and enlarge a pore to a corrosion hole. 

Fig. 5.39 Corrosion evolution of the as-deposited coatings in salt spray test; a: 

initiation of corrosion micro-crack, b: cracks propagation, c: crack branching, 

d: formation of corrosion hole (Bao et al., 2007) 
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5.5.2 Conclusions 

The corrosion behavior of uncoated and coated ASTM-SA213-T-11 boiler steel 

have been investigated by electrochemical methods i.e. linear polarization resistance 

(LPR) and potentiodynamic polarization tests in an aerated 3.0 wt% NaCI solution at 

room temperature; and salt spray (Fog) tests. The behavior of nanostructured TiAIN and 

AICrN coatings were compared with their conventional counterparts and the following 

conclusions are made: 

1. In Linear polarization resistance (LPR) test, the corrosion current densities of 

nanostructured thin coatings were found much lower than that of the substrate, 

whereas the conventional thick coatings have shown higher current densities. 

The corrosion resistance of the coatings and substrate followed the sequence: 

Nanostructured TiAIN > Nanostructured AICrN > Bare T-11 > Conventional TiAIN > 

Conventional AICrN 

2. The corrosion protection is provided by the nanostructured thin coatings at initial 

stage as indicated by the LPR test results in terms of corrosion current density 

and polarization resistance. The conventional thick AICrN coating has shown 

maximum corrosion current density. 

3. In Potentiodynamic Polarization test, the corrosion current densities of the 

coatings were found much lower than that of the substrate steel. All the coatings 

have shown protection to the substrate T-11 boiler steel in 3 wt. % NaCI solution. 

4. The corrosion current densities of the substrate and the coatings in 

Potentiodynamic Polarization test were found much lower as compared to the 

LPR test (at initial stage) results. The corrosion resistance of the coatings and 

substrate followed the sequence: 

Conventional TiAIN > Nanostructured AICrN > Nanostructured TiAIN > 

Conventional AICrN > Bare T-11 

5. The measured protective efficiency for nanostructured thin TiAIN, 

nanostructured thin AICrN, conventional thick TiAIN and conventional thick AICrN 

coatings is 84.31%, 96.10%, 99.20% and 17.86% respectively. 
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6. The porosity values has also been measured quantitatively by the 

electrochemical methods for nanostructured thin TiAIN, nanostructured thin 

AICrN, conventional thick TiAIN and conventional thick A1CrN coatings, which are 

1.05%,0.19%, 0.0003% and 0.0159% respectively. 

7. In salt spray tests; the uncoated T-11 boiler steel suffered severe corrosion in all 

three test conditions i.e. 24 Hrs, 48 Hrs and 72 Hrs. The nanostructured coated 

samples have shown resistance to the corrosion as compared to the uncoated T-

11 boiler steel. 

8. It can be inferred from the weight loss per unit area plots that the uncoated T-11 

boiler steel has shown maximum weight loss per unit area in all three test 

conditions i.e. 24 Hrs, 48 Hrs and 72 Hrs tests; as compared to the coated 

counterparts. 

9. The weight loss per unit area in case of nanosructured thin TiAIN coating is less 

than as compared to the nanostructured AICrN coating and uncoated boiler steel 

in all test conditions. 

10. It can be mentioned based on the present investigation that nanostructured thin 

TiAIN and AICrN coatings can provide resistance to corrosion when exposed to 

the simulated marine environment i.e. salt fog test. 
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5.6 EROSION CORROSION STUDIES IN INDUSTRIAL ENVIRONMENT 

After conducting the various experiments on uncoated and coated ASTM-SA213- 

T-11 boiler steel in lab; the present research work has been focused to investigate and 

compare the high temperature corrosion and erosion behavior of conventional thick (by 

plasma spraying and gas nitrided) and nanostructured thin (by physical vapor deposition 

process) TiAIN and AICrN coatings on T-11 boiler steel, in actual industrial environment 

of coal fired boiler. The uncoated and coated specimens were exposed to low 

temperature super-heater zone of the coal fired boiler of Guru Nanak Dev Thermal 

Power Plant, Bathinda, Punjab, India. The specimens were hanged in the platen super-

heater of coal fired boiler where the gas temperature was around 900°C ± 10°C. Hot 

corrosion experiments were performed for 10 cycles, each cycle consisting of 100 hours 

exposure followed by 1 hour cooling at ambient temperature. The detailed experimental 

procedure is explained in chapter 3. 

5.6.1 Results 

5.6.1.1 Visual observations 

The macrographs for uncoated and coated ASTM-SA213-T-11 boiler steel 

exposed to super-heater of the coal fired boiler environment at 900°C for 1000 hours 

are shown in Fig.5.40. For the uncoated T-11 boiler steel, a dark black grey colored scale 

appeared on the surface right from the 1st  cycle. Ash deposition has started just after the 
1st cycle and the sample showed spalling and gets welded used to hang these samples in 

the boiler environment. After every cycle; the samples were washed with acetone in 

order to remove ash deposited before weight measurement. Erosion was also observed 

after 2"°  cycle on one of the edges. Ash deposition, erosion and severe spalling in case of 

bare T-11 boiler steel continued to last cycle. At the end of cyclic study, ash deposited 

with fragile scale indicating severe spalling and dark grey colored surface appearance in 

the middle with brownish colored scale along the sides was observed which can be seen 

in Fig.5.40 (a). 

In case of nanostructured thin TiAIN coated T-11 boiler steel, color of the oxide 

scale at the end of the study was observed to be blackish grey with some brownish 
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colored areas from where the top scale gets spalled, as shown in Fig.5.40 (b). Ash 

deposition has started just after the 1st  cycle and the sample showed golden shine after 

2st cycle and no sign of spalling was observed till 3rd  cycle. 

Fig. 5.40 	Surface macrographs of uncoated and coated ASTM-SA213-T-11 boiler steel 

exposed to super-heater of the coal fired boiler environment at 900°C for 1000 

hours: (a) Uncoated T-11 boiler steel,. (b) Nanostructured TiAIN coating, (c) 

Nanostructured AICrN coating, (d) Conventional TiAIN coating, (e) Conventional 

AICrN coating 
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After 3rd  cycle spalling of the specimen was observed and it gets welded with the 

wire with which it was hanged in the boiler environment. Ash deposition, erosion and 

spalling continued up to last cycle. The nanostructured thin AICrN coated T-11 boiler 

steel has shown the formation of dark blackish grey colored scale with severe spalling 

and visible hairline cracks over the whole area, as shown in Fig.5.40 (c). After 1st  cycle, 

dark black colored scale was seen on the surface with ash deposition and no sign of 

spalling and thermal expansion of the material. The scale shows spalling after 3rd  cycle 

and the sample gets welded to the wire. During 6th  cycle; some scale at two corners gets 

broken and fallen in the boiler. The ash deposition, erosion and spallling continue till the 

end. 

A visual observation of conventional thick TiAIN coated T-11 boiler steel 

(Fig.5.40.d), showed the formation of blackish grey colored scale on half portion and 

whitish grey colored scale on the remaining area; at the end of the cyclic study. The 

scale was rough and adherent to the substrate. The sample gets welded to the wire after 

rd s cycle and fine cracks were seen on the surface. After 4th  cycle a thin chip of the scale 

gets removed from the middle surface and fallen in the boiler. In case of conventional 

thick AICrN coated T-11 boiler steel, color of the ash deposited oxide scale was dark grey 

with some whitish areas at the end of the study (Fig.5.40.e). The scale was found to be 

adherent. No spalling was observed till 5th  cycle after which the sample gets welded to 

the wire and showed spalling and signs of erosion. 

5.6.1.2 Weight change and sample thickness measurements 

Weight gain per unit area (mg/cm2
) versus time expressed in number of cycles 

plot for coated and bare T-11 boiler steel exposed to super-heater of the coal fired 

boiler environment at 900°C for 1000 hours; is presented in Fig.5.41. However weight 

change data could not be of much use for predicting the corrosion behavior because of 

suspected spalling and ash deposition on the specimens. Although the specimens were 

washed with acetone after every cycle before weight measurement in order to remove 

ash deposited yet it was difficult to remove the ash completely. Hence extent of 

corrosion could only be monitored by measuring the thickness of the un-reacted sample 

after the total exposure of 1000 hrs i.e. measuring scale thickness in cross-sectional 

view. 
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It can be inferred from the plots (Fig.5.41) that the uncoated and nanostructured 

thin AICrN coated T-11 boiler steels have shown high weight gain as compared to the 

conventional thick and nanostructured TiAIN coatings. The conventional TiAIN coating 

has shown minimum erosion-corrosion rate and weight gain. The weight gain in case of 

nanostructured TiAIN and conventional AICrN coatings is higher than that of 

conventional TiAIN coating and less than that of uncoated and nanostructured AICrN 

coated T-11 boiler steel (Fig.5.41). 

Bar chart in Fig.5.42 indicates the overall gain/loss in the thickness (in mm) of the 

specimen. Bar chart (Fig.5.42) indicates the overall gain/loss in the thickness (in mm) of 

the specimen. All the coatings and bare T-11 boiler steel have shown increase in overall 

thickness after erosion-corrosion for 1000 hrs. The thickness of the specimens was 

measured before and after the erosion-corrosion test and average of ten values has 

been used to calculate the thickness gain/loss. The measured average gain in overall 

specimen thickness values for uncoated T-11, nanostructured thin TiAIN, nanostructured 

thin AICrN, conventional thick TiAIN and conventional thick AICrN coatings are 4.370, 

3.8170, 4.343, 1.868 and 1.620 mm respectively. 

5.6.1.3 Surface scale analysis 

5.6.1.3.1 X-ray diffraction analysis (XRD) 

XRD diffractograms for coated and uncoated T-llboiler steel exposed to super-

heater of the coal fired boiler environment at 900°C for 1000 hours; are depicted in 

Fig.5.43 on reduced scale. As indicated by the diffractograms in Fig.5.43, Fe2O3, A1203 

and SiO2  are the main phases present in the oxide scale of coated and uncoated T-11 

boiler steel. In case of conventional thick TiAIN coating; addition to the above 

mentioned phases Ti3Al is also present in the oxide scale (Fig.5.43). 

5.6.1.3.2 Surface scale morphology 

SEM micrographs along with EDAX point analysis reveals the surface morphology 

of the coated and uncoated T-11 boiler steel exposed to super-heater of the coal fired 

boiler environment at 900°C for 1000 hours; are shown in Fig.5.44. 
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Fig. 5.45 Oxide scale morphology and variation of elemental composition across the cross-

section of the uncoated and coated ASTM-SA213-T-11 boiler steel exposed to 

platen super-heater of the coal fired boiler environment at 900°C for 1000 Hrs: (a) 

Uncoated T-11 boiler steel (36 X), (b) Nanostructured TiAIN coating (60 X), (c) 
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Fig. 5.46 Bar chart indicating the extent of erosion/corrosion for uncoated and coated ASTM- 
SA213-T-11 boiler steel specimens exposed to super-heater of the coal fired boiler 
environment at 900°C for 1000 hours 
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5.6.1.4.3 X-Ray mapping 

X-ray mappings for a part of oxide scale of uncoated and coated ASTM-SA213-T-

11 boiler steel exposed to super-heater of the coal fired boiler environment at 900°C for 

1000 hours; are shown in Fig. 5.48. In case of uncoated T-11 boiler steel, the micrograph 

(Fig.5.48.a) indicates a dense scale, which mainly contains iron and oxygen with a thick 

band of Cr near scale/substrate interface, as indicated by X-ray mapping. 

The X-ray mapping analysis of the scale formed on nanaostructured TiAIN coated 

T-11 boiler steel is presented in Fig. 5.48 (b). The X-ray mapping indicates presence of 

oxygen and iron throughout the scale with a small amount of Al in the top scale. In case 

of nanostructured thin AICrN coated T-11 boiler steel; the BSEI and X-ray mapping are 

shown in Fig, 5.4R (c). The X-ray mapping  indicates the presence of iron and oxygen 

throughout the scale. In case of conventional thick TiAIN coated T-11 boiler steel, 

Fig.5.48 (d), Al and Ti rich thick bands are clearly seen along with Fe and oxygen in the 

sub-scale region. Figure 5.48 (e) depicts the X-ray mapping in case of conventional AICrN 

coated T-11 boiler steel. The thick band of Al is present in the sub-scale region. The 

upper scale is rich in Fe and 0. 
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It can be inferred from the plots (Fig.5.41) that the uncoated and nanostructured 

thin AICrN coated T-11 boiler steels have shown high weight gain as compared to the 

conventional thick and nanostructured TiAIN coatings. The conventional TiAIN coating 

has shown minimum erosion-corrosion rate and weight gain. The weight gain in case of 

nanostructured TiAIN and conventional AICrN coatings is higher than that of 

conventional TiAIN coating and less than that of uncoated and nanostructured AICrN 

coated T-11 boiler steel (Fig.5.41). 

Bar chart in Fig.5.42 indicates the overall gain/loss in the thickness (in mm) of the 

specimen. Bar chart (Fig.5.42) indicates the overall gain/loss in the thickness (in mm) of 

the specimen. All the coatings and bare T-11 boiler steel have shown increase in overall 

thickness after erosion-corrosion for 1000 hrs. The thickness of the specimens was 

measured before and after the erosion-corrosion test and average of ten values has 

been used to calculate the thickness gain/loss. The measured average gain in overall 

specimen thickness values for uncoated T-11, nanostructured thin TiAIN, nanostructured 

thin AICrN, conventional thick TiAIN and conventional thick AICrN coatings are 4.370, 

3.8170, 4.343, 1.868 and 1.620 mm respectively. 

5.6.1.3 Surface scale analysis 

5.6.1.3.1 X-ray diffraction analysis (XRD) 

XRD diffractograms for coated and uncoated T-llboiler steel exposed to super-

heater of the coal fired boiler environment at 900°C for 1000 hours; are depicted in 

Fig.5.43 on reduced scale. As indicated by the diffractograms in Fig.5.43, Fe203, A1203  

and SiO2  are the main phases present in the oxide scale of coated and uncoated T-11 

boiler steel. In case of conventional thick TiAIN coating; addition to the above 

mentioned phases Ti3AI is also present in the oxide scale (Fig.5.43). 

5.6.1.3.2 Surface scale morphology 

SEM micrographs along with EDAX point analysis reveals the surface morphology 

of the coated and uncoated T-11 boiler steel exposed to super-heater of the coal fired 

boiler environment at 900°C for 1000 hours; are shown in Fig.5.44. 
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Fig. 5.43 (a) X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-11 boiler 

steel exposed to platen superheater of the coal fired boiler environment at 

900°C for 1000 Hrs: (A) Uncoated T-11 boiler steel, (B) Nanostructured TiAIN 

coating, (C) Nanostructured AICrN coating 

Fig. 5.43 (b) X-Ray Diffraction pattern of coated ASTM-SA213-T-11 boiler steel exposed to 

platen superheater of the coal fired boiler environment at 900°C for 1000 

Hrs: (A) Conventional TiAIN coating, (B) Conventional AICrN coating 
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Fig. 5.44 Surface-scale morphology and EDAX patterns from different spots on uncoated and coated 
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Micrograph (shown in Fig.5.44.a) for uncoated T-11 boiler steel indicates the 

scale developed with blackish grey and white regions. Also the surface shows the signs 

of erosion. EDAX analysis at point 1 on Fig.5.44 (white region) indicates the presence of 

AI, 0 and Si alongwith iron, which may be the ash. The blackish grey region (Point 2) 

mainly consists of Fe and 0 with minor amounts of Al and Si. The SEM micrograph of 

oxidized nanostructured thin TiAIN coatings is shown in Fig.5.44 (b). The surface scale 

shows as if vertical needles developed on a matrix. EDAX analysis (Point 3 and 4) of the 

scale revealed the presence of Fe, 0, Al and Si as the main elements along small amount 

of Ti, Cr and Mo. In case of nanostructured thin AICrN coated T-11 boiler steel, the scale 

consists of white and dark grey regions. EDAX point analysis at point 5 (white region) 

shows the presence of Al, Si and 0 along with P, Ca and N with small amount of iron, 

whereas the dark grey region (Point 6) shows maximum concentration of Fe along with 

small amount of Al, Si, Cr and Ca with Mo. 

The surface scale developed on conventional thick TiAIN coated T-11 steel is like 

small white needles dispersed in a matrix. The white needles (Point 7 in Fig.5.44) have 

shown higher percentage of AI, Si, 0, Ti, Mo and less concentration of Fe as compared to 

the matrix (Point 8). A spatted surface scale is developed on conventional thick AICrN 

coated T-11 boiler steel. EDAX point analysis reveals the presence of Fe, Al, 0, Si along 

with small amount of Ca, Mo, Mg, Cr and Carbon. 

5.6.1.4 Cross-sectional analysis 

5.6.1.4.1 Cross-sectional scale morphology 

Back Scattered Electron Image (BSEI) micrograph and elemental variation across 

the cross-section for coated and uncoated T-11 boiler steel exposed to super-heater of 

the coal fired boiler environment at 900°C for 1000 hours; are shown in Fig.5.45. The 

SEM micrograph (Fig.5.45.a) in case of uncoated T-11 boiler steel shows thick scale. The 

scale is fragile and indicating cracking. EDAX analysis reveals the presence of Fe, Mo and 

0 throughout the scale. The existence of significant amount of oxygen points out the 

possibility Fe2O3 in the oxide scale. BSEI micrograph and elemental variation depicted in 

Fig.5.45 (b), for the exposed cross-section of nanostructured thin TiAIN coated T-11 

boiler steel shows the thick, continuous and adherent scale. The scale is showing fine 

cracks at some locations. 
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The EDAX analysis reveals the presence of Fe, Mo and 0 throughout the scale 

along with very small amount of Al throughout the scale. A thick and adherent oxide 

scale can be seen in case of nanostructured AICrN coated T-11 boiler steel (Fig.5.45.c). 

The EDAX point analysis indicates the presence of Fe, Mo and 0 throughout the scale 

with variable amount. In case of conventional TiAIN coated T-11 boiler steel, the scale is 

non-uniform, thin and adherent as depicted in Fig.5.45 (d). The EDAX point analysis 

indicates the presence of Fe, 0, Mo, Ti and Al throughout the scale with variable 

amounts. The amount of Ti and Al in the top scale is higher (Point 1 and 2) which 

decreases subsequently after point 6 towards the substrate. The concentration of Ti and 

Al is maximum at point 3 where Fe, Mo and 0 are completely absent. The conventional 

thick AICrN coated T-11 boiler steel (Fig.5.45.e) indicates uniform, thin and adherent 

scale. EDAX point analysis shows the presence of Fe, 0 and Mo throughout the scale. 

The top scale is rich in Fe and 0 with some amount of Al, Cr and Mo. The sub scale has 

shown higher concentration of Al and Cr (Point 4, 5 and 6 on Fig.5.45.e). 

5.6.1.4.2 Scale thickness 

The oxidized samples were cut across the cross section using Buehler Isomet 

1000 precision saw and mounted in transoptic mounting resin and subsequently mirror 

polished to obtain scanning electron back scattered micrographs and X-ray mapping of 

different elements for coated and uncoated T-11 boiler steel. The scale thickness values 

were measured from SEM back scattered micrographs as shown in Fig.5.45. The extent 

of erosion-corrosion in terms of scale/coating thickness (in microns) and corrosion rate 

in mils per year (mpy) for coated and uncoated T-11 boiler steel exposed to super-heater 

of the coal fired boiler environment at 900°C for 1000 hours; are shown in Fig.5.46 and 

5.47 respectively. 

Very thick scale is observed in case of uncoated and nanostructured coated T-11 

boiler steel. The measured corrosion rate (mpy) for uncoated T-11, nanostructured thin 

TiAIN, nanostructured thin AICrN, conventional thick TiAIN and conventional thick AICrN 

coatings are 1260, 641, 886, 327 and 683 mpy respectively. The nanostructured and 

conventional coatings have shown good resistance to the corrosive environment as the 

oxygen penetration is limited to very less thickness as compared to the uncoated T-11 

boiler steel (Fig.5.46 and 5.47). 
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Fig. 5.45 Oxide scale morphology and variation of elemental composition across the cross-

section of the uncoated and coated ASTM-SA213-T-11 boiler steel exposed to 

platen super-heater of the coal fired boiler environment at 900°C for 1000 Hrs: (a) 

Uncoated T-11 boiler steel (36 X), (b) Nanostructured TiAIN coating (60 X), (c) 

Nanostructured AICrN coating (45 X), (d) Conventional TiAIN coating (100 X), (e) 
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Fig. 5.46 Bar chart indicating the extent of erosion/corrosion for uncoated and coated ASTM-

SA213-T-11 boiler steel specimens exposed to super-heater of the coal fired boiler 
environment at 900°C for 1000 hours 
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Fig. 5.47 Corrosion rate in mils per year (mpy) for uncoated and coated ASTM-SA213-T-11 
boiler steel exposed to super-heater of the coal fired boiler environment at 900°C 
for 1000 hours: (A) Uncoated T-11 boiler steel, (B) Nanostructured TiAIN coating, (C) 
Nanostructured AICrN coating, (D) Conventional TiAIN coating, (E) Conventional 
AICrN coating 

5.6.1.4.3 X-Ray mapping 

X-ray mappings for a part of oxide scale of uncoated and coated ASTM-SA213-T-

11 boiler steel exposed to super-heater of the coal fired boiler environment at 900°C for 

1000 hours; are shown in Fig. 5.48. In case of uncoated T-11 boiler steel, the micrograph 

(Fig.5.48.a) indicates a dense scale, which mainly contains iron and oxygen with a thick 

band of Cr near scale/substrate interface, as indicated by X-ray mapping. 

The X-ray mapping analysis of the scale formed on nanaostructured TiAIN coated 

T-11 boiler steel is presented in Fig. 5.48 (b). The X-ray mapping indicates presence of 

oxygen and iron throughout the scale with a small amount of Al in the top scale. In case 

of nanostructured thin AICrN coated T-11 boiler steel; the BSEI and X-ray mapping are 

shown in Fig. 5.48 (c). The X-ray mapping indicates the presence of iron and oxygen 

throughout the scale. In case of conventional thick TiAIN coated T-11 boiler steel, 

Fig.5.48 (d), Al and Ti rich thick bands are clearly seen along with Fe and oxygen in the 

sub-scale region. Figure 5.48 (e) depicts the X-ray mapping in case of conventional AICrN 

coated T-11 boiler steel. The thick band of Al is present in the sub-scale region. The 

upper scale is rich in Fe and 0. 
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Fig. 5.48 (a) Composition image (BSEI) and X-ray mapping of the cross-section of uncoated 
ASTM-SA213-T-11 boiler steel exposed to platen super-heater of the coal fired 
boiler environment at 900°C for 1000 Hrs 
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Fig. 5.48 (b) Composition image (BSEI) and X-ray mapping of the cross-section of 
Nanostructured TiAIN coated ASTM-SA213-T-11 boiler steel exposed to platen 
super-heater of the coal fired boiler environment at 900°C for 1000 Hrs 

342 



• 

e?;14tV4 
Ask,- t• `1)4jelv 17'4'4; 

$2:A. 
• 

At.s..A 	• 	',41:-tt 

0 

IIV Maq 1A/t) !)1 
i5 0 ,V 95 • 9 4 In. 	3 3,1 

2 mm 

Fig. 5.48 (c) Composition image (BSEI) and X-ray mapping of the cross-section of 
Nanostructured AICrN coated ASTM-SA213-T-11 boiler steel exposed to platen 
super-heater of the coal fired boiler environment at 900°C for 1000 Hrs 
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Fe 

Fig. 5.48 (d) Composition image (BSEI) and X-ray mapping of the cross-section of conventional 
TiAIN coated ASTM-SA213-T-11 boiler steel exposed to platen super-heater of the 
coal fired boiler environment at 900°C for 1000 Hrs 
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Fig. 5.48 (e) Composition image (BSEI) and X-ray mapping of the cross-section of conventional 
AICrN coated ASTM-SA213-T-11 boiler steel exposed to platen super-heater of the 
coal fired boiler environment at 900°C for 1000 Hrs 
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5.6.2 Summary of Results 

Results obtained after 1000 hrs of exposure of uncoated and coated ASTM- 

SA213-T-11 boiler steel to super-heater of the coal fired boiler environment at 900°C are 

summarized in Table.5.9. 

Table 5.9 
	

Summary of the results obtained for uncoated and coated ASTM-SA213- 

T-11 boiler steel exposed to super-heater of the coal fired boiler 
environment at 900°C for 1000 hours 

Coating Weight 
gain 

mg/cm2 

Extent of 
Corrosion 

(mm) 

Corrosion 
Rate 

(mpy) 

XRD 
phases 

Remarks 

Uncoated 	T-11 

boiler steel 

405.53 3.636 1260.0 Fe2O3, 	A1203  
and SiO2  

Ash 	deposited scale with severe 
spalling 	and 	dark 	grey 	colored 
surface appearance in the middle 
with brownish colored scale along 
the sides. Ash deposition, erosion 
and severe spalling continued to 
last cycle. 

Nanostructured 

TiAIN coating 

335.01 1.888 641.2 Fe2O3, 	A1203  
and SiO2  

Color of the oxide scale at the end 
of the study was blackish grey with 
some brownish colored areas from 
which 	scale 	gets 	removed 	and 
regenerated. 	Erosion 	and 	ash 
deposition continued till end of the 
study. 

Nanostructured 

AICrN coating 

410.89 2.582 886.3 Fe2O3, 	A1203  
and SiO2  

The formation of dark blackish grey 
colored scale with severe spalling 
and 	visible 	hairline 	cracks 	was 
observed 	at 	the 	end. 	The 	ash 
deposition, 	erosion 	and 	spallling 
continue till the end. 

Conventional 

TiAIN Coating 

274.94 1.130 327.6 

. 

Fe2O3, A1203, 
SiO2  and Ti3A1 

The 	formation 	of 	blackish 	grey 
colored scale on half portion and 
whitish grey colored scale on the 
remaining area; at the end of the 
study. The scale was rough and 
adherent to the substrate. 

Conventional 

AICrN coating 

347.56 2.115 683.2 Fe203, 	A1203  
and SiO2  

Color of the ash deposited oxide , 
scale was dark grey with some 
whitish areas at the end. The scale 
was found to 	be adherent. 	No 
 spalling was observed till 5th  cycle 
after which the sample showed 
spalling and signs of erosion. 
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5.6.3 Discussion 

The combustion of coal generates very corrosive media particularly near the 

superheater tubes (Weulersse-Mouturat et al., 2004). A dynamic surface layer consisting 

of a mechanical mixture of particles from the boiler gases and oxide scale growing from 

the base metal is formed on boiler tubes (Sidhu et al., 2006F). The accommodation of 

these low melting-point salts from the flue-gas on the fire side surface of boiler tubes 

induces hot corrosion and is considered a root cause for the severe wastage of tube 

materials used for superheaters and reheaters in "advanced" steam-generating systems 

(Sidhu et al., 2006G). Sulphides have not been generally identified in the scale of 

samples tested in the coal fired boiler environment; which is similar to the finding of 

Crossley et al. (1948). The fly ash particles rich in magnetite reduce the concentration 

of 503  in the boiler environment. 

Fragile scale with tendency to spall has been observed for the uncoated and 

nanostructured thin TiAIN and AICrN coated T-11 boiler steel used in present investigation 

(Fig.5.40).The ash deposition, erosion and tendency to spall continued till the end of the 

study. In case of nanostructured and conventional TiAIN coatings; the scale gets removed 

and regenerated at some locations. It may be due to the erosion as the coal used in Indian 

power stations has large amounts of ash (about 50%), which contain abrasive mineral 

species such as hard quartz (up to 15%) which increase the erosion propensity of coal 

(Krishnamoorthy, and Seetharamu, 1989). In case of conventional AICrN coatings; no 

spalling was observed till 5th  cycle. The surface of scale is rough in case of conventional 

thick coatings. 

The presence of Fe and oxygen (Fig.5.45.) in the top of the scale of the coated T-

11 boiler steel is believed to be due to the diffusion of iron through the pores and cracks 

that appeared in the coating during the course of oxidation studies (Singh Buta , 2003). 

As indicated by the XRD diffractograms in Fig.5.43; Fe203, A1203 and Si02  are the main 

phases present in the oxide scale of coated and uncoated T-11 boiler steel. The phases 

revealed by XRD diffractograms are found to be in agreement with those reported by 

Longa-Nova et al. (1996), Calvarin et al. (2000) and Nickel et al. (2002). In case of 

conventional thick TiAIN coating; addition to the above mentioned phases Ti3A1 is also 

present in the oxide scale (Fig.5.43). Formation of hematite (Fe203) as revealed by the X-

ray diffractograms (Fig.5.43) might be due to the reaction of iron with oxygen since iron is 
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the main constituent of boiler steel. Formation of such type of oxides has also been 

analyzed by Prakash et al. (2001) and Srikanth et al. (2003) during the failure analysis of 

superheater tubes caused by fireside corrosion. The formation of A1203 and SiO2  might be 

due to the deposition of ash on the eroded-corroded tubes. The higher amount of Al and 

Si is found in the ash. The presence of such phases in slag has also been reported by 

John (1986) during study on slag, gas and deposit thermochemistry in a coal gasifier 

and the possibility for formation of such phase in ash constituents during combustion 

has further been reported by Nelson et al. (1959). 

The higher weight gain (which is the net result of erosion and oxidation) is 

observed in case of uncoated and nanostructured thin AICrN coated T-11 boiler steel as 

compared to the nanostructured TiAIN and conventional thick coatings; exposed to 

super-heater of the coal fired boiler environment at 900°C for 1000 hours (Fig.5.41). It 

might be attributed to spallation of the oxide scale in the actual environment of the coal 

fired boiler and fluxing action of the molten salt along with erosion of oxide scale. There 

is continuous formation of thin oxide scale with subsequent depletion by spallation and 

erosion under cyclic test conditions. The top surface may contains inclusions, which 

leads to vertical cracks through which the corrosive species might have penetrated along 

the crack and between the metallic layers. The cracks and oxide layer have propagated 

parallel to the top surface. During cyclic testing, cracks in the oxide scale and spalling of 

the uncoated and coated T-11 boiler steel might be attributed to the different values of 

thermal expansion coefficients for the coating, scale and the substrate as reported by 

Sidhu et al. (2003), Singh H et al. (2004), Evans et al. (2001), Wang et al. (2002) and 

Niranatlumpong et al (2000). 

Both conventional thick coatings and nanostructured thin TiAIN coating have 

been found successful in reducing the overall weight gain of T-11 boiler steel. However 

weight change data could not be of much use for predicting the corrosion behavior 

because of suspected spalling and ash deposition on the specimens_ Thus, the extent of 

erosion-corrosion in terms of scale/coating thickness (in microns) and corrosion rate in 

mils per year (mpy) for coated and uncoated T-11 boiler steel exposed to super-heater 

of the coal fired boiler environment at 900°C for 1000 hours; are shown in Fig.5.46 and 

5.47 respectively. All the coatings have shown lower corrosion rate as compared to bare 

T-11 boiler steel. It is well supported by corrosion rate plot (Fig.5.47). The 
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nanostructured and conventional coatings have shown good resistance to the corrosive 

environment as the oxygen penetration is limited to very less thickness as compared to 

the uncoated T-11 boiler steel (Fig.5.46 and 5.47). These results are well supported by 

EDAX (Fig.5.44) and X-ray mapping analysis (Fig.5.48). The resistance offered by 

conventional thick TiAIN and AICrN coatings to the erosion-corrosion in boiler 

environment may be due to the presence of a thick band of Al along with oxygen in the 

sub-scale region; as shown by X-ray mapping analysis (Fig.5.48.d and e). In case of 

nanostructured thin TiAIN coating, the presence of Al band in the top scale may be the 

reason for its better performance as compared to the nanostructured AICrN coating and 

uncoated T-11 boiler steel (Fig.5.48.b). 

5.6.4 Conclusions 

The high temperature erosion-corrosion behaviors of uncoated and coated 

ASTM-SA213-T-11 boiler steel have been investigated in super-heater of the coal fired 

boiler environment at 900°C for 1000 hours (10 cycles). The following conclusions are 

made: 

1. The plasma sprayed gas nitride conventional thick coatings i.e. TiAIN and AICrN 

have developed a protective scale mainly consisting of aluminum oxide. 

2. All the coated as well as uncoated boiler steels have shown ash deposition on the 

surface. Thus final thickness is contributed by scale formation, erosion and ash 

deposition. 

3. The corrosion rate in mpy for the uncoated and coated T-11 boiler steel 

specimens exposed to the super-heater of the coal fired boiler environment at 

900°C follows the sequence: 

Uncoated T-11 > Nanostructured AICrN > Conventional TiAIN > Nanostructured 

AICrN > Conventional TiAIN 

4. The nanaostructured TiAIN and AICrN coatings has shown resistance to erosion-

corrosion to some extent as the overall weight gain and thickness are less than as 

compared to the uncoated T-11 boiler steel. The oxide scale formed is adherent 

to the substrate in all coatings. But in case of uncoated and nanostructured 

coated T-11 boiler steel, the scale is found to be fragile with some cracks. 
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eluipaer 6 
SUBSTRATE ASTM-SA213-T-22 BOILER STEEL 

This chapter deals with the results and discussion for the bare and coated ASTM-

SA213-T-22 boiler steel exposed to different degradation environments. It includes the 

characterization of the nanostructured and conventional TiAIN and AICrN coatings on T-

22 boiler steel and their behavior when exposed to high temperature oxidation studies 

in air, molten salt (Na2SO4-60%V205) environment and in a coal fired boiler of a thermal 

plant, erosion studies in simulated coal-fired boiler environment and corrosion studies in 

simulated marine environment. 

6.1 CHARACTERISATION OF COATINGS 

Little work has been published on high temperature corrosion behavior of 

nanostructured and conventional hard metal nitride coatings to the best of the 

knowledge of the author. Therefore, these coatings were developed on the ASTM-

SA213-T-22 boiler steel and their behavior was studied when exposed to high 

temperature oxidation in air, molten salt environment, industrial environment, high 

temperature solid particle erosion and simulated marine environment. In the present 

section the conventional thick (by plasma spraying and gas nitrided) and nanostructured 

thin (by physical vapor deposition process) TiAIN and AICrN coatings developed on T-22 

boiler 'steel have been characterized. 

6.1.1 Results 

6.1.1.1 Visual observations 

The macrographs of as-coated T-22 boiler steel are shown in Fig.6.1. The 

nanostructured thin TiAIN  Coating i.s VIVIGt grey 111 color and nanaostructured thin AR-A-1'4 

coating is light grey in color (Fig. 6.1). Visual observations indicate; the surface of 

nanostructured coatings is smooth whereas the surface of conventional thick coatings is 

rough. The color of the thick coatings appeared as dark grey. Also, Optical micrographs 

of the nanostructured and conventional coatings are shown in Fig.6.2. 
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The nanostructured coatings (Fig.6.2.a and b) have uniform microstructure 

having some pores and inclusions. In case of conventional thick coatings (Fig.6.2.c and 

d); the massive microstructure can be observed with irregularly shaped grains. 

Fig. 6.1 	Surface macrographs for the as coated ASTM-SA213-T-22 boiler steel (a) 

Nanostructured TiAIN coating, (b) Nanostructured AICrN coating, (c) 

Conventional TiAIN coating, (d) Conventional AICrN coating 

6.1.1.2 Surface analysis 

6.1.1.2.1 X-ray diffraction analysis (XRD) 

XRD diffractograms for nanostructured and conventional TiAIN and AICrN coated 

ASTM-SA213-T-22 boiler steel are depicted in Fig.6.3 on reduced scale. As indicated by 

the diffractograms in Fig.6.3; TiN and AIN are the main phases present in the 

nanostructured thin TiAIN coating. Further, in case of nanostructured AICrN coating, the 

prominent phases are CrN and AIN. The grain size of the nanostructured thin coatings 

was estimated from Scherrer formula and reported in Table.6.1. The calculated grain 
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size for nanostructured thin TiAIN and AICrN coatings is 18 and 25 nm respectively. 

Further, the main phases identified for the conventional thick TiAIN coating are A1203, 

TiN, Ti3A1, AIN and TiO2. The phases identified in case of conventional thick AICrN coating 

are CrN, AIN, and A1203 with minor peaks of Cr2O3. 

Fig. 6.2 
	

Optical micrograph (200 X) of the surface of as coated ASTM-SA213-T-22 

boiler steel (a) Nanostructured TiAIN coating, (b) Nanostructured AICrN 

coating, (c) Conventional TiAIN coating, (d) Conventional AICrN coating 

6.1.1.2.2 Porosity analysis 

The porosity analysis is of prime importance in high temperature corrosion 

studies. The dense coatings are supposed to provide very good corrosion resistance as 

compared to porous coatings. The porosity measurements were made by PMP3 inverted 

metallurgical microscope with stereographic. The porosity of nanostructured thin TiAIN 

and AICrN coatings was found below 0.45 % (Table.6.1). In case of conventional thick 

coatings.; the porosity of as sprayed Ti-Al (1.00-4.00 %) and Al-Cr (2.50-4.10 %) coatings 

was also evaluated; which is reported in Table.6.2. A considerable decrease in the 
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porosity had been observed after gas nitriding and it was found to be less than 0.6 % 

(Table.6.2). 

Table 6.1 	Microstructural and mechanical properties of nanostructured thin 

TiAIN and AICrN coated ASTM-SA213-T-22 boiler steel 

Coating Surface 
Roughness 

(nm) 

Particle Size (nm) Coating 
Thickness 

(Inn) 

Porosity 
(% age) 

Coating 
Color 

Scherrer 
Formula 

AFM 
Analysis 

Nanostructured 

TiAIN Coating 

04.52 18 22 6.3 < 0.45 violet- 
grey 

Nanostructured 

AICrN Coating 

06.19 25 27 4.2 < 0.45 light- 
grey 

Fig. 6.3 
	

Surface-scale morphology and EDAX patterns from different spots on as coated 

ASTM-SA213-T-22 boiler steel (a) Nanostructured TiAIN coating, (b) 

Nanostructured AICrN coating, (c) Conventional TiAIN coating, (d) Conventional 

AICrN coating 
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Table 6.2 	Microstructural and mechanical properties of conventional thick 
TiAIN and AICrN coated ASTM-SA213-T-22 boiler steel 

Coating Surface 
Roughness 

(Pm) 

Coating 
Thickness 

(1.1m) 

Porosity (% age) Bond 
Strength 
(MPa) 

Coating 
Color 

As Sprayed After 
Gas 

Nitriding 

Conventional 

TiAIN Coating 

13.10-16.12 170 1.00-4.00 < 0.6 68.74 light-grey 

Conventional 

AICrN Coating 

10.63-15.60 142 2.50-4.10 < 0.6 54.69 Bluish-grey 

Fig. 6.4 	2D and 3D AFM images for the as coated ASTM-SA213-T-22 boiler steel (a) & 
(b) Nanostructured TiAIN coating, (c) & (d) Nanostructured AICrN coating 
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6.1.1.2.3 AFM analysis of the as deposited nanostructured thin coatings 

The surface topography of the nanostructured thin TiAIN and AICrN coatings was 

studied using Atomic Force Microscope (NT-MDT: NTEGRA Model) in semi contact 

mode. Figure 6.4 shows the AFM surface morphology (2D and 3D) of the nanostructured 

thin TiAIN and AICrN coatings deposited on T-22 boiler steel. The difference in the 

morphology between the two coatings can be inferred by comparing the 2D images in 

Fig. 6.4 (a) and (c); however a comparison of the coatings could be made by viewing 3D 

images in Fig. 6.4 (b) and (d). As the axis scale indicates the overall roughness of the 

nanostructured TiAIN coating (Fig. 6.4.b) is less than that of AICrN coating (Fig.6.4.d). 

The surface roughness and particle size in the coatings was also provided by AFM 

analysis; which are reported in Table.6.1. The surface roughness in case of 

nanostructured TiAIN coating was observed 04.52 nm and 06.19 nm in case of 

nanostructured AICrN coating (Table.6.1). The nanostructured thin TiAIN coating had 

shown lesser particle size (22 nm) as compared to nanostructured thin AICrN coating (27 

nm). 

6.1.1.2.4 Surface roughness (Ra) values of the conventional thick coatings 

The coating surface was very rough in case of conventional thick TiAIN and AICrN 

coatings due to the presence of unmelted/partially melted particles and the roughness 

was found to be in the range of 13.10-16.12 pm and 10.63-15.60 pm respectively. 

6.1.1.2.5 Evaluation of microhardness and bond strength of conventional coatings 

The hardness of the coatings has been measured along the cross-section of the 

conventional thick TiAIN and AICrN coated T-22 boiler steel. Figure 6.5 shows the 

microhardness profiles along the cross-section of the coatings as a function of distance 

from the coating-substrate interface. The critical mocrohardness value of the substrate 

T-22 boiler steel was found to be in the range 250-300 Hv. From the microhardness 

profiles (Fig.6.5) it is obvious that the conventional TiAIN coating has shown maximum 

microhardness of the order of 800-900 Hv. The conventional thick AICrN coating has 

shown microhardness of the order of 600-700 Hv. 
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The bond strength of the conventional thick TiAIN and AICrN coatings was 

measured on three specimens as per ASTM standard C633-01. The coatings failed at the 

substrate-coating interface while remaining attached to the adhesive (Fig.6.6). Average 

bond strength of 68.74 MPa and 54.69 MPa was observed in case of conventional TiAIN 

and AICrN coatings respectively (Table.6.2). 

6.1.1.2.6 Surface morphology of coatings 

SEM micrographs along with EDS spectrum reveal the surface morphology of the 

nanostructured and conventional TiAIN and AICrN coated ASTM-SA213-T-22 boiler steel; 

are shown in Fig.6.7. Micrograph (Fig.6.7.a) for nanostructured thin TiAIN coating at high 

magnification (10000 X) indicates grey matrix with some black and white contrast 

regions. Dense structure with lower porosity is observed in the coating microstructure 

and also it is free from cracks. EDAX analysis at point 1 and point 2 in Fig.6.7 indicates 

the presence of Ti, Al and N with negligible amount of Mo, 0 and Fe. The black colored 

areas contain higher amount of Ti and less concentration of Al as compared to the white 

contrast region. In case of nanostructured thin AICrN coated T-22 boiler steel, the SEM 

micrograph indicates dense grey colored coating with tiny dark grey particles dispersed 

in the matrix. EDAX point analysis (Point 3 and 4 in Fig.6.7) shows, the coating is rich in 

AI, Cr and N along with small amount of Mo, Fe and oxygen (Fig.6.7.b). The micrographs 

in case of conventional plasma sprayed gas nitride TiAIN and AICrN coatings are shown 

in Fig.6.7(c and d). In general microscopic features indicate that the conventional 

coatings are homogeneous and massive, free from cracks. Presence of some oxide 

stringers as well as open pores has been noticed in general in the conventional coatings. 

The EDAX point analysis (Point 5 and 6 on Fig.6.7); in case of conventional TiAIN coating 

indicates the higher concentration of Ti and Al in the coating along with N and oxygen. 

The presence of Al and Cr along with N and oxygen is revealed by EDAX analysis in case 

of conventional AICrN coating (Point 7 and 8 on Fig.6.7). 
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Fig. 6.7 	Surface-scale morphology and EDAX patterns from different spots on as coated 

ASTM-SA213-T-22 boiler steel (a) Nanostructured TiAIN coating (10000 X), (b) 

Nanostructured AICrN coating (10000 X), (c) Conventional TiAIN coating (200 X), (d) 

Conventional AICrN coating (200 X) 
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6.1.1.3 Cross-sectional analysis 

6.1.1.3.1 Coating thickness 

The as-coated samples were cut across the cross section using Buehler Isomet 

1000 precision saw and mounted in transoptic mounting resin and subsequently mirror 

polished to obtain scanning electron back scattered micrographs and X-ray mapping of 

different elements for coated T-22 boiler steel. The coating thickness values were 

measured from SEM back scattered micrographs as shown in Fig.6.8; and the average 

coating thickness is reported in Table.6.2. The measured average coating thickness 

values for nanostructured thin and conventional thick TiAIN and AICrN coatings are 6.3, 

4.2, 170 and 142prn respectively. 

6.1.1.3.2 X-Ray mapping 

BSEI and X-ray mapping analysis for nanostructured and conventional TiAIN and 

AICrN coated ASTM-SA213-T-22 boiler steel is shown in Fig. 6.8. The BSEI and X-ray 

mapping analysis of the nanaostructured TiAIN coated T-22 boiler steel is presented in 

Fig.6.8 (a). The X-ray mapping indicates presence of Al and Ti along with small amount of 

N in the coating and no diffusion of Fe from the substrate has been observed. In case of 

nanostructured thin AICrN coated T-22 boiler steel; the BSEI and X-ray mapping are 

shown in Fig. 6.8.b. The X-ray mapping indicates the presence of Al and Cr along with 

some concentration of N in the coating. In case of conventional thick TiAIN coated T-

22boiler steel, Fig.6.8 (c), Al and Ti rich coating along with negligible amount of N and 0; 

has been observed. Minor diffusion of Fe from the substrate has taken place as 

indicated by X-ray mapping analysis. Figure.6.8 (e) depicts the BSEI and X-ray mapping in 

case of conventional AICrN coated T-22 boiler steel. The coating is rich in Al and Cr with 

some presence of N and 0. The X-ray mapping analysis indicates the presence of Fe in 

the coating; which may have diffused from the substrate. 
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Fig. 6.8 (a) 	Composition image (SEI) and X-ray mapping of the cross-section of as-coated 
nanostructured TiAIN coating on ASTM-SA213-T-22 boiler steel 
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Fig. 6.8 (b) 	Composition image (BSEI) and X-ray mapping of the cross-section of as-coated 

nanostructured A1CrN coating on ASTM-SA213-T-22 boiler steel 
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Fig. 6.8 (c) 	Composition image (BSEI) and X-ray mapping of the cross-section of as-coated 

conventional TiAIN coating on ASTM-SA213-T-22 boiler steel 
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Fig. 6.8 (d) 	Composition image (SEI) and X-ray mapping of the cross-section of as-coated 

conventional AICrN coating on ASTM-SA213-T-22 boiler steel 
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6.1.2 Discussion 

The nanostructured thin TiAIN and AICrN coatings on ASTM-SA213-T-22 boiler 

steel were obtained using a front-loading Balzer's rapid coating system (RCS) machine at 

Oerlikon Balzers Ltd. Gurgaon (India). In case of conventional thick TiAIN and AICrN 

coatings; the plasma spray coatings were obtained at Anod Plasma Ltd. Kanpur (India) using 

a 40 kW Miller Thermal Plasma Spray apparatus. The surface appearance of nanostrucured 

TiAIN coating was violet grey in color and light grey in case of nanostructured AICrN 

coating (Fig.6.1). In case of conventional thick coatings: the surface appearance of 

conventional TiAIN and AICrN coatings was grey with some bluish shining (Fig.6.1). The 

surface of conventional thick coatings was rough. As inferred from optical micrographs 

(Fig.6.2 a & b) that the nanostructured coatings were dense with uniform 

microstructure. It is evident from the microstructure that the coatings contain some 

pores and inclusions. In case of conventional thick coatings (Fig.6.2.c & d); the massive 

microstructure could be observed with irregularly shaped grains. 

The phases identified by XRD analysis (Fig.6.3) for nanostructured thin TiAIN coating 

are TiN and AIN. The phases analyzed are also in agreement with that reported by Yoo _et 

al. (2008), Falub et al. (2007) and Man et al. (2004). The prominent phases in case of 

nanostructured AICrN coating are CrN and AIN which are in agreement with the findings 

of Reiter et al. (2005) and Endrino et al. (2006). Further, the main phases identified for 

the conventional thick TiAIN coating are A1203, TiN, Ti3A1, AIN and small peaks of Ti02 

and Fe203. The phases identified in case of conventional thick AICrN coating are CrN, 

AIN, and A1203  with minor peaks of Cr203. The presence of metal nitride phases indicates 

that the gas nitriding process has successfully produced the desired coatings. Further, 

the phases analyzed are also in agreement with that reported by Adachi and Nakata (2007). 

The grain size (Table.6.1) of the nanostructured thin coatings was estimated from 

Scherrer formula (Cullity, 1970) and further verified by AFM analysis (reported in Table 

6.1). The particle size determined by AFM analysis is in good agreement with the results 

obtained from Scherrer formula. The nanostructured thin TiAIN coating had shown 

smaller particle size (22 nm) as compared to nanostructured thin AICrN coating (27 nm). 

The coating thickness was measured along the cross-section for some of the 

randomly selected samples and reported in Table 6.1 and 6.2. The coatings thickness was 
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observed to be 6.3 and 4.2 gm in case of naostructured TiAIN and AICrN coatings 

respectively. The self-disintegration of thicker coatings usually restricts the thickness of the 

coatings (Sidhu et al., 2004). In case of conventional thick coatings; it was possible to obtain 

a thickness in range of 150-200 gm for Ti-Al and Al-Cr coatings. After coating deposition 

process; the gas nitriding was done in lab in order to obtain hard metal nitride coatings. The 

coating thickness was measured along the cross-section for some randomly selected 

samples and reported in Table 6.2. The coatings thickness was observed as 170 and 142 gm 

in case of conventional thick TiAIN and AICrN coatings respectively. 

The surface roughness was also measured with AFM analysis and reported in 

Table 6.1. As the axis scale indicates the overall roughness of the nanostructured TiAIN 

coating (Fig.6.4.b) is less than that of AICrN coating (Fig.6.4.d). The coating surface was 

very rough in case of conventional thick TiAIN and AICrN coatings due to the presence of 

unmelted/partially melted particles. The negligible porosity values for as coated 

nanostructured thin TiAIN and AICrN coatings were observed; which were less than 0.45 

% ( Table.6.1). The measured porosity values of plasma sprayed and gas nitrided coatings 

are reported in Table 6.2. The measured values of porosity (1.00 - 4.10 %) for as sprayed 

conventional Ti-Al and Al-Cr coatings are almost in close agreement with the findings of 

Chen et al. (1993), Erickson et al. (1998), Hidalgo et al. (1998 and 1999), Singh (2003) 

and Sidhu et al. (2004 and 2005) for thermal plasma sprayed coatings. Further, the 

porosity values found to be less than 0.6% after gas nitriding, which may be because of 

elimination of microstructural in-homogeneities by filling of pores and voids by nitrogen 

during gas nitriding. 

Hardness is the most frequently quoted mechanical property of the coatings 

(Tucker, 1994). The observed microhardness values (Fig.6.5) for the conventional 

coatings are within the range of microhardness values reported for plasma coatings by 

Adachi and Nakata (2007), Vuoristo et al. (1994), Chen and Hutchings (1998) and 

Westergard et al. (1998). Microhardness plots indicate some increase in the microhardness 

of substrate steel at the substrate coating interface. The hardening of the substrates as 

observed in the current study might have occurred due to the high speed impact of the 

coating particles during plasma spray deposition similar to the findings of Singh (2003 ), 

Hidalgo et al. (1997, 1998, 1999 and 2000) and Sidhu et al. (2004 and 2005). The observed 

non-uniformity in the hardness values along the thickness of the coatings may be due to the 
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microstructural changes along the cross section of the coatings (Staia et al., 2001). 

Moreover, the microhardness and other properties of the thermal spray coatings are 

anisotropic because of typical splat structure and directional solidification (Tucker, 1994). 

The bond strength of the conventional thick TiAIN and AICrN coatings was measured on 

three specimens as per ASTM standard C633-01. The coatings failed at the substrate-

coating interface while remaining attached to the adhesive (Fig.6.6). Average bond 

strength of 68.74 MPa and 54.69 MPa was observed in case of conventional TiAIN and 

AICrN coatings respectively. The bond strength in case of conventional TiAIN coatings 

(68.74 MPa) is almost in good agreement with the results reported by Adachi and Nakata 

(2007). 

Surface EDAX analysis supported the results obtained by XRD (Fig.6.3) and X-ray 

mapping analysis (Fig.6.8) in all the coatings. The presence of Ti, Al and N with negligible 

amount of Fe (in nanostructured TiAIN coating), Al, Cr and N along with small amount of 

Fe and oxygen (in nanostructured TiAIN coating), the higher concentration of Ti and Al in 

the coating along with some amount of N and oxygen (in conventional TiAIN coating) 

and Al and Cr along with N and oxygen (in conventional AICrN coating); is revealed by 

surface EDAX analysis (Fig.6.7). Also, the XRD analysis indicates the presence of the 

oxide phases in the coatings Le. A1203, TiO2  and Fe203 in case of conventional TiAIN 

coating and the presence of A1203  and Cr2O3  in case of conventional AICrN coatings. The 

oxides may form due to the in-flight oxidation during spraying process and/or preexisting in 

the feed material (Bluni and Mardar, 1996). The latter reason for the oxides formation in the 

structure of coatings under study looks to be more relevant as the chances of in-flight 

oxidation are meager in case of the shrouded plasma spraying. Deshpande et al. (2006) 

proposed that, during in-flight oxidation, a layer of oxide is formed on the molten 

particle due to chemical reactions between the surface of the liquid phase and oxygen 

or due to diffusion of oxygen into the liquid. The turbulent mixing of the liquid part of 

the powder particle during its flight destroys the surface layer of oxides and causes the 

oxides to be distributed more uniformly through the bulk volume of the particle. 

However, when temperature of the particle starts dropping during later part of the 

flight, these oxides tend to solidify and a thin oxide shell would form around the droplet. 

The oxidation time during thermal spray coating is short typically less than 0.01 s. and 

can occur in either the solid or molten state. The oxidation of coatings is not always 
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harmful, it is equally important to control and understand the different aspects of 

oxidation of coatings; therefore, it is important to find an optimum level for oxidation of 

coatings (Herman, 1988; Korpiola and Vuoristo, 1996; Nerz et al., 1992). 

6.1.3 Conclusions 

The nanostructured thin TiAIN and AICrN coatings (by physical vapour deposition 

process at Oerlikon Balzers Ltd. Gurgaon, India) and conventional thick TiAIN and AICrN 

coatings (by plasma spraying process at Anod Plasma Ltd. Kanpur, India; followed by gas 

nitriding process) were successfully deposited on ASTM-SA213-T-22 boiler steel. The 

coatings were characterized for microstructural features and hardness in present work. 

The following observations were made based on the present study: 

1. The nanostructured thin TiAIN and AICrN coatings exhibited negligible porosity 

values for as coated; which were less than 0.45 %. The conventional TiAIN and 

AICrN coatings showed; higher porosity values (1.00-4.10 %) for as sprayed 

conventional Ti-Al and Al-Cr coatings which after gas nitriding were found to be less 

than 0.6 %. 

2. The presence of metal nitride phases as identified by XRD analysis indicates that 

the gas nitriding process has successfully produced the desired coatings. 

3. The grain size of the nanostructured thin coatings was estimated from Scherrer 

formula and further verified by AFM analysis. The particle size determined by 

AFM analysis is in good agreement with the results obtained from Scherrer 

formula. The nanostructured thin TiAIN coating had shown smaller particle size 

(22 nm) as compared to nanostructured thin AICrN coating (27 nm). 

4. The surface roughness of nanostructured TiAIN coating was observed to be 4.52 

nm and 6.19 nm for nanostructured AICrN coating. The coating surface was very 

rough in case of conventional thick TiAIN and AICrN coatings. 

5. A good adhesion of the conventional thick TiAIN and AICrN coatings was evident 

from bond test results. Average bond strength of 68.74 MPa and 54.69 MPa Psi 

was observed in case of conventional TiAIN and AICrN coatings respectively. 
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6.2 OXIDATION STUDIES IN AIR 

Some power plants in India are using ASTM-SA213-T-22 as boiler tubes material 

due to its performance in stringent service conditions of pressure and temperature. The 

metallic components in fuel-conversion or power generating units, invariably, subjected 

to thermal cycling or thermal fluctuation under the actual service conditions, which lead 

to failure of the protective Cr203 and A1203 layers (Mitra et al., 1993). Therefore, the 

present work has been focused to compare the cyclic oxidation behavior of conventional 

thick (by plasma spraying and gas nitrided) and nanostructured thin (by physical vapor 

deposition process) TiAIN and AICrN coatings on ASTM-SA213-T-22 boiler steel at 900°C. 

6.2.1 Results 

6.2.1.1 Visual observations 

The macrographs for uncoated and coated ASTM-SA213-T-22 boiler steel 

subjected to cyclic oxidation in air at 900°C for 50 cycles are shown in Fig.6.9. For the 

uncoated T-22 boiler steel, a grey colored scale appeared on the surface right from the 

- 1St -I cycle. The surface appearance of the scale turned to brownish grey tone which 

remained till the end of 50th  cycle. This bare steel showed spalling of scale just after the 
5th 

and fragile scale was observed with deep cracks and blackish grey color (with brownish 

grey appearance at some places) surface appearance, which can also be seen in Fig.6.9 

(a). 

Color of the oxide scale at the end of the study was observed to be grey with 

some blackish grey areas on the surface, in case of nanostructured thin TiAIN coated T-

22 boiler steel (Fig.6.9 .b). The color of the scale after 2nd  cycle was observed as whitish 

brown which changes to grey with golden and black spots at few areas after subsequent 

cycles. After 20th  cycle severe swelling and peeling of the oxide scale was observed. 

Some of the scale was seen getting detached from the surface of the nanostructured 

TiAIN coated T-22 boiler steel. The nanaostructured thin AICrN coated T-22 boiler steel 

has shown the formation of smooth scale without the presence of cracks, when 

subjected to cyclic oxidation in air at 900°C for 50 cycles. Color of the oxide scale at the 

end of the study was observed to be dark grey, as shown in Fig.6.9 (c). The scale was 

cycle, which continued till the end of 50 cycles. At the end of cyclic study, irregular 
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lustrous without any tendency to spall. Golden and ink blue reflections were observed in 

the scale, after the completion of 2nd  cycle, which turned to dark grey subsequently. A 

visual observation of conventional thick TiAIN coated T-22 boiler steel showed the 

formation of light grey color in the middle of the sample along with bluish grey sides 

after 2nd  cycle. After 21st  cycle, a small portion of scale at corner falls in the boat. Severe 

spalling was observerd after 29th  cycle. 

Fig. 6.9 Surface macrographs of uncoated and coated ASTM-SA213-T-22 boiler steel 

after exposure to cyclic oxidation in air at 900°C for 50 cycles: (a) Uncoated 

T-22 boiler steel, (b) Nanostructured TiAIN coating, (c) Nanostructured AICrN 

coating, (d) Conventional TiAIN coating, (e) Conventional AICrN coating 
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At the end of 50 cycles, whitish grey colored scale (with cracks) was observed as 

shown in Fig.6.9 (d). In case of conventional thick AICrN coated T-22 boiler steel, the 

surface becomes rough after first cycle and dark blue line was observed at one of the 

edges (Fig.6.9.e). After 9th  cycle, bluish dots were seen on the surface which remains up 

to end. At the end of the study, the scale was found to be adherent with light grey 

surface appearance. 

6.2.1.2 Weight change measurements 

Weight gain per unit area (mg/cm2) versus time expressed in number of cycles 

plot for coated and bare T-22 boiler steel subjected to cyclic oxidation in air at 900°C for 

50 cycles, is presented in Fig. 6.10. The plats for all samples shows higher weight gain at 

initial cycles followed by gradual weight gain. It can be inferred from the plots that the 

uncoated and nanostructured thin TiAIN coated T-22 boiler steels have shown initially 

high rate of oxidation as compared to other coatings, followed by a nearly constant rate. 

After 20th  cycle, the oxidation rate in case of nanostructured thin TiAIN coated sample 

increased abruptly up to the 50th  cycle. The cumulative weight gain per unit area for the 

coated and uncoated T-22 boiler steel subjected to cyclic oxidation in air at 900°C for 50 

cycles is shown in Fig. 6.11. 

Number of cycles 

Fig. 6.10 Weight gain/area vs time (number of cycles) for the uncoated and coated 

ASTM-SA213-T-22 boiler steel subjected to cyclic oxidation in air at 900°C for 
50 cycles 
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Fig. 6.11 Column chart showing cumulative weight gain per unit area for the uncoated 

and coated ASTM-SA213-T-22 boiler steel subjected to cyclic oxidation in air 

at 900°C for 50 cycles: (A) Uncoated T-22 boiler steel, (B) Nanostructured 

TiAIN coating, (C) Nanostructured AICrN coating, (D) Conventional TiAIN 

coating, (E) Conventional AICrN coating 
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Further, the overall weight gain is highest in case of uncoated T-22 boiler steel 

and is lowest in case of conventional thick AICrN coated steel, which is 08.87% of the 

weight gain in case of uncoated T-22 boiler steel. Figure 6.12 shows the (weight 

gain/area)2  versus number of cycles plot for all the cases to ascertain conformance with 

the parabolic rate law. All the coated and uncoated T-22 boiler steel followed the 

parabolic rate law as evident from the Fig.6.12. The parabolic rate constant Kp  was 

calculated by a linear least-square algorithm to a function in the form of (W/A)2= Kp  t, 

where W/A is the weight gain per unit surface area (mg/cm2) and 't" indicates the 

number of cycles representing the time of exposure. The parabolic rate constants for the 

bare and coated T-22 boiler steel calculated on the basis of 50 cycle's exposure data are 

shown in Table.1. The 'Kp  value for the uncoated and nanostructured thin TiAIN coated 

T-22 boiler steel is higher than in case of other coatings. 

Table 6.3 	Parabolic rate constant 'Kp values of uncoated and coated ASTM-SA213- 

T-22 boiler steel subjected to cyclic oxidation in air at 900°C for 50 cycles 

Substrate / Coating Kr, x 1008 gm2
CM-45

-1 

Uncoated T-22 boiler steel 18.80 

Nanostructured TiAIN coating 22.52 

Nanostructured AICrN coating 01.57 

Conventional TiAIN coating 02.01 

Conventional AICrN coating 00.14 

6.2.1.3 Surface scale analysis 

6.2.1.3.1 X-ray diffraction analysis (XRD) 

XRD diffractograms for coated and uncoated T-22 boiler steel subjected to cyclic 

oxidation in air at 900°C for 50 cycles are depicted in Fig.6.13 (a and b) on reduced scale. 
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Fig. 6.13 (a) X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-22 

boiler steel exposed to cyclic oxidation in air at 900°C for 50 cycles: (A) 

Uncoated T-22 boiler steel, (B) Nanostructured TiAIN coating, (C) 

Nanostructured AICrN coating 

Fig. 6.13 (b) X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-22 

boiler steel exposed to cyclic oxidation in air at 900°C for 50 cycles: (A) 

Conventional TiAIN coating, (B) Conventional AICrN coating 
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Fig. 6.15 Oxide scale morphology and variation of elemental composition across the cross-

section of the uncoated and coated ASTM-SA213-T-22 boiler steel after exposure to 

cyclic oxidation in air at 900°C for 50 cycles: (a) Uncoated T-22 boiler steel (80 X), (b) 

Nanostructured TiAIN coating (130 X), (c) Nanostructured AICrN coating (726 X), (d) 

Conventional TiAIN coating (150 X), (e) Conventional AICrN coating (300 X) 

Fig. 6.16 (a) Composition image (BSEI) and X-ray mapping of the cross-section of uncoated 

ASTM-SA213-T-22 boiler steel subjected to cyclic oxidation in air at 900°C for 50 

cycles 
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Fig. 6.13 (a) X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-22 

boiler steel exposed to cyclic oxidation in air at 900°C for 50 cycles: (A) 

Uncoated T-22 boiler steel, (B) Nanostructured TiAIN coating, (C) 

Nanostructured AICrN coating 

Fig. 6.13 (b) X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-22 

boiler steel exposed to cyclic oxidation in air at 900°C for 50 cycles: (A) 

Conventional TiAIN coating, (B) Conventional AICrN coating 
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Fig. 6.13 (a) X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-22 

boiler steel exposed to cyclic oxidation in air at 900°C for 50 cycles: (A) 

Uncoated T-22 boiler steel, (B) Nanostructured TiAIN coating, (C) 

Nanostructured AICrN coating 

Fig. 6.13 (b) X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-22 

boiler steel exposed to cyclic oxidation in air at 900°C for 50 cycles: (A) 
Conventional TiAIN coating, (B) Conventional AICrN coating 
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As indicated by the diffractograms in Fig.6.13, Fe2O3 is the main phases present 

in the oxide scale of uncoated and nanostructured thin TiAIN and AICrN coated T-22 

boiler steel along with small amount of Cr2O3. Weak peaks of A1203 and MoO2  are found 

in case of nanostructured thin AICrN coating. Further, the main phases identified for the 

conventional thick TiAIN coating are A1203, Ti203, Ti3Al and Al. The oxide phases found in 

case of conventional thick AICrN coating are A1203 and Cr2O3. 

6.2.1.3.2 Surface scale morphology 

SEM micrographs along with EDAX point analysis reveals the surface morphology 

of the coated and uncoated T-22 boiler steel subjected to cyclic oxidation in air at 900°C 

for 50 cycles are shown in Fig.6.14. The oxide scale for uncoated T-22 boiler steel 

indicates the dominance of Fe and 0 (Fig.6.14 .a). A small amount of iVir) and Cr are also 

found in the scale. 

SEM micrograph of oxidized nanostructured thin TiAIN coatings is shown in 

Fig.6.14 (b). The oxide scale is mainly consisting of dark grey matrix (Point 3) and white 

needles dispersed in matrix on some locations (Point 4). The top scale is rich in Fe, Mo, 

0, and Mn as analyzed by EDAX analysis. The small amount of Al, Ti, Cr, C, Si, and P are 

also present. In case of nanostructured thin AICrN coated T-22 boiler steel, the SEM 

micrograph indicates the dense dimples like surface appearance (Point 6 on Fig. 6.14. c). 

The EDAX point analysis shows, the top scale is rich in Fe, Mo and 0. The small amount 

of Mn, Al, N, Cr and C are also present. 

The surface scale developed on conventional thick TiAIN coated T-22 steel is with 

white contrast (Point 8) and few black contrast regions (Point 7). EDAX analysis at point 

7 indicates the presence of Ti, Al and 0 as the main phases along with very small amount 

of Fe, whereas the dark region (Point 8 on Fig.6.14) indicates more amount of Ti (26.60 

%) and less Al (40.57 %) as compared to the white region. A homogeneous and 

continuous surface scale is developed on conventional thick AICrN coated T-22 boiler 

steel, which has Al, Cr and 0 as the main elements (Fig.6.14.e). 
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Surface-scale morphology and EDAX patterns from different spots on uncoated and coated 
ASTM-SA213-T-22 boiler steel after exposure to cyclic oxidation in air at 900°C for 50 cycles 

(a) Uncoated T-22 boiler steel, (b) Nanostructured TiAIN coating, (c) Nanostructured AICrN 
coating, (d) Conventional TiAIN coating, (e) Conventional AICrN coating 
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6.2.1.4 Cross-sectional analysis 

6.2.1.4.1 Scale thickness 

The oxidized samples were cut across the cross section using Buehler Isomet 

1000 precision saw and mounted in transoptic mounting resin and subsequently mirror 

polished to obtain scanning electron back scattered micrographs and X-ray mapping of 

different elements for coated and uncoated T-22 boiler steel. The scale thickness values 

were measured from SEM back scattered micrographs aS shown in Fig.6.15. Very thick 

scale is observed in case of uncoated T-22 boiler steel. The measured average scale 

thickness values for uncoated T-22 boiler steel, nanostructured thin TiAIN, 

nanostructured thin AICrN, conventional thick TiAIN and conventional thick AlerN 

coatings are 1150, 666, 137, 545 and 276 urn respectively. 

6.2.1.4.2 Cross-sectional scale morphology 

Back Scattered Electron Image (BSEI) micrograph and elemental variation across 

the cross-section for coated and uncoated T-22 boiler steel subjected to cyclic oxidation 

in air at 900°C for 50 cycles are shown in Fig.6.15. The SEM micrograph in case of 

uncoated T-22 boiler steel shows thick scale as shown in Fig. 6.15 (a). EDAX analysis 

reveals the presence of iron, oxygen and molybdenum throughout the scale. The 

existence of significant amount of oxygen points out the possibility Fe203  in the oxide 

scale. BSEI micrograph and elemental variation depicted in Fig.6.15 (b), for the exposed 

cross-section of nanostructured thin TiAIN coated T-22 boiler steel shows the thick and 

continuous scale. The EDAX analysis reveals the presence of Fe, Mo, Cr and oxygen 

throughout the scale. Presence of comparatively higher amount of Cr at points 3, 5 and 

6 (Fig.6.15.b) indicates the possibility of Cr203  in the scale. 

A thick and adherent oxide scale can be seen in case of nanostructured AICrN 

coated T-22 boiler steel (Fie.6A5.c). The presence of oxygen at the scale substrate 

interface may be due to the in flight oxidation of coating or oxygen might have 

penetrated during initial cycles of oxidation run along the intersplat boundaries. The 

EDAX analysis indicates the presence of Fe, Mo and oxygen throughout the scale. The 

outer portion of the scale is rich in Fe, Mo and oxygen. Thin band of AICrN coating (point 

6) is seen between substrate and scale. This thin band at scale substrate interface (dark 
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grey line) mainly contains Al, Cr, N and traces of Fe, Mo and oxygen (point 6). At some 

points thin film has gaps. 

In case of conventional TiAIN coated T-22 boiler steel, the scale is uniform and 

adherent as depicted in Fig.6.15 (d). The EDAX point analysis indicates the presence of 

Fe, 0, Al, Ti and Mo in the scale with variable amounts. The top scale is rich in Ti and Al 

along with 0 (Point 1, 2 and 3 on Fig.6.15.d). The conventional thick AICrN coated T-22 

boiler steel (Fig.6.15.e) indicates continuous, thick and adherent scale. EDAX point 

analysis shows the presence of Fe, Al, Cr, Mo and 0 throughout the scale. A location at 

points 4 (Fig.6.15.e) in the micrograph depicts the abrupt increase in percentage of Al 

and Cr with decrease in the percentage of Fe and Mo. 

6.2.1.4.3 X-Ray mapping 

X-ray mappings for a part of oxide scale of uncoated and coated T-22 boiler steel 

oxidized in air at 900 °C for 50 cycles are shown in Fig. 6.16. In case of uncoated T-22 

boiler steel, the micrograph (Fig.6.16.a) indicates a dense scale, which mainly contains 

iron and oxygen with some amount of chromium. 

Figure 6.16(b), shows X-ray mapping analysis of the scale formed on 

nanaostructured TiAIN coated T-22 boiler steel. The BSEI image indicates the formation 

of a dense scale which has detached from the surface. The X-ray mapping also indicates 

thin irregular Cr bands parallel to each other in the scale. In case of nanostructured thin 

AICrN coated T-22 boiler steel subjected to cyclic oxidation in air, the BSEI and X-ray 

mapping are shown in Fig. 6.16 (c). The scale formed is dense and adherent to the 

substrate without any crack in the scale or at substrate-scale interface. The X-ray 

mapping indicates the presence of iron and oxygen throughout the scale. A thin band of 

Al, Cr and N is also indicated by X-ray mapping at scale substrate interface, where iron 

and oxygen are completely absent. 

In case of conventional thick TiAIN coated T-22 boiler steel, Fig.6.16 (d), Fe and 0 

are present throughout the scale. Thick band of Al is present in the top scale region 

along with Ti. The sub scale is rich in Fe and 0. Fig.6.16 (e), depicts the X-ray mapping in 

case of conventional AICrN coated T-22 boiler steel. Thick band of Al is present in the top 

scale region along with Cr. The sub scale is rich in Fe. 
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Fig. 6.15 Oxide scale morphology and variation of elemental composition across the cross-
section of the uncoated and coated ASTM-SA213-T-22 boiler steel after exposure to 
cyclic oxidation in air at 900°C for 50 cycles: (a) Uncoated T-22 boiler steel (80 X), (b) 
Nanostructured TiAIN coating (130 X), (c) Nanostructured AICrN coating (726 X), (d) 
Conventional TiAIN coating (150 X), (e) Conventional AICrN coating (300 X) 

Fig. 6.16 (a) Composition image (BSEI) and X-ray mapping of the cross-section of uncoated 

ASTM-SA213-T-22 boiler steel subjected to cyclic oxidation in air at 900°C for 50 
cycles 
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Fig. 6.16 (b) Composition image (BSEI) and X-ray mapping of the cross-section of Nanostructured 

TiAIN coated ASTM-SA213-T-22 boiler steel subjected to cyclic oxidation in air at 

900°C for 50 cycles 
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Fig. 6.16 (c) Composition image (BSEI) and X-ray mapping of the cross-section of Nanostructured 
AICrN coated ASTM-SA213-T-22 boiler steel subjected to cyclic oxidation in air at 
900°C for 50 cycles 
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Fig. 6.16 (d) Composition image (BSEI) and X-ray mapping of the cross-section of conventional 
TiAIN coated ASTM-SA213-T-22 boiler steel subjected to cyclic oxidation in air at 
900°C for 50 cycles 
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Fig. 6.16 (e) Composition image (BSEI) and X-ray mapping of the cross-section of conventional 
AICrN coated ASTM-SA213-T-22 boiler steel subjected to cyclic oxidation in air at 
900°C for 50 cycles 
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6.2.2 Summary of Results 

Results obtained after exposure of uncoated and coated ASTM-SA213-T-22 boiler 

steel to cyclic oxidation in air at 900°C for 50 cycles are summarized in Table.6.4. 

Table 6.4 	Summary of the results obtained for uncoated and coated ASTM-SA213- 
T-22 boiler steel subjected to cyclic oxidation in air at 900°C for 50 cycles 

Coating Cumulative 
Weight 

gain 
(mg/cm2) 

Parabolic 
rate 

constant 

gm2cm4s-1) 

XRD 
phases 

(Kp x lel  

Remarks 

Uncoated 	T-22 

boiler steel 
177.24 18.80 Fe203  

and 
Cr203 

A grey colored scale appeared on the 
surface right from the 1st  cycle. Spalling 
was observed during the course of the 
study. At the end of the cyclic study, 
irregular and fragile scale was observed 
with 	deep cracks and blackish grey 
color surface appearance. 

Nanostructured 

TiAIN coating 

203.39 22.52 Fe203  
and 
Cr203  

Color of the oxide scale at the end of the 
study was observed to be grey with some 
blackish grey areas on the surface. After 
20th  cycle severe swelling and peeling of 
the oxide scale was observed. Some of the 
scale was seen getting detached from the 
surface. 

Nanostructured 

AICrN coating 

55.27 01.57 Fe203, 
Cr203  
A1203  and 
mo02 

Golden 	and 	ink 	blue 	reflections 	were 
observed in the scale, after the completion 
of 2nd  cycle, which turned to dark grey 
subsequently. The scale was found to be 
lustrous, with no tendency to spall. The 
oxide scale at the end of cyclic study was 
smooth. 

Conventional 

TiAIN Coating 

58.21 02.01 A1203, 
Ti203, 
Ti3A1 and 
Al 

The formation of very light grey color in 
the middle of the sample along with bluish 
grey sides after 2nd  cycle. After 21st  cycle, a 
small portion of scale at corner falls in the 
boat. 	Severe spalling was observerd after 
29th  zv 	cycle. At the end of 50 cycles, whitish 
grey 	colored 	scale 	(with 	cracks) 	was 
observed. 

Conventional 

AICrN coating 

15.73 00.14 A1203  and 
Cr203  

. 

The surface becomes rough after first cycle 
and dark blue line was observed at one of 
the edges. After 9th  cycle, bluish dots were 
seen on the surface which remains up to 
end. At the end of the study, the scale was 
found 	to 	be 	adherent with 	light grey 
surface appearance. 
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6.2.3 Discussion 

The weight change plots (Fig.6.10) for the uncoated and coated ASTM-SA213-T-

22 boiler steel indicated that the oxidation behavior has shown conformance to 

parabolic rate law. The parabolic kinetic behavior is due to the diffusion controlled 

mechanism operating at 900°C under cyclic conditions (Mahesh et al., 2008). Small 

deviation from the parabolic rate law might be due to the cyclic scale growth. The higher 

weight gain during the first few cycles might be attributed to the rapid formation of 

oxides at the splat boundaries and within the open pores due to the penetration of the 

oxidizing species, further the subsequent increase in weight is gradual (Singh H et al., 

2007). The parabolic rate constant for the nanostructured thin TiAIN coated T-22 boiler 

steel is found to be greater than the uncoated and other coatings. 

Conventional thick and nanostructured AICrN and conventional TiAIN coatings 

have been found successful in reducing the overall weight gain of bare T-22 boiler steel 

by 92%, 69% and 68% respectively. The oxidation rate (total weight gain values after 50 

cycles) of the coated and uncoated T-22 boiler steel boiler steel follows the sequence as 

given below: 

Nanostructured TiAIN > Bare T-22 > Conventional TiAIN > Nanostructured AICrN > Conventional AICrN 

The spalling as observed in case of T-22 steels may be attributed to the presence 

of molybdenum in the steels. Chatterjee et al. (2001) have suggested that during initial 

oxidation Fe is oxidized and the oxide scale is protective in nature. With progress of 

oxidation Mo becomes enriched at the alloy scale interface, leading to the formation of 

an inner layer of molten MoO3  (m. p. 795°C) which penetrates along the alloy-scale 

interface. This liquid oxide disrupts and dissolves the protective oxide scale, causing the 

alloy to suffer catastrophic oxidation (Lai, 1990). Chaterjee et al. (2001) has further 

suggested that molybdenum is noble than the other alloying elements; MoO3  will reduce 

to a lower oxide of molybdenum or even to molybdenum. Simultaneously MoO3  may 

exert dissolving action on other oxides, such as Fe203  and Cr203  and this fluxing may 

further get accelerated by the enthalpy of formation of Fe203  and Cr203  which tends to 

increase in the temperature at the alloy-scale interface. The proposed mechanism of 
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attack is explained in Fig.6.17 which is identical to the one reported by Chaterjee et al. 

(2001) and Singh, Buta (2003). 

Fig. 6.17 Schematic diagram showing probable oxidation mechanism for bare 

T-22 boiler steel exposed to air at 900°C for 50 cycles (Chaterjee et al., 

2001 and Singh, Buta, 2003) 

During cyclic testing, cracks in the oxide scale (Fig.6.15.a & b) and spalling of the 

uncoated, nanostructured TiAlN and conventional TiA1N coatings might be attributed to 

the different values of thermal expansion coefficients for the coating, scale and the 

substrate as reported by Sidhu et al. (2003), Singh H et al. (2004), Evans et al. (2001), 

Wang et al. (2002) and Niranatlumpong et al. (2000). The formation of cracks in the 

coating originates from stresses developed in the deposit or at the coating-base metal 

interface (Heath et al., 1997). Through these cracks the corrosive environment can 

quickly reach the base metal and cut its way under the coating to result in adhesion loss 

and spalling, whereas some elements may diffuse outwards through these cracks to 

form nxidpc nr conals (Singh et al., 2004). This may be the' ecISUII for severe spailing and 

hence failure of nanaostructured and conventional TiAIN coating which results falling of 

a thin layer of scale in the boat just after 29th  cycle. The presence of Fe, Mo and oxygen 

(Fig.6.15) in the top of the scale, is believed to be due to the diffusion of iron and 
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molybdenum through the pores and cracks that appeared in the coating during the 

course of oxidation studies (Singh Buta, 2003). 

Inferior oxidation resistance of nanaostructured thin and conventional thick 

TiAIN coating may be as opined by Ding et al. (2008). Accordingly in an oxidation or 

corrosive environment Ti element often forms a porous non-protective oxide scale, 

which limits the oxidation and corrosion resistance of titanium-based coatings. This has 

further been reported by Fujita (2005) that the oxide scale of binary TiAI alloy is 

composed of a porous oxide mixture of TiO2  and A1203, which has dominated by TiO2. 

This might be the reason for rapid increase in oxidation rate of nanostructured thin 

TiAIN coatings after 20th  cycle (Fig. 6.10). Kalss et al. (2006) have measured at 900°C an 

oxidized layer of thickness of about 350 nm for TiAIN coating. Due to high temperature 

the segregation of titanium and aluminum atoms is probable. Evidently, high 

temperature oxidation involved diffusion of aluminum atoms to the surface to form a 

thin aluminum oxide top layer while the remaining titanium under layered formed 

titanium dioxide. 

In case of nanostructured thin TiAIN coating, the presence of Fe2O3 in the upper 

layer of the scale is followed by a subscale in which Fe2O3  and Cr2O3  are present, as 

indicated by the XRD (Fig.6.13), SEM-EDAX (Fig. 6.14.b) and X-ray mapping (Fig. 6.16.b). 

the presence of Cr in the subscale along with oxygen and iron. This can be attributed to 

the depletion of iron due to oxidation to form the upper scale, thereby leaving 

chromium-rich pockets those have further oxidized to form parallel and irregular 

chromium oxide bands. These bands of chromium oxide may have prevented the deep 

penetration of the environment, as the scale thickness is less in case of oxidized 

nanaostructured thin TiAIN coated T-22 boiler steel than that of uncoated boiler steel. 

It is well known that the performance of thermal sprayed coatings in high 

temperature corrosive environment depends upon the several factors such as porosity, 

inclusions, oxides and size and shape of the splat microstructures as reported in the 

literature (Dent et al., 1999). It is evident form XRD (Fig.6.13) results of the oxidized 

conventional thick AICrN coated T-22 boiler steel that A1203 as the main phase which are 

further supported by EDAX (Fig.6.14.e) and X-ray mapping (Fig.6.16.e) analysis. 

Therefore, the conventional thick AICrN coating has been found successful in reducing 

the overall weight gain of bare T-22 boiler steel by 92%. 
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6.2.4 Conclusions 

The high temperature oxidation behaviors of uncoated and coated ASTM-SA213-T-

22 boiler steel have been investigated in air at 900°C for 50 cycles. The behavior of 

nanostructured TiAIN and AICrN coatings were compared with their conventional 

counterparts and the following conclusions are made: 

1. The plasma sprayed conventional thick AICrN coatings when subjected to cyclic 

oxidation at 900 °C for 50 cycles developed a protective scale mainly consisting 

of A1203 and provided the good resistance against oxidation. 

2. The nanostructured AICrN coating has provided good resistance against oxidation 

in air at 900°C for 50 cycles and provided the necessary protection to the base 

metal. The AICrN coating has sustained during the course of oxidation study. 

3. The conventional TiAIN coating failed as of severe spalling after 29th  cycle, which 

may be initiated by the rapid growth of void—like defects lying adjacent to 

coating protuberances. 

4. The oxidation rate (total weight gain values after 50 cycles) of the coated and 

uncoated T-22 boiler steel follows the sequence as given below: 

Nanostructured TiAIN > Uncoated T-22 > Conventional TiAIN > Nanostructured 

AICrN > Conventional AICrN 

5. In case of nanaostructured thin TiAIN coating, the weight gain is highest, whereas 

thickest scale was observed in case of bare T-22 boiler steel. 

6. The difference in thermal expansion coefficients between oxides, coating and 

base steel perhaps led to the cracking of the oxide scale and coatings. The 

internal oxidation has been observed in all cases. 
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6.3 HOT CORROSION STUDIES IN MOLTEN SALT ENVIRONMENT 

the present research work has been focused to investigate and compare the hot 

corrosion behavior of conventional thick (by plasma spraying and gas nitrided) and 

nanostructured thin (by physical vapor deposition process) TiAIN and AICrN coatings on 

ASTM-SA213-T-22  boiler steel, in an aggressive environment of Na2SO4-60%V205 molten 

salt at 900°C under cyclic conditions. The hot corrosion environment, Na2SO4-60%V205 

has been selected in the present investigation because it simulates the conditions of the 

molten sulfate-vandate deposits resulting from the condensation of combustion 

products of low-grade fuels (Sidhu et al., 2007).These low melting compounds react and 

dissolve the protective oxides formed on the components of boilers. X-ray diffraction 

(XRD), scanning electron microscopy/energy-dispersive analysis (SEM/EDAX) and X-ray 

mapping techniques have been used to characterize corrosion products after hot 

corrosion at 900°C. 

6.3.1 Results 

6.3.1.1 Visual observations 

The macrographs for uncoated and coated ASTM-SA213-T-22 boiler steel 

subjected to cyclic oxidation in Na2SO4-60%V205 (molten salt) environment at 900°C for 

50 cycles are shown in Fig.6.18. For the uncoated T-22 boiler steel, a grey colored scale 

appeared on the surface right from the 1st  cycle. This bare steel showed spalling of scale 

just after the 5th  cycle, which continued till the end of 50 cycles. At the end of cyclic 

study, irregular and fragile scale was observed with deep cracks and blackish grey color 

surface appearance, which can be seen in Fig.6.18 (a). 

Color of the oxide scale at the end of the study was observed to be blackish grey 

from the middle portion of the sample with light grey sides, in case of nanostructured 

thin TiAIN coated T-22 boiler steel (Fig.6.18.b). The dark and light grey spots at some 

locations were observed after 16th  cycle. After 25th  cycle hairline cracks were observed 

in the oxide scale. The scale remains adherent to the substrate during the course of the 

study. The nanaostructured thin AICrN coated T-22 boiler steel has shown the formation 

of fragile scale with cracks, when subjected to cyclic oxidation in Na2SO4-60%V205 

molten salt at 900°C for 50 cycles. Color of the oxide scale at the end of the study was 
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observed to be dark grey, as shown in Fig.6.18 (c). The scale starts falling in the boat just 

after 3cd  cycle and this trend continued till 50th  cycle. New layers of scale were forming 

and falling in the boat. 

Fig. 6.18 	Surface macrographs of uncoated and coated ASTM-SA213-T-22 boiler steel 
exposed to molten salt (Na2SO4-609OV205) environment at 900°C for 50 cycles: (a) 
Uncoated T-22 boiler steel, (b) Nanostructured TiAIN coating, (c) Nanostructured 
AICrN coating, (d) Conventional TiAIN coating, (e) Conventional AICrN coating 
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The conventional thick TiAIN coated T-22 boiler steel has shown surprising 

behavior during hot corrosion studies. There was no sign of spalling till 20th  cycle and the 

weight change rate was gradual. After 21St  cycle, the scale formed on the upper surface 

of the specimen shows severe spalling and it gets separated from the substrate and fall 

in the boat, whereas the lower surface of the sample which is in touch with the boat wall 

shows no sign of spalling and the scale is adherent to the substrate. This trend continued 

till 50th  cycle and results in loss of metal thickness at high rate on the top surface of the 

sample. The color of the scale observed at the end was dark grey with severe cracking 

on the top surface of the sample as shown in Fig.6.18 (d). In case of conventional thick 

AICrN coated T-22 boiler steel, the surface becomes rough after first cycle. During the 

study no spalling and cracking was observed. At the end of the study, the scale was 

found to be adherent with light grey surface appearance (Fig.6.18.e). 

6.3.1.2 Weight change measurements 

Weight gain per unit area (mg/cm2) versus time expressed in number of cycles 

plot for coated and bare T-22 boiler steel subjected to cyclic oxidation in Na2SO4- 

60%V205  (molten salt) environment at 900°C for 50 cycles, is presented in Fig. 6.19. The 

plots for all samples shows higher weight gain at initial cycles followed by gradual weight 

gain except in case of conventional TiAIN coating which has shown abrupt increase in 

oxidation rate after 21st  cycle. The cumulative weight gain per unit area for the coated 

and uncoated T-22 boiler steel subjected to cyclic oxidation in Na2SO4-60%V205  (molten 

salt) environment at 900°C for 50 cycles is shown in Fig. 6.20. The overall weight gain is 

highest (348.5 mg/cm2) in case of uncoated T-22 boiler steel and is lowest in case of 

conventional thick AICrN coated (28.16 mg/cm2) steel, which is 08.07% of the weight 

gain in case of uncoated T-22 boiler steel. Further, the final weight gain in case of 

nanostructured TiAIN, nanostructured AICrN and conventional TiAIN coatings is 73.36, 

345.05 and 212.77 mg/cm2  respectively. 

Figure 6.21 shows the (weight gain/area)2  versus number of cycles plot for all the 

cases to ascertain conformance with the parabolic rate law. All the coated and uncoated 

ASTM-SA213-T-22 boiler steel followed the parabolic rate law as evident from the 

Fig.6.21. The parabolic rate constant Kr, was calculated by a linear least-square algorithm 
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to a function in the form of (W/A)2= Kr  t, where W/A is the weight gain per unit surface 

area (mg/cm2) and 't" indicates the number of cycles representing the time of exposure. 

The parabolic rate constants for the bare and coated T-22 boiler steel calculated on the 

basis of 50 cycle's exposure data are shown in Table.6.5. The 'Kr' value for the uncoated 

and nanostructured thin TiAIN coated T-22 boiler steel is higher than in case of other 

coatings. 
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Fig. 6.19 Weight gain/area vs time (number of cycles) for the uncoated and coated ASTM-

SA213-T-22 boiler steel exposed to molten salt (Na2SO4-60%V205) environment 

at 900°C for 50 cycles 

Table 6.5 	Parabolic rate constant 'Kr,' values of uncoated and coated ASTM-SA213-T-22 

boiler steel subjected to cyclic oxidation in Na2SO4-60%V205 (molten salt) 

environment at 900°C for 50 cycles 

Substrate / Coating Kp x 1008  gm2cm's' 

Uncoated T-22 boiler steel 67.36 

Nanostructured TiAIN coating 03.10 

Nanostructured AICrN coating 73.72 

Conventional TiAIN coating 23.26 

Conventional AICrN coating ' 00.41 
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coated ASTM-SA213-T-22 boiler steel exposed to molten salt (Na2504-60%V205) 
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6.3.1.3 Surface scale analysis 

6.3.1.3.1 X-ray diffraction analysis (XRD) 

XRD diffractograms for coated and uncoated ASTM-SA213-T-22 boiler steel 

subjected to cyclic oxidation in Na2SO4-60%V205 (molten salt) environment at 900°C for 

50 cycles are depicted in Fig.6.22 (a and b) on reduced scale. As indicated by the 

diffractograms Fe2O3 and Cr2O3  are the main phases present in the oxide scale of 

uncoated, conventional TiAIN and nanostructured thin TiAIN and AICrN coated T-22 

boiler steel. Also, weak peaks of A1203 are found in case of nanostructured thin TiAIN 

coating. Further, the oxide phases found in case of conventional thick AICrN coating are 

A1203  and Cr2O3. 

6.3.1.3.2 Surface scale morphology 

SEM micrographs along with EDAX point analysis reveals the surface morphology 

of the coated and uncoated ASTM-SA213-T-22 boiler steel subjected to cyclic oxidation 

in Na2SO4-60%V205 (molten salt) environment at 900 °C for 50 cycles are shown in 

Fig.6.23: The oxide scale for uncoated T-22 boiler steel indicates the dominance of Fe 

and 0 (Fig.6.23.a). A small amount of Mo, Mn and Cr are also observed in the scale. The 

surface scale shows distorted and spalled grains like microstructure. The grains are of 

dark grey color (point 1) and boundaries are whitish in appearance (point 2). 

The SEM micrograph of oxidized nanostructured thin TiAIN coatings is shown in 

Fig.6.23 (b). The oxide scale is mainly consisting of dark grey matrix (Point 4) and white 

needles dispersed in a matrix (Point 3) structure. EDAX analysis shows, the top scale rich 

in Fe and 0 with small amounts of Mo, Al, Ti, N, V, Na and Mn. As revealed by the EDAX 

analysis; matrix contains more amount of iron, whereas the needles like region contains 

higher amount of oxygen. In case of nanostructured thin AICrN coated T-22 boiler steel, 

the SEM micrograph indicates distorted and spalled grains like microstructure as shown 

in Fig.6.23 (c). The EDAX point analysis shows the top scale rich in Fe, Mo and 0. The 

small amount of Cr, Mn, Al, and Si are also present. The whitish region (point 6 on 

Fig.6.23.c) shows more amount of oxygen as compared to the dark grey area (point 5 on 

Fig.6.23.c). 
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Fig. 6.22 (a) X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-22 

boiler steel exposed to molten salt (Na2SO4-60%V205) environment at 

900°C for 50 cycles: (A) Uncoated T-22 boiler steel, (B) Nanostructured 

TiAIN coating, (C) Nanostructured AICrN coating 

Fig. 6.22 (b) X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-22 

boiler steel exposed to molten salt (Na2SO4-60%V205) environment at 

900°C for 50 cycles: (A) Conventional TiAIN coating, (B) Conventional 

AICrN coating 
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Fig. 6.23 Surface-scale morphology and EDAX patterns from different spots on uncoated and coated 
ASTM-SA213-T-22 boiler steel exposed to molten salt (Na2SO4-60%V205) environment at 
900°C for 50 cycles: (a) Uncoated T-22 boiler steel, (b) Nanostructured TiAIN coating, (c) 
Nanostructured AICrN coating, (d) Conventional TiAIN coating, (e) Conventional AICrN 
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The surface scale developed on conventional thick TiAIN coated T-22 steel 

indicates the dominance of Fe and 0 (Fig.6.23 .d). A small amount of Mo and Mn are 

also observed in the scale. A homogeneous and continuous surface scale is developed 

on conventional thick AICrN coated T-22 boiler steel as shown in Fig.6.23 (e). The EDAX 

point analysis shows, the top scale is rich in Al and 0 with good amount of Cr. The point 

analysis at point 10 (whitish region) in Fig.6.23 (e) shows more amount of Al and Cr and 

less amount of oxygen as compared to the analysis at point 9 (grey contrast region). 

6.3.1.4 Cross-sectional analysis 

6.3.1.4.1 Scale thickness 

The oxidized samples were cut across the cross section using Buehler Isomet 

1000 precision saw and mounted in transoptic mounting resin and subsequently mirror 

polished to obtain scanning electron back scattered micrographs and X-ray mapping of 

different elements for coated and uncoated ASTM-SA213-T-22 boiler steel. The scale 

thickness values were measured from SEM back scattered micrographs as shown in 

Fig.6.24. Very thick scale is observed in case of nanostructured AICrN and conventional 

thick TiAIN coated T-22 boiler steel. The measured average scale thickness values for 

uncoated T-22 boiler steel, nanostructured thin TiAIN, nanostructured thin AICrN, 

conventional thick TiAIN and conventional thick AICrN coatings are 895, 738, 2900, 2575 

and 110 µm respectively. 

6.3.1.4.2 Cross-sectional scale morphology 

Back Scattered Electron Image (BSEI) micrograph and elemental variation across 

the cross-section for coated and uncoated ASTM-SA213-T-22 boiler steel subjected to 

cyclic oxidation in Na2SO4-60%V205 (molten salt) environment at 900°C for 50 cycles are 

shown in Fig.6.24. The SEM micrograph in case of uncoated T-22 boiler steel shows 

uniform thick scale as shown in Fig. 6.24 (a). The EDAX analysis reveals the presence of 

iron, oxygen and molybdenum throughout the scale along Cr at some points (points 3 

and 6 on Fig.6.24.a). The existence of significant amount of oxygen points out the 

possibility Fe203 in the oxide scale. 
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Fig. 6.24 Oxide scale morphology and variation of elemental composition across the cross-
section of the uncoated and coated ASTM-SA213-T-22 boiler steel exposed to 
molten salt (Na2SO4-60%V205) environment at 900°C for 50 cycles: (a) Uncoated T-
22 boiler steel (116 X), (b) Nanostructured TiAIN coating (140 X), (c) Nanostructured 
AICrN coating (33 X), (d) Conventional TiAIN coating (100 X), (e) Conventional AICrN 
coating (500 X) 

Fig. 6.25 (a) Composition image (BSEI) and X-ray mapping of the cross-section of uncoated 
ASTM-SA213-T-22 boiler steel exposed to molten salt (Na2SO4-60%V205) 
environment at 900°C for 50 cycles 
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Also, the points where Cr content is more shows less Fe and more oxygen as 

compared to the other points. This is showing the possibility of Cr2O3  in the scale. BSEI 

micrograph and elemental variation depicted in Fig.6.24 (b), for the exposed cross-

section of nanostructured thin TiAIN coated T-22 boiler steel shows the thick, 

continuous and adherent scale. The EDAX analysis reveals the presence of Fe, Mo and 

oxygen throughout the scale. A location at points 4 (Fig.6.24.b) in the micrograph 

depicts the increase in percentage of Cr with decrease in percentage of Fe and Mo. A 

thick and fragile oxide scale can be seen in case of nanostructured AICrN coated T-22 

boiler steel (Fig.6.24.c). The scale is showing cracking. The EDAX point analysis indicates 

the presence of Fe, Mo and oxygen in the oxide scale along with good amount of Cr at 

some points (points 3 in Fig.6.24.a). 

In case of conventional TiAIN coated T-22 boiler steel, the scale is fragile and 

showing severe cracking along the surface as depicted in Fig.6.24 (d). The WAX point 

analysis indicates the presence of Fe, 0 and Mo in the scale with variable amounts. The 

top scale is rich in Al along with 0 and Fe (Point 1 in Fig.6.24.d). The conventional thick 

AICrN coated T-22 boiler steel (Fig.6.24.e) indicates continuous, thin and adherent scale. 

EDAX point analysis shows the presence of Fe, Al, and 0 throughout the scale. The 

concentration of Al is more in the top scale as shown by analysis at point 1, 2, 3 and then 

at the scale/substrate interface i.e. point 6 in Fig.6.24 (e). 

6.3.1.4.3 X-Ray mapping 

X-ray mappings for a part of oxide scale of uncoated and coated ASTM-SA213-T-

22 boiler steel oxidized in Na2SO4-60%V205 (molten salt) environment at 900 °C for 50 

cycles are shown in Fig. 6.25. In case of uncoated T-22 boiler steel, the micrograph 

(Fig.6.25.a)_ indicates a dense scale, which mainly contains iron and oxygen with some 

amount of chromium. Presence of thin bands of Cr in the scale indicates the rich and Cr 

depleted regions. 

Figure 6.25 (b), shows X-ray mapping analysis of the scale formed on 

nanaostructured TiAIN coated T-22 boiler steel. The BSEI image and X-ray mapping 

shows the formation of a dense scale consisting mainly of iron, oxygen and chromium. 
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Fig. 6.25 (b) Composition image (BSEI) and X-ray mapping of the cross-section of Nanostructured 

TiAIN coated ASTM-SA213-T-22 boiler steel exposed to molten salt (Na2SO4-  

60%V205) environment at 900°C for 50 cycles 
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Fig. 6.25 (c) Composition image (BSEI) and X-ray mapping of the cross-section of Nanostructured 

AICrN coated ASTM-SA213-T-22 boiler steel exposed to molten salt (Na2SO4- 
60%V205) environment at 900°C for 50 cycles 
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Fig:6.25 (d) 	Composition image (BSEI) and X-ray mapping of the cross-section of conventional 
TiAIN coated ASTM-SA213-T-22 boiler steel exposed to molten salt (Na2SO4- 
60%V205) environment at 900°C for 50 cycles 
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Fig. 6.25 (e) Composition image (BSEI) and X-ray mapping of the cross-section of conventional 
AICrN coated ASTM-SA213-T-22 boiler steel exposed to molten salt (Na2SO4- 
60%V205) environment at 900°C for 50 cycles 
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The X-ray mapping also indicates thick bands of Cr parallel to each other, near 

the scale/substrate interface. In case of nanostructured thin AICrN coated T-22 boiler, 

the BSEI and X-ray mapping are shown in Fig. 6.25 (c). The scale formed is fragile. The X-

ray mapping indicates the presence of iron and oxygen throughout the scale. Few 

parallel thin bands of Al and Cr can be seen at some locations, where iron is completely 

absent. In case of conventional thick TiAIN coated T-22 boiler steel, Fig.6.25 (d), Fe and 0 

are present throughout the scale. A thin band of Al is present in the top scale. The sub 

scale is rich in Fe and 0 along with some amount of Cr in the sub scale region. Fig.6.25 

(e), depicts the X-ray mapping in case of conventional AICrN coated T-22 boiler steel. 

Thick band of aluminum is present in the top scale region along with iron. As reveled 

from the X-ray mapping results, the oxygen fails to enter in the substrate region. The 

conventional AICrN coating is fully protective and not allowing the environment to enter 

in the substrate. 

6.3.2 Summary of Results 

Results obtained after exposure of uncoated and coated ASTM-SA213-T-22 boiler 

steel to cyclic oxidation in Na2SO4-60%V205  (molten salt) environment at 900°C for 50 

cycles are summarized in Table.6.5. 

6.3.3 Discussion 

The bare, nanostructured AICrN and conventional TiAIN coated T-22 boiler steel 

showed accelerated corrosion in Na2SO4-60%V205  (molten salt) environment at 900°C 

and weight gain was relatively higher as compared to the other two coatings (Fig.6.19 

and 6.20). The weight gain graph (Fig.6.19) for all samples shows higher weight gain at 

initial cycles followed by gradual weight gain except in case of conventional TiAIN 

coating, which has shown abrupt increase in oxidation rate after 21st  cycle. The weight 

change plots for the uncoated and coated T-22 boiler steel has shown conformance to 

parabolic rate law. The parabolic behavior is due to the diffusion controlled mechanism 

operating at 900°C under cyclic conditions (Mahesh et al., 2008). Small deviation from 

the parabolic rate law might be due to the cyclic scale growth. 
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Table 6.6 	Summary of the results obtained for uncoated and coated ASTM-SA213-T- 
22 boiler steel subjected to cyclic oxidation in molten salt (Na2SO4- 

60%V205) environment at 900°C-for 50 cycles 

Coating Cumulative 
Weight 

gain 
(mg/cm2) 

Parabolic 
rate 

constant 
(Kp x les  

gm2cm-as-) 

XRD 
phases 

Remarks 

Uncoated 	T-22 
boiler steel 

348.55 67.36 Fe203  and 
Cr203  

A grey colored scale appeared on the 
surface right from the 1st  cycle. This bare 
steel showed spalling of scale just after 
the 5th  cycle, which continued till the 
end of 50 cycles. At the end of cyclic 
study, 	irregular and fragile scale was 
cibSe-ri.td with deep cracks and blackish 
grey color surface appearance 

Nanostructured 
TiAIN coating 

73.36 03.10 Fe203, 
Cr203  and 
A1203  

Color of the oxide scale at the end of the 
study was observed to be blackish grey 
middle portion of the sample with light grey 
sides. The scale remains adherent to the 
substrate during the course of the study. 

Nanostructured 
AICrN coating 

345.05 73.72 Fe203, 
and Cr203  

Color of the oxide scale at the end of the 
study was observed to be dark grey. The 
scale starts falling in the boat just after 3rd  
cycle and this trend continued till 50th  cycle. 
New layers of scale were forming and falling 
in the boat. 

Conventional 
TiAIN Coating 

212.77 23.26 Fe203, 
and Cr203  

There was no sign of spalling till 20th  cycle 
and the weight change rate was gradual. 
After 21st  cycle, the scale formed on the 
upper surface of the specimen shows severe 
spalling and it gets separated from the 
substrate and fall in the boat, whereas the 
lower surface of the sample which is in 
touch with the boat wall shows no sign of 
spalling and the scale is adherent to the 
substrate. 	This 	trend 	continued 	till 	50th  
cycle. 

Conventional 
AICrN coating 

28.16 00.41 
. 

A1203  and 
Cr203  

The surface becomes rough after first cycle. 
During the study no spelling and cracking 
was observed. At the end of the study, the 
scale was found to be adherent with light 
grey surface appearance. 
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The higher weight gain during the first few cycles might be attributed to the 

rapid formation of oxides at the splat boundaries and within the open pores due to the 

penetration of the oxidizing species. Once the oxides are formed at places of porosity 

and splat boundaries, the coating becomes dense and the diffusion of oxidizing species 

to the internal portions of the coatings gets slowed down and the growth of the oxides 

becomes limited mainly to the surface of the specimens. This, in turn, will make the 

weight gain and hence the oxidation rate steady with the further progress of exposure 

time (Singh et al., 2007 and Sidhu et al., 2006). 

The rapid increase in the weight gain during the initial period of exposure to 

Na2SO4-60%V205 (molten salt) environment at 900°C can also be attributed to the 

possible formation of NaVO3. Kolta et al. (1972) proposed that at temperature range of 

900°C, the Na2SO4  and V205  will combine to form NaVO3, as represented by eq.(6.1) 

having a melting point of 610°C. 

Na2SO4  + V205  = 2NaVO3 (I) + SO2 + 1/2 02 
	 (6.1) 

This NaVO3  acts as a catalyst and also serves as an oxygen carrier to the base 

alloy through the open pores present on the surface, which will lead to the rapid 

oxidation of the base elements of the substrate to form a protective oxide scale. There 

may be simultaneous dissolution of protective oxide Cr203 in the molten salt due to the 

reaction (Seiersten and Kofstad, 1987; Swaminanthan et al., 1993): 

Cr203  + 4NaVO3  + 3/202 = 2Na2CrO4  + 2V205 	 (6.2) 

The Na2CrO4  gets evaporated as a gas (Fryburg et al., 1984 and Guo et al., 2006). 

The rapid increase in the weight gain during the initial period was also reported by Sidhu 

et al. (2006), Harpreet Singh et al.(2005), Tiwari and Prakash (1997) and UI-amid (2003) 

during studies on the hot corrosion of alloys. 

Conventional thick AICrN and nanostructured TiAIN coatings have been found 

successful in reducing the overall weight gain of bare T-22 boiler steel. The parabolic 

rate constant (Kr) was obtained from the slope of the linear regression fitted line 

(cumulative weight gain/area)2  versus number of cycles (Table.6.4). The parabolic rate 

constant for the uncoated and nanostructured AICrN coatings is found to be higher than 

the conventional AICrN, conventional and nanostructured TiAIN coatings. The oxidation 
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rate (total weight gain values after 50 cycles) of the coated and uncoated T-22 boiler 

steel boiler steel follows the sequence as given below: 

Bare T-22 > Nanostructured AICrN > Conventional TiAIN > Nanostructured TiAIN > Conventional AICrN 

The surface XRD analysis (Fig.6.22) indicated the formation of Fe203  as the main 

constituent of the top scale along with weak peaks of Cr203 in case of bare, 

nanostructured and conventional TiAIN and nanostructured AICrN coated boiler steel. The 

formation of Fe203  has also been observed by Shi (1993) for the oxidation of iron by 

Na2SO4  at 750°C and by Tiwari and Prakash (1996) during hot corrosion of Iron-base 

superalloy in the Na2SO4-60%V205  (molten salt) environment at 900°C. Weak intensity 

peaks of Cr203 in the scale of T-22 steel may due to the presence of some amount of 

chromium in the alloy steel. The presence of some percentage of chromium in the 

subscale as revealed by the X-ray mapping analysis (Fig.6.25) across the cross-section for 

T-22 steel is in accordance with the findings of Sadique et al. (2000). The authors have 

reported that Fe-Cr alloys in oxygen at higher temperature (950-1050°C) form spine! 

(FeCr2O4) and Cr203 on the inner side and Fe203 on the outer side of the scale. This can 

also be attributed to depletion of iron due to oxidation to form the upper scale thereby 

leaving chromium rich pockets those further get oxidized to form iron chromium spine!. 

XRD analysis (Fig.6.22) revealed the presence of protective Cr203 and A1203 oxides in case 

of conventional AICrN coating, which are further supported by EDAX analysis of surface 

(Fig.6.23.e) and cross-section (Fig.6.24.e) and X-ray mapping (Fig.6.25.e) analysis. This 

may be the reason of excellent performance of conventional AICrN coating in Na2SO4-

60%V205 (molten salt) environment at 900°C. 

The severe spalling and cracking as observed in case of bare, nanostructured 

AICrN and conventional TiAIN coated T-22 steels may be attributed to the presence of 

molybdenum in the steels. Chatterjee et al. (2001) have suggested that during initial 

hours oxidation Fe oxidizes and the oxide scale is protective in nature. With progress of 

oxidation Mo becomes enriched at the alloy scale interface, leading to the formation of 

an inner layer of molten MoO3  (m. p. 795°C). MoO3  might have further reacted with 

Na2SO4 as per the following reaction resulting in the formation of low temperature 

melting phase Na2MoO4. 
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Na2SO4  (I) + MoO3  (I) = Na2MoO4  (I) + SO3 (g) 	 (6.3) 

This might have led to the acidic fluxing of the protective oxide scale. This liquid 

oxide disrupts and dissolves the protective oxide scale, causing the alloy to suffer 

catastrophic oxidation (Lai, 1990). Identical results have been reported by Peters et al. 

(1976), Fryburg et al. (1982), Pettit and Meier (1984) and Misra (1986). The severe 

spalling of scale identical to the present study for similar type of steel i.e. T-22 type of 

steel during hot corrosion in medium BTU coal gasifier environment has also been 

reported by Wang (1988) where more than 70% of the scale got spalled during testing. 

Further Misra (1986) reported the spalling of thick external porous scale which spalled 

off completely on cooling during corrosion experiments at 900°C and 950°C. 

Accelerated corrosion observed in the present study in case of bare, 

nanostructured AICrN and conventional TiAIN coated T-22 boiler steel up to the end of 

exposure may be in accordance with the findings of Misra (1986). The author reported 

that higher the concentration of Mo, the sooner the melt would attain the MoO3  activity 

necessary for the formation of solid NiMoO4  and this would cause a decrease in the 

length of the period of accelerated corrosion. Lower percentage of Mo (0.87-1.13%) in 

the concerned alloy for the present study might have increased the period of 

accelerating corrosion up to the end of 50 cycles. Probably this factor is responsible for 

the higher weight gain for bare, nanostructured AICrN and conventional TiAIN coated T-

22 boiler steel. 

During cyclic testing, severe cracking in the oxide scale (Fig.6.18.d and Fig.6.24.d) 

of the conventional TiAIN coatings might be attributed to the different values of thermal 

expansion coefficients for the coating, scale and the substrate as reported by Sidhu et al. 

(2003), Singh et al. (2004), Evans et al. (2001), Wang et al. (2002) and Niranatlumpong 

et at (2000). The formation of cracks in the coating originates from stresses developed in 

the deposit or at the coating-base metal interface (Heath et al., 1997). Also, Inferior 

oxidation resistance of conventional thick TiAIN coating may be as opined by Ding et al. 

(2008). In an oxidation or corrosive environment Ti element often forms a porous non-

protective oxide scale, which limits the oxidation and corrosion resistance of titanium-

based coatings. This has further been reported by Fujita (2005), where authors have 
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reported that the oxide scale of binary TiAl alloy is composed of a porous oxide mixture 

of TiO2  and A1203, which has dominated by Ti02. 

In case of nanostructured thin TiAIN coating, the Fe203  in the top layer and Fe203 

and Cr203  in the subscale analyzed by the XRD (Fig.6.22), SEM-EDAX (Fig. 6.23.b) and X-

ray mapping (Fig. 6.25.b). Figure 6.25 (b) indicated the presence of a thick band of Cr in 

the subscale along with oxygen and iron. This can be attributed to the depletion of iron 

due to oxidation to form the upper scale, thereby leaving chromium-rich pockets those 

have further oxidized to form a regular chromium oxide bands. This band of chromium 

oxide may have prevented the deep penetration of the reacting environment, as the 

scale thickness is less in case of oxidized nanaostructured thin TiAIN coated T-22 boiler 

steel than that of uncoated boiler steel. It can be mentioned based on the present 

investigation that conventional thick AICrN and nanostructured TiAIN coatings can 

provide a very good oxidation resistance in Na2SO4-60%V205  molten salt environment at 

high temperature. 

6.3.4 COnclusions 

The high temperature oxidation behaviors of uncoated and coated ASTM-SA213-T-

22 boiler steel have been investigated in Na2SO4-60%V205  molten salt at 900 °C for 50 

cycles. The behavior of nanostructured TiAIN and AICrN coatings were compared with 

their conventional counterparts and the following conclusions are made: 

1. The oxidation rate (total weight gain values after 50 cycles) of the coated and 

uncoated T-22 boiler steel follows the sequence as given below: 

Uncoated T-22 > Nanostructured-AlCrN > Conventional TiAIN > Nanostructured 

TiAIN > Conventional AICrN 

2. The plasma sprayed gas nitride conventional thick AICrN coating developed a 

protective scale mainly consisting of aluminum oxide and chromium oxide. 

3. The nanaostructured thin TiAIN coatings has shown resistance to oxidation as the 

overall weight gain is less than as compared to the uncoated T-22 boiler steel. 

4. In case of uncoated T-22 boiler steel, the weight gain is highest with thickest 

scale. Severe spalling and cracking is also observed in case of bare, 

nanostructured thin AICrN and conventional thick TiAIN coated boiler steel. 
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5. The nanostructured thin TiAIN and conventional thick AICrN coatings can provide 

a good oxidation resistance in Na2SO4-60%V205  molten salt environment at high 

temperature. 

6. The oxide scale formed is adherent to the substrate in nanostructured thin TiAIN 

and conventional thick AICrN coated ASTM-SA213-T-22 boiler steel. But in case of 

bare nanostructured thin AICrN and conventional thick TiAIN coated boiler steel, 

the scale is found to be detached from the substrate after hot corrosion studies. 

7. The appearance of cracks/peeling off in the coatings during hot corrosion 

studies may be attributed to the different values of thermal expansion 

coefficients for the coating, substrate steel and oxides. 
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6.4 EROSION STUDIES IN SIMULATED COAL-FIRED BOILER ENVIRONMENT 

The present work has been focused to compare the high temperature erosion 

behavior of conventional thick (by plasma spraying and gas nitrided) and nanostructured 

thin (by physical vapor deposition process) TiAIN and AICrN coatings on ASTM-SA213-T-

22 boiler steel. The erosion studies were carried out using a high temperature air-jet 

erosion test rig at a velocity of 35 ms-1  and impingement angles of 30°  and 90°. The tests 

were carried out at high temperatures. The two temperatures were taken for the test, 

sample temperature 400°C and air/erodent temperature 900°C simulated to service 

conditions of boiler tubes in which sample temperature and flow gas temperature 

correspond to the inner and outer temperature of water wall pipes. The alumina 

particles of average size 60 gm were used as erodent. Erosion rates in terms of 

volumetric loss (mm3/g) for different uncoated and coated alloys are compared. The 

eroded samples were analyzed with SEM/EDX and optical profilometer. The erosion rate 

data for each coated alloy has been plotted along with uncoated alloy in order to assess 

the coating performance. Efforts have been made to understand the mode of erosion. 

6.4.1 Results 

6.4.1.1 Visual observations 

The macrographs for uncoated and coated ASTM-SA213-T-22 boiler steel 

subjected to erosion studies in simulated coal-fired boiler environment are shown in 

Fig.6.26. The effect of corrosion along with the erosion was observed. The shape of the 

scar (developed by constant strike of erodent) is circular in case of normal impact (at 

90°) and elliptical in case of oblique impact (at 30°) of erodent. The uncoated T-22 boiler 

steel shows a thin scale. The erosion seems to clean the scale off the surface in the 

eroded/corroded region. The impact of erodent removes the scale down to the 

substrate-scale interface. Away from this eroded region a thin layer of scale was 

observed on the surface and the eroded/corroded region showed rust colored 

discoloration (Fig.6.26.a). The nanostructured TiAIN coated T-22 boiler steel showed 

marks of erosion as shown in Fig.6.26 (b). The color of the coated specimen changed 

from violet-grey to carbon black at scar and blackish blue ring around the scar. The 

macrograph in case of eroded nanostructured AICrN coating are shown in Fig.6.26 (c). 
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Fig. 6.26 Surface macrographs of eroded uncoated and coated ASTM-SA213-T-22 boiler 

steel exposed to high temperature erosion studies in simulated coal-fired boiler 

environment 
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The color of the scars was observed as light grey surrounded by dark colored 

ring. A visual observation of conventional thick TiAIN and AICrN coated T-22 boiler steel 

(Fig.6.26.d and e), showed the formation of dark grey colored scar surrounded by a light 

colored ring. Also, the un-eroded area around the scars appeared as rough surface. 

6.4.1.2 Erosion rate 

The erosion loss has been calculated by volume change method. The volume loss 

occurred after erosion testing was measured by using non contact optical profilometry as 

explained in chapter 3. The erosion depth was measured at six random locations to obtain 

the average erosion depth of an eroded scar. At each location (including eroded and un-

eroded area) surface profiles were taken. 

The erosion rate for uncoated and coated T-22 boiler steel at an impact velocity 

of 35 ms-1  and impingement angle of 30°  and 90° when substrate temperature was 

400°C and surrounding air at 900°C; is shown in Fig. 6.27. The volume erosion rate 

for uncoated T-22, nanostructured thin TiAIN, nanostructured thin AICrN, conventional 

thick TiAIN and conventional thick AICrN coatings; is 0.38425 X10-3, 0.03544 X10-3, 

0.0819 X10-3, 2.135 X10-3  and 2.0287 X10-3  mm3/gm respectively at 90° impact angle. 

While at 30° impact, the volume erosion rate for uncoated T-22, nanostructured thin 

TiAIN, nanostructured thin AICrN, conventional thick TiAIN and conventional thick AICrN 

coatings; is 0.4196 X10-3, 0.0691 X10-3, 0.0956 X10-3, 3.01725 X10-3  and 1.636 X103  

mm3
/gm respectively. 

From the graph, it can be inferred that the erosion rate of the uncoated T-22 boiler 

steel eroded at oblique impact i.e. at 30° impingement angle is slightly more as compared 

to erosion rate at 90° impact. Also, in case of conventional TiAIN and nanostructured 

coatings; the erosion rate is higher at oblique impact than at normal impact thus 

showing the typical behavior of ductile materials. The overall volume erosion rate is 

negligible in case of nanostructured coatings when compared with the uncoated boiler 

steel and conventional coatings. The volume erosion rate in case of conventional AICrN 

coating is higher at normal impact. The overall volume erosion rate in case of 

conventional AICrN coating is less as compared to conventional thick TiAIN coating. 
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Fig. 6.27 Column chart showing the Volume wear rate of uncoated and coated ASTM-

SA213-T-22 boiler steel eroded at normal and oblique impact: (A) Uncoated 

T-22 boiler steel, (B) Nanostructured TiAIN coating, (C) Nanostructured AICrN 

coating, (D) Conventional TiAIN coating, (E) Conventional AICrN coating 

6.4.1.3 SEM/EDAX Analysis 

SEM micrographs along with EDAX point analyasis reveals the surface 

morphology of the uncoated and coated T-22 boiler steel subjected to erosion studies in 

simulated coal-fired boiler environment when substrate temperature was 400°C and 

surrounding air at 900°C; are shown in Fig. 6.28 and 6.29. The SEM observations were 

made on the eroded surface of all the uncoated and coated T-22 boiler steel specimens 

at both the impact angles i.e. at 90° and 30°. Scanning electron microscopy (SEM) 

revealed various erosion mechanisms like metal removal, oxide chipping, fracture and 

spalling within the oxide/coating layer and at the scale/metal interface etc. The 

micrographs have revealed fracture at the surfaces with impressions of formation of 

craters with crack network. 

Micrographs (Fig.6.28) for the eroded surfaces of uncoated and coated T-22 

boiler steel at 90° impact angle, clearly indicates the formation of crater, impact zone, 
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oxide fracture and removal, coating fracture and retained ,erodent. It can be observed 

from the micrographs of the eroded surface of the uncoated boiler steel (Fig.6.28.a) 

that the erodent particles deform the exposed surface by ploughing and introducing 

the craters in the matrix by displacing material to the side. EDAX analysis revealed the 

presence of Fe, Al, Mo and 0 as the main elements on the eroded area, which indicates 

the formation of iron oxide due to oxidation and presence of retained erodent i.e. 

alumina. In case of nanostructured TiAIN coating (Fig.6.28.b); the micrograph revealed 

retained erodent, shallow impact craters with wider impact zone. EDAX-  analysis shows 

the presence of Ti and Al along with N as the main elements (which are main elements of 

coating) along with very less amount of Mo, Fe and 0. The erodent impacts causes 

shallow craters but fails to remove the coating completely. The coating has shown full 

protection to the substrate when eroded at an impact velocity of 35 ms-1  and 

impingement angle of 90°  under simulated coal-fired boiler environment. Further, in 

case of nanostructured AICrN coating; the signs of coating removal and shallow impact 

crater have been observed (Fig. 6.28.c). EDAX analysis shows the presence of Al and Fe 

along with 0 as the main elements along with very less amount of chromium. The 

erodent impacts causes cracking and fracture of the coating and thus removed the 

coating completely. 

The micrograph of the conventional TiAIN coating (Fig.6.28.d) revealed the signs 

of brittle fracture and removal of oxide layer at various locations. When the eroding 

particle strikes the surface of the coating at 90° the material is severely damaged and 

fractured as shown in Fig. 6.28 (d). EDAX analysis shows the presence of Al, Ti and 0 as 

the main elements along with very less amount of Fe, Cr and Mo; indicating that the 

coating is still there after three hours continuous erodent impacts at an impact velocity 

of 35 ms-1  and impingement angle of 90°  when substrate temperature was 400°C and 

surrounding air at 900°C. The coating has successfully protected the substrate. 

Further in case of conventional AICrN coating, the erodent particle impacts have 

severely damaged the coating by causing cracking and fracture. EDAX analysis revealed 

the presence of Al, 0 and Fe as the main elements with small amount of Mo and Cr; 

indicating that the coating has failed to protect the substrate and hence exposed the 

substrate (Fig.6.28.e). 
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In case of 30° impact, Micrographs (Fig.6.29) for the eroded surfaces of uncoated 

and coated T-22 boiler steel clearly indicates presence of retained erodent, the 

formation of wider and shallow crater, crack propagation, oxide fracture and removal 

and coating fracture. In case of uncoated boiler steel; the micrographs (Fig.6.29.a) 

revealed the severe deformation at the surface resulting in formation of craters with 

minor cracks. EDAX analysis revealed the presence of Fe, Al and 0 as the main elements 

on the eroded area, which indicates the formation of iron oxide due to oxidation and 

presence of retained erodent i.e. alumina. In case of nanostructured TiAIN coating 

(Fig.6.29.b); the micrograph revealed retained erodent, shallow impact craters with 

wider impact zone. EDAX analysis shows the presence of Ti and Al along with N as the 

main elements (which are main elements of coating) along with very less amount of Mo, 

Fe and 0. The erodent impacts causes shallow craters but fails to remove the coating 

completely. The coating has shown full protection to the substrate eroded under 

simulated coal-fired boiler environment. Micrograph in case of nanostructured AICrN 

coatings (Fig.6.29.c); revealed shallow impact craters with retained erodent. EDAX 

analysis indicates the presence of Fe, Al and 0 as the main elements along with some 

amount of Cr, N and Mo. It can be inferred that the nanostructured AICrN coating gets 

severely damaged and fractured when the eroding particle strikes the surface of a 

coating at 30° and failed to protect substrate. 

The micrograph of the conventional TiAIN coating (Fig.6.29.d) revealed the oxide 

fracture and removal at various locations along with craters. When the eroding particle 

strikes the surface of the coating at 30° the material is severely damaged and fractured 

as shown in Fig. 6.29 (d). EDAX analysis shows the presence of Al, Ti and 0 as the main 

elements along with very less amount of Fe, Mo and Cr. Further in case of conventional 

AICrN coating, the erodent particle impacts have severely damaged the coating by 

causing cracking and fracture. EDAX analysis revealed the presence of Al and Cr as the 

main elements with small amount of 0, N and C; indicating that the coating has shown 

protection to the substrate (Fig.6.29.e). It can be inferred that the conventional TiAIN 

and AICrN coatings were still there after three hours continuous erodent impacts at an 

impact velocity of 35 ms-1  and impingement angle of 30°  when substrate temperature 

was 400°C and surrounding air at 900°C. These coatings have successfully protected 

the substrate. 
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Fig. 6.29 Surface-scale morphology and EDAX patterns from different spots on eroded uncoated 

and coated ASTM-SA213-T-22 boiler steel exposed to high temperature erosion studies 

in simulated coal-fired boiler environment at impact angle 30°: (a) Uncoated T-22 boiler 

steel, (b) Nanostructured TiAIN coating, (c) Nanostructured AICrN coating, (d) 

Conventional TiAIN coating, (e) Conventional AICrN coating 
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6.4.2 Discussion 

In erosion testing, the material is eroded by continuous impact of erodent 

particles; the erosion starts at the centre first, and then proceeds towards the edges of 

the samples. The shape of developed scar depends on the angle of impact. When 

erodent strikes the surface at an impact angle of 90°, material is eroded creating a 

circular depression; while at a 30°  impact angle, material is eroded forming an elliptical 

shape depression. The erosion rate for uncoated and coated T-22 boiler steel at an 

impact velocity of 35 ms-1  and impingement angle of 30°  and 90° when substrate 

temperature was 400°C and surrounding air at 900°C; is shown in Fig. 6.27. The 

volume erosion rate for uncoated T-22, nanostructured thin TiAIN, nanostructured thin 

AICrN, conventional thick TiAIN and conventional thick AICrN coatings; is 0.38425 X10-3 , 

0.03544 X103, 0.0819 X10-3, 2.135 X10-3  and 2.0287 X10-3  mm3/gm respectively at 90° 

impact angle. Based on the present data the erosion rates for 90° impact angle can 

be arranged in the following order: 

Conventional TiAIN > Conventional AICrN > Bare T-22 > Nanostructured AICrN > Nanostructured TiAIN 

It can be inferred from the above data that the relative erosion resistance of 

conventional thick TiAIN coating is least among the uncoated and coated T-22 boiler 

steel specimens. Further, the SEM/EDAX analysis (Fig.6.28) indicates that in case of 

nanostructured and conventional TiAIN coated T-22 boiler steel; the coating is still there 

after three hours continuous erodent impacts at an impact velocity of 35 ms-1  and 

impingement angle of 90°  when substrate temperature was 400°C and surrounding 

air at 900°C. These coatings have successfully protected the substrate. The 

nanostructured and conventional AICrN hard coatings were removed by the 

continuous strikes of the eroding particles on the surface of the coating at 90° (Fig.6.28). 

While at 30° impact, the volume erosion rate for uncoated T-22, 

nanostructured thin TiAiN, nanostructured thin AiCrN, conventional thick TAN and 

conventional thick AICrN coatings; is 0.4196 X10-3, 0.0691 X10-3, 0.0426 X103, 3.01725 

X10-3  and 1.636 X10-3  mm3/gm respectively. Based on the present data the erosion 

rates for 30° impact angle can be arranged in the following order: 

Conventional TiAIN > Conventional AICrN > Bare T-22> Nanostructured AICrN > Nanostructured TiAIN _ 
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It can be inferred from the above data that the relative erosion resistance of 

conventional thick TiAIN coating is least among the uncoated and coated T-22 boiler 

steel specimens. The erosion resistance sequence for the conventional coatings is 

independent of the impact angle in this case. Further, the SEM/EDAX analysis 

(Fig.6.29) indicates that in case of conventional and nanostructured TiAIN and 

conventional AICrN coated T-22 boiler steel; the coating is still there after three hours 

continuous erodent impacts at an impact velocity of 35 ms-1  and impingement angle of 

30°  when substrate temperature was 400°C and surrounding air at 900°C. These 

coatings have successfully protected the substrate. The nanostructured AICrN coating 

was removed by the continuous strikes of the eroding particles on the surface of the 

coating at 30° (Fig.6.29). 

The solid particle erosion rate of the uncoated and nanostructured thin TiAIN 

and AICrN coated T-22 boiler steel as shown in Fig.6.27 indicated that maximum 

erosion took place at 30° impact angle, which indicate ductile behavior as proposed by 

Murthy et al (2001). Authors suggested that the material subjected to erosion initially 

undergoes plastic deformation and is later removed by subsequent impacts of the 

erodent on the surface. The ploughing occurs by the impact of the erodent particles and 

lips or ridges are formed at the bank of the craters. These lips are fractured or removed 

with further erosion. At low erosion temperatures, at high impact velocities and feed 

rates, there is no oxide scale. Even if there is any oxide scale, it will be very thin and it 

will be able to deform in the same manner as that of the substrate target. The works of 

Shida and Fujikawa (1985), Singh and Sundararajan (1990) Levy et al., (1986) can be 

considered elevated temperature erosion of metals with minimum or negligible 

oxidation. Under such circumstances, erosion takes place from the metallic surface and 

this mechanism of erosion is called metal erosion. Most of the metallic materials, 

irrespective of temperature of erosion, exhibit a ductile behavior, i.e. a maximum 

erosion rate at oblique impact angles (Tabakoff and Vittal, 1983). The erosion behavior in 

this regime is similar to the ambient temperature erosion behavior of metallic materials. 

The erosion response in the metal erosion regime is ductile as described by Bellman and 

Lavy (1981). Authors suggested that the creation of platelet-like edges by impact 

extrusion protrude outward over adjacent material and the loss of these platelets 

appears to be responsible for the mass loss. Authors have further explained that 
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repeated deformation of craters and forming of new craters is common and some 

platelets are extruded several times before getting knocked off. 

Sundararajan and Roy (1997) proposed a model of metal erosion and oxide 

erosion. According to his model if steady state thickness of the oxide scale is smaller 

than the critical thickness of the oxide scale, three modes of interaction between 

erosion and oxidation are possible. In the first case, which applies either when there is 

no oxide scale or when the depth of deformation is much higher than the thickness of 

the oxide scale (as in the case of uncoated and nanostructured thin coated T-22 boiler 

steel in present case), metal erosion becomes important (presented in Figs 6.30. a & b). 

In the second case, when the depth of deformation is smaller than the steady state 

thickness of the oxide scale, erosion of the oxide scale takes place as illustrated in Fig. 

6.30 (c). 

Fig. 6.30 Schematic representation of (a) & (b); metal erosion, and (c) oxide erosion 
illustrating the nature of interaction between the oxide scale and the 
substrate during erosion (Sundararajan and Roy 1997) 
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The solid particle erosion rate of the conventional thick TiAIN coated T-22 

boiler steel as shown in Fig.6.27 indicated that maximum erosion took place at 30° 

impact angle, which indicate ductile behavior of the conventional coatings. The solid 

particle erosion rate of the conventional thick AICrN coated T-22 boiler steel as 

shown in Fig.6.27 indicated that maximum erosion took place at 90° impact angle, 

which indicate brittle behavior of the conventional coatings. In case of brittle materials; 

loss in solid particle erosion occurs predominantly through the formation and 

interaction of a subsurface micro crack network (Guessasma et al., 2006). So in 

conventional thick AICrN coatings; the erosion rate was high at normal impact and low 

at oblique impact. Whereas in case of conventional thick TiAIN coating; the erosion rate 

was high at oblique impact and low at normal impact. 

The difference in erosion rates for shallow and normal impact angles can be 

attributed to the different material removal mechanisms in these two cases. At low 

angle impact, the kinetic energy of the erodent particles contributes mainly to the 

ploughing mechanism and very little to normal repeated impact. The ploughing 

mechanism is associated with the plastic smearing and cutting of the materials, while the 

repeated impact mechanism is responsible for initiating and propagating the grain 

boundary microcracks. Brittle materials are not easily plastically deformed. Hence the 

material removal rate is low in case of brittle materials and higher in case of ductile 

materials. At high angle impact, the kinetic energy of the impinging particles contributes 

mainly to repeated impact. Brittle nature of the materials allows the cracks readily to 

propagate to form crack networks. The subsequent impacts will easily remove the 

surface material via the ejection of the upper layer grains. Hence the material removal 

rate is high in brittle materials. Figure 6.31 shows schematically the fracture of coatings 

dependent on impact angle. It is shown schematically how an impinging solid particle 

can damage coating surfaces. 

From the present study, it can be inferred that that in case of conventional thick 

AICrN coating; the erosion rate of alloys was more at 90°  impact angle, which is the 

characteristic erosion behavior of brittle materials. The solid particle erosion rate of the 

uncoated, conventional thick TiAIN and nanostructured thin TiAIN and AICrN coated 

T-22 boiler steel as shown in Fig.6.27 indicated that maximum erosion took place at 

30° impact angle, which indicate ductile behavior. 
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Fig. 6.31 Schematic representation of coating fracture dependent on impact angle; (a) 
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6.4.3 Conclusions 

The erosion behavior of conventional thick (by plasma spraying and gas nitrided) 

and nanostructured thin (by physical vapor deposition process) TiAIN and AICrN coatings 

on ASTM-SA213-T-22 boiler steel at an impact velocity of 35 ms-1  and impingement 

angle of 90°  and 30°  when substrate temperature was 400°C and surrounding air at 

900°C; has been analyzed. The following conclusions are made: 

1. The erosion rates for 90° impact angle can be arranged in the following order: 

Conventional TiAIN > Conventional AICrN > Bare T-22 > Nanostructured AICrN > 

Nanostructured TiAIN 

2. The nanostructured and conventional TiAIN coatings have successfully 

protected the substrate at 90° impact. The nanostructured and conventional 

AICrN hard coatings were removed by the continuous strikes of the eroding 

particles on the surface of the coating at 90° impact. 
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3. At 30° impact, the volume erosion rate can be arranged in the following 

order: 

Conventional TiAIN > Conventional AICrN > Bare T-22 > Nanostructured AICrN > 

Nanostructured TiAIN 

4. The conventional and nanostructured TiAIN and conventional AICrN coatings 

have successfully protected the substrate. The nanostructured AICrN coating 

was removed by the continuous strikes of the eroding particles on the surface of 

the coating at 30° impact. 

5. In case of conventional thick AICrN coating; the erosion rate was more at 90°  

impact angle, which is the characteristic erosion behavior of brittle materials. The 

solid particle erosion rate of the uncoated, conventional thick TiAIN and 

nanostructured thin TiAIN and AICrN coated T-22 boiler steel was maximum at 

30° impact angle, which indicate ductile behavior. 
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Where Da  = anodic Tafel slope, 1,= cathodic Tafel slope, RI, = polarization resistance and, 

Z is a function of the Tafel slopes. 

In potentiodynamic polarization tests the nanostructured AICrN coating showed 

good corrosion resistance as evident from corrosion current density (0.87 pA/cm2) and 

polarization resistance (27.39 kO-cm2) values reported in Table.6.7. All the coatings 

have performed well in 3 wt. % NaCI solution when compared to the behavior of the 

substrate steel. The measured corrosion current density for uncoated T-22 boiler steel, 

nanostructured thin TiAIN, nanostructured thin AICrN, conventional thick TiAIN and 

AICrN coatings is 17.02, 4.72, 0.87, 8.97 and 3.93 pA/cm2  respectively. 

From polarization test results, the protective efficiency, Pi  (%) of the coatings can 

be calculated by Eq. (6.5): 

Pi (%) = {1 Pg211 X 100 l*corr 

Where iCOIT and Pcorr  indicate the corrosion current density of the coating and 

substrate, respectively (Yoo et at., 2008). 

Table 6.8 	Results of Potentiodynamic Polarization Tests of uncoated and 
coated ASTM-SA213-T-22 boiler steel 

Substrate / Coating Ecorr 

(mV) 

icorr 

( M/cm2) 

Pa 

(V/decade) 

Pc 

(V/decade) 

RP  

(ka-cm2  ) 

Pi  

(%) 

F 

(%) 

Uncoated T-22 boiler steel -540.2 17.02 0.0632 1.180 01.53 -- - 

Nanostructured TiAIN -457.4 04.72 0.0902 0.398 06.76 72.26 01.100 

Nanostructured AICrN -436.6 00.87 0.0806 0.172 27.39 94.88 00.280 

Conventional TiAIN -551.7 08.97 0.2000 0.149 04.13 47 02.430 

Conventional AICrN -849.9 3.93 0.1430 0.098 06.42 76.87 0.0003 

(6.5) 
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Fig. 6.32 Potentiodynamic Polarization Curves for uncoated and coated ASTM-SA213- 

T-22 boiler steel 

Figure 6.33 shows the variation in protective efficiency and polarization 

resistance of uncoated and coated T-22 boiler steel subjected potentiodynamic 

polarization test. The nanostructured thin AICrN coating showed the highest protective 

efficiency of 94.88% with lowest corrosion current density of 0.059 gA/cm2. The 

nanostructured TiAIN, conventional thick TiAIN and AICrN coatings have shown 

protective efficiency 72.29%, 47.27% and 76.87% respectively. The observed protection 

by the nanostructured TiAIN and AICrN coatings in an aerated 3 wt.% NaCI solution at 

room temperature, are almost in agreement with the findings of Yoo et al. (2008) and 

Xing-zhao et al. (2008). 
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Fig. 6.33 Protective efficiency and Polarization resistance of uncoated and coated 

ASTM-SA213T-22 	boiler steel: (A) Uncoated T-22 boiler steel, (B) 

Nanostructured TiAIN coating, (C) Nanostructured AICrN coating, (D) 

Conventional TiAIN coating, (E) Conventional AICrN coating 

For further justification the porosity values has also been measured 

quantitatively by the electrochemical methods [Yoo et al., 2008] according to Eq. (6.6) 

and reported in Table.6.8: 

F(%)=I 	 x 
Rp 

10_1.1Ecorri_all 
I Y  X 100 (6.6) 

Where dEcorr the corrosion potential difference between the substrate and coating layer, 

Rp  the polarization resistance of the coating-substrate system, A the anodic Tafel 

constant of substrate, Rpm  is the polarization resistance of the substrate and F represent 

porosity. 

The porosity measurement of the coatings is presented in 	6.8. The 

conventional thick AICrN coating has shown minimum porosity of 0.0003% and 

conventional thick TiAIN has shown maximum porosity (2.43%). The porosity 

measurement by electrochemical test analysis and with image analyser, having software 

Dewinter Materials Plus 1.01 based on ASTM B276, are having different results. The 

difference in the measured porosity by these two methods in case of nanostructured 
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TiAIN and conventional AICrN coatings may be because that image analysis (1A) 

measures both open as well as closed porosity and cannot distinguish between the two, 

whereas electrochemical test is able to assess pore connectivity in a coating that exists 

due to the interlamellar pores and intralamellar cracks (Deshpande et al., 2004). The 

porosity also affects the corrosion current density, as more is the connected porosity the 

higher is the corrosion current. 

6.5.1.2 Salt spray (Fog) testing 

The ASTM 8117 Salt Fog test was used to evaluate the performance of the 

uncoated and nanostructured thin TiAIN and AICrN coated ASTM-SA213-T-11 boiler 

steel. The salt fog test is an accelerated corrosion test by which samples exposed to the 

same conditions can be compared. In the B117 test, the samples are exposed to a salt 

fog generated from a 5% sodium chloride solution with a pH between 6.5 and 7.2. All the 

samples were placed in the salt fog chamber for 24 Hrs, 48 Hrs and 72 Hrs. Photographs 

were taken before and subsequent to exposure to document the surface conditions. 

Initial weight and dimensions were measured. After exposure; samples were monitored 

and analyzed by using XRD and SEM/EDAX techniques. Then all the samples were 

cleaned in running water not warmer than 38°C to remove salt deposits from the surface 

and then immediately dried with compressed air. 

The macro morphologies of the uncoated and nanostructured thin TiAIN and 

AICrN coated T-22 boiler steel exposed to salt fog test for 24 Hrs, 48 Hrs and 72 Hrs; are 

depicted in Fig.6.34. The uncoated T-22 boiler steel suffered severe corrosion in all three 

test conditions i.e. 24 Hrs, 48 Hrs and 72 Hrs (Fig.6.34.A). The brownish colored 

corrosion product on the surface of the samples and corrosion pits are visible. The 

nanostructured coated samples have shown resistance to the corrosion as compared to 

the uncoated T-22 boiler steel. The nanaostructured TiAIN coatings have shown 

negligible corrosion products in case of 24 Hrs study, but for 48 Hrs and 72 Hrs studies, 

these have shown the formation of some corrosion products (Fig.6.34.B). In case of 

nanostructured AICrN coating, some corrosion products can be seen on the surface in all 

the three test durations but still very less as compared to the uncoated T-22 boiler steel. 
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48 hrs 

72 hrs 

Fig. 6.34 Surface macrographs of uncoated and coated ASTM-SA213-T-22 boiler steel 

subjected to salt-fog testing (5% NaCI): (A) Uncoated T-22 boiler steel 

subjected to 24hrs, 48hrs and 72 hrs testing; (B) Nanostructured TiAIN 

coating subjected to 24hrs, 48hrs and 72 hrs testing; (C) Nanostructured 
AICrN coating subjected to 24hrs, 48hrs and 72 hrs testing 

Figure 635 shows the surface SEM images with EDAX point analysis of uncoated 

and nanostructured TiAIN and AICrN coated T-22 boiler steel exposed to salt fog test for 

24 Hrs. As can be seen in Fig.6.35 (a), massive corrosion products were accumulated on 

the surface of uncoated T-22 boiler steel. The EDAX analysis at some.locations of interest 

points out the presence of iron and oxygen on the corroded surface (Point 1 and 2 on 

Fig.6.35). 
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Fig. 6.35 Surface macrographs of uncoated and coated ASTM-SA213-T-22 boiler steel 

subjected to salt-fog testing (5% NaCI) for 24 hrs: (a) Uncoated ASTM-SA213-T-22 

boiler steel (b) Nanostructured TiAlN coating (c) Nanostructured AICrN coating 

In case of nanostructured thin TiAIN and AICrN coatings; no corrosion products were 

visible (Fig.6.35.b and c). The EDAX point analysis (Point 3 to 6 in Fig.6.35) revealed the 

presence of the coating elements with negligible presence of Fe and 0. So, in case of 24 Hrs test 

conditions; the nanostructured thin coatings have performed well and protected the substrate 

material. 
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Fig. 6.36 Surface macrographs of uncoated and coated ASTM-SA213-T-22 boiler steel 
subjected to salt-fog testing (5% NaCI) for 48 hrs: (a) Uncoated ASTM-SA213-T-22 
boiler steel (b) Nanostructured TIAIN coating (c) Nanostructured AICrN coating 

Figure 6.36 shows the surface SEM images of uncoated and nanostructured TiAIN and 

AICrN coated T-22 boiler steel exposed to salt fog test for 48 Hrs. The uncoated T-22 boiler steel 

has shown severe corrosion as shown in Fig.6.36 (a). Corrosion cracks and corrosion products 

can be seen on the surface. The EDAX analysis shows the presence of Fe and 0 as the main 

elements along with some Mn, CI and Na. As can be seen in Fig.6.36 (b and c), the as-deposited 

nanostructured TiAIN and AICrN coatings were cracked after salt spray tests. 
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Fig. 6.37 Surface macrographs of uncoated and coated ASTM-SA213-T-22 boiler steel 

subjected to salt-fog testing (5% NaCI) for 72 hrs: (a) Uncoated T-22 boiler steel (b) 

Nanostructured TiAIN coating (c) Nanostructured AICrN coating 

Massive corrosion products were accumulated around the corrosion crevice. Obviously, 

severe corrosion would proceed in the as-deposited nanostructured thin coatings through the 

cracks, and cause coating cracking and fracture damage in the subsequent service at elevated 

temperatures. EDAX analysis (Point 3 and 4 on Fig.6.36) in case of nanostructured TiAIN coating 

indicates the products were composed of Fe and 0. 
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The corrosion products in case of nanostructured AICrN coating were found rich 

in iron and oxygen with some amount of Al, Cr and Mn (Point 3 and 4 on Fig.6.36). The 

surface SEM images of uncoated and nanostructured TiAIN and AICrN coated T-22 boiler 

exposed to salt fog test for 72 Hrs; are shown in Fig.6.37. Massive corrosion products 

were accumulated on the surface in case of uncoated T-22 boiler steel after salt fog 

tests. EDAX analysis (Point 3 and 4 on Fig.6.37) in case of nanostructured TiAIN coating 

indicates the products composed of Fe and 0. In case of nanostructured thin AICrN 

coating; EDAX point analysis (Point 5 on Fig.6.37) revealed the presence of Al and Cr as 

the main element in the un-corroded area of the surface and Fe and 0 rich corrosion 

products (Point 6 on Fig.6.37). 

XRD diffractograms for coated and uncoated T-22 boiler steel subjected to salt 

fog tests for 24 Hrs, 48 Hrs and 72 Hr; are depicted in Fig.6.38 on reduced scale. As 

indicated by the diffractograms in Fig.6.38, Fe304 and with some minor peaks of Cr2O3  

are the main phases present in the oxide scale of uncoated T-22 boiler steel. In 

nanostructured TiAIN coating, AIN, TiN and Fe304  are the main phases revealed with 

minor phases i.e. TiO2  and A1203. Further, the main phases identified for the 

nanostructured AICrN coating are CrN, AIN along with A1203, Cr2O3 and Fe304. The 

formation of Fe304  in the scale of corroded specimens in salt spray tests is found to be 

in agreement with those reported by Bijayani et al. (2008) and Vera et al. (2009). 

The weight loss measurements were carried out for the uncoated and 

nanaostructured thin TiAIN and AICrN coated T-22 boiler steel exposed to the salt fog 

tests for 24 Hrs, 48 Hrs and 72 Hrs. Fig. 6.39, depicts the column chart showing the 

weight loss per unit area for the uncoated and coated T-22 boiler steel. it can be inferred 

from the plots that the uncoated T-22 boiler steel has shown maximum weight loss per 

unit area in all the three test durations i.e. 24 Hrs, 48 Hrs and 72 Hrs tests; as compared 

to the coated counterparts. Both the coatings have shown good protection to the 

substrate in terms of weight loss per unit area. As can be seen in Fig.6.39 for uncoated 

and coated T-22 boiler steel; the weight loss per unit area increases with the duration of 

the test. The weight loss per unit area in case of nanosructured thin TiAIN coating is less 

than as compared to the nanostructured AICrN coating and uncoated boiler steel in all 

test conditions. 
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Fig. 6.38 X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-22 boiler 

steel subjected to salt-fog testing (5% NaCI) for 24 Hrs, 48 Hrs and 72 Hrs: (A) 

Uncoated T-22 boiler steel, (B) Nanostructured TiAIN coating, (C) 

Nanostructured AICrN coating 

It can be mentioned based on the present investigation that nanostructured thin 

TiAIN and AICrN coatings can provide a very good corrosion resistance when exposed to 

the simulated marine environment i.e. salt fog test. 

Salt spray corrosion is an electrochemical reaction process (Bao, et al., 2007). 

Generally, the corrosion resistance is influenced significantly by several factors, such as 

compositions, internal microstructure, and especially the surface condition. The 

proposed corrosion mechanism of the coated specimen is as explained in Fig.6.40; which 

is similar to the one reported by Bao et al. (2007). Micro-cracks got initiated by residual 

stress during deposition of coatings. The micro-cracks would be corroded easily and the 

solution would infiltrate into loose corrosion products and reach crack tip to sustain the 

internal corrosion, followed by crack propagation (Fig. 6.40 b and c). 
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Fig. 6.39 Column chart showing weight loss per unit area for the uncoated and coated 

ASTM-SA213-T-22 boiler steel subjected to salt-fog testing (5% NaCI) : (A) 

Uncoated T-22 boiler steel subjected to 24hrs, 48hrs and 72 hrs testing; (B) 

Nanostructured TiAIN coated T-22 boiler steel subjected to 24hrs, 48hrs and 

72 hrs testing; (C) Nanostructured AICrN coated T-22 boiler steel subjected 

to 24hrs, 48hrs and 72 hrs testing 

Fig. 6.40 Corrosion evolution of the as-deposited coatings in salt spray test; a: 

initiation of corrosion micro-crack, b: cracks propagation, c: crack branching, 
d: formation of corrosion hole (Bao et al., 2007) 
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This process obeys the rules of crevice corrosion. Acidity in the cracks increased 

significantly as neutralization was not easily obtained by exchanging solution between 

inside and outside the cracks. An ascending acidity accelerates the corrosion attack and 

results in an unfavourable inner structure. When the acid solution flows across pores, 

corrosion will take place and enlarge a pore to a corrosion hole. 

6.5.2 Conclusions 

The corrosion behavior of conventional thick (by plasma spraying and gas nitrided) and 

nanostructured thin (by physical vapor deposition process) TiAIN and AICrN coatings on 

ASTM-SA213-T-22 boiler steel, has been analyzed by electrochemical methods i.e. linear 

polarization resistance (LPR) and potentiodynamic polarization tests in an aerated 3.0 

wt% NaCI solution at room temperature; and salt spray (Fog) tests (5.0 wt% NaCI). The 

following conclusions are made: 

1. In Linear polarization resistance (LPR) test, the corrosion current densities of all 

the coatings were found much lower than that of the substrate. The corrosion 

resistance of the coatings and substrate followed the sequence: 

Nanostructured TiAIN > Nanostructured AICrN > Conventional TiAIN > 

Conventional AICrN > Substrate 

2. In Potentiodynamic Polarization test, the corrosion current densities of the 

coatings were found lower than that of the substrate steel. All the coatings have 

performed well in 3 wt. % NaCI solution when compared to the behavior of 

substrate steel. 

3. The corrosion current densities of the substrate and the coatings in 

Potentiodynamic Polarization test were found much lower as compared to the 

LPR test (at initial stage) results. The corrosion resistance of the coatings and 

substrate followed the sequence: 

Nanostructured AICrN > Conventional AICrN > Nanostructured TiAIN > 

Conventional TiAIN > Substrate 

4. The measured protective efficiency for nanostructured thin TiAIN, 

nanostructured thin AICrN, conventional thick TiAIN and conventional thick AICrN 

coatings is 72.26%, 94.88%, 47.27% and 76.87% respectively. 
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5. The porosity values measured for nanostructured thin TiAIN, nanostructured thin 

AICrN, conventional thick TiAIN and conventional thick AICrN coatings, which are 

1.05%,0.19%, 0.0003% and 0.0159% respectively. 

6. In salt spray tests; the uncoated T-22 boiler steel suffered severe corrosion in all 

three test conditions i.e. 24 Hrs, 48 Hrs and 72 Hrs. The nanostructured coated 

samples have shown resistance to the corrosion as compared to the uncoated T-

22 boiler steel. 

7. The weight loss per unit area increases with the duration of the test. The weight 

loss per unit area in case of nanosructured thin TiAIN coating is less than as 

compared to the nanostructured AICrN coating and uncoated boiler steel in all 

test conditions. 

8. It can be mentioned based on the present investigation that nanostructured thin 

TiAIN and AICrN coatings can provide good corrosion resistance when exposed to 

the simulated marine environment i.e. salt fog test. 
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6.6 EROSION-CORROSION STUDIES IN INDUSTRIAL ENVIRONMENT 

After conducting the various experiments on uncoated and coated ASTM-SA213- 

T-22 boiler steel in lab; the present research work has been focused to investigate and 

compare the high temperature corrosion and erosion behavior of conventional thick (by 

plasma spraying and gas nitrided) and nanostructured thin (by physical vapor deposition 

process) TiAIN and AICrN coatings on T-22 boiler steel, in actual industrial environment 

of coal fired boiler. The uncoated and coated specimens were exposed to low 

temperature super-heater zone of the coal fired boiler of Guru Nanak Dev Thermal 

Power Plant, Bathinda, Punjab, India. The specimens were hanged in the platen super-

heater of coal fired boiler where the gas temperature was around 900°C ± 10°C. Hot 

corrosion experiments were performed for 10 cycles, each cycle consisting of 100 hours 

exposure followed by 1 hour cooling at ambient temperature. The detailed experimental 

procedure is explained in chapter 3. 

6.6.1 Results 

6.6.1.1 Visual observations 

The macrographs for bare and coated ASTM-SA213-T-22 boiler steel exposed to 

super-heater of the coal fired boiler environment at 900°C for 1000 hours are shown in 

Fig.6.41. For the uncoated T-22 boiler steel, a dark grey colored fragile scale appeared 

on the surface right from the 1St  cycle. Ash deposition has also been started after the 1st  

cycle and the sample showed spalling and gets welded with the wire with which it was 

hanged in the boiler environment. After every cycle; the samples were washed with 

acetone in order to remove ash deposited before weight measurement. Erosion was also 

observed after 2nd  cycle along the edges. Ash deposition, erosion and severe spalling in 

case of bare T-22 boiler steel continue to the last cycle. At the end of cyclic study, ash 

deposited fragile scale with severe spalling and dark grey colored surface appearance 

and visible cracks; was observed which can be also seen in Fig.6.41 (a). 
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Fig. 6.41 	Surface macrographs of uncoated and coated ASTM-SA213-T-22 boiler steel 

exposed to super-heater of the coal fired boiler environment at 900°C for 1000 

hours: (a) Uncoated T-22 boiler steel, (b) Nanostructured TiAIN coating, (c) 
Nanostructured AICrN coating, (d) Conventional TiAIN coating, (e) Conventional 

AICrN coating 

In case of nanostructured thin TiAIN coated T-22 boiler steel, color of the oxide 

scale at the end of the study was observed to be brownish grey as shown in Fig.6.41 (b). 

Ash deposition has started after the 1st  cycle and the sample showed spalling and it gets 

welded with the wire with which it was hanged in the boiler environment. During 3rd 
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cycle some scale at one of the corners gets broken and fallen in the boiler. Ash 

deposition, erosion and spalling continued to last cycle. The nanostructured thin AICrN 

coated T-22 boiler steel has shown the formation of dark blackish grey colored scale 

with some brownish colored spots as shown in Fig.6.41 (c). After 1St  cycle, grey colored 

scale with some golden spots was seen on the surface with ash deposition without any 

sign of spalling. The scale shows spalling during 3rd  cycle and the sample gets welded to 

the wire. During 6th  cycle; some scale at one of the corners gets broken and fallen in the 

boiler. The ash deposition, erosion and spallling continue till the end. 

A visual observation of conventional thick TiAIN coated T-22 boiler steel 

(Fig.6.41.d), showed the formation of light grey colored scale at the end of the study. 

The scale was rough and adherent to the substrate. The sample gets welded to the wire 

after 3rd  cycle. In case of conventional thick AICrN coated T-22 boiler steel, color of the 

ash deposited oxide scale was dark grey with some signs of a spalled area at the end of 

the study (Fig.6.41.e). The scale was found to be adherent. No spalling was observed till 

4th cycle after which the sample gets welded to the wire and showed spalling and signs 

of erosion. 

6.6.1.2 Weight change and sample thickness measurements 

Weight gain per unit area (mg/cm2) versus time expressed in number of cycles 

plot for coated and bare ASTM-SA213-T-22 boiler steel exposed to super-heater of the 

coal fired boiler environment at 900°C for 1000 hours; is presented in Fig. 6.42. However 

weight change data could not be of much use for predicting the corrosion behavior 

because of suspected spalling and ash deposition on the specimens. Although the 

specimens were washed with acetone after every cycle before weight measurement in 

order to remove ash deposited yet it was difficult to remove the ash completely. Hence 

extent of corrosion could only be monitored by measuring the thickness of the un-

reacted sample after the total exposure of 1000 hrs i.e. measuring scale thickness in 

cross-sectional view. 

It can be inferred from the plots (Fig.6.42) that the uncoated and nanostructured 

thin TiAIN coated T-22 boiler steels have shown high weight gain as compared to the 

conventional thick and nanostructured AICrN coatings. 
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Fig. 6.42 Weight gain/area vs time for uncoated and coated ASTM-SA213-T-22 boiler 
steel exposed to super-heater of the coal fired boiler environment at 900°C 
for 1000 hours 
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The erosion-corrosion rate in case of nanostructured coatings was very less 
— rd during first two cycle and then increases rapidly during 6 cycle and followed by gradual 

increase in erosion-corrosion rate. In case of conventional coatings; the initial erosion-

corrosion rate is high during initial cycle which becomes gradual in the subsequent 

cycles. The conventional coatings have shown much less weight gain as compared to the 

uncoated T-22 boiler steel. The nanostructured coatings have shown gain in weight in 

between the gain in case of uncoated and conventional coatings (Fig.6.42). The 

conventional AICrN coating has shown minimum erosion-corrosion rate and weight gain. 

Bar chart in Fig.6.43 indicates the overall gain/loss in the thickness (in mm) of the 

specimen. All the coatings and bare T-22 boiler steel have shown increase in overall 

thickness after erosion-corrosion for 1000 hrs. The thickness of the specimens was 

measured before and after the erosion-corrosion test and average of ten values has 

been used to calculate the thickness gain/loss. The measured average gain in overall 

specimen thickness values for uncoated T-22, nanostructured thin TiAIN, nanostructured 

thin AICrN, conventional thick TiAIN and AICrN coatings are 4.446, 4.453, 3.893, 0.973 

and 1.234 mm respectively. 

6.6.1.3 Surface scale analysis 

6.6.1.3.1 X-ray diffraction analysis (XRD) 

XRD diffractograms for coated and uncoated ASTM-SA213-T-22 boiler steel 

exposed to super-heater of the coal fired boiler environment at 900°C for 1000 hours; 

are depicted in Fig.6.44 (a and b) on reduced scale. As indicated by the diffractograms 

Fe203, A1203  and Si02  are the main phases present in the oxide scale of coated and 

uncoated T-22 boiler steel. In case of conventional thick AICrN coating; the presence of 

SiO2  is not observed in the oxide scale -(Fig.6.44). 

6.6.1.3.2 Surface scale morphology 

SEM micrographs along with EDAX point analysis reveals the surface morphology 

of the coated and uncoated ASTM-SA213-T-22 boiler steel exposed to super-heater of 

the coal fired boiler environment at 900°C for 1000 hours; are shown in Fig.6.45. 
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Fig. 6.44 (a) X-Ray Diffraction pattern of uncoated and coated ASTM-SA213-T-22 boiler 

steel exposed to platen superheater of the coal fired boiler environment at 

900°C for 1000 Hrs: (A) Uncoated T-22 boiler steel, (B) Nanostructured TiAIN 

coating, (C) Nanostructured AICrN coating 

Fig. 6.44 (b) X-Ray Diffraction pattern of coated ASTM-SA213-T-22 boiler steel exposed to 

platen superheater of the coal fired boiler environment at 900°C for 1000 

Hrs: (A) Conventional TiAIN coating, (B) Conventional AICrN coating 
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Fig. 6.45 Surface-scale morphology and EDAX patterns from different spots on uncoated and 

coated ASTM-SA213-T-22 boiler steel exposed to platen superheater of the coal 

fired boiler environment at 900°C for 1000 Hrs: (a) Uncoated T-22 boiler steel, (b) 
Nanostructured TiAIN coating, (c) Nanostructured AICrN coating, (d) Conventional 

TiAIN coating, (e) Conventional AICrN coating 
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Very thick scale is observed in case of uncoated and nanostructured coated T-22 

boiler steel. The measured corrosion rate (mpy) for uncoated T-22, nanostructured thin 

TiAIN, nanostructured thin AICrN, conventional thick TiAIN and conventional thick AICrN 

coatings are 911, 775, 508, 208 and 447 mpy respectively. The coatings have shown 

good resistance to the corrosive environment in terms of corrosion rate (Fig.6.48). The 

extent of erosion-corrosion is least in case of conventional TiAIN coating. 

A 
	

B 	 C 	 D 	 E 

Fig. 6.48 Corrosion rate in mils per year (mpy) for uncoated and coated ASTM-SA213- 

T-22 boiler steel exposed to super-heater of the coal fired boiler 

environment at 900°C for 1000 hours: (A) Uncoated T-22 boiler steel, (B) 

Nanostructured TiAIN coating, (C) Nanostructured AICrN coating, (D) 

Conventional TiAIN coating, (E) Conventional AICrN coating 

6.6.1.4.3 X-Ray mapping 

X-ray mappings for a part of oxide scale of uncoated and coated ASTM-SA213-T-

22 boiler steel exposed to super-heater of the coal fired boiler environment at 900°C for 

1n00 hours; are shown in Fig. 6.49. in case of uncoated T-22 boiler steel, the micrograph 

(Fig.6.49.a) indicates a dense scale, which mainly contains iron and oxygen with a thick 

band of Cr near scale/substrate interface, as indicated by X-ray mapping. The X-ray 

mapping analysis of the scale formed on nanaostructured TiAIN coated T-22 boiler steel 

is presented in Fig. 6.49 (b). 

452 



Fe 

0 

Fig. 6.49 (a) Composition image (BSEI) and X-ray mapping of the cross-section of uncoated 
ASTM-SA213-T-22 boiler steel exposed to platen super-heater of the coal fired 
boiler environment at 900°C for 1000 Hrs 
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Micrograph (shown in Fig.6.45.a) for uncoated T-22 boiler steel shows the top 

scale appearance like round tiny particles (Point 2) developed in a matrix (Point 1). EDAX 

analysis reveal the presence of Fe, 0, Al and Si along with small amount of Ca, Mo and V. 

The matrix shows higher percentage of 0, Al and Si and less concentration of Fe as 

compared to the tiny particles. The SEM micrograph of oxidized nanostructured thin 

TiAIN coatings is shown in Fig.6.45 (b). The top scale is similar to that of the uncoated T-

22 boiler steel. EDAX analysis (Point 3 and 4) of the scale revealed the presence of Fe, 0, 

Al and Si as the main elements along with small amount of Ti, Cr, Mg and Mo. In case of 

nanostructured thin AICrN coated T-22 boiler steel, the scale consists of dark grey 

distorted grains (Fig.6.45.c) along with some white contrast spots (Point 6). EDAX point 

analysis at point 6 shows the presence of Al, Si and 0 along with V and Cr with small 

amount of iron, whereas the dark grey region (Point 5) shows maximum concentration 

of Fe along with small amount of Al, Si, Cr and Mo. 

The surface scale developed on conventional thick TiAIN coated T-22 steel 

appears like the surface scale in case of nanostructured thin TiAIN coating. The white 

contrast regions (Fig.6.45.d) have shown higher percentage of Al, Si, 0, Ti, C and less 

concentration of Fe as compared to the matrix (Point 8). A spalled surface scale is 

developed on conventional thick AICrN coated T-22 boiler steel. The top scale is rich in 

Fe, 0 along with Al, Cr, C and Mo (Fig.6.45.e). 

6.6.1.4 Cross-sectional analysis 

6.6.1.4.1 Cross-sectional scale morphology 

Back Scattered Electron Image (BSEI) micrograph and elemental variation across 

the cross-section for coated and uncoated ASTM-SA213-T-22 boiler steel exposed to 

super-heater of the coal fired boiler environment at 900°C for 1000 hours; are shown in 

Fig.6.46. The SEM micrograph (Fig.6.46.a) in case of uncoated T-22 boiler steel shows 

thick scale. Also, the scale is fragile and indicating cracking. EDAX analysis reveals the 

presence of Fe, Mo and 0 throughout the scale along with some amount of Cr and Al. in 

the top scale Al is present as indicated by EDAX analysis at point 1 in Fig.6.46 (a). Also, 

amount of Cr is higher at point 8 near scale/substrate interface. The existence of 

significant amount of iron and oxygen points out the possibility Fe203  in the oxide scale. 

448 



100 
90 
80 
70 
60 

fo  50 
40 
30 
20 
10 
0 

1 2 3 4 5 6 7 
Point of analysis 

8 

100 
90 
80 

"' 70 
60 

"Flo 50 - 
v 40 

30 -
20 
10 

0 

1 	2 	3 	4 	5 	6 
	

7 	8 

Point of analysis 

100 
90 
80 
70 
60 

fo  50 
a) 40 

30 
20 
10 

0 

1 	2 	3 	4 	5 	6 	7 	8 
Point of analysis 

100 
90 
80 
70 

• 60 
fo  50 

41) 40 
30 
20 
10 
0 

1 2 3 4 5 6 7 8 9 

Point of analysis 

449 



1 2 3 4 5 6 7 

Point of analysis 

100 
90 
80 

Z1■.° 70 
60 

-c  50 b.o 
.LI5  40 

30 
20 
10 
0 

8 9 10 

142 

170 776 

4.2 1483 

 

6.3 

 

2261 

2650 

1442 

Fig. 6.46 Oxide scale morphology and variation of elemental composition across the cross-
section of the uncoated and coated ASTM-SA213-T-22 boiler steel exposed to 
platen super-heater of the coal fired. boiler environment at 900°C for 1000 Hrs: (a) 
Uncoated T-22 boiler steel (50 X), (b) Nanostructured TiAIN coating (45 X), (c) 
Nanostructured AICrN coating (70 X), (d) Conventional TiAIN coating (130 X), (e) 
Conventional AICrN coating (82 X) 
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BSEI micrograph and elemental variation depicted in Fig.6.46 (b), for the exposed 

cross-section of nanostructured thin TiAIN coated T-22 boiler steel shows the thick, 

continuous and adherent scale. The EDAX analysis reveals the presence of Fe, Mo and 0 

throughout the scale along with very small amount of Cr. At scale/substrate interface; 

higher concentration of Cr is observed. A thick and adherent oxide scale can be seen in 

case of nanostructured AICrN coated T-22 boiler steel (Fig.6.46.c). The EDAX point 

analysis indicates the presence of Fe, Mo and 0 throughout the scale with variable 

amounts of Al and Cr. The top scale is rich in Fe, 0 and Al as shown by point 1, 2 and 3 in 

Fig.6.46 (c). Also, in the sub-scale region and at scale substrate interface the 

concentration of Al and Cr is higher (point 4 and 7). 

In case of conventional TiAIN coated T-22 boiler steel, the scale is uniform, thin 

and adherent as depicted in Fig.6.46 (d). The EDAX point analysis indicates the presence 

of Fe, 0, Cr, Mo, Ti and Al throughout the scale with variable amounts. The amount of Ti 

and Al in the sub-scale region is higher (Fig.6.46.d). The top scale is rich in Fe, 0 and Mo 

(Point 1, 2 and 3). The concentration of Cr is found more near the scale-substrate region 

(Fig.6.46.d). The conventional thick AICrN coated T-22 boiler steel (Fig.6.46.e) indicates 

uniform, thin and adherent scale. EDAX point analysis shows the presence of Al, Fe, 0 

and Mo throughout the scale. The top scale is rich in Al, Fe and 0 with some amount of 

Mo. The sub scale has shown higher concentration of Al as indicated by points 4, 5 and 6 

in Fig.6.46 (e). 

6.6.1.4.2 Scale thickness 

The oxidized samples were cut across the cross section using Buehler Isomet 

1000 precision saw and mounted in transoptic mounting resin and subsequently mirror 

polished to obtain scanning electron back scattered micrographs and X-ray mapping of 

different elements for coated and uncoated T-22 boiler steel. The scale thickness values 

were measured from SEM back scattered micrographs as shown in Fig.6.46. The extent 

of erosion-corrosion in terms of scale/coating thickness (in microns) and corrosion rate 

in mils per year (mpy) for coated and bare T-22 boiler steel exposed to super-heater of 

the coal fired boiler environment at 900°C for 1000 hours; are shown in Fig.6.47 and 

6.48 respectively. 
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Very thick scale is observed in case of uncoated and nanostructured coated T-22 

boiler steel. The measured corrosion rate (mpy) for uncoated T-22, nanostructured thin 

TiAIN, nanostructured thin AICrN, conventional thick TiAIN and conventional thick AICrN 

coatings are 911, 775, 508, 208 and 447 mpy respectively. The coatings have shown 

good resistance to the corrosive environment in terms of corrosion rate (Fig.6.48). The 

extent of erosion-corrosion is least in case of conventional TiAIN coating. 
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Fig. 6.48 Corrosion rate in mils per year (mpy) for uncoated and coated ASTM-SA213- 
T-22 boiler steel exposed to super-heater of the coal fired boiler 
environment at 900°C for 1000 hours: (A) Uncoated T-22 boiler steel, (B) 
Nanostructured TiAIN coating, (C) Nanostructured AICrN coating, (D) 
Conventional TiAIN coating, (E) Conventional AICrN coating 

6.6.1.4.3 X-Ray mapping 

X-ray mappings for a part of oxide scale of uncoated and coated ASTM-SA213-T-

22 boiler steel exposed to super-heater of the coal fired boiler environment at 900°C for 

1000 hours; are shown in Fig. 6.49. in case of uncoated T-22 boiler steel, the micrograph 

(Fig.6.49.a) indicates a dense scale, which mainly contains iron and oxygen with a thick 

band of Cr near scale/substrate interface, as indicated by X-ray mapping. The X-ray 

mapping analysis of the scale formed on nanaostructured TiAIN coated T-22 boiler steel 

is presented in Fig. 6.49 (b). 
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Fig. 6.49 (a) Composition image (BSEI) and X-ray mapping of the cross-section of uncoated 
ASTM-SA213-T-22 boiler steel exposed to platen super-heater of the coal fired 
boiler environment at 900°C for 1000 Hrs 
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Fig. 6.49 (b) Composition image (BSEI) and X-ray mapping of the cross-section of Nanostructured 
TiAIN coated ASTM-SA213-T-22 boiler steel exposed to platen super-heater of the 
coal fired boiler environment at 900°C for 1000 Hrs 
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Fig. 6.49 (c) Composition image (BSE1) and X-ray mapping of the cross-section of Nanostructured 
AICrN coated ASTM-SA213-T-22 boiler steel exposed to platen super-heater of the 
coal fired boiler environment at 900°C for 1000 Hrs 
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Fig. 6.49 (d) Composition image (BSEI) and X-ray mapping of the cross-section of conventional 
TiAIN coated ASTM-SA213-T-22 boiler steel exposed to platen super-heater of the 
coal fired boiler environment at 900°C for 1000 Hrs 
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Fig. 6.49 (e) Composition image (BSEI) and X-ray mapping of the cross-section of conventional 
AICrN coated ASTM-SA213-T-22 boiler steel exposed to platen super-heater of the 
coal fired boiler environment at 900°C for 1000 Hrs 
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The X-ray mapping indicates presence of oxygen and iron throughout the scale 

with a thin band of Al in the top scale and a thin band of Cr near scale-substrate 

interface. In case of nanostructured thin AICrN coated T-22 boiler steel; the BSEI and X-

ray mapping are shown in Fig. 6.49 (c). The X-ray mapping indicates the presence of iron 

and oxygen throughout the scale along with a very thin band of Al in top scale and a 

thick band of Cr near scale-substrate interface. In case of conventional thick TiAIN 

coated T-22 boiler steel, Fig.6.49 (d), Al and Ti rich thick bands are clearly seen along 

with Fe and oxygen in the sub-scale region along with a thick band of Cr near scale-

substrate interface. Figure 6.49 (e) depicts the BSEI and X-ray mapping in case of 

conventional AICrN coated T-22 boiler steel. The thick band of Al and Cr is present in the 

sub-scale region. The upper scale is rich in Fe and 0. 

6.6.2 Summary of Results 

Results obtained after 1000 hrs of exposure for uncoated and coated ASTM-

SA213-T-22 boiler steel to super-heater of the coal fired boiler environment at 900°C are 

summarized in Table.6.9. 

6.6.3 Discussion 

Fragile scale with tendency to spall has been observed for the uncoated and 

nanostructured thin TiAIN and AICrN coated T-22 boiler steel used in present investigation 

(Fig.6.41). The ash deposition, erosion and tendency to spall continued till the end of the 

study. During cyclic testing, cracks in the oxide scale and spalling of the uncoated and 

coated T-22 boiler steel might be attributed to the different values of thermal expansion 

coefficients for the coating, scale and the substrate as reported by Sidhu et al. (2003),.  

Singh et al. (2004), Evans et al. (2001), Wang et al. (2002) and Niranatlumpong et al 

(2000). The ash deposition, erosion and tendency to spall continued till the end of the 

study. Also, the scale gets removed and regenerated at some locations. It may be due to 

the erosion as the coal used in Indian power stations has large amounts of ash (about 

50%), which contain abrasive mineral species such as hard quartz (up to 15%) which 

increase the erosion propensity of coal (Krishnamoorthy and Seetharamu, 1989). 
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Table 6.9 	Summary of the results obtained for uncoated and coated ASTM-SA213- 
T-22 boiler steel exposed to super-heater of the coal fired boiler 
environment at 900°C for 1000 hours 

Coating Weight 
gain 

mg/cm2  

Extent of 
Corrosion 

(mm) 

Corrosion 
Rate 
(mpy) 

XRD 
phases 

Remarks 

Uncoated T-22 
boiler steel 

451.71 2.650 911.04 Fe203, 
A1203 	and 
Si02 

Ash 	deposited 	scale 	with 
severe 	spalling 	and 	dark 
grey 	colored 	surface 
appearance. 	Ash 
deposition, 	erosion 	and 
severe 	spalling 	continued 
till last cycle. 

Nanostructured 
TiAIN coating 

455.80 2.261 775.2 Fe203, 
A1203 	and 
Si02  

Color of the oxide scale at 
the end of the study was 
brownish grey with some 
lines as marks of erosion. 
Erosion and ash deposition 
continued 	till 	end 	of the 
study. 

Nanostructured 
AICrN coating 

393.80 1.483 508.08 Fe203, 
A1203 	and 
Si02  

The 	formation 	of 	dark 
blackish grey colored scale 
with 	some 	brownish 
colored areas at the end. 
The ash deposition, erosion 
and 	spallling 	continue 	till 
the end. 

Conventional 
TiAIN Coating 

271.86 0.776 208.5 Fe203, 
A1203 	and 
Si02  

The formation of light grey 
colored scale at the end of 
the study. The scale was 
rough and adherent to the 
substrate. 

Conventional 
AICrN coating 

. 

220.69 1.442 447.6 Fe203, 
A1203 	and 
Si02  

Color of the ash deposited 
oxide scale was dark grey at 
the 	end. 	The 	scale 	was 
found to be adherent. No 
spalling was observed till 4th 
cycle 	after 	which 	the 
sample gets welded to the 
wire and showed spalling 
and signs of erosion. 
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In case of conventional coatings; no spalling was observed during initial cycles of 

study. The surface of scale is rough in case of conventional thick coatings. As indicated 

by the diffractograms in Fig.6.44, Fe2O3, A1203 and SiO2  are the main phases present in 

the oxide scale of coated and uncoated T-22 boiler steel. The phases revealed by XRD 

diffractograms are found to be in agreement with those reported by Longa-Nova et 

al. (1996), Calvarin et al. (2000) and Nickel et al. (2002). The presence of Fe and 

oxygen (Fig.4.46) in the top of the scale of the coated T-22 boiler steel is believed to be 

due to the diffusion of iron through the pores and cracks that appeared in the coating 

during the course of oxidation studies (Singh Buta, 2003). Also, formation of hematite 

(Fe2O3) as revealed by the X-ray diffractograms (Fig.6.44) has also been analyzed by 

Prakash et al. (2001) and Srikanth et al. (2003) during the failure analysis of superheater 

tubes caused by fireside corrosion. The formation of A1203  and SiO2  might be due to the 

deposition of ash on the eroded-corroded tubes. The higher amount of Al and Si is found 

in the ash. The presence of such phases in slag has also been reported by John (1986) 

and Nelson et al. (1959). Sulphides have not been generally identified in the scale of 

samples tested in the coal fired boiler environment; which is similar to the finding of 

Crossley et al. (1948). The fly ash particles rich in magnetite reduce the concentration 

of SO3  in the boiler environment. 

The higher weight gain (which is the net result of erosion and oxidation) is 

observed in case of uncoated and nanostructured thin TiAIN coated T-22 boiler steel as 

compared to the nanostructured AICrN and conventional thick coatings; exposed to 

super-heater of the coal fired boiler environment at 900°C for 1000 hours (Fig.6.42). It 

might be attributed to spallation of the oxide scale in the actual environment of the coal 

fired boiler and fluxing action of the molten salt along with erosion of oxide scale. There 

is continuous formation of thin oxide scale with subsequent depletion by spallation and 

erosion under cyclic test conditions. The top surface may contains inclusions, which 

leads to vertical cracks through which the corrosive species might have penetrated along 

the crack and between the metallic layers. Both conventional thick coatings and 

nanostructured thin AICrN coating have been found successful in reducing the overall 

weight gain of T-22 boiler steel. However weight change data could not be of much use 

for predicting the corrosion behavior because of suspected spalling and ash deposition 
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on the specimens. Thus, the extent of erosion-corrosion in terms of scale/coating 

thickness (in microns) and corrosion rate in mils per year (mpy) for coated and uncoated 

T-22 boiler steel exposed to super-heater of the coal fired boiler environment at 900°C 

for 1000 hours; are shown in Fig.6.47 and 6.48 respectively. All the coatings have shown 

lower corrosion rate as compared to bare T-22 boiler steel (Fig.6.48). 

The nanostructured and conventional coatings have shown good resistance to 

the corrosive environment as the oxygen penetration is limited to very less thickness as 

compared to the uncoated T-22 boiler steel (Fig.6.47 and 6.48). These results are well 

supported by EDAX (Fig.6.45) and X-ray mapping analysis (Fig.6.49). The corrosion rate 

(mpy) for uncoated T-22, nanostructured thin TiAIN, nanostructured thin AICrN, 

conventional thick TiAIN and conventional thick AICrN coatings follows the following 

sequence: 

Bare T-22 > Nanostructured TiAIN coating > Nanostructured AICrN coating > 

Conventional AICrN coating > Convantional TiAIN coating 

The nanostructured and conventional coatings have shown good resistance to 

the corrosive environment in terms of corrosion rate (Fig.6.48) in mpy and the oxygen 

penetration is also limited to very less thickness as compared to the uncoated T-22 

boiler steel (Fig.6.47). The extent of erosion-corrosion is least in case of conventional 

TiAIN coating. In case of nanostructured thin AICrN coating, the presence of Al band in 

the top scale may be the reason for its better performance as compared to the 

nanostructured TiALN coating and uncoated T-22 boiler steel (Fig.6.49.b). The resistance 

offered by conventional thick TiAIN and AICrN coatings to the erosion-corrosion in boiler 

environment may be due to the presence of a thick band of Al and Cr (in case of 

conventional AICrN coating), Ti and Al (in case of conventional TiAIN coating) along with 

oxygen in the sub-scale region; as shown by X-ray mapping analysis (Fig.6.49.d and e). 

The X-ray mapping analysis shows the presence of Cr in the sub-scale region of all the 

I inrr, t.Pri Mnd 	T_77 hriilnr et-PP! 	Thp pi-PcPnr0 of  ehrennii in) in the inner 

scale has also been reported by Sadique et al. (2000). 
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6.6.4 Conclusions 

The high temperature erosion-corrosion behaviors of uncoated and coated ASTM-

SA213-T-22 boiler steel have been investigated in super-heater of the coal fired boiler 

environment at 900°C for 1000 hours (10 cycles). The behavior of nanostructured TiAIN 

and AICrN coatings were compared with conventional counterparts and the following 

conclusions are made: 

1. The plasma sprayed gas nitride conventional thick coatings i.e. TiAIN and AICrN 

have developed a protective scale mainly consisting on aluminum oxide. 

2. The nanaostructured TiAIN and AICrN coatings have shown resistance to erosion-

corrosion to some extent as compared to the uncoated T-22 boiler steel_ 

3. The corrosion rate (mpy) for uncoated T-22, nanostructured thin TiAIN, 

nanostructured thin AICrN, conventional thick TiAIN and conventional thick AICrN 

coatings follows the following sequence: 

Bare T-22 > Nanostructured TiAIN coating > Nanostructured AICrN coating > 

Conventional AICrN coating > Convantional TiAIN coating 

4. All the coated as well as uncoated boiler steels have shown ash deposition on the 

surface. Thus final thickness is contributed by scale formation, erosion and ash 

deposition. 

5. The oxide scale formed is adherent to the substrate in all coatings. But in case of 

uncoated and nanostructured coated T-22 boiler steel, the scale is found to be 

fragile with some cracks. 
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eiictpZer 7 
SUBSTRATE SUPERFER 800H SUPERALLOY 

This chapter deals with the results and discussion for the bare and coated 

Superfer 800H Fe-based superalloy exposed to different degradation environments. It 

includes the characterization of the nanostructured and conventional TiAIN and AICrN 

coatings on Superfer 800H superalloy and their behavior when exposed to high 

temperature oxidation studies in air, molten salt (Na2SO4-60%V205) environment and in 

a coal fired boiler of a thermal plant, erosion studies in simulated coal-fired boiler 

environment and corrosion studies in simulated marine environment. 

7.1 CHARACTERISATION OF COATINGS 

Little work has been published on high temperature corrosion behavior of 

nanostructured and conventional hard metal nitride coatings to the best of the 

knowledge of the author. Therefore, these coatings were developed on the Superfer 

800H superalloy and their behavior was studied when exposed to high temperature 

oxidation in air, molten salt environment, industrial environment, high temperature 

solid particle erosion and simulated marine environment. In the present section the 

conventional thick (by plasma spraying and gas nitrided) and nanostructured thin (by 

physical vapor deposition process) TiAIN and AICrN coatings developed on superalloy 

have been characterized. 

7.1.1 Results 

7.1.1.1 Visual observations 

The macrographs of as-coated Superfer 800H superalloy are shown in Fig.7.1. 

The nanostructured thin TiAIN coating is violet grey in color and nanaostructured thin 

AICrN coating is light grey in color (Fig.7.1). Visual observations indicate; the surface of 

nanostructured coatings is smooth whereas the surface of conventional thick coatings is 

rough. The color of the thick coatings appeared as dark grey. Also, Optical micrographs 

of the nanostructured and conventional coatings are shown in Fig.7.2. The 
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nanostructured coatings (Fig.7.2.a and b) have uniform microstructure having some 

pores and inclusions. In case of conventional thick coatings (Fig.7.2.c and d); the massive 

microstructure can be observed with irregularly shaped grains. 

Fig. 7.1 	Surface macrographs for the as coated Superfer 800H superalloy (a) 

Nanostructured TiAIN coating, (b) Nanostructured AICrN coating, (c) 

Conventional TiAIN coating, (d) Conventional AICrN coating 

7.1.1.2 Surface analysis 

7.1.1.2.1 X-ray diffraction analysis (XRD) 

XRD diffractograms for nanostructured and conventional TiAIN and AICrN coated 

superalloy are depicted in Fig.7.3 on reduced scale. As indicated by the diffractograms in 

Fig.7.3; TiN and AIN are the main phases present in the nanostructured thin TiAIN 

coating. Further, in case of nanostructured AICrN coating, the prominent phases are CrN 

and AIN. The grain size of the nanostructured thin coatings was estimated from Scherrer 

formula; which is reported in Table.7.1. The calculated grain size for nanostructured thin 
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TiAIN and AICrN coatings is 09 and 22 nm respectively. Further, the main phases 

identified for the conventional thick TiAIN coating are A1203, TiN, Ti3Al, AIN and small 

peaks of TiO2. The phases identified in case of conventional thick AICrN coating are CrN, 

AIN, and A1203 with minor peaks of Cr2O3. 

Fig. 7.2 	Optical micrograph (200 X) of the surface of as coated Superfer 800H 
superalloy; (a) Nanostructured TiAIN coating, (b) Nanostructured AICrN 
coating, (c) Conventional TiAIN coating, (d) Conventional AICrN coating 

7.1.1.2.2 Porosity analysis 

The porosity analysis is of prime importance in high temperature corrosion 

studies. The dense coatings are supposed to provide very good corrosion resistance as 

compared to porous coatings. The porosity measurements were made by PMP3 inverted 

metallurgical microscope with stereographic imaging. The porosity of nanostructured 
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thin TiAIN and AICrN coatings was found below 0.5 % (Table.7.1). In case of conventional 

thick coatings; the porosity of as sprayed Ti-Al (1.90-4.20 %) and Al-Cr (2.0-4.10 %) 

coatings was also evaluated; which is reported in Table.7.2. A considerable decrease in 

the porosity had been observed after gas nitriding and it was found to be less than 0.65 

% (Table.7.2). 

Table 7.1 	Microstructural and mechanical properties of nanostructured thin 

TiAIN and AICrN coated Superfer 800H superalloy 

Coating Surface 
Roughness 

(nm) 

Particle Size (nm) Coating 
Thickness 

(Itm) 

Porosity 
 	(% age) 

Coating 
Color 

Scherrer 
Formula 

AFM 
Analysis 

Nanostructured 

TiAIN Coating 

02.62 09 10 6.3 < 0.35 violet-grey 

Nanostructured 

AICrN Coating 

05.99 22 25 4.4 < 0.5 light-grey 

Table 7.2 	Microstructural and mechanical properties of conventional thick 

TiAIN and AICrN coated Superfer 800H superalloy 

Coating Surface 
Roughness 

(12m) 

Coating 
Thickness 

(I-un) 

Porosity (% age) Bond 
Strength 

(MPa) 

Coating 
Color 

As Sprayed After 
Gas 

Nitriding 

Conventional 

TiAIN Coating 

10.01-12.48 140 1.90-4.20 < 0.65 68.74 dark-grey 

Conventional 

AICrN Coating 

08.93-11.11 126 2.00-4.10 < 0.60 54.69 Bluish-grey 
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Fig. 7.3 	Surface-scale morphology and EDAX patterns from different spots on as 

coated Superfer 800H superalloy (a) Nanostructured TiAIN coating, (b) 

Nanostructured AICrN coating, (c) Conventional TiAIN coating, (d) 
Conventional AICrN coating 

7.1.1.2.3 AFM analysis of the as deposited nanostructured thin coatings 

The surface topography of the nanostructured thin TiAIN and AICrN coatings was 

studied using Atomic Force Microscope (AFM: NT-MDT: NTEGRA Model) in semi contact 

mode. Figure 7.4 shows the AFM surface morphology (2D and 3D) of the nanostructured 

thin TiAIN and AICrN coatings deposited on superalloy. The difference in the morphology 

between the two coatings can be inferred by comparing the 2D images in Fig. 7.4 (a) and 

(c); however a clearer comparison of the coatings could be afforded by viewing 3D 

images in Fig. 7.4 (b) and (d). As the axis scale indicates the overall roughness of the 

nanostructured TiAIN coating (Fig. 7.4.b) is less than that of AICrN coating (Fig. 7.4.d). 

The surface roughness and particle size in the coatings as analyzed by AFM analysis; 

reported in Table.7.1. The surface roughness in case of nanostructured TiAIN coating 
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was observed to be 5.62 nm and 5.99 nm in case of nanostructured AICrN coating 

(Table.7.1). The nanostructured thin TiAIN coating had shown lesser particle size (10 nm) 

as compared to nanostructured thin AICrN coating (25 nm). 
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Fig. 7.4 	2D and 3D AFM images for the as coated Superfer 800H superalloy (a) & (b) 

Nanostructured TiAIN coating, (c) & (d) Nanostructured AICrN coating 

7.1.1.2.4 Surface roughness (Ra) values of the conventional thick coatings 

The coating surface was very rough in case of conventional thick TiAIN and AICrN 

coatings due to the presence of melted/partially melted particles and the roughness was 

found to be in the range of 10.35-15.13 gm and 11.84-15.23 gm respectively. The centre 

line average (CLA) method was used to obtain the Ra  values. 
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Fig. 7.5 	Microhardness profile across the cross-section for Conventional TiAIN and 

Conventional AICrN coating on Superfer 800H superalloy 

Fig. 7.6 
	

Fractured surfaces of a Plasma sprayed gas nitrided specimens after ASTM 

C633 tensile test; (a) Conventional TiAIN coating, (b) Conventional AICrN 

coating 
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7.1.1.2.5 Evaluation of microhardness and bond strength of conventional coatings 

The microhardness of the coatings has been measured along the cross-section of 

the conventional thick TiAIN and AICrN coated SUperfer 800H superalloy. Figure 7.5 

shows the microhardness profiles along the cross-section of the coatings as a function of 

distance from the coating-substrate interface. The critical mocrohardness value of the 

substrate Superfer 800H superalloy was found to be in the range 300-400 Hv. From the 

microhardness profiles (Fig.7.5) it is obvious that the conventional TiAIN coating has 

shown maximum microhardness of the order of 900-950 Hv. The conventional thick 

AICrN coating has shown microhardness of the order of 600-650 Hv. 

The bond strength of the conventional thick TiAIN and AICrN coatings was 

measured on three specimens as per ASTM standard C633-01. The coatings failed at the 

substrate-coating interface while remaining attached to the adhesive (Fig.7.6). Average 

bond strength of 68.74 MPa and 54.69 MPa was observed in case of conventional TiAIN 

and AICrN coatings respectively (Table.7.2). 

7.1.1.2.6 Surface morphology of coatings 

SEM micrographs along with EDAX point analysis reveal the surface morphology 

of the nanostructured and conventional TiAIN and AICrN coated Superfer 800H 

superalloy; are shown in Fig.7.7. Micrograph (Fig.7.7.a) for nanostructured thin TiAIN 

coating at higher magnification (10000 X) indicates grey matrix with some black and 

white contrast regions. Dense structure with lower porosity is observed in the coating 

microstructure and also it is free from cracks. EDAX analysis at point 1 and point 2 on 

Fig.7.7 indicates the presence of Ti, Al and N with negligible amount of 0 and Fe. The 

black colored areas revealed the higher amount of Ti and less concentration of Al as 

compared to the white contrast region. In case of nanostructured thin AICrN coated 

superalloy; the SEM micrograph indicates dense grey colored coating with tiny dark grey 

particles dispersed in the matrix. EDAX point analysis (Point 3 and 4) shows, the coating 

is rich in AI, Cr and N along with small amount of Fe and oxygen (Fig.7.7.b). The 

micrographs in case of conventional plasma sprayed gas nitride TiAIN and AICrN coatings 

are shown in Fig.7.7 (c and d). In general microscopic features indicate that the 

conventional coatings are homogeneous and massive, free from cracks. 
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Fig. 7.7 	Surface-scale morphology and EDAX patterns from different spots on as coated 
Superfer 800H superalloy (a) Nanostructured TiAIN coating, (b) Nanostructured 
AICrN coating, (c) Conventional TiAIN coating, (d) Conventional AICrN coating 
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The EDAX point analysis (Point 5 and 6 in Fig.7.7); in case of conventional TiAIN 

coating indicates the higher concentration of Ti and Al in the coating along with N and 

oxygen. The presence of Al and Cr along with N and oxygen revealed by EDAX analysis in 

case of conventional AICrN coating (Fig.7.7.d); the white contrast region (Point 7) shows 

higher concentration of Cr as compared to the dark region (Point 8). 

7.1.1.3 Cross-sectional analysis 

7.1.1.3.1 Coating thickness 

The as-coated samples were cut across the cross section using Buehler Isomet 

1000 precision saw and mounted in transoptic mounting resin and subsequently mirror 

polished to obtain scanning electron back scattered micrographs and X-ray mapping of 

different elements for coated and uncoated Superfer 800H superalloy. The coating 

thickness values were measured from SEM back scattered micrographs as shown in 

Fig.7.8 and average coating thickness is reported in Table.7.2. The measured average 

coating thickness values for nanostructured thin and conventional thick TiAIN and AICrN 

coatings are 6.3, 4.4, 140 and 126 pm respectively. 

7.1.1.3.2 X-Ray mapping 

BSEI and X-ray mapping analysis for nanostructured and conventional TiAIN and 

AICrN coated superalloy is shown in Fig.7.8. In case of nanaostructured TiAIN coating 

(Fig.7.8.a); the X-ray mapping indicates presence of Al and Ti along with small amount of 

N in the coating. In case of nanostructured thin AICrN coated superalloy; the X-ray 

mapping indicates the presence of Al and Cr along with some concentration of N in the 

coating (Fig.7.8.b). In case of conventional thick TiAIN coated superalloy, Fig.7.8 (c), Al 

and Ti rich coating along with negligible amount of N and 0; has been observed. The 

splats in the coatings are visible. Figure.7.8 (e) depicts the-  BSEI and X-ray mapping in 

case of conventional AICrN coated Superfer 800H superalloy. The coating is rich in Al and 

Cr with negligible presence of N and 0. The X-ray mapping analysis indicates the 

presence of Fe in coating only for conventional AICrN coated superalloy and for all the 

other coatings no sign of diffusion of substrate elements to the coating was observed. 
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Fig. 7.8 (a) 	Composition image (SEI) and X-ray mapping of the cross-section of as-coated 

nanostructured TiAIN coating on Superfer800H superalloy 
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Fig. 7.8 (b) 	Composition image (BSEI) and X-ray mapping of the cross-section of as- 

coated nanostructured AICrN coating on Superfer800H superalloy 
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Fig. 7.8 (c) 	Composition image (BSEI) and X-ray mapping of the cross-section of as-coated 

conventional TiAIN coating on Superfer800H superalloy 
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Fig. 7.8 (d) 	Composition image (BSEI) and X-ray mapping of the cross-section of as-coat 

conventional AICrN coating on Superfer800H superalloy 
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7.1.2 Discussion 

The nanostructured thin TiAIN and AICrN coatings on Superfer800H superalloy 

were obtained using a front-loading Balzer's rapid coating system (RCS) machine at 

Oerlikon Balzers Ltd. Gurgaon (India). In case of conventional thick TiAIN and AICrN 

coatings; the plasma spray coatings were obtained at Anod Plasma Ltd. Kanpur (India) using 

a 40 kW Miller Thermal Plasma Spray apparatus. The compositions of the targets used and 

the summary of the process parameters are presented in detail in chapter 3. The coating 

thickness was measured along the cross-section for some of the randomly selected samples 

and reported in Table 7.1 and 7.2. The coatings thickness was observed to be 6.3 and 4.4 p.m 

in case of naostructured TiAIN and AICrN coatings respectively. The self-disintegration of 

thicker coatings usually restricts the thickness of the coatings (Sidhu et al., 2004). In case of 

conventional thick coatings; it was possible to obtain a thickness in range of 150-200 pm for 

Ti-Al and Al-Cr coatings. After coating deposition process; the gas nitriding was done in lab in 

order to obtain hard metal nitride coatings. The coating thickness was measured along the 

cross-section for some randomly selected samples and reported in Table 4.2. The coatings 

thickness was observed as 140 and 126 pm in case of conventional thick TiAIN and AICrN 

coatings respectively. 

The surface appearance of nanostrucured TiAIN coating was violet grey in color 

and light grey in case of nanostructured AICrN coating (Fig.7.1). In case of conventional 

thick coatings: the surface appearance of conventional TiAIN and AICrN coatings was 

grey with some bluish shining (Fig.7.1). The surface of conventional thick coatings was 

rough. As inferred from optical micrographs (Fig.7.2 a & b) that the nanostructured 

coatings were dense with uniform microstructure. It is evident from the microstructure 

that the coatings contain some pores and inclusions. In case of conventional thick 

coatings (Fig.7.2.c & d); the massive microstructure could be observed with irregularly 

shaped grains. 

The bond strength of the conventional thick TiAIN and AICrN coatings was 

measured on three specimens as per ASTM standard C633-01. The coatings failed at the 

substrate-coating interface while remaining attached to the adhesive (Fig.7.6). Average 

bond strength of 68.74 MPa and 54.69 MPa was observed in case of conventional TiAIN 

and AICrN coatings respectively. The bond strength in case of conventional TiAIN 
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coatings (68.74 MPa) is almost in good agreement with the results reported by Adachi 

and Nakata (2007). 

The negligible porosity values for as coated nanostructured thin TiA1N and AICrN 

coatings were observed; which were less than 0.5 % (Table 7.1). The measured porosity 

values of plasma sprayed and gas nitrided coatings are reported in Table 4.2. The measured 

values of porosity (1.90-4.10%) for as sprayed conventional Ti-Al and Al-Cr coatings are 

almost in close agreement with the findings of Chen et al. (1993), Erickson et al. (1998), 

Hidalgo et al. (1998 and  1999). Singh (2003) and Sidhu et al. (2004 and 2005) for thermal 

plasma sprayed coatings. Further, the porosity values found to be less than 0.6% after 

gas nitriding, which may be because of elimination of microstructural in-homogeneities 

by filling .of pores and voids by nitrogen during gas nitriding. 

The grain size (Table.7.1) of the nanostructured thin coatings was estimated from 

Scherrer formula. The calculated grain size for nanostructured thin TiAIN and AICrN 

coatings was 09 and 22 nm respectively. The grain size in case of nanostructured 

coatings was further verified by AFM analysis and reported in Table 7.1. The particle size 

determined by AFM analysis is in good agreement with the results obtained from 

Scherrer formula. 

The surface roughness was also measured with AFM analysis and reported in 

Table 7.1. As the axis scale indicates the overall roughness of the nanostructured TiAIN 

coating (Fig. 7.4.b) is less than that of AICrN coating (Fig. 7.4.d). The surface roughness in 

case of nanostructured TiAIN coating was observed 2.62 nm and 5.99 nm in case of 

nanostructured AICrN coating (Table.7.1). The coating surface was very rough in case of 

conventional thick TiAIN and AICrN coatings due to the presence of unmelted/partially 

melted particles and the roughness was found to be in the range of 10.01-12.48 p.m and 

08.93-11.11 pm respectively. 

The phases identified by XRD analysis (Fig.7.3) for nanostructured thin TiAIN coating 

are TiN and AIN. The phases analyzed are also in agreement with that reported by Yoo et 

al. (2008), Falub et al. (2007) and Man et al. (2004). The prominent phases in case of 

nanostructured AICrN coating are CrN and AIN which are in agreement with the findings 

of Reiter et al. (2005) and Endrino et al. (2006). Further, the main phases identified for 

the conventional thick TiAIN coating are A1203, TiN, Ti3Al, AIN and small peaks of T102 

and Fe2O3. The phases identified in case of conventional thick AICrN coating are CrN, 
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AIN, and A1203  with minor peaks of Cr2O3. The presence of metal nitride phases indicates 

that the gas nitriding process has successfully produced the desired coatings. Further, 

the phases analyzed are also in agreement with that reported by Adachi and Nakata (2007). 

Surface EDAX analysis supported the results obtained by XRD (Fig.7.3) and X-ray 

mapping analysis (Fig.7.8) in all the coatings. The XRD analysis indicates the presence of 

the oxide phases in the coatings i.e. A1203 and TiO2  in case of conventional TiAIN coating 

and the presence of A1203  and Cr2O3  in case of conventional AICrN coatings. The oxides 

may form due to the in-flight oxidation during spraying process and/or preexisting in the 

feed material (Bluni and Mardar, 1996). The latter reason for the oxides formation in the 

structure of coatings under study looks to be more relevant as the chances of in-flight 

oxidation are meager in case of the shrouded plasma spraying. Deshpande et al. (2006) 

proposed that, during in-flight oxidation, a layer of oxide is formed on the molten 

particle due to chemical reactions between the surface of the liquid phase and oxygen 

or due to diffusion of oxygen into the liquid. The turbulent mixing of the liquid part of 

the powder particle during its flight destroys the surface layer of oxides and causes the 

oxides to be distributed more uniformly through the bulk volume of the particle. 

However, when temperature of the particle starts dropping during later part of the 

flight, these oxides tend to solidify and a thin oxide shell would form around the droplet. 

The oxidation time during thermal spray coating is short typically less than 0.01 s, and 

can occur in either the solid or molten state. The oxidation of coatings is not always 

harmful, it is equally important to control and understand the different aspects of 

oxidation of coatings; therefore, it is important to find an optimum level for oxidation of 

coatings (Herman, 1988; Korpiola and Vuoristo, 1996; Nerz et al., 1992). 

Hardness is the most frequently quoted mechanical property of the coatings 

(Tucker, 1994). The observed microhardness values (Fig.7.5) for the conventional 

coatings are within the range of microhardness values reported for plasma coatings by 

Adachi and Nakata (2007), Vuoristo et al. (1994), Chen and Hutchings (1998 ) and 

Westergard et al. (1998). Microhardness plots indicate some increase in the microhardness 

of substrate steel at the substrate coating interface. The hardening of the substrates as 

observed in the current study might have occurred due to the high speed impact of the 

coating particles during plasma spray deposition similar to the findings of Singh (2003 ), 

Hidalgo et al. (1997, 1998, 1999 and 2000) and Sidhu et al. (2004 and 2005). The observed 
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non-uniformity in the hardness values along the thickness of the coatings may be due to the 

microstructural changes along the cross section of the coatings (Staia et al., 2001). 

Moreover, the microhardness and other properties of the thermal spray coatings are 

anisotropic because of typical splat structure and directional solidification (Tucker, 1994). 

7.1.3 Conclusions 

The nanostructured thin TiAIN and AICrN coatings (by physical vapour deposition 

process) and conventional thick TiAIN and AICrN coatings (by plasma spraying followed 

by gas nitriding process) were successfully deposited on Superfer800H superalloy. The 

coatings were characterized for microstructural features and hardness in present work. 

The following observations were made based on the pre-sent study: 

1. The nanostructured thin TiAIN and AICrN coatings exhibited negligible porosity 

values for as coated; which were less than 0.5 %. The conventional TiAIN and 

AICrN coatings showed; higher porosity values (1.90-4.20%) for as sprayed 

conventional Ti-Al and Al-Cr coatings which after gas nitriding were found to be less 

than 0.65 %. 

2. The phases identified by XRD analysis for nanostructured thin TiAIN coating are TiN 

and AIN. Further, in case of nanostructured AICrN coating, the prominent phases 

are CrN and AIN. The phases identified by XRD analysis in case of conventional 

thick AICrN coating were CrN, AIN, and A1203  with minor peaks of Cr203. 

3. The grain size (calculated by Scherrer formula from XRD plot) for nanostructured 

thin TiAIN and AICrN coatings was 09 and 22 nm respectively. The particle size 

determined by AFM analysis is in good agreement with the results obtained from 

Scherrer formula. 

4. The surface roughness in case of nanostructured TiAIN coating was observed 

2.62 nm and 5.99 nm in case or nanostructured AlCrN coating. The coating 

surface was very rough in case of conventional thick TiAIN and AICrN coatings. 

5. Average bond strength of 68.74 MPa and 54.69 MPa Psi was observed in case of 

conventional TiAIN and AICrN coatings respectively. 
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7.2 OXIDATION STUDIES IN AIR 

The present work has been focused to compare the cyclic oxidation behavior of 

conventional thick (by plasma spraying and gas nitrided) and nanostructured thin (by 

physical vapor deposition process) TiAIN and AICrN coatings on Superfer 800H 

superalloy in air environment at 900°C for 50 cycles. The kinetics of the cyclic oxidation 

of coated as well as uncoated specimens was determined using the weight change 

studies. After the oxidation studies, the exposed specimens were analyzed by XRD, SEM-

EDAX analysis and elemental X-ray mapping. The detailed experimental procedure is 

explained in chapter 3. 

7.2.1 Results 

7.2.1.1 Visual observations 

The macrographs for uncoated and coated Superfer800H (Fe-based superalloy) 

subjected to cyclic oxidation in air at 900°C for 50 cycles, are shown in Fig.7.9. For the 

uncoated superalloy, a dark grey colored scale appeared on the surface right from the 

1st cycle, which turned to blackish green colored surface along with a light grey spot at 

the end of 50th  cycle (Fig.7.9.a). The fragile porous corrosion products (NiO and Cr2O3) 

were formed on the surface for initial few cycles, there after sticky (adherent) oxide 

scale formed which lasted up to 50 cycles. 

Color of the oxide scale at the end of the study was observed to be blackish 

green with some light grey areas on the surface, in case of nanostructured thin TiAIN 

coated Superfer800H superalloy (Fig.7.9.b). Golden shining on the surface with brown 

and white layer was seen after 1St  cycle. The scale remains intact with the substrate and 

no spalling was observed. The oxide scale of nanaostructured thin AICrN coated 

Superfer800H superalloy showed no spalling and remained intact with the substrate. 

After 1st  cycle, golden color shining was observed which turned to blackish green color 

along with light grey area at the end of 50th  cycle (Fig.7.9.c). 

A visual observation of conventional thick TiAIN coated Superfer800H superalloy 

(Fig.7.9.d), showed the formation of very light brownish grey color matrix with cream 

color spots after cyclic oxidation studies. Some amount of superficial spalling was 

noticed at the end of 3rd  cycle, which may be due to the loosely bond particles on the 
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surface of the coating. In case of conventional thick AICrN coated Superfer800H 

superalloy, the scale showed no signs of spalling and cracks. After 3rd  cycle, light bluish 

grey color was seen which turns to whitish grey colored surface along with a light brown 

side layer. The scale remains intact with the substrate throughout the study. 

Fig. 7.9 	Surface macrographs of uncoated and coated Superfer 800H superalloy after 
exposure to cyclic oxidation in air at 900°C for 50 cycles: (a) Uncoated Superfer 
800H superalloy, (b) Nanostructured TiAIN coating, (c) Nanostructured AICrN 
coating, (d) Conventional TiAIN coating, (e) Conventional AICrN coating 
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7.2.1.2 Weight change measurements 

Weight gain per unit area (mg/cm2) versus time expressed in number of cycles 

plot for coated and bare Superfer800H superalloy subjected to cyclic oxidation in air at 

900°C for 50 cycles, is presented in Fig. 7.10. The plots for all the samples show higher 

weight gain at initial cycles followed by gradual weight gain. 

0 
	10 	15 	20 	25 	30 	35 	40 	45 	50 

Number of cycles 

Fig. 7.10 Weight gain/area vs time (number of cycles) for the uncoated and coated 
Superfer 800H superalloy subjected to cyclic oxidation in air at 900°C for 50 
cycles 

The weight gain for conventional coatings is found to be slightly greater than that 

of the uncoated and nanostructured thin coated superalloy. All the coated and uncoated 

specimens have shown Initial rapid oxidation rate and weight gain have shown tendency 

to reach to steady state with the progress of exposure time with some minor deviations. 

The cumulative weight gain per unit area for the coated and uncoated Superfer800H 

superalloy subjected to cyclic oxidation in air at 900°C for 50 cycles is shown in Fig. 7.11. 

Further, the overall weight gain is highest in case of conventional AICrN coating and is 

lowest in case of nanaostructured AICrN coating. In Fig. 7.12, the (weight gain/area) 2  

versus number of cycles plot are shown for all the cases to ascertain conformance with 

the parabolic rate law. 
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Fig. 7.11 Column chart showing cumulative weight gain per unit area for the uncoated 

and coated Superfer 800H superalloy subjected to cyclic oxidation in air at 

900°C for 50 cycles: (A) Uncoated Superfer 800H superalloy, (B) 

Nanostructured TiAIN coating, (C) Nanostructured AICrN coating, (D) 

Conventional TiAIN coating, (E) Conventional AICrN coating 
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Fig. 7.12 Weight gain/area square vs time (number of cycles) for the uncoated and 

coated Superfer 800H superalloy subjected to cyclic oxidation in air at 900°C 

for 50 cycles 
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All the coated and uncoated Superfer800H superalloy followed the parabolic rate 
as  evident from the Fig.7.12. The parabolic rate constant Kp  was calculated by a 
r least-square algorithm to a function in the form of (W/A)2= Kr  t, where W/A is the 

oht gain per unit surface area (mg/cm2) and 't" indicates the number of cycles 

'resenting the time of exposure. The parabolic rate constants for the bare and coated 

sus 	rfer 800H superalloy calculated on the basis of 50 cycle's exposure data are shown 

-rable.7.3. 

!ale 7.3 	Parabolic rate constant 'Kr' values of uncoated and coated Superfer800H 
superalloy subjected to cyclic oxidation in air at 900°C for 50 cycles 

Boiler steel substrate Kp  x 10-12  gm2cm-4s-1  

Uncoated Superfer800H superalloy 22.00 

Nanostructured TiAIN coating 14.40 

Nanostructured AICrN coating 12.20 

Conventional TiAIN coating 79.42 

Conventional AICrN coating 78.25 

7.2.1.3 Surface scale analysis 

7.2.1.3.1 X-ray diffraction analysis (XRD) 

XRD diffractograms for coated and uncoated Superfer800H superalloy subjected 

to cyclic oxidation in air at 900°C for 50 cycles are depicted in Fig.7.13 (a and b) on 

reduced scale. As indicated by the diffractograms, in case of uncoated superfer800H 

superalloy the oxide phases found are Fe203, Cr203, NiO, NiCr204  and NiFe204. The 
formation of Fe203, Cr203, NiO, TiO2  and A1203  has been indicated in the scale of 

nanostructured thin TiAIN coated superfer800H superalloy. Fe203, Cr203  and Ni0 are 

found to be present in the scale of nanostructured AICrN coating. Further, the main 

phases identified for the conventional thick TiAIN coating are A1203, Ti203 and MO. The 

oxide phases found in case of conventional thick AICrN coating are A1203 along with NiO. 
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Surface-scale morphology and EDAX patterns from different spots on uncoated and coated 

Superfer 800H superalloy after exposure to cyclic oxidation in air at 900°C for 50 cycles : (a) 

Uncoated Superfer 800H superalloy, (b) Nanostructured TiAIN coating, (c) Nanostructured 

AICrN coating, (d) Conventional TiAIN coating, (e) Conventional AICrN coating 
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The scale thickness values were measured from SEM back scattered micrographs 

as shown in Fig.7.15. The measured average scale thickness values for Superfer800H 

superalloy, nanostructured thin TiAIN, nanostructured thin AICrN, conventional thick 

TiAIN and conventional thick AICrN coatings are 12, 09, 35, 100 and 120 pm respectively. 

7.2.1.4.2 Cross-sectional scale morphology 

Back Scattered Electron Image (BSEI) micrograph and elemental variation across 

the cross-section for coated and uncoated Superfer800H superalloy subjected to cyclic 

oxidation in air at 900°C for 50 cycles are shown in Fig.7.15. In case of uncoated 

superalloy, EDAX analysis reveals the presence of iron, oxygen, nickel and chromium 

throughout the scale. The scale is dense and nearly uniform in thickness. At point 3 (Fig. 

7.15.a), the concentration of Cr and 0 is maximum, which points out the possibility of 

existence of Cr2O3. The concentration of Fe is decreasing as one move away from the 

alloy-scale interface, whereas Ni has shown increase in the concentration along outward 

direction. 

BSEI micrograph and elemental variation depicted in Fig.7.15 (b), for the exposed 

cross-section of nanostructured thin TiAIN coated Superfer800H superalloy shows the 

dense and continuous scale. The EDAX analysis reveals the presence of Ti, Al and 0 in 

the scale. The concentration of Fe, Ni and Cr is decreasing, as one move away from the 

alloy-scale interface. The outer scale is rich in Ti, Al and 0. In case of nanostructured 

AICrN coating (Fig.7.15.c), a continuous and adherent oxide scale can be seen. The scale 

mainly consists of Fe, Ni and Cr with oxygen. A location at Point 4 shows increase on the 

concentration of Al. 

In case of conventional TiAIN coated Superfer800H superalloy, the scale is 

uniform and adherent as depicted in Fig.7.15 (d). The EDAX point analysis indicates the 

presence of Fe, Ni, Al, Ti and Cr in the scale with variable amounts. The concentration of 

oxygen is less except at certain oxygen rich pockets (Point 4) where the concentration of 

Al is also higher. The conventional thick AICrN coated Superfer800H superalloy 

(Fig.7.15.e) indicates continuous, thick and adherent scale. EDAX point analysis shows 

the uniform presence of Fe, Al, Cr, 0 and Ni throughout the scale. 
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All the coated and uncoated Superfer800H superalloy followed the parabolic rate 

law as evident from the Fig.7.12. The parabolic rate constant Kp  was calculated by a 

linear least-square algorithm to a function in the form of (W/A)2= Kp t, where W/A is the 

weight gain per unit surface area (mg/cm2) and 't" indicates the number of cycles 

representing the time of exposure. The parabolic rate constants for the bare and coated 

Superfer 800H superalloy calculated on the basis of 50 cycle's exposure data are shown 

in Table.7.3. 

Table 7.3 	Parabolic rate constant '1(1,' values of uncoated and coated Superfer800H 

superalloy subjected to cyclic oxidation in air at 900°C for 50 cycles 

Boiler steel substrate Kp x 10-12 gm2cm-4s-1 

Uncoated Superfer800H superalloy 22.00 

Nanostructured TiAIN coating 14.40 

Nanostructured AICrN coating 12.20 

Conventional TiAIN coating 79.42 

Conventional AICrN coating 78.25 

7.2.1.3 Surface scale analysis 

7.2.1.3.1 X-ray diffraction analysis (XRD) 

XRD diffractograms for coated and uncoated Superfer800H superalloy subjected 

to cyclic oxidation in air at 900°C for 50 cycles are depicted in Fig.7.13 (a and b) on 

reduced scale. As indicated by the diffractograms, in case of uncoated superfer800H 

superalloy the oxide phases found are Fe203, Cr203, NiO, NiCr2O4  and NiFe2O4. The 

formation of Fe203, Cr203, NiO, TiO2 and A1203 has been indicated in the scale of 

nanostructured thin TiAIN coated superfer800H superalloy. Fe203, Cr203 and Ni0 are 

found to be present in the scale of nanostructured AICrN coating. Further, the main 

phases identified for the conventional thick TiAIN coating are A1203, Ti203 and NiO. The 

oxide phases found in case of conventional thick AICrN coating are A1203 along with NiO. 
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Fig. 7.13 (a) X-Ray Diffraction pattern of uncoated and coated Superfer 800H 

superalloy exposed to cyclic oxidation in air at 900°C for 50 cycles : (A) 

Uncoated superalloy, (B) Nanostructured TiAIN coating, (C) 

Nanostructured AICrN coating 

Fig. 7.13 (b) X-Ray Diffraction pattern of uncoated and coated Superfer 800H 

superalloy exposed to cyclic oxidation in air at 900°C for 50 cycles: (A) 

Conventional TiAIN coating, (B) Conventional AICrN coating 
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7.2.1.3.2 Surface scale morphology 

SEM micrographs along with EDAX point analysis reveals the surface morphology 

of the coated and uncoated superalloy subjected to cyclic oxidation in air at 900°C for 50 

cycles are shown in Fig.7.14. The oxide scale for uncoated Superfer800H superalloy 

indicates the dominance of Fe and 0 along with some amount of Cr, Mn and Ni (Point 2). 

EDAX analysis at point 1 on Fig.7.14 i.e. at the portion of the matrix from which the 

upper layer has been removed during oxidation studies, shows the presence of Cr, Mn 

and 0 as the main elements along with small amount of Fe, Ni and Ti. 

The SEM micrograph of oxidized nanostructured thin TiAIN coatings is shown in 

Fig.7.14 (b). The oxide scale is mainly consisting of grey colored matrix (Point 4) with 

white spots uniformly distributed on the entire surface (Point 3). The matrix is rich in Al 

(15.17%), Ti (23.25%), 0 (24.73%) and Cr (22.30%). A small amount of Ni, Fe and Mn are 

also present, as shown by EDAX point analysis. Ti (52.74%) and 0 (34.38%) are the main 

elements present in the region as shown by Point 3 i.e. the white spots region. In case of 

nanostructured thin AICrN coating, the SEM micrograph indicates the grey and white 

regions (Fig. 7.14.c). The EDAX point analysis shows, the top scale rich in Fe, Ni, Cr and 0. 

The small amount of Mn, Al, Ti and C are also present. 

The surface scale developed on conventional thick TiAIN coating is with white 

contrast (Point 7) and black contrast regions (Point 8). The surface appearance is like 

eroded surface. EDAX analysis at point 7 indicates the presence of Ti, Al and 0 as the 

-nain phases along with very small amount of Fe, whereas the dark region (Point 8 on 

ig.7.14) indicates maximum amount of Al (52.76%) and 0 (38.56%). A homogeneous 

nd continuous surface scale is developed in case of conventional thick AICrN coating, 

,hich has Al and 0 as main elements (Fig.7.14.e). 

11.4 Cross-sectional analysis 

1.4.1 Scale thickness 

The oxidized samples were cut across the cross section using Buehler Isomet 

precision saw and mounted in transoptic mounting resin and subsequently mirror 

led to obtain scanning electron back scattered micrographs and X-ray mapping of 

ent elements for coated and uncoated Superfer800H superalloy. 
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Fig. 7.14 Surface-scale morphology and EDAX patterns from different spots on uncoated and coated 

Superfer 800H superalloy after exposure to cyclic oxidation in air at 900°C for 50 cycles : (a) 

Uncoated Superfer 800H superalloy, (b) Nanostructured TiAIN coating, (c) Nanostructured 
AICrN coating, (d) Conventional TiAIN coating, (e) Conventional AICrN coating 
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Fig. 7.15 Oxide scale morphology and variation of elemental composition across the cross-

section of the uncoated and coated Superfer 800H superalloy after exposure to 

cyclic oxidation in air at 900°C for 50 cycles: (a) Uncoated Superfer 800H superalloy 

(4000 X), (b) Nanostructured TiAIN coating (4000 X), (c) Nanostructured AICrN 

coating (2000 X), (d) Conventional TiAIN coating (500 X), (e) Conventional AICrN 
coating (500 X) 

7.2.1.4.3 X-Ray mapping 

X-ray mappings for a part of oxide scale of uncoated and coated Superfer800H 

superalloy oxidized in air at 900°C for 50 cycles are shown in Fig. 7.16. BSEI and X-ray mapping 

for the oxidized uncoated Superfer 800H shows nickel dominating continuous scale, which 

contain substantial amounts of iron and oxygen (Fig.7.16.a). Chromium and oxygen have 

shown their co-presence in the form of a band at the scale-substrate interface. The BSEI image 

and X-ray mapping (Fig.7.16.b) in case of nanostructured TiAIN coating indicates the formation 

of a dense scale consisting mainly of aluminum, oxygen and titanium along with a thin regular 

band of Cr at scale-substrate interface. In case of nanostructured thin AICrN coating, the X-ray 

mapping (Fig.7.16.c) indicates the presence of iron nickel and chromium throughout the scale. 

A thin band of Al, Cr and N is also indicated by X-ray mapping. In case of conventional thick 

TiAIN coated superalloy (Fig.7.16.d), Fe and 0 are present throughout the scale. Thick band of Ti 

is present in the top scale and of Ni is present at scale-substrate interface. Oxygen and 

aluminum rich pockets can be seen in the sub scale region. Figure 7.16 (e), depicts the BSEI and 

X-ray mapping in case of conventional AICrN coating. Aluminum is uniformly distributed in the 

scale along with substantial amount of Cr, Ni and Fe. The other elements like 0, Ti and N have 

shown negligible presence. 
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Fig. 7.16 (b) Composition image (BSEI) and X-ray mapping of the cross-section of Nanostructured 

TiAIN coated Superfer 800H superalloy subjected to cyclic oxidation in air at 900°C 

'-- 50 cycles 

493 



M.11 Del 	 I 
F71-1 0 4 	111  

0 

Cr N 

Ti 

Fig. 7.16 (c) Composition image (BSEI) and X-ray mapping of the cross-section of Nanostructured 

AICrN coated Superfer 800H superalloy subjected to cyclic oxidation in air at 900°C 

for 50 cycles 
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Fig. 7.16 (d) Composition image (BSEI) and X-ray mapping of the cross-section of conventional 
TiAIN coated Superfer 800H superalloy subjected to cyclic oxidation in air at 900°C 
for 50 cycles 
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Fig. 7.16 (e) Composition image (BSEI) and X-ray mapping of the cross-section of conventional 

AICrN coated Superfer 800H superalloy subjected to cyclic oxidation in air at 900°C 

for 50 cycles 
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7.2.2 Summary of Results 

Results obtained after exposure of uncoated and coated Superfer 800H 

superalloy to cyclic oxidation in air at 900°C for 50 cycles are summarized in Table.7.4. 

Table 7.4 	Summary of the results obtained for uncoated and coated Superfer 800H 

superalloy subjected to cyclic oxidation in air at 900°C for 50 cycles 

Coating Cumulative 
Weight 

gain 
(mg/cm2) 

Parabolic 
rate 

constant 
(K,, x 10-12 

gm2cm-4s-1) 

XRD 
phases 

Remarks 

Uncoated 

Superfer 	800H 

superalloy 

02.125 22.00 Fe203, 

Cr203, 
NiO, 
NiCr204  
and 

NiFe204 

A dark grey colored scale appeared 
on the surface right from the 15t  cycle, 

which 	turned 	to 	blackish 	green 
colored surface along with a light grey 
spot at the end of 50th  cycle 

Nanostructured 

TiAIN coating 

01.670 14.40 Fe203, 
Cr203, 
NiO, TiO2  
and A1203  

Color of the oxide scale at the end of 
the study was observed to be blackish 
green with some light grey areas on 
the surface. The scale remains intact 
with the substrate and 	no spalling 

was observed. 

Nanostructured 

AICrN coating 

01.513 12.20 Fe203, 
Cr203  
and Ni0 

The scale showed 	no spalling and 
remained intact with the substrate. 
After ft  cycle, golden color shining 

was 	observed 	which 	turned 	to 
blackish green color along with light 
grey area at the end of 50th  cycle 

Conventional 

TiAIN Coating 

04.627 79.42 A1203, 
Ti203  and 
Ni0 

The formation of very light brownish 
grey color matrix with cream color 
spots 	after 	cyclic 	oxidation 	studies 

was observed. 

Conventional 

AICrN coating 

04.909 753.25 A1203  
along 
with Ni0 

The scale showed no signs of spalling 
and cracks. After 3rd  cycle, light bluish 
grey color was seen which turns to 
whitish 	grey 	colored 	surface 	along 

with a 	light brown side layer. The 
scale 	remains 	intact 	with 	the 

substrate throughout the study. 
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7.2.3 Discussion 

The sequence of oxidation rates based on weight gain values for the coated 

and uncoated Superfer800H superalloy after 50 cycles of oxidation is: 

Conven. AICrN > Conven. TiAIN > Bare SF 800H > Nanostructured TiAIN > Nanostructured AICrN 

The plasma sprayed gas nitride conventional thick AICrN and TiAIN coatings subjected to 

cyclic oxidation in air have shown relatively high weight gains (Fig.7.10) in the early 

c-y-des of the ey.pc,curp These initial high oxidation rates in general might partially be 

attributed to the rapid formation of oxides at the coating splat boundaries and within 

open pores due to the penetration of the oxidizing species along the splat 

boundaries/open pores in the early cycles of the study. Once the, oxides are formed at 

places of porosity and splat boundaries, the coating becomes dense and the diffusion of 

oxidizing species to the internal portions of the coatings gets slowed down and the 

growth of the oxides becomes limited mainly to the surface of the specimens. This, in 

turn, will make the weight gain and hence the oxidation rate steady with the further 

progress of exposure time. 

The surface scales for the coatings, have shown excellent spallation resistance. 

against the cyclic oxidation in air, which indicates further effectiveness of the coatings 

under study as the cycle-oxidation behavior of an alloy is dictated mainly by scale 

spallation resistance as per the opinion of Stott (1992). Therefore, it can be inferred that 

the necessary protection has been provided by the coating to the substrate, in spite of 

the fact that the conventional thick coatings have shown high overall weight gains as 

compared to that shown by their uncoated and nanostructured coated counterparts. 

These XRD results are well supported by the surface EDAX and X-Ray mapping 

analysis in the present study. In case of uncoated Superfer 800H superalloy, the oxide 

phases found are Fe203, Cr203, NiO, NiCr204  and NiFe2O4. The X-ray mappings, Fig.7.16 

(a) for the oxidised superalloy Superfer 800H are in good agreement with those reported 

by Polman et al. (1990) for a similar superalloy Incoloy 800H. The formation of Fe203, 

Cr203, NiO, TiO2 and A1203 has been indicated in the scale of nanostructured thin TiAIN 

coating (Fig.8.b). The oxide phases in case of nanostructured AICrN coating are Fe203, 

Cr203 and NiO. The presence of Cr203 and NiO in the top scale of bare, nanostructured 

TiAIN and AICrN coated superalloy is supported by the surface color of these samples 
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after oxidation studies, which is blackish green. Greenish color might be attributed to 

the presence of both Cr203  and Ni0 as reported by Khajavi and Shariat (2004). Further, 

the main phases identified for the conventional thick TiAIN coating are A1203, Ti203 and 

NiO. The oxide phases found in case of conventional thick AICrN coating are A1203 along 

with NiO. 

Development of some superficial minor cracks near or along the edges of the 

coated specimens, and subsequent minor spalling may be attributed to the thermal 

shocks due to differences in the heat expansion coefficients of the oxides, coatings and 

the substrate (Rapp et al., 1981, Sidhu et al., 2003, Singh et al. 2004, Evans et al., 2001, 

Wang et al., 2002, Niranatlumpong et al., 2000 and Liu et al., 2001). Furthermore, the 

stress concentration factor at the sharp edges of the specimens might have also 

contributed to this minor cracking and spalling. It is pertinent to mention here that the 

edges of the specimens were kept sharp deliberately to add one more severe condition 

to the accelerated testing of the coatings. Otherwise in actual designs the sharp edges 

are always avoided to eliminate stress concentration. 

The weight change plots (Fig.7.12) for the uncoated and coated Superfer 800H 

superalloy indicated that the oxidation behavior has shown conformance to parabolic 

rate law. The parabolic kinetic behavior is due to the diffusion controlled mechanism 

operating at 900°C under cyclic conditions (Mahesh et al., 2008). Small deviation from 

the parabolic rate law might be due to the cyclic scale growth. The higher weight gain 

during the first few cycles might be attributed to the rapid formation of oxides at the 

splat boundaries and within the open pores due to the penetration of the oxidizing 

species, further the subsequent increase in weight is gradual (Singh et al., 2007). Hussain 

et al. (1994) have also established the validity of parabolic rate law for a Fe-based 

superalloy Incoloy 800H. 

A schematic diagram Fig.7.17 has been suggested to explain the oxidation 

phenomenon for the case of uncoated Superfer 800H in the light of explanations 

regarding oxidation put forward by Stott (1998) which is identical to the one reported by 

Singh, Harpreet (2003).. In the initial stage of oxidation process, when the alloy surface 

adsorb the oxygen molecules, small impinging nuclei of all the thermodynamically stable 

oxides such as those of Ni, Cr, Fe and Mn develop on the surface of the alloy. 
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Fig. 7.17 
	

Schematic diagram showing probable oxidation mechanism for the uncoated 

superalloy Superfer 800H exposed to air at 900°C for 50 cycles (Singh, Harpreet, 
2005) 
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These nuclei then coalesce rapidly to give a transient layer of various oxides in a 

very short time as the temperature of study becomes very high. As the concentration of 

Fe and Ni is higher in the superalloy Superfer 800H, the amount of nickel and iron oxide in 

this layer will be the higher, whereas chromium oxide will be the second dominating 

phase, followed by oxides of Mn. In this transient layer, mixed type oxide such as NiCr204  

may also form by reaction of oxides of Ni and Cr. As the oxidation progresses, this 

transient layer continues to grow with NiO at the top of the scale along with iron oxide, 

while the thermodynamically favored chromia attempt to establish a complete layer at 

the base of this transient layer along with MnO. With the progress of exposure, this 

transient layer continues to grow and sufficient nuclei of the various oxides develop to 

coalesce to form complete layers. Once a continuous layer Cr2O3  is formed at the 

alloy/scale interface, the rate of oxidation is then controlled by transport of reactants 

across this layer, which is much slower process than across the initially formed NiO-rich 

layer. Thereafter, oxidation process enters a steady state. The BSEI and X-ray mapping 

(Fig.7.16.a) support the above explained mechanism of oxidation in air for uncoated 

superfer 800H. It can be inferred based on the present investigation that conventional 

thick and nanostructured thin TiAIN and AICrN coatings can provide a very good 

oxidation resistance at high temperature. 

7.2.4 Conclusions 

The high temperature oxidation behaviors of uncoated and coated Superfer 800H 

have been investigated in air at 900°C for 50 cycles. The behavior of nanostructured 

TiAIN and AICrN coatings were compared with their conventional counterparts and the 

following conclusions are made: 

1. The sequence of oxidation rates based on weight gain values for the coated 

and uncoated superalloy after 50 cycles of oxidation is: 

Conventional AICrN > Conventional TiAIN > Uncoated SF 800H > Nanostructured 

TiAIN > Nanostructured AICrN 
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2. It can be inferred based on the present investigation that conventional thick and 

nanostructured thin TiAIN and AICrN coatings can provide a very good oxidation 

resistance at high temperature. 

3. The plasma sprayed gas nitride conventional thick AICrN and TiAIN coatings 

subjected to cyclic oxidation in air have shown relatively high weight gains in the 

early cycles of the exposure. These initial high oxidation rates in general might 

partially be attributed to the rapid formation of oxides at the coating splat 

boundaries and vvth;ii opcn pares cil!e  to the penetration of the oxidizing species 

along the splat boundaries/open pores in the early cycles of the study. 

4. The plasma sprayed conventional thick coating AICrN when subjected to cyclic 

oxidation at 900 °C for 50 cycles developed a protective scale mainly consisting 

on A1203. 

5. The X-Ray mapping analysis for the conventional thick TiAIN and AICrN coatings 

and nanostructured TiAIN coating shows that the oxygen has not penetrated into 

the substrate alloys. 

6. The cracking and subsequent minor spalling may be attributed to the thermal 

shocks due to differences in the heat expansion coefficients of the oxides, 

coatings and the substrate. 
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7.3 HOT CORROSION STUDIES IN MOLTEN SALT ENVIRONMENT 

Recent studies showed that the materials used for high temperature strength are 

highly susceptible to hot corrosion and the surface engineering plays a key role in 

effectively combating the hot corrosion problems (Gurrapa and Sambasiva Rao, 2006). 

Therefore, the present research work aims to evaluate and compare the hot corrosion 

behavior of conventional thick (by plasma spraying and gas nitrided) and nanostructured 

thin (by physical vapor deposition process) TiAIN and AICrN coatings on Superfer 800H 

superalloy in an aggressive environment of Na2SO4-60%V205 molten salt at 900°C under 

cyclic conditions. The cyclic conditions were chosen to create a very aggressive 

environment for corrosion attack. The cyclic conditions constitute a more realistic 

approach towards solving metal corrosion problems. X-ray diffraction (XRD), scanning 

electron microscopy/energy-dispersive analysis (SEM/EDAX) and X-ray mapping 

techniques have been used to characterize corrosion products after hot corrosion at 

900°C. 

7.3.1 Results 

7.3.1.1 Visual observations 

The micrographs for uncoated and coated Superfer800H (Fe-based superalloy) 

subjected to cyclic oxidation in Na2SO4-60%V205 (molten salt) environment at 900°C for 

50 cycles, are shown in Fig.7.18. For the uncoated superalloy, a dark grey colored scale 

appeared on the surface right from the 1st  cycle, which turned to blackish green colored 

along with a small light grey spot at the end of 50th  cycle (Fig.7.18.a). After 20th  cycle 

some shining dots were also appeared in the scale 

Color of the oxide scale at the end of the study was observed to be blackish 

green with some light grey spots on the surface, in case of nanostructured thin TiAIN 

coated superalloy (Fig.7.18 .b)., The scale starts falling in the boat from 19th  cycle and 

then after 26th  cycle the weight starts decreasing as the scale starts falling outside the 

boat in the tube furnace. The nanaostructured thin AICrN coated superalloy showed no 

spalling and remained intact with the substrate during the initial cycles. After 30th  cycle, 

the scale in the form of powder starts falling outside the boat in the tube furnace, which 

continued till 50th  cycle. At the end of the study, the surface appearance of the oxidized 
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sample is blackish green with some fight grey spots as shown in Fig.7.18 (c). A visual 

observation of conventional thick TiAIN coated superalloy (Fig.7.18.d), showed the 

formation of very light brownish grey color matrix with cream color spots after cyclic 

oxidation studies in Na2SO4-60%V205  (molten salt) environment. 

Fig. 7.18 
	

Surface macrographs of uncoated and coated Superfer 800H superalloy exposed to 
molten salt (Na2SO4-60%V205) environment at 900°C for 50 cycles: (a) Uncoated 
Superfer 800H superalloy, (b) Nanostructured TiAIN coating, (c) Nanostructured 

AICrN coating, (d) Conventional TiAIN coating, (e) Conventional AICrN coating 
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Some amount of superficial spalling was noticed at the end of 2nd  cycle, which 

may be due to the loosely bond particles on the surface of the coating. In case of 

conventional thick AICrN coated superalloy, the scale showed no signs of spalling and 

cracking (Fig.7.18.e). The scale remains intact with the substrate throughout the study 

and the color of the scale is light grey at the end of the study. 

7.3.1.2 Weight change measurements 

Weight gain per unit area (mg/cm2) versus time expressed in number of cycles 

plot for coated and bare superalloy subjected to cyclic oxidation in Na2SO4-60%V205(  

molten salt) environment at 900°C for 50 cycles, is presented in Fig. 7.19. It can be 

inferred from the plots that the bare superalloy have shown high rate of oxidation as 

compared to coatings. The nanostructured thin coatings have shown weight gain in the 

initial cycles and then after 25th  cycle (in case of nanostructured TiAIN) and 30th  cycle (in 

case of nanostructured AICrN coating) the weight gain rate suddenly drops as the scale 

starts falling outside the boat in the tube furnace during the course of study. 

0 5 10 15 20 25 30 35 40 45 50 

Number of cycles 

Fig. 7.19 Weight gain/area vs time (number of cycles) for the uncoated and coated 
Superfer 800H superalloy exposed to molten salt (Na2SO4-60%V205) 
environment at 900°C for 50 cycles 
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The conventional thick coatings have shown relatively higher weight gain in the 

early cycles of study, followed by tendency to show gradual weight gain with further 

increase in number of cycles. The cumulative weight gain per unit area for the coated 

and uncoated superalloy subjected to cyclic oxidation in air at 900°C for 50 cycles is 

shown in Fig. 7.20. The overall weight gain is highest in case of uncoated superalloy 

(24.51 mg/cm2) and is lowest in case of nanaostructured thin AICrN coating (2.84 

mg/cm2
up to 30' cycle). The final weight gain in case of nanostructured TiAIN, 

Conventional TiAIN and AICrN coatings is 8.15, 8.54 and 11.27 mg/cm2  respectively. 

The (weight gain/area) 2  versus number of cycles plot are shown in Fig. 7.21 for 

all the cases to ascertain conformance with the parabolic rate law. All the coated and 

uncoated superalloy followed the parabolic rate law as evident from the Fig.7.21. The 

parabolic rate constant Kp  was calculated by a linear least-square algorithm to a function 

in the form of (W/A)2= Kp t, where W/A is the weight gain per unit surface area (mg/cm2) 

and 't" indicates the number of cycles representing the time of exposure. The parabolic 

rate constants for the bare and coated Superfer800H superalloy calculated on the basis 

of 50 cycle's exposure data are shown in Table.7.5. 

Fig. 7.20 

* Weight gain upto 25th cycle in case of nanostructured TiAIN coating 
* Weight gain upto 30th cycle in case of nanostructured AICrN coating 

Bar chart showing cumulative weight gain per unit area for the uncoated and 

coated Superfer 800H superalloy exposed to molten salt (Na2SO4-60%V205) 
environment at 900°C for 50 cycles: (A) Uncoated Superfer 800H superalloy, (B) 

Nanostructured TiAIN coating, (C) Nanostructured AICrN coating, (D) 

Conventional TiAIN coating, (E) Conventional AICrN coating 

Cu
m

u l
at

iv
e  

w
e i

gh
t  g

a i
n  

(m
g/

cm
2)

  

506 



20 10 40 30 510 

800 

700 - 

600 

500 

400 

300 

200 

100 

0 

0 
-100 - 

O Uncoated Superfer 800H 

D Nanostructured TiAIN coating 

A Nanostructured AICrN coating 

X Conventional TiAIN coating 

X Conventional AICrN coating 

Number of cycles 

Fig. 7.21 Weight gain/area square vs time (number of cycles) for the uncoated and 

coated Superfer 800H superalloy exposed to molten salt (Na2SO4-60%V205) 
environment at 900°C for 50 cycles 

Table 7.5 
	

Parabolic rate constant 'Kr' values of uncoated and coated Superfer 800H 

superalloy subjected to cyclic oxidation in Na2SO4-60%V205  molten salt at 
900°C for 50 cycles 

Substrate / Coating Kp x 10-10 gm2
CM-45

-1 

Uncoated Superfer800H superalloy 33.65 

Nanostructured TiAIN coating 08.65 

Nanostructured AICrN coating 00.85 

Conventional TiAIN coating 02.60 

Conventional AICrN coating 05.41 
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7.3.1.3 Surface scale analysis 

7.3.1.3.1 X-ray diffraction analysis (XRD) 

XRD diffractograms for coated and bare Superfer 800H superalloy subjected to 

cyclic oxidation in Na2SO4-60%V205  (molten salt) environment at 900°C for 50 cycles are 

depicted in Fig. 7.22 (a and b) on reduced scale. As indicated by the diffractograms, in 

case of uncoated, nanostructured TiAIN and AICrN coated Superfer 800H superalloy the 

oxide phases found are Fe203, Cr203, NiO, NiCr204  and NiFe204. The formation of some 

weak peaks of A1203 has also been revealed in the scale of nanostructured thin coatings. 

Further, the main phases identified for the conventional thick TiAIN coating are A1203, 

Ti3A1 and NiO. The oxide phases found in case of conventional thick AICrN coating are 

A1203, Fe203, and Cr203  along with NiO. 

7.3.1.3.2 Surface scale morphology 

SEM micrographs along with EDAX point analysis reveals the surface morphology 

of the coated and uncoated Superfer 800H superalloy subjected to cyclic oxidation in 

Na2SO4-60%V205  (molten salt) environment at 900 °C for 50 cycles are shown in Fig.7.23. 

The oxide scale for uncoated superalloy indicates the dominance of Fe, Cr and 0 along 

with some amount of Mn and Ni (Fig.7.23.a). 

The SEM micrograph of oxidized nanostructured thin TiAIN coatings which 

appears like a structure of rock is shown in Fig.7.23 (b). The matrix is rich in Fe, Cr, 0 and 

Ni along with small amount of Mn, Al and Ti, as revealed by EDAX point analysis. In case 

of nanostructured thin AICrN coating, the SEM micrograph indicates small needles (Point 

5) like structures dispersed in matrix (Point 6 on Fig. 7.23.c). The top scale is rich in Fe, 

Ni, Cr and 0. The small amount of Mn, Al, Ti and C are also present. The EDAX point 

analysis shows higher concentration of Ni (26.70%) and Cr (11.45%) in the needles 

comparable to matrix which shows lower concentration of Ni (6.43%) and Cr (3.50%). 

Further, the amount of Fe in the matrix is more than in needles. 

The surface scale developed on conventional thick TiAIN coating is with black 

(Point 7) and white areas (Point 8 on Fig.7.23.d). The EDAX point analysis at point 7 

indicates the presence of Al (42.29%) and 0 (39.12%) as the main phases along with 

small amount of Fe, Ni, Ti and Cr. 
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X-Ray Diffraction pattern of uncoated and coated Superfer 800H superalloy 
exposed to molten salt (Na2SO4-60%V205) environment at 900°C for 50 
cycles: (A) Uncoated superalloy, (B) Nanostructured TiAIN coating, (C) 

Nanostructured AICrN coating, (D) Conventional TiAIN coating 

Fig. 7.22 (b) X-Ray Diffraction pattern of Conventional AICrN coated Superfer 800H 

superalloy exposed to molten salt (Na2SO4-60%V205) environment at 900°C 
for 50 cycles 
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Fig. 7.23 Surface-scale morphology and EDAX patterns from different spots on uncoated and 
coated Superfer 800H superalloy exposed to molten salt (Na2SO4-60%v205) 
environment at 900°C for 50 cycles : (a) Uncoated Superfer 800H superalloy, (b) 
Nanostructured TiAIN coating, (c) Nanostructured AICrN coating, (d) Conventional 
TiAIN coating, (e) Conventional AICrN coating' 
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The white contrast region (Point 8 in Fig.7.23) shows the presence of Al (28.87%), 

Fe (11.75%), Ti (6.79%) and 0 (39.11%) along with Cr (7.51%). A homogeneous and 

continuous surface scale is developed in case of conventional thick AICrN coating 

(Fig.7.23.e). The EDAX point analysis revealed more concentration of Cr and Fe in the 

white contrast region (Point 9) as compared to the dark grey region (Point 10), whereas 

the concentration of Al and 0 is less. 

7.3.1.4 Cross-sectional analysis 

7.3.1.4.1 Scale thickness 

The oxidized samples were cut across the cross section using Buehler Isomet 

1000 precision saw and mounted in transoptic mounting resin and subsequently mirror 

polished to obtain scanning electron back scattered micrographs and X-ray mapping of 

different elements for coated and uncoated Superfer 800H superalloy. The scale 

thickness values were measured from SEM back scattered micrographs as shown in 

Fig.7.24. The measured average scale thickness values for Superfer 800H superalloy, 

nanostructured thin TiAIN, nanostructured thin AICrN, conventional thick TiAIN and 

conventional thick AICrN coatings are 84, 81, 24, 108 and 106 pm respectively. 

7.3.1.4.2 Cross-sectional scale morphology 

Back Scattered Electron Image (BSEI) micrograph and elemental variation across 

the cross-section for coated and uncoated Superfer 800H superalloy subjected to cyclic 

oxidation in Na2SO4-60%V205 (molten salt) environment at 900°C for 50 cycles are 

shown in Fig.7.24. In case of uncoated Superfer800H superalloy (Fig.7.24.a), EDAX 

analysis reveals the presence of iron, oxygen, nickel and chromium throughout the scale. 

The scale is dense and nearly uniform in thickness. At point 3 and 5 the concentration of 

Cr and 0 is higher, which points out the possibility of existence of Cr2O3. The amount of 

Ni is higher at point 4. The concentration of 0 is varying throughout the scale and is 

almost zero at point 2 and 4. BSEI micrograph and elemental variation depicted in 

Fig.7.24 (b), for the exposed cross-section of nanostructured thin TiAIN coated Superfer 

800H superalloy shows the dense and continuous scale. 
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7.3.1.4.3 X-Ray mapping 

X-ray mappings for a part of oxide scale of uncoated and coated Superfer 800H 

superalloy oxidized in Na2SO4-60%V205  (molten salt) environment at 900 °C for 50 cycles 

are shown in Fig.7.25.BSEI and X-ray mapping for the oxidized bare superalloy shows 

nickel dominating continuous scale, which contain substantial amounts of iron and 

oxygen (Fig.7.25.a). Chromium and oxygen have shown their co-presence in the form of 

some pockets in the scale and at the scale-substrate interface, where iron and nickel is 

completely missing. Figure 7.25 (b), shows X-ray mapping analysis of the scale formed on 

nanaostructured TiAIN Superfer 800H superalloy. The BSEI image and X-ray mapping 

indicates the formation of a dense scale consisting mainly of iron, nickel, oxygen and 

chromium. Chromium and oxygen have shown their co-presence in the form of a band 

at the scale-substrate interface. 

In case of nanostructured thin AICrN coated superalloy, the BSE1 and X-ray 

mapping are shown in Fig.7.25 (c). The X-ray mapping indicates the presence of iron 

oxygen nickel and chromium throughout the scale. A thin band of Cr and 0 is also 

indicated by X-ray mapping, where iron and nickel are completely absent. This band is 

followed by a thin band of Ni and 0, where Fe and Cr are missing. 

In case of conventional thick TiAIN coated superalloy (Fig.7.25.d), Fe and 0 are 

present throughout the scale. Thick band of Ti is present in the top scale whereas thin 

band of Ni is present at scale-substrate interface. The sub scale is rich in Al and Fe with 

substantial amount of 0, Ni and Cr. Figure 7.25 (e), depicts the BSEI and X-ray mapping 

in case of conventional AICrN coating. Aluminum is uniformly distributed in the scale 

along with substantial amount of Cr, Ni and Fe. The other elements like Ti and N have 

shown negligible presence. 

7.3.2 Summary of Results 

Results obtained after exposure of uncoated and coated Superfer 800H 

superalloy to cyclic oxidation in Na2SO4-60%V205 molten salt environment at 900°C for 

50 cycles are summarized in Table.7.6. 
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The white contrast region (Point 8 in Fig.7.23) shows the presence of Al (28.87%), 

Fe (11.75%), Ti (6.79%) and 0 (39.11%) along with Cr (7.51%). A homogeneous and 

continuous surface scale is developed in case of conventional thick AICrN coating 

(Fig.7.23.e). The EDAX point analysis revealed more concentration of Cr and Fe in the 

white contrast region (Point 9) as compared to the dark grey region (Point 10), whereas 

the concentration of Al and 0 is less. 

7.3.1.4 Cross-sectional analysis 

7.3.1.4.1 Scale thickness 

The oxidized samples were cut across the cross section using Buehler Isomet 

1000 precision saw and mounted in transoptic mounting resin and subsequently mirror 

polished to obtain scanning electron back scattered micrographs and X-ray mapping of 

different elements for coated and uncoated Superfer 800H superalloy. The scale 

thickness values were measured from SEM back scattered micrographs as shown in 

Fig.7.24. The measured average scale thickness values for Superfer 800H superalloy, 

nanostructured thin TiAIN, nanostructured thin AICrN, conventional thick TiAIN and 

conventional thick AICrN coatings are 84, 81, 24, 108 and 106 pm respectively. 

7.3.1.4.2 Cross-sectional scale morphology 

Back Scattered Electron Image (BSEI) micrograph and elemental variation across 

the cross-section for coated and uncoated Superfer 800H superalloy subjected to cyclic 

oxidation in Na2SO4-60%V205 (molten salt) environment at 900°C for 50 cycles are 

shown in Fig.7.24. In case of uncoated Superfer800H superalloy (Fig.7.24.a), EDAX 

analysis reveals the presence of iron, oxygen, nickel and chromium throughout the scale. 

The scale is dense and nearly uniform in thickness. At point 3 and 5 the concentration of 

Cr and 0 is higher, which points out the possibility of existence of Cr2O3. The amount of 

Ni is higher at point 4. The concentration of 0 is varying throughout the scale and is 

almost zero at point 2 and 4. BSEI micrograph and elemental variation depicted in 

Fig.7.24 (b), for the exposed cross-section of nanostructured thin TiAIN coated Superfer 

800H superalloy shows the dense and continuous scale. 
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Fig. 7.24 Oxide scale morphology and variation of elemental composition across the cross-

section of the uncoated and coated Superfer800H superalloy exposed to molten salt 

(Na2SO4-60%V205) environment at 900°C for 50 cycles: (a) Uncoated Superfer800H 

superalloy (1200 X), (b) Nanostructured TiAIN coating (1200 X), (c) Nanostructured 

AICrN coating (1700 X), (d) Conventional TIAIN coating (500 X), (e) Conventional 

AICrN coating (500 X) 

The EDAX analysis reveals the presence of Fe, Ni, Cr and 0 in the scale. The analysis at 

point 5 shows increase in the concentration of Cr and 0, which points out the possibility of 

existence of Cr203. In case of nanostructured AICrN coating (Fig.7.24.c), a continuous and 

adherent oxide scale can be seen. The scale mainly consists of Fe, Ni and Cr with oxygen. A 

location at Point 4 shows increase in concentration of Cr and 0 with decrees in the 

concentration of Fe and Ni. In case of conventional TiAIN coated Superfer800H superalloy, the 

scale is uniform and adherent as depicted in Fig.7.24 (d). The EDAX point analysis indicates the 

presence of Fe, Ni, 0, Al, Ti and Cr in the scale with variable amounts. The top scale is rich in Ti, 

Ni, Al, Fe and 0. The concentration of Ti is almost zero in the subscale region. The analysis at 

point 4 shows increase in the amount of Al, Ni and 0 with less amount of Fe. The conventional 

thick AICrN coated Superfer800H superalloy (Fig.7.24.e) indicates continuous, thick and 

adherent scale. EDAX point analysis shows the uniform presence of Fe, Al, Cr, 0 and Ni 

throughout the scale. The analysis at point 4 revealed higher concentration of Al, Ni and 0 with 

fewer amounts of Fe and Cr, whereas point 5 shows higher concentration of Cr. 
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7.3.1.4.3 X-Ray mapping 

X-ray mappings for a part of oxide scale of uncoated and coated Superfer 800H 

superalloy oxidized in Na2SO4-60%V205  (molten salt) environment at 900 °C for 50 cycles 

are shown in Fig.7.25.BSEI and X-ray mapping for the oxidized bare superalloy shows 

nickel dominating continuous scale, which contain substantial amounts of iron and 

oxygen (Fig.7.25.a). Chromium and oxygen have shown their co-presence in the form of 

some pockets in the scale and at the scale-substrate interface, where iron and nickel is 

completely missing. Figure 7.25 (b), shows X-ray mapping analysis of the scale formed on 

nanaostructured TiAIN Superfer 800H superalloy. The BSEI image and X-ray mapping 

indicates the formation of a dense scale consisting mainly of iron, nickel, oxygen and 

chromium. Chromium and oxygen have shown their co-presence in the form of a band 

at the scale-substrate interface. 

In case of nanostructured thin AICrN coated superalloy, the BSEI and X-ray 

mapping are shown in Fig.7.25 (c). The X-ray mapping indicates the presence of iron 

oxygen nickel and chromium throughout the scale. A thin band of Cr and 0 is also 

indicated by X-ray mapping, where iron and nickel are completely absent. This band is 

followed by a thin band of Ni and 0, where Fe and Cr are missing. 

In case of conventional thick TiAIN coated superalloy (Fig.7.25.d), Fe and 0 are 

present throughout the scale. Thick band of Ti is present in the top scale whereas thin 

band of Ni is present at scale-substrate interface. The sub scale is rich in Al and Fe with 

substantial amount of 0, Ni and Cr. Figure 7.25 (e), depicts the BSEI and X-ray mapping 

in case of conventional AICrN coating. Aluminum is uniformly distributed in the scale 

along with substantial amount of Cr, Ni and Fe. The other elements like Ti and N have 

shown negligible presence. 

7.3.2 Summary of Results 

Results obtained after exposure of uncoated and coated Superfer 800H 

superalloy to cyclic oxidation in Na2SO4-60%V205 molten salt environment at 900°C for 

50 cycles are summarized in Table.7.6. 
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Fig. 7.25 (a) Composition image (BSEI) and X-ray mapping of the cross-section of uncoated 
Superfer 800H superalloy exposed to molten salt (Na2SO4-60%V205) environment at 
900°C for 50 cycles 
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Fig. 7.25 (b) Composition image (BSEI) and X-ray mapping of the cross-section of Nanostructured 
TiAIN coated Superfer 800H superalloy exposed to molten salt (Na2SO4-60%V205) 
environment at 900°C for 50 cycles 
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Fig. 7.25 (c) Composition image (BSEI) and X-ray mapping of the cross-section of Nanostructured 
AICrN coated Superfer 800H superalloy exposed to molten salt (Na2SO4-60%V205) 
environment at 900°C for 50 cycles 
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Fig. 7.25 (e) Composition image (BSEI) and X-ray mapping of the cross-section of conventional 

AICrN coated Superfer 800H superalloy exposed to molten salt (Na2SO4-60%V205) 

environment at 900°C for 50 cycles 
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Table 7.6 
	

Summary of the results obtained for uncoated and coated Superfer 800H 

superalloy subjected to cyclic oxidation in molten salt (Na2SO4-60%V205) 
environment at 900°C for 50 cycles 

Coating Cumulative 
Weight 

gain 
(mg/cm2) 

Parabolic 
rate 

constant 
(Kp x 10-10  

gm2cm-45 1) 

XRD 
phases 

Remarks 

Uncoated 

Superfer 	800H 

superalloy 

24.51 33.65 Fe203, 
Cr203, 	NiO,  
NiCr204  and 

NiFe204 

A dark grey colored scale appeared on 

the 	surface 	right 	from 	the 	1st 	cycle, 

which turned to blackish green colored 

surface along with a small light grey spot 

at the end of 50th  cycle. After 20th  cycle 

some shining dots were also appeared. 

Nanostructured 

TiAIN coating 

08.15 08.65 Fe203, 
Cr203, 	NiO, 
NiCr204  and 

NiFe204 
and A1203  

Color of the oxide scale at the end of the 
study was observed to be blackish green 
with some light grey spots on the surface. 
The scale starts falling in the boat from 19th  
cycle and then after 26th  cycle the weight 
starts decreasing as the scale starts falling 
outside the boat in the tube furnace. 

Nanostructured 

AICrN coating 

02.84 00.85 Fe203, 
Cr203, 	NiO, 

NiCr204, 
NiFe204 
and A1203  

After 30th  cycle, the scale in the form of 
powder starts falling outside the boat in the 
tube furnace, which continued till 50th  cycle. 
At 	the 	end 	of 	the 	study, 	the 	surface 
appearance 	of 	the 	oxidized 	sample 	is 
blackish green with some light grey spots 

Conventional 

TiAIN Coating 

08.54 02.60 A1203, 	Ti3Al 
and Ni0 

At the end of the study; very light brownish 
grey color matrix with cream color spots 
appeared on the surface. Some amount of 
superficial spalling was noticed at the end of 
2nd  cycle. 

Conventional 

AICrN coating 

11.27 05.41 A1203, 
Fe203, Cr203  
and Ni0 

The scale showed no signs of spalling and 
cracks. The scale remains intact with the 
substrate throughout the study and 	the 
color of the scale is light grey at the end of 
the study. 
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7.3.3 Discussion 

The weight gain plot, Fig.7.19, show that the weight gained by bare Superfer 

800H super alloy increases continuously due to the accelerated oxidation in the molten 

salt environment, where as the coated superalloy in all cases showed better hot 

corrosion resistance. The rapid increase in the weight gain during the initial period of 

exposure to Na2SO4-60%V205 (molten salt environment) environment at 900°C can be 

attributed to the possible formation of NaVO3. Kolta et al. (1972) proposed that in the 

temperature range of 900°C, the Na2SO4 and V205  will combine to form NaVO3, as 

represented by eq.(7.1) having a melting point of 610°C. 

Na2SO4 + V205 = 2NaVO3 (I) + SO2  + 1/2 02 
	

(7.1) 

This NaVO3  acts as a catalyst and also serves as an oxygen carrier to the base 

alloy through the open pores present on the surface, which will lead to the rapid 

oxidation of the base elements of the substrate to form a protective oxide scale. There 

may be simultaneous dissolution of protective oxide Cr203 in the molten salt due to the 

reaction (Sei.ersten and Kofstad, 1987; Swaminanthan et al., 1993): 

Cr203  + 4NaVO3  + 3/202 = 2Na2CrO4 + 2V205 
	(7.2) 

The Na2CrO4  gets evaporated as a gas (Fryburg et al., 1984 and Guo et al., 2006). 

The rapid increase in the weight gain during the initial period was also reported by Sidhu 

et al. (2006), Harpreet Singh et al.(2005), Tiwari and Prakash (1997) and UI-amid (2003) 

during hot corrosion studies. Also, the higher weight gain during the first few cycles can 

be attributed to the rapid formation of oxides at the splat boundaries and within the 

open pores due to the penetration of the oxidizing species. Once the oxides are formed 

at places of porosity and splat boundaries, the coating becomes dense and the diffusion 

ul 	 11.0 LI le 	IId; }JUI CIVIIJ ul LIIC LVdlirrgJ geb >ivweu dUVVII anu iiie 

growth of the oxides becomes limited mainly to the surface of the specimens. This, in 

turn, will make the weight gain and hence the oxidation rate steady with the further 

progress of exposure time (Singh et al., 2007 and Sidhu et al., 2006). 

In case of conventional thiCk TiAIN and AICrN coatings, after 5th  cycle the weight 

gain rate becomes almost constant. Thus, these conventional coatings are providing full 

521 



protection to the substrate alloy in molten salt environment at 900°C. It can be inferred 

from the weight gain plots that the uncoated Superfer 800H superalloy have shown high 

rate of oxidation as compared to the coatings. Aluminum (Beizunce et al., 2001) and 

Chromium (Singh et al., 2005) exhibits higher affinity for oxygen to form A1203  and Cr203 

during the earlier stages of hot corrosion. The formation of protective A1203 and Cr203  

oxides in case of conventional thick TiAIN and AICrN coated Superfer 800H superalloy 

has also been supported by EDAX analysis of surface (Fig.7.23.d and e) and cross-section 

(Fig. 7.24.d and e), XRD analysis (Fig.7.22) and X-ray mapping (Fig.7.25.d and e). 

The nanostructured thin coatings have shown weight gain in the initial cycles and 

then after 25th  cycle (in case of nanostructured TiAIN) and 30th  cycle (in case of 

nanostructured AICrN coating) the weight gain rate suddenly drops as the scale starts 

falling outside the boat in the tube furnace during the course of the study. So this weight 

gain or loss after 25th  cycle (in case of nanostructured TiAIN) and 30th  cycle (in case of 

nanostructured A1CrN coating) was not much relevant and thus not included in the 

study. Further, the overall weight gain is highest in case of uncoated superfer 800H 

superalloy (24.51 mg/cm2) and is lowest in case of nanaostructured thin AICrN coating 

(2.84 mg/cm2up to 30th  cycle). The sequence of oxidation rates based on weight gain 

values for the coated and uncoated superalloy after 50 cycles of oxidation is: 

Bare SF > Conventional AICrN > Conventional TiAIN > Nanostructured TiAIN > Nanostructured AICrN 

The surface scales for the coatings, have shown excellent spallation resistance 

against the cyclic oxidation in air, which indicates further effectiveness of the coatings 

under study as the cycle-oxidation behavior of an alloy is dictated mainly by scale 

spallation resistance as per the opinion of Stott (1992). These XRD results (Fig.7.22) are 

well supported by the surface EDAX and X-Ray mapping analysis in the present study. In 

case of uncoated, nanostructured thin TiAIN and nanostructured thin AICrN coated 

Superfer 800H superalloy; the oxide phases found are Fe203, Cr203, NiO, NiCr2O4  and 

NiFe2O4. Furthermore, the X-ray mappings, Fig.7.25 (a) for the oxidised bare superalloy 

Superfer 800H are in good agreement with those reported by Polman et al. (1990) for a 

similar superalloy Incoloy 800H. The presence of Cr203  and Ni0 in the top scale of bare, 

nanostructured TiAIN and AlCrN coated superalloy is supported by the surface color of 

these samples after oxidation studies, which is blackish green. Greenish color might be 
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attributed to the presence of both Cr203  and NiO as reported by Khajavi and Shariat 

(2004). Further, the main phases identified for the conventional thick TiAIN coating are 

A1203, Ti203 and NiO. The oxide phases found in case of conventional thick AICrN coating 

are A1203, Fe203 and Cr203  along with NiO. 

It could be seen from the respective X-Ray mapping (Fig.7.25) analysis that there 

is no sign of depletion of basic elements from the substrate alloys, except in case of 

nanostructured TiAIN coating. This indicates that the coatings have been successful in 

acting as a reservoir for the formation of protective oxides/spinels, consequently may 

increase the service life of the substrate alloy. Moreover, it is clear from the back 

scattered images (Fig.7.24) of cross-section for the coatings subjected to oxidation for 50 

cycles that the coatings appear to be integral with the substrates. The X-Ray mapping 

analysis for the conventional thick TiAIN and AlCrN coatings coating shows that the 

oxygen has not penetrated into the substrate alloys. In case of uncoated superalloy; 

some pockets in the scale can be seen where Cr and 0 are present where Fe and Ni are 

completely missing (Fig.7.25.a). Also, the top scale is rich in NI, Fe, Cr and 0 which is 

supported by XRD (Fig.7.22) and EDAX analysis of the surface (Fig.7.23.a) and cross-

section (Fig.7.24.a). The presence of non protective Ni0 in the top scale of oxidized bare 

superalloy allows the penetration of corrosive species through the scale to the 

substrate. The identification of Fe203  in the scale (Fig.7.22) of uncoated superalloy after 

hot corrosion experiments indicated that non-protective conditions were established 

when Na2SO4-60% V205 (molten salt) environment was present on the surface. This 

might be the reason of higher weight gain rate in case of uncoated Superfer 800H 

superalloy. 

Some negligible cracking and minor spalling may be attributed to the thermal 

shocks due to differences in the heat expansion coefficients of the oxides, coatings and 

the substrate (Rapp et al, 1981, Sidhu et al. 2003, Singh H et al. 2004, Evans et al. 2001, 

Wang et al., 2002, Niranatlumpong et al., 2000 and Liu et al., 2001). The stress 

concentration factor at the sharp edges of the specimens might have also contributed to 

this minor cracking and spalling. It is pertinent to mention here that the edges of the 

specimens were kept sharp deliberately to add one more severe condition to the 

accelerated testing of the coatings. Otherwise in actual designs the sharp edges are 

always avoided to eliminate stress concentration. It can be inferred based on the 
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present investigation that conventional thick TiAIN, AICrN, nanostructured thin TiAIN (up 

to 2.5  --th  cycle) and nanostructured AICrN (up to 30th  cycle) coatings have provided a very 

good oxidation resistance in molten salt environment at high temperature. 

7.3.4 Conclusions 

The high temperature oxidation behaviors of uncoated and coated Superfer 800H 

superalloy have been investigated in Na2504-60%V205 (molten salt) environment at 

900°C for 50 cycles. The behavior of nanostructured TiAIN and AICrN coatings were 

compared with conventional counterparts and the following conclusions are made: 

1. The oxidation rate (total weight gain values after 50 cycles) of the coated and 

uncoated Superfer 800H superalloy follows the sequence as given below: 

Bare SF 800H > Conventional AICrN > Conventional TiAIN > Nanostructured TiAIN 

> Nanostructured AICrN 

2. The plasma sprayed gas nitride conventional thick TiAIN and AICrN coatings when 

subjected to cyclic oxidation in Na2SO4-60%V205 molten salt at 900°C for 50 

cycles developed a protective scale mainly consisting on aluminum oxide. 

3. The nanostructured thin coatings have shown weight gain in the initial cycles and 

then after 25th  cycle (in case of nanostructured TiAIN) and 30th  cycle (in case of 

nanostructured AICrN coating) the weight gain rate suddenly drops as the scale 

starts falling outside the boat in the tube furnace during the course of the study. 

4. The conventional thick coatings have shown relatively higher weight gain in the 

early cycles of study, followed by tendency to show gradual weight gain with 

further increase in number of cycles. In case of uncoated superalloy; the weight 

gain is highest. 

5. It can be inferred based on the present investigation that conventional thick 

TiAIN, AICrN, nanostructured thin TiAIN (up to 25th  cycle) and nanostructured 

AICrN (up to 30th  cycle) coatings have provided a very good oxidation resistance 

in molten salt environment at high temperature. 

6. The oxide scale formed is adherent to the substrate in all specimens after hot 

corrosion studies. 
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7.4 EROSION STUDIES IN SIMULATED COAL-FIRED BOILER ENVIRONMENT 

The present work has been focused to compare the high temperature erosion 

behavior of conventional thick (by plasma spraying and gas nitrided) and nanostructured 

thin (by physical vapor deposition process) TiAIN and AICrN coatings on Superfer800H 

superalloy. The erosion studies were carried out using a high temperature air-jet erosion 

test rig at a.velocity of 35 ms-1  and impingement angles of 30°  and 90°. The tests were 

carried out at high temperatures. The two temperatures were taken for the test, sample 

temperature 400°C and air/erodent temperature 900°C simulated to service conditions 

of boiler tubes in which sample temperature and flow gas temperature correspond to 

the inner and outer temperature of water wall pipes. The alumina particles of average 

size 501.1m were used as erodent. Erosion rates in terms of volumetric loss (mm3/g) for 

different uncoated and coated alloys are compared. The eroded samples were analyzed 

with SEM/EDX and optical profilometer. The erosion rate data for each coated alloy has 

been plotted along with uncoated alloy in order to assess the coating performance. 

Efforts have been made to understand the mode of erosion. 

7.4.1 Results 

7.4.1.1 Visual observations 

The macrographs for uncoated and coated Superfer 800H superalloy subjected to 

erosion studies in simulated coal-fired boiler environment are shown in Fig.7.26. The 

effect of corrosion along with the erosion was observed. The shape of the scar 

(developed by constant strike of erodent) is circular in case of normal impact (at 90°) 

and elliptical in case of oblique impact (at 30°) of erodent. The uncoated superalloy 

shows small scar with a thin scale after erosion. The erosion seems to clean the scale off 

the surface in the eroded/corroded region. The impact of erodent removes the scale. 

Away from this eroded region a thin layer of scale was observed on the surface and the 

eroded/corroded region showed dark grey colored scar (Fig.7.26.a). The nanostructured 

TiAIN coated Superfer 800H showed clear marks of erosion as shown in Fig.7.26 (b). The 

color of the coated specimen changed from violet-grey to whitish grey at scar and 

blackish blue ring around the scar. 
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Fig. 7.26 Surface macrographs of eroded uncoated and coated Superfer 800 superalloy 

exposed to high temperature erosion studies in simulated coal-fired boiler 
environment 

526 



90° Impact Angle 

30° Impact Angle 

90° 	30° 

V
o

lu
m

e  
W

ea
r  

ra
te

  m
m

3/
g  

x  
10

-0
 

A 

The macrograph in case of eroded nanostructured AICrN coating are shown in 

Fig.7.26 (c). The color of the scars was observed as light grey surrounded by dark 

colored ring. A visual observation of conventional thick TiAIN and AICrN coated Superfer 

800H (Fig.7.26.d and e), showed the formation of dark grey colored scar surrounded by a 

light colored ring. Also, the un-eroded area around the scars appeared as rough surface. 

7.4.1.2 Erosion rate 

The erosion loss has been calculated by volume change method. The volume loss 

occurred after erosion testing was measured by using non contact optical profilometry as 

explained in chapter 3. The erosion depth was measured at six random locations to obtain 

the average erosion depth of an eroded scar. At each location (including eroded and un-

eroded area) surface profiles were taken. 

Fig.7.27 
	

Column chart showing the Volume wear rate of uncoated and coated Superfer 
iSOOH syperalloy eroded at normal and oblique impact: (A) Uncoated Superfer 

800H, (B) Nanostructured TiAIN coating, (C) Nanostructured AICrN coating, (D) 
Conventional TiAIN coating, (E) Conventional AICrN coating 

The erosion rate for uncoated and coated Superfer 800H superalloy at an impact 

velocity of 35 ms-1-  and impingement angle of 30°  and 90° when substrate 

temperature was 400°C and surrounding air at 900°C; is shown in Fig. 7.27. The 
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volume erosion rate for uncoated Superfer 800H, nanostructured thin TiAIN, 

nanostructured thin AICrN, conventional thick TiAIN and conventional thick AICrN 

coatings; is 0.0384 X10-3, 0.1060 X10-3, 0.0935 X10-3, 1.475 X10-3 and 1.653 X103 

M M3/gm respectively at 90° impact angle. While at 30° impact, the volume erosion 

rate for uncoated superalloy, nanostructured thin TiAIN, nanostructured thin AICrN, 

conventional thick TiAIN and conventional thick AICrN coatings; is 0.1621 X10-3, 0.12586 

X10-3, 0.099352 X10-3, 2.534 X103  and 2.48996 X10-3  mm3/gm respectively. 

From the graph, it can be inferred that the erosion rate of the uncoated Superfer 

800H superalloy eroded at oblique impact i.e. at 30° impingement angle is more as 

compared to erosion rate at 90° impact thus showing the typical behavior of ductile 

materials. The similar behavior was observed in case of the naostructured thin TiAIN and 

AICrN hard coatings with negligible overall volume erosion loss (Fig.7.27). In case of the 

conventional thick TiAIN and AICrN coated Superfer 800H; the erosion rate at oblique 

impact i.e. at 30° impingement angle is more as compared to erosion rate at 90° impact 

with higher volume erosion rate as compared to the uncoated and nanostructured 

coated Superfer 800H superalloy. 

7.4.1.3 SEM/EDAX Analysis 

SEM micrographs along with EDAX point analysis reveals the surface morphology 

of the uncoated and coated Superfer 800H superalloy subjected to erosion studies in 

simulated coal-fired boiler environment when substrate temperature was 400°C and 

surrounding air at 900°C; are shown in Fig. 7.28 and 7.29. The SEM observations were 

made on the eroded surface of all the uncoated and coated superalloy specimens at 

both the impact angles i.e. at 90° and 30°. Scanning electron microscopy (SEM) revealed 

various erosion mechanisms like metal removal, oxide chipping, fracture and spalling 

within the oxide/coating layer and at the scale/metal interface etc. The micrographs 

have revealed fracture at the surfaces with impressions of formation of craters with 

crack network. 

Micrographs (Fig.7.28) for the eroded surfaces of uncoated and coated Superfer 

800H superalloy at 90° impact angle, clearly indicates the formation of crater, oxide 

fracture and removal, coating fracture and retained erodent. 
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Fig. 7.28 Surface-scale morphology and EDAX patterns from different spots on eroded uncoated 

and coated Superfer 800H superalloy exposed to high temperature erosion studies in 

simulated coal-fired boiler environment at impact angle 90°: (a) Uncoated Superfer 

800H, (b) Nanostructured TIAIN coating, (c) Nanostructured AICrN coating, (d) 

Conventional TIAIN coating, (e) Conventional AICrN coating 
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Fig. 7.29 Surface-scale morphology and EDAX patterns from different spots on eroded uncoated 

and coated Superfer 800H superalloy exposed to high temperature erosion studies in 

simulated coal-fired boiler environment at impact angle 30°: (a) Uncoated Superfer 

800H, (b) Nanostructured TiAIN coating, (c) Nanostructured AICrN coating, (d) 

Conventional TiAIN coating, (e) Conventional AICrN coating 
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It can be observed from the micrographs of the eroded surface of the uncoated 

superalloy (Fig.7.28.a) that the erodent particles deform the exposed surface by 

ploughing and introducing the craters in the matrix by displacing material to the side. 

EDAX analysis revealed the presence of Fe, Al, Ni, Cr and 0 as the main elements on the 

eroded area, which indicates the presence of retained erodent i.e. alumina. In case of 

nanostructured TiAIN coating (Fig.7.28.b); the micrograph revealed cracks and retained 

erodent. EDAX analysis indicates the presence of Fe, Al, Ni, Cr and 0 as the main 

elements along with negligible amount of Ti and C. This is the indication that the 

nanostructured coating is severely damaged and fractured when the eroding particle 

strikes the surface of a coating at 900; and hence failed to protect the substrate. Further, 

in case of nanostructured AICrN coating; the signs of coating removal and wider impact 

crater have been observed (Fig. 7.28.c), EDAX analysis shows the presence of Al, Ni, Cr, 

Fe and 0 as the main elements along with some amount of chromium. The higher 

percentage of Fe indicates the substrate has been exposed and the erodent impacts 

causes cracking and fracture of the coating and thus removed the coating completely. 

The micrograph of the conventional TiAIN coating (Fig.7.28.d) revealed the oxide 

fracture and removal at various locations. When the eroding particle strikes the surface 

of the coating at 90° the material is severely damaged and fractured as shown in Fig. 

7.28 (d). EDAX analysis shows the presence of Al, Ti and 0 as the main elements along 

with very less amount of Ni, Cr, Fe and C. The coating has successfully protected the 

substrate. Further in case of conventional AICrN coating, the erodent particle impacts 

have severely damaged the coating by causing cracking and fracture. The impact zone is 

wider (Fig.7.28.e) which may be caused by the continuous subsequent impacts of 

erodent particles. EDAX analysis revealed the presence of Al, Cr, N and 0 as the main 

elements with small amount of Fe and Mn. Thus, the conventional thick coatings have 

protected the substrate after three hours 	erodent impacts at an impact 

velocity of 35 ms-1  and impingement angle of 900  when substrate temperature was 

400°C and surrounding air at 900°C. 

In case of 30° impact, Micrographs (Fig.7.29) for the eroded surfaces of uncoated 

and coated Superfer 800H superalloy clearly indicates presence of retained erodent, the 

formation of wider and shallow crater, crack propagation, oxide fracture and removal 

and coating fracture. In case of uncoated superalloy; the micrographs (Fig.7.29.a) 
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revealed the severe deformation at the surface resulting in formation of craters. EDAX 

analysis revealed the presence of Fe, Al, Ni, Cr and 0 as the main elements on the 

eroded area, which indicates presence of retained erodent i.e. alumina. Micrograph in 

case of nanostructured TiAIN coating (Fig.7.29.b); revealed shallow impact craters. EDAX 

analysis indicates the presence of Fe, Al, Ni, Cr and 0 as the main elements along with 

some amount of Ti and N. It can be inferred that the nanostructured TiAIN coating gets 

severely damaged and fractured when the eroding particle strikes the surface of a 

coating at 30° and failed to protect substrate. Further, in case of nanostructured AICrN 

coating; the signs of crater have been observed (Fig. 7.29.c). EDAX analysis shows the 

presence of Al, Ni, Cr, 0 and Fe along with some amount of C and Ti. The erodent 

impacts causes cracking and fracture of the coating, and removed the coating completely 

thus exposing the substrate which is supported by the EDAX analysis as the presence of 

Fe with higher amount (Fig.7.29.c). 

The micrograph of the conventional TiAIN coating (Fig.7.29.d) revealed the oxide 

fracture and removal at various locations. When the eroding particle strikes the surface 

of the coating at 30° the material is severely damaged and fractured as shown in Fig. 

7.29 (d). EDAX analysis shows the presence of Al, Ti and 0 as the main elements along 

with very less amount of Ni, Cr, Fe and C. The coating has successfully protected the 

substrate. Further in case of conventional AICrN coating, the erodent particle impacts 

have severely damaged the coating by causing cracking and fracture. The impact zone is 

wider (Fig.7.29.e) which may be caused by the continuous subsequent impacts of 

erodent particles. EDAX analysis revealed the presence of Al, Cr, N and 0 as the main 

elements with small amount of Fe and Mn. Thus, the conventional thick coatings have 

protected the substrate when exposed to simulated coal-fired boiler environment. 

7.4.2 Discussion 

In erosion testing, the material is eroded by continuous impact of erodent 

particles; the erosion starts at the centre first, and then proceeds towards the edges of 

the samples. The shape of developed scar depends on the angle of impact. When 

erodent strikes the surface at an impact angle of 90°, material is eroded creating a 

circular depression; while at a 30°  impact angle, material is eroded forming an elliptical 

shape depression. The erosion rate for uncoated and coated Superfer 800H superalloy 
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boiler steel at an impact velocity of 35 ms-1  and impingement angle of 30°  and 90° 

when substrate temperature was 400°C and surrounding air at 900°C; is shown in Fig. 

7.27. The volume erosion rate for uncoated Superfer 800H, nanostructured thin TiAIN, 

nanostructured thin AICrN, conventional thick TiAIN and conventional thick AICrN 

coatings; is 0.0384 X103, 0.1060 X10-3, 0.0935 X10-3, 1.475 X10-3  and 1.653 X10-3  

mm3/gm respectively at 90° impact angle. Based on the present data the erosion 

rates for 90° impact angle can be arranged in the following order: 

Conventional AICrN > Conventional TiAIN> Nanostructured TiAIN > Nanostructured AICrN > Bare alloy 

It can be inferred from the above data that the relative erosion resistance of 

conventional thick AICrN coating is least among the uncoated and coated Superfer 

800H superalloy specimens. The SEM/EDAX analysis (Fig.7.28) indicates that in case of 

conventional TiAIN and AICrN coated superalloy; the coating is still there after three 

hours continuous erodent impacts at an impact velocity of 35 ms-1  and impingement 

angle of 90°  when substrate temperature was 400°C and surrounding air at 900°C. 

These coatings have successfully protected the substrate. The nanostructured 

coatings were removed by the continuous strikes of the eroding particles on the surface 

of the coating at 90° (Fig.7.28). 

While at 30° impact, the volume erosion rate for uncoated superalloy, 

nanostructured thin TiAIN, nanostructured thin AICrN, conventional thick TiAIN. and 

conventional thick AICrN coatings; is 0.1621 X10-3, 0.1258 X103, 0.0993 X103, 2.534 

X10 3  and 2.489 x103  mm3/gm respectively. Based on the present data the erosion 

rates for 30° impact angle can be arranged in the following order: 

Conventional TiAIN > Conventional AICrN > Bare alloy > Nanostructured TiAIN > Nanostructured AICrN 

ii can be crferrerl from the above data that the relative erosion resistance of 

conventional thick TiAIN coating is least among the uncoated and coated supEca:;cy 

specimens. Further, the SEM/EDAX analysis (Fig.7.29) indicates that in case of 

conventional TiAIN and AICrN coated superalloy; the coating is still there after three 

hours continuous erodent impacts at an impact velocity of 35 ms-1  and impingement 

angle of 30°  when substrate temperature was 400°C and surrounding air at 900°C. 

These coatings have successfully protected the substrate. The nanostructured 
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coatings were removed by the continuous strikes of the eroding particles on the surface 

of the coating at 30° (Fig.7.29). 

The solid particle erosion rate of the uncoated and nanostructured thin TiAIN 

and AICrN coated Superfer 800H superalloy as shown in Fig.7.27 indicated that 

maximum erosion took place at 30° impact angle, which indicate ductile behavior as 

proposed by Murthy et al. (2001). Authors suggested that the material subjected to 

erosion initially undergoes plastic deformation and is later removed by subsequent 

impacts of the erodent on the surface. The ploughing occurs by the impact of the 

erodent particles and lips or ridges are formed at the bank of the craters. These lips are 

fractured or removed with further erosion. At low erosion temperatures, at high impact 

velocities and feed rates, there is no oxide scale. Even if there is any oxide scale, it will be 

very thin and it will be able to deform in the same manner as that of the substrate 

target. The works of Shida and Fujikawa (1985), Singh and Sundararajan (1990) Levy et 

al., (1986) can be considered elevated temperature erosion of metals with minimum or 

negligible oxidation. Under such circumstances, erosion takes place from the metallic 

surface and this mechanism of erosion is called metal erosion. Most of the metallic 

materials, irrespective of temperature of erosion, exhibit a ductile behavior, i.e. a 

maximum erosion rate at oblique impact angles (Tabakoff and Vittal, 1983). The erosion 

behavior in this regime is similar to the ambient temperature erosion behavior of 

metallic materials. The erosion response in the metal erosion regime is ductile as 

described by Bellman and Lavy (1981). Authors suggested that the creation of platelet-

like edges by impact extrusion protrude outward over adjacent material and the loss of 

these platelets appears to be responsible for the mass loss. Authors have further 

explained that repeated deformation of craters and forming of new craters is common 

and some platelets are extruded several times before getting knocked off. 

Sundararajan and Roy (1997) proposed a model of metal erosion and oxide 

erosion. According to his model if steady state thickness of the oxide scale is smaller 

than the critical thickness of the oxide scale, three modes of interaction between 

erosion and oxidation are possible. In the first case, which applies either when there is 

no oxide scale or when the depth of deformation is much higher than the thickness of 

the oxide scale ( as in the case of uncoated and nanostructured thin coated Superfer 800 

superalloy in present case), metal erosion becomes important (presented in Figs 7.30.a 
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and b). In the second case, when the depth of deformation is smaller than the steady 

state thickness of the oxide scale, erosion of the oxide scale takes place as illustrated in 

Fig. 7.30 (c). 

The solid particle erosion rate of the conventional thick TiAIN and AICrN 

coated Superfer 800H superalloy as shown in Fig.7.27 indicated that maximum 

erosion took place at 30° impact angle, which indicate ductile behavior of the 

conventional coatings. The difference in erosion rates for shallow and normal impact 

angles can be attributed to the different material removal mechanisms in these two 

cases. At low angle impact, the kinetic energy of the erodent particles contributes 

mainly to the ploughing mechanism and very little to normal repeated impact. 

Fig. 7.30 	Schematic representation of (a) & (b); metal erosion, and (c) oxide erosion 

illustrating the nature of interaction between the oxide scale and the 

substrate during erosion (Sundararajan and Roy, 1997) 
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The ploughing mechanism is associated with the plastic smearing and cutting of 

the materials, while the repeated impact mechanism is responsible for initiating and 

propagating the grain boundary microcracks. Brittle materials are not easily plastically 

deformed. Hence the material removal rate is low in case of brittle materials and higher 

in case of ductile materials. At high angle impact, the kinetic energy of the impinging 

particles contributes mainly to repeated impact. Brittle nature of the materials allows 

the cracks readily to propagate to form crack networks. The subsequent impacts will 

easily remove the surface material via the ejection of the upper layer grains. Hence the 

material removal rate is high in brittle materials and low in case of ductile materials. 

Figure 7.31 shows schematically the fracture of coatings dependent on impact angle. It is 

shown schematically how an impinging solid particle can damage coating surfaces. 

Fig. 7.31 Schematic representation of coating fracture dependent on impact angle; (a) 

Low angle, (b) High angle 
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7.4.3 Conclusions 

The erosion behavior of conventional thick (by plasma spraying and gas nitrided) 

and nanostructured thin (by physical vapor deposition process) TiAIN and AICrN coatings 

on Superfer 800H superalloy at an impact velocity of 35 ms-1  and impingement angle 

of 90°  and 30°  when substrate temperature was 400°C and surrounding air at 900°C; 

has been analyzed. The following conclusions are made: 

1. The erosion rates for 90° impact angle can be arranged in the following order: 

Conventional AICrN > Conventional TiAIN> Nanostructured TiAIN > 

Nanostructured AICrN > Uncoated alloy 

2. The conventional TiAIN and AICrN coatings have successfully protected the 

substrate at 30° and 90° impact. The nanostructured coatings were removed 

by the continuous strikes of the eroding particles on the surface of the coating. 

3. At 30° impact, the volume erosion rate can be arranged in the following 

order: 

Conventional TiAIN > Conventional AICrN > Uncoated alloy > Nanostructured 

TiAIN > Nanostructured AICrN 

4. The erosion rate was more at 30°  impact angle in case of uncoated, 

nanostructured and conventional coatings, which is the characteristic erosion 

behavior of ductile materials. 
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7.5 CORROSION STUDIES IN SIMULATED MARINE ENVIRONMENT 

The present work has been focused to compare the corrosion behavior of 

conventional thick (by plasma spraying and gas nitrided) and nanostructured thin (by 

physical vapor deposition process) TiAIN and AICrN coatings on Superfer 800H (INCOLOY 

800 H) superalloy by electrochemical methods i.e. linear polarization resistance (LPR) 

and potentiodynamic polarization tests in an aerated 3.0 wt% NaCI solution at room 

temperature; and salt spray (Fog) tests. The detailed experimental procedure is 

explained in chapter 3. 

7.5.1 Results and Discussion 

7.5.1.1 Linear polarization resistance (LPR) and potentiodynamic polarization tests 

Linear polarization resistance (LPR) and potentiodynamic polarization tests were 

conducted in an aerated 3 wt% NaCI solution at room temperature in order to evaluate 

the corrosion behavior of the substrate and coatings. The initial corrosion current 

density and LPR (Rp) was measured by LPR test. The linear polarization scans are 

conducted in very small potential range (-20mV to + 20mV vs Open Circuit Potential), 

which does not damage the surface of the sample. Whereas the potentiodynamic 

polarization scans require scanning over a longer potential range (Sahoo and 

Balasubramaniam, 2007). 

The corrosion parameters obtained in LPR test are shown in Table 7.7. The 

corrosion current density of all the coatings was found much lower than that of the 

substrate except conventional thick TiAIN coating. The conventional thick TiAIN coated 

Superfer 800H superalloy has shown maximum current density i.e. 23.81 pA/cm2. The 

nanostructured thin TiAIN, AICrN and conventional AICrN coatings have performed well 

and showed high corrosion resistance. The conventional thick TiAIN coating have shown 

highest corrosion current density as compared to the other coatings, which may be due 

to the open pores and voids in the coating. The corrosion protection is provided by 

nanostructured thin TiAIN, AICrN and conventional AICrN coatings at initial stage as 

indicated by the LPR test results in terms of corrosion current density and polarization 

resistance (Table.7.7). 
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Table 7.7 	Results of Linear Polarization Resistance Test (LPR) of uncoated 

and coated Superfer 800H superalloy 

Substrate / Coating Ecorr 

(my) 

icorr 

( pA/cm2) 

Da 

(V/decade) 

Oc 

(V/decade) 

RP 

(Icrl-cm2  ) 

Uncoated Superfer 800H -204.2 05.37 0.1 0.1 04.04 

Nanostructured TiAIN coating -284.4 00.33 0.1 0.1 64.14 

Nanostructured AICrN coating -416.9 00.47 0.1 0.1 45.73 

Conventional TiAIN coating -618.0 23.81 0.1 0.1 00.91 

Conventional AICrN coating -482.7 00.37 0.1 0.1 58.10 

Potentiodynamic polarization curves of the uncoated and coated Superfer 800H 

are shown in Fig.7.32 and the corrosion parameters in Table 7.8. The corrosion current 

density and the corrosion potential were obtained by the intersection of the 

extrapolation of anodic and cathodic Tafel curves. The corrosion current densities of the 

coatings were found lower than that of the substrate superalloy except in case of 

conventional TiAIN coating. The corrosion current densities of the substrate and the 

coatings were found lower as compared to the LPR test (at initial stage) results except 

for nanostructured TiAIN coating, which has shown slightly higher corrosion current 

density. With the duration of the experiment, a protective oxide layer may have formed 

which has blocked further corrosion as the substrate having composition with higher 

percentage of Cr (approx. 20%) and Ni (approx. 30%). The corrosion product formed may 

have reduced the passage of the electrolyte to attack the samples, and hence providing 

protection. 
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Fig. 732 Potentiodynamic Polarization Curves for uncoated and coated Superfer 800H 

superalloy 

Table 7.8 	Results of Potentiodynamic Polarization Tests of uncoated and 

coated Superfer 800H superalloy 

Substrate / Coating Ecorr 

(my) 

icorr 

( pA/cm2) 

i3a 

(V/decade} 

ac 

(V/decade) 

RP  

(ka.cm2  ) 

Pi  

(%) 	• 

Uncoated Superfer800H -097.3 0.058 0.2022 0.128 586.89 -- 

Nanostructured TiAIN -220.9 0.068 0.0923 0.172 383.55 Not Protecting 

Nanostructured AICrN -194.7 0.021 0.0971 0.109 1049.52 63.79 

Conventional TiAIN -591.3 5.368 0.315 0.260 011.52 Not Protecting 

Conventional AICrN -484.8 0.0033 0.046 0.082 3812.81 94.21 
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The corrosion rate ( icor, ) of the specimens was obtained using the Stern-Geary 

equation(Eq.7.3). 

1 	/3a/3c 
icorr = 	 

	

2.303 	Rp x (fla + fic) 	Rp 
(7.3) 

Where 13a  = anodic Tafel slope, Dc = cathodic Tafel slope, Rp  = polarization resistance and, 

Z is a function of the Tafel slopes. 

The conventional AICrN coating has performed well and showed best corrosion 

resistance as evident from corrosion current density (0.0033 1.1A/cm2) and polarization 

resistance (3812.81 kQ-cm2) reported in Table.7.8. All the coatings except conventional 

TiAIN coating have protected the subsrtae in 3 wt. % NaCI solution. The measured 

corrosion current density for uncoated Superfer 800H superalloy, nanostructured thin 

TiAIN, nanostructured thin AICrN, conventional thick TiAIN and conventional thick AICrN 

coatings is 0.058, 0.068, 0.021, 5.368 and 0.0033 .1A/cm2  respectively. 

Fig. 7.33 Protective efficiency and Polarization resistance of uncoated and coated 
Superfer 800H superalloy: (A) Uncoated Superfer 800H, (B) Nanostructured 
TiAIN coating, (C) Nanostructured AICrN coating, (D) Conventional TiAIN 
coating, (E) Conventional AICrN coating 
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From polarization test results, the protective efficiency, Pi  (%) of the coatings can 

be calculated by Eq. (7.4): 

Pi (%) = [1 (4-s9=)1 x 100 
/'corr 

(7.4) 

Where i corr and CO TT indicate the corrosion current density of the coating and 

substrate, respectively (Yoo et al., 2008). The variation in protective efficiency and 

polarization resistance of uncoated and coated Superfer 800H superalloy subjected to 

potentiodynamic polarization test is shown in Fig.7.33. The conventional thick AICrN 

coating showed the highest protective efficiency of 94.21% with lowest corrosion 

current density (0.0033 1.1A/cm2). The nanostructured AICrN coating have shown 

protective efficiency of 63.79%. The conventional and nanostructured TiAIN coatings 

have failed to provide necessary protection to the Superfer 800H superalloy and have 

shown higher corrosion current densities (Table.7.8). 

7.5.1.2 Salt spray (Fog) testing 

The ASTM 8117 Salt Fog test was used to evaluate the performance of the 

uncoated and nanostructured thin TiAIN and AICrN coated Superfer 800H superalloy. 

The salt fog test is an accelerated corrosion test by which samples exposed to the same 

conditions can be compared. In the B117 test, the samples are exposed to a salt fog 

generated from a 5% sodium chloride solution with a pH between 6.5 and 7.2. All the 

samples were placed in the salt fog chamber for 24 Hrs, 48 Hrs and 72 Hrs. Photographs 

were taken before and subsequent to exposure to document the surface conditions. 

Initial weight and dimensions were measured. After exposure; samples were monitored 

and analyzed by using XRD and SEWEDAX techniques. Then all the samples were 

cleaned in running water not warmer than 38°C to remove salt deposits from the surface 

and immediately dried with compressed air. The macro morphologies of the uncoated 

and nanostructured thin TiAIN and AICrN coated superalloy exposed to salt fog test for 

24 Hrs, 48 Hrs and 72 Hrs; are depicted in Fig.7.34. No signs of corrosion have been 

observed in case of uncoated and coated Superfer 800H superalloy subjected to salt fog 

tests for different durations. 
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24 hrs 

48 hrs 

72 hrs 

Fig. 7.34 Surface macrographs of uncoated and coated Superfer 800H superalloy 

subjected to salt-fog testing (5% NaCI) : (A) Uncoated T-22 boiler steel 

subjected to 24hrs, 48hrs and 72 hrs testing; (B) Nanostructured TiAIN 

coating subjected to 24hrs, 48hrs and 72 hrs testing; (C) Nanostructured 

AICrN coating subjected to 24hrs, 48hrs and 72 hrs testing 

Figure 7.35 shows the surface SEM images of uncoated and nanostructured TiAIN 

and AICrN coated superalloy exposed to salt fog test for 72 Hrs. As the SEM/EDAX 

analysis of the samples exposed to 24 Hrs, 48 Hrs and 72 Hrs salt fog tests have shown 

similar results, therefore SEM/EDAX analysis in case of 72 Hrs (maximum duration of test 

in present investigation) test has been presented here. As can be seen in Fig.7.35, no 

corrosion product has been found on the surface of any sample. 
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Fig. 7.35 Surface macrographs of uncoated and coated Superfer 800H superalloy subjected 

to salt-fog testing (5% NaCI) for 72 hrs: (a) Uncoated Superfer 800H superalloy (b) 

Nanostructured TiAIN coating (c) Nanostructured AICrN coating 

The EDAX point analysis indicates the presence of Fe, Ni and Cr in case of uncoated 

superalloy at point 1 and 2 on Fig.7.35. In case of nanostructured thin TiAIN and AICrN coatings; 

no corrosion products were seen (Fig.7.35.b and c). The EDAX point analysis (Point 3 to 6 on 

Fig.7.35) revealed the presence of the coating elements only. The uncoated and nanostructured 

thin coated superalloy have performed well in salt fog tests 24, 48 and 72 Hrs duration. XRD 

diffractograms for coated and uncoated supralloy subjected to salt fog tests for 24 Hrs, 48 Hrs 

and 72 Hr; are depicted in Fig.7.36 on reduced scale. 
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As indicated by the diffractograms in Fig.7.36, Fe, Ni and Cr are the main phases 

present in case of uncoated superalloy. In nanostructured TiAIN coating, AIN and TiN are 

the main phases revealed by EDAX analysis. Further, the main phases identified for the 

nanostructured AICrN coating are CrN and AIN. 

Fig. 7.36 X-Ray Diffraction pattern of uncoated and coated Superfer 800H superalloy 

subjected to salt-fog testing (5% NaCI): : (A) Uncoated Superfer 800H 

superalloy, (B) Nanostructured TiAIN coating, (C) Nanostructured AICrN 
coating 

The weight loss measurements were carried out for the uncoated and 

nanaostructured thin TiAIN and AICrN coated Superfer 800H supealloy exposed to the 

salt fog tests for 24 Hrs, 48 Hrs and 72 Hrs. No weight change was observed in any case. 

It can be mentioned based on the present investigation that uncoated Superfer 800H 

and nanostructured thin TiAIN and AICrN coatings can provide a very good corrosion 

resistance when exposed to the simulated marine environment i.e. salt fog test. 
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7.5.2 Conclusions 

The corrosion behavior of conventional thick (by plasma spraying and gas nitrided) and 

nanostructured thin (by physical vapor deposition process) TiAIN and AICrN coatings on 

Superfer 800H superalloy, has been analyzed by electrochemical methods i.e. linear 

polarization resistance (LPR) and potentiodynamic polarization tests in an aerated 3.0 

wt% NaCI solution at room temperature and salt spray (Fog) tests (5.0 wt% NaCI). The 

following conclusions are made: 

1. In Linear polarization resistance (LPR) test, the corrosion current densities of all 

the coatings were found lower than that of the substrate except in the case of 

conventional TiAIN coating. The corrosion protection is provided by the coatings 

at the initial stage as indicated by the LPR test results in terms of corrosion 

current density and polarization resistance except conventional TiAIN coating. 

The corrosion resistance of the coatings and substrate followed the sequence: 

Nanostructured TiAIN > Conventional AICrN > Nanostructured AICrN > Substrate 

> Conventional TiAIN 

2. In Potentiodynamic Polarization test, the corrosion current densities of the 

coatings were found lower than that of the substrate except conventional TiAIN 

coating. The corrosion current densities of the substrate and the coatings in 

Potentiodynamic Polarization test were found much lower than the LPR test (at 

initial stage) results. The corrosion resistance of the coatings and substrate 

followed the sequence: 

Conventional AICrN > Nanostructured AICrN > Substrate > Nanostructured TiAIN 

> Conventional TiAIN 

3. The measured protective efficiency for nanostructured thin AICrN and 

conventional thick AICrN coatings is 63.79% and 94.21% respectively. 

4. In salt spray tests; the uncoated as well as nanostructured TiAIN and AICrN 

coated Superfer 800H superalloy have performed well and have shown no 

weight change during exposure for 24 Hrs, 48 Hrs and 72 Hrs to salt fog tests. 
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7.6 EROSION-CORROSION STUDIES IN INDUSTRIAL ENVIRONMENT 

After conducting the various experiments on uncoated and coated Superfer 800H 

superalloy in lab; the present research work has been focused to investigate and 

compare the high temperature corrosion and erosion behavior of conventional thick (by 

plasma spraying and gas nitrided) and nanostructured thin (by physical vapor deposition 

process) TiAIN and AICrN coatings on superalloy, in actual industrial environment of coal 

fired boiler. The uncoated and coated specimens were exposed to low temperature 

super-heater zone of the coal fired boiler of Guru Nanak Dev Thermal Power Plant, 

Bathinda, Punjab, India. The specimens were hanged in the platen super-heater of coal 

fired boiler where the gas temperature was around 900°C ± 10°C. Hot corrosion 

experiments were performed for 10 cycles, each cycle consisting of 100 hours exposure 

followed by 1 hour cooling 

7.6.1 Results 

7.6.1.1 Visual observations 

The macrographs for uncoated and coated Suprefer 800H superalloy exposed to 

super-heater of the coal fired boiler environment at 900°C for 1000 hours are shown in 

Fig.7.37. Light grey colored scale appeared on the surfaces of bare superfer 800H 

(Fig.7.37.a) after first cycle, which•is lasted up to 3rd' cycle, ash deposition has started 

after 4th  cycle. Greenish and brownish spots appeared on the surface along with white 

spots of ash deposits, which further intensified towards the end and final scale was of 

dark brown color. No spalling and cracks were observed in the scale throughout the 

experimentation. After every cycle; the samples were washed with acetone in order to 

remove ash deposited before weight measurement. 

In case of nanostructured thin TiAIN coated Suprefer 800H superalloy, color of 

the oxide scale at the end of the study was observed to be blackish brown with some 

white spots of ash deposited, as shown in Fig.7.37 (b). The ash deposition was started 

after 4th  cycle and no spalling and cracks were observed in the scale throughout the 

experimentation. Signs of erosion (in the form of small spots of striking particles on the 

surface) were observed during the study. The nanostructured thin AICrN coated 
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superalloy has shown the formation of blackish brown scale with some white spots of 

ash deposited, as shown in Fig.7.37 (c). After 2nd  cycle, golden spots were seen on the 

surface with ash deposition. No spalling and cracks were observed in the scale 

throughout the experimentation. 

Fig. 7.37 Surface macrographs of uncoated and coated Superfer 800H superalloy exposed to 
super-heater of the coal fired boiler environment at 900°C for 1000 hours: (a) 
Uncoated Superfer 800H superalloy, (b) Nanostructured TiAIN coating, (c) 
Nanostructured AICrN coating, (d) Conventional TiAIN coating, (e) Conventional 
AlCrN coating 
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A visual observation of conventional thick TiAIN coated superalloy (Fig.7.37.d) 

showed the formation of brownish cream colored ash deposited scale at the end of the 

study. No spalling and cracks were observed in the scale throughout the 

experimentation. Signs of erosion (in the form of small spots of striking particles on the 

surface) were observed after 3rd  cycle which continued till the end of the study. The 

scale was very rough and adherent to the substrate. In case of conventional thick AICrN 

coated superalloy, color of the oxide scale was dark brown with some whitish areas at 

the end of the study (Fig.7.37.e). The scale was found to be adherent. No spalling and 

cracks were observed in the scale throughout the experimentation. 
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Fig. 7.38 Weight gain/area vs time for uncoated and coated Superfer 800H 

superalloy exposed to super-heater of the coal fired boiler 

environment at 900°C for 1000 hours 

7.6.1.2 Weight change and sample thickness measurements 

Weight gain per unit area (mg/cm2) versus time expressed in number of cycles 

plot for coated and bare Suprefer 800H superalloy exposed to super-heater of the coal 

fired boiler environment at 900°C for 1000 hours; is presented in Fig. 7.38. However 
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weight change data could not be of much use for predicting the corrosion behavior 

because of suspected spalling and ash deposition on the specimens. Although the 

specimens were washed with acetone after every cycle before weight measurement in 

order to remove ash deposited yet it was difficult to remove the ash completely. Hence 

extent of corrosion could only be monitored by measuring the thickness of the un-

reacted sample after the total exposure of 1000 hrs i.e. measuring scale thickness in 

cross-sectional view. It can be inferred from the plots (Fig.7.38) that the uncoated 

superalloy has shown weight gain. All the coated specimens have shown weigh loss 

instead of weight gain. Conventional thick TiAIN coated Superfer 800H superalloy shows 

the highest weight loss. 
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Fig. 7.39 Bar chart indicating overall gains/loss in thickness for uncoated and coated 
Superfer 800H superalloy specimens exposed to super-heater of the coal 
fired boiler environment at 900°C for 1000 hours: (a) Uncoated Superfer 
800H superalloy, (b) Nanostructured TiAIN coating, (c) Nanostructured AICrN 
coating, (d) Conventional TiAIN coating, (e) Conventional AICrN coating 

The weight gain in case of uncoated sample is consisting of the scale formation at 

the top surface by oxidation. Bar chart in Fig.7.39 indicates the overall gain/loss in the 

thickness (in mm) of the specimen. All the coatings have shown decrease in overall 

thickness after erosion-corrosion for 1000 hrs except nanostructured TiAIN coating. The 

thickness of the specimens was measured before and after the erosion-corrosion test 
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and average of ten values has been used to calculate the thickness gain/loss. The 

thickness of the specimens was measured before and after the erosion-corrosion test 

and average of ten values has been used to calculate the thickness gain/loss. The 

measured Paverage gain/loss in overall specimen thickness values for uncoated 

superalloy, nanostructured thin TiAIN, nanostructured thin AICrN, conventional thick 

TIAN and conventional thick AICrN coatings are +145, +42, -50, -254 and -144 pm 

respectively. 

7.6.1.3 Surface scale analysis 

7.6.1.3.1 X-ray diffraction analysis (XRD) 

XRD diffractograms for coated and uncoated Suprefer 800H superalloy exposed 

to super-heater of the coal fired boiler environment at 900°C for 1000 hours; are 

depicted in Fig.7.40 (a and b) on reduced scale. As indicated by the diffractograms; in 

case of uncoated, Superfer 800H superalloy the oxide phases found are y-Ni, Fe2O3, 

Cr2O3, a-Fe and S102. The formation of A1203, Cr2O3, Si02, Fe2O3, TiO2 and NiO peaks has 

been revealed in the scale of nanostructured thin TiAIN coating. Further, the main 

phases identified for the nanostructured AICrN coated Superfer 800H superalloy are 

A1203, Cr2O3, Si02, Fe2O3, and NiO. In case of conventional thick TiAIN coating; the peaks 

are A1203, Cr2O3, Fe2O3, TiO2 and Ti3A1. The oxide phases found in case of conventional 

thick AICrN coating are A1203, Cr2O3, SiO2, Fe2O3, and NiO. 

7.6.1.3.2 Surface scale morphology 

SEM micrographs along with EDAX point analysis reveals the surface morphology 

of the coated and uncoated Suprefer 800H superalloy exposed to super-heater of the 

coal fired boiler environment at 900°C for 1000 hours are shown in Fig.7.41. Micrograph 

(Fig.7.41.a) for uncoated superalloy indicates a scale developed with dark grey and white 

regions. EDAX analysis at point 1 on Fig.7.41 (white region) indicates the presence of AI, 

0, Cr, Fe, Si with little amount of Ni and Ti, which shows the probability of SiO2, Al2O3, 

Cr2O3  and Fe2O3  with little amounts of TiO2  and NIO in the scale. 
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Fig. 7.40 (a) X-Ray Diffraction pattern of uncoated and coated Superfer 800H 

superalloy exposed to platen superheater of the coal fired boiler 

environment at 900°C for 1000 Hrs: (A) Uncoated Superfer 800H 

superalloy, (B) Nanostructured TiAIN coating, (C) Nanostructured AICrN 
coating 

Fig. 7.40 (b) X-Ray Diffraction pattern of coated Superfer 800H superalloy exposed to 

platen superheater of the coal fired boiler environment at 900°C for 1000 

Hrs: (A) Conventional TiAIN coating, (B) Conventional AICrN coating 
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Fig. 7.41 Surface-scale morphology and EDAX patterns from different spots on uncoated and 
coated Superfer 800H superalloy exposed to platen superheater of the coal fired 
boiler environment at 900°C for 1000 Hrs : (a) Uncoated Superfer 800H superalloy, 
(b) Nanostructured TiAIN coating, (c) Nanostructured AICrN coating, (d) 
Conventional TiAIN coating, (e) Conventional AICrN coating 
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It can be inferred that the composition of the white phase is almost similar to ash 

composition along with some other oxides of the scale. The dark grey region (Point 2) 

mainly consists of Fe, Cr and 0 with minor amounts of Ni and Mn. The SEM micrograph 

of oxidized nanostructured thin TiAIN coatings is shown in Fig.7.41 (b). The surface scale 

consists of dark grey areas with some white regions. EDAX analysis (Point 3, white 

region) of the scale revealed the presence of Al, Si and 0 as the main elements along 

with very small amount of Fe, Ni and Cr. Whereas the dark grey areas have shown Al, 0 

and Si as the main elements but with good amount of Fe, Cr, Ni and Ti. In case of 

nanostructured thin AICrN coated superalloy, the scale consists of white and grey 

regions (Fig.7.41. c). EDAX point analysis at point 5 (grey region) shows the higher 

concentration of Fe and Ni with small amount of 0, Cr, Al and Si; whereas the contrast 

region (Point 6) shows higher amount of AI, Cr, Si and 0 with very small amount of Fe, 

Ni, Ti and Mg. 

The surface scale developed on conventional thick TiAIN coated superalloy 

consists of grey and white regions without any cracks. EDAX analysis of white contrast 

region (Point 7 on Fig.7.41.d) indicates the higher concentration of Al, Ti and 0 along 

with Fe, N, Cr and Si. The grey area shows the presence of AI, Ti and 0 as the main 

phases along with very small amount of Fe and Cr. Signs of erosion are visible on the 

surface. A massive surface scale is developed on conventional thick AICrN coated 

superalloy. EDAX point analysis at point 10 (white region) shows Al (30.75%), Si (05.78%) 

and 0 (35.21%) as the main elements•in the scale (Fig.7.41.e). whereas the grey matrix 

Point 9) shows more Al (71.92 %) and 0 (13.67 %) with negligible Fe, Ni, Cr and Si. 

7.6.1.4 Cross-sectional analysis 

7.6.1.4.1 Cross-sectional scale morphology 

Back Scattered Electron Image (BSEI) micrograph and elemental variation across 

the cross-section for coated and uncoated Suprefer 800H superalloy exposed to super-

heater of the coal fired boiler environment at 900°C for 1000 hours are shown in 

Fig.7.42. The BSEI micrograph in case of uncoated superalloy is shown in Fig.7.42 (a). 

EDAX analysis reveals the presence of, Fe, Cr and Ni throughout the scale. 
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Fig. 7.42 Oxide scale morphology and variation of elemental composition across the cross-
section of the uncoated and coated Superfer800H superalloy exposed to platen 
super-heater of the coal fired boiler environment at 900°C for 1000 - Hrs: (a) 
Uncoated Superfer800H superalloy (1600 X), (b) Nanostructured TiAIN coating 
(1200 X), (c) Nanostructured AICrN coating (1700 X), (d) Conventional TiAIN coating 
(800 X), (e) Conventional AICrN coating (1000 X) 
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Fig. 7.43 Bar chart indicating the extent of erosion/corrosion for uncoated and coated 
Superfer 800H superalloy specimens exposed to super-heater of the coal fired boiler 
environment at 900°C for 1000 hours: (a) Uncoated Superfer 800H superalloy, (b) 
Nanostructured TiAIN coating, (c) Nanostructured AICrN coating, (d) Conventional 
TiAIN coating, (e) Conventional AICrN coating 
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Some Oxygen and Cr rich pockets can be seen in the oxide scale (Point 3, 5 and 7 

in Fig.7.42.a) where concentration of Cr and 0 increases. BSEI micrograph and elemental 

variation depicted in Fig.7.42 (b), for the cross-section of nanostructured thin TiAIN 

coated superalloy. The EDAX analysis reveals the presence of Al, Ti, Cr and 0 throughout 

the scale with some amount of iron. A location at point 2 (Fig.7.42.b) in the micrograph 

depicts the good percentage of Cr, whereas point 4 indicates higher percentage of Al 

along with oxygen. A thin and adherent oxide scale can be seen in case of 

nanostructured AICrN coated superalloy (Fig.7.42.c). The EDAX point analysis indicates 

the presence of Cr and 0 with some amount of Al, Ni and Fe throughout the scale. 

In case of conventional TiAIN coated superalloy, the scale is non uniform, thin 

and adherent as depicted in Fig.7.42 (d). The EDAX point analysis indicates the presence 

of Al, Ni, Fe and Cr throughout the scale with variable amounts along with oxygen at 

some locations (Point 1, 2 and 4). The top scale is rich in Al and Ni along with some 

concentration of oxygen. The conventional thick AICrN coated superalloy (Fig.7.42.e) 

indicates uniform, thin and adherent scale. EDAX point analysis shows the presence of 

Al, Cr, Ni and Fe throughout the scale with variable amount. The top scale shows higher 

percentage of Al, Cr and Fe (Point 1 and 2 on Fig.7.42.e). 

A 
	

B 
	

C 
	

D 
	

E 

Fig. 7.44 Corrosion rate in mils per year (mpy) for uncoated and coated Superfer 800H 

superalloy exposed to super-heater of the coal fired boiler environment at 

900°C for 1000 hours: (A) Uncoated SF 800H, (B) Nanostructured TiAIN 

coating, (C) Nanostructured AICrN coating, (D) Conventional TiAIN coating, (E) 
Conventional AICrN coating 
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7.6.1.4.2 Scale thickness 

The oxidized samples were cut, mounted and polished to obtain scanning 

electron back scattered micrographs and X-ray mapping of different elements for coated 

and bare superalloy. The scale thickness values were measured from SEM back scattered 

micrographs as shown in Fig.7.42. The extent of erosion-corrosion in terms of 

scale/coating thickness (in microns) and corrosion rate in mils per year (mpy) for coated 

and bare superalloy is shown in Fig.7.43 and 7.44 respectively. The measured corrosion 

rate (mpy) for uncoated superalloy, nanostructured thin TiAIN and nanostructured thin 

AICrN coatings is 17, 01, 01 mpy respectively. The coatings have shown good resistance 

to the corrosive environment in terms of corrosion rate (Fig.7.44). In case of 

conventional coatings there was no loss in substrate thickness as the environment was 

not able to reach substrate through the coating. 

7.6.1.4.3 X-Ray mapping 

X-ray mappings for a part of oxide scale of bare and coated superalloy exposed to 

super-heater of the coal fired boiler environment at 900°C for 1000 hours; are shown in 

Fig.7.45. In case of uncoated superalloy, the micrograph (Fig.7.45.a) indicates a dense 

scale, which mainly contains Fe, Cr and Ni with some amount of 0, as indicated by X-ray 

mapping. In the sub-scale region; some oxygen and chromium rich pockets can be seen 

where Fe and Ni is absent. Also, presence of Si, Al and Ti can be observed in the sub-

scale. The X-ray mapping analysis of the scale formed on nanaostructured TiAIN coated 

superalloy is presented in Fig.7.45 (b). The X-ray mapping indicates presence of a thin 

layer of Al in the top scale which is having back up of a thin layer of Ti and then Cr along 

with the co-presence of oxygen. In case of nanostructured thin AJCrN coated superalloy; 

the BSEI and X-ray mappings are shown in Fig.7.45 (c). The X-ray mapping indicates the 

presence of a thin layer of Cr and oxygen along with some amount of Al, in the top scale. 

In case of conventional thick TiAIN coated superalloy, Fig.7.45 (d), Al rich thick band in 

the top scale is clearly seen along with some oxygen rich pockets. A thick band of Ni 

along with Al in the sub-scale region followed by a very thin band of chromium can be 

seen. A thick band of Al and Cr in the top scale is indicated by X-ray mapping (Fig. 7.45.e) 

in case of conventional thick AICrN coated superalloy. 
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Fig. 7.45 (a) Composition image (BSEI) and X-ray mapping of the cross-section of uncoated 

Superfer 800H superalloy exposed to platen superheater of the coal fired boiler 

environment at 900°C for 1000 Hrs 
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Fig. 7.45 (b) Composition image (BSEI) and X-ray mapping of the cross-section of Nanostructured 
TiAIN coated Superfer 800H superalloy exposed to platen superheater of the coal 
fired boiler environment at 900°C for 1000 Hrs 
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Fig. 7.45 (c) Composition image (BSEI) and X-ray mapping of the cross-section of Nanostructured 

AICrN coated Superfer 800H superalloy exposed to platen superheater of the coal 

fired boiler environment at 900°C for 1000 Hrs 
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Fig. 7.45 (d) Composition image (BSEI) and X-ray mapping of the cross-section of conventional 
TiAIN coated Superfer 800H superalloy exposed to platen superheater of the coal 
fired boiler environment at 900°C for 1000 Hrs 
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Fig. 7.45 (e) Composition image (BSEI) and X-ray mapping of the cross-section of conventional 

AICrN coated Superfer 800H superalloy exposed to platen superheater of the coal 

fired boiler environment at 900°C for 1000 Hrs 
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7.6.2 Summary of Results 

Results obtained after 1000 hrs of exposure of uncoated and coated Suprefer 

800H superalloy to super-heater of the coal fired boiler environment at 900°C are 

summarized in Table.7.9. 

Table 7.9 
	

Summary of the results obtained for uncoated and coated Superfer 800 
superalloy exposed to super-heater of the coal fired boiler environment 

at 900°C for 1000 hours 

Coating Weight 
gain 

mg/cm2  

Extent of 

Corrosion 

(11m) 

Corrosion 

Rate 
(mpy) 

XRD 

phases 

Remarks 

Uncoated 

Superfer 	800H 

superalloy 

+01.71 50 17.16 y-Ni, 	Cr203, 
a-Fe 	and 
Si02 

Greenish 	and 	brownish 	spots 

appeared on the surface along 

with white spots of ash deposits. 
No 	spalling 	and 	cracks 	were 

observed in the scale throughout .,_ 
the study. 

Nanostructured 

TiAIN coating 

-02.15 10 1.27 A1203, Cr203, 
Si02, 	Fe203, 
TiO2  and MO 

Color of the oxide scale at the 
end of the study was observed to 

be 	blackish 	brown 	with 	some 

white 	spots 	of ash 	deposited. 

Signs of erosion were observed 
during the study. 

Nanostructured 

AICrN coating 

-01.16 10 1.92 A1203, 	Cr203, 
Si02, 	Fe203, 
and NiO 

Blackish brown scale with some 

white spots of ash deposited. No 
spalling 	and 	cracks 	were 

observed in the scale throughout 
the experimentation. 

Conventional 

TiAIN Coating 

-15.54 93 00 A1203, Cr203, 
Fe203, 	TiO2  
and Ti3Al 

Brownish 	cream 	colored 	ash 

deposited scale at the end of the 
study. 	Signs 	of 	erosion 	were 
observed 	after 3rd  cycle 	which 
continued 	till 	the 	end 	of 	the 
study. 

Conventional 

AICrN coating 

-03.42 86 00 A1203, Cr203, 
Si02, 	Fe203, 
and Ni0 

Color of the ash deposited oxide 
scale was dark brown with some 

whitish areas at the end of the 
study. 	No 	spalling 	and 	cracks 
were 	observed 	in 	the 	scale 

throughout the study. 
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7.6.3 Discussion 

The most common deposit found on boiler super heaters is sodium vanadyl 

vanadate, Na2O. V204. 5V205, which melts at a relatively low temperature, 550°C, above 

the melting point, this ash material corrodes metals by long-term contact (Sidhu and 

Prakash, 2006). The accumulation of low melting-point salts from flue-gas on the fire 

side surface of boiler tubes induces hot corrosion and is considered a root cause for the 

severe wastage of tube materials used for super heaters and reheaters in "advanced" 

steam-generating system (Sidhu et al., 2005). The interaction of ash (Na2O, K2O etc.) 

with the boiler gas (SO2, SO3, 02  etc.) results in the formation of alkali sulphates (K2SO4, 

Na2SO4). These alkali sulphates react with iron oxides (present in the scale or in the ash 

itself), in presence of SO3  in the gas, to form alkali-ion trisuiphates (Na, K)3Fe(SO4)3, 

theses alkali-iron trisuiphates are molten at the operating temperature of the boiler due 

to their low melting temperatures: 624°C for Na3Fe(504)3,  618°C for K3Fe(SO4)3  and 

552°C for the mixed compound (Na, K)3Fe(SO4)3 (Srivastava et al., 1997; Weulersse-

Mouturat et al., 2004). These molten compounds can flux the scale or react with the 

alloy to form internal sulphides. Therefore, the alkali-iron trisulphides are responsible 

for the degradation of super-heater in the coal-fired plants. 

The weight gain (Fig.7.38) of bare superfer 800H and weight loss in case of 

coated superalloys might be attributed to oxidation and erosion affected corrosion 

respectively in the actual environment of the coal fired boiler. There is continuous 

formation of thin oxide scale with subsequent depletion by erosion under cyclic test 

conditions. As the coal used in Indian power stations has large amounts of ash (about 

50%) which contain abrasive mineral species such as hard quartz (up to 15%) which 

increase the erosion propensity of coal (Krishnamoorthy and Seetharamu, 1989). As 

revealed by XRD (Fig. 7.40); the formation of A1203 and SiO2 might be due to the 

deposition of ash on the surface. The higher amount of Al and Si is found in the ash. The 

presence of such phases in slag has also been reported by John (1986) during study 

on slag, gas and deposit thermochemistry in a coal gasifier and the possibility for 

formation of such phase in ash constituents during combustion has further been 

reported by Nelson et al. (1959). There is continuous formation of thin oxide scale with 

subsequent depletion by erosion under cyclic test conditions. 

565 



The top surface may contains inclusions, which leads to vertical cracks through 

which the corrosive species might have penetrated along the crack and between the 

metallic layers. An internal corrosion attack in case of uncoated superalloy has been 

revealed by X-ray mapping (Fig.7.45.a) and EDAX of the cross-section (Fig.7.42.a). There 

are some Cr and 0 rich pockets in the sub-scale region; in case of uncoated superalloy. 

The XRD analysis of the corroded bare superfer 800H did not indicate the presence of 

the sulphides in the oxide scale. This may be due to the formation of very thin oxide 

scale on the surface. Weulersse-Mouturat et al. (2004) reported that due to their low 

content, alkali-iron-trisulphates were not identified in the scale. Absence of sulphide 

formation as indicated by the XRD analysis is further supported by the findings of Crossley 

et al. (1948). They reported that the presence of fly ash particles rich in magnetite reduced 

the concentration of SO3 in the boiler system fired by mechanical stokers. 

The weight change plots (Fig.7.38) for the uncoated and coated Superfer 800H 

superalloy shows weight gain in case of uncoated and weight loss in case of all the 

coatings; when exposed to super-heater of the coal fired boiler environment at 900°C 

for 1000 hours. The conventional thick TiAIN coated superalloy has shown maximum 

weight loss. This may be attributed to the erosion due to ash particles. The weight loss in 

case of conventional coatings is supported by SEM/EDAX of cross-section (Fig.7.42) and 

X-ray mapping analysis (Fig.7.45). At the same time, the conventional thick coatings are 

showing full protection to the substrate against high temperature oxidation as the 

amount of oxygen present in the scale is very less as revealed by cross-section 

SEM/EDAX (Fig.7.42) and X-ray mapping analysis (Fig.7.45). Some Al and 0 rich pockets 

can be seen in case of conventional TiAIN coating. The XRD analysis (Fig.7.40) revealed 

the presence of A1203, Cr203, Fe203, TiO2  and Ti3AI in case of conventional TiAIN coatings 

and A1203, Cr203, Si02, Fe203, and NiO peaks in case of conventional thick AICrN coating. 

The formation of A1203 and Si02 might be due to the deposition of ash on the surface. 

The extent of erosion-corrosion in terms of corrosion rate in mils per year (mpy) 

for coated and bare superalloy is shown in Fig.7.44. The measured corrosion rate (mpy) 

for uncoated superalloy, nanostructured thin TiAIN and nanostructured thin AICrN 

coatings is 17, 01, 01 mpy respectively. The coatings have shown good resistance to the 

corrosive environment in terms of corrosion rate (Fig.7.44). In case of conventional 

coatings there was no loss in substrate thickness as the environment was not able to 
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reach substrate through the coating as revealed from cross-section SEM/EDAX (Fig. 7.42) 

and X-ray mapping analysis (Fig. 7.45). The nanostructured thin coatings have shown a 

little gain in scale thickness (Fig.6) and loss in weight due to erosion-corrosion. The 

formation of A1203, Cr2O3, SiO2, Fe2O3  and NiO peaks has been revealed in the scale of 

nanostructured thin coatings along with TiO2 in case of nanostructured TiAIN coating. 

This is well supported by SEM/EDAX (Fig.7.42. b and c) and X-ray mapping analysis 

(Fig.7.45.b and c) of cross-section of the samples in case of nanostructured thin coatings. 

The X-ray mapping analysis in case of nanostructured thin TiAIN coating indicates the 

presence of a thin layer of Al in the top scale which is having back up of a thin layer of Ti 

and then Cr along with the co-presence of oxygen. In case of nanostructured thin AICrN 

coated superalloy; the BSEI and X-ray mappings are shown in Fig.7.45 (c). The X-ray 

mapping indicates the presence of a thin layer of Cr and oxygen along with some 

amount of Al, in the top scale. So, the protective A1203  and Cr2O3  oxide bands formed in 

the top scale in case of nanostructured coatings are providing the full protection to the 

substrate. 

7.6.4 Conclusions 

The high temperature erosion-corrosion behaviors of uncoated and coated Suprefer 

800H superalloy have been investigated in super-heater of the coal fired boiler 

environment at 900°C for 1000 hours (10 cycles) and the following conclusions are 

made: 

1. The plasma sprayed gas nitride conventional thick coatings i.e. TiAIN and AICrN 

have developed a protective scale mainly consisting on aluminum oxide. 

2. The nanostructured thin coatings have protected the substrate by developing 

A1203  and Cr2O3  oxide bands in the top scale. 

3. The oxide scale formed is adherent to the substrate in all coatings. 

4. The bare superalloy has shown weight gain and all the coatings have shown 

weight loss. 

5. The measured corrosion rate (mpy) for uncoated superalloy, nanostructured thin 

TiAIN and nanostructured thin AICrN coatings is 17, 01, 01 mpy respectively. In 

case of conventional coatings there was no loss in substrate thickness as the 

environment was not able to reach substrate. 
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ClitatpDara 8 
COMPARATIVE DISCUSSION 

This chapter presents the comparative performance of the uncoated and coated 

alloys when exposed to high temperature oxidation in air and in molten salt 

environments; at 900°C under cyclic conditions, erosion-corrosion in simulated coal-fired 

environment, corrosion in simulated marine environment as well as in the actual 

industrial environment of the coal-fired boiler at 900°C under cyclic conditions. 

8.1 OXIDATION STUDIES IN AIR 

The high temperature oxidation behaviors of conventional thick (by plasma 

spraying and gas nitrided) and nanostructured thin (by physical vapor deposition 

process) TiAIN and AICrN coated and uncoated alloys have been investigated in air at 

900°C for 50 cycles. The cumulative weight gain per unit area for the coated and 

uncoated alloys is shown in Fig. 8.1. From the column charts; it can be inferred that the 

coated and uncoated boiler steels have shown lower resistance to high temperature 

oxidation in air when compared with Superfer 800H superalloy. In case of uncoated 

Superfer 800H superalloy, the oxide phases found are Fe203, Cr203, NiO, NiCr204  and 

NiFe204. According to Stott (1998) in the initial stage of oxidation process in case of Fe-

based superalloy; the alloy surface adsorb the oxygen molecules, small impinging nuclei of 

all the thermodynamically stable oxides such as those of Ni, Cr, Fe and Mn develop on the 

surface of the alloy. As the concentration of Fe and Ni is higher in Superfer 800H, the 

amount of nickel and iron oxide in this layer will be the higher, whereas chromium oxide 

will be the second dominating phase, followed by oxides of Mn. Once a continuous layer 

Cr203 is formed at the alloy-scale interface, the rate of oxidation is then controlled by 

transport of reactants across this layer, which is much slower_ process than across the 

initially formed NiO-rich layer. Thereafter, oxidation process enters a steady state. So, due 

to higher percentage of Ni and Cr in the Superfer 800H; this superalloy has performed well 

in high temperature oxidation studies in air. 
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Among the uncoated boiler steels; Grade A-1 has shown lesser weight gain than T-

11 and T-22 boiler steel. The higher weigh gain and spalling as observed in case of T-11 

and T-22 boiler steels may be attributed to the presence of molybdenum in the steels. 

Chatterjee et al. (2001) have suggested that during initial oxidation Fe is oxidized and 

the oxide scale is protective in nature. With progress of oxidation Mo becomes enriched 

at the alloy interface, leading to the formation of an inner layer of molten MoO3  (m. p. 

795°C) which penetrates along the alloy-scale interface. This liquid oxide disrupts and 

dissolves the protective oxide scale, causing the alloy to suffer catastrophic oxidation 

(Lai, 1990). In case of Grade A-1, T-11 boiler steel and Superfer 800H superalloy; all the 

coatings have shown protection to the substrate in terms of weight gain than respective 

uncoated alloys. 

Fig. 8.1 Column chart showing cumulative weight gain per unit area (mg/cm2) for the 

uncoated and coated alloys' specimens subjected to cyclic oxidation in air at 

900°C for 50 cycles; (A) Uncoated alloy, (B) Nanostructured TiAIN coating, (C) 

Nanostructured AICrN coating, (D) Convnetional TiAIN coating, (E) 

Conventional AICrN coating 
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The nanaostructured TiAIN and AICrN coatings has shown resistance to oxidation 

to some extent as the overall weight gain is less than uncoated alloys, but failed to 

sustain during the course of high temperature oxidation study in most of the cases in 

present investigation. The nanostructured AICrN coating in case of T-22 boiler steel has 

provided excellent resistance to oxidation in air at 900°C for 50 cycles. Whereas the 

nanaostructured thin TiAIN coating failed to sustain during the course of the study and 

has shown highest weight gain (Fig.8.1). This might be due to the formation of oxide 

scale which is composed of a porous oxide mixture of TiO2  and A1203, with the 

domination of Ti02. 

The conventional thick AICrN coating have successfully protected the respective 

substrate when subjected to cyclic oxidation at 900°C for 50 cycles due to the formation 

of a protective scale mainly consisting on A1203. The plasma sprayed gas nitride 

conventional thick TiAIN coating has successfully protected the substrate i.e. Grade A-1 

boiler steel and Superfer 800H superalloy but failed to sustain during the course of the 

study in case of T-11 and T-22 boiler steel. Development of some minor cracks near or 

along the edges of the coated specimens, during oxidation experimentation in air, were 

observed for plasma sprayed gas nitrided coatings, which led to spalling of coatings. This 

cracking and subsequent spalling may be attributed to the thermal shocks due to 

differences in the heat expansion coefficients of the oxides, coatings and the substrate. 

The plasma sprayed gas nitride conventional thick AICrN and TiAIN coatings 

subjected to cyclic oxidation in air have shown relatively high weight gains in the early 

cycles of the exposure. These initial high oxidation rates in general might partially be 

attributed to the rapid formation of oxides at the coating splat boundaries and within 

open pores due to the penetration of the oxidizing species along the splat 

boundaries/open pores in the early cycles of the study. The weight change plots (as 

reported in chapters 4, 5, 6 and 7) for the uncoated and coated alloys indicated that the 

oxidation behavior has shown conformance to parabolic rate law. The parabolic kinetic 

behavior is due to the diffusion controlled mechanism operating at 900°C under cyclic 

conditions (Mahesh et al., 2008). Small deviation from the parabolic rate law might be 

due to the cyclic scale growth. 
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8.2 HOT CORROSION STUDIES IN MOLTEN SALT ENVIRONMENT 

There is no reported study on cyclic high temperature corrosion behavior of 

nanostructured thin and conventional thick TiAIN and AICrN hard coatings in molten salt 

environment. Therefore, the hot corrosion behavior of conventional thick (by plasma 

spraying and gas nitrided) and nanostructured thin (by physical vapor deposition 

process) TiAIN and AICrN coatings on boiler steels (Grade A-1, T-11 and T-22) and a 

superalloy Superfer 800H, in an aggressive environment of Na2SO4-60%V205  molten salt 

at 900°C under cyclic conditions has been investigated and compared. X-ray diffraction 

(XRD), scanning electron microscopy/energy-dispersive analysis (SEM/EDAX) and X-ray 

mapping techniques have been used to characterize corrosion products after hot 

corrosion at 900°C. The cumulative weight gain per unit area for the coated and 

uncoated alloys is shown in Fig. 8.2. 
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Fig. 8.2 Column chart showing cumulative weight gain per unit area (mg/cm2) for the 

uncoated and coated alloys' specimens exposed to molten salt (Na2SO4- 

60M/205) environment at 900°C for 50 cycles; (A) Uncoated alloy, (B) 

Nanostructured TiAIN coating, (C) Nanostructured AICrN coating, (D) 

Convnetional TiAIN coating, (E) Conventional AICrN coating 
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From the column charts; it can be inferred that the uncoated alloys have shown 

lower resistance to high temperature oxidation in molten salt environment than coated 

alloys under cyclic conditions. Also, the coated and uncoated Superfer 800H has shown 

higher resistance to hot corrosion in molten salt environment at high temperature when 

compared with the coated as well as uncoated boiler steels. The conventional thick 

coatings have shown relatively higher weight gain in the early cycles of study, followed 

by tendency to show gradual weight gain with further increase in number of cycles. 

These initial high oxidation rates in general might partially be attributed to the rapid 

formation of oxides at the coating splat boundaries and within open pores due to the 

penetration of the oxidizing species along the splat boundaries/open pores in the early 

cycles of the study_ 

Based on the overall weight gain after 50 cycles in an aggressive Na2SO4-60%V205  

(molten salt) environment at 900°C temperature; the T-22 boiler steel has shown 

minimum resistance and Superfer 800H superalloy has shown maximum resistance to 

corrosion. As the concentration of Fe, Cr and Ni is higher in Superfer 800H, the amount of 

nickel and iron oxide in top oxide layer will be the higher, whereas chromium oxide will be 

the second dominating phase, followed by oxides of Mn. So, due to higher percentage of 

Ni and Cr in the Superfer 800H; this superalloy has performed well at high temperature 

oxidation in molten salt environment. 

The plasma sprayed gas nitride conventional thick AICrN coating when subjected 

to cyclic oxidation in Na2SO4-60%V205 molten salt at 900°C for 50 cycles has developed a 

protective scale mainly consisting on aluminum oxide and chromium oxide, which are 

supported by XRD, EDAX and X-ray mapping analysis. This coating has successfully 

protected all the substrates. The oxide scale formed was found to be adherent to the 

substrate in all the specimens after hot corrosion studies. It has shown maximum weight 

gain in case of T-11 boiler steel (74 mg/cm2  which is 50% of the weight gain in case of 

bare T-11 boiler steel) and lowest in case of Superfer 800H (11 mg/cm2  which is 45% of 

the weight gain in case of bare superalloy). 

The plasma sprayed gas nitride conventional thick TiAIN coating has shown full 

protection to the substrate i.e. Grade A-1 boiler steel and Superfer800H superalloy but 

failed to sustain during the course of the study in case of T-11 and T-22 boiler steel. It 

has shown maximum weight gain in case of T-22 boiler steel (212 mg/cm2  which is 60% 
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of the weight gain in case of bare T-22 boiler steel) and lowest in case of Superfer 800H 

(08 mg/cm2  which is 33% of the weight gain in case of the bare superalloy). The oxide 

scale formed was found to be adherent to the substrate in case of Grade A-1 boiler steel 

and Superfer 800H superalloy after hot corrosion studies. Whereas in case of T-11 and T-

22 boiler steel the scale gets detached from the substrate after hot corrosion studies. 

The appearance of cracks/peeling off in the coatings during hot corrosion studies 

may be attributed to the different values of thermal expansion coefficients for the 

coating. 

The nanaostructured thin TiAIN and AICrN coatings has shown resistance to 

oxidation to some extent as the overall weight gain is less than as compared to the 

uncoated alloys, but failed to sustain during the course of high temperature oxidation 

study in molten salt environment. The nanostructured AICrN coated Superfer 800H has 

shown least weight gain (02 mg/cm2  which is 08.3% of the weight gain in case of bare 

superalloy). This coating failed to provide protection to the substrate in case of Grade)A-

1 and T-22 boiler steel. Also, the scale is found to be detached from the substrate after 

hot corrosion studies. The nanaostructured thin TiAIN coated T-22 boiler steel and 

Superfer 800H superalloy have shown resistance to oxidation as the overall weight gain 

is less than as compared to the uncoated counterparts, which may be due to the thick 

bend of Cr along with 0 at the scale-substrate interface. 

8.3 EROSION STUDIES IN SIMULATED COAL-FIRED BOILER ENVIRONMENT 

The erosion studies were carried out using a high temperature air-jet erosion test 

rig. The erosion rate for uncoated and coated alloys; is shown in Fig. 8.3. The two 

temperatures were taken for the test, sample temperature 400°C and air/erodent 

temperature 900°C simulated to service conditions of boiler tubes in which sample 

temperature and flow gas temperature correspond to the inner and outer temperature 

of water wall pipes. 

In case of uncoated alloys; at 90° impact angle the erosion rate was maximum 

(0.38 x 10-°3mm3/gm) in case of T-22 boiler steel and minimum (0.03 x 10-03  mm3/gm) 

in case of Superfer 800H superalloy and T-11 boiler steel. At 30°  impact angle; the 

erosion rate was maximum (0.49 x 104)3mm3/gm) in case of Grade A-1 boiler steel 

and minimum (0.16 x 10-°3mm3/gm) in case of Superfer 800H superalloy. 
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It can be inferred from Fig.8.3 that all the uncoated alloys have shown higher 

erosion rate at oblique impact (at 30°) than at normal impact (at 90°), which indicate 

ductile behavior as proposed by Murthy et al. (2001). Authors suggested that the 

material subjected to erosion initially undergoes plastic deformation and is later 

removed by subsequent impacts of the erodent on the surface. The ploughing occurs by 

the impact of the erodent particles and lips or ridges are formed at the bank of the 

craters. These lips are fractured or removed with further erosion. Most of the metallic 

materials, irrespective of temperature of erosion, exhibit a ductile behavior, i.e. 

maximum erosion rate at oblique impact angles (Tabakoff and Vittal, 1983, Bellman and 

Lavy, 1981). 

In case of nanostructured thin TiAIN coated alloys; at 90° impact angle the 

erosion rate was maximum (0.16 x 10-°3mm3/gm) in case of Superfer 800H superalloy 

and minimum (0.004 x 10-°3  mm3/gm) in case of T-11 boiler steel. At 30°  impact 

angle; the erosion rate was maximum (0.185 x 10-°3mm3/gm) in case of T-11 boiler 

steel and minimum (0.05 x 10-°3mm3/gm) in case of Grade A-1 boiler steel. It can be 

inferred from Fig.8.3 that all the nanostructured thin TiAIN and AICrN coated alloys 

have shown higher erosion rate at oblique impact (at 30°) than at normal impact (at 

90°), which indicate ductile behavior as proposed by Murthy et al. (2001). In case of 

nanostructured thin AICrN coated alloys; at 90° impact angle the erosion rate was 

maximum (0.10 x 10-(33mm3/gm) in case of T-11 boiler steel and minimum (0.03 x 10-

03  mm3/gm) in case of Grade A-1 boiler steel. At 30°  impact angle; the erosion rate 

was maximum (0.26 x 10-°3mm3/gm) in case of T-11 boiler steel and minimum (0.03 x 

10-°3mnn3/gm) in case of Grade A-1 boiler steel. The nanostructured thin TiAIN and 

AICrN coatings were removed by the continuous strikes of the eroding particles on the 

surface of the coating at 30° impact in case of Superfer 800H superalloy. 

The plasma sprayed conventional TiAIN and AICrN coatings have successfully 

protected the substrates at both impact angles except in case of T-11 boiler steel. The 

conventional AICrN coating gets removed by the continuous strikes of the eroding 

particles on the surface of the coating in case of T-11 boiler steel. In case of plasma 

sprayed gas nitride conventional thick TiAIN coated alloys; at 90° impact angle the 

erosion rate was maximum (2.13 x 10-°3mm3/gm) in case of T-22 boiler steel and 

minimum (1.44 x 10-03  mm3/gm) in case of T-11 boiler steel. At 30°  impact angle; the 

erosion rate was maximum (3.01 x 10-°3mm3/gm) in case of T-22 boiler steel and 
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minimum (1.89 x 10-°3mm3/gm) in case of Grade A-1 boiler steel. It can be inferred 

from Fig.8.3 that all the conventional thick TiAIN coated alloys have shown higher 

erosion rate at oblique impact (at 30°) than at normal impact (at 90°) except in case 

of Grade A-1 boiler steel. 

In case of conventional thick AICrN coated alloys; at 90° impact angle the 

erosion rate was maximum (3.12 x 10-°3mm3/gm) in case of Grade A-1 boiler steel 

and minimum (1.023 x 10-°3  mm3/gm) in case of T-11 boiler steel. At 30°  impact 

angle; the erosion rate was maximum (2.55 x 10-°3mm3/gm) in case of Grade A-1 

boiler steel and minimum (0.77 x 10-°3mm3/gm) in case of T-11 boiler steel. It can be 

inferred from Fig.8.3 that all the conventional thick AICrN coated alloys have shown 

higher erosion rate at normal impact (at 90°) than at oblique impact (at 30°) except 

in case of Superfer 800H superalloy. 

8.4 CORROSION STUDIES IN SIMULATED MARINE ENVIRONMENT 

The corrosion behavior of conventional thick (by plasma spraying and gas 

nitrided) and nanostructured thin (by physical vapor deposition process) TiAIN and AICrN 

coatings on selected substrates has been compared with bare specimens by 

electrochemical methods, i.e. linear polarization resistance (LPR) and potentiodynamic 

polarization tests in an aerated 3.0 wt% NaCI solution at room temperature; and salt 

spray (Fog) tests. 

8.4.1 Linear polarization resistance and potentiodynamic polarization tests 

Linear polarization resistance (LPR) and potentiodynamic polarization tests were 

conducted in an aerated 3 wt% NaCI solution at room temperature in order to evaluate 

the corrosion behavior of the substrate and coatings. The initial corrosion current 

density and LPR (Rp) was measured by LPR test. The linear polarization scans are 

conducted in very small potential range (-20mV to + 20mV vs Open Circuit Potential), 

which does not damage the surface of the sample. Whereas the potentiodynamic 

polarization scans require scanning over a longer potential range (Sahoo and 

Balasubramaniam, 2007). 

The initial corrosion current density and LPR (Rp) was measured by LPR test. The 

corrosion parameters obtained in LPR test are shown in Table 8.1. The corrosion current 
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density of all the coatings was found much lower than that of the substrate except 

conventional coatings on T-11 boiler steel and conventional TiAIN coated Superfer 800H 

superalloy. In case of uncoated alloys; bare T-22 boiler steel has shown maximum 

corrosion current density (108.60 pA/cm2) and Supefer 800H has shown best corrosion 

resistance at initial stage on the basis of corrosion current density (05.37 pA/cm2) and 

polarization resistance values obtained in the test. 

in case of nanostructured TiAIN coating; T-11 boiler steel has shown maximum 

current density (03.99 pA/cm2) and Supefer 800H has shown least corrosion current 

density (00.33 pA/cm2). These values are very less than corrosion current densities in 

case of respective bare alloys. Grade A-1 boiler steel has shown maximum corrosion 

current (09.42 pA/cm2) and Supefer 800H with least corrosion current density (00.47 

pA/cm2) in case of nanostructured AICrN coating. In case of conventional TiAIN coating; 

the T-11 boiler steel has shown least resistance to corrosion with higher corrosion 

current density (43.63 pA/cm2) and Grade A-1 boiler steel has shown least current 

density (12.87 pA/cm2). In case of conventional AICrN coating; T-11 boiler steel has 

shown maximum current density (51.89 p.A/cm2) and Supefer 800H has shown least 

corrosion current density (00.37 pA/cm2). 

The corrosion parameters obtained in Potentiodynamic polarization test are 

shown in Table 8.2. The corrosion current density and the corrosion potential were 

obtained by the intersection of the extrapolation of anodic and cathodic Tafel curves, 

which are presented in Chapter 4, 5, 6 and 7 of the present study. The corrosion current 

densities of the coatings were found much lower than that of the substrate steel except 

for nanostructured and conventional TiAIN coated Superfer 800H superalloy. Also, the 

corrosion current densities of the substrate and the coatings were found much lower as 

compared to the LPR test (at initial stage) results. A protective oxide layer may have 

formed which has blocked further corrosion. The corrosion product formed may have 

reduced the passage of the electrolyte to attack the samples, and hence providing 

protection. In case of uncoated alloys; T-22 boiler steel has shown maximum current 

density (17.02 pAJcm2) and Supefer 800H has shown best corrosion resistance with least 

corrosion current density (0.058 pA/cm2). 
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In case of nanostructured TiAIN coating; T-22 boiler steel has shown maximum 

current density (04.72 1.1A/cm2) with protective efficiency (Pi) as 72.26 % and Supefer 

800H has shown least corrosion current density (0.068 pA/cm2) but more than that of 

bare Superfer 800H thus providing no protection to the superalloy. The protective 

efficiency in case of Grade A-1 and T-11 boiler steel was found 92.87 % and 84.31 % 

respectively. Grade A-1 boiler steel has shown maximum corrosion current (05.98 

pA/cm2) with protective efficiency 37.01 % and Supefer 800H with least corrosion 

current density (0.021 pA/cm2) with protective efficiency 63.79 %; in case of 

nanostructured AICrN coating. The protective efficiency in case of T-11 and T-22 boiler 

steel was found 96.10 % and 94.88 % respectively. 

In case of conventional TiAIN coating; the T-22 boiler steel has shown least 

resistance to corrosion with higher corrosion current density (08.97 pA/cm2) with 

protective efficiency 47.27 % and T-11 boiler steel has shown least current density 

(0.059 pA/cm2) with protective efficiency 99.20 %. The protective efficiency in case of 

Grade A-1 boiler steel was found 78.19 %. The conventional TiAIN coating is not 

protecting the Superfer 800H superalloy. In case of conventional AICrN coating; T-11 

boiler steel has shown maximum current density (6.64 pA/cm2) with protective 

efficiency 17.86 % and Supefer 800H has shown least corrosion current density (0.0033 

pA/cm2) with protective efficiency 94.21 %. 

8.4.2 Salt spray (Fog) testing 

The ASTM 8117 Salt Fog test was used to evaluate the performance of the 

uncoated and nanostructured thin TiAIN and AICrN coated alloys. The samples were 

exposed to a salt fog generated from a 5% sodium chloride solution with a pH between 

6.5 and 7.2 for 24 Hrs, 48 Hrs and 72 Hrs. Photographs were taken before and 

subsequent to exposure to document the surface conditions. Initial weight and 

dimensions were measured. After exposure; samples were monitored and analyzed by 

using XRD and SEM/EDAX techniques. Then all the samples were cleaned in running 

water not warmer than 38°C to remove salt deposits from the surface and then 

immediately dried with compressed air. 

Figure 8.4, depicts the column chart showing the weight loss per unit area for the 

uncoated and coated alloys. Salt spray corrosion is an electrochemical reaction process 
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(Bao et al., 2007). Generally, the corrosion resistance is influenced significantly by 

several factors, such as compositions, internal microstructure, and especially the surface 

condition. It can be inferred from the plots (Fig.8.4) that the uncoated boiler steels have 

shown higher weight loss per unit area in all three test conditions i.e. 24 Hrs, 48 Hrs and 

72 Hrs tests; as compared to their coated counterparts. The uncoated as well as 

nanostructured TiAIN and AICrN coated Superfer 800H superalloy have performed very 

well as these specimens have shown no weight change during exposure for 24 Hrs, 48 

Hrs and 72 Hrs to salt fog tests. Both the coatings have shown good protection to the 

substrate in terms of weight loss per unit area. 

The weight loss per unit area increases with the duration of the test in case of 

bare and coated boilers steels (Fig.8.4). In case of uncoated boiler steels; T-11 and T-22 

have shown higher weight loss than Grade A-1 for 24 Hrs test duration. The bare Grade 

A-1 boilers steel undergoes higher weight loss during 48 Hrs and 72 Hrs test studies as 

compared to T-11 and T-22 boiler steels, which may be due to the formation of Cr203 in 

the oxide scale of T-11 and T-22 boiler steel as these boiler steel have good amount of 

Cr. The EDAX analysis at some locations of interest points out the presence of iron and 

oxygen on the corroded surface. XRD diffractograms for uncoated boiler steels have also 

indicated Fe304 is the main phases present in the oxide scale. The formation of Fe304 in 

the scale of corroded specimens in salt spray tests is found to be in agreement with 

those reported by Panda, Bijayani et al. (2008) and Vera et al (2009). 

The weight loss per unit area in case of nanosructured thin TiAIN coating is less 

than the nanostructured AICrN coating and uncoated boiler steels in all test durations. It 

can be mentioned based on the present investigation that nanostructured thin TiAIN and 

AICrN coatings can provide good corrosion resistance when exposed to the simulated 

marine environment i.e. salt fog test. The proposed corrosion mechanism of the coated 

specimen is as explained by Bao et al., (2007). Authors reported that micro-cracks got 

initiated by residual stress during deposition of coatings. The micro-cracks would be 

corroded easily and the solution would infiltrate into loose corrosion products and reach 

crack tip to sustain the internal corrosion, followed by crack propagation. This process 

obeys the rules of crevice corrosion 
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8.5 EROSION-CORROSION STUDIES IN INDUSTRIAL ENVIRONMENT 

After conducting the various experiments on uncoated and coated alloys in lab, 

the specimens were exposed to low temperature super-heater zone of the coal fired 

boiler of Guru Nanak Dev Thermal Power Plant, Bathinda, Punjab, India. The specimens 

were hanged in the platen super-heater of coal fired boiler where the gas temperature 

was around 900°C ± 10°C in order to investigate and compare the high temperature 

corrosion and erosion behavior of conventional thick (by plasma spraying and gas 

nitrided) and nanostructured thin (by physical vapor deposition process) TiAIN and AICrN 

coatings with bare alloys. Not corrosion experiments were performed for 10 cycles, each 

cycle consisting of 100 hours exposure followed by 1 hour cooling at ambient 

temperature. 

600 

SOO 

E 
"sa 400 

300 

OA 

.m0▪ 200 

7.; 

• 

100 as 

-100 

Fig. 8.5 Column chart indicating cumulative weight gain per unit area (mg/cm2) for 
the uncoated and coated alloys' specimens exposed to super-heater of the 
coal fired boiler environment at 900°C for 1000 hours; (A) Uncoated alloy, (B) 
Nanostructured TiAIN coating, (C) Nanostructured AICrN coating, (D) 
Convnetional TiAIN coating, (E) Conventional AICrN coating 
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The extent of corrosion has been evaluated by measuring weight change and 

thickness of the unreacted portion of the samples after the total exposure of 1000 hours 

and hence calculating corrosion rate in mils per year (mpy). Weight gain per unit area 

(mg/cm2) versus time expressed in number of cycles plot for coated and bare alloyS 

exposed to super-heater of the coal fired boiler environment at 900°C for 1000 hours; is 

presented in Fig. 8.5. It can be inferred from the plots (Fig.8.5) that in case of bare alloys; 

Grade A-1 boiler steels have shown highest weight gain and Superfer 800H with least 

weight gain. The weight gain in case of superalloy is almost negligible when compared 

with the weight gain in case of boiler steels. All the coated boiler steels have shown less 

weight gain as compared to the bare alloys except nanostructured AICrN coated T-11 

and nanostructured TiAIN coated T-22 boiler steel. All the coatings on Superfer 800H 

have shown decrease in weight due to erosion by ash (Fig.8.5). However weight change 

data could not be of much use for predicting the corrosion behavior because of 

suspected spalling and ash deposition on the specimens. 

Although the specimens were washed with acetone after every cycle before 

weight measurement in order to remove ash deposited yet it was difficult to remove the 

ash completely. Hence extent of corrosion could only be monitored by measuring the 

thickness of the un-reacted sample after the total exposure of 1000 hrs i.e. measuring 

scale thickness in cross-sectional view. The oxidized samples were cut across the cross 

section and mounted in transoptic mounting resin and subsequently mirror polished to 

obtain scanning electron back scattered micrographs and X-ray mapping. The scale 

thickness values were measured from SEM back scattered micrographs of the cross-

section of the eroded/corroded specimens as explain in Chapters 4, 5, 6 and 7. The 

extent of erosion-corrosion in terms of scale/coating thickness (in microns) for coated 

and uncoated alloys exposed to super-heater of the coal fired boiler environment at 

900°C for 1000 hours; before and after erosion-corrosion studies are shown as bar chart 

in Fig.8.6. All the uncoated and coated boiler steels have shown increase in overall 

thickness after erosion-corrosion for 1000 hrs. In case of Superfer 800H superalloy; the 

uncoated and nanostructured thin coated superalloy has shown increase in scale 

thickness and the superalloy with conventional thick coatings have shown decrease in 

scale/coating thickness. 
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ASTM-SA213-T-11 ASTM-SA213-T-22 Superalloy Superfer 
800H 
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EROSION-CORROSION STUDIES IN INDUSTRIAL ENVIRONMENT, 900°C 
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Fig. 8.6 Column chart indicating the extent of erosion/corrosion for uncoated and 

coated alloys' specimens exposed to super-heater of the coal fired boiler 

environment at 900°C for 1000 hours; (A) Uncoated alloy, (B) 

Nanostructured TiAIN coating, (C) Nanostructured AICrN coating, (D) 

Convnetional TiAIN coating, (E) Conventional AICrN coating 

A very thick scale was observed in case of uncoated and nanostructured coated 

boiler steels. The conventional coatings have shown good resistance to the corrosive 

environment as the oxygen penetration is limited to very less thickness as compared to 

the uncoated and nanostructured coated boiler steels. The uncoated T-11 boiler steel 

has shown maximum gain in scale thickness and all the coatings have shown protection 

to the substrate in terms of scale thickness except nanostructured thin AICrN coated 

Grade A-1 boiler steel. After measuring the thickness of the un-reacted sample after the 

total exposure of 1000 hrs i.e. measuring scale thickness in cross-sectional view 

corrosion rate in mils per year (mpy) was calculated for all the coated and bare 

specimens. Figure 8.7 shows the corrosion rate for all the specimens. 
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Fig. 8.7 Column chart indicating corrosion rate (mpy) for the uncoated and coated 
alloys' specimens exposed to super-heater of the coal fired boiler 
environment at 900°C for 1000 hours; (A) Uncoated alloy, (B) 
Nanostructured TiAIN coating, (C) Nanostructured AICrN coating, (D) 
Convnetional TiAIN coating, (E) Conventional AICrN coating 

It can be inferred from the column plots (Fig.8.7) that the coated as well as 

uncoated boiler steels have shown higher corrosion rate as compared with Superfer 

800H supeallloy. In case of boiler steels; maximum corrosion rate has been observed in 

bare T-11 and minimum in case of conventional TiAIN coated Grade A-1 boiler steel. All 

the coatings have shown less corrosion rate than bare boiler steels except 

nanostructured AICrN coated Grade A-1. The conventional coatings have shown good 

resistance to the corrosive environment as the oxygen penetration is limited to very less 

thickness as compared to the uncoated and nanostructured coated boiler steels. In case 

of Superfer 800H superalloy; the coatings have shown protection to the substrate with 

very less corrosion rate as compared to the bare superalloy. 
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8.6 EVALUATION OF PERFOEMANCE OF VARIOUS SUBSTRATE-COATING 

COMBINATIONS IN DIFFERENT ENVIRONMENT 

This section deals with the evaluation of performance of various substrate-

coating combinations in different environment. After conducting the various 

experiments on uncoated and coated alloys in lab and in actual industrial environment 

which includes the characterization of the nanostructured and conventional TiAIN and 

AICrN coatings on selected Fe-based alloys and their behavior when exposed to high 

temperature oxidation studies in air, molten salt (Na2SO4-60%V205) environment and in 

a coal fired boiler of a thermal plant, erosion studies in simulated coal-fired boiler 

environment and corrosion studies in simulated marine environment; the performance 

of different substrate-coating combinations have been evaluated in terms of excellent 

(E), moderate (M) and poor (P) as shown in Table 8.3. The behavior of all the selected 

bare alloys in different environments has been compared and grading is done 

accordingly. In case of coatings; the grading is done by comparing the behavior of the 

coating with the behavior of the respective substrate alloy in different environments. 
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Chapter 9 
CONCLUSIONS 

This chapter presents the conclusions from the present investigation regarding 

the behavior of the uncoated and conventional thick and nanostructured thin TiAIN and 

•AICrN coatinged Fe-based alloys namely Grade A-1, T-11 and T-22 boiler steels and 

Superfer 800H superalloy; when exposed to high temperature oxidation in air and in 

molten salt (Na2SO4-60%V205) environments; at 900°C under cyclic conditions, erosion-

corrosion in simulated coal-fired environment, corrosion in simulated marine 

environment in lab as well as in the actual industrial environment of the coal-fired boiler 

at 900°C under cyclic conditions at Guru Nanak Dev Thermal Plant, Bathinda, Punjab, 

INDIA. All the coatings were formulated by commercially available processes in INDIA. 

The salient conclusions from the present investigation are summarized as follows: 

9.1 CHARACTERISATION OF COATINGS 

(1) The nanostructured thin TiAIN and AICrN coatings (by physical vapour deposition 

process at Oerlikon Balzers Ltd. Gurgaon, India) and conventional thick TiAIN and 

AICrN coatings (by plasma spraying process at Anod Plasma Ltd. Kanpur, India; 

followed by gas nitriding process) were successfully deposited on the selected Fe-

based alloys. The coatings were characterized for their microstructural features, 

bond strength, surface roughness and hardness. 

(2) All the coatings were dense, uniform, continuous and adherent. The thickness of 

coating was in the range of 5.2-6.311m, 4.2-5.5 rim, 140-174 pm and 122-166 pm 

for the nanostructured TiAIN, nanostructured AICrN, conventional TiAIN and 

conventional AICrN coatings respectively. 

(3) The nanostructured thin TiAIN and AICrN coatings exhibited negligible porosity 

values for as coated; which were less than 0.5 %. The conventional TiAIN and 

AICrN coatings showed; higher porosity values (1.90-4.30%) for as sprayed 

conventional Ti-Al and Al-Cr coatings which after gas nitriding were found to be less 

than 0.65 %. 
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(4) The grain size (calculated by Scherrer formula from XRD plot) for nanostructured 

thin TiAIN and AICrN coatings was less than 22 and 28 nm respectively which was 

further verified by AFM analysis. 

(5) The surface roughness in case of nanostructured TiAIN and nanostructured AICrN 

coating was found to be in the range of 2.62-4.52 nm and 5.18-6.19 nm 

respectively; as observed by AFM analysis. The coating surface was very rough in 

case of conventional thick TiAIN and AICrN coatings and the roughness was found 

to be in the range of 7.36-16.12 µm and 11.84-15.60 pm respectively. 

(6) A good adhesion of the conventional thick TiAIN and AICrN coatings was evident 

from bond test results. Average bond strength of 68.74 MPa and 54.69 MPa was 

observed in case of conventional TiAIN and AICrN coatings respectively. 

9.2 HOT CORROSION STUDIES IN AIR AND MOLTEN SALT ENVIRONMENT 

(7) Based on the overall weight gain after 50 cycles in air and in an aggressive 

Na2SO4-60%V205  (molten salt) environment at 900°C temperature, the oxidation 

resistance of the bare Fe-based alloys studied in the present investigation has 

been found to be in the following order: 

AIR ENVIRONMENT 

S.F 800H superalloy > Grade A-1 boiler steel > T-11 boiler steel >1-22 boiler steel 

Na2SO4-60%V205  (MOLTEN SALT) ENVIRONMENT 

S.F 800H superalloy > T-11 boiler steel > Grade A-1 boiler steel >1-22 boiler steel 

(i) The superior oxidation resistance of the Superfer 800H superalloy may be 

attributed to the development of homogeneous and continuous scale 

consisting of oxides of Ni and Cr due to higher percentage of Ni and Cr in the 

Superfer 800H. 

(ii) The higher weigh gain and spalling as observed in case of T-11 and T-22 boiler 

steels may be attributed to the presence of molybdenum in the steels. 

Chatterjee et al. (2001) have suggested that during initial oxidation Fe is 

oxidized and the oxide scale is protective in nature. With progress of oxidation 

Mo becomes enriched at the alloy interface, leading to the formation of an 

inner layer of molten MoO3  (m. p. 795°C) which penetrates along the alloy- 
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scale interface. This liquid oxide disrupts and dissolves the protective oxide 

scale, causing the alloy to suffer catastrophic oxidation (Lai, 1990). 

(8) Based on the overall weight gain after 50 cycles in air and in an aggressive 

Na2SO4-60%V205  (molten salt) environment at 900°C temperature, the oxidation 

resistance of the coating on the Fe-based alloys studied in the present 

investigation has been found to be in the following order: 

AIR ENVIRONMENT 

Substrate ASTM-SA210-Grade A-1 Boiler Steel: 

Conventional AICrN > Conventional TiAIN > Nanost. AICrN > Nanost. TiAIN > Bare Grade 

A-1 

Substrate ASTM-SA213-T-11 Boiler Steel: 

Conventional AICrN > Conventional TiAIN > Nanost. AICrN > Nanost. TiAIN > Bare T-11 

Substrate ASTM-SA213-T-22 Boiler Steel: 

Conventional AICrN > Nanost. AICrN > Conventional TiAIN > Bare T-22 > Nanost. TiAIN 

Substrate Superfer 800H Superalloy: 

Nanost. AICrN > Nanost. TiAIN > Bare S.F 800H > Conventional TiAIN > Conventional 

AICrN 

Na2SO4-60%V205  (MOLTEN SALT) ENVIRONMENT 

Substrate ASTM-SA210-Grade A-1 Boiler Steel: 

Conventional AICrN > Conventional TiAIN > Nanost. TiAIN > Nanost. AICrN > Bare Grade 

A-1 

Substrate ASTM-SA213-T-11 Boiler Steel: 

Conventional AICrN > Nanost. AICrN > Nanost. TiAIN > Conventional TiAIN > Bare T-11 

Substrate ASTM-SA213-T-22 Boiler Steel: 

Conventional AICrN > Nanost. TiAIN> Conventional TiAIN > Nanost. AICrN > Bare T-22 

Substrate Superfer 800H Superalloy: 

Nanost. AICrN > Nanost. TiAIN > Conventional TiAIN > Conventional AICrN> Bare S.F 

800H 

(9) All the coatings have shown protection to the substrate based on the overall 

weight gain after 50 cycles in air environment at 900°C temperature except 

nanostructured TiAIN coated T-22 boiler steel. 
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(10) The nanaostructured TiAIN and AICrN coatings has shown resistance to oxidation 

to some extent as the overall weight gain is less, but failed to sustain during the 

course of oxidation study. This might be due to the formation of oxide scale 

which is composed of a porous oxide mixture of TiO2  and A1203, with the 

domination of TiO2. 

(11) The plasma sprayed gas nitride conventional thick coatings i.e. TiAIN and AICrN 

when subjected to cyclic oxidation studies at 900°C for 50 cycles developed a 

protective scale mainly consisting on A1203  along with some amount of TiO2  (in 

case of conventional TiAIN coating) and Cr2O3  (conventional AICrN coating). In 

case of T-11 and T-22 boiler steels; the conventional TiAIN coating failed to 

sustain during the course of study. 

(12) The coated alloys subjected to cyclic oxidation in air have shown relatively high 

weight gains in the early cycles of the exposure specially in case of Superfer 800H 

superalloy. These initial high oxidation rates in general might partially be 

attributed to the rapid formation of oxides at the coating splat boundaries and 

within open pores due to the penetration of the oxidizing species along the splat 

boundaries/open pores in the early cycles of the study. In case of Superfer 800H 

superalloy although the conventional thick coatings have shown higher weight 

gain yet these have not allowed environment to penetrate into the substrate 

alloys. 

(13) The weight change plots for the uncoated and coated alloys indicated that the 

oxidation behavior has shown conformance to parabolic rate law. The parabolic 

kinetic behavior is due to the diffusion controlled mechanism operating at 900°C 

under cyclic conditions (Mahesh et al., 2008). Small deviation from the parabolic 

rate law might be due to the cyclic scale growth. 

(14) Development of some minor cracks near or along the edges of the coated 

specimens during hot corrosion studies in air and molten salt environment were 

observed for coated and uncoated alloys. This cracking and subsequent spalling 

may be attributed to the thermal shocks due to differences in the heat expansion 

coefficients of the oxides, coatings and the substrate. 
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9.3 EROSION STUDIES IN SIMULATED COAL-FIRED BOILER ENVIRONMENT 

(15) All the uncoated and nanostructured TiAIN and AICrN coated alloys have 

shown higher erosion rate at oblique impact (at 30°) than at normal impact 

(at 90°), which indicate ductile behavior as proposed by Murthy et al (2001). The 

nanostructured thin TiAIN and AICrN coatings were removed by the 

continuous strikes of the eroding particles on the surface of the coatings in most 

of the cases. 

(16) The plasma sprayed conventional TiAIN coatings have successfully protected the 

substrates. All the conventional thick TiAIN coated alloys have shown higher 

erosion rate at oblique impact (at 30°) than at normal impact (at 90°) thus 

indicating ductile behavior except in case of Grade A-1 boiler steel. 

(17) The plasma sprayed conventional AICrN coatings have successfully protected the 

substrates at both impact angles except in case of T-11 boiler steel. The 

conventional AICrN coating gets removed by the continuous strikes of the 

eroding particles on the surface of the coating in case of T-11 boiler steel at both 

impact angles. All the conventional thick AICrN coated alloys have shown 

higher erosion rate at normal impact (at 90°) than at oblique impact (at 30°) 

except in case of Superfer 800H superalloy. 

9.4 CORROSION STUDIES IN SIMULATED MARINE ENVIRONMENT 

9.4.1 Linear polarization resistance and potentiodynamic polarization tests 

(18) It can be inferred from the corrosion parameters i.e. corrosion current densities 

(Icorr) obtained in LPR test that all the coatings are protecting the substrates 

except conventional coatings on T-11 boiler steel and conventional TiAIN coated 

Superfer 800H superalloy. In case of uncoated alloys; bare T-22 boiler steel has 

shown maximum corrosion current density (108.60 iiA/cm2) and Supefer 800H 

has shown best corrosion resistance at initial stage on the basis of corrosion 

current density (05.37 p.A/cm2) and polarization resistance obtained in the test. 

(19) In Potentiodynamic polarization test; the corrosion current densities of the 

coatings were found much lower than that of the substrate steel except for 

nanostructured and conventional TiAIN coated Superfer 800H superalloy. Also, 
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the corrosion current densities of the substrate and the coatings were found 

much lower as compared to the LPR test (at initial stage) results. The corrosion 

product formed may have reduced the passage of the electrolyte to attack the 

samples, and hence providing protection. 

(20) In case of uncoated alloys; bare T-22 boiler steel has shown maximum current 

density (17.02 pA/cm2) and Supefer 800H has shown best corrosion resistance 

with least corrosion current density (0.058 pA/cm2). 

(21) In case of nanostructured TiAIN coating; T-22 boiler steel has shown maximum 

current density (04.72 pA/cm2) with protective efficiency (Pi) as 72.26 % and 

Supefer 800H has shown least corrosion current density (0. 068 pA/cm2) but 

more than that of bare Superfer 800H thus providing no protection to the 

superalloy. The protective efficiency in case of Grade A-1 and T-11 boiler steel 

was found 92.87 % and 84.31 % respectively. 

(22) Grade A-1 boiler steel has shown maximum corrosion current (05.98 pA/cm2) 

with protective efficiency 37.01 % and Supefer 800H with least corrosion current 

density (0.021 p.A/cm2) with protective efficiency 63.79 %; in case of 

nanostructured AICrN coating. 

(23) In case of conventional TiAIN coating; the T-22 boiler steel has shown least 

resistance to corrosion with higher corrosion current density (08.97 pA/cm2) with 

protective efficiency 47.27 % and T-11 boiler steel has shown least current 

density (0.059 pA/cm2) with protective efficiency 99.20 %. The protective 

efficiency in case of Grade A-1 boiler steel was found 78.19 %. The conventional 

TiAIN coating is not protecting the Superfer 800H superalloy. 

(24) In case of conventional AICrN coating; T-11 boiler steel has shown maximum 

current density (6.64 pA/cm2) with protective efficiency 17.86 % and Supefer 

800H has shown least corrosion current density (0.0033 pA/cm2) with protective 

efficiency 94.21 %. 

9.4.2 Salt spray (Fog) testing 

(25) The uncoated boiler steels have shown higher weight loss per unit area in all 

three test conditions i.e. 24 Hrs, 48 Hrs and 72 Hrs tests; as compared to their 

coated counterparts. The uncoated as well as nanostructured TiAIN and AICrN 
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coated Superfer 800H superalloy have performed well as these specimens have 

shown no weight change during exposure for 24 Hrs, 48 Hrs and 72 Hrs to salt 

fog tests. 

(26) Both the coatings (nanostructured TiAIN and AICrN) have shown good protection 

to the substrate in terms of weight loss per unit area. Also, the weight loss per 

unit area increases with the duration of the test in case of bare and coated 

boilers steels. In case of uncoated boiler steel; the T-11 and T-22 have shown 

higher weight loss than Grade A-1 for 24 Hrs test duration. The bare Grade A-1 

boilers steel undergoes higher weight loss during 48 Hrs and 72 Hrs test studies 

as compared to T-11 and T-22 boiler steels. 

(27) XRD diffractograms for uncoated boiler steels have also indicated Fe304  is the 

main phases present in the oxide scale. The formation of Fe304  in the scale of 

corroded specimens in salt spray tests is found to be in agreement with those 

reported by Panda, Bijayani et al. (2008) and Vera et al (2009). 

9.5 EROSION-CORROSION STUDIES IN INDUSTRIAL ENVIRONMENT 

(28) In case of bare alloys; Grade A-1 boiler steels have shown highest weight gain 

and Superfer 800H with least weight gain. The weight gain in case of superalloy is 

almost negligible when compared with boiler steels. All the coated boiler steels 

have shown resistance to corrosion in terms of weight gain as compared to the 

bare alloys except nanostructured AICrN coated T-11 and nanostructured TiAIN 

coated T-22 boiler steel. All the coatings on Superfer 800H have shown decrease 

in weight due to erosion by ash. 

(29) Based on the materials depth effected by corrosion or corrosion rate in mils per 

year (mpy) after 1000 hours of exposure, the corrosion resistance of the bare Fe-

based alloys studied in the present investigation has been found to be in the 

following order: 

S.F 800H superalloy > Grade A-1 boiler steel > T-22 boiler steel > T-11 boiler steel 

(30) Based on the materials depth effected by corrosion or corrosion rate in mils per 

year (mpy) after 1000 hours of exposure, the corrosion resistance of the 

uncoated and coated Fe-based alloys studied in the present investigation has 

been found to be in the following order: 
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Substrate ASTM-SA210-Grade A-1 Boiler Steel: 

Conventional TiAIN > Conventional AICrN > Nanost. TiAIN > Bare Grade A-1> Nanost. 

AICrN 

Substrate ASTM-SA213-T-11 Boiler Steel: 

Conventional TiAIN > Conventional AICrN > Nanost. TiAIN > Nanost. AICrN > Bare T-11 

Substrate ASTM-SA213-T-22 Boiler Steel: 

Conventional TiAIN > Conventional AICrN > Nanost. AICrN > Conventional TiAIN > Bare 

T-22 

Substrate Superfer 800H Superalloy: 

Conventional TiAIN and AICrN > Nanost. TiAIN > Nanost. AICrN > Bare S.F 800H 

(31) The coated as well as uncoated boiler steels have shown higher corrosion rate as 

compare to Superfer 800H supeallloy. In case of boiler steels; maximum 

corrosion rate has been observed in bare T-11 and minimum in case of 

conventional TiAIN coated Grade A-1 boiler steel. All the coatings have shown 

resistance to corrosion in terms of corrosion rate when compared with 

respective bare alloy except nanostructured AICrN coated Grade A-1. 

(32) The conventional coatings have shown good resistance to the corrosive 

environment as the oxygen penetration is limited to very less thickness as 

compare to the uncoated and nanostructured coated boiler steels. In case of 

Superfer 800H superalloy; the coatings have shown protection to the substrate 

with less corrosion rate as compare to the bare superalloy. 

(33) All the coated as well as uncoated boiler steels have shown ash deposition on the 

surface. Thus final thickness is contributed by scale formation, erosion and ash 

deposition. 

(34) The plasma sprayed gas nitride conventional thick TiAIN and AICrN coatings can 

provide erosion-corrosion resistance when exposed to super-heater of the coal 

fired boiler environment at 900°C. These coatings can be used on all those 

surfaces which are facing the fire side corrosion such as in internal combustion 

engines, industrial waste incinerators, fluidized beds, gas turbine and steam 

turbines to provide protection against degradation in these environments. 
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SUGGESTIONS FOR FUTURE WORK 

1. Studies can be made for the exposure of these coatings for different lengths of time so 

that progressive development of the scale can be studied and mechanism of transport 

of species and gradual development of the scale can be understood. 

2. Hot stage microscopy can also be used to follow the development of the scale 

throughout the oxidation and hot corrosion runs. 

3. Studies can be made to evaluate other types of coatings for providing resistant to hot 

corrosion. Role of coatings can also be studied for other types of boiler tube steels. 

4. To have better insight into the behavior of coatings in aggressive environment, reactions 

between oxides and Na2SO4-V205  should be studied in more detail. 

5. Cost effectiveness analysis should be done for different types of coatings. 

6. The coatings behavior can be studied in the actual running boiler for longer duration 

may be for few years by providing these coatings on the actual boiler tubes. 

7. The coatings behavior can be studied in the actual marine environments for longer 

durations. 

8. Studies may be conducted to investigate the hot corrosion behavior of the thermal spray 

coatings developed by some other processes such as high-velocity oxy-fuel and 

detonation spray processes. 

9. Attempts can be made to estimate the useful life of these coated alloys using 

mathematical modeling based on experimental data. 

10. Some other coatings with different compositions should be formulated and evaluated 

especially by alloying the coating powders with rare earth elements. 

11. Studies can be performed to calculate the thermal conductivity of the coatings and to 

develop the relation among the coatings thickness to the heat transfer rate through the 

coated boiler tubes. 
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Table A.4 	Thermal expansion coefficients of substrate steels, coatings and oxides 

Alloy or Oxide Thermal Expansion coefficient 
(10-6  per °C) 

Reference 

T-11 13.9 Metal Hand book (1961) 
T-22 14.2 
Al 23.10 Schutze et al., 2006 
Ti 8.60 

A1203 8.40 
Cr2O3 8.06 
AIN 6.23 
TiN 7.76 
T102 10.53 
Ti3AI 10.94 

Superfer 800H 18.29 
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Annexure A.5 

PLASNIABRRAVS.H4ITE0 
,nu vua J.725i5dQ ccar.,r r> aomeAra+ 

TO WHOM IT MAY CONCERN 

This is to certify that we have provided the coating facility to Mr. Vikas Chawla, Dr. 
S. Prakash, Dr. D. Puri and Dr. Buta Singh Sidhu under the AIM sponsored 
Nationally Co-ordinated Project (File No.8023/RID/B0111/NCP/07/2-5-06). Further 
we want to state that we are interested in licensing the work titled, "Development of 
Ti-Al and Al-Cr based Nitrided. Coatings for Boiler Applications". 

For ANOD PLASM PRAY LTD 
a 

(R.K. TANDON) 
MANAGING DIRECTOR 

HEAD °Mae: E -20, Pank7Intkattie1 Arm, Ake Karritul - 208 022, UP, M07117 	r97 572 269 7851, 852 555 325 5518 1 	+ 97 572 269 1563 1123: 0114@iiiiitelq I GI: &reutzetlg 

KR...Qffica 
8 601 , 6- floor; Sahara Apartments, 

Pot X 30, Sector - 4. Dwarka, New Delhi 110 075. 
+91 71 3296 7316 1 SIM +91112508 5168 

MUMSAI Office 

A/30 I, Silver Oak, Beverly Pork, 
Opposite Mira Rood Police Station, 

OH. Mira Bhoyandar Rood, Mira Road (Rost) 
District Prone, Moinboi 401 107, 

+91 22 3256 1478 1 e 	+91 22 2810 0869 

11YDERABAD Offtc 

214-957, Near 050,01,Acil Gvry,dwore, 
Perla Boa, Hyderabad 500 002. 

+9/ 40 3298 2631 
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Annexure A.6 

PUNJAB STATE ELECTRICITY BOARD 

TO WHOM IT MAY CONCERN 

This is to certify that we have permitted Mr Vikas Chawla, Dr.S.Parkash, 

Dr D.Puri and Dr Buta Singh Sidhu to conduct the CYCLIC HOT CORROSION 

STUDIES of the Ti-Al and Al-Cr based nitri.ded coatings in boiler at temp.approx. 900 °C 

for 1000 hrs, under the AICTE sponsored nationally coordinated project (file no 

8023/RID/B0111/NCP/07/2-5-06).We recognise the work titled," Protective Ti-Al and 

Al-Cr based nitriding coatings" and its applications to thermal power plant. 

fl( (P.Singh), 
Sr.Executive laWiltitiPfffIlairgw1.6141a 
<iuru Nan ak 
11ATHINDA, REUIsfq VIN DI r 
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