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ABSTRACT 

In many engineering systems like gas turbines, steam generators etc. materials 

come in direct contact with corrosive condensed phases which cause hot corrosion. The 

sources of these phases are the fuel and air necessary for combustion. When residual fuel 

oils are used, due to the presence of Na, V and S, the occurrence and damage by hot 

corrosion is likely to increase where more aggressive environments have to be 

encountered. Superalloys have been developed for such applications in gas turbines and 

steam boilers. Superfer 800H (alloy A) is an Fe-base alloy containing high Ni and Cr 

content. Superni 75 (alloy B), Superni 600 (alloy C) and Supemi 718 (alloy D) are Ni-

base alloys containing high Cr content with some other alloying elements. Superco 605 

(alloy E) is a Co-base alloy containing high Fe, W, Cr and some Ni. All these alloys 

contain Cr in the range between 15.5 to 21.0%. They have wide applications in steam 

boilers, gas turbines, heat exchangers, furnace equipments, pump bodies, nuclear parts 

and pipe lines in chemical/petrochemical industries. The increasing demand of alloys in 

aggressive environments has stimulated interest in the hot corrosion studies. 

In the present investigation, hot corrosion studies were carried out on above 
ION 

mentioned Fe-, Ni- and Co- base superalloys in different salt/salt-mixture environments. 

These alloys were studied in air and in c.g environments. The details of these alloys are 

given in Table 4.1 and those of environments employed in Table 4.2. For convenience 

these alloys are marked as A, B, C, D and E as shown in Table 4.1. The alloys were cut 

into specimens of 15 x 20 mm size for hot corrosion studies in laboratory and in actual studies 
 

industrial atmosphere. After polishing the specimens to a mirror finish, coating of 

Na2SO4, Na2SO4-15%V205  and Na2SO4-60%V205  was applied by aqueous spray or by 

hair brush. Hot corrosion studies in air were carried out in laboratory for 24 cycles (cycle 

of 1 hr heating and 20 min. cooling) at 700, 800 and 900°C while the studies in e.g. were 

made in an industry for 6 cycles (cycle of 24 h heating and 1 h cooling) at 1100°C. The 

effect of Mg0 addition to the salt mixture (Na2SO4-60%V205) on the hot corrosion of 

these alloys was studied for 24 cycles at 900°C in air in laboratory. After hot corrosion, 
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the specimens were studied thermogravimetrically to understand corrosion kinetics and by 

visual observation to characterize the nature of scales. Investigation of the scales included 

X-ray Diffractometry (XRD), Scanning Elecron Microscopy (SEM), Energy Dispersive 

X-ray Analysis (EDAX) and Electron Microprobe Analysis (EPMA) to characterize the 

corrosion products and make an attempt to understand the mechanism of corrosion. 

The wt. gain values for alloys A, B, C, D and E increased with increase in 

temperature. The wt. gain occurred in these alloys at a rapid rate during the first two 

cycles and then the rate of wt. gain decreased. The wt. gain values for these alloys were 

lower in pure Na2SO4  than in Na2SO4-15%V205. Maximum wt. gain values were 

obtained in Na2SO4-60%V205. Alloy A was comparatively corroded slightly more than 

the other alloys in pure Na2SO4  at all temperatures. Alloy D behaved in a very different 

manner at 900°C in Na2SO4-15%V205  in which finally wt. loss of 6.8 mg/cm2  was 

observed after an initial increase in wt. gain during the first two cycles. Alloy A also 

behaved in a different way in Na2SO4-60%V205  at 900°C in which total wt. loss of 23.2 

mg/cm2 was observed. The wt. gain plots for all the alloys after exposure in combustion 

gas at 1100°C show that they obey parabolic rate law. The wt. gain values obtained with 

Mg0 addition to Na2SO4-60%V205  are lower than those obtained without its addition. 

This suggests that Mg0 addition is very beneficial in reducing corrosion rates obtained by 

Na2SO4-60%V205. All the alloys have shown good corrosion resistance at all 

temperatures in pure Na2SO4, Na2SO4-15%V205  (except for alloy D at 900°C) and at 700 

and 800°C in Na2SO4-60%V205. 

The average thickness values of the scales, measured with the help of BSE images 

of the alloys at the cross-section, was lower with pure Na2SO4  than those with Na2SO4-

15%V205  while maximum values were obtained with Na2SO4-6,0%V205  coating. The 

thickness measurement supported the observed wt. gain values to confirm that moderate 

to severe corrosion was induced by Na2SO4-60%V205  and further Mg0 addition to this 

salt mixture reduced its corrosiveness. 

EDAX and XRD analysis of the corrosion products formed on the alloys under 

different salt environments indicated the prominent phases on alloy A to be of a-Fe203, 

Cr203, A1203, Ti02, NiO, FeV204  and (Cr,Fe)203. The scales of alloys B, C and D also 



(vi) 

contained these phases with an additional phase of Ni(V03)2. The scale of alloy E mainly 

composed of a-Fe203, Cr203, NiO, FeV204, (Cr,Fe)203, Co304, Co203, CoO, NiCr204, 

W03  and FeW04. Mg3V208  was present in the scales of the alloys after exposure for 24 

cycles at 900°C in Na2SO4-60%V205  + MgO. 

X-ray mappings of elements such as Fe, Cr, Ni, Co, Na, S, 0, V, W, Mo were also 

taken. The elemental maps for alloy A revealed Cr depleted zone in the substrate just 

below the oxide layer and internal oxidation of Ni was observed at 900°C with Na2SO4- 

15%V205  and Na2SO4-60%V205  coatings in air, while A1203  and TiO2  were observed at 

the grain boundaries of the substrate with Na2SO4-60%V205  coating in combustion gas. 

Sulphur penetration was observed with Na2S 04-60%V205  + Mg0 environment at 900°C 

at the grain boundaries in the substrates. 

In alloy B continuous layer of Cr203  scale was formed with different salt coatings. 

Little internal oxidation of Cr was observed only at 900°C with Na2SO4-60%V205  + Mg0 

coating. This alloy showed very good corrosion resistance in nearly all the environments. 

In alloy C internal oxidation of Al was observed only with Na2SO4-15%V205  coating 

while continuous layer of Cr203  was observed with other coatings. 

The alloy D showed good corrosion resistance in pure Na2SO4  due to the 

formation of a thick continuous Cr203  layer. It was corroded more in Na2SO4-15%V205  

which was observed by the irregular surface of the alloy revealed by the BSE image. 

A1203  and TiO2  formation at the grain boundaries in the substrate was also observed. 

With Na2SO4-60%V205  coating in c.g. at 1100°C and with Na2SO4-60%V205  + Mg0 

coating at 900°C, it has shown good corrosion resistance as no internal oxidation or 

sulphidation was observed. 

The alloy E formed a thin continuous layer of Cr03  in pure Na2SO4-15%V205  

while with Na2SO4-60%V205  it formed a thick scale of oxides. In actual industrial 

atmosphere with Na2SO4-60%V205  coating it showed good corrosion resistance. With 

Na2SO4-60%V205  + Mg0 coating it has shown some corrosion resistance but the 

presence of internal sulphidation of Ni was also observed in the substrate. 

These alloys have shown good corrosion resistance against the aggressive 

environment at 700, 800, 900 and 1100°C under cyclic conditions in laboratory as well as 



in industrial hot corrosion tests, except with Na2SO4-60%V205  at 900°C, due to the 

formation of a protective continuous layer of Cr203  on the alloy surface. 

An attempt has been made to suggest probable corrosion mechanisms, wherever 

possible with the help of schematic diagrams (Fig. 6.1-6.6) which are mostly supported by 

the existing literature or is based on the X-ray elemental maps of the cross-section of the 

corroded specimens. The schematic diagrams drawn for corrosion induced by pure 

Na2SO4, Na2SO4-15%V205  and Na2SO4-60%V205  in air and in combustion gas as well as 

for Na2SO4-60%V205  + Mg0 in air, are presented in Fig. 6.1-6.6. They also indicate the 

direction of diffusion of anions and cations through the scale. 
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PREFACE 

The entire thesis has been divided into following seven chapters. 

The first chapter deals with the general introduction of hot corrosion of metals and 

alloys highlighting its relevance and importance. 

Chapter two contains a critical review of the hot corrosion studies on iron-, nickel-

and cobalt-base alloys by various investigators and some basic principles and information 

as relevant to the topic. Studies on effect of inhibitors specially magnesium oxide addition 

to the salt mixture on hot corrosion behaviour of alloys have also been mentioned. 

How the selected information from literature led to the formulation of the present 

investigation is the matter of discussion of chapter three. 

Chapter four gives the details of the experimental techniques and procedures 

employed in the present investigation. 

In chapter five, the findings of hot corrosion studies in air and in combustion gas 

on superalloys: Superfer 800H, Superni 75, Superni 600, Superni 718 and Superco 605 

have been presented. The results include gravimetric studies, visual observation, Scanning 

klectron Microscopy (SEM), Energy Dispersive X-ray Analysis (EDAX), X-ray 

Dlffractometry (XRD) and Electron Microprobe Analysis (EPMA) of the scale formed on 

the alloy surfaces. 

Chapter six consists of the discussion of the results of hot corrosion studies on the 

above alloys in laboratory and in industrial environment in the present investigation. The 

results of studies of MgO addition to the salt mixture on hot corrosion resistance of alloys 

have also been discussed, Schematic diagrams of probable modes of corrosion have also 

been included wherever possible. A comprehensive discussion for comparison of hot 

corrosion behaviour of the alloys has also been presented. 

Chapter seven summarizes the conclusions drawn on the basis of the findings of 

the present investigation. 
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	BSEI and X-ray mappings of the cross-section of Alloy D (Superni 

718) after cyclic hot corrosion at 900°C in Na2SO4-15% V205  

(X1000). 
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	BSEI and X-ray mappings of the cross-section of Alloy E (Superco 

605) after cyclic hot corrosion at 900°C in Na2SO4-15% V205  

(X500). 
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	BSEI and X-ray mappings of the cross-section of Alloy A (Superfer 

800H) after cyclic hot corrosion at 900°C in Na2SO4-60% V205  

(X400). 
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(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 



(d) Fe Ka  x-ray image 

(e) 0 Ka  x-ray image 
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	BSEI and X-ray mappings of the cross-section of Alloy B (Superni 

75) after cyclic hot corrosion at 900°C in Na2SO4-60% V205  

(X600). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka x-ray image 

(e) V Ka  x-ray image 

(f) 0 Ka  x-ray image 
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	BSEI and X-ray mappings of the cross-section of Alloy C (Superni 

600) after cyclic hot corrosion at 900°C in Na2SO4-60% V205  

(X400). 
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(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 
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(g) 0 Ka  x-ray image 
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	BSEI and X-ray mappings of the cross-section of Alloy D (Superni 

718) after cyclic hot corrosion at 900°C in Na2SO4-60% V205  

(X400). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 
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605) after cyclic hot corrosion at 900°C in Na2SO4-60% V205  

(X300). 
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(g) V Ka  x-ray image 

(h) 0 Ka  x-ray image 

Fig. 5.96 	BSEI and X-ray mappings of the cross-section of Alloy A (Superfer 

800H) after cyclic hot corrosion at 1100°C in industrial atmosphere 

(X1000). 

(a) Composition image (BSEI) 
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Fig. 5.97 	BSEI and X-ray mappings of the cross-section of Alloy B (Superni 

75) after cyclic hot corrosion at 1100°C in industrial atmosphere 

(X600). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka  x-ray image 

(e) V Ka  x-ray image 

(f) 0 Ka  x-ray image 
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BSEI and X-ray mappings of the cross-section of Alloy C (Superni 

600) after cyclic hot corrosion at 1100°C in industrial atmosphere 

(X600). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka  x-ray image 

(e) 0 Ka  x-ray image 

BSEI and X-ray mappings of the cross-section of Alloy D (Superni 

718) after cyclic hot corrosion at 1100°C in industrial atmosphere 

(X600). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka  x-ray image 

(e) 0 Ka  x-ray image 

Fig. 5.100 

	

	BSEI and X-ray mappings of the cross-section of Alloy E (Superco 

605) after cyclic hot corrosion at 1100°C in industrial atmosphere 

(X400). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka, x-ray image 

(d) Fe Ka  x-ray image 

(e) Co Ka  x-ray image 

(f) W Ka  x-ray image 

(g) V Ka  x-ray image 

(h) 0 Ka  x-ray image 



Fig. 5.101 	BSEI and X-ray mappings of the cross-section of Alloy A (Superfer 

800H) after cyclic hot corrosion at 900°C in Na2SO4-60%V205  + 

MgO (X600). 

(a) Composition image (BSEI) 
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(c) Ni Ka  x-ray image 
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(e) V Ka  x-ray image 

(f) Mg Ka  x-ray image 

(g) S Ka  x-ray image 

(h) 0 Ka  x-ray image 
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	BSEI and X-ray mappings of the cross-section of Alloy B (Superni 

75) after cyclic hot corrosion at 900°C in Na2SO4-60%V205  + MgO 

(X500). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka  x-ray image 

(e) V Ka  x-ray image 

(f) Mg Ka  x-ray image 

(g) 0 Ka  x-ray image 

Fig. 5.103 

	

	BSEI and X-ray mappings of the cross-section of Alloy C (Superni 

600) after cyclic hot corrosion at 900°C in Na2SO4-60%V205  + 

MgO (X600). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka  x-ray image 

(e) V Ka  x-ray image 
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Fig. 6.2 

(f) Mg Ka  x-ray image 

(g) 0 Ka  x-ray image 

BSEI and X-ray mappings of the cross-section of Alloy D (Superni 

718) after cyclic hot corrosion at 900°C in Na2SO4-60%V205  + 

MgO (X300). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka  x-ray image 

(e) V Ka  x-ray image 

(f) Mg Ka  x-ray image 

(g) 0 Ka  x-ray image 

BSEI and X-ray mappings of the cross-section of Alloy E (Superco 

_ _2_ _ 4-_ _ . 2_5 605) after cyclic hot corrosion at 900°C in Na SO 60%V 0 + 

MgO (X400). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka  x-ray image 

(e) Co Ka  x-ray image 

(f) W Ka  x-ray image 

(g) V Ka  x-ray image 

(h) S Ka  x-ray image 

(i) 0 Ka  x-ray image 

Schematic diagram showing probable mechanism of hot corrosion 

of Alloy A (Superfer 800H), Alloy D (Superni 718) and Alloy E 

(Superco 605) in pure Na2SO4  at 900°C. 

Schematic diagram showing probable hot corrosion mechanism of 

Alloy A (Superfer 800H) in Na2SO4-15%V205  at 900°C. 
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Fig. 6.3 	Schematic diagram showing probable hot corrosion mechanism of 

Alloy D (Superni 718) and Alloy E (Superco 605) in Na2SO4- 

15%V205  at 900°C. 

Fig. 6.4 

	

	Schematic diagram showing probable hot corrosion mechanism of 

(a) Alloy A (Superfer 800H), (b) Alloy B (Superni 75) and (c) Alloy 

E (Superco 605) in Na2SO4-60%V205  at 900°C. 

Fig. 6.5 

	

	Schematic diagram showing probable hot corrosion mechanism of 

Alloy A (Superfer 800H) with Na2SO4-60%V205  in e.g. at 1100°C. 

Fig. 6.6 

	

	Schematic diagram showing internal oxidation and sulphidation 

during hot corrosion of (a) Alloy A (b) Alloy D and (c) Alloy E in 

Na2SO4-60%V205  + MgO at 900°C. 



CHAPTER 

I 

INTRODUCTION 

Hot corrosion is a serious problem in engineering systems such as steam boilers, 

gas turbines, waste incinerators, internal combustion engines, aircrafts and chemical 

process systems, where low grade fossil fuels are used'). This problem is still severe 

when residual fuel oils are used. Vanadium, sulphur and sodium are common impurities 

present in low grade petroleum fuels. Molten sulphate-vanadate deposits resulting from 

the condensation of combustion products of such fuels are extremely corrosive to high 

temperature materials used in the combustion systems(2). Depending on the impurity 

concentration in the fuel and intake air, various vanadium compounds e.g. V205, NaVO3  

and Na3VO4, with decreasing acidity, may form in the corrosive deposits. 

The hot corrosion of materials by sulphates, vanadates or sulphate-vanadate 

solutions depends strongly on the compositions of the salt deposits and the gas 

atmosphere. Seiersten and Kofstad(3)  studied the hot corrosion of MCrA1Y coatings on 

Inconel 600 by NaV03-V205  mixtures in 02  at 650 to 800°C and found that the corrosion 

rates increased with increasing V205  content. Vanadium is a transition element that may 

exist in various oxidation states, with the +5 and +4 valencies usually the most stable(2). 

Rapp and Goto(4)  have suggested that the presence of such multivalent transition metal 

ions in a fused salt deposit could greatly accelerate the hot corrosion rate by counter 

diffusion of the multivalent cations through the salt film. 

Iron-, nickel- and cobalt-base superalloys are the commercial alloys commonly 

used for the manufacture of components used in aggressive environments of gas turbines, 

steam boilers etc. Chromium is the most important element in developing resistance to hot 

corrosion. This element forms a protective oxide layer on the metal surface and inhibits 

the onset of attack regardless of the hot corrosion mechanism(5). 



Refractory metal concentration is also an important composition variable. It is 

necessary to keep the concentration low. However, higher concentrations of these 

elements can be used if the chromium concentration is also increased. The molten salt 

deposits dissolve the protective oxide layer of either chromium or aluminium at the 

working temperature. This phenomenon is known as fluxing. The resistance to hot 

corrosion attack depends upon the amount and type of fluxing, acidic or basic. A 

knowledge of the solubilities of metal oxides in molten salts is important in evaluating 

corrosion resistance property of alloys. The solubilities of NiO, Co304, iron oxides, 

A1201, Cr2O3, Y203  and CeO2  in pure fused Na2SO4, as well as the solubilities of Y203, 

1 I ID, and CeO2  in a fused Na2SO4-30%NaVO3  salt solution have been reported°. In the 

sulphate-vanadate melt, the conversion of the metavanadate to the orthovanadate solute 

drastically increased the acidic solubility for CeO2  compared to that in pure Na2SO4. This 

mechanism and the resulting increase in acidic solubility is expected to be valid generally 

for all oxides in vanadate solutions(2). 

Bornstein and DeCrescente proposed a hot corrosion mechanism based on the 

basic dissolution of the protective oxide scale by a reaction involving Na2O, the basic 

minority component of the fused salt(5). Goebel and Pettit(6)  at the same time, also 

interpreted the hot corrosion of pure nickel in terms of a basic dissolution and 

reprecipitation of NiO in the fused salt film. Goebel and Pettit(6)  extended the mechanism 

it) include acidic fluxing and oxide reprecipitation to account for the catastrophic 

oxidation caused by pure Na2SO4  for alloys containing strong acid components such as V 

or Mo. 

Numerous factors affect the time at which the hot corrosion process moves from 

the initiation stage into the propagation stage. The factors, which have been found to be 

important are the alloy composition, deposit composition and its physical state, amount of 

deposit on the superalloy, temperature etc.°. Alloy composition can be a critical factor in 

the initiation of attack. It is necessary to specify the conditions causing the attack since 

the alloy may behave differently under other conditions. The gross composition of the salt 

deposit is also an important variable. The presence of chlorine or V in a predominantly 

alkali sulphate deposit can drastically increase corrosion rate. The composition of the salt 



deposit and the rate at which it accumulates on the surface of the alloys affects not only 

the time required to initiate hot corrosion but also the type of propagation mode that is 

followed. Temperature has a wide range of effects on hot corrosion processes. 

Investigations have been carried out on he hot corrosion of stainless steels, iron, 

nickel and Fe-, Ni-, Co-base superalloys in various environments (solid, liquid, gaseous) 

lit di licrent temperatures (300-1200°C) for various time periods in isothermal and cyclic 

conditions without or under loads(8). For troublefree and continuous long service of power 

plants running at high temperatures, suitable materials should be selected after complete 

hot corrosion studies of alloys. 

The performance of the protective coatings were also studied by several 

investigators(9). Aluminide coatings, overlay coating of CoCrAIY and Y-implanted 

CoCrAl were used to extend the life of gas turbine components and were successful in 

decreasing the corrosion rate and protecting superalloys from coming in direct contact 

with environment, but on the contrary they increased the material cost(10). 

By controlling the various process parameters (air/fuel ratio, temperature, pressure 

etc.) of the boilers and gas turbines were also useful to some extent in combating the fuel 

oil ash corrosion. Inhibitors and fuel additives have been used with varying success to 

prevent oil ash corrosion. There are numerous inhibitors commercially available that are 

intended to reduce the severity of oil ash corrosion such as MgO, MgSO4, CaO, MnO, 

Ca203, Zr02, Y203, In203, Sn02, A1203, ZnO, BaO, PbO, Si02  etc.( ' I). Some oil soluble 

Ni, Fe and Al and other compounds have also been tried with some success. Because of 

its effectiveness and relatively low cost the most common fuel additives are based on 

Mg0(11). Mg reacts with vanadium in the fuel oil and produces compounds with melting 

point above most metal surface temperatures. Magnesium oxide was able to reduce the 

rate of corrosion without forming a detectable coating. Thus hot corrosion problem of 

metals and alloys may be minimized to. a great extent by designing a suitable industrial 

alloy and selecting a proper composition of protective coating, process parameters and the 

inhibitor as per the requirement in a given environment. 



CHAPTER 

2 

LITERATURE REVIEW 

2.1 HOT CORROSION OF METALS AND ALLOYS 

Hot corrosion is defined by Rapp and Zhang(5)  as the accelerated oxidation of 

materials at elevated temperatures induced by a thin film of fused salt deposit. Because of 

its high thermodynamic stability in the natural presence of sodium and sulphur impurities 

in an oxidising gas, Na2SO4  is often found to be dominant salt in the deposit. The source 

of this salt may be (1) the direct ingestion of sea salt in a marine environment, (2) the 

formation of Na2SO4  during the combustion of fuels containing sulphur and (3) the 

formation of Na2SO4  during combustion from sodium contaminated air borne dust and 

sulphur in the fuel. This form of attack is particularly severe in the temperature range 760-

1000°C(5). 

Deposit modified corrosion is observed in boilers, incinerators, diesel engines, 

muffles of internal combustion engines, aircraft engines, marine and industrial gas 

turbines('). 

2.1.1 Na2SO4  - Induced Corrosion 

As pure Na2SO4  is often the dominant corrosive salt in the deposit, particular 

attention has been given to its chemistry and phase stability(5'1°3). A Pourbaix-type phase 

stability diagram for the Na-V-S-O system at 1173 K is shown in Fig. 2.1(17). Liquid 

Na2SO4  is stable over a wide range of the two environmental parameters by Po, and 

loga„„,20  (or log ps03 ). The dotted lines superimposed on the field of Na2SO4  stability 

indicate the regimes of dominance for the minority solute species under the assumption of 

unit activity coefficients for these solutes. 

For a melt of pure Na2SO4  (m.p. 884°C), there exists the equilibrium(111). 



Na2SO4 Na20 + SO3 
	

(i) 

with log a7 ,„,20  + logpso, = - 2.303 RT 	
16.7(at 1200 K) 

 

The parameter 	can be defined as the melt basicity, and log pso, is 

referred to as the melt acidity. These parameters and the oxygen activity are more 

important in understanding oxide fluxing and electrochemical reactions. Fortunately, the 

values of melt basicity and oxygen activity can be measured by the use of high 

temperature electrochemical reference electrodes. 

2.1.2 Fuel Oil Ash Corrosion 

The accumulation of mineral ashes from residual fuel oil combustion on surfaces 

of various metals and alloys causes fouling and corrosion resulting from the formation of 

low melting aggressive compounds by the reaction between vanadium petitoxides and 

sodium sulphates in steam boilers and gas turbines(I2'98'117). The high temperature of the 

metal parts allows the oil ash to become molten, causing rapid corrosion. Corrosion 

occurs when the protective oxide layers (Fe203, Cr203, A1203) which normally form on 

hot metal surfaces during operation are dissolved by molten vanadate compounds, which 

are good oxidation catalysts and allow oxygen and other gases in the combustion 

atmosphere to diffuse rapidly to the metal surface(I3'116). The use of residual fuel oil in 

boilers and gas turbines is limited by the severe degradation of materials. 

2.1.3 Hot Corrosion Mechanisms 

Hot corrosion can occur by one or more of the following mechanisms as suggested 

by Luthra et. al. 84). 

(i) sulphidation - oxidation. 

(ii) formation of volatile compounds beneath the oxide film, and 

(iii) fluxing. 

The initial concept of basic fluxing was first proposed by Bornstein and 

DeCrescente(85'86)  based on dissolution of the protective oxide scale by Na20, the basic 

minority component of pure Na2SO4. Goebel and Pettit(6)  extended this idea to include 
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acidic fluxing to account for the role of certain alloying elements. According to these 

authors(6'14'15), high concentrations of base resulted when the alloy reacted with Na2SO4  

and thereby removed sulphur from the melt. Acidic conditions were produced when 

certain oxides (e.g. Mo03) were introduced into the melt. 

In these models rapid degradation was proposed to result from acidic or basic 

dissolution of protective oxide films on the surface which for most industrial alloys and 

coatings consist of Cr203  and/or A1203. 

The next important step in the development of the fluxing model was taken by 

Rapp and Goto(4)  who proposed that, if the gradient in solubility of the protective oxide 

with distance into the salt layer was negative at the oxide/salt interface, accelerated attack 

could be sustained. This provided a quantitative expression of the earlier concepts of 

solubility gradients and oxide precipitation, that is, when 

d[solubility of oxide] 
	  < 0 	 (i) 

dx 	 x = 0 

Oxide can dissolve at the oxide/salt interface, migrate down a concentration 

gradient away from that side of a region of low solubility and precipitate. At steady state, 

oxide dissolves and is transformed away from the oxide/salt interface, just as fast as the 

oxide layer grows (Fig. 2.2a,b)(4). They recognized that such a gradient can be established 

across a thin salt film and that it need not be a consequence of the removal of sulphur 

from Na2SO4  or the introduction of acidic ions from the corrosion products as required by 

the Goebel and Pettit model. When Rapp-Goto criterion for the oxide solubility is 

satisfied, fluxing is expected. 

The solubility of an oxide depends on the acidity or basicity of the melt and in 

some cases on 130,  as well. In basic fluxing the solubility decreases with increasing pso,  
(decreasing activity of 02.). In acidic fluxing the solubility increases' with increasing pso, 
(decreasing activity of 02.). 

Rapp and Goto(4)  suggested that the electrochemical reduction reaction should 

generally be expected to create a condition of locally high basicity, because reduction 

reactions may generate oxide ions as reaction products. The electrochemical model for the 
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hot corrosion attack of a pure passivated metal is shown in Fig. 2.3(4). If the salt film 

contains only a low concentration of transition metal ions, then the redUction of the 

oxidant species dissolved in the salt film must occur at the oxide/salt interface, where 

electrons are supplied directly from the metal oxidation reaction (Fig. 2.3a). In that case, 

the oxide/salt interface should be the most basic location in the salt film. Either acidic or 

basic solutes would be formed there, depending on the oxide solubility plot. 

In Fig. 2.3b, the site for reduction of the oxidant species has been shifted to the 

salt/gas interface because the electronic charge is carried through the salt either by the 

counter diffusion of two differently charged transition metal ions or as electronic 

conduction in the film resulting from electron hopping between.transition metal species. 

In this case the most basic site in the salt film should be the salt/gas interface. Thus the 

gradient in basicity across the salt film could be decided dominantly by the location of 

electrochemical reduction reaction, a generalization equally valid for the corrosion of 

multicomponent alloys and their impure salt films. 

2.1.3.1 Type I Hot Corrosion 

Stringer(17)  discussed the temperature dependence for the occurrence of hot 

corrosion and the corresponding corrosion morphologies and kinetics. "High Temperature 

Hot Corrosion" (HTHC) is normally observed in the temperature range of about 825-

950°C when the condensed salt film is clearly liquid (melting point of pure Na2SO4  is 
884°C). The typical microstructure for HTHC shows the formation of sulphides and a 

corresponding depletion of the reactive component in the alloy substrate. The external 

corrosion products frequently comprised of oxide precipitates dispersed in the salt film. 

The presence of a pore, crevice or crack across a protective oxide film can lead to 

sulphidation in the alloy substrate. This results in a significant shift in the basicity of the 

salt film. Once the fused salt contacts the alloy substrate, the rate and duration of the rapid 

corrosion kinetics is decided by the magnitude and gradient of the salt basicity relative to 

the local solubilities for the oxide scale phases. 
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2.1.3.2 Type II Hot Corrosion 

The "Low Temperature Hot Corrosion" (LTHC) occurs well below the melting 

point of pure 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 chromium or aluminium in the alloy substrate. 

Luthra and Shores(18)  studied Co-30Cr and Ni-30Cr alloys coated with pure Na2SO4  in 

02/S02/S03  gas environments. A maximum corrosion rate for Co-30Cr was found at 650-

700"C with about 90% CaSO4  in a binary CoSO4- Na2SO4  liquid phase in 02  - 0.15% 

(802  + SO3) gas. The maximum kinetics for Ni-30Cr occurred at 700-750°C with the 

formation of NiSO4-Na2SO4  melt of about 45% NiSO4  in an 02  - 1.0 % (SO2  + SO3) gas. 

Luthra and Wood(19)  have shown that binary Co-Cr coating with more than 37.5% 

Cr and a small reactive element addition provide excellent LTHC resistance. Similarly a 

diffusion coating with about 50% Cr at its outermost surface provided excellent protection 

for iron(20). 

2.1.4 Factors Affecting Hot Corrosion 

The hot corrosion degradation sequence (initiation stage to propagation stage) is 

not always clearly evident and the time for which protective reaction products are- stable 

beneath the salt layer is influenced by a number of factors. Important factors are(21). 

1) Alloy Composition 

2) Fabrication condition 

3) Gas Composition and Velocity 

4) Salt Composition 

5) Salt deposition rate 

6) Condition of salt 

7) Temperature 

8) Temperature cycles 

9) Erosion 

10) Specimen geometry 
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No alloy is immune to hot corrosion attack indefinitely, although there are some 

alloy compositions that require extremely long initiation times before the propagation 

stage is evident(22). The composition of the deposit and the rate at which it accumulates on 

the surfaces of alloys affects not only the time required to initiate hot corrosion attack but 

also the type of propagation mode that is followed. The propagation modes of hot 

corrosion are intimately related to the reactions between the molten deposits or moving 

gases and the alloys. 

At low temperatures, where the salt deposit is solid, some internal sulphides may 

be formed but he oxide scale is compact and the rate of attack is relatively slow. The 

temperature of the onset of the catastrophic attack, the "threshold temperature" generally 

occurs near the melting point of the salt or salt mixture(23). The Mill-al-oil of the hot 

corrosion attack frequently occurs at compositional inhomogeneities in alloys. Fabrication 

condition, extent of erosion, salt conditions and thermal stresses also affect the hot 

corrosion behaviour of alloys to a considerable extent. 

Sulphur and vanadium affect in a significant manner. Vanadium concentration in 

Ilse ppm range has been shown to increase the propensity of oxide scales on alloys to 

crack , and spall(12). 

Some elements may produce deleterious effects for one propagation mode and 

beneficial effects for another(22). Cr has been shown to inhibit basic fluxing. It has also 

been shown to lengthen the time before alloy-induced acid fluxing is observed. Mo, W. 

and V inhibit basic fluxing, but their oxides are responsible for alloy-induced acid 

fluxing(24). Ta and Ti have been reported to produce beneficial effects on hot 

corrosion(22). 

Bornstein and DeCrescente(23)  have shown that Na2SO4  was consumed rapidly 

during the first few minutes of accelerated oxidation of B1900. After approximately 10 

minutes, less than 30% of the initial Na2SO4  remained, after 100 min only approximately 

I 2% was left. However, the sample continued to oxidize rapidly (wt.gain) at an 

undiminished rate for several hundred minutes. 
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2.1.5 Techniques of Hot Corrosion Tests 

To study hot corrosion in the laboratory and to evaluate candidate alloys several 

accelerated corrosion tests have been devised(23). As the test more closely duplicates 

conditions in a turbine, the cost, complexity and exposure time are necessarily increased. 

In return the reliability of the data is improved. 

2.1.5.1 Burner Rig Tests 

The apparatus consists of a burner for liquid or gas fuels, attendant air and fuel 

supplies, a combustion chamber, and a specimen chamber in which the specimens may be 

rotated or kept stationary. Specimen shapes are often cylindrical but other configurations 

have also been used. A contaminant, such as sea water, may be injected into the 

combustion chamber or it may be mixed with the fuel. 

The extent of corrosion may be assessed by several different kind of 

measurements, but the two frequently used are wt. loss after descaling and penetration 

depth of the reaction products. Burner rig conditions are usually much more severe than 

service exposure. The burner rig tests are adequate for ranking alloys and theft value for 

predicting lives in specific applications(21). 

2.1.5.2 Tests in Industrial Atmosphere 

The pressurized burner rig provides the closest simulation of turbine operating 

conditions by allowing control of gas pressures and velocity as well as gas composition 

and temperature(23). 

2.1.5.3 Laboratory Tube Furnace Tests 

There are a variety of tube furnace tests that have been used to study hot corrosion. 

The simplest is to coat the specimen with the desired deposit and then to expose it to a 

controlled gas mixture or air at a specific temperature(21). Deposits are applied by 

spraying warm (- 100°C) test coupons with solutions containing the compound of interest. 

Continuous weight change vs time measurements can be recorded to attempt to define the 
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hot corrosion kinetics. Detailed metallographic analyses of the exposed specimens are 

usually necessary. 

In some such tests the specimens are removed periodically from the hot zone of 

the furnace in an attempt to induce cracking and spalling of the the oxide scales. 

However, substantially different results can be obtained for the hot corrosion of alloy 

even where the only variable is the thickness of the molten deposit covering their 

surfaces(21). 

2.1.5.4 Crucible Test 

In the crucible test a specimen is completely or partially submerged in a container 

of fused salt, such as Na2SO4, NaCI, Na2SO4-V205  mixtures at an elevated temperature. 

Gases may be bubbled through the melt or passed over it to provide oxidizing or reducing 

environments. Further variations may include alternatively dipping and removing the 

specimens from the melt. Because of its simplicity and rapid attack, the crucible test has 

found use for screening a series of candidate alloys or for assessing the effectiveness of 

corrosion inhibitors(23). 

2.1.5.5 Electrochemical Tests 

In electrochemical tests, samples are exposed to an environment similar to that of 

the crucible test. The experimental arrangement involves an electrochemical cell 

comprised of a fused salt as the electrolyte, a reference electrode, a working electrode and 

perhaps auxiliary electrodes. The purpose of the experiment may be either to investigate 

the properties of the salt mixture or to determine the corrosion resistance of the specimen. 

In this measurement, a reliable reference electrode is essential. For the temperature of 

preliminary screening of a series of candidate alloys, a useful empirical correlation may 

he established between cell voltage and the resistance to corrosion. Polarization 

techniques are being used for the study of the hot corrosion resistance of superalloys(23). 
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2.1.5.6 Accelerated Oxidation (Wt. Change) Tests 

In this test a thin sheet specimen is sprayed with an aqueous salt solution, dried 

and then suspended in a resistance heated furnace in flowing air or oxygen. The weight 

gain or loss of the specimen is monitored for times ranging from several hours to a few 

hundred hours. For alloys susceptible to hot corrosion, the initial weight of salt and the 

rate of increase is much greater than for simple oxidation(23). 

2.2 HOT CORROSION OF IRON AND IRON-BASE ALLOYS 

2.2.1 Hot Corrosion of Iron 

Gesmundo and Viani(25)  studied the mechanism of LTHC of pure iron in simulated 

combustion gases containing SO3  at 600-800°C. The accelerated reaction has been 

attributed to the formation of a liquid salt solution with the production of duplex scales 

composed of a mixture of metal oxide and sulphide. The sulphide formation was limited 

to the inner scale. This has been ascribed to a relatively small difference between the 

diffusivities of the metal in its oxide and in the corresponding sulphide. 

The accelerated oxidation of pure iron beneath Na2SO4  deposits in 02-rich 

atmospheres containing S02-S03  at 650-750°C was believed by Shi et. al.(26)  to be 

induced by the formation of eutectic melt of Na2SO4-iron sulphate. The direct growth of 

oxide was reported to predominate although fluxing contributed a little to the corrosion. 

The Na2SO4-induced corrosion of pure iron has been studied by Buscaglia et. 

al.(27)  between 600 and 800°C in S03-S02-02  mixed atmospheres. Accelerated 

phenomenon observed has been attributed to the formation of a liquid sulphate phase 

from the initial solid Na2SO4  deposit. First, a liquid phase was believed to be formed from 

pure solid Na2SO4  layer, then accelerated oxidation continued by inward diffusion of SO3  

and outward diffusion of iron through the molten salt. At the beginning, the oxidising 

species in the gas phase diffused through the solid salt layer and reached the metal surface 

where the formation of solid scale took place. At the same time, the formation of FeSO4  

in solution with Na2SO4  occurred. The salt mixture, which was initially solid, became 

liquid when the iron sulphate concentration reached a critical value. Once the salt layer 

was completely liquid, SO3  migrated inward from the gas/salt interface. 
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Trafford and Whittle(82)  observed that pure iron did not undergo accelerated 

oxidation in the presence of Na2SO4  at 1 atmosphere of oxygen at 900°C. This was 

attributed to the thickening of the scale too rapidly for sulphur to penetrate the oxide and 

interact directly with the metal. 

2.2.2 Hot Corrosion of Iron-base Alloys 

The corrosion in combustion gases of two commercial ferritic steels designated 

A213-T22 and H7-91 having respectively the composition (wt. %): Cr 2.09, Mo:0.93, 

Mn:0.57, Si:0.135, C:0.135, Fe:balance and Cr:11.35, Mo:1.07, Ni:0.68, Mn:0.57, 

Si:0.48, C:0.204, Fe:balance used in the construction of parts of industrial boilers had 

been studied by Gesmundo and Nanni(28)  at 600-800°C in the presence of deposits of pure 
Na2SO4. It was concluded that the presence of liquid layer produced metal sulphides in 

the inner-scale region and partial scale dissolution in the salt. Precipitation of solid 

particles in the liquid formed a porous non protective scale. A maximum reaction rate was 

observed at 750°C. At least 10% Cr was required to reduce the reaction rate above 750°C. 

Ferritic steels containing Cr, Al and Ti have been studied by Coze et. al.(29)  in a 
fused salt mixture containing Na2SO4  at 527°C and gas mixture containing CO, CO2, 
(1-14, H2, H2O and H2S at 600°C. The presence of Ti with 12% Cr and 3% Al was 

believed to increase the proportion of Fe which diffused to the outer layer of the scale. 

Consequently, the concentrations of the protective elements were raised in the inner 

oxide. The excellent behaviour of these steels above 600°C was explained by the increase 

of Al diffusion coefficient with temperature. A protective barrier of alumina, whose 

properties were improved by the presence of Ti, can thus form more readily. 

As observed by Gesmundo et. al.(28), the presence of ferritic steels accelerated the 
corrosion rate in combustion gas at 800°C. This effect is related to the formation of a 

liquid layer by dissolution of metal sulphates in Na2SO4, which would otherwise be solid 

F pure. The presence of the liquid layer led to the formation of metal sulphides in the 

inner-scale region and partial scale dissolution in the salt. Precipitation of solid particles 

in the liquid results in a porous non protective scale. 
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Paul and Seeley(30)  reviewed oil ash corrosion of utility boilers and concluded that 

fuel chemistry, boiler operation and boiler design influenced oil ash corrosion. V in fuels 

reacted with Na, S and Cl during combustion to produce low melting point ash 

compositions, which accelerated tube wastage. Ferritic materials were more resistant to 

oll ash corrosion than Ni-containing austenitic materials for tubing purposes. High Cr 

coatings were suggested to resist oil ash corrosion. 

Na2SO4  deposits greatly accelerated the oxidation of Fe-Al alloys in oxygen-rich 

atmospheres containing SO2  - SO3  at 650 to 700°C. It is reported by Shi et. al.(26)  that 

fluxing proceeded at a considerable rate in the early stages due to the low oxygen pressure 

at the oxide/melt interface. Reaction of SO3  released SO2  which caused the formation of 

sulphides in the scale. Sulphides were supposed to contribute considerably to the 

acceleration due to their high defect concentration. 

Malik et. al.(31)  studied the high temperature oxidation behaviour of 18:8 austenitic 

steel in the presence of Na2SO4, NiSO4, CoSO4, Cr2(SO4)3  in the temperature range 

of 923 - 1273K in air. They have concluded that the higher oxidation rates for this salt 

mixture coated steel at 923K in comparison with the corresponding Na2SO4  coated steel 

have been attributed to the formation of low temperature eutectics. The presence of 

Na2W04, (NH4)2Mo04  or NaV03  was always detrimental to the oxidation resistance of 

steel specially in the temperature range 1123 - 1273K which has been attributed to the 

decomposition of these salts into volatile compounds. Austenitic Fe-based alloys AlSI310 

and alloy 800H formed protective Cr203  oxide scales when oxidised in air.(32)  

The corrosion of commercial steels SS 110, AISI 303 and 18 Cr - 8 Ni has been 

studied by Malik et. al.(33)  in the temperature range of 650 - 1000°C in the presence of ash 

residues obtained from coals of Indian origin. The ash was non-aggressive at low 

temperatures of 650 and 850°C due to their inability to form alkali trisulphates. At 

temperatures of 900 and 1000°C the coal ash showed corrosivity as a result of combined 

sulphidation and molten alkali sulphate attack. The high ash with higher Si02  content was 

invariably more aggressive than the low ash, which contained more silicate. 

The hot corrosion test of AISI 304 has been carried out by Misbahul Amin(34)  to 

examine the influence of eutectic and solid phases present in the Na2SO4  + Fe(SO4)3  
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systems. The inner layers of the scales contained Cr2S3  followed by a thick but 

discontinuous layer of FeS. The middle layer forming bulk of the scale seemed to contain 

Na2CrO4, NaFeO4  and NaNiO4  while the outer layer composed of Fe203. The cracking of 

the scale has been attributed to these fluxing products and to the evolution of gases. 

Grabke et. al.(35)  can-led out studies on the oxidation of a low alloy steel at 500°C 

and high alloy steel at 600 and 700°C in which fly ash was deposited on the scale of the 

steels after 24h of preoxidation. The chlorides reacted with the scale forming FeCI,(s) at 

the scale/metal interface, evaporation of FeCl2(g) and its oxidation to Fe203  at the scale 

surface, chlorine partially returning to the scale. This according to them resulted in porous 

linprotective scale and active oxidation. 

Rapp(96)  has studied about the chemistry and electrochemistry of the hot corrosion 

of metals under Na2SO4  and suggested that for a given application a suitable alloy be 

chosen so that it readily forms a simple protective scale having a low solubility in the salt 

environment and the protective scale should involve a minimum number of components. 

It was concluded that basic salts like MgO can be introduced as an inhibiting component 

if liquid salt condensates. 

Pettit and Meier(99)  studied Fe-, Ni- and Co-base superalloys with combustion 

gases and Na2SO4. They observed that Mo delayed the initiation of hot corrosion attack 

because the formation of MoO3  inhibited the formation of oxide ions in the melt. Ta did 

not produce deleterious effect, due to the formation of high melting sodium tantalate by 

avoiding sodium molybdate formation Nb adversely affected hot corrosion resistance but 

enough data is not available for its resoning. W, Mo and V are also harmful as their 

oxides induced acidic fluxing. Carbon is undesirable as carbide phases were sites for 

initiation of hot corrosion. Mn, Si, B and Zr increase superalloy corrosion resistance. Cr 

and Al produced beneficial effects by formation of protective oxides on alloy surfaces. 

Rapp et. al.(1°I)  have also reviewed the high temperature corrosion in energy 

systems. It has been found that S forms Na2SO4  vapours which condense on superheater 

miles and reheater tubes in the boiler. Corrosion is attributed to fluxing action of the 

molten deposits on the oxide scales. They have suggested the need to establish the 

corrosion rates of alloys over a wide range of gaseous environment, to determine the 
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reaction mechanisms and to characterize completely the reaction products using the wide 

range of modern analytical techniques now available. Stroosnijder and Quadakkers002)  in 

their review of high temperature corrosion on Fe-, Ni- and Co- base alloys in SO2, SO3, 

02  atmospheres have also recommended the use of thermodynamic stability diagram to 

determine which reaction product is stable if equilibrium has been established. The lowest 

sulphur pressure required to form FeS is ps2  = 2.25x10-11 atmosphere whereas oxygen 

pressure pot = 4.49x10-13  atmosphere. The condition for S diffusion across the oxide 

layer is p52  (gas/MO) > p52  (MO/M). S transport through oxide may result in sulphide 

formation at the scale/metal interface or within the oxide. 

Fairman(1°5)  has studied some metal specimens in an ash mixture (V205  + 10% 

Na2SO4) environment in air. He has observed that attack was greatest where the 

concentration of 02  and V205  were greatest suggesting the transfer of oxygen atoms or 

ions by the pentoxide to the metal surface. Accelerated oxidation is a diffusion controlled 

process of the incorporation of defects into the oxide scale. Slagging action of low 

melting point oxides constantly exposed fresh metal to the atmosphere(I12). If this 
mechanism is valid, V205  has no effect when ash is molten. The mechanism of 

accelerated attack is most satisfactorily explained by the catalytic action of V205  

operating with an increase in the defect concentration of the scale, Kerby and Wilson")  

have suggested that liquid vanadates have shown to increase the corrosion rate of metals 

by fluxing or adhering the normally protective oxide layers present on the surface of the 

alloys and by providing a source of oxide ion for the corrosion reaction. The electrical 

conductivity increased with increase in temperature and with decreasing oxygen pressure. 

Incorporation of sodium into the V205  lattice structure caused a reduction in the valency 

01 the vanadium atoms from V5+  to V4+  due to donation of the alkali metal valence 

electron to a vanadium atom. 

AISI 446 stainless steel when studied by Dooley et. al. under V205  , Na2  0.6 V205  
environment in the temperature range 700-900°C in air, it was found that the oxide scale 
was mainly Cr203  with some vanadium oxide and were moderate barrier to corrosion. 

Above 850°C, breakaway corrosion reaction occurred. No Cr203  oxide barrier was there 

but it was a continuous oxide of Cr203, Fe203, V205  at the metal/oxide interface. The 
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addition of Na2O to V205  increased the oxide ion (02") content of the melt and made it 

more aggressive to acidic oxides such as Cr2O3. 

Sachs (11°)  studied accelerated high temperature corrosion of steels and stainless 

steels in V205  environment. They reported that oxidation of pure Cr in V205  occurs with 

a very rapid diffusion rate and so only the initial stages of the curve were proposed to be 

more important. Later slowing down of the oxidation rate was attributed mainly to the 

effect of scale thickening. Loose and spongy appearance of the scale was observed. At the 

beginning of the process V205  was present in excess and dissolved the products of 

oxidation. According to them at some point the liquid was saturated with the oxide and 

which would get precipitated. The presence of various phases in a thin layer of scale 

would impose such severe strain on the filth that a— king  and exfoliation could be 

expected. This would permit liquid phase to reach the metal surface again and the 

conditions to form a spongy scale were seen to prevail. This mechanism would apply only 

to iron alloys which are susceptible to catastrophic corrosion. 

Thilkan et. al.(I14)  studied hot corrosion of nickel free stainless steel, Cr-Ni 

stainless steel with Na2SO4-V205  salt mixture environment. It is stated that saturated 

solution was used as the liquid medium because of its low gas solubility, vapour pressure 

and viscosity. Threshold is found to lie between 700-800°C. Above the threshold 

temperature the extent of attack initially increased but with increasing temperature either 

it became constant or decreased. Increasing amount of Na2SO4  in mixtures with V205  first 

increased and then decreased the amount of oxidation at the temperature of 820-870°C. At 

950°C all Na2SO4  additions decreased the corrosive effect of V205. Fluidity of slag was 

important in allowing diffusion. Increase in fluidity might have a marked effect in 

increasing the attack. Short term tests were carried out to get an idea of the comparative 

behaviour of different alloys specially during the initial stages of corrosion. CaO and 

MgO additives were found to give best results in improving corrosion resistance. Nickel 

free stainless steel offered a better corrosion resistance. However, Tiwari et. al.(100) have 

shown that 32% of Ni containing Fe-base superalloy offered good corrosion resistance in 

Na2SO4, Na2SO4-15%V205  at 700-900°C. 

18 



The scaling behaviour of Fe-25Cr, Co-25Cr and Ni-25Cr were investigated by 

Upadhya and Strafford(I13)  under 02:S02  = 4 : 1 atmosphere at 700°C at 1 atmosphere 

pressure and concluded that Fe-25Cr alloy exhibited superior corrosion properties over 

the extended exposure periods upto 200 hrs over Co-25Cr and Ni-25Cr. This was 

attributed to the inhibition of internal sulphide formation by the more rapid and earlier 

growth of a protective Cr-rich oxide scale on this alloy. This alloy appeared to be the best 

coating material, especially at lower temperatures < 750°C. 

2.3 HOT CORROSION OF NICKEL AND NICKEL-BASE ALLOYS 

2.3.1 Hot Corrosion of Pure Nickel 

Corrosion behaviour of pure nickel has been investigated by Motihara et. al.(36)  in 

molten Na2SO4  at 900°C under SO3  + SO2  + 02  gas mixture as well as impure SO2  and 02  

atmospheres. The corrosion loss in mixed atmosphere containing SO3  is reported to be 

larger than those observed in pure SO2  and 02  atmospheres. The corrosion loss was found 

to correspond to the thickness of the oxide layers. High corrosion losses have been 

attributed to the fact that SO3  strongly acts as an oxidizing agent for the corrosion process. 

Goebel and Pettit(37)  studied the hot corrosion of pure nickel with Na2SO4  coating. 

Sulphur reportedly penetrated through the oxide from the Na2SO4  forming nickel sulphide 

immediately below the oxide. It is contemplated that the removal of sulphur has the effect 

of displacing the stoichiometry of the sulphate to the Na20-rich side (it becomes basic) 

and the oxide ion activity rises. Eventually, it rose high enough to oxidize the Ni0 to 

nickelate, Ni022-  , which was soluble in the salt and migrated to the salt/air interface where 

the salt was more nearly stoichiometric and the oxygen ion activity was lower. Further, 

Ni0 reprecipitated forming a porous non protective oxide layer. 

Arbab and Shatynski(38)  have studied the hot corrosion of pure nickel in Na2SO4- 

CaSO4 salt mixtures at 900°C in purified oxygen. For salt mixtures containing 80% or 

more of CaSO4, the sulphide layer was found to be virtually absent and sulphide particles 

were dispersed in the oxide layer. The authors concluded that the sulphur diffusing 

through the initial oxide was totally consumed by nickel sulphide (Ni3S2) formation 

within the oxide layer and did not reach the Ni-Ni0 interface. Giggins and Peta l 18)  have 
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pointed out that the initial formation of Ni3S2  in the oxide layer, probably created an easy 

path for sulphur diffusion. Fast attack was observed for pure Na2SO4  and for Na2SO4- 

50%CaSO4  wherein the deposit or a portion of it melted. 

Mishra(I19)  studied the corrosion of Ni at 750°C in the presence of sulphate 

mixtures (Na2SO4-Li2SO4  and Na2SO4-CaSO4) in an atmosphere of 02  + 0.12%S02. The 

corrosion product consisted of a thick layer of metal oxide and metal sulphide. 

Hot corrosion studies on pure Ni was made by Sidky and Hocking(39)  in melts of 

Na2SO4, NaVO3 and mixture thereof at temperatures ranging from 680 to 900°C by 

electrochemical measurements using X-ray diffractometer. Potentiodynamic polarization 

plots in Na2SO4, NaVO3, Na2SO4-5%NaVO1  melt at 900°C was drawn and they 

concluded that Ni behaved relatively better than the Ni-Cr alloy due to its neutral or 

I )(ma cial characteristics. 

The effects of chromate and vanadate anions on the hot corrosion of Ni by a thin 

fused Na2SO4  film in an S02-02  gas atmosphere at 900°C were investigated by Otsuka 
and Rapp(40). Their results show that the inhibition of sulphidation may result from the 

precipitation of solid Cr203  from the melt and thereby partially sealing/plugging the crack 

defects and grain boundaries of the original protective oxide layer. It is proposed that 

vanadate anions enhanced the onset of the hot corrosion and sulphidation probably via 

rapid dissolution of the protective oxide scale at cracks/defects or grain boundaries. 

2.3.2 Hot Corrosion of Nickel-base Alloys 

2.3.2.1 Hot Corrosion in Na2SO4  

Investigations have been made to study the effect of NiSO4-Na2SO4(41) on hot 
corrosion of Nickel-200, Rene-80 and CoCrAIY coating at 750°C. Little corrosion was 

reported when solid solution mixed sulphates formed on the metal surface, but severe 

corrosion occurred when molten sulphates were formed. In nickel-200, corrosion was 

found to proceed by liquid Ni3S2-Ni formation below the surface oxide. No discernible 

sulphide was produced with Rene-80 and CoCrAIY which gave the characteristic LTIIC 

morphology. 
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The aluminide and Cr-Al diffusion coatings on Ni and Ni-base alloy EI 867 have 

been studied by Godlewski et. al.(42)  in the presence of pure Na2SO4. It is observed that 

the low alloyed aluminide and Cr-Al coatings showed very poor resistance to oxidation. 

After 24 hrs, these had been almost completely removed. Modification of highly alloyed 

aluminide coatings with Cr resulted in uniform and relatively slow degradation of the 

coating. Cr enriched zone is supposed to act as a barrier to the oxidation of refractory 

metals such as Mo, W and V thus preventing the onset of catastrophic corrosion. 

Levy and Pettit(43)  studied cyclic hot corrosion of Ni-base superalloys at 704 and 

900°C beneath Na2SO4  in air. Alloys contained Cr, Co, W, Ta, Ti, Al and Mo. The alloys 

showed high wt. loss at 900°C. Thick corrosion products formed on the alloys were stated 

to be composed of oxides near the gas interface and of sulphides adjacent to the 
S 

unaffected substrate. The hot corrosion microstructures typical of those observed on 

structural alloys under Na2SO4-induced attack have been reported. At 704°C more severe 

attack was reported when 45 mole% MgSO4  was added to Na2SO4. Addition of SO3  to 

gas mixture containing oxygen at 704°C caused severe corrosion of many alloys. It is 

stated that in the case of hot corrosion resistant coatings, the composition of the gas is 

critical, and SO3  is required for the attack to occur. In the case of Ni-base superalloys the 

presence of refractory metal oxides must be a sufficient condition to cause severe attack 

even in the absence of S03. 

The hot corrosion resistance of two directionally solidified alloys Ni-23.1 Nb-

4.4A1 and Ni-19.7Nb-6.0Cr-2.5A1 has been studied by Johnson et. ai.(44)  using Na2SO4  

coating and Dean rig test in which the salt was evaporated into the gas stream and allowed 

to condense continuously on the specimen. These alloys were reported to be generally 

quite resistant to Na2SO4-induced corrosion at 900°C. Below the outer layer, mainly of 
NiNb206, high proportion of A1203  is believed to be present. Internal oxidation of the 

metal producing A1203  and Cr203  is believed to occur before the development of external 

A1203  layer. In some isolated regions the alloy was found to be much more severely 

attacked. The pit contained NiNb206, NbCr04  and Ni. At higher temperatures more 

uniform corrosion is reported. At 1100°C the outer layer was mainly NiCr204, while 
beneath it a layer of Cr203  containing particles of NbCr04  was observed. Internal oxides 
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were largely A1203  and there were massive sulphides ahead of the oxidation front. The 

large sulphides near the oxidation front appeared to be Ni-rich. In the Dean rig test it was 

shown that NaCI addition greatly increased the severity of attack. 

Fryburg et. al.(45)  conducted a detailed study of the initiation of hot corrosion on 

two preoxidised A1203  forming Ni-base superalloys, B-1900 and NASA-TRW IVA. The 

tests were carried out at 900°C in pure 02  with Na2SO4  salt deposit. After an induction 

period of little corrosion, local basic fluxing attack of the Cr203/A1203  scale spreaded to 

cover the surface and generated catastrophic linear kinetics. It is proposed that at the 

initiation stage, a decrease in sulphate ions correlated to increase in the H20-soluble Cr 

and Al solutes. During the catastrophic attack of B-1900, the sulphate ions reacted to 

release SO2  and formed sulphides in the alloy and the salt was converted to Na2Mo04. 

The self sustaining feature was a consequence of the cyclic nature of the acidic fluxing. 

Fryburg et. al.(46) conducted a similar study of hot corrosion for the preoxidised 

Cr203  TiO2  forming alloy 1N738 at 975°C in oxygen also. During an induction period 
of 55 hrs first Cr203  and then TiO2  were dissolved as basic solutes in Na2SO4. Thereafter 
the oxidation of Mo and W formed liquid Nat  (Mo04, W04), which served as a flux for 
the acidic dissolution of Cr203  and A1203. The beneficial effect of Ta with respect to hot 

corrosion attack is explained by them(47)  on the basis of the ability of the Ta205  to tie up 
the Na20 and prevent the formation of a molten Na2Mo04  phase as the AG lbr the 
formation of NaTaO3  is more negative than the formation of Na2Mo04. 

Shores and Luthra(54)  have studied the Na2SO4  induced corrosion by accelerated 

oxidation tests on Ni-base alloys in the temperature range of 700-850°C in varying 
concentrations of S03. Rapid degradation was reported to result from the formation of 

low melting sulphate mixtures'on the surface. 

Addition of 1% Pb0 to Na2SO4  resulted in large increase in the rate of hot 

corrosion of Ni-Cr alloys at 900°C. This effect observed by Chatterji et. al. (48)  was 
ascribed to the formation of PbCr04  which was soluble in molten Na2SO4  and became 

more significant with increasing Cr content in the alloy. Catastrophic corrosion resulted 

with alloys containing 10-15% Cr. The Na2SO4  induced hot corrosion of Ni-30A1 was 
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also enhanced by the addition of Pb0 to the salt. This is attributed to the formation of a 

soluble complex PbO.A1203. 

Hot corrosion behaviour of some Ni base alloys has been studied by Malik et. al. 

(49,50) in the presence of Na2SO4  and have concluded that Na2SO4-induced corrosion 

proceeded by fluxing and sulphidation reactions. Lower oxidation rates observed upto 

800°C has been attributed to a scale morphology consisting of inner scale of Cr203  acting 

as a protective oxide film. External scales of NiO-Cr203, Co0 or Ni0 present at the scale 

surface formed a protective oxide layer at lower temperature (800°C), whereas mixed 

oxide layer Cr203.Ni0 or CoO.NiO formed at higher temperature (1000°C). 

Alloys with high concentration of Cr have good resistance to hot corrosion attack 

by Na2SO4  resulting from the formation of a protective Cr203  scale in oxidizing 

atmospheres at high temperatures was observed by Zhang(51). The Cr203  scale, however, 

had been observed to react with Na2SO4  and water soluble chromium was detected in the 

hot corrosion products of Cr bearing alloys. He had also measured the solubilities of 

Cr203 in fused Na2SO4  as a function of the melt basicity and had observed that Cr203  was 

stable in Na2SO4. 

Hot corrosion studies were carried out by Sidky and Hocking 52'53)  on IN 738 

superalloy, Ni-20Cr, Ni-20Cr-3A1 and Ni-20Cr-4Mo in SO2  / 02  atmosphere at 700 and 

900°C. They have concluded that Al improved the corrosion resistance at 700°C. Mo had 

a detrimental effect on the corrosion rate due to the volatile Mo03. At 900°C IN 738 and 

at 700°C Ni-20Cr-3A1 proved to be the best. They proposed a stage-by-stage mechanism 

of corrosion. In the first stage, initial oxide layer was built up immediately, in the second 

stage external oxide layers and sulphide areas were built up whereas in the third stage, 

internal sulphide structure was developed. 

Na2SO4-induced hot corrosion of B-1900 was studied by Bornstein and 

DeCrescente(14"). Based on their observations they concluded that Na2SO4  interacts with 

the alloy to form sodium and sulphur compounds. Rapid removal of sulphur from the 

Na2SO4  by unretarded diffusion of sulphur and precipitation of Cr-rich sulphide phases 

promoted the formation of Na20. In any case, the catastrophic oxidation observed during 

sulphidation was due to interactions between Na20 and the substrate. 
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The kinetics of Na2SO4-induced corrosion were measured by Shores and 

Luthra(I8'54)  by accelerated oxidation tests on Ni-30Cr as a function of temperature 

between 600-900°C. The rapid rate of attack is explained on the basis of sulfation of the 

transient surface oxides (Ni or Co oxides) and the dissolution of these transition metal 

sulphates into Na2SO4  to yield a liquid phase. This retarded the formation of a protective 

Cr203  scale. Thermodynamic calculations showed that Na2SO4-CoSO4  and Na2SO4- 

NiSO4  liquids could be formed at moderate SO3  levels in the gas. 

The interactions of different metal oxides such as Co304, NiO, A1203, Cr203, 

Fe203  and Si02  with Na2SO4  at a temperature of 1100 and 1200 K in flowing oxygen has 

been studied by Mobin et. al.(55). They have inferred from their results that the high 

temperature reaction products usually contained a three phase structure namely 

Na20.M202.M20„ and metal sulphide and/or metal sulphate. They proposed that the 
formation of Na20.M20„ depended upon the solid state solubility of metal oxide In the 

molten salt at high temperatures. Under limited solubility conditions Na20.M20„ was 
Invariably formed, but as soon as this condition was relaxed the oxide M20„ precipitation 

occurred and formed a separate phase. From the wt. loss vs mole fraction of Na2SO4 plots 
they have inferred that a decrease in wt. loss value with increasing Na2SO4  concentration 

was because of the binding of sulphur in the form of metal sulphide or metal sulphate. 

Further increase in the wt. loss value with increasing concentration of Na2SO4  was 
because of the release of S02/S03  (g) and volatility of reaction products in certain cases. 

Peters et. a1.(93)  have studied Nimonic 105 alloy with Na2SO4  coating for 24 hr at 
900°C and have concluded that the greater the Cr content, the greater is the resistance to 

hot corrosion. For the complex alloys acid fluxing seemed to be a more probable process 

(Ilan basic fluxing although basic fluxing cannot be dismissed. The breakaway to 

catastrophic attack was clearly related to Mo content. Mo03  was transferred to vapour 

phase. The role of sulphur in the breakdown process was probably only secondary, it 

entered the alloy only as a consequence of the breakdown. Above 3-4% Mo catastrophic 

attack was encountered. 

Stewart and Shatynski(95)  have studied B-1900 superalloy under 10% Na,SO4- 
90%CaSO4  mixture deposit at 900°C in air for 6, 12 and 24 h of exposure. It was 
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concluded that the addition of CaSO4  was shown to reduce dramatically the magnitude of 

Na2SO4-induced hot corrosion of the alloy at 900°C. Trace quantity of PbO impurity in 

coal caused catastrophic corrosion. 

The aluminide and Cr-Al diffusion coatings on Ni and the nickel based alloy EI 

867 (8.5 Cr, 4.2 Al, 4.3 W, 9 Mo, 4 Co, bal Ni) obtained by pack cementation technique 

were subjected to various corrosion tests consisting of oxidation under thermal cycling 

conditions as well as isothermal oxidation in the presence of fused Na2SO4(42). It was 

found by them that the oxide scale on the Cr-Al coating adhered well to the substrate 

whereas that on the aluminide coating spalled off. They observed that Cr had 

advantageous effect in the improvement of oxidation resistance of Ni based alloys in the 

presence of Na2SO4. 

2.3.2.2 Hot Corrosion in Na2SO4-V205  

Pantony and Vase")  have explained the process of the fire side corrosion of 

boilers and gas turbines in the presence of vanadium pentoxide with the help of a 

schematic diagram (Fig. 2.4)(120). They divided the process into six stages, any of which 

can be a rate-controlling. In the system, stages 1, 2 and 6 would be governed by the 

physical properties of the melt while stage 4 would be controlled by the physical nature 

and impurities of the metal surface. They mentioned that if any of the stages 1, 2, 3, 5 or 6 

were rate-controlling the process was likely to be diffusion controlled with relatively low 

activation energy while if stage 4 was rate-controlling then the whole process would be 

activation controlled with a high activation energy. They(121)  further mentioned that the 

vanadic corrosion could be viewed as a two stage diffusion process, viz an inward 

diffusion of oxygen and an outward diffusion of the corrosion products away from the 

surface. Kofstad(122)  has explained these diffusion processes with the help of neat sketches 

shown in Fig. 2.5(122)  which illustrates the growth of chromia scales in the presence or 

absence of oxygen active elements. 

A 50Cr-50Ni commercial alloy had been corroded in pure V205  and in vanadate 

melts containing sodium sulphate and chloride in the temperature range 750 to 950°C in a 

'nutting disc apparatus by Dooley et. al.(123). They concluded that Cr203  scale formed on 
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the alloy which dissolved only slowly into the liquid melt and was thus observed as a 

barrier layer. They did not observe this layer in vanadates. A marked internal oxidation of 

the Cr-rich a-phase occured in chloride containing melts throughout the temperature 

range 750-950°C. 

A standard NiCrAIY and a silicon enriched alloys were studied by Lambert et. al. 

(''') to investigate the effects of Si addition on their oxidation and hot corrosion behaviour 

in Na2SO4.V205  environment. The chemical composition (wt%) of these alloys were Ni-

17Cr-6A1-0.5Y and Ni-16Cr-5.7A1-0.47Y-5Si. They observed an outer layer of NiO 

developed on the surface of the standard alloy whereas a thin A1203  scale formed on the 

Si enriched alloy. Hot corrosion testing was carried out at 700°C on specimens that were 

plasma spray coact] with a corrosive mixture of Na2SO4-10 wt% V205. According to 

them, the development of protective oxide barrier was considerably affected by the 

corrosive coating, particularly in the Si enriched alloy. Ni, Cr, Al oxides were detected in 

the inner layer. 

Phase equilibria in the Na20-V205-S03  system (Fig. 2.6)(57)  has been studied by 

Krasilnikov et. al.(57)  using XRD and they inferred that the mixture of sodium sulphates 

with V205  have considerably higher melting points with lower thermal stability and they 

lose S03. Spontaneous reduction of V205  on heating occurs leading to the formation of 

sodium vanadate. 

Otero et. al.(58)  studied the morphological characteristics and chemical composition 

of corrosion products produced on IN657 (46.5 Cr, 1.32 Nb, bal-Ni) alloy when operated 

in oxidizing atmosphere together with molten phases formed of 60:40 V205: 

Na2SO4(mol%) mixture at 908 K using Na2SO4-V205  phase diagram (Fig. 2.7)(58). It was 

observed that the oxidation products were basically formed of chromium oxides. The 

rorrosion products had three structures, 

(i) Radial growth of sulphur rich particles dispersed into matrix. 

(ii) The acicular shaped vanadium rich phase, and 

(iii) Idiomorphic Cr rich crystals which were formed from Cr of surface metal. 

They concluded that the substrate is depleted of Cr near to surface of alloy 
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and with the increase in exposure time from 6 to 48 hrs there was a 

tendency of particles to take rounded shapes. 

Using polarization resistance method Otero et. al. (59)  studied hot corrosion 

behaviour of IN657 in 60%V205-40% Na2SO4. They observed that for duration less than 

100h the corrosion kinetics increased with temperature when the temperature was less 

than 1000K. For temperatures > 1000K, a decrease in corrosion rate was observed. 

Increase in corrosion rate was related to the higher fluidity of the molten salt mixture. 

Once the appropriate fluidity was achieved, corrosion rate decreased due to the decrease 

in the oxygen solubility in the molten salt and oxygen being one of the oxidizing agents. 

They(60)  compared the gravimetric method with electrochemical data also and confirmed 

lint the hot corrosion in molten salts is an electrochemical process. 

Laser glazing of gas flame sprayed NiCrAl, FeNiCrAl and NiCr alloys had a new 

surface composition and morphology. Hot corrosion tests by Longa et. al.(61)  in a mixed 

salt of 15% Na2SO4-V205  at 900°C have shown that the modified coating offered 

excellent corrosion resistance compared to the as sprayed coating because after laser 

modification the coatings achieved a more dense and homogenous structure without pores 

which supported the formation of continuous layers of Cr203  and A1203. 

Luthra and Spacil(62)  carried out a thermochemical analysis of impurity deposits in 

gas turbines for liquid fuels containing Na and V. They observed that the predominant 

species containing these elements were Na2SO4  and V205  in the condensed phase. The 
niln mum concentrations of Na and vanadium in the fuel above which deposition could 

occur were found to be 2.5.10-4  - 0.2 ppm and 3.5 - 259 ppm respectively. 

Hwang and Rapp(2)  have studied the solubilities of A1203, Cr203, Ce02  and Y203  

in the mixed sodium sulphate-vanadate solution containing 30 mole % vanadate. They 

concluded that the basicity of the melt and oxygen partial pressure and the proportion of 

V5+  and V4+  states of vanadate in the sulphate-vanadate solution decided the solubilities of 

oxides. 

Jones(63'64)  developed hot corrosion resistant stabilizers for zirconia coating used 

against sulphur and vanadium contaminants contained in the low quality fuel. These were 

CeO2  (Ceria), Sc203  (Scandia), In203  (India). He has also recommended Sn02(65)  to be 
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potentially useful as a material for protection against molten vanadate-sulphate hot 

corrosion below 800°C as it is inert to this atmosphere. 

The mechanisms of hot corrosion by molten sulphate-vanadate deposits were 

investigated by Sidky and Hocking(399  by studying the corrosion of Ni-10Cr, Ni-30Cr, Ni-

20Cr-3A1, Ni-21Cr-0.3Si, Ni-20Cr-5V and 1N738 superalloy. The effect of adding Cr to 

Ni was found by them to be beneficial in the Na2SO4  melt, however, on increasing the 

V03-  concentration in the melt, this effect diminished, becoming harmful in pure NaVO3  

due to the formation of the non protective CrVO4. Al alloying element was found to be 

harmful in Na2SO4-NaVO3  melts. Cr depletion was observed in rich V03-  melts but 

internal corrosion was more obvious in the S042-  rich melts. Corrosion in rich V03-  melts 

was aggressive due _to the fluxing action of the salt which takes place along internally 

sulphidised areas. According to their study, IN738 suffered tremendous internal attack 

due to its y' precipitates which became sulphidation prone areas, which in turn were 

fluxed by the V03-  melt. 

The kinetics of the reactions between Na2SO4(x) and V205  (y) have been studied 

by Kolta et. al.(66). It has been shown that the rate of reaction depends both on the 

lemperature (600-1300°C) and the molar ratios X:Y. During the first 30 minutes and at a 

mole ratio 1:1, the reaction obeyed the second order. Under such conditions, the 

activation energy was found to be 54.8 kcals/mole-I. 

Swaminathan et. al.(8)  studied the hot corrosion attack of Ni-base superalloy 

samples of Nimonic 80A, Hastealloy C276 and Superni 600 coated with different amount 

of V205  by the wt. change measurement for a period of 100 hrs at 923, 973 and 1073 K in 

air. Their results have shown that the hot corrosion kinetics obeyed a parabolic law with 

two regions at 973 and 1023 K, the corrosion rate falling with the formation of a solid 

Ni3V208  layer. The rapid increase in weight at the initial hours was attributed to the ease 

hi diffusion of nickel and oxygen ions in the molten V205. Once the compact solid 

vanadate layer was formed, the short circuit diffusion paths were blocked and diffusion 

became difficult for the oxygen ions to move towards the metal surface. 

Thermogravemetric studies by simultaneous sulphate/vanadate induced corrosion 

at 650 to 800°C have been performed by Seiersten and Kofstad(3). NiCrAIY coatings with 
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potassium sodium vanadyl vanadate deposits and the deposit alone have been exposed to 

oxygen containing 4% sulphur dioxide at 650-800°C. The solubility of SO2  in fused Na-

vanadate was observed to be higher than that expected from the literature values. The 

corrosion mechanism is found to change from initial vanadate induced to essentially 

sulphate induced hot corrosion as and when the SO3  pressure was high enough. The 

phases Na2SO4  , NiS, nickel oxides, nickel sulphate and nickel vanadates were identified. 

The corrosion caused by sodium sulphate sodium vanadate mixtures has a complex 

mechanism as observed by Hideaki et. al.(67). Nickel oxide in the oxide layer adjacent to 

the metal dissolved in the sulphate and precipitated as vanadate near the surface. 

Na2SO4  must be present in the condensed state for sulphidation to occur as has 

been inferred by Bornstein et. al.(68). According to them, the adhesion of molten salt 

Increased with decreasing amount of liquid V205. Liquid V205  was both an excellent flux 

and an easy path for oxygen diffusion. 

Iyer et. al.(97)  have studied hot corrosion cracking behaviour of Nimonic 80A in 

flue gas atmosphere containing Na, S, V at 600-700°C under tensile stress. Hot corrosion 

mechanism was explained by them on the basis that S forms CrS which decomposes into 

Cr0 and SO2  and then SO2  escapes into atmosphere. With V, large quantities of oxides 

NiO, Cr203, Ni(V03)2, NiO.Cr203  were formed. Fusion of these compounds had taken 

place and the scale was spongy. Cr203  formed a non-protective sodium chromate (yellow 

stains) and hence further oxidation of Ni took place and the scale spalled off. 

Kerby and Wilson(1°84.  have studied hot corrosion behavior of Fe, Ni and alloys 

containing Fe, Ni, Cr and Inconel 600 by static and dynamic accelerated corrosion tests. 

They concluded that the presence of Fe and Na in the vanadate melts did not alter the rate 

controlling process of oxygen diffusion and oxygen sorption but they increased the non 

stoichiometry and hence increased the oxygen diffusion. The rate of corrosion was 

affected by temperature, oxygen partial pressure, rotational speed, volume of liquid 

vanadate, composition of the metal, composition of the liquid vanadates. According to 

them, Inconel showed better corrosion resistance than stainless steels. 

Iyer et. al.(115)  have studied hot corrosion behaviour of Nimonic 80A under tension 

using combustion gases environment at 600-700°C and have shown that the oxide 
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morphology had become irregular. Their X-ray examination indicated the presence of 

NiO, Cr203, Ni(V03)2  and NiO.Cr203. Oxidation appeared to be very heavy and the scales 

were spongy. They have observed that the lowest melting liquid was formed even at 

550°C. They proposed that presence of stress enhanced the damage due to scale spoiling 

off and allowing fresh surface to be exposed to hot corrosion. V was supposed to get 

participated in forming vanadates and increasing V concentration would not be very 

aggressive. The critical level has been observed to be around 20 ppm V. Also at high 

lemperature the stability of V205  would decrease resulting in critical level of V for the 

worst corrosion attack. 

The corrosion behaviour of Ni3A1 containing small additions of Ti, Zr and B in 

combustion gases with Na2SO4  deposits at 600-800°C has been studied for 4 days by 

Gesmundo et. al.(92). They observed that the presence of salt deposits considerably 

increased the corrosion rate especially at 600 and 800°C. The corrosion rate of Ni3A1 in 

the S02-02  mixture was found to be quite low at 600°C but increased significantly at 700 

and 800°C due to the presence of nickel oxide and of metal sulphides and Ti02. S was not 

detected in the scales but was able to penetrate them and could reach the alloy-scale 

Interface, dissolving in the alloy to form internal precipitates of TiS as observed by them 

at 700 and 800°C. 

2.4 HOT CORROSION OF COBALT-BASE ALLOYS 

2.4.1 Hot Corrosion in Na2SO4  

The morphology of the reaction product was observed to be dependent on the 

temperature and pso, by Luthra(69)
. Under all conditions a thin sulphur-rich band 

containing sulphides was observed by him at the alloy/scale interface and he proposed 

that cobalt dissolved near the interface and formed Co304  and/or CoSO4  (s) in different 

regions of the reaction product. The degradation of Co-base alloys and coatings has also 

been observed by him(70)  at temperatures below the melting point of Na2SO4. According 

to Luthra and Leblanc(16), corrosion was believed to be caused by the formation of 

Na2SO4-CoSO4  eutectic (melting point 575°C) on binary Co-Cr alloys containing about 

37.5 wt % Cr. However, the presence of Al possibly interfered with the formation of 
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CoCr204  and Cr203. Addition of small amount of reactive element such as Y or HI. to Co-

37.5 to 50 wt% Cr alloy had been shown to promote scale adhesion. 

The presence of MgSO4  in Na2SO4  affected the chemistry of corrosion behaviour 

or the sulphate melt in relation to the LTHC of CoCrAlY alloy as observed by Jones et. 

a071). The corrosion initially observed was found to be controlled by 

sulphidation/dissolution of cobalt oxide from CoCrA1Y surface. At a later stage, the 

corrosion rate was believied to be controlled by involving S rich phases at the corrosion 

front. 

Luthra (70,72)  elaborated on type II corrosion of Co-Cr, Co-Al and Co-Cr-Al alloys. 

After the low temperature CoSO4/Na2SO4  liquid phase was formed, the acidic dissolution 

of Co0 or at the oxide/salt interface supported the precipitation of either Co304  or solid 

CoSO4  near the salt/gas interface. The detailed mechanism being dependent on Pso, 
pressure maintained at the salt/gas interface. 

Santaro(94)  has studied Co-base alloys HA 188 and S-57 under cyclic condition 

with sea salt + Na2SO4  at 900-1000°C for 100h by burner rig test. An outer porous scale 

of COO and Cr203  was observed by them on alloy S-57 and the thickness was more at 

1000°C than that at 900°C. Most of the outer scale spalled upon thermal cycling. Beneath 

the porous scale was a dense scale consisting of spinels probably CoCr204.25COA1204. 

The internal corrosion zone was reported to be consisting of Al and S. 

Luthra(104)  has studied hot corrosion behaviour of Co-base alloy in liquid salt with 

SO2, SO3  and 02  gas environment and had concluded that at pot  = 1 atm. Co30,4  was 

more stable than Co0 at temperature below 947°C. SO3  levels below which a liquid 

cannot form on Co304  at pot  = 1 atm. have been referred to as low SO3  level and those 

which can form CoSO4  from Co304  are termed as high SO3  levels. 

2.4.2 Hot Corrosion in Na2SO4-V205  

The mechanisms of hot corrosion by molten sulphate-vanadate deposits were 

investigated by Jones et. al.(73)  by studying the corrosion of CoCrAlY gas turbine blade 

coating alloy by Na3VO4, NaV03, V205  and Na2SO4  or combinations thereof, in air or in 

controlled S03-air environments at 700°C. They proposed that mixtures of 50% V205- 
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Na2SO4  might produce greater corrosion than the pure vanadate product (NaV03) because 

of SO3  liberated in the reaction Na2SO4  + V205  = NaV03  + S03. The mechanisms of 

Co2V207  formation had been elucidated in depth with surface layers of Co2V207  being 

shown to reduce the corrosion rate by acting as a barrier against SO2  or 02  inward 

diffusion and also possibly by reducing V205  activity within the corrosion phase. 

Tiwari et. al.(1°7)  studied the hot corrosion behaviour of Co-base superalloy with 

Na2SO4-V205  environment in air and in combustion gas at 700-1100°C and have shown 

Its good corrosion resistance due to the formation of a continuous Cr203  scale which did 

not allow oxide ion diffusion towards the alloy surface. No oxidation and sulphidation 

into the substrate was observed in X-ray mappings of the cross section taken by EPMA. 

2.5 EFFECT OF MgO ON HOT CORROSION 01 ALLOYS 

As suggested by Niles and Sanders(74), high temperature corrosion problem in oil 

fired steam boilers and gas turbines have been attacked with success in recent years by 

fuel additives and inhibitors. Protection of metals and alloys by fuel additives and 

inhibitors is therefore an important field of research. There are number of inhibitors 

commercially available that are intended to reduce the severity of oil ash corrosion such 

us mgo(11,83,111,112), MgSO4(83), Cadi 12), CaSO4, MnO, Cr203, Zr02(63), Y203(75), 1n03(76), 

sn02(65), Ti02, Al203, Zn0(77), BaO, Ba(OH)2, Pb0(48), Ca(01-1)2, CaCO3, Si02, Ta205  

etc. Some oil soluble compounds of Fe, Ni, Al etc. have also been tried with some 

success(19). Mn based additives are effective due to reaction of Mn with sodium in the fuel 

and thereby preventing it from reacting with vanadium to produce corrosive sodium 

vanadate. These inhibitors reduced the rate of hot corrosion but apparently acted by 

forming deposits on the metal(19). 

Because of its effectiveness and relatively low cost the most common fuel 

additives are based on MgO. Magnesium reacts with vanadium present in the fuel oil and 

produces compounds with a melting point above most metal surface temperatures. Mg0 

was able to reduce the rate of corrosion without forming a detectable coating as observed 

by khys-Jones et. al. (78). 
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(i) 

The treatment level with magnesium recommended by additive suppliers is based 

more on an art than a science. The form of magnesium whether organometallic or 

inorganic is another criterion. Economics dictate that the additive be applied in the 

problem areas directly and in active, fine form. Alkaline additives such as Mg0 have been 

shown to be effective as observed by Sinha(79). 
80 74 77, ,) Vanadic attack has been studied by several investigators ( with the help of 

the phase diagram for Na2SO4-V205  (Fig. 2.7)(58). They have shown that NaV03, 

Na20.3V205  and Na20.6V205  are the possible compounds formed as follows: 

Na2SO4 + V205 = 2NaV03 + SO3 

Na2SO4 3V205  = 2Na20.3V205  + SO3  

Na2SO4  + 6V205  = 2Na20.6V205  + SO3  

X-ray diffraction also identified the presence of Na20.V204.5V205  at ambient 

temperature. It was generally accepted that when Na20.6V205  was cooled to freezing 

point, one atom of oxygen is evolved to give Na20.V204.5V205  at all temperatures. The 
results of Niles and Sanders(74)  confirmed the presence of only three vanadates formed by 

reactions (i)-(iii). Na/V ratio plays an important role in deciding the reactions and their 

products. 

2.5.1 Inhibition of Hot Corrosion by Mg0 Addition in the Absence of Na2SO4  
Fichera et. al.(81)  have evaluated the effectiveness of magnesium oxide as an 

additive of fuel oil. The increase in melting point of fuel ash after addition of Mg0 is 

shown in Fig. 2.8(81). Mg0 directly reacts with V205  (Fig. 2.9)(11)  giving 2MgO.V205, 
Ii agnesium pyrovanadate (m.p. 835°C) and 3MgO.V205, magnesium orthovanadate (m.p. 

I 1 90"C) as 

2Mg0 + V205  = 2MgO.V205  

3Mg0 + V205  = 3MgO.V205  

The increasing of melting points of the fuel ash constituents was supposed to 

greatly increase its viscosity and reduce the diffusion of oxygen upto an order. 
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2.5.2 Inhibition of Hot Corrosion by MgO Addition in the Presence of Na2SO4  

It is necessary to assume that where V and Na are the major metal contaminants in 

a fuel, deposits will be composed principally of compounds of these two metals and 

likewise, if an additive is used, it too will be a principal deposit component. The 

compound formed will depend upon the ratio of Na/V as recommended by Niles and 

Sanders(74)  

Na2SO4 Na2O SO3(g) 	 (vi) 

When sufficient SO3  is present the MgO can be sulphated as MgSO4(78)  

MgO + SO3  —* MgSO4 	 (vii) 

Rhys-Jones et. al.(78)  studied the effect of various levels of V205  and V205  + MgO 

upon the high temperature corrosion of Nimonie 90 and X-40 alloys in the absence and 

presence of S02/S03  at the temperature 850°C. They have suggested that 3Mg0:1 V205  

reduces the metal loss to a maximum extent. 

To express the effectiveness with which MgO inhibits vanadic corrosion, a term 

"inhibitor efficiency" has been proposed by Rhys-Jones et. al.(78)  

Corr.I —Corr.H 
1= 

	

	 x100 Corr.I 

where 1= Inhibitor efficiency, in %. 

Corr. I = Corrosion in the system, alloy + V205  + air (mm 1001ii) 

Corr.II = Corrosion in the system, alloy + V205  + 3MgO + air (mm 100111 ) 

One hundred percent inhibitor efficiency will be achieved when Conn  = 0, i.e. 
when all the corrosion due to the presence of V205  is stopped by the MgO, i.e. when the 

measured corrosion rate is equal to that obtained in air oxidation(78). 

Barbooti et. a1.(83)  studied the effect of magnesium sulphate addition in depressing 

hot ash corrosion on stainless steel 304 by carrying out weight loss experiment. They have 

shown that MgSO4  is stable upto 892°C, above which it decomposes into MgO and SO3  at 
increasing rate. It has been observed by them that in presence of V205, there was no 
influence of MgSO4  in the temperature range 630-690°C. They finally concluded that the 
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optimum MgSO4  ash ratio was 1:1, where the scale analysis showed Cr:Fe values of 0.12 

corresponded to a range of 77-82% inhibition efficiency in the temperature range 600-

800°C. 

Rhys-Jones et. al. (78)  have concluded from their studies on Nimonic 90 and X-40 

alloys that the effectiveness of Mg0 as an inhibitor of vanadic corrosion depended upon 

the S02/S03  ratio. Their results showed that efficiencies of 80-95% could be realized in 

the SO2  free system. 
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CHAPTER 

3 

FORMULATION OF THE PROBLEM 

3.1 SCOPE 
Hot corrosion is a serious problem in power generation equipments, in gas turbines 

for ships and aircrafts and in other energy conversion and chemical process systems. Hot 

corrosion is the accelerated oxidation of materials at elevated temperatures induced by a 

thin film of fused salt deposit. Corrosion has been attributed to the fluxing action of the 

molten salt deposits .on the oxide scales formed on the tubes, leading to rapid localized 

corrosion, accompanied by some sulphidation also. Hot corrosion first became known to 

engineers and researchers with the failure of boiler tube and later with the severe attack of 

gas turbine component materials. 

Although the operating systems and end products of coal combustion and coal 

conversion are quite different, many of the potential corrosion problems have features in 

common and stem from the impurities in the coal. 

Due to depletion of high grade fuels and for economic reason use of residual fuel 

oil in these systems is well known. Residual fuel oil contains sodium, vanadium and 

sulphur as impurities. Sodium and sulphur form Na2SO4  (m.p. 884°C) by reactions in the 

combustion system. Vanadium is usually present as a porphyrin or other organometallic 

complexes but inorganic compounds of vanadium have also been reported. During 

combustion of the fuel, vanadium reacts with oxygen to form an oxide V205  (m.p. 

670°C). Thus V205  is a liquid at gas turbine operating temperature. These compounds 

(known as ash) deposit on the surface of the materials and induce accelerated oxidation 

(hot corrosion). The corrosion problem is more acute when the vanadium pentoxide ash-

deposits on the metal surface is molten as it acts as a catalyst. These molten ash-deposits 

dissolve the protective oxide scale thus fluxing it. 
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During early work from 1950, through 1965, the details of oil ash-induced 

corrosion mechanisms and possible solutions were largely studied. Operating conditions 

of the plant affect the corrosion rate. Thus by decreasing the metal temperature, flue gas 

temperature, lowering excess air used in fuel oil combustion can lower wastage rate of the 

component material. 

Superalloys are used to resist oil ash corrosion and success is achieved to 

considerable extent. There appears to be an advantage in using high chromium alloys. 

Thermal barrier coatings of alloys and ceramics are used for studies on resistance to oil 

ash corrosion and they were found effective. Inhibitors and fuel additives have been used 

with varying success to combat oil ash corrosion. Because of its effectiveness and 

relatively low cost, the most common fuel additives are based on MgO. 

Some investigations were carried out on the hot corrosion of stainless steels, Fe-, 

Ni- and Co-base superalloys by V205, Na2SO4, Na2SO4-V205, Na2SO4-NaVO3  mixtures. 

Most of the studies have been made in isothermal conditions. Relatively fewer studies are 

reported under cyclic conditions which actually simulate the working condition of boilers 

and gas turbines. In cyclic condition, high thermal stresses are developed. During cooling 

the scale cracking takes place and fresh areas are exposed to corrosion. Cyclic hot 

corrosion studies have been made either with the help of a burner rig test or by using 

laboratory tube furnaces usually in the temperature range 600-1000°C. Levy et. al.(43)  

have concluded from their hot corrosion studies on Ni-base alloys that tube furnace tests 

can be used in place of burner rig tests to rank alloys provided the tests are accompanied 

by detailed metallographic examination of the exposed specimen. 

3.2 AIM 

In view of the fact that further investigations on the hot corrosion of superalloys 

are needed, it was proposed to study the hot corrosion behaviour of some Fe-, Ni- and Co-

base superalloys containing high chromium (15.5-21%) in an aggressive environment of 

oil fired boilers and gas turbines (Na2SO4-V205) under cyclic conditions (similar to actual 

working condition of the plant) in the temperature range (700-900°C) where corrosion 
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problem is very acute using a laboratory tube furnace in air and in an actual boiler 

combustion gas environment. 

It is learnt from literature that the oil ash corrosion occurs at a rapid rate in the 

initial hours of the test and then the rate decreases. Hence the corrosion of alloys in 

vanadic environment is of particular interest in the initial period. Therefore 24 cycles 

(Cycle of 1 h heating and 20 min. cooling) for laboratory tests and 6 cycles (cycle of 24 h 

heating and 1 h cooling) for tests in industrial environment were selected for hot corrosion 

studies. It is recommended in literature that 1 mg/cm2  Na2SO4  is more than sufficient to 

undergo severe attack, therefore 4.0-5.0 mg/cm2  of salt mixture deposit was chosen in the 

form of thin film to create an aggressive environment. The literature also indicates that 

MgO addition in fuel oil increases melting point of the deposits considerably and inhibit 

the formation of molten sodium vanadate. Therefore it was proposed to study this effect 

in laboratory for these alloys under cyclic conditions. It was also proposed to measure 

weight change to study the corrosion kinetics and to use X-ray diffractometer ()MD), 

Scanning Electron Microscope (SEM), Energy Dispersive X-ray Analysis (EDAX) and 

Electron Microprobe Analyser (EPMA) to characterize the corrosion products and to 

make an attempt to understand the mechanism of corrosion. 
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CHAPTER 

4 

EXPERIMENTAL TECHNIQUES AND PROCEDURE 

4.1 MATERIALS 

High chromium (15.5-21.0%) containing Fe-, Ni- and Co-base superalloys namely 

Superfer 80011, Superni 75, Superni 600, Superni 718 and Superco 605 were procured 

from Mishra Dhatu Nigam Ltd. (MIDHANI), Hyderabad (India) for the present 

investigation. The alloys were in the rolled condition with varying thickness (1.4 - 4.0 

mm). For convenience these alloys are marked as A, B, C, D and E. Their chemical 

composition and other details are shown in Table 4.1. 

4.2 SPECIMEN PREPARATION AND COATING 

4.2.1 Preparation of Materials 

The alloy sheets were cut into rectangular (15 mm x 20 mm) specimens. Some 

specimens used for hot corrosion studies in industrial environment had a hole of 3 mm 

diameter to hang them using stainless steel wire (2 mm dia). The specimens were polished 

using silicon carbide papers up to 1200 grit and finally wheel polished with 1 p.m alumina 

powder to a mirror finish. They were then washed with distilled water and cleaned with 

acetone. Their surface areas were determined and weights were measured with an 

electronic balance to an accuracy of 0.01 mg. 

4.2.2 Coating of Specimens with Salts 

The uniform coating of saturated solution of Na2SO4  was given on warm (-170°C) 

polished specimen by spraying' with a spray gun. The salt mixtures of Na2SO4  - 15% 

V205, Na2SO4-60% V205  and Na2SO4-60% V205  + Mg0 were coated on warm polished 

specimens with a camel hair brush. The amounts of salt coating ranged from 4.0 to 5.0 
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mg/cm2
. The coated specimens were then dried (-110°C), cooled in a desicator and then 

weighed. 

4.3 HOT CORROSION STUDIES 

4.3.1 In Laboratory Tube Furnace 

The coated specimens were kept in alumina boats and then transferred into the hot 

zone of a Silicon Carbide Horizontal Tube Furnace closed at both ends. A constant 

temperature was maintained. Studies were made at 700, 800 and 900°C with an accuracy 

of ± 5°C in air under cyclic conditions for 24 cycles (cycle of lh heating and 20 min. 

cooling). After each cycle the weight of the specimen was measured to obtain the wt. 

change value. 

4.3.2 In Actual Industrial Environment 

The alloys A, B, C, D and E were studied in actual industrial environment also at 

the superheater zone of Boiler-3 of Power Plant II of Bhilai Steel Plant (India). The salt 

coated specimens were hanged inside the boiler with the help of stainless steel wire and a 

rigid support of stainless steel rod. The rod was inserted inside the boiler through the trip 

hole and was rigidly held. The composition of the flue gas inside the boiler is given in 

Table 4.2. The specimens were exposed in combustion gas for 6 cycles (cycle of 24 h 

heating and lh cooling) at 1100°C. After each cycle the weight of the specimen was 

measured so as to obtain the wt. change value. The flue gas flow rate was about 56 m3/sec 

and its static pressure 250 mm. W.C. 

4.4 INVESTIGATION OF CORROSION PRODUCT 

4.4.1 Thermogravimetric Studies 

The wt. change values of the specimens were plotted with respect to the time (no. 

of cycles) and are shown in Fig. 5.1-5.25. The plots show the effect of temperature, time 

and the salt mixture on the corrosion rate. The nature of the curves also shows that in 

most of the cases a rapid rate of corrosion occurred during the first two cycles and then 

the rate decreased. The total wt. gain values of the specimens observed after completion 
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of the exposure are shown in Table 5.1. The specimens exposed in industrial environment 

have shown to obey parabolic law hence their parabolic rate constants were determined 

and are shown in Table 5.2. 

4.4.2 Visual Observation 

Visual examination of the exposed specimens was made after each cycle for their 

colour, lustre, adherence, spalling tendency etc. After 24 cycles in laboratory studies and 

after 6 cycles studies in industrial environment, the specimens were finally carefully 

observed and then their macrographs were taken, which are shown in Fig. 5.26-5.30. 

4.4.3 Measurement of Scale Thickness 

The average scale thickness values of the specimens after exposure at 900 and 

1100°C, whose X-ray mappings were taken, have been measured and these values are 

shown in Table 5.3. 

4.4.4 X-ray Diffractometry 

X-ray diffractometry of the exposed specimens was carried out for the phase 

identification of the corrosion products. Scale surfaces were examined by X-ray 

diffractometer PW 1140/90 Phillips employing copper target and nickel filter at a voltage 

of 35 kV and a current of 15 mA. The specimens were scanned from 20-100°. In most of 

the instances the scanning speed was kept at lkcs (kilo cycles per second). Diffractograms 

were analysed by adopting the following procedure : 

(i) 'd' values were calculated for all the discernible peaks in the usual manner. 

(ii) Assuming the height of the most prominent peak as 100%, the relative intensities 

of all peaks were determined. 

(iii) The data thus obtained was compared with ASTM data cards following the 

standard procedure for search and identification was carried out. 
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The XRD profiles of the specimens were drawn and are shown in Fig. 5.31-5.55 

while their 	values and phases are shown in Table 5.4-5.28. 

4.4.5 Optical Microscopy 

Optical microscopy was mainly used at the preliminary stage of sample 

preparation. The microstructure of the unreacted and exposed specimens were compared 

with Reichert Metavert - 368 Microscope. 

4.4.6 Scanning Electron Microscopy and EDAX Analysis 

Surfaces of the exposed specimens were examined by SEM. The surfaces of the 

hot corroded specimens were first coated with gold and then their micrographs were 

taken, The SEM- studies were carried out mainly on Phillips SEM 501. photographs  were 

taken mostly at 160 and 640 X and are shown in Fig. 5.56-5.80. 

The point analysis were also obtained simultaneously with an EDAX attached to 

the SEM of the selected areas of interest present in the scale formed on the alloy surface. 

Only those specimens were selected in which higher corrosion rates were observed. 

EDAX analysis of the scales of alloys A, B, C, D and E are shown in Table 5.29-5.33. 

4.4.7 Electron Microprobe Analysis 

EPMA was used to take the micrographs of the cross sections known as the Back 

Scattered Electron (BSE) image and the X-ray maps showing the distribution of the 

elements (e.g. Fe, Ni, Cr, Co, S, V, Na, 0 etc.). The EPMA model Cameca - Micro Bax 

was employed using accelerated voltage of 20 kV. 

The line scan technique was also used in a very limited extent as the porosity in 

the scale created a hinderance. To carry out such an analysis, the electron beam was kept 

stationary while moving the specimen along the desired direction. This also provided the 

distribution of selected elements in the scale, substrate and at the interface. X-ray maps 

have been taken for only those specimens in which in which higher corrosion rates were 

observed. The BSE images and X-ray maps of alloy A, B, C, D and E are shown in Fig. 

5.81-5.105. 
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CHAPTER 

5 

RESULTS 

The results of the present investigation on hot corrosion studies in pure Na2SO4, 

Na2SO4-15%V205  and Na2SO4-60%V205  coatings for 24 cycles in air at 700, 800 and 

900°C and also with coatings of Na2SO4-60%V205  + Mg0 at 900°C for 24 cycles in air in 

laboratory while with Na2SO4, Na2SO4-15%V205, Na2SO4-60%V205  coatings in actual 

industrial environment for alloys A, B, C, D and E are described in this chapter. 

5.1 HOT CORROSION STUDIES IN PURE Na2SO4  

5.1.1 Kinetic Data 

Fig 5.1 to 5.5 shows the plots drawn between wt. gain (expressed in mg/cm2) and 

time (expressed in number of cycles) for the specimens of alloys A, B, C, D and E after 

exposure for 24 cycles (cycle of 1 h heating and 20 min. cooling) with pure Na2SO4  

coating at 700, 800 and 900°C in air. The plots for alloy A at all temperatures of study 

(Fig 5.1) show a rapid increase in wt. gain during the first two cycles, then it remains 

constant and after 10 cycles there is a decrease in the wt. gain value. It shows a significant 

effect of temperature on corrosion. Similar trend of wt. change is observed in the plots of 

alloys B, C, D and E also. An increase in wt. gain value with increase in temperature 

(700, 800 and 900°C) is also observed in all cases. The total wt. gain value is minimum 

(0.27 mg/cm2) for alloy B at 700°C and is maximum (0.53 mg/cm2  ) at 900°C for alloy A. 

Wt. gain values are very nominal for all alloys suggesting that the alloys have good 

corrosion resistance against pure Na2SO4  at all the test temperatures. 

5.1.2 Visual Observation 

Fig 5.26 to 5.30 shows the macrographs of corroded specimens of alloys A, B, C, 

D and E after exposure for 24 cycles at 700, 800 and 900°C with Na2SO4  coating. The 
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scale of alloy A was grey and yellow coloured adherent mass at 700 and 800°C, but at 

900°C it was slightly porous. The oxide scales of alloy B was grey and yellow coloured at 

700°C, dark grey with some unreacted Na2SO4  particles at 800°C, while it was grey and 

yellow coloured, lusturous and adherent at 900°C. The alloy C after similar exposure 

formed similar type of scale as that of alloy B. The alloy D also formed similar scales 

with some unreacted salt particles sticking on the surface at 700°C and 800°C while at 

900°C, grey coloured adherent scale with dull appearance was observed after similar 

exposure. The scale on the surface of alloy E was of dark grey colour and adherent with 

some unreacted salt particles at 700 and 800°C while at 900°C dark grey coloured scale, 

adherent in nature, was observed.. 

5A.3 Measurement of Seale Thickness 

The average thickness values for scales of these alloys were measured by EPMA 

after exposure in pure Na2SO4  at 900°C and these values are 17.0, 7.5, 9.0, 10.0 and 8.0 

microns for alloys A, B, C, D and E respectively. 

5.1.4 X-Ray Diffraction Analysis 

The X-ray diffraction results (Tab. 5..4 - 5.8, Fig. 5.31-5.35) of the corroded 

specimens of alloys A, B, C, D and E, in general, indicated similar phases at 700, 800 and 

900°C. The phases identified on the corroded specimens of alloy A in pure Na2SO4  at 

700, 800 and 900°C for 24 cycles are compiled in Table 5.4 and their X-ray diffraction 

profiles are shown in Fig. 5.31. The prominent phases identified in the scales of alloy A 

were a-Fe203, Cr203  and NiCr204. The scales on alloy B after similar exposure also 

consisted of these phases at all temperatures. In the scales of alloy C in addition to these 

phases CrS was also identified. In the scales of alloy D, additional phases CrS and TiO2  

were identified as the prominent ones. The phases identified on the surface of alloy E 

were mainly Cr203, a-Fe203, Co304, W03  and NiCr204. 
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5.1.5 SEM - EDAX and EPMA Results 

Fig. 5.56-5.65 presents SEM micrographs of specimens of alloys A, B, C, D and E 

with pure Na2SO4  coating exposed at 700, 800 and 900°C for 24 cycles in air. The 

micrographs show typical features observed after hot corrosion. Fine particles are 

observed on the scale surface of alloy A at 700°C, while irregular coarse crystals of 

various size are observed at 800 and 900°C. The EDAX shows the surface to be rich in Cr 

and Fe at areas 1 and 2 (Tab. 5.29, Fig. 5.56a) in specimens exposed at 900°C. After 

similar exposure SEM micrographs of alloy B (Fig. 5.58) shows a cracked scale of fine 

grain size at 700°C, while at 800 and 900°C coarse grained structure is revealed. The 

surface is rich in Cr and Ni at areas 1-3 as indicated by EDAX (Tab. 5.30, Fig. 5.58a). 

The SEM micrographs of alloy C (Fig. 5.60) reveals fine grained structure at 700°C, a 

cracked scale with coarse grains on the surface and fine grained structure is revealed in 

the interior part of the scale at 800°C, while at 900°C coarse grained structure with a very 

big particle is revealed. The surface is rich in Cr with lower Ni, Fe and S content at area 

1-3 as indicated by EDAX (Tab. 5.31, Fig. 5.60c). Similarly SEM micrographs of alloy D 

(Fig. 5.62) after similar exposure reveals irregular scale surface with fine grains at 700°C, 

while at 800°C big particles of rounded shape in various sizes are revealed. At 900°C 

coarse grained particles with some big particles were revealed. The EDAX analysis (Tab. 

5.32, Fig. 5.62a) at areas 1-3 indicates the presence of Cr, Ti, Fe and Ni on the scale 

surface. Also the SEM micrographs of alloy E (Fig. 5.64) reveals fine grained structure at 

700°C and 800°C, while at 900°C some coarse grained structure with uniform distribution 

on the surface is revealed. At areas 1-2 the EDAX (Tab. 5.33, Fig. 5.64a) shows that the 

scale is rich in Co and Ni but little amounts of Fe and Cr are also present. 

Due to the observed high rate of wt. gain at 900°C for these alloys with pure 

Na2SO4  coating, EDAX and EPMA analysis have been carried out for those specimens 

only. 

The BSEI and X-Ray maps of elements of alloy A after exposure at 900°C in pure 

Na2SO4 are shown in Fig. 5.81. The specimen surface is irregular indicating more 

corrosion at 900°C. The outer scale consists of oxides of Fe and Cr below which a 

continuous Cr203  layer is observed on the alloy surface. Cr depletion is also observed in 
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the alloy substrate. The BSEI and X-ray maps of elements in alloy B after similar 

exposure are shown in Fig. 5.82. The outer and inner layer of scale is predominantly rich 

in oxides of Cr. Similarly the BSEI and X-ray maps of alloy C after similar exposure are 

shown in Fig. 5.83. The outer layer consists of oxides of Ni, Cr and Fe while the inner 

layer is mainly Cr203. The BSEI and X-ray maps for alloy D after similar exposure are 

shown in Fig. 5.84. The scale consists mainly of oxides of Cr and Ti. Cr depletion is also 

observed in the alloy substrate. Similarly the BSEI and X-ray maps of alloy E after 

similar exposure are shown in Fig. 5.85. The outer layer consists of oxides of Cr, Fe, Co 

and W. While the inner layer is mainly Cr203. In general, Cr depletion was observed in 

the substrate of all the alloys. 

5.2 HOT CORROSION STUDIES IN Na2SO4-15%V205  

The superalloys marked A, B, C, D and E were coated with Na2SO4-15% V205  

salt mixture and then subjected to hot corrosion in the laboratory tube furnace under static 

air at 700, 800 and 900°C for 24 cycles. Their results are presented in this section. 

5.2.1 Kinetic Data 

The wt. gain - time plots for the alloys A, B, C, D and E are shown in Fig. 5.6-

5.10. It can be observed from the plots that these alloys show good resistance to hot 

corrosion at 700, 800 and 900°C except for the alloy D at 900°C, where comparatively 

more corrosion was observed. These plots, in general, show a linear rate of corrosion in 

the initial period, afterwards the rate decreases. The plot for alloy A (Fig. 5.6) shows a 

rapid rate of wt. gain during the first two cycles and then it remains constant at 700, 800 

and 900°C. The plots of alloy B and C (Fig. 5.6, 5.7) also follow similar trend at 700 and 

800°C but at 900°C the wt. gain value slowly increases. Wt. change plot for alloy E (Fig. 

5.10) shows that after rapid increase in the initial period, the wt. gain values remain 

constant. The wt. change plots for alloy D (Fig. 5.9) shows that at 700 and 800°C its 

behaviour is very similar to other alloys, while at 900°C the wt. gain value changes in a 

peculiar way. There is a rapid rate of wt. gain during the first 6 cycles. Then the value 
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starts decreasing which leads to the wt. loss of 6.8 mg/cm2  after 12 cycles. Then finally, 

the wt. loss (6.8 mg/cm2) remains constant during 12 to 24 cycles.. 

5.2.2 Visual Observation 

Visual observation of the scales formed on alloy A after hot corrosion at 700, 800 

and 900°C shows that they were crystalline, grey coloured, adherent and had a shining 

lustre (Fig. 5.26). The scales formed on alloy B were also grey coloured, adherent but had 

a dull appearance (Fig. 5.27). Some unreacted salt was also observed. The oxide scales of 

alloy C had a dark grey colour, dull appearance and were adherent at all temperatures 

(Fig. 5.28). The scales of alloy D at 700 and 800°C were grey coloured with shining lustre 

and were adherent (Fig. 5.29). At 900°C it was uneven, black and porous. Spalling was 

observed during experiment. The scales of alloy E were grey coloured with shining lustre 

and adherent at 700 and 800°C but at 900°C, it was dark grey and yellow coloured with 

dull appearance and was adherent (Fig. 5.30). 

5.2.3 Measurement of Scale Thickness 

The average thickness values for scales of these alloys were measured by EPMA, 

after exposure in Na2SO4-15%V205  at 900°C and these values are 40.3, 43.3, 42.5, 47.0 

and 40.0 microns for alloys A, B, C, D and E respectively. 

5.2.4 X-Ray Diffraction Analysis 

X-ray diffraction results of hot corroded specimens of alloys A, B, C, D and E at 

700, 800 and 900°C for 24 cycles are compiled in Tab. 5.9-5.13 and plotted in Fig. 5.36-

5.40. The main peaks in most of these diffractograms were mainly of a-Fe203  or Cr203, 

while the peaks of low intensity were of NiO, FeV204, Ni(V03)2  and (Cr, Fe)203. The 

prominent phases identified in the scales of alloy A were a-Fe203  , Cr203, FeV204  and 

NiCr204  at 700, 800 and 900°C. In the scales of alloy B after similar exposure NiO, Cr203  

and NiCr204  were identified at these temperatures. In the scales formed on the surface of 

alloy C, NiO, NiCr204, FeV204, Ni(V03)2 and (Cr,Fe)203  were identified as the main 

phases at these temperatures. The scales of alloy D consisted mainly of Fe304, NiO, 

Cr203, A1203, Ti02, Ni(V03)2 and NiCr204. The phases identified in the scales formed on 
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the surface of alloy E were mainly Cr203, NiO, CoO, FeW04  and NiCr2' 04  at these 

temperatures. 

5.2.5 SEM - EDAX and EPMA Results 

Fig. 5.57-5.65 presents SEM micrographs of alloys A, B, C, D and E with 

Na2SO4-15%V205  coating after exposure at 700, 800 and 900°C for 24 cycles in air. The 

micrographs show typical features observed. Fig. 5.57 of alloy A shows big particles of 

irregular shape with some cavities at 700°C, the mixed type of granular structure ranging 

from fine to coarse is observed at 800°C, while at 900°C, thin plate like structure is 

revealed. The EDAX shows the surface to be rich in Cr and Fe at areas 3-4 (Tab. 5.29, 

Fig. 5.57a) in specimens exposed at 900°C. Fig. 5.59 presents SEM micrographs of 

specimens of alloy B after similar exposure, fine grained particles are observed after 

exposure at 700°C, while thin plate like structure with uniform distribution are revealed at 

800°C. Crystals of various sizes with rounded edge are revealed at 900°C. At areas 4-5 

(Tab. 5.30, Fig. 5.59a) Ni rich scale is observed in which some Cr and Al are also present. 

Fig. 5.61 presents SEM micrographs of specimens of alloy C after similar exposure. Fine 

grained compact structure is observed at 700°C, while crystals of fine size with different 

shapes are observed at 800°C. At 900°C crystalline structure with rounded edge is 

observed. The EDAX shows the surface to be rich in Cr, Ni and Fe at areas 4-6 (Tab. 

5.31, Fig. 5.61a) in specimens exposed at at 900°C. The SEM micrographs of alloy D 

(Fig. 5.63) after similar exposure shows fine to coarse grained structure at 700°C, while at 

800°C also similar structure is observed with some cavities in between. At 900°C a mixed 

structure with fine to coarse grains of different shapes is revealed. The scale is rich in Cr, 

Ni and Fe at areas 4-5 (Tab. 5.32, Fig. 5.63a) as revealed by EDAX. Fig. 5.65 presents 

SEM micrographs of specimens of alloy E after similar exposure. At 700°C the scale 

shows a uniform distribution of fine grains with some coarse particles, while it reveals a 

compact scale with some voids at 800°C. At 900°C the scale shows a coarse grained 

continuous structure with rounded particles. The scale surface is rich in Co and Ni while 

small amounts of W, Fe and Cr are also present at areas 3-4 (Tab. 5.33, Fig. 5.65a) as 

indicated by EDAX. 	 afin 6 



Due to the observed high rate of wt. gain at 900°C for these alloys with Na2SO4-

15%V205  coating, EDAX and EPMA analysis have been carried out for those specimens 

only. 

The BSEI and X-Ray maps of alloy A coated with Na2SO4-15%V205  and exposed 

at 900°C in static air are shown in Fig. 5.86. The specimen surface is irregular indicating 

higher corrosion at 900°C. The outer layer of scale contains oxides of Fe, Ni and Cr, 

while the inner layer is mainly Cr203. Cr depletion in the substrate has also been 

observed. The BSEI and X-ray maps of alloy B after similar exposure are shown in Fig. 

5.87. The outer scale is rich in oxides of Ni and Cr while the inner layer is mainly Cr203. 

The BSEI and X-ray maps of alloy C after similar exposure are shown in Fig. 5.88. The 

outer scale is rich in oxides of Ni, Cr, Al and Fe while near the alloy surface Cr, Al and V 

elements are present in their oxide form. A1203  is present at the grain boundaries in the 

alloy substrate also. The BSEI and X-ray maps for alloy D are shown in Fig. 5.89. Top 

layer of scale consists of a-Fe203, NiO and TiO2  below this is the layer of Cr203. Al is 

present in the substrate at the grain boundaries in its oxide form. The BSEI and X-ray 

maps of alloy E are shown in Fig. 5.90. The top layer consists of oxides of Cr, W, Ni, Co 

and Fe below which is the layer of Cr203  only. 

5.3 HOT CORROSION STUDIES IN Na2SO4  - 60% V205  

5.3.1 Kinetic Data 

Fig 5.11 to 5.15 show the plots drawn between wt. change and number of cycles 

(time) for the specimens of alloys A, B, C, D. and E after exposure for 24 cycles with 

Na2SO4  - 60% V205  (eutectic mixture) coating in air at 700, 800 and 900°C. The plot for 

alloy A (Fig 5.11) shows a rapid increase in wt. gain during the first two cycles and then 

the rate of wt. gain decreases at 700 and 800°C. At 900°C after an initial increase in wt. 

gain there is a continuous decrease in the wt. of the specimen leading ultimately to a wt. 

loss of 23.2 mg/cm2. It suggests that the alloy is severely corroded. The plot for alloy B 

(Fig. 5.12) shows a rapid increase in wt. gain during the first two cycles, after which the 

rate of wt. gain is very slow at 700°C whereas there is a little increase in the rate of weight 

gain at 800 and 900°C. In case of alloy C (Fig. 5.13) the plot shows a rapid increase in wt. 
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gain during initial first cycle and then the wt. gain value remains constant at 700 and 

800°C, while at 900°C there is a gradual increase in the wt. gain value. For alloy D the 

Fig. 5.14 shows a rapid increase in wt. gain during first four cycles, later there is a little 

decrease in wt. gain value at 700°C, while a gradual increase in wt. gain occurs at 800 and 

900°C. The plot for alloy E (Fig. 5.15) also shows a rapid increase in wt. gain during the 

first two cycles and then the rate of wt. gain decreases at 700 and 800°C. At 900°C there 

is a continuous increase in wt. gain upto 16 cycles of exposure, afterwards the wt. gain 

value remains constant upto the last cycle of the test. It has been observed, in general, that 

wt. gain value increases with increase in temperature. 

5.3.2 Visual Observation 

Fig 5.26 to 530 -shows the macrographs of the specimens of alloys A, B, C, D and 

E after exposure for 24 cycles at 700, 800 and 900°C with Na2SO4  60%V205  coating. 

The scales on alloy A were of grey colour, non adherent, porous and shining mass at 700, 

800 and 900°C. The oxide scales of alloy B after similar exposure were steel grey, 

adherent, compact and dull in appearance at 700 and 800°C but it was porous at 900°C. 

The alloy C after identical exposure also formed scale similar to alloy B. The scales 

formed on alloy D were grey coloured, compact and dull in appearance at 700 and 800°C 

but it was shining at 900°C. Alloy E after similar exposure formed grey coloured shining 

and adherent scales on its surface at 700 and 800°C but it was porous at 900°C. 

5.3.3 Measurement of Scale Thickness 

The average thickness values for scales of these alloys were measured by EPMA 

after exposure in Na2SO4-60%V205  at 900°C and these values are 62.5, 45.0, 75.0, 67.5 

and 96.6 microns for alloys A, B, C, D and E respectively. 

5.3.4 X-Ray Diffraction Analysis 

The XRD results of the corroded samples of alloys A, B, C, D and E at 700, 800 

and 900°C are compiled in Table. 5.14 to 5.18 and X-Ray diffraction profiles are shown 

in Fig. 5.41 to 5.45. The prominent phases identified on the corroded specimens of alloy 
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A at these temperatures were a-Fe203, Cr203, NiO, (Cr, Fe)203  and FeV204. In the scales 

of alloy B, after similar exposure, Cr203, NiO, (Cr, Fe)203, FeV204, Ni(V0)2  and 

NiCr204  were the main phases identified. The scales of alloy C contain the oxides Cr203, 

Ni0 and the spinels (Cr, Fe)203, FeV204, Ni(V03)2  and NiCr204  as the main phases. The 

prominent phases identified in the scales of alloy D were NiO, Ni(V03)2, FeV204  and 

NiCr204. The phases identified in the scales of alloy E were mainly Cr203, Co203, W03, 

Co3V208, CoV3  and NiCr204. The XRD results of these alloys show the presence of some 

common phases in the scales of these alloys. 

5.3.5 SEM-EDAX and EPMA Results 

Fig. 5.66 to 5.74 presents SEM micrographs showing typical features on the scale 

surfaces of alloys A, B, C, D and E after hot corrosion with Na2SO4  - 60% V205  coating 

at 700, 800 and 900°C for 24 cycles in air. At 700°C the micrograph of alloy A (Fig. 5.66) 

shows a cracked scale with fine grained structure, while at 800°C the scale has a fine to 

coarse particles mixed together. At 900°C the scale consists of coarse particles with some 

cavities. The scale is rich in Fe, Ni and Cr at areas 5-6 (Tab 5.29, Fig. 5.66) as indicated 

by EDAX in the specimen exposed at 900°C. Fig. 5.68 shows the SEM micrograph of 

alloy B after similar exposure. At 700°C, it reveals a broken scale with fine grained 

structure, while at 800°C the scale is having coarse crystalline structure of porous nature. 

At 900°C the scale has fragmented structure consisting of fine grains. The EDAX shows 

the surface to be rich in Ni, Cr and V at areas 6-7 (Tab. 5.30, Fig. 5.68a) in specimens 

exposed at 900°C. 

Fig. 5.70 shows the micrographs of alloy C after similar exposure. At 700°C the 

scale has a thin plate like structure with cavities in between, while at 800 and 900°C the 

surface of the corrosion product appears as crystals of rounded shape. The EDAX shows 

the surface to be rich in Ni and Cr with small concentrations of V and Fe at areas 7-8 

(Tab. 5.31, Fig. 5.70a) in specimens exposed to 900°C. The SEM micrograph (Fig. 5.72) 

of alloy D after similar exposure shows a fragmented structure of fine grains at 700°C 

while at 800°C it reveals a continuous coarse grained structure with some voids. At 900°C 

the scale surface consists of crystals of different size with rounded edges. Cavities are also 
• 
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visible in between them. The scale surface is rich in Fe, Ni, Cr and V at areas 6-7 (Tab 

5.32, Fig. 5.72a). 

The SEM micrographs of alloy E (Fig. 5.74) after similar exposure, shows a 

fragmented structure of fine grains at 700°C, while at 800°C it reveals fine grained 

structure distributed uniformly. At 900°C the scale consists of coarse grains of irregular 

shapes. Voids are also visible at certain areas. The scale is rich in Co and Cr but small 

amounts of V, Fe and Ni are also present as indicated by EDAX at areas 5-6 (Tab. 5.33, 

Fig. 5.74a). 

The BSE image and X-Ray maps of alloy A coated with Na2SO4  - 60% V205  after 

exposure for 24 cycles at 900°C in air are shown in Fig. 5.91. The specimen surface is 

irregular indicating severe corrosion at 900°C. The top layer of scale consists of oxides of 

Fe and Ni while the inner layer is mainly Cr203  and some Nia No internal oxidation has 

been observed. The BSE image and X-Ray maps of alloy B are shown in Fig. 5.92. The 

outer layer of scale consists of oxides of Fe, Ni and V while the inner layer is mainly 

Cr203  with some vanadium oxide. No internal oxidation/ sulphidation has been observed. 

The BSE image and X-Ray maps of alloy C are shown in Fig. 5.93. The top layer of the 

scale consists of oxides of Na, Cr, Fe and Ni and the inner layer consists mainly of Cr203  

and some vanadium oxide. Cr depletion is also observed in the alloy substrate. The BSEI 

and X-Ray maps of alloy D are shown in Fig. 5.94. The outer scale is rich in the oxides of 

V, Cr, Fe and Ni whereas the inner layer is mainly Cr203. The BSEI and X-Ray maps of 

alloy E are shown in Fig. 5.95. The outer layer is rich in the oxides of Cr, Ni, Co, Fe and 

W and the inner layer is mainly Cr203  and some vanadium oxide. 

5.4 HOT CORROSION STUDIES IN COMBUSTION GASES 

The specimens of alloys A, B, C, D and E with pure Na2SO4, Na2SO4-15%V205  

ind Na2SO4-60%V205  coatings were studied in the actual industrial environment at the 

;uperheater zone of a boiler of power plant of the Bhilai Steel Plant, Bhilai (India). Their 

esults are presented in this section. 
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5.4.1 Kinetic Data 

Fig 5.16-5.20 show the plots drawn between wt. gain and time (no. of cycles), for 

the salt mixtures (pure Na2SO4, Na2SO4-15%V205, Na2SO4-60%V205  ) coated specimens 

of alloys A, B, C, D and E after exposure at 1100°C for 6 cycles (cycle of 24h heating and 

1 h cooling) in combustion gas whose composition is shown in Table 4.2. The plot for 

alloy A (Fig. 5.16) shows a rapid increase in wt. gain during the first cycle, afterwards the 

rate of wt. gain decreases. The wt. gain values are higher for Na2SO4-60% V205  coated 

specimen than those for Na2SO4-15%V205  and Na2SO4  coated specimens. It can be 

inferred that the increase in V205  content in the salt mixture increases the corrosion rate. 

The plots for alloy B (Fig. 5.17) also show a rapid increase in wt. gain during the first 

cycle, afterwards the rate of wt. gain slows down for Na2SO4  and Na2SO4-15%V205  

coated specimens. But for the specimen coated with Na2SO4-60%V205, the rate of wt. 

gain is higher. For alloy C, D and E (Fig. 5.18-5.20) also similar trend of wt. change was 

observed. For these alloys the wt. gain values, in general, are minimum with pure Na2SO4  

coated specimens which increase with increase in V205  concentration. 

All these alloys obey parabolic rate law during their hot corrosion in the present 

studies. Parabolic rate constants for these alloys were calculated from the (wt. gain)2-time 

plots and the values are shown in Table 5.2. The rate constant values increase with 

increase in V205  content. This again confirms that corrosiveness of the environment 

increases with increase in V205  concentration. 

5.4.2 Visual Observation 

Fig. 5.26-5.30 shows the macrographs of the specimens of alloys A, B, C, D and E 

after exposure at 1100°C for 6 cycles in c.g. environment. Pure Na2SO4  and Na2SO4-

15%V205  coated specimens of these alloys revealed grey coloured, adherent scale on 

their surfaces. Some dust and dirt particles of the furnace atmosphere were also sticking to 

it. Na2SO4-60% V205  coated specimens of these alloys revealed dark grey coloured, 

adherent scale with some dust particles on their surfaces. The general appearance of these 

alloys after exposure was dull. 
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5.4.3 Measurement of Scale Thickness 

The average thickness for scales of these alloys were measured by EPMA after 

exposure in Na2SO4-60%V205  in c.g. at 900°C and these values are 18.0, 33.0, 31.6, 2.0 

and 37.0 microns for alloys A, B, C, D and E respectively. 

5.4.4 X-ray Diffraction Analysis 

The X-ray diffraction results of the corroded specimens of alloys A, B, C, D and E 

after exposure in c.g. at 1100°C are shown in Tab. 5.19-5.23 and XRD profiles are shown 

in Fig. 5.46-5.50. The phases identified on the corroded specimen of alloy A with Na2SO4  

coating were a-Fe203, Cr203, NiO, TiO2  and A1203  and with Na2SO4-15%V205  coating 
in addition to these oxides, FeV2O4  was also present, while with Na2SO4-60%V205  
coating an additional phase NiCr204  was identified. NiO, Cr203, TiO2  and NiCr204  were 
identified with Na2SO4  specimens, whereas in addition to these FeV2O4  was also 
identified with Na2SO4-15%V205  and Na2SO4-60%V205  coated specimens of alloy B. In 

alloy C the phases identified were a-Fe203, Cr203, NiO, CrS with pure Na2SO4  coating, 
a-17e203, NiO, Cr203, Ni(V03)2  and FeV2O4  with Na2SO4-15%V205  coating and a-
Fe203, Cr203  and NiO with Na2SO4-60%V205  coating. 

The XRD indicated a-Fe203, Cr203, NiO, TiO2  and CrS as the prominent phases 
with Na2SO4  coated specimen, Cr203, a-Fe203, NiO, Ti02, A1203  and Ni(V03)2  with 
Na2SO4-15%V205  coated specimen and a-Fe203, Cr203, NiO and TiO2  with Na2SO4-
60%V205  coated specimen of alloy D. The phases identified on the corroded specimens 

of alloy E with Na2SO4  coating were a-Fe2O3, Cr203  and Co304, with Na2SO4-15%V205  
coating were a-Fe203, Cr203, NiO, CoO, Co3V2O8  and FeV2O4  whereas a-Fe203, Cr203, 
CoO, Co3V2O8  and NiCr2O4  were identified as the prominent phases with Na2SO4-
60%V205  coated specimen. 

5.4.5 SEM-EDAX AND EPMA RESULTS 

The SEM micrographs for alloy A specimens (Fig. 5.67) after hot corrosion at 
1100°C with coatings of pure Na2SO4, Na2SO4-15%V205  and Na2SO4-60%V205  in c.g. 
for 6 cycles shows a compact surface containing some voids with pure Na2SO4  coating, 
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while with Na2SO4-15%V205  it reveals fine grains but are fragmented. With Na2SO4-

60%V205  coating the scale surface has fragments consisting of fine particles. The scale 

surface is rich in Cr and Ni with small amounts of Fe, V and Ti at bright and dark areas 7-

8 (Tab. 5.29, Fig. 5.67a) as indicated by EDAX. Fig. 5.69 shows the SEM micrographs of 

alloy B specimens after similar exposure. With pure Na2SO4 coated specimen it reveals a 

mixed structure of fine to coarse grains with some cavities, while with Na2SO4-15%V205  

coating, the scale surface consists of fine grains with rounded shape. With Na2SO4-

60%V205  coated specimen the micrograph reveals again a mixture of fine and coarse 

particles and is rich in Ni and Cr at bright and dark areas 8-9 (Tab. 5.30, Fig. 5.69a), as 

indicated by EDAX. 

Fig. 5.71 shows the SEM micrographs of alloy C after similar exposure. With pure 

Na2SO4 coating it reveals a network of rounded particles with some cavities, while with 

Na2SO4-15%V205  coating it reveals a mixed structure consisting of fine and coarse size 

particles of rounded shape and are present in various fragments. With Na2SO4-60%V205  

coating the scale structure consists of a heterogeneous mixture of fine to large grains and 

is rich in Cr and Ni while small amounts of Fe, V, Ti and Al are also present at bright and 

dark areas 8-9 (Tab. 5.33, Fig. 5.71a) as indicated by EDAX. Fig. 5.73 shows the SEM 

micrograph of alloy D after similar exposure. With pure Na2SO4  and Na2SO4-15%V205  it 

reveals a mixture of fine and coarse particles of rounded shape, while with Na2SO4-

60%V205  coating it reveals a structure of two fragments consisting of fine grains. The 

scale surface of Na2SO4-60%V205  coated specimen is rich in Cr, Ni, Fe, Si, Ti and Al at 

bright and dark areas 7-8 (Tab. 5.32, Fig. 5.73a) as revealed by EDAX. 

The SEM micrograph of alloy E after similar exposure are shown in Fig. 5.75. 

With pure Na2SO4  coated specimen it reveals a mixture of particles of various sizes and 

shapes. Some big particles are also observed. With Na2SO4-15%V205  coated specimen it 

reveals fragmented structure of black and white regions, while with Na2SO4-60%V205  

coating it reveals again a fragmented structure with some cavities in between which is 

rich in Co, Cr, Ni, Fe and Al at dark and bright areas 7-8 (Tab. 5.33, Fig. 5.75a) based on 

EDAX analysis. 
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The BSEI and X-ray maps of alloy A coated with Na2SO4-60%V205  after hot 

corrosion in c.g. for 6 cycles at 1100°C are shown in Fig. 5.96. The top layer of scale 

consists of oxides of Fe, Al and Cr, while the inner layer is mainly Cr203  with some 

A1203  and TiO2  at the grain boundaries in the substrate. The X-ray maps of alloy B are 

shown in Fig. 5.97. The top layer consists of oxides of Fe, Ni, Cr and V, whereas the 

inner layer is of Cr203  and some a-Fe203. The BSE image and X-ray maps of alloy C are 

shown in Fig. 5.98. The outer layer is mainly a-Fe203  while the inner layer is mostly 

Cr203. The X-ray maps of alloy D are shown in Fig. 5.99. The outer layer is of a-Fe203  

and Cr203, while the inner layer is mainly Cr203. Oxygen has penetrated into the 

substrate so as to cause internal oxidation and is present at the grain boundaries. The 

BSEI and X-ray maps of the alloy E are shown in Fig. 5.100. The top scale is rich in the 

oxides of Fe, Ni, Co and V and the thin inner layer is mainly of Cr203. 

5.5 HOT CORROSION STUDIES IN Na2SO4-60% V205  + MgO 

From the wt. gain values obtained in the present studies for alloys A, B, C, D and 

E in various environments, it was observed that the wt. gain values were maximum at 

900°C in Na2SO4-60%V205. Thus moderate to severe corrosion of the these alloys has 

been observed in Na2SO4-60%V205  at 900°C. To minimize the aggressiveness of the 

environment, hot corrosion studies for these alloys were made by MgO addition to the salt 

mixture Na2SO4-60%V205  at 900°C for 24 cycles in air. MgO was used in the ration of 

3Mg0:1 V205. Their results are presented in this section. 

5.5.1 Kinetic Data 

Fig 5.21 - 5.25 show the plots drawn between wt. change and time (no. of cycles) 

for the alloys A, B, C, D and E after exposure in Na2SO4  - 60% V205  + MgO at 900°C for 
24 cycles. Fig 5.21 for alloy A shows that there is a rapid increase in wt. gain during the 

first two cycles and then there is a gradual decrease in wt. gain. In this figure a 

comparison is shown between the wt. gain values obtained for alloy A in Na2SO4  - 60% 
V205  at 900°C with and without MgO addition. The total wt. gain value obtained without 

MgO addition (23.2 mg/cm2  wt. loss) changed to 2.2 mg/cm2  with MgO addition. Figure 
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5.22 for alloy B shows that a rapid increase in wt. gain occurs during the first two cycles, 

then there is a slower rate of decrease in wt. gain. The wt. gain values obtained with Mg0 

addition are much lower than the values obtained with only Na2SO4-60%V205  

environment only under similar condition. The total wt. gain value for alloy B decreased 

from 6.75 to 5.0 mg/cm2. Fig 5.23 for alloy C also shows similar trend of rapid increase in 

the wt. gain value during the first two cycles and then a continuous decrease in wt. gain. 

The wt. gain values are much lower with Mg0 addition than those obtained without its 

addition. The total wt. gain value decreases from 11.55 to 6.3 mg/cm2  with Mg0 addition. 

Fig 5.24 shows the wt. change plot for alloy D. Again there is a rapid increase in wt. gain 

during the first two cycles and then the rate of wt. gain decreases. The wt. gain values 

with Mg0 addition are lower than that for Na2SO4-60% V205  coated specimens. The total 

wt. gain value decreases from 12.0 to 8.05 mg/cm2  with Mg0 addition. Fig 5.25 for alloy 

E also shows a rapid increase in wt. gain during the first two cycles and then the rate of 

wt. gain decreases. The total wt. gain value decreases from 35.75 to 5.20 mg/cm2  with 

Mg0 addition. From these observations it can be inferred that Mg0 addition has a 

beneficial effect in resisting corrosion of these alloys in Na2SO4-60% V205  environment. 

5.5.2 Visual Observation 

Fig 5.26 - 5.30 shows the macrographs of the corroded specimens of alloys,  A, B, 

C, D and E after exposure for 24 cycles at 900°C with Na2SO4  - 60% V205  + Mg0 

coating in air. The scale on alloy A showed a brown and yellow coloured mass adherent 

in nature. The scale of alloy B also revealed similar scale to that of alloy A. The scale of 

alloy C showed a dark grey and yellow coloured mass on the surface. The scale of alloy D 

revealed dark grey, yellow and brown coloured mass. The scale of alloy E showed grey, 

yellow and green coloured lustrous mass of adherent nature. Some spalling of the scale 

was also observed. 

5.5.3 Measurement of Scale Thickness 

The beneficial effect of Mg0 addition is also confirmed by the observed scale 

thickness values. The thickness values obtained with Na2SO4-60%V205  coating were 
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62.5, 45.0, 75.0, 67.5 and 96.6 micron for these alloys decreased to 33.3, 43,0, 62.0, 62.7 

and 55.0 microns respectively for alloys A, B, C, D and E. 

5.5.4 X-Ray Diffraction Analysis 

The results of XRD analysis of the corroded specimens of alloys A, B, C, D and E 

with Na2SO4-60% V205  + Mg0 coating after exposure for 24 cycles at 900°C in air are 

compiled in Table 5.24-5.28 and their XRD profiles are shown in Fig. 5.5-5.55. The 

prominent phases identified in the scale of alloy A were a-Fe203, Cr203, FeS, FeV204, 

Mg3V208  and NiCr204, whereas Cr203, NiO, Ni(V03)2  and Mg3V208  were identified as 

the main phases in the scale of alloy B. The prominent phases identified in the scale of 

alloy C were NiO, Cr203, FeV204, Mg3V208  and NiCr204. The presence of a-Fe203, 

Cr203, FeV204, Mg3V208  and NiCr204  as main phases was indicated in the scale of allby 

D. The prominant phases identified in the scale of alloy E were Cr203, W03, FeV204, 

Co3V208  and NiCr204. 

5.5.5 SEM-EDAX AND EPMA RESULTS 

Fig 5.76-5.80 presents SEM micrographs of alloys A, B, C, D and E with Na2SO4  

- 60% V205  + Mg0 coating after exposure at 900°C in air for 24 cycles. The micrographs 

show typical features observed after hot corrosion. The micrograph of the scale on alloy 

A (Fig. 5.76) reveals an irregular structure consisting of various sized crystals having 

rounded corners and is rich in Cr, Fe, Mg and V with little amounts of Ti and Mn at areas 

9-12 (Tab. 5.29, Fig 5.76) as indicated by EDAX. The micrograph of alloy B (Fig 5.77) 

shows an irregular structure of coarse grains. There are big cavities between them. Based 

on EDAX the scale surface is rich in Ni, Cr, V and Mg at areas 10 and 11 (Tab. 5.30, Fig. 

5.77). 

The micrograph of alloy C (Fig 5.78) shows a heterogeneous structure consisting 

of rounded particles. Some very big particles are also observed. Cavities in between them 

also exist. Based on EDAX , the scale surface is found to be rich in Ni, Cr, Fe, V and Mg 

at areas 11-13 (Tab 5.31, Fig 5.78). The micrograph of alloy D (Fig 5.79) shows a 

compact structure of scale with some voids in them. Some rounded particles are also 
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observed. Based on the EDAX, the scale surface is found to be rich in Cr, Ni and Fe with 

small amounts of V, Ti and Al at areas 10-12 (Tab 5.32, Fig 5.79). 

The micrograph of alloy E (Fig 5.80) shows a structure of fine grains uniformly 

distributed throughout. Some small cavities are also visible. Based on the EDAX, the 

scale surface is rich in Co and Cr with small amounts of Fe, Ni, V, Mn and Mg at areas 9-

10 (Tab 5.33, Fig 5.80). 

The BSEI and X-ray maps of alloy A with Na2SO4-60%V205  + Mg0 coating after 

exposure for 24 cycles at 900°C in air are shown in Fig 5.101. The BSEI reveals a duplex 

scale. The outer layer is rich in oxides of V, Mg, Cr, S and Fe while the inner layer is 

mainly Cr203  with some sulphur. Internal sulphidation has also been observed. The X-ray 

maps of alloy B are shown in Fig 5.102. The top scale is rich in oxides of Cr, V, Ni, and 

Fe whereas the inner layer is rich in Cr203.  Internal oxidation has occurred at the grain 

boundaries. The X-ray maps of alloy C (Fig 5.103) reveal an outer layer consisting of 

oxides of Mg, Fe, V, Cr and Ni and the inner layer consisting mainly of Cr203. The X-ray 

maps of alloy D (Fig 5.104) show that the top scale is rich in the oxides of Mg, Ni and V 

while the inner scale consists of Cr203  and some oxides of Fe, V and Ni. The X-ray maps 

of alloy E are shown in Fig 5.105. The top layer of the scale is rich in the oxides of Cr, W, 

Ni, Co and V, while the inner scale consists of Cr203  and some oxides of W and V also, 

Cr depletion in the substrate has also been observed. Sulphur has penetrated into the 

substrate and the formation of NiS has been observed. 
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CHAPTER 

6 

DISCUSSION 

In this chapter, the results of hot corrosion studies on super alloys Superfer 

800H(A), Superni 75(B), Superni 600(C), Superni 718(D) and Superco 605(E) in various 

salt mixture environments like pure Na2SO4, Na2SO4-15%V205, Na2SO4-60%V205  and 

Na2SO4-60%V2O5  + MgO under cyclic conditions at 700, 800, 900 and 1100°C are 

discussed. 

6.1 Hot Corrosion Studies in Pure Nat  SO4  

The influence of pure Na2SO4  coating on alloys A, B, C, D and E was not very 

marked at 700, 800 and 900°C. The wt. change - time plots for alloys A, B, C, D and E 

(Fig. 5.1-5.5) show that the temperature of corrosion has significant effect on the wt. gain 

values. The weight gain value (0.29 mg/cm2) for alloy A after exposure for 24 cycles at 

700°C increases with temperature to 1.2 times at 800°C and 1.79 times at 900°C. 

Similarly for alloy B under similar exposure, the wt. gain value 0.15 mg/cm2  at 700°C 

increases 1.66 and 1.8 times at 800 and 900°C respectively. For alloy C the value of 

weight gain (0.21 mg/cm2) at 700°C increases 1.52 and 2.23 times at 800 and 900°C 

respectively. For- alloy D the wt. gain value increases from 0.22 mg/cm2  at 700°C to 1.59 

and 1.68 times more at 800 and 900°C respectively. For alloy E the 	gain value 

increases from 0.24 mg/cm2  at 700°C to 1.2 and 1.75 times at 800 and 900°C respectively. 

The overall ranking for all the alloys studied on the basis of wt. change, the extent of 

corrosion follows the sequence (in order of decreasing rate) 

900°C > 800°C > 700°C 

The nature of the wt. change vs time plots for alloys A, B, C and D are nearly 

similar, hence it may be inferred that these alloys might have behaved very similarly at 
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70U, 800 and 900"C. For these alloys, there is a rapid increase in wt. gain during the first 

two cycles and then the wt. gain rate of specimens decreases. But the wt. gain vs time plot 

for alloy E shows that after the rapid wt. gain during the first two cycles, it remains 

constant. As the wt. gain values observed for all the alloys after exposure for 24 cycles at 

700, 800 and 900°C are very nominal, it can be inferred that all these alloys studied have 

good corrosion resistance against pure Na2SO4  attack. The average scale thickness values 

measured by EPMA are also very nominal to the extent of 17.0, 7.5, 9.0, 10.0 and 8.0 

micron for alloys A, B, C, D and E respectively for exposure at 900°C. This further 

confirms the good corrosion resistance of these alloys against 4.0-5.0 mg/cm2  Na2SO4  salt 

coating environment. This may be due to the high concentrations of Cr in these alloys 

(15.5 - 21.0%)(5". 

As Fe, Ni and Cr are the predominant elements present in the Fe-, Ni- and Co-base 

superalloys studied in the present investigation, the oxides of these elements are present in 

high concentrations in the scales of these alloys. Generally Cr203  is present at the 

alloy/scale interface. Other oxides are present in the outer layer of the scale as clearly 

revealed by the X-ray maps (Fig. 5.81-5.85). XRD also identified the presence of 

oc-Fe2O3, Cr203, NiO phases as shown in the X-ray diffraction profile (Fig. 5.31-5.55). 

CrS was identified in the scales of alloys C and D by XRD, although X-ray maps did not 

detect the presence of sulphur. TiO2  is also present in the scale formed on the surface of 

alloy D after exposure for 24 cycles at 900°C as detected by XRD and X-ray maps (Fig. 

5.84e). In the scale of alloy E the presence of additional phases Co304  and WO3  were also 

detected by XRD and EPMA (Fig. 5.85 e and f). These oxides later formed spinels such 

as NiCr2O4, (Cr, Fe)203  and are present in the outer part of the scales as revealed by X-

ray maps (Fig, 5.81-5.85). Oxygen or sulphur penetration into the alloys has not been 

observed by EPMA which suggests that the chromia layer was quite continuous and 

compact. The X-ray maps of A, B, C, D and E (Fig. 5.81-5.85) reveal the thick, compact 

layer of Cr2O3  at the scale/alloy interface. It has been observed that the chemical nature of 

the compounds formed normally does not change with temperature as observed by XRD 

results. It can be inferred that the corrosion mechanism is almost similar at 700, 800 and 

900°C. The maximum corrosion rate observed at 900°C in all the alloys may be attributed 
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to the molten state of the Na2SO4  (m.p. 884°C) during the test as suggested by Shores and 

Luthra(54)  that the presence of a liquid phase is regarded as necessary for hot corrosion to 

occur. It was observed during the test at 900°C for these alloys that the attack normally 

occurred on the bottom half of the specimen due to slumping of the liquid Na2SO4. Shores 

and Luthra(54)  also have observed similar phenomena in their test in pure Na2SO4.  

The possible mechanism of corrosion induced by pure Na2SO4  on alloy A during 

exposure for 24 cycles at 700, 800 and 900°C can be explained as follows: 

First of all Cr might have formed Cr203, due to its high affinity for oxygen and its 

higher stability as compared to that of other oxides(85). 

2Cr + 3/2 02  —* Cr203, 	 (i) 
Chromium might have developed a continuous film of stable Cr203  at the 

alloy/scale interface. Cr203  formation at the initial stage of the corrosion reaction may be 

the reason for rapid increase in wt. gain during the first two cycles of the test(85). And the 

development of continuous film might have reduced the corrosion rate (wt. gain rate) after 

2 cycles as the oxidation now proceeds by diffusion of oxygen to the metal/oxide 

interface through the oxide layer. Similar reporting has been made by Luthra(72)  in his 

studies on Co-Cr alloys in Na2SO4. 

Fe and Ni present in the alloy A in high concentrations also might have reacted to 

form their respective oxides as 

2Fe + 3/2 02  —> Fe203 	 (ii) 

Ni + 1/2 02  —> Ni0 	 (iii) 

Similar sequence of reactions have been reported by Malik et. al 31), Fryburg et. 

al(46)  and Luthra(72). Cr203  scale then might have been basically fluxed with Na2SO4  to 

form Nat  Cr04  as 

Cr203  + 3/2 02  + 2 Na2SO4  (1) —> 2 Na2Cr04  (1) + 2 S03(g) 	(iv) 

Later Na2Cr04  evaporated(46)  

Na2Cr04  (1) —> Na2Cr04  (g) 	 (v) 

Due to reaction (v) the Cr203  layer no longer remains protective and further 

degradation of the alloy A takes place after 10 cycles up to the end (Fig. 5.1). Malik et. 
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ai(31)  have also suggested the reaction (v) in their studies on 18:8 Cr:Ni stainless steel in 

Na2SO4. 

The oxides Fe2O3, Cr2O3  and NiO are present in the outer part of the scale. The 

initially built layer of oxides moved away from the matrix and made it the outer most 

oxide layer as mentioned by Saxena(85). 

Similar mechanism, as explained for Fe-base alloy A (superfer 800H), can be 

extended to Ni-base alloys B, C and D due to the reason that the nature of the wt. change= 

time plots of these alloys are similar to that of alloy A. Also in alloys B and C the 

prominent elements are Fe, Ni and Cr only which are predominantly present in alloy A. 

These alloys might have behaved similarly against pure Na2SO4  attack during 24 cycle 

exposure at 700, 800 and 900°C. In alloy B, the Cr content is more (19.5%) than that 

present in alloy C (15.5%), hence the alloy B probably resisted pure NazSO4 attack to 

higher extent than alloy C as lower wt. gain values were observed at 700, 800 and 900°C. 

(Fig. 5.2 - 5.3). 

Due to the formation of oxides by reactions (i) - (iii), the reduction in 02" activities 

might have occurred which resulted in an increase in sulphur activity and would be 

sufficient to form CrS as observed in the scales of alloys C and D as shown by XRD 

profile (Fig. 5.33-5.34). Similar reporting has been made by Malik et. al.(49)  in their 

studies on Ni-base alloys with pure Na2SO4  coating. The presence of TiO2  in the scale of 

alloy D is observed (Fig. 5.84 e). Ti also might have reacted in the similar manner to Fe, 

Ni, Cr (reactions i - iii) with oxygen to form Ti02(46). 

Similar mechanism, as explained for Fe- and Ni-base alloys may be extended to 

Co-base alloy E as well, as similar nature of wt. gain plots is observed and XRD also 

detected similar phases. The additional phases CoO3  and WO3  observed in the scale of 

alloy E might be due to the oxidation of elements Co and W present in high 

concentrations in the alloy by similar reactions (i) to (iii). The oxygen was available from 

pure Na2SO4. Fryburg et. ai(46)  have also suggested similar reactions for Co and W 

oxidation in illustrating the corrosion mechanism of Ni-base alloys in pure Na2SO4. 
Luthra(72)  and Shores(54)  after hot corrosion studies on Ni-30Cr and Co-30Cr alloys by 

pure Na2SO4, have mentioned that the rapid attack of oxygen at the beginning of 
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oxidation would be accompanied by the formation of nuclei of cobalt and chromium 

oxides. 

The morphology of scales formed on the surfaces of alloys A, B, C, D and E is, in 

general, duplex in nature as observed by X-ray maps of these alloys. The morphology 

observed in this investigation is similar to that observed by Malik et. al.(49)  in their 

studies on Nimonic alloys at 1000°C and also resembles to that reported by Sharma(86)  in 

his hot corrosion studies on Fe- and Ni-base alloys in pure Na2SO4  at 950°C. Some 

unreacted particles of the salt were also visually observed on the surface of the scale 

formed on these alloys after exposure for 24 cycles at 700 and 800°C. Na2SO4  was 

identified in the scale of alloy A by XRD (Fig. 5.31), while Na and S were not detected 

by EPMA X-ray maps (Fig. 5.81). This may be due to the solid state of pure Na2SO4  (m.p 

884°C) at these temperatures(86). 

With a thin deposit (4.0-5.0 mg/cm2) of pure Na2SO4  used in the present studies , 

the hot corrosion rates follow the sequence : 

700°C alloy A > alloy E > alloy D > alloy C > alloy B 

800°C ----> alloy E > alloy A > alloy D > alloy C > alloy B 

900°C alloy A > alloy C > alloy E > alloy D > alloy B 

No internal oxidation or sulphidation was observed in the substrate of any of the 

alloys, this indicates that Cr2O3  protective layer was dense and compact (Fig. 5.81-

5.85). Mo and Ta are present in a markable concentration in alloy D but their presence in 

the scale has not been detected either by EDAX or by EPMA analysis. Hence it can not be 

said in what way they have behaved during the corrosion. However, Fryburg et. al.(47)  

have concluded from their studies on Ni-base alloys B1900 and 1N738 with Na2SO4  

coating that Ta has beneficial effect while Mo is deleterious. Ta205  has the ability to tie 

up with Na2SO4  and prevent the formation of a molten Na2MoO4. Thus Ta minimises the 

deleterious effect of Mo. Spinel formation has also been observed in the scales of all the 

alloys by the combination of oxides. The combination of oxides occurs in the outer layer 

of the scale and their presence is detected by XRD (Fig . 5.31-5.35) and further confirmed 

by EPMA X-ray maps (Fig. 5.85). Peters et. a1.(93)  have also observed the presence of 

spinels in their studies on Ni-base alloys in pure Na2SO4. The EPMA X-ray maps reveal 
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regular surfaces of the alloys after exposure at 900°C for 24 cycles suggesting that these 

alloys have good corrosion resistance against pure Na2SO4. The wt. gain and scale 

thickness values both are low and hence confirm their high corrosion resistance. The 

probable corrosion mechanism has been explained with schematic diagrams for alloy A, 

D and E (Fig . 6.1). 

6.2 HOT CORROSION STUDIES IN NA2SO4  - 15% V205  

The effect of 15% V205  addition in Na2SO4  on the hot corrosion behaviour of 

alloys A, B, C, D and E after exposure for 24 cycles at 700, 800 and 900°C in air in 

laboratory tube furnace was investigated and their results are discussed in this section. 

The influence of Na2SO4  - 15% V205  salt mixture coating on alloys A, B, C, D 

and E was not very marked at 700 and 800°C as the observed wt. gain values for these 

alloys at 700 and 800°C were quite low. At 900°C the total wt. gain values were moderate 

(3.0-3.75 mg/cm2) for alloys A, B, C and E while it was high (6.8mg/cm2  wt. loss) for 

alloy D. The wt. change-time plots for these alloys show that the temperature of corrosion 

has significant effect on the total wt. gain values. The wt. gain value for alloy A after 24 

cycle exposure at 700°C is 2.2 mg/cm2  which increases 1.25 times at 800°C and 1.34 

times at 900°C. Similarly for alloy B, under similar exposure, the wt. gain value at 700°C 

(0.60 mg/cm2) increases 2.0 times at 800°C and 6.26 times at 900°C. The wt. gain value 

0.50 mg/cm2  at 700°C for alloy C increases 1.3 times at 800°C and 7.8 times at 900°C. 

For alloy D the wt. gain value at 700°C (0.60 mg/cm2) after 24 cycle exposure increases 

2.33 times at 800°C and 11.33 times at 900°C. The wt. gain value for alloy E after 24 

cycle exposure at 700°C (1.05 mg/cm2) increases 2.09 times at 800°C and 3.0 times at 

900°C. The overall ranking for all the alloys studied on the basis of wt. change, the extent 

of corrosion follows the sequence : 

900°C > 800°C > 700°C 

The wt. gain values after exposure for 24 cycles at 700, 800 and 900°C in Na2SO4-

15% V205  environment for alloy A are 7.5, 7.8 and 5.67 times higher than their 

corresponding values at 700, 800 and 900°C respectively in pure Na2SO4. For alloy B, 

under similar exposure condition, the wt. gain values are 4, 4.8 and 13.92 times higher 
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than their corresponding values at 700, 800 and 900°C respectively in pure Na2SO4. The 

wt. gain values for alloy C, after exposure under similar condition, are 2.5, 2.0 and 8.0 

times higher than their corresponding values at 700, 800 and 900°C respectively in pure 

Na2SO4. For alloy D, the wt. change values, after exposure under similar conditions, 

increase 3.0, 4.0 and 18.0 times their corresponding values in Na2SO4  at 700, 800 and 

900°C respectively. The wt. gain values of alloy E are 4, 7.6 and 8.5 times higher than 

their corresponding values in Na2SO4  at 700, 800 and 900°C respectively. On comparison 

of the values of wt. gain observed for these alloys in Na2SO4  and Na2SO4  - 15% V205  

environments, it can be clearly inferred that 15% V205  addition increases the corrosion 

rate and thus it makes the environment more severe than that of pure Na2SO4. 

The nature of the wt. change vs time plots for alloys A, B, C, D and E arc nearly 

similar i.e. a rapid increase in corrosion rate during the first two cycles and then the 

reduction in rate of wt. gain during the remaining period at 700 and 800°C. Hence it can 

be inferred that these alloys behaved very similarly at 700 and 800°C during the corrosion 

process. At 900°C, the nature of curve differs from alloy to alloy. For alloy A after the 

linear increase during first two cycles the rate of wt. gain value decreases slowly, while 

for alloy E there is an increase in wt. gain up to 8 cycles and then the wt. gain value 

remains constant. For alloys B and C there is a rapid rate of wt. gain during first two 

cycles and then the corrosion rate decreases although the rate of wt. gain gradually 

increases up to the last cycle of the test. But the nature of wt. change vs time plot for alloy 

D is quite irregular. There is a rapid rate of corrosion during the first 6 cycles then the wt. 

gain value starts decreasing and after about 9 cycles it becomes zero. Later, there is a 

further decrease in weight of the corroded specimen leading to wt. loss which continues 

up to 12 cycles. After 12 cycles the wt. loss value remains constant. It is observed that the 

difference in nature of the wt. gain-time plots for alloys A, B, C and E is insignificant and 

hence their mechanism of corrosion must be very similar at 900°C also during exposure 

for 24 cycles. The mechanism of corrosion for alloy D seems to be a complex one. The 

total weight gain values for alloys A, B, C and E after exposure for 24 cycles at 900°C lie 

between 2.9 to 3.75 mg/cm2  which is a very moderate value. It can be inferred that alloys 

A, B, C and E have good corrosion resistance against Na2SO4  - 15% V205  at 700, 800 and 
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900°C while alloy D behaves well at 700 and 800°C only. For alloy D the wt. loss of 6.8 

mg/cm2  was observed. It is suggested that with a thin deposit of Na2SO4  - 15% V205, the 

hot corrosion rates follow the sequence : 

700°C alloy A> alloy E > alloy D > alloy B > alloy C 

800°C --> alloy A> alloy E > alloy D > alloy B > alloy C 

900°C --> alloy D > alloy C > alloy B > alloy E > alloy A 

The average scale thickness values (40.0-47.0 pm) measured by EPMA, X-ray 

maps for alloys A, B, C, D and E are also comparable. These values are nearly 5 times for 

alloys B, C, D and E while it is only 2.4 times for alloy A of their values in Na2SO4. This 

observation further confirms that V205  addition to pure Na2SO4  makes the environment 

more corrosive which ultimately leads to the formation of thicker scales. The alloys A, B, 

C and E at 700, 800 and 900°C and alloy D only at 700 and 800°C haVe good corrosion 

resistance which may be due to the presence of high Cr content in these alloys(51). 

The possible mechanism for the corrosion of alloy A against Na2SO4  -15% V205  

coating at 700, 800 and 900°C for 24 cycle exposure can be explained as follows : 

Na2SO4  and V205  salt mixture coated specimens of these alloys when heated they 

might have reacted toget.her to form a liquid phase of NaVO3  as observed by Kolta et. 

al.(66). 

Na2SO4 + V205 	NaVO3 (1) + SO2 + 1/2 02 	 (i) 

The oxygen available from reaction (i) then might react with Cr to form Cr203  

because Cr203  is much more thermodynamically stable compound than NiO and FeO 

over the temperature range of the present studies(85). 

2Cr + 3/2 02  Cr203 	 (ii) 

Thus, Cr203  would form in the earliest stages of corrosion(85). The rapid increase 

in corrosion rate during the first two cycles may be attributed to the Cr203  formation. The 

molten NaVO3  (m.p. 610°C) at the test temperatures (700, 800 and 900°C) causes higher 

extent of corrosion in these alloys than that observed in pure Na2SO4  at 700, 800 and 

900°C (54). NaVO3  might have acted as a catalyst for oxidation and served as a oxygen 

carrier to the alloy(66). In alloy A the concentration of Fe being the base metal and Ni are 

very high hence they might have reacted to form their respective oxides as (46). 
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2Fe + 3/2 02  --> Fe203 	 (iii) 

Ni + 1/2 02  --> NiO 	 (iv) 

The presence of oxides of Fe, Ni and Cr is revealed by the X-ray maps (Fig. '5.86-

5.90) in the outer layer of the scale, whereas Cr203  is present at the alloy/scale interface. 

XRD also detected the presence of these oxides as the prominent phases. (Tab. 5.9-5.13, 

Fig. 5.36-5.40). 

Once the compact and adherent layer of Cr203  is formed (Fig. 5.86-5.90), it acts as 

a barrier for the oxidising species and the diffusion becomes difficult for oxygen or 

sulphur ions towards the alloy surface. The decreasing rate of wt. gain after two cycles 

may be due to the formation of protective Cr203  scale°. 

Fluxing of Cr203  with NaV03  might have followed the mechanism recommended 

by Seiersten and Kofstad(3)  that simultaneous growth of oxide scales and their dissolution 

in molten salt occurs : 

Cr203  + 4NaV03  (1) —+ 2Na2Cr04 + V205 + 02 
	 (v) 

Similar reaction has been reported by Swaminathan et. a1.(87)  during their studies 

on Ni-base superalloy in NaV03  environment. 

Later Na2Cr04  might have evaporated(46)  as 

Na2Cr04  (I) -4 Na2Cr04  (g) 	 (vi) 

Sodium element was indicated to be absent by the EPMA analysis. 

After that, remaining NaV03  might have fluxed with Fe203  to form FeV204  as 

2NaVO3  + Fe0 --> FeV204  + Na20 + 02 	 (vii) 

The presence of FeV204 has been identified by XRD (Fig. 5.36) and Malik et. al. 

(31)  have also observed the presence of this spinel in their studies on 18:8 stainless steel in 

Na2SO4  -NaV03  environment at 850 and 1000°C. After that it is expected that the oxides 

initially formed went away from the substrate(85)  and they might have formed spinels 

NiCr204  and (Cr, Fe)203. These compounds were identified by XRD (Fig. 5.36). The 

spinel formation and their occurrence in the scales have been reported by Malik et. al. 31) 

Nickel-base superalloys B, C and D might have behaved similarly as alloy A due 

to the presence of similar elements in high concentrations and also due to their similar 

nature of wt. change-time plots at 700 and 800°C. Hence the mechanism mentioned for 
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alloy A in this section can be used to explain the mechanism of corrosion for these alloys 

also during exposure in Na2SO4-15% V205  at 700 and 800°C. During first two cycles, the 

corrosion reaction continued with gradual increase in wt. gain value. This may be due to 

the formation of Cr203  film which was not fully protective. The X-ray mappings of alloy 

13 (Fig. 5.87) shows the non protective nature of scale on alloy surface. XRD identified 

the presence of the Cr203, NiO and spinel NiCr2O4  (Tab. 5.10, Fig. 5.37). EDAX analysis 

has confirmed the presence of these elements in the scales of alloy B (Tab. 5.30). The 

heterogeneous mixture of these oxides and spinels can be seen in SEM micrograph (Fig. 

5.59). Fe content is only 3% in alloy B hence it has not played an important role in the 

corrosion process. EPMA indicated that Fe to be absent in the scale. 

In case of alloy C, at 900°C, the nature of the kinetic curve is of similar nature to 

that for alloy B. Hence the mechanism may perhaps be similar to that fOr alloy B. But Fe 

content in this alloy is 10%, which has oxidised and is present in the form of spinels 

(Cr,Fe)203  and FeV2O4. These are identified by XRD (Fig. 5.38). In addition to these the 

Following  reaction might also have taken place 

2NaVO3  + NiO --> Ni (V03)2  + Na20 	 (viii) 

Sidky and Hocking(88)  have observed the occurrence of this reaction in their 

studies. The presence of Ni(V03)2  phase has been identified by XRD (Fig. 5.38). Internal 

oxidation was also revealed by X-ray maps (Fig. 5.88) for alloy C. 

In case of alloy D at 900°C the nature of the wt. change-time plot is shown to be 

dramatic. Similar nature of curve was observed by Hou and Stringer(89). Alloy D contains 

many number of alloying elements like Fe, Ni, Cr, Ti, Al, Ta and Mo. They might have 

oxidised and the presence of NiO, Cr203, A1203, Ti02, Fe304  were identified by XRD as 

the prominent phases (Fig. 5.39). The MoO3  might have been formed and then 

evaporated(87), hence Mo was indicated to be absent by EPMA in our studies. The very 

irregular shape of the alloy surface revealed by EPMA X-ray maps (Fig. 5.89) confirms 

the excessive reaction of the alloy at 900°C. It is also revealed by the X-ray map for Cr 

(Fig. 5.89b) that Cr does not form a uniform, compact and protective scale. The SEM 

micrograph (Fig. 5.63) for alloy D shows the coarse grained porous structure of the scale 

surface hence spalling might have taken place which caused the reduction in wt. gain 
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value. After 6 cycles the reduction in wt. gain value started and continued linearly upto 12 

cycles so as to possess a wt. loss of 6.8 mg/cm2. As the time progresses the thickness of 

the oxide layer increased to such an extent that stresses developed in the oxide scale. 

Since the oxide is quite brittle, the scale cracks and causes fissures that act as channels 

from the oxide/salt interface to the metal/oxide interface(84). Thus fresh metal surface gets 

exposed to oxygen available from the molten salt mixture coating. As a result corrosion 

rate increases suddenly showing a linear behaviour. This is called breakaway 

corrosion(84). Spalling was actually observed during the experiment. The formation and 

volatalization of some compounds like Na2CrO4, and Mo03  during the period might also 

have contributed to the wt. loss of the specimen(46). 

The process of continuous formation and dissolution of oxides continued(3)  and 

then as the time progresses the rate of oxide formation might be faster than its dissolution 

rate, so that Cr203  again formed a continuous protective layer. Therefore further corrosion 

became difficult and thus wt. loss remained constant during 12-24 cycles of the present 

test as shown in Fig. 5.9. Similar explanations have been reported by Hou and Stringer(89)  

in their cyclic oxidation test on Ni - 20 Cr alloy at 1100°C. Internal oxidation was also 

revealed by EPMA X-ray map (Fig. 5.89e-g) through the grain boundaries. A1203  and 

TiO2  were present at the grain boundaries. The formation of Ni(V03)2  can be assigned to 

reaction (viii). 

The mechanism of corrosion of alloy E at 900°C is similar to that for alloys A, B, 

C. The mechanism of corrosion is not complex as that of alloy D. The nature of the wt. 

gain-time plot for alloy E (Fig. 5.10) shows that after rapid increase in corrosion rate 

during the first two cycles, the wt. gain value increases slowly up to 6 cycles and then it 

remains constant. The elements Co, Ni, Cr, Fe,. W present in the alloy E oxidised during 

the corrosion process and later their spinel formation might have taken place to form 

FeWO4  and NiCr2O4. The phases NiO, Cr203, CoO, FeWO4  and NiCr2O4  were identified 

by XRD (Fig. 5.40). The scale is revealed as multilayered by EPMA X-ray maps (Fig. 

5.90). X-ray maps also indicate the presence of NiCr2O4  and CoO in the outer layer, 

below which is the layer of FeWO4, Co0 and Cr203  while the inner layer is mainly 

Cr203. Once the compact layer of Cr203  was formed, further corrosion was not possible 
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hence the wt. gain-time plot shows constant wt. gain region after 12 cycles. Due to the 

nature of wt. change plot and the ultimate wt. gain value (3.25 mg/cm2), the Co-base alloy 

E resisted Na2SO4  - 15% V205  attack even at 900°C during exposure for 24 cycles. The 

probable mechanism of corrosion is shown schematically in Fig. 6.2-6.3 for alloys A, D 

and E. 

6.3 HOT CORROSION STUDIES IN Na2SO4-60% V205  

The effect of 40% Na2SO4-60% V205  eutectic mixture coating on the hot 

corrosion behaviour of alloys A, B, C, D and E after exposure for 24 cycles at 700, 800 

and 900°C in air in laboratory tube-furnace was investigated and their results are 

discussed in this section. 

The influence of _an_ eutectic mixture (60% V205 - 40%NaSO4) coating on alloys 
A, B, C, D and E was moderate (2.25-11.6 mg/cm2) at 700 and 800°C but at 900°C the 

attack was moderate to severe (6.75-35.75 mg/cm2). The attack on alloys A and E was 

more severe and it can be said rather catastrophic (23.2 mg/cm2  wt. loss for alloy A and 

35.75 mg/cm2  wt. gain for alloy E)(48). The wt. change-time plots for these alloys show 

that the temperature of corrosion has a significant effect on the wt. gain values. The total 

wt. gain value for alloy A after 24 cycle exposure at 700°C (11.4 mg/cm2) increases only 
to 11.6 mg/cm2  at 800°C and about 2.03 times at 900°C. For alloy B, the total weight gain 
value at 700°C (2.55 mg/cm2) increases 2.0 times at 800°C and 2.64 times at 900°C. The 
total wt. gain value (2.25 mg/cm2) at 700°C for alloy C increases to 2.85 mg/cm2  at 800°C 
while it increases 5.13 times at 900°C. The total wt. gain value for alloy D at 700°C (2.45 
mg/cm2) increases 2.5 times at 800°C whereas it increases 4.89 times at 900°C. The total 
wt. gain value for alloy E at 700°C (4.9 mg/cm2) increases 1.67 times at 800°C, while it 
increases 7.29 times at 900°C after similar exposure. The overall ranking for these alloys 

on the basis of wt. change, the extent of corrosion follows the sequence : 

900°C > 800°C > 700°C 

The total wt. gain values after exposure for. 24 cycles at 700, 800 and 900°C in 
Na2SO4-60% V205  environment for alloy A are 39.31, 33.14 and 44.6 times more than 

their corresponding values in Na2SO4  at 700, 800 and 900°C respectively. For alloy 13, the 
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total wt. gain values under similar condition are higher by 17.0, 20.4 and 25.0 times of 

their corresponding values at 700, 800 and 900°C respectively in pure Na2SO4  

environment. For alloy C, the total wt. gain values, obtained after similar exposure are 

higher by 10.71, 8.90 and 24.57 times of their corresponding values at 700, 800 and 

900°C respectively in pure Na2SO4. The increase in total wt. gain values for alloy D in 

Na2SO4-60% V205  exposure are 11.13, 17.57 and 32.43 times of their corresponding 

values at 700, 800 and 900°C respectively in pure Na2SO4. For alloy E, the total wt, gain 

values increase 20.41, 28.27 and 85.11 times of their corresponding values at 700, 800 

and 900°C respectively in pure Na2SO4. The total wt. change values for these alloys are 

much higher than their corresponding values in Na2SO4-15%V205  as well. On 

comparison of the observed wt. gain values for these alloys in pure Na2SO4, Na2SO4-15% 

V,05  and Na2SO4-60% V205  environments, it can be inferred that the eutectic 

composition of the salt mixtures (60% V205-40% Na2SO4) is most corrosive of all the 

three environments. The hot corrosion rates follow the sequence : 

700°C --> alloy A > alloy E > alloy B > alloy D > alloy C 

800°C -4 alloy A > alloy E > alloy D > alloy B > alloy C 

900°C —* alloy E > alloy A > alloy D > alloy C > alloy B 

This may be attributed to the high fluidity of the molten salt mixture which allows 

intimate contact with the alloy surface. 

The nature of the wt. change vs time plots for alloys A, B, C, D and E obtained 

after exposure at 700 and 800°C are similar showing a rapid increase in the corrosion rate 

during the first two cycles and then marginal rate of wt. gain. This observation suggests 

that these alloys must have behaved similarly at 700 and 800°C. But the nature of curve 

differs greatly from alloy to alloy at 900°C. In case of alloy B after an increase in wt. gain 

values upto 4 cycles, the wt. gain value decreases slowly. For alloys C and D, the nature 

of the curve is nearly similar, i.e., after rapid increase during first two cycles there is a 

slower rate of increase in wt. gain values. The nature of the curve for alloy E at 900°C 

shows a rapid rate of increase in wt. gain values upto about fifteen cycles and then the 

corrosion process nearly stops and thus the wt. gain value remains constant during the 

remaining nine cycles. 
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The nature of the curve for alloy A at 900°C is dramatic. Similar nature of curve 

was observed by Hou and Stringer(89). There is an increase in the wt. gain values upto 6 

cycles thereafter the wt. gain value continuously decreases. After about 14 cycle 

exposure, the wt. gain value becomes negligible and then for the remaining cycles, there 

is a rapid rate of wt. loss in the specimen. It is observed that the nature of curves for these 

alloys (Fig. 5.11-5.15) even at 900°C are similar in the early stages of corrosion (rapid 

rate) hence they must have behaved similarly in this period (two cycles). In the later 

stages the corrosion behaviour of these alloys differs a lot. The observed good corrosion 

resistance of alloys A, B, C, D and E at 700 and 800°C and of alloys B, C and D even at 

900°C may be due to the formation of a thick and continuous protective Cr2O3 layer on 

the alloy surfaces as observed by X-ray maps for Cr in these alloys (Fig. 5.91-5.95)(5i). 

The average scale thickness values measured by EPMA BSEI for alloys A,B C,D, 

and E show that the maximum value 96.6 micron is for alloy E and minimum value 45.0 

micron is for alloy B. The thickness values are 3.67, 6.0, 8.33, 6.75 and 12.07 times 

higher than their corresponding values in pure Na2SO4  environment for alloys A, B, C,D 

and E respectively. This observation further confirms that 60% V205  addition to Na2SO4  

makes the environment extremely corrosive leading to the formation of thicker scales. 

The possible mechanism for the corrosion of these alloys in Na2SO4-60% V205  at 

700, 800 and 900°C for 24 cycle exposure in air can be explained as follows: 

When salt mixture coated specimen of alloy A was heated for hot corrosion 

studies, then at about 500°C the salt mixture might have melted because of its eutectic 

temperature as shown in Na2SO4-V205  equilibrium diagram (Fig. 2.7)(58). The mixture 

has high fluidity at the test temperatures 700, 800 and 900°C leading to high reactivity. 

Then the salt mixtures might have reacted toget.her to form a liquid NaVO3  (m.p. 610°C) 

as observed by Kolta et. a1.(66)  

Na2SO4  + V205  = NaVO3  (1) + SO2  + 1/2 02 	 (i) 
This NaVO3  formation might have created oxidising atmosphere so as to cause 

oxidation of Cr which has higher affinity for oxygen as compared to other elements and 

also Cr2O3  is much more thermodynamically stable). 

2Cr + 3/202  = Cr2O3  
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For alloy A, the rapid rate of corrosion during the early stages (two cycles) at 700, 

800 and 900°C may be due to the Cr203  formation which is facilitated by availability of 

more oxygen and better contact between highly fluid salt mixture and the alloy surface. 

The observed slower rate of increase in wt. gain values after two cycles at 700 and 800°C 

may be attributed to change in fluidity of salt mixture and its better coverage of the 

surface by Cr203  scale. 

At 900°C the wt. gain values for alloy A started to decrease after 6 cycles and then 

even the wt. loss occurred as shown in wt. change -time plot for alloy A (Fig. 5.11). This 

may be attributed to the inability of Cr to form a continuous protective scale on alloy 

surface to resist oxide ion diffusion towards metal which is clearly revealed by X-ray map 

for Cr (Fig. 5.91b)(68). Kolta et. al.(66)  have observed that NaV03  acted as a catalyst for 

oxidation and served as a oxygen carrier to the metal(66). Otero et. al.(58)  have also 

reported similar observation after their studies on IN 657 in molten salts (60% V205-40% 

Na2SO4) and they have mentioned certain causes for the increase in corrosion attack, such 

as 

(i) Molten salts act as the oxygen carriers. This process helped both diffusion 

and transport phenomena. 

(ii) Protective scale is destroyed and/or eliminated by molten salts, therefore 

metal surface is exposed to direct action of aggressive environment. 

(iii) Molten salts provide rapid diffusion paths for the reactant species. 

Cracking of the scale, consisting of coarse grained heterogeneous mixture of 

oxides and spinels, has been observed as shown by the BSE image of EPMA (Fig. 5.91) 

and it extended even upto the alloy surface so that fresh alloy surface was exposed to the 

direct action of aggressive environment. Radhakrishnan et. al(84)  have also explained the 

high rate of oxidation that as the time progressed the thickness of the oxide layer 

increased to such an extent that stresses developed in the oxide scale. Since the oxide 

scale was quite brittle the scale cracked and caused fissures that acted as channels from 

the oxide/salt interface to the metal/oxide interface. Thus fresh metal got exposed to 

oxygen available from the molten salt mixture coating. As a result corrosion rate 

increased suddenly showing a linear behaviour. This they called breakaway corrosion(84). 
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Spalling was actually visually observed during experimentation. Spalling as well as 

formation and volatilization of certain compounds (such as Na2CrO4, NaVO3, V205) 

might have caused the continuous reduction in wt. gain values leading to the total wt. loss 

of 23.2 mg/cm2. 

Fe being the base metal and Ni are present in high concentrations in alloy A and 

they might have formed their respective oxides(90)  according to reactions (iii) and (iv) of 

sec. 6.2. The presence of the oxides of Fe, Ni and Cr is revealed by the EPMA X ray maps 

Wig. 5.91) in the outer layer of scale. Continuous dissolution of Cr203  in the NaVO3  

could not form a protective coating as revealed by the Cr distribution in X-ray maps (Fig. 

5.91b) and therefore corrosion process continued up to the last. 

Fluxing of Cr203  with NaVO3  might have followed the mechanism recommended 

by Seiersten and Kofstad(3)  that simultaneous growth of oxides and their dissolution in 

molten salt occurs as 

Cr203  + 4NaVO3  (1) = 2Na2CrO4  (1) + V205 + 02 
	 (iii) 

Swaminathan eta1.(87)  have also recommended this reaction. Later Na2CrO4  might 

have evaporated as pointed out by Fryburg et.al. (46)  as : 

Na2CrO4(1) = Na2Cr04  (g) 	 (iv) 

Later FeO might also have been fluxed 

2NaVO3  + FeO FeV2O4  + Na20 + 02 	 (v) 

The presence of FeV2O4  has been identified by XRD (Fig. 5.41). The spinel 

formation might have taken place as mentioned in sec. 6.2. The presence of (Cr,Fe)203  

was also identified by XRD (Fig. 5.41). Similar phases were identified by Malik et. ai.(31)  
also in their studies on 18:8 stainless steel in Na2SO4-NaVO3  environment at 850 and 
1000°C. The presence of these elements in the scale has been indicated by the EDAX 

analysis (Tab. 5.29) of the corroded specimen of alloy A. The coarse grained structure of 

the outer layer is quite visible in the SEM micrograph (Fig. 5.66). Some internal oxidation 

was also revealed by X-ray maps (Fig. 5.91) consisting of NiO at the grain boundaries of 

the substrate. 

Nickel-base superalloys B,C and D might also have behaved similarly as alloy A 

in the eutectic mixture environment at 700 and 800°C due to the presence of similar 
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elements Fe, Ni and Cr in high concentrations. Hence the corrosion mechanism for alloy 

A can be extended for these alloys also. The nature of wt. change-time plots is also 

similar for these alloys (Fig. 5.11-5.14). For alloy B, after two cycles the wt. gain value 

decreases which may be attributed to the formation of a thick protective Cr203  scale on 

the alloy surface at 900°C. A duplex nature of the scale is revealed by BSEI (Fig. 5.92). 

The presence of coarse grained structure on the scale surface is observed by SEM (Fig. 

5.68). XRD identified the presence of the oxides Cr203, Ni0 and the spinels Ni(V03)2, 

(Cr,Fe)203  and NiCr204  as the prominent phases (Fig. 5.42). The EPMA X-ray maps 

(Fig. 5.92) revealed the presence of these phases in the outer scale, while the inner layer 

was mainly Cr203. The EDAX analysis indicates the presence of these elements in the 

scale of alloy B (Tab. 5.30). No internal oxidation or sulphidation was observed in X-ray 

maps by EPMA (Fig. 5.92). 

The wt.gain-time plot for alloy C (Fig. 5.13) shows a very minor increase in 

wt.gain after two cycles which may be due to the protective scale formed on the surface of 

alloy as revealed by EPMA X-ray map for Cr (Fig. 5.93b). The SEM micrograph (Fig. 

5.70) shows a crystalline structure at the surface of scale of alloy C. A thick protective 

inner layer of Cr203  is clearly visible in EPMA X-ray map for Cr of alloy C (Fig. 5.93b). 

The outer layer consists mainly of the mixture of oxides Cr203, Ni0 and the spinels 

NaV03, Ni(V03)2, FeV204, NiCr204  and (Cr,Fe)203, as revealed by X-ray maps of alloy 

C for these elements (Fig. 5.93). The XRD (Fig. 5.43) identified the presence of these 

phases. The mechanism of formation of these phases are similar to that explained for 

alloy A in this section and in section 6.2. Similar phases were identified by Malik et.al. 

09) and Swaminathan et.al. (8)  in their studies on Nickel -base alloys. Ni(V03)2  formation 

might have taken place (87)  as below 

2 NaV03  + Ni0 —› Ni (V03)2  + Na20 	 (vi) 

In case of alloy D, the nature of the plot for wt. gain vs time at 700 and 800°C 

shows that after two cycles the wt. gain value decreases at 700°C while it increases very 

slowly at 800°C. This may be attributed to the formation of a protective Cr203  layer 

leading to reduction of corrosion rate. But at 900°C, due to high fluidity of the salt 

mixture, the corrosion rate gradually increased till end of the test. The corrosion 
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mechanism must have followed as suggested by Seiersten and Kofstad(3)  that 

simultaneous growth of oxides and their dissolution in molten salts, as shown in reactions 

(iii), (v) and (vi) of this section, occurs. Cr did not form a dense and continuous scale as 

revealed by EPMA (Fig. 5.94) hence corrosion reactions continued and the wt. gain value 

increased upto the last cycle at 900°C. The main compounds formed on the alloy surface 

and their presence in the scale were identified by XRD (Fig. 5.44) as NiO, Ni(V03)2, 

NiCr2O4  and FeV2O4. The elemental distribution in EPMA X-ray maps (Fig. 5.94) 

reveals the presence of these compounds. The presence of the elements are confirmed by 

the I MAX analysis (Tab. 5.32). Bornstein and DeCrescente(68)  have also reported the 

formation of similar compounds in their studies on Ni-base alloys in V205  environment. 

No internal oxidation was observed by EPMA (Fig. 5.94). 

In case of alloy E due to the formation of Cr2O3  the corrosion proceeded at a fast 

rate at 700, 800 and 900°C and as soon as the scale became protective the rate of reaction 

decreased and minor wt. gain rate was observed at 700 and 800°C. But at 900°C, the 

reaction proceeded at a faster rate upto 15 cycles (Fig. 5.15), which suggests that the high 

fluidity of the salt mixture might have caused rapid formation and dissolution of oxides in 

molten salt mixture(3). The protective layer of scale could not be formed during this 

period due to higher rate of dissolution than its formation(3). Later higher rate of chromia 

formation than the dissolution rate might have caused to form a protective layer due to 

which the corrosion process nearly stopped and wt. gain value remained constant upto the 

last cycle as shown in wt. change-time plot (Fig. 5.15). The XRD (Fig. 5.45) identified 

the oxides of the elements present in the Co-base alloy D such as Cr2O3, Co203, WO3  and 

CoV3  which later formed the spinels Co3V2O8, (Cr,Fe)203  and NiCr2O4. These oxides and 

spinels are distributed throughout the scale which is clearly revealed by the 13SEI and the 

X-ray maps (Fig. 5.95). The presence of the elements is confirmed by the EDAX analysis 

(Tab. 5.33) also. The formation of thicker scale on the alloy surface is revealed by the 

EPMA (Fig. 5.95) suggesting that excessive corrosion of the alloy has occurred. The 

probable corrosion mechanism of alloy A, D and E is explained with the help of a 

schematic diagram (Fig. 6.4a-c). 
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6.4 HOT CORROSION STUDIES IN COMBUSTION GASES 

The alloys A, B, C, D and E were coated with pure Na2SO4, Na2SO4-15%V205  

and Na2SO4-60%V205  to the extent of 4.0-5.0 mg/cm2  and then were subjected to hot 

corrosion in combustion gas environment of a boiler of Power Plant of Bhilai Steel Plant 

(India) for 6 cycles (cycle of 24h heating and lh cooling) at 1100°C. The results of these 

hot corrosion tests are discussed in this section. 

The hot corrosion studies in the actual boiler environment were very tedious as the 

samples had to be hanged at a height of 24 metres from the ground floor. This might have 

led to some change in coating thickness. Flyash deposit was also observed on the coated 

exposed specimens which was to be removed periodically. The role of high velocity 

combustion gas striking the exposed specimen has to be considered. 

From the visual observations made on corroded spccimens of alloy A, 13, C, D and 

E after exposure for 6 cycles at 1100°C in combustion gas, it is evident that these alloys 

did not suffer severe corrosion. Lot of claye flyash deposits was observed on the surfaces 

of specimens during exposure which was removed very carefully with the help of a camel 

hair brush after each cycle before weighing. Precaution was taken that the scale should 

not be detached with flyash. The scales were, in general, dark grey in colour and adherent 

as shown by the macrographs of the corroded specimens (Fig. 5.26-5.30). 

6.4.1 Hot Corrosion Studies of Alloy A (Superfer 800H) in Combustion Gases 

The total wt. gain values shown for alloy A after exposure for 6 cycles in the 

combustion gas with coatings of pure Na2SO4, Na2SO4-15%V205, Na2SO4-60%V205  are 

1.25, 2.9 and 4.5 mg/cm2  respectively. It is observed that the wt. gain values increase 

significantly with increase in V205  content. The corrosion rate follows the sequence (with 

decreasing rate): 

Na2SO4  - 60% V205  > Na2SO4  - 15% V205  > Na2SO4  

Similar observation were made in the laboratory tests as well. From the weight 

gain values it is quite obvious that the extent of corrosion even in the aggressive 

environment is moderate, which suggests that the alloy A is highly corrosion resistant in 

c.g. environment as well. The wt. change plots for alloy A (Fig 5.16) shows that the time 
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or exposure has a significant effect on the corrosion reaction. The alloy obeys a parabolic 

rate law. The parabolic plots for the alloy A in Na2SO4, Na2SO4-15%V205 and Na2SO4-

60%V205  show clearly two linear regions: an initial region of higher parabolic rate 

constant and a second region with a lower parabolic rate constant. Such a change occurs 

when the contributing factors get altered with time). The parabolic rate constants are 

given in Table 5.2. 

The rapid rate of weight gain value during the first cycle is followed by a slower 

rate of wt. gain during the remaining cycles of test. The rapid rate of wt. gain may be due 

to the formation of a chromia scale on the surface of the alloy in the initial stage and when 

the scale becomes thicker, it acts as a barrier to the diffusion of corrosive species towards 

the alloy surface leading to the decreasing rate of corrosion as already explained in sec 

6.1-6.3. 

Visual examination of the exposed samples showed the presence of liquid on the 

surface as the salt mixture was in molten state at 1100°C. The grey coloured scale 

indicated the presence of iron oxide in the top scale. The SEM micrograph of the scale 

surface (Fig 5.67) obtained after 6 cycle exposure at 1100°C, with pure Na2SO4, Na2SO4-

15%V205  and Na2SO4-60%V205  coatings reveals the presence of a porous structure 

containing white and dark phases. The EDAX analysis at the areas 7 and 8 on SEM 

micrograph are indicated in Table 5.29. The bright region (7) is rich in Cr and Ni, 

whereas the dark area (8) is rich in Fe, Cr, Ni and Ti as indicated by EDAX (Tab 5.29, 

Fig 5.67a). 

The corrosion products identified by XRD analysis (Table 5.19, Fig 5.46) on the 

scale surface of alloy A with Na2SO4  coating are the oxides of Cr, Fe, Ti, Ni and Al, 

whereas with Na2SO4-15%V205  and Na2SO4-60%V205  coatings in addition to these 

oxides, spinets NiCr2O4  and FeV2O4  are also identified as the main phases. Formation of 

these compounds might have occurred in accordance with the commonly accepted fluxing 

mechanism for vanadic attack(91)  as already explained in section 6.1-6.3. EDAX analysis 

(Table 5.29) indicates the presence of these elements. The molten salt/ salt mixture acts as 

a short circuit diffusion path(8)  for Fe, Cr, Ni, Ti, Al and V ions ensuring accelerated 

oxidation attack reflected in the form of a rapid wt. gain in the initial hours. When solid 
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vanadates of Fe forms, the corrosion rate decreases because it acts as a diffusion barrier(8)  

blocking the 'short circuit paths for the diffusing Fe, Ni and Cr ions. Further as the melt 

becomes concentrated with Ni, Cr, Fe ions, diffusion of oxygen ions gets affected and 

consequently the rate of corrosion falls with time hence the wt. gain gets slowed down 

with tirne(8). The attack of Na2SO4-V205  is more important in the initial hours and as the 

grains coarsen the short circuit path area available at the grain boundaries decreases(9 . 

The BSEI and X-ray maps (Fig 5.96) reveals the duplex nature of the scale. The 

average thickness value of the scale was 18.5 micron. The top layer consists mainly of 

Fe203  in which some A1203, TiO2  and Ni0 have also been incorporated. The inner layer 

is rich in Cr203  but some oxides of Al and Ti are also evident (Fig 5.96). Cr203  layer may 

not be completely protective due to the presence of some other phases hence oxygen ions 

have penetrated into the alloy substrate through the grain boundaries so as to cause 

internal oxidation of Al and Ti (Fig 5.96). The dissolution of the scale in the liquid salt 

may contribute to maintain high reaction rates by keeping the thickness of the inner layer 

relatively thin and producing a porous external scale(28). Precipitation of the solid particles 

in the liquid forms a porous nonprotective outer scale(28). As alloy A has shown good 

corrosion resistance against Na2SO4-60%V205  coating its probable mechanism of 

corrosion has been shown schematically (Fig 6.5a). 

6.4.2 Hot Corrosion Studies of Alloy B (Superni 75) in Combustion Gases 

From the visual observations made on the corroded specimens of Ni-base 

superalloy B after exposure for 6 cycles at 1100°C with Na2SO4, Na2SO4  - 15% V205  and 

Na2SO4  - 60% V205  coatings in c.g. atmosphere, it is evident that this alloy also did not 

suffer severe corrosion. The scale was grey coloured and adherent as shown in visual 

photographs (Fig 5.27) which indicates the presence of various oxides. The nature of the 

wt. gain-time plots for alloy B with Na2SO4, Na2SO4  15% V205  and Na2SO4  - 60% 

V205  coatings are similar which suggests that the corrosion mechanism of this alloy with 

these coatings must also be similar. The wt. change plots show that the time of exposure 

has significant effect on the corrosion rate. There is a rapid rate of reaction during the first 

two cycles and then the wt. gain rate decreases. The effect of V205  addition to Na2SO4  is 
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the spinel formation might have occurred as described in sec. 6.1-6.3 by fluxing 

mechanism and hence the phases Ni(V03)2  and FeV2O4  were also detected. Similar 

fluxing mechanism of corrosion has also been reported by Germundo et. al. 92)  in their 

studies on Ni3A1 compound with Na2SO4-NaCI coating in c.g. environment at 600-800°C 

and they concluded that the molten NaVO3  formed was mainly responsible for the hot 

corrosion. No spinel formation was observed in the Na2SO4  and Na2SO4-60%V205  coated 

specimens. Some internal oxidation along the grain boundaries was also observed by 

EPMA X-ray maps (Fig 5.98e). The X-ray maps of alloy C (Fig 5.98) reveal that the thick 

top layer is mainly of Fe203  and the inner layer is mainly that of Cr203. Other elements 

are incorporated in traces in both layers. The Cr203  layer is not uniform and dense as 

revealed by X ray map Fig 5.98b. The plane surface of the alloy revealed by X ray maps 

(Fig 5.98) suggests that the extent of corrosion was very less. 

6.4.4 Hot Corrosion Studies of Alloy D (Superni 718) in Combustion Gases 

Visual observation of the exposed specimen of Ni-base superalloy D with Na2SO4, 

Na2SO4-15% V205  and Na2SO4  - 60% V205  coatings for .6 cycles in c.g. environment of a 

boiler shows that this alloy also did not suffer severe corrosion. The colour of the scale 

was greyish black with some flyash particles sticking to it even after careful cleaning with 

a camel hair brush. The nature of the wt. gain-time plots (Fig. 5.19) for Na2SO4, Na2SO4-

15%V205  and Na2SO4-60% V205  coated specimens of alloy D is similar, suggesting that 

the behaviour of this alloy against these coatings might be similar. The wt. change plots 

(Fig 5.19) also show that the time of exposure has also a significant effect on the 

corrosion behaviour of the alloy. There is a rapid rate of corrosion during the first two 

cycles and then the rate decreases. The effect of V205  addition to Na2SO4  is also clearly 

visible in these plots (Fig 5.19) from the wt. gain values. The total wt. gain value 1.25 

mg/cm2  for Na2SO4  coated specimen is 2.24 and 4.32 times higher for Na2SO4  - 15% 

V205  and Na2SO4  - 60% V205  coated specimens respectively. This observation again 

confirms that the corrosion rate for this alloy follows the sequence : 

Na2SO4  - 60% V205  > Na2SO4  - 15% V205  > Na2SO4  
This observation is similar to that observed for other alloys in industrial 

environment as well as in laboratory tests. 
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The rapid rate of corrosion during the first two cycles may be due to the Cr203  

formation and the reduced rate of corrosion during the later cycles may be attributed to 

the protective nature of the Cr203  sub-scale. The mechanism of corrosion reactions 

observed during laboratory tests for these coatings may be extended for the industrial 

conditions due to the presence of similar compounds in the scale(92). 

The SEM micrographs (Fig 5.73) of specimens of alloy D with different coatings 

of salt mixture after exposure for 6 cycles at 1100°C in c.g. show that the scale consists of 

a homogeneous mixture of coarse and fine grains. The XRD analysis (Tab 5.22, Fig 5.49) 

identified the presence of Fe203, Cr203, NiO, TiO2  and CrS as the main phases in the 

scale of Na2SO4  coated specimen. Cr203, a-Fe203, NiO, Ti02, A1203  and Ni(V03)2  were 

detected in the scale of Na2SO4-15%V205  coated specimens, while Cr203, NiO, a-Fe203  

and TiO2  were identified in the scale of Na2SO4-60%V205  coated specimens. The 

mechanism of formation of the oxides and the spinels has already been mentioned in 

sec. 6.1-6.3 of this chapter. Deep internal oxidation at the grain boundaries is clearly 

revealed by the EPMA X-ray maps (Fig 5.99). These X-ray maps reveal a plain and 

regular alloy surface after exposure which suggests that the alloy has good corrosion' 

resistance against the Na2SO4-V205  in c.g. environment which may be attributed to the 

formation of a thick, uniform compact protective layer of Cr203  (Fig 5.99). 

6.4.5 Hot Corrosion Studies of Alloy E (Superco 605) in Combustion Gases 

Visual observation of the exposed specimens of Co-base superalloy E with 

Na2SO4, Na2SO4-15%V205  and Na2SO4-60%V205  coatings in c.g. for 6 cycles at 1100°C 

shows that the alloy did not suffer severe corrosion and thus has a good corrosion 

resistance against the corrosion test environment. The colour of the scale was greyish and 

some flyash particles were also sticking to the alloy surface. The nature of the wt. gain-

time plots (Fig 5.20) for Na2SO4, Na2SO4-15% V205  and Na2SO4-60% V205  coated 

specimens of alloy E is similar which suggests that the alloy has behaved very similarly in 

these environments. The kinetic plots also show that the time of exposure has a significant 

effect on the corrosion rate. There is a rapid rate of corrosion during the first two cycles 

and the rate then decreases. The effect of V205  addition to Na2SO4  is clearly visible in 
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these plots (Fig 5.20) and can be quantitatively indicated by the total wt. gain values 

obtained after exposure for 6 cycles. The total wt. gain value 1.15 mg/cm2 for Na2SO4  

coated specimen is higher by 2.39 and 4.13 times for Na2SO4-15%V205  and Na2SO4  - 

60% V205  coated specimens respectively. This observation again confirms the corrosion 

rate for this alloy taking place in the order : 

Na2SO4  - 60% V205  > Na2SO4  - 15% V205  > Na2SO4  

The rapid rate of corrosion during the first two cycles may be due to the Cr203  

formation and the reduced rate of corrosion during the remaining cycles may be attributed 

to Cr203  layer becoming compact, thus protecting the alloy surface from interacting with 

corrosive environment. The mechanism of corrosion reactions, occurring by common 

fluxing of the oxide scale into the molten salt, has already been discussed in sec 6.1-6.3. 

SEM micrographs of the scales of alloy E (Fig 5.75) shows that it consists of coarse 

grained porous structure on their surfaces, while fine particles are also embedded In the 

structure. The scale consists of oxides of Cr, Fe, Co and W with Na2SO4  coating as 

identified by XRD analysis (Tab 5.23, Fig 5.50). XRD identified, in addition to these 

oxides, the presence of spinels Co3V208  and NiCr204  with Na2SO4-15%V205  and 

Na2SO4-60%V205  coated specimens. No oxidation/ sulphidation was observed by EPMA 

(Fig 5.100). The EPMA X ray maps (Fig 5.100) with Na2SO4-60% V205  coating reveal 

the presence and distribution of these elements in the scale and the substrate. The inner 

thin and uniform layer is of Cr203  while the outer layer consists mainly of Fe203 in which 

some oxides of Co, Ni and V are also incorporated. Spinels NiCr204  and Co3V208  are 

also present in the outer scale. The presence of the elements forming oxides and spinels is 

confirmed by the EDAX analysis (Tab 5.33) at areas 7 and 8. 

Although the weight gains values of these alloys are comparable, the ranking of 

the alloy A, B, C, D and E on the basis of weight gain under different salt/ salt mixture, in 

c.g. is as follows : 

(1) Na2SO4  --> alloy A > Alloy D > alloy C > alloy B > alloy E 

(2) Na2SO4  --> 15% V205  alloy A > Alloy D > alloy E > alloy C > alloy B 

(3) Na2SO4  - 60% V205  - alloy D > alloy C > alloy B > alloy E > alloy A 
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vanadates of Fe forms, the corrosion rate decreases because it acts as a diffusion barrier(8)  

blocking the short circuit paths for the diffusing Fe, Ni and Cr ions. Further as the melt 

becomes concentrated with Ni, Cr, Fe ions, diffusion of oxygen ions gets affected and 

consequently the rate of corrosion falls with time hence the wt. gain gets slowed down 

with titnet8). The attack of Na2SO4-V205  is more important in the initial hours and as the 

grains coarsen the short circuit path area available at the grain boundaries decreases(9 . 

The BSEI and X-ray maps (Fig 5.96) reveals the duplex nature of the scale. The 

average thickness value of the scale was 18.5 micron. The top layer consists mainly of 

Fe203  in which some A1203, TiO2  and Ni0 have also been incorporated. The inner layer 

is rich in Cr203  but some oxides of Al and Ti are also evident (Fig 5.96). Cr203  layer may 

not be completely protective due to the presence of some other phases hence oxygen ions 

have penetrated into the alloy substrate through the grain boundaries so as to cause 

internal oxidation of Al and Ti (Fig 5.96). The dissolution of the scale in the liquid salt 

may contribute to maintain high reaction rates by keeping the thickness of the inner layer 

relatively thin and producing a porous external scale(28). Precipitation of the solid particles 

In the liquid forms a porous nonprotective outer scale(28). As alloy A has shown good 

corrosion resistance against Na2SO4-60%V205  coating its probable mechanism of 

corrosion has been shown schematically (Fig 6.5a). 

6.4.2 Hot Corrosion Studies of Alloy B (Superni 75) in Combustion Gases 

From the visual observations made on the corroded specimens of Ni-base 

superalloy B after exposure for 6 cycles at 1100°C with Na2SO4, Na2SO4  - 15% V205  and 

Na2SO4  - 60% V205  coatings in e.g. atmosphere, it is evident that this alloy also did not 

suffer severe corrosion. The scale was grey coloured and adherent as shown in visual 

photographs (Fig 5.27) which indicates the presence of various oxides. The nature of the 

wt. gain-time plots for alloy B with Na2SO4, Na2SO4  - 15% V205  and Na2SO4  -. 60% 

V205  coatings are similar which suggests that the corrosion mechanism of this alloy with 

these coatings must also be similar. The wt. change plots show that the time of exposure 

has significant effect on the corrosion rate. There is a rapid rate of reaction during the first 

two cycles and then the wt. gain rate decreases. The effect of V205  addition to Na2SO4  is 
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clearly visible from the wt. change plots (Fig 5.17) and can be quantitatively understood 

by the total wt. gain 'values obtained after exposure of 6 cycles. The wt. gain value 0.9 

mg/cm2  with Na2SO4  coating is higher by 2.55 and 5.66 times in Na2SO4  - 15% V205  and 

Na2SO4  - 60% V205  respectively. This observation suggests that the corrosion rate 

follows the sequence : 

Na2SO4-60% V205 Na2SO4-15% V205 Na2SO4 

Same sequence was observed during the laboratory tests also. The rapid rate of 

corrosion during the first two cycles might be due to Cr203 scale formation and the 

reduction in wt. gain after two cycles may be due to the protective nature of the Cr203  

layer on the alloy surface. The mechanism of corrosion reactions has already been dealt in 

sec 6.1-6.3 of this chapter by which the oxides of the elements are formed. 

The SEM micrograph of the scale of alloy B (Fig 5.69) shows a mixture of fine to 

coarse particles whose chemical composition by EDAX for the bright and the dark phases 

(areas 8 and 9) are shown in Table 5.30, XRD analysis (Tab. 5.20, Fig 5.47) identified the 

presence of Cr203, NiO, TiO2  and NiCr2O4  in the scale of Na2SO4  coated specimen, while 

additional phase of Fe2V2O4  was also identified in the scale of Na2SO4  - 15% V205  and 

Na2SO4  - 60% V205  coated specimens. The formation of spinels might have occurred in 

the similar way as already mentioned in sec 6.1-6.3. The EPMA X-ray maps (Fig 5.97) 

reveal the presence of FeV2O4  and NiCr2O4  in the top scale, while Cr203  and Fe203  are 

indicated in the lower portion. The BSEI (Fig. 5.97) of the alloy B reveals the alloy 

surface to be regular, which suggests that the lesser extent of corrosion of the alloy B in 

Na2SO4  - 60% V205, (the most aggressive environment) after 6 cycle exposure has 

occurred. Little internal oxidation has also been indicated by EI'MA (Fig. 5.97). This 

alloy has shown good corrosion resistance in the most aggressive environment (Na2SO4  -

60%V205  in c.g. of the furnace at 1100°C) which may be due to the formation of a thin 

compact and continuous protective scale on the alloy surface as revealed by X ray map 

(Fig 5.97b). The probable mechanism of corrosion for alloy B in Na2SO4-60%V205 is 

shown in schematic diagram Fig. 6.5b. 
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6.4.3 Hot Corrosion Studies of Alloy C (Superni 600) in Combustion Gases 

The visual observations of the corroded specimens of Ni-base superalloy C, after 

exposure for 6 cycles at 1100°C with Na2SO4, Na2SO4  - 15% V205  and Na2SO4  - 60% 

V205  coatings in c.g. environment of a boiler, shows that this alloy also did not suffer 

severe corrosion. It can be inferred that the alloy has good corrosion resistance against 

these environments. The colour of the scale was greyish black (Fig 5.28) with some flyash 

particles sticking to it even after careful cleaning it with hair brush. The nature of the wt. 

gain-time plots (Fig. 5.18) for Na2SO4, Na2SO4-15%V205 and Na2SO4-60%V205  coated 

specimens of alloy C is similar which suggests that the corrosion behaviour of the alloy 

with these coatings must also be similar. The wt. gain-time plots (Fig 5.18) also show that 

the time of exposure has a significant effect on .the corrosion rate. There is a rapid rate of 

corrosion during the first two cycles and then the reaction rate decreases. Similar 

observation has already been made in sec 6.1-6.3. The effect of V205  addition to Na2SO4  

is quite visible in these plots also that the total wt. gain value obtained after exposure for 6 

cycles is 1.05 mg/cm2  for Na2SO4  coated specimen which is 2.42 and 4.8 times higher for 

Na2SO4-15%V205  and Na2SO4-60%V205 coated specimens respectively. This 

observation again confirms that the extent of corrosion for this alloy follows the 

sequence: 

Na2SO4  - 60% V205  > Na2SO4  - 15% V205  > Na2SO4  

The rapid rate of corrosion during the first two cycles might be due to Cr203  and 

Fe203  formation and the reduced rate of corrosion in later cycles may be due to the 

formation of compact, adherent and protective nature of Cr203  scale with acts as a barrier 

for inward diffusion of corroding species towards alloy surface. The mechanism of 

corrosion reactions, occurring by common fluxing mechanism has already been dealt in 

sec. 6.1-6.3. SEM micrographs (Fig 5.71(a-c)) show a scale consisting of a mixture of 

coarse and fine grains of various shapes. The scale consists of oxides as detected by XRD 

analysis (Tab 5.21, Fig 5.48). Cr203, Fe203, Ni0 and CrS were identified as main phases 

with Na2SO4  coated specimen. The formation of CrS may be due to the lowering of 

oxygen activity(31). Sharma(86)  has also identified similar phases in his studies on Ni-base 

superalloys with Na2SO4  coating in c.g. environment. But with Na2SO4-15%V205  coating 
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the spinel formation might have occurred as described in sec. 6.1-6.3 by fluxing 

mechanism and hence the phases Ni(V03)2  and FeV204  were also detected. Similar 

fluxing mechanism of corrosion has also been reported by Germundo et. al.(92)  in their 

studies on Ni3A1 compound with Na2SO4-NaC1 coating in c.g. environment at 600-800°C 

and they concluded that the molten NaV03  formed was mainly responsible for the hot 

corrosion. No spinel formation was observed in the Na2SO4  and Na2SO4-60%V205  coated 

specimens. Some internal oxidation along the grain boundaries was also observed by 

EPMA X-ray maps (Fig 5.98e). The X-ray maps of alloy C (Fig 5.98) reveal that the thick 

top layer is mainly of Fe203  and the inner layer is mainly that of Cr203. Other elements 

are incorporated in traces in both layers. The Cr203  layer is not uniform and dense as 

revealed by X ray map Fig 5.98b. The plane surface of the alloy revealed by X ray maps 

(Fig 5.98) suggests that the extent of corrosion was very less. 

6.4.4 hot Corrosion Studies of Alloy D (Superni 718) in Combustion Gases 

Visual observation of the exposed specimen of Ni-base superalloy D with Na2SO4, 

Na2SO4-15% V205  and Na2SO4  - 60% V205  coatings for .6 cycles in c.g. environment of a 

boiler shows that this alloy also did not suffer severe corrosion. The colour of the scale 

was greyish black with some flyash particles sticking to it even after careful cleaning with 

a camel hair brush. The nature of the wt. gain-time plots (Fig. 5.19) for Na2SO4, Na2SO4-

15%V205  and Na2SO4-60% V205  coated specimens of alloy D is similar, suggesting that 

the behaviour of this alloy against these coatings might be similar. The wt. change plots 

(Fig 5.19) also show that the time of exposure has also a significant effect on the 

corrosion behaviour of the alloy. There is a rapid rate of corrosion during the first two 

cycles and then the rate decreases. The effect of V205  addition to Na2SO4  is also clearly 

visible in these plots (Fig 5.19) from the wt. gain values. The total wt. gain value 1.25 

mg/cm2  for Na2SO4  coated specimen is 2.24 and 4.32 times higher for Na2SO4  - 15% 

V205  and Na2SO4  - 60% V205  coated specimens respectively. This observation again 

confirms that the corrosion rate for this alloy follows the sequence : 

Na2SO4  - 60% V205  > Na2SO4  - 15% V205  > Na2SO4  
This observation is similar to that observed for other alloys in industrial 

environment as well as in laboratory tests. 
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The rapid rate of corrosion during the first two cycles may be due to the Cr203  

formation and the reduced rate of corrosion during the later cycles may be attributed to 

the protective nature of the Cr203  sub-scale. The mechanism of corrosion reactions 

observed during laboratory tests for these coatings may be extended for the industrial 

conditions due to the presence of similar compounds in the scale(92). 

The SEM micrographs (Fig 5.73) of specimens of alloy D with different coatings 

of salt mixture after exposure for 6 cycles at 1100°C in c.g. show that the scale consists of 

a homogeneous mixture of coarse and fine grains. The XRD analysis (Tab 5.22, Fig 5.49) 

identified the presence of Fe203, Cr203, NiO, TiO2  and CrS as the main phases in the 

scale of Na2SO4  coated specimen. Cr203, a-Fe203, NiO, Ti02, A1203  and Ni(V03)2  were 

detected in the scale of Na2SO4-15%V205  coated specimens, while Cr203, NiO, a-Fe203  

and TiO2  were identified in the scale of Na2SO4-60%V205  coated specimens. The 

mechanism of formation of the oxides and the spinels has already been mentioned in 

sec. 6.1-6.3 of this chapter. Deep internal oxidation at the grain boundaries is clearly 

revealed by the EPMA X-ray maps (Fig 5.99). These X-ray maps reveal a plain and 

regular alloy surface after exposure which suggests that the alloy has good corrosion 

resistance against the Na2SO4-V205  in c.g. environment which may be attributed to the 

formation of a thick, uniform compact protective layer of Cr203  (Fig 5.99). 

6.43 Hot Corrosion Studies of Alloy E (Superco 605) in Combustion Gases 

Visual observation of the exposed specimens of Co-base superalloy E with 

Na2SO4, Na2SO4-15%V205  and Na2SO4-60%V205  coatings in c.g. for 6 cycles at 1100°C 

shows that the alloy did not suffer severe corrosion and thus has a good corrosion 

resistance against the corrosion test environment. The colour of the scale was greyish and 

some flyash particles were also sticking to the alloy surface. The nature of the wt. gain-

time plots (Fig 5.20) for Na2SO4, Na2SO4-15% V205  and Na2SO4-60% V205  coated 

specimens of alloy E is similar which suggests that the alloy has behaved very similarly in 

these environments. The kinetic plots also show that the time of exposure has a significant 

effect on the corrosion rate. There is a rapid rate of corrosion during the first two cycles 

and the rate then decreases. The effect of V205  addition to Na2SO4  is clearly visible in 
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these plots (Fig 5.20) and can be quantitatively indicated by the total wt. gain values 

obtained after exposure for 6 cycles. The total wt. gain value 1.15 mg/cm2 for Na2SO4  

coated specimen is higher by 2.39 and 4.13 times for Na2SO4-15%V205  and Na2SO4  - 
60% V205  coated specimens respectively. This observation again confirms the corrosion 

rate for this alloy taking place in the order : 

Na2SO4  - 60% V205  > Na2SO4  - 15% V205  > Na2SO4  

The rapid rate of corrosion during the first two cycles may be due to the Cr203  

formation and the reduced rate of corrosion during the remaining cycles may be attributed 

to Cr203  layer becoming compact, thus protecting the alloy surface from interacting with 

corrosive environment. The mechanism of corrosion reactions, occurring by common 

fluXing of the oxide Stare into the molten salt, has already been discussed in sec 6,1-6.3. 

SEM micrographs of the scales of alloy E (Fig 5.75) shows that it consists of coarse 

grained porous structure on their surfaces, while fine particles are also embedded in the 

structure. The scale consists of oxides of Cr, Fe, Co and W with Na2SO4  coating as 

identified by XRD analysis (Tab 5.23, Fig 5.50). XRD identified, in addition to these 

oxides, the presence of spinels Co3V2O8  and NiCr2O4  with Na2SO4-15%V205  and 

Na2SO4-60%V205  coated specimens. No oxidation/ sulphidation was observed by EPMA 

(Fig 5.100). The EPMA X ray maps (Fig 5.100) with Na2SO4-60% V205  coating reveal 

the presence and distribution of these elements in the scale and the substrate. The inner 

thin and uniform layer is of Cr203  while the outer layer consists mainly of Fe203  in which 

some oxides of Co, Ni and V are also incorporated. Spinels NiCr2O4  and Co3V208  are 

also present in the outer scale. The presence of the elements forming oxides and spinels is 

confirmed by the EDAX analysis (Tab 5.33) at areas 7 and 8. 

Although the weight gains values of these alloys are comparable, the ranking of 

the alloy A, B, C, D and E on the basis of weight gain under different salt/ salt mixture, in 

c.g. is as follows : 

Na2SO4  alloy A > Alloy D > alloy C > alloy 13 > alloy E 

Na2SO4  ---> 15% V205  alloy A > Alloy D > alloy E > alloy C > alloy B 

Na2SO4  ----> 60% V205  - alloy D > alloy C > alloy B > alloy E > alloy A 
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The probable hot corrosion mechanism of alloy A has been shown schematically 

in Fig. 6.5. 

6.5 HOT CORROSION STUDIES IN Na2SO4  - 60% V205  + Mg0 

From the available literature on fuel additives, Mg0 was supposed to be quite 

effective and the cheapest additive to minimise corrosion of metals and alloys in vanadic 

environments. Hence some hot corrosion tests were also carried out on alloys A, B, C, D 

and E as a part of the present investigations, to investigate the effect of Mg0 addition on 

the most severe salt environment of Na2SO4-60%V205  at 900°C for 24 cycles. The 

amount of Mg0 addition was in the ratio of 3 Mg0 : 1 V205. The results of this 

investigation are discussed in this section. 

6.5.1 Effect of MgO Addition on Hot Corrosion of Alloy A (Superfer 800H) 

The wt. change plots for alloy A (Fig 5.21) after exposure for 24 cycles at 900°C 

with Na2SO4  - 60% V205  + MgO coating shows a rapid rate of wt. gain during the first 

two cycles and then a reduction in wt. gain rate. The rapid rate of corrosion in the early 

stage obeys a linear law which allows the formation of a thin, thermodynamically stable 

Cr203  layer of scale. When Cr203  layer becomes compact and protective, the direct 

Interaction between metal and the salt mixture becOmes difficult and hence the corrosion 

rate decreases. When a comparison is made between the total wt. gain values obtained 

with and without Mg0 addition, it was observed after 24 cycles that it decreased from 

23.2 to 2.2 mg/cm2  with Mg0 addition. The thickness value of the scale also reduced 

from 62.5 to 33.3 micron with Mg0 addition. Thus it can be inferred that Mg0 addition 

has very beneficial effect in reducing the aggressiveness of the environment. 

The possible mechanism of corrosion with Mg0 addition can be explained as 

follows: 

As suggested by Hancock et. al.(77)  when the coated specimen was heated to 

900°C, Na2SO4  dissociation into Na20 and SO3  might have occurred: 

Na2SO4  ---> Na20 + SO3  (g) 
	

(i) 
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When sufficient SO3  is generated by above equation Mg0 can be sulphated as 

MgSO4 as suggested by Rhys - Jonest78)  et. al., 

Mg0 + SO3  —> MgSO4 	 (ii) 

V205  does not react with Na2SO4  to form molten sodium vanadate, instead it has 

higher affinity for Mg0 and formed magnesium pyrovanadate, Mg2V207  (m.p. 835°C). 

The molten Mg pyrovanadate deposits on the turbine blades(78)  

2 MgSO4  + V205  —>• Mg2V207  + SO3 	 (iii) 

If Pso, 5- Pso, (equilibrium), then magnesium orthovanadate and Mg0 are more stable(78). 

Mg3V208  (m.p. 1190°C) is produced when Mg0 is added in the ratio 3Mg0: 1V2O5  

3Mg0 + V205  --> Mg3V208 	 (iv) 

Mg3V208  is in the solid form, hence only solid state reaction was possible during 

the corrosion test. Mass transfer in solids is slower than in liquids due to difference in 

densities. The corrosion process is a dynamic one in which true equilibrium is not 

tichieved(77). The formation of oxides of various elements present in the alloy and then 

their spinet formation has already been discussed in sec 6.3 of this chapter. 

The visual observation shows the presence of brown coloured particles of the 

unreacted salt on the surface of the scale (Fig 5.26). The coarse crystalline structure of 

Mg3V208  is revealed in the SEM micrograph (Fig 5.76). 

The XRD analysis identified the presence of Cr203, Fe203, FeS, NiCr204, FeV204  

and Mg3V208  (Tab 5.24, Fig 5.51). The EDAX analysis at areas 10-12 (Tab 5.29) 

indicates the presence of Fe, Ni, Cr, V, S and Mg so as to confirm the presence of 

compounds identified by XRD. The EPMA X ray maps (Fig 5.101) show a thin layer of 

chromia scale formed, on the alloy surface which may be attributed for the reduced 

corrosion rate after two cycles. Mg and V are present throughout the scale in high 

concentration. Formation of oxides and sulphide both has occurred and are 

homogeneously distributed (Fig 5.101). 

Major portion of the Cr present in the alloy might have formed Cr203, hence Cr 

depletion is observed, in the substrate near the alloy surface (Fig 101). As the oxygen ion 

concentration might have reduced, sulphur reacted to form sulphides(85)  which are present 

in the scale as well as into the substrate at the grain boundaries Ni has not taken much part 
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in the corrosion reaction hence it is present in the negligible amount in the scale as 

revealed by X-ray map (Fig 5.101c). Very little amount of iron has also been incorporated 

in the scale (Fig 5.101d). Probable hot corrosion mechanism for alloy A under Na2SO4-

60% V205  + MgO has been shown schematically in Fig 6.6. 

6.5.2 Effect of MgO Addition on Hot Corrosion of Alloy B (Superni 75) 

Wt. gain-time plot for Ni-base superalloy B after exposure for 24 cycles at 900°C 

with Na2SO4  - 60% V205  + MgO coating also shows similar trend of wt. change as 

observed with alloy A. Cr203  formation took place due to its high thermo dynamic 

stability during the initial stages and as soon as it became sufficient thick and protective 

the corrosion rate decreased. When the total wt. gain values, obtained with and without 

MgO addition to the salt mixture, were compared, it was observed that MgO addition 

decreased it from 6.75 to 5.0 mg/cm2. The thickness value of the scale also decreased 

from 45.0 to 43.0 micron. Thus it can be inferred from these observations that the MgO 

addition has a beneficial effect in reducing corrosion, although to a lower extent. This 

may be due to the inherent corrosion resistance property of the alloy 13 towards vanadic 

corrosion by the formation of thick protective Cr203  scale on its surface as observed in 

sec. 6.3 of this chapter. 

Some unreacted salt mixture was visually observed which may be due to the 

Incomplete consumption of the salt mixture during exposure. Due to the higher affinity of 

V205  for MgO as compared to Na2SO4, it formed Mg3V208  (m.p. 1190°C) which 

remained solid during studies. The amount of Mg3V208  formation depends upon the Mg/ 

MgO + V205  as shown in V205  - MgO phase diagram (Fig 2.9). 3 MgO : 1 V205  addition 

provides the maximum efficiency(78). The reaction for Mg3V208  formation is shown in 

reaction (iv) of sec. 6.5.1. The mechanism of corrosion reactions might be similar to that 

described for alloy A in sec 6.5.1 of this chapter. SEM micrograph (Fig 5.77) reveals the 

irregular coarse grained structure of the scale with big cavities between them and is 

porous in nature. The XRD analysis (Tab 5.25, Fig 5.52) identified Cr203  , NiO, 

Ni(V03), and Mg3V208  as the prominent phases. The strong peaks are of Cr203, NiO and 

Mg3V 208  while other peaks are weak. The EDAX analysis at areas 10 and 11 (Tab 5.30, 
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The SEM micrograph (Fig 5.79) shows the bright and dark particles 10-12 whose 

EDAX analysis (Tab 5.32) indicates the presence of Fe, Ni, Cr, V, Ti, Al and Mg. The 

XRD analysis (Tab 5.27, Fig 5.54) identified the phases Cr203, Fe203, NiO, Ni(V03)2 

Mg3V208  and NiCr204 as the prominent ones. 

The strong peaks were of Mg3V208, Cr203  and NiO, while other peaks were 

weak. The BSEI and X-ray maps (Fig 5.104 a-g) of alloy D specimen shows two distinct 

layers of the scale. The top layer .consists of magnesium vanadate and NiO in high 

concentration, while the scale beneath it consists of a homogeneous mixture of oxides of 

Fe, Ni, Cr, Mg and V. The scale near the surface of alloy is rich oxides of vanadium and 

chromium. Cr depletion in the substrate is also observed. The concentration of oxygen ion 

was high enough to diffuse even into the substrate to cause internal oxidation at the grain 

boundaries to a little extent. The probable corrosion mechanism for alloy D has been 

shown schematically in Fig 6.6a-c. 

6.5.5 Effect of MgO addition on Hot Corrosion of Alloy E (Superco 605) 

When MgO was added in the ratio of 3Mg0:1V205  in the Na2SO4  - 60% V205  salt 

mixture as recommended by Rhys-Jones et. al. (78) and then exposed for hot corrosion for 

24 cycles at 900°C, it was observed that the extent of corrosiveness of the environment 

reduced considerably. The wt. change vs time plots (Fig 5.25) show that there is a rapid 

rate of reaction during the first two cycles, then the wt. gain rate decreases upto 10 cycles 

of exposure. Later the wt. gain value decreases with a high rate upto the last cycle. 

By the comparison of the total wt. gain values, obtained with and without MgO 

addition to Na2SO4  - 60% V205, it was observed that the total wt. gain value decreased 

from 35.75 to 5.2 mg/cm2  after exposure for 24 cycles. The thickness value of the scale 

formed on the alloy surface decreased from 96.6 to 55.0 micron after exposure for 24 

cycles at 900°C with MgO addition. These observations indicate that the MgO addition is 

very much beneficial in reducing corrosion rate. Due to unrestricted diffusion of oxygen 

ions to the metal surface, Cr formed Cr203  due to its high thermal stability. Once the 
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in the corrosion reaction hence it is present in the negligible amount in the scale as 

revealed by X-ray map (Fig 5.101c). Very little amount of iron has also been incorporated 

in the scale (Fig 5.101d). Probable hot corrosion mechanism for alloy A under Na2SO4-

60% V205  + Mg0 has been shown schematically in Fig 6.6. 

6.5.2 Effect of MgO Addition on Hot Corrosion of Alloy B (Superni 75) 

Wt. gain-time plot for Ni-base superalloy B after exposure for 24 cycles at 900°C 

with Na2SO4  - 60% V205  + Mg0 coating also shows similar trend of wt. change as 

observed with alloy A. Cr203  formation took place due to its high thermo dynamic 

stability during the initial stages and as soon as it became sufficient thick and protective 

the corrosion rate decreased. When the total wt. gain values, obtained with and without 

Mg0 addition to the salt mixture, were compared, it was observed that Mg0 addition 

decreased it from 6.75 to 5.0 mg/cm2. The thickness value of the scale also decreased 

from 45.0 to 43.0 micron. Thus it can be inferred from these observations that the Mg0 

addition has a beneficial effect in reducing corrosion, although to a lower extent. This 

may be due to the inherent corrosion resistance property of the alloy B towards vanadic 

corrosion by the formation of thick protective Cr203  scale on its surface as observed in 

sec. 6.3 of this chapter. 

Some unreacted salt mixture was visually observed which may be due to the 

Incomplete consumption of the salt mixture during exposure. Due to the higher affinity of 

V205  for Mg0 as compared to Na2SO4, it formed Mg3V208  (m.p. 1190°C) which 

remained solid during studies. The amount of Mg3V208  formation depends upon the Mg/ 

Mg0 + V205  as shown in V205  - Mg0 phase diagram (Fig 2.9). 3 Mg0 : 1 V205  addition 

provides the maximum efficiency(78). The reaction for Mg3V208  formation is shown in 

reaction (iv) of sec. 6.5.1. The mechanism of corrosion reactions might be similar to that 

described for alloy A in sec 6.5.1 of this chapter. SEM micrograph (Fig 5.77) reveals the 

irregular coarse grained structure of the scale with big cavities between them and is 

porous in nature. The XRD analysis (Tab 5.25, Fig 5.52) identified Cr203  , NiO, 

Ni(V03)2  and Mg3V208  as the prominent phases. The strong peaks are of Cr203, Ni0 and 

Mg3V208  while other peaks are weak. The EDAX analysis at areas 10 and 11 (Tab 5.30, 
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Fig 5.77) confirm the presence of these elements in the scale. The BSEI and X-ray maps 

(Fig 5.102) of alloy B indicates the presence of a duplex scale. The inner thin layer 

consists of Cr203  while the outer thick layer consists of oxides of Ni, Cr, Fe, V and MgO. 

The oxygen being present in higher concentration and also due to spatting of the outer 

porous scale, it could penetrate into the substrate by inward diffusion to form chromium 

oxide at the grain boundaries only at a limited area. 

6.5.3 Effect of MgO Addition on Hot Corrosion of Alloy C (Superni 600). 

The wt. change plots for Ni-base superalloy C also shows similar trend of rapid 

increase in wt. gain during the first two cycles and then a gradual decrease in wt. gain 

rate. The rapid increase may be due to Cr203  formation which is thermodynamically 

stable. The decrease in wt. gain may be attributed to the protective nature of the scale as 

well as spalling of the outer scale during cooling. Spalling was actually observed during 

experimentation. When the total wt. gain values, obtained with and without MgO 

addition, were compared it was observed that MgO addition reduced the total wt. gain 

value from 11.50 to 6.31 mg/cm2  after 24 cycle exposure. The thickness of the scale also 

reduced from 75.0 to 62.0 micron. These observations suggest that MgO addition is 

beneficial in reducing the extent of corrosion caused by Na2SO4  - 60% V205  salt mixture 

coating. The mechanism by which corrosiveness is reduced for alloy A and B can be 

extended for this alloy also which are already described in 6,5.1 and 6.5.2 of this chapter. 

Mg3V208  formation has taken place in preference to sodium vanadate. Mg3V208  being 

solid only solid state reaction could occur. The diffusion rate is much slower in the solid 

state than in the liquid condition and also due to lesser defect concentration in the solid 

state. 3MgO 1V205  is a good proportion of MgO addition to achieve maximum 

elliciency°7). The phase diagram for MgO-V205  system (Fig 2.9) shows the effect of 

amount of MgO addition. 

The bright particle of Mg3V208  was revealed by the SEM micrograph (Fig 5.78) 

and X ray maps by EPMA (Fig 5.103). The SEM micrograph also shows that the scale 

consists of coarse rounded particles. Some big particles and cavities in between are also 

present which makes the scale porous. The XRD analysis (Tab 5.26, Fig 5.53) identified 

92 



the phases Cr203, NiO, FeV204, Ni(V03)2  and Mg3V208  and NiCr204. The mechanism of 

Formation of these oxides and the spinels has already been discussed in sec. 6.3 of the 

present chapter. The presence of the elements Mg, V, Fe, Ni and Cr has been indicated by 

the EDAX analysis at areas 11-13 (Tab 5.31, Fig 5.78). The BSEI and X-ray maps of 

alloy C (Fig 5.103) shows that the nature of the scale is duplex. The outer layer is rich in 

Mg, V and Cr elements. Cr is present in high concentrations near the alloy surface to form 

a protective Cr203  layer. The oxides of Ivi, Cr, Mg, V and Fe are uniformly distributed 

throughout the scale. The scale near the alloy surface was nonadherent due to 

discontinuous Cr203  layer leading to an easy access of corroding species towards metal. 

Therefore the corrosion process could continue with a slower rate. 

6.5.4 Effect of Mg0 Addition on Hot Corrosion of Alloy D (Superni 718) 

The wt. change plots for Ni base alloy D after exposure at 900°C for 24 cycles 

with Na2SO4  - 60% V205  + Mg0 coating (Fig 5.24) shows that the corrosion rate is fast 

during the first two cycles and then the rate decreases. Due to Cr203  formation in the 

initial stage, the corrosion rate is faster and later it became protective leading to the 

reduction in corrosion rate. On comparison of the total wt. gain values obtained after 24 

cycle exposure with and without MgO, it was observed that the Mg0 addition reduced the 

wt. gain value from 12.0 to 8.05 mg/cm2. Thus there is a reduction of 33% in the total wt. 

gain value. The thickness of the scale formed on the alloy surface after 24 cycle exposure 

at 900°C decreased from 67.5 to 62.7 micron. These observations suggest that Mg0 

addition has a beneficial effect in reducing corrosiveness of the environment. The 

mechanism by which the extent of corrosion decreases is similar to that for alloys A, B 

and C, i.e., in place of a liquid NaV03  (m.p. 610°C), a solid magnesium orthovanadate, 

Mg2V208  (m.p. 1190°C) is formed. Only solid state reaction might be possible. Mass 

transfer in solids is slower than in liquids due to difference in densities. The amount of 

Mg0 addition was 3Mg0: 1V205  to achieve maximum efficiency in reducing the extent 

of corrosion. Cracking of the scale and its spallation was observed during experimentation 

due to which fresh areas of the alloy might have been exposed to corrosive environment 

leading to continuation of corrosion upto the last cycle of exposure. 
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The SEM micrograph (Fig 5.79) shows the bright and dark particles 10-12 whose 

EDAX analysis (Tab 5.32) indicates the presence of Fe, Ni, Cr, V, Ti, Al and Mg. The 

XRD analysis (Tab 5.27, Fig 5.54) identified the phases Cr203, Fe203, NiO, Ni(V03)2  , 

Mg3V208  and NiCr204  as the prominent ones. 

The strong peaks were of Mg3V208, Cr203  and NiO, while other peaks were 

weak. The BSEI and X-ray maps (Fig 5.104 a-g) of alloy D specimen shows two distinct 

layers of the scale. The top layer .consists of magnesium vanadate and Ni0 in high 

concentration, while the scale beneath it consists of a homogeneous mixture of oxides of 

Fe, Ni, Cr, Mg and V. The scale near the surface of alloy is rich oxides of vanadium and 

chromium. Cr depletion in the substrate is also observed. The concentration of oxygen ion 

was high enough to diffuse even into the substrate to cause internal oxidation at the grain 

boundaries to a little extent. The probable corrosion mechanism for alloy D has been 

shown schematically in Fig 6.6a-c. 

6.5.5 Effect of MgO addition on Hot Corrosion of Alloy E (Superco 605) 

When Mg0 was added in the ratio of 3Mg0:1V205  in the Na2SO4  - 60% V205  salt 

mixture as recommended by Rhys-Jones et. al. (78) and then exposed for hot corrosion for 

24 cycles at 900°C, it was observed that the extent of corrosiveness of the environment 

reduced considerably. The wt. change vs time plots (Fig 5.25) show that there is a rapid 

rate of reaction during the first two cycles, then the wt. gain rate decreases upto 10 cycles 

of exposure. Later the wt. gain value decreases with a high rate upto the last cycle. 

By the comparison of the total wt. gain values, obtained with and without Mg0 

addition to Na2SO4  - 60% V205, it was observed that the total wt. gain value decreased 

from 35.75 to 5.2 mg/cm2  after exposure for 24 cycles. The thickness value of the scale 

formed on the alloy surface decreased from 96.6 to 55.0 micron after exposure for 24 

cycles at 900°C with Mg0 addition. These observations indicate that the Mg0 addition is 

very much beneficial in reducing corrosion rate. Due to unrestricted diffusion of oxygen 

ions to the metal surface, Cr formed Cr203  due to its high thermal stability. Once the 
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chromia layer became protective, the corrosion rate decreased upto 10 cycles due to the 

separation of metal surface from the corrosive species as explained earlier. Mg0 reacts 

directly with V205  to form magnesium orthovanadate, 3Mg0. V205  (m.p 1190°C). 

According to reaction (iv) of sec. 6.5.1, the product Mg3V2O8  being solid at the reaction 

temperature 900°C, the reaction rate further decreased and the wt. gain value decreased 

significantly after 10 cycles till the end of the test. The effectiveness of Mg0 addition is 

due to : (i) the increase of melting point of deposits (ii) the counteraction of the effects or 

SO3 in combustion gases. The increase in melting point of Mg3V208  greatly increases its 

viscosity which reduces the diffusion of oxygen and counteracts the destruction of the 

protective oxide barrier film as Fichera et. al.(81)  have recommended after their studies 

with Mg0 addition. 

The SEM micrograph (Fig 5.80) shows porous scale consisting of fine grained 

particles leading to the lower rate of diffusion of corroding species and cations throtigh it. 

Co, Cr, W formed their respective oxides and then the formation of spinels might have 

occurred as described in sec. 6.3 of this chapter. The mechanism of formation of these 

oxides and spinels is already explained in sec. 6.3 of this chapter. The EDAX analysis at 

areas 9 and 10 (Tab 5.33, Fig 5.80) indicates the presence of the elements Fe, Cr, Ni, Co, 

W in high concentration. The XRD (Tab 5.28, Fig 5.55) identified the presence of Cr203, 

CaO, W03, FeV204, Co3V208, (Cr,Fe)203  and NiCr204  as the prominent phases. The 

BSEI and X ray maps for alloy E (Fig 5.105a-i) reveal the presence and distribution of 

these oxides and spinels. Due to the reduction of oxygen partial pressure, sulphur 

penetration has been observed in the substrate as NiS (Fig 5.105 c,h). Co, Cr, V and Fe 

are indicated to be present in the entire scale by the X-ray maps (Fig 5.105), while the 

presence of W, Ni are restricted to certain areas. S is segregated into the substrate near the 

surface (Fig 5.105h) and its presence in the scale is insignificant. EDAX analysis (Tab 

5.33) has also indicated S to be absent in the scale of alloy E. Due to the porous nature of 

scale at the surface, spalling has occurred during experimentation specially during cooling 

which has added to the reduction in weight gain during 10-24 cycles of the test. The 

probable mechanism of corrosion for alloy E in Na2SO4-60% V205  + Mg0 is shown 

schematically in Fig 6.6. 
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6.6 COMPREHENSIVE DISCUSSION 

In this section an attempt has been made to compare the results of hot corrosion 

studies of alloys A, B, C, D and E with various Na2SO4-V205  salt coatings at different 

temperatures conducted in laboratory and in industrial atmospheres and to discuss the 

salient features. 

The nature of kinetic plots for the alloys A, B, C, D and E after exposure in 

various salt mixtures of Na2SO4  and V205  is very similar. In general, a rapid corrosion 

rate during the first two cycle is followed by a decreased corrosion rate during the 

remaining cycles of the test of these alloys. It can be inferred from this observation that 

their behaviour towards the hot corrosion against these salts may also be similar. The 
_ 

initial fast rate of corrosion might be due to the chemical reaction by which a 

thermodynamically stable Cr203  formation on the alloy surface takes place and the slower 

rate of corrosion after two cycles might be due to the presence of protective Cr203  scale 

and also due to various other chemical reactions taking place by fluxing mechanism. 

Fluxing commonly means the dissolution of the protective oxides present in the salt at the 

scale/salt interface and then precipitation at the salt/air or salt/gas interface. In case of 

fluxing with thin film of salt Rapp and Goto(4)  have suggested the condition that the 

gradients in solubility of the protective oxide with distance into the salt layer should be 

negative at the oxide/salt interface so that accelerated attack could be sustained. To 

sustain steady corrosion, the protective oxide is fluxed as fast as it grows°. But in the 

present studies the corrosion rate decreases after two cycles which suggests that the rate of 

fluxing is slower than the rate of Cr203  formation. It means that a protective Cr203  layer 

is maintained. From this observation it can be inferred that these alloys, in general, have 

good corrosion resistance towards the Na2SO4-V205  environment. 

. In the alloy specimens exposed to Na2SO4  environment, the prominent phases 

identified by the XRD in their scales are common, e.g. a-Fe203, NiO, Cr203. Similar 

chemical reactions might have taken place in these alloys in the same sequence as 

mentioned in sec. 6.1-6.5 and as suggested by Luthra(72), Fryburg(46)  and Malik et. al.(31)  

under Na2SO4  environment. Then Cr203  might have basically got fluxed with Na2SO4  to 
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form Na2Cr04  which later evaporated(46). This observation might also have contributed to 

the reduction in wt. gain in later cycles. The solubilities of oxides are related to the 

concentration of oxygen ions as suggested by Bornstein and DeCrescente(14). 

Oxygen partial pressure is believed to be present in excess than its equilibrium 

value so as to cause oxidation of the various elements into their respective oxides, hence 

the main phases identified in the scales are oxides only. On the contrary, sulphur partial 

pressure might be less than its equilibrium partial pressure required for sulphidation to 

occur in the environment(' 02)  due to which sulphidation, in general, has not been observed 

in these alloys except in alloys C and D at 700-900°C in pure Na2SO4  whereas CrS was 

identified. 

The scale consisted of homogeneous mixture of oxides which then might have 

combined to form spinels (Cr, Fe)203, NiCr2O4  which are found to exist in the outer layer 

of the scales. 

The extent of attack was less at 700 and 800°C due to the existence of Na2SO4  

(m.p. 884°C) in the solid state as observed by the lower wt. gain values. But at 900°C the 

attack was relatively more due to the liquid condition of Na2SO4. Diffusion rate is higher 

in the liquid state than in the solid state of the salt. The chemical nature of the compounds 

formed did not change with increase in temperature. This suggests that similar reactions 

might have taken place in the same sequence at all these temperatures. 

The Cr203  scale formed on the alloy surface was quite protective (dense) hence 

oxide ions (02-) could not penetrate it and so internal oxidation was not observed In the 

substrate of these alloys. All alloys have shown low corrosion rate against Na2SO4. The 

probable mechanism of the Na2SO4-induced corrosion has been shown schematically in 

the Fig. 6.1 indicating the interaction between the inward diffusion of the oxygen anions 

and the outward diffusion of the metal cations, the protective Cr203  layer on the alloy 

surface and the outer layer of oxides and spinels. The presence of these oxides were 

identified by XRD and the presence of elements have been indicated by EDAX analysis 

and are revealed by X-ray maps. 

With Na2SO4-15% V205  thin coating (4.0-5.0 mg/cm2) the alloys have suffered 

moderate corrosion due to the formation of a low melting phase sodium metavanadate, 
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NaV03  (m.p. 610°C) thereby allowing higher diffusion rate. The mechanism of corrosion 

of these alloys might also be similar due to the identical nature of wt. change plots of 

these alloys at 700, 800 and 900°C, except for the alloy D at 900°C where a wt. loss of 6.8 

mg/cm2  was observed. The average thickness values of the scale were also comparable 

varying in the range of 40-47 microns. 

The higher corrosion observed in case of alloy D might be due to the presence of 

3.05% Mo which supposedly led to formation of MoO3  which subsequently got 

volatalized at 600°C(8). Absence of Mo in the scale was confirmed by EDAX and by 

EPMA in our studies. Also the scale formed on the alloy D surface was porous which 

cracked during cooling to room temperature causing fissures through which corrosive 

species could reach the alloy substrate and so corrosion continued by fluxing of Cr203. 

The Na2CrO4  formed also might have evaporated. Part of the kale also spalled off as 

observed during experimentation. All these factors had a combined contribution towards 

the loss in wt. of alloy D. The probable mechanism of corrosion for alloy D has been 

explained with the help of a neat sketch (Fig. 6.3) showing the existence of oxides and 

spinels in the outer scale because they were formed in the early stages and moved away 

from the alloy surface as the time progressed(85). 

With thin film of Na2SO4-60%V205, the fluxing action was more predominant by 

higher rate of dissolution of Cr203  in NaVO3  than its rate of formation because of the low 

in.p, of the eutectic salt mixture (500°C) as observed in Na2SO4-V205  diagram Fig. 2.7. 

I Uglier fluidity and low viscosity might also be a contributing factor. Due to this, higher 

corrosion rates were observed at 700, 800 and 900°C but significantly higher at 900°C 

were indicated by the kinetic plots of these alloys (Fig. 5.11-5.15). This sulphate vanadate 

hot corrosion predominantly depends upon acid-base reactions between metal oxides and 

the acidic-basic constituents (NaVO3  and SO3) of the contaminants. Similar 

recommendations have been made by Jones et. a1.(73). In the present investigation all the 

three Ni-base alloys B, C, and D have shown superior corrosion resistance than alloys A 

and E in this most severe environment because these alloys form protective layer of 

Cr203  on their surfaces and also Ni being the base material forms larger amount of 

Ni(V03)2  by fluxing which is a solid phase at the test temperatures (700-900°C). Similar 
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findings of Ni-base alloy being superior to Fe-base alloy in Na2SO4-V205  environment 

has been reported by Kerby and Wilson(119). 

The presence of Fe and Na in the vanadate melts increases the non stoichiometry 

hence increases the oxygen diffusion(1°8), which may be the reason for poor corrosion 

resistance of Fe-base alloy A in Na2SO4-60%V205. The mechanism of accelerated 

corrosion is most satisfactorily explained by Kerby and Wilson(106)  where they suggested 

that catalytic action of V205  increased the defect concentration of the scale thereby 

allowing easy diffusion of reacting species. Thus due to the continuous dissolution of 

Cr203, a heterogeneous brittle scale might have formed which cracked during cooling 

due to the difference in thermal expansion and contraction (thermal mismatch) and caused 

fissures through which fresh metal was exposed to corrosive species. The cracking of 

scale was also observed with this alloy in our investigation. 

Co-base alloy E has also suffered severe corrosion in Na2SO4-60%V205  which 

may be attributed to the higher fluidity of the melt(59) which adhere to the protective 

oxide and causes fluxing. The rate of corrosion might also increase by the formation of 

stable oxides of elements present in the alloy and environment, (e.g. Co, W, Cr, Ni, V). 

These oxides induce acidic fluxing hence the formation of these oxides are harmful(99). 

The spalling of porous scale might also contribute to the continuation of corrosion till the 

termination of the test. The probable mechanism of formation of these oxides by inward 

diffusion of oxygen and outward diffusion of metal cations,. their spinel formation are 

shown schematically in Fig. 6.4 and the X-ray maps of the corroded alloy E also confirm 

the presence of these elements at definite locations. 

The results of hot corrosion studies in combustion gas (c.g.) have shown that the 

corrosion kinetics obeyed parabolic law with two regions, the corrosion rate falling with 

the protective nature of Cr203  and Ni(V03)2  layer. The kinetic data for these alloys also 

indicate the occurrence of similar trend of corrosion in these alloys that occurred in the 

tests conducted in air. The corrosion rate was higher as observed from the total wt. gain 

values which may be attributed to the higher temperature i.e. 1100°C as well as to the 

observed removal of some scale by impingement of high velocity of c.g. thereby exposing 

fresh areas of the alloy to the aggressive environment. 
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The extent of severe corrosion by Na2SO4-60%V205  may be reduced by adding 

MgO as an inhibitor in the ratio of 3MgO:1V205  as recommended by Rhys Jones et. 

al.t78). The mechanism by which it reduces corrosion rate is explained by the formation of 

a solid phase, magnesium orthovanadate Mg3V208  (m.p. 1190°C) by the reaction of V205  

with Mg0 in preference to formation of liquid NaV03. In our test Mg0 addition reduced 

the corrosion rate of all the alloys but its efficiency of inhibition was more for alloy A 

(90.51%) and for alloy E (85.33%). 

The analysis of the wt. gain data shows that the Ni-base alloys B and C have 

superior corrosion resistance properties in all Na2SO4-V205  environment which may be 

due to the formation of protective Cr203  and the solid phase Ni(V03)2  identified in the 

scales. Also alloy C proved better than B at 700 and 800°C, while alloy B has proved to 

be the best ftt 900°C, even in the most corrosive environment of Na2SO4-60%V205. 

From this investigation the suitability of these alloys for the various environments 

can be assessed.. All the alloys proved to be good corrosion resistant in pure Na2SO4  at 
700-900°C, whereas with Na2SO4-15%V205  the corrosion was moderate except for alloy 

D where the wt. loss was observed at 900°C. In Na2SO4-60%V205  environment, all these 

alloys suffered only moderate corrosion at 700 and 800°C whereas at 900°C the corrosion 
was significant for alloys A and E. 

In case of combustion gas (e.g.) environment in an industrial boiler at 1100°C with 

the above salt coatings these alloys have shown mild corrosion which is slightly higher 

than the laboratory studies under air except for Na2SO4-60%V205, where In laboratory 

tests at lower temperatures showed higher rate of corrosion for all the alloys. 

The existence of salt coatings under the turbulent environment cannot be ensured 

and also the fly ash deposits may interfere the corrosion process, hence it is difficult to 

comprehend the mode of corrosion. 

The effects of Mg0 as an inhibitor in the ratio of 3:1 MgO:V205  has proved to be 

effective in all the alloys in Na2SO4-60%V205  at 900°C in air. 
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CHAPTER 

7 

CONCLUSIONS 

Based on the findings of hot corrosion studies carried out on Fe-base alloy A 

(Superfer 800H), Ni-base alloys B (Superni 75), C(Superni 600) and D(Superni 718) and 

a Co-base alloy E (Superco 605) in salt environments of pure Na2SO4, Na2SO4-15% V205  

and Na2SO4-60% V205  (for 24 cycles at 700, 800 and 900°C in air and also at 1100°C in 

c.g. for 6 cycles) and in Na2SO4-60%V205  + Mg0 (for 24 cycles at 900°C in air), the 

following conclusions may be drawn. 

1. On the basis of the total wt. gain measurements for alloys A, B, C, D and E after 24 

cycles exposure at 700, 800 and 900°C in air in laboratory, corrosion in Na2SO4  - 60% 

V205  was higher than observed under other salts. The total wt. gain was observed to 

be in the following order: 

Na2SO4-60% V205  > Na2SO4-15% V205  > pure Na2SO4  

1 The total wt. gain values observed for these alloys after hot corrosion for 6 cycles at 

1100°C in c.g. was also in the same order as above: 

Na2SO4-60% V205  > Na2SO4-15% V205  > pure Na2SO4  

3. The ranking of alloys in decreasing order of their wt. gain values observed in different 

salts and temperature conditions has been observed as follows: 

A. Pure Na2SO4  in air for 24 cycles 

a. 700°C --> alloy A > alloy E > alloy D > alloy C > alloy B 

b. 800°C --> alloy A > alloy D > alloy C > alloy E > alloy B 

c. 900°C ---> alloy A > alloy C > alloy E > alloy D > alloy B 

B. Na2SO4  - 15% V205  in air for 24 cycles. 

a. 700°C ---> alloy A > alloy E > alloy D > alloy B > alloy C 

b. 800°C --> alloy A > alloy E > alloy D > alloy B > alloy C 
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c. 900°C ---> alloy D > alloy C > alloy B > alloy E > alloy A 

C. Na2SO4  - 60% V205  in air for 24 cycles 

a. 700°C alloy A > alloy E > alloy B > alloy D > alloy C 

b. 800°C —> alloy A > alloy E > alloy D > alloy B > alloy C 

c. 900°C ----> alloy A > alloy E > alloy D > alloy C > alloy B. 

D. Combustion gas at 1100°C for 6 cycles 

a. With pure Na2SO4  -4 alloy A > alloy D > alloy C > alloy B > alloy E 

b. With Na2SO4-15% V205  -4 alloy A > alloy D > alloy E > alloy C > alloy B 

c. With Na2SO4-60% V205  --> alloy D > alloy C > alloy B > alloy E > alloy A 

E. Na2SO4  - 60% V205  + Mg0 at 900°C for 24 cycles. 

alloy D > alloy C > alloy E > alloy B > alloy A. 

4. These alloys have shown good corrosion resistance under pure Na2SO4 and 

Na2SO4-15%V205  at all temperatures and their wt. gain values are also 

comparable, except for the alloy D in Na2SO4-15%V205  at 900°C. This 

observation may be attributed to the high Cr content (15.5-21%) in these alloys. 

5. Alloy D suffered moderate corrosion (6.8 mg/cm2  wt. loss) in Na2SO4-15%V205  

at 900°C. This may be attributed to the presence of 3.05% Mo which has 

deleterious effects due to the formation of Mo03  which volatilises above 

600°  02' 53, 87' 93)  and to the formation of liquid sodium molybdate which served 

as a flux for the acidic dissolution of Cr203(46). Also, spalling of the scale observed 

during experiment might have added to the wt. loss. 

6. Ni-base alloys B and C have shown good corrosion resistance at all temperatures 

in the most aggressive environment of Na2SO4-60% V205  which may be due to the 

observed thick, continuous, compact protective layer of Cr203  on the alloy surface 

and also due to the formation of refractory Ni-vanadate, Ni(V03)2 in the scale as 

identified by XRD and revealed by X ray maps. 

7. Fe-base alloy A has shown comparatively inferior corrosion resistance in nearly all 

the environments as their observed wt. gain values are higher as compared to other 

alloys. The reason for its inferior corrosion resistance may be due to the formation 

of a porous, non-protective oxide scale on its surface which allowed inward 
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diffusion of oxide ions (02") towards the alloy substrate. The presence of Fe and 

Na in the vanadate melts increases the non stoichiometry of the scale causing 

higher diffusion of corrosive species. These observations might have led to the 

breakaway corrosion to cause wt. loss (23.2 mg/cm2) in Na2SO4-60%V205  at 

900°C. 

8. Co-base alloy E was also found to have inferior corrosion resistance than Ni-base 

alloys in nearly all the environments, on the basis of their wt. gain values, specially 

at 900°C in Na2SO4  - 60% V205  (35.5 mg/cm2). The reason for this observation 

may be due to the porous non protective scale consisting of various oxide 

ingredients (e.g. CoO, W03, Cr203, Ti02) as revealed by X-ray maps, containing 

numerous pores through which the corrosive species could continuously reach the 

alloy substrate and so corrosion continued till the last cycle. 

9. The hot corrosion kinetics of these alloys in combustion gas (c.g.) are observed to 

obey parabolic rate law of oxidation at 1100°C as their (wt. gain)2  - time plots 

were linear which consisted of two regions, one of higher rate and another of 

lower rate constants. The rate constant values increased with increase in V205  

content in the salt mixture. 

10. The addition of Mg0 as an inhibitor in the ratio 3 Mg0 : 1 V205  to Na2SO4-60% 

V205  reduced sharply the rate of corrosion of these alloys by Na2SO4-60% V205  at 

900°C. This inhibiting effect may be ascribed to the formation of a solid phase 

Mg3V208  (m.p. 1190°C) at the test temperature (900°C). 

I 1 . 	Although alloys B and C (Both Ni-base) have shown best corrosion resistance of 

all the alloys in nearly all conditions of test by the formation of protective CO3.2  

and refractory Ni(V03)2  phases in the scale yet alloy B is superior to alloy C in 

Na2SO4-60%V205  at 900°C on the basis of wt. gain values. The reason for this 

might be the higher Cr content (19.5%) than that of alloy C (15.5%). 

12. 	Hot corrosion products observed in the scales of these alloys are mostly oxides of 

the elements present in the alloy and the environment from which it can be 

inferred that oxidation plays the predominent role in the hot corrosion in these 

tests. 
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13. Internal oxidation was observed in the substrates of many alloys in different 

environments, while internal sulphidation was observed only in the substrates of 

alloys A and E in Na2SO4  - 60% V205  + MgO at 900°C. 

14. Greater Cr depletion was observed in the substrates below the oxide scales of 

alloys A, B, C, D and E in certain environments (pure Na2SO4, Na2SO4-

15%V205, Na2SO4-60%V205, Na2SO4-60%V205  + MgO) which helped in 

maintaining the protective scale of Cr203  which perhaps was formed at a higher 

rate than the rate of its dissolution in the molten salt. 

104 



SUGGESTIONS FOR FUTURE WORK 

1. Hot corrosion tests should be carried out in actual industrial environment 

for longer duration preferably 200-1000 hrs to predict the service life of a 

material and for comparison of hot corrosion resistance of various alloys. 

2. Burner-rig set-up should be used to better simulate the actual service 

conditions for hot corrosion studies. 

3. In-situ studies using hot stage microscope can be of great help In 

determining the actual mechanism of hot corrosion. 

4. Role of gaseous environment on hot corrosion bahaviour of superalloys 

should be studied. 

5. Basic research efforts should be made to study the involvement of erosion-

corrosion interactions to identify the type of coatings most resistant to 

combined effect of erosion-corrosion. 

6. Investigation to improve existing coatings and to develop new coatings and 

a reliable and less expensive method for application is also needed. 

7. To have better insight into the hot corrosion mechanism, reactions between 

oxides with oxides, sulphides with oxides and sulphides with sulphides 

should be studied. 
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Table 5.1 : Weight Change (mg/cm2) for Alloys A, B, C, D and E in Different 
Salts and Temperatures. 

Time of 
Exposure 

(No. of Cycles) Environment 
Temp. 
(C) 

Alloys 
Wt. gain ('mg/cm2) 

A B C D E 
700 0.29 0.15 0.21 0.22 0.24 

24 Pure Na2SO4  800 0.35 0.25 0.32 0.35 0.29 

900 0.52 0.27 0.47 0.37 0.42 

700 2.2 0.60 0.50 0.60 1.05 

24 Na2SO4-15%V205  800 2.75 1.20 0.65 1,40 2.20 

900 2.95 3.76 3.90 -6.80 3.15 

. 700 11.40 2.55 2.25 2.45 4.90 

24 Na2SO4-60%V205  800 11.60 5.10 2.85 6.15 8.20 

900 -23.20 6.75 11.55 12.00 35.75 

6 (144 h) Pure Na2SO4  + c.g. 1100 1.25 0.90 1.05 1.25 0.65 

6 (144 h) Na2SO4-15%V205  + c.g. 1100 2.90 2.30 2.55 2.80 2.75 

6 (144 h) Na2SO4-60%V205  + c.g. 1100 4.50 5.10 5.10 5.40 4.75 

24 Na2SO4-60%V205  + Mg0 900 2.20 5.00 6.30 8.05 5.2 



Table 5.2 : Parabolic Rate Constants (gm2cm"4sec-1) for Alloys A, B, C, D and E 
in Combustion Gas at 1100°C 

S. 
No. 

Material Temp. 
°C 

Environment 
Pure Na2SO4 Na2SO4- 

15V0V205  
Na2SO4- 

60%V205  
I Alloy A (Superfer 800H) 1100 1.105 x 1010  7.302 x 10-1°  2.083 x 1O 

4.972 x 10-11  2.925 x 10-10  3.641 x 10-10  

2 Alloy B (Superni 75) 1100 7.277 x 10-1/  5.252 x 10-10  1.147 x 10-9  

2.138 x 1041  3.505 x 10-10  5.819 x 10-10  

3 Alloy C (Superni 600) 1100 8.751 x 10-m  4.052 x le 2.025 x 10-Y  

5.833 x 10-12  7.977 x 10-II 1.161 x 104  

4 Alloy D (Superni 718) 1100 1.547 x 10.111  5.680 x 104u  7.500 x 10-I°  

2.416x le l  1.677x 10-1°  7.369x 1040  

5 Alloy E (Superco 605) 1100  2.722 x le 3.976 x 10' r 	1.596 x 10-Y  

8.333 x 10'12  1.597 x 10"10  4.547 x 10-10  

Table 5.3 : Average Scale Thickness of Alloys A, B, C, D and E After Exposure 
in Salt Environments at 900°C 

Environment 
Alloy 

A I 	B crD I  E 
Thickness (microns) 

Pure Na2SO4  17.00 7.50 9.00 10.00 8.00 

Na2SO4-15%V205  40.30 43.30 42.50 47.00 40.00 

Nn2SO4-60%V203  62.50 45.00 75.00 67.50 96,60 

Na2SO4-60%V205  + c.g. 18.00 33.00 31.60 42.00 37.00 

Na2SO4-60%V205  + Mg0 33.30 43.00 62.00 62.70 55.00 



TABLE 5.4 : XRD Analysis of Alloy A (Superfer 80011) after Hot Corrosion 
for 24 Cycles at 700, 800 and 900°C in Pure Na2SO4. 

S.No. 
`cl' values Phases Identified 

700°C 800°C 900°C 
1.  3.688 aFe203  

2.  - 3.673 - aFe203  

3.  3.658 - - aFe203  

4.  2.947 - - Ni Cr204  

5.  - 2.936 - Ni Cr204  

6.  - - 2.710 aFe203  

7.  - 2.706 .. aFe203  

8.  2.695 - .. aFe203  

9.  - - 2.633 Cr203, Na2SO4  
10.  - 2.628 - Cr203, Na2SO4  
1.i. 2.623 - - Cr203, Na2SO4  

12.  2.525 2.525 - aFe203  

13.  - - 2.512 aFe203  

14.  - - 2.129 Cr203  

15.  1.835 1.835 - (Cr,Fe)203  

16.  - - 1.713 aFe203  

17.  - 1.698 - aFe203  

18.  - 1.495 - Na2SO4  

19..  1.490 - .. Na2SO4 

20. 1.331 - 1.331 aFe203 



'FABLE 5.5 : XRD Analysis of Alloy B (Superni 75) after hot Corrosion fn 24 
Cycles at 700, 800 and 900°C in Pure Na2SO4. 

S.No. 
44' values Phases Identified 

700°C 800°C 900°C 
1.  3.862 3.862 Cr203  

2.  3.502 3.502 - Cr203  

3.  3.085 - 3.085 Cr203  

4.  2.946 - 2.946 Ni Cr204  

5.  - 2.819 - Cr203  

6.  - - 2.785 Cr203  

7.  - 2.505 2.505 Ni Cr204  

8.  - - 2.129 Cr203  

9.  2.110 - - Cr203  

10.  - - 2.087 Ni0 

11.  - 2.073 - Cr203  

12.  2.064 - - Ni0 

13.  1.691 - - Ni Cr204  

14.  - 1.680 1.680 Ni Cr204  

15.  - 1.632 - NiCr204  

16.  - 1.477 - NiO, NiCr204  

17.  1.474 - 1.474 NiO, NiCr204 
18.  1.257 1.257 - NiO, NiCr204 

19.  - - 1.254 NiO, NiCr204  
20.  - 1.085 - NiCr204  

21.  1.073 - - NiO, NiCr204  

22.  - - 1.067 NiO, NiCr204 



TABLE 5.6 : XRD Analysis of Alloy C (Superni 600) after Hot Corrosion for 
24 Cycles at 700, 800 and 900°C in Pure Na2SO4. 

S.No. 
`d' values 

Phases Identified 
700°C 800°C 900°C 

1.  3.299 3.299 3.299 Cr203 

2.  2.819 2.819 - Cr203  

3.  - 2.664 CrS, aFe203  

4.  2.656 2.656 - CrS, aFe203  

5.  - - 2.505 Ni Cr204 

6.  - 2.492 - Ni Cr204  

7.  2.389 2.389 - CrS 

8.  2.106 2.106 2.106 Cr203, CrS, Ni0 

9.  2.064 - - aFe203  

10.  - - 2.055 CrS 

I 	I 	. - - 1.867 CrS 

12. - - 1.744 CrS 

11 1.473 - 1.473  NiO 

14.  - 1.343 - CrS 

15.  1.258 1.258 1.258 Ni0 

16.  - 1..073 - NiCr204  , aFe203  

17.  - - 1.071 Ni Cr204 

18.  1.044 - - aFe203 



TABLE 5.7 : XRD Analysis of Alloy D (Superni 718) after Hot Corrosion for 
24 Cycles at 700, 800 and 900°C in Pure Na2SO4. 

S.No. 
`(1' values Phases Identified 

700°C 800°C 900°C 
1.  3.488 3.488 Cr203  

2.  3.299 3.299 3.299 Cr203  

3.  3.277 - - TiO2  

4.  - 3.274 3.274 'TiO2  

5.  3.171 3.171 3.171 CrS 

6.  2.727 - 2.727 Cr203  

7.  - 2.690 2.690 aFe203  

8.  2.505 2.505 2.505 NiCr204, TiO2  

9.  .. - 2.219 TiO2  

10.  2.129 2.129 .. NiCr204, CrS, aFe203  

11.  - - 2.100 NiCr204,Cr203  ,CrS 

12.  - - _ 	1.839 aFe203  

13.  - 1.822 - aFe203 

14.  - - 1.696 aFe203  

15.  1.629 - 1.629 TiO2  

16.  - 1.444 1.444 CrS 

17.  1.272 - .. NiCr204 

18.  1.087 - 1.087 NiCr204 



TABLE 5.8 : XRD Analysis of Alloy E (Superco 605) after Hot Corrosion for 
24 Cycles at 700, 800 and 900°C in Pure Na2SO4. 

S.No. 
`d' values 

Phases Identified 
700°C 800°C 900°C 

1.  3.862 3.862 Cr203  

2.  - 3.644 3.644 aFe203  

3.  3.274 3.274 3.274 Cr203  

4.  2.854 2.854 2.854 Co304  
5.  - - 2.695 aFe203  
6.  - 2.672 2.672 aFe203  
7.  2.505 2.505 2.505 NiCr204, Co304, aFe203  
8.  2.284 - 2.284 W03  
9.  - 2.225 - W03  

10.  2.101 - 2.101 Cr203, NiCr204, WO 
I 	I 	. - 2.087 - W03  , aFe203, Cr203  
2. - - 1.680 aFe203  

13.  1.679 - - aFe203  
14.  1.478 1.478 - NiCr204, Co304 
15.  - - 1.444 NiCr204, C0304 
16.  1.226 1.226 - NiCr204  
17.  1.114 - - W03, NiCr204  
18.  - 1.087 1.087 NiCr204, W03 



TABLE 5.9 : XRD Analysis of Alloy A (Superfer 80011) after hot Corrosion for 
24 Cycles at 700, 800 and 900°C in Na2SO4-15%V205. 

S.No. 
`cl' values Phases klentlfied 

700°C 800°C 900°C 
1. 4.0710 Cr203  

2. 3.6584 - 3.6584 ccFe203  

3. - 3.5024 3.5024 Cr203  

4. 3.2864 - - Cr203  

5. - 3.2052 - Cr203  

6. - 3.0962 3.0962 Cr203  

7. - - 2.8279 Cr203  

8. 2.6873 2.6873 2.6873 aFe20 

9. 2.5052 2.5052 2.5052 FeV204, afe203, Ni 

Cr204  

10. 2.1292 - - Cr203 , aFe203, 

FeV204 

I 	I. - 2.0916 2.0916 aFe203, Cr203  

12. 1.7137 - - aFe203,(Cr,Fe)203,Ni 

Cr204  

13. - 1.6845 1.6845 FeV204, aFe203  

14. 1.6189 1.6189 1.6189 FeV204, Ni Cr204 

15. 1.4778 1.4778 1.4778 FeV204, NiCr204 

16. - 1.3037 - Ni Cr204  

17. 1.2691 - 1.2691 aFe203,(Cr,Fe)203,Ni 

Cr204 



TABLE 5.10: XRD Analysis of Alloy B (Superni 75) after Hot Corrosion for 
24 Cycles at 700, 800 and 900°C in Na2SO4-15%V205. 

S.No. 
`d' values 

Phases Identified 
700°C 800°C 900°C 

1. 3.4490 Cr203  

2. - 2.9752 2.9752 Cr203 

3.  2.8279 2.8279 - Cr203  

4.  2.5257 2.5257 2.5257 Ni Cr204  

5.  2.4203 2.4203 2.4203 Ni0 

6.  2.0963 2.0963 2.0963 Cr203, Ni0 

7.  1.6902 - - Ni Cr204  

8.  - 1.6137 1.6137 Ni Cr204  

9.  1.4800 1.4800 1.4800 NiO, Ni Cr204 

10.  - - 1.2619 NiO, Ni Cr204 

11.  1.2577 1.2577 - NiO, Ni Cr204  

12.  - 1.0686 - NiO, Ni Cr2O4 

13.  1.0461 - 1.0461 NiO, Ni Cr204 



TABLE 5.11 : XRD Analysis of Alloy C (Superni 600) after Hot Corrosion for 
24 Cycles at 700, 800 and 900°C in Na2SO4-15%V205. 

S.No. 
`d' values 

Phases Identified 
700°C 800°C 900°C 

1.  2.9460 2.9460 2.9460 Ni Cr204, FeV204, NI(V03)2 

2.  2.6790 2.6790 - (Cr,Fe)203  

3.  2.5050 2.5050 2.5050 Ni Cr204, FeV204, Ni(V03)2 

4.  - - 2.4140 Ni 0, Ni(V03)2 

5.  2.1808 2.1808 - (Cr,Fe)203  

6.  2.0870 2.0870 2.0870 Ni 0, FeV204, Ni(V03)2 

7.  1.6980 1.6980 1.6980 FeV204, (Cr,Fe)203  , NiCr204 
8.  1.6000 1.6000 1.6000 FeV204, NiCr204 
9.  1.4950 - - NiO, FeV204, NiCr204  

10.  - 1.4730 1.4730 NiO, (Cr,Fe)203  , NiCr204 

11.  1.2670 - 1.2670 NiO, FeV204, NiCr204 
12.  - 1.2600 - NiO, FeV204, (Cr,Fe)203  
11 - - 1.2060 (Cr,Fe)203  , NiO, Ni Cr204 
14. 1.0830 1.0830 1.0830 Ni Cr204 , Ni0 



TABLE 5.12 : XRD Analysis of Alloy D (Superni 718) after Hot Corrosion for 
24 Cycles at 700, 800 and 900°C in Na2SO4-15%V205. 

S.No. 
`d' values Phases Identified 

700°C 800°C 900°C 
1.  3.322 Ni(V03)2  

2.  2.975 2.975 2.975 NiCr2O4, Fe304  

3.  2.836 - - A1203  ,Ti02 , Ni(V03)2  

4.  2.532 2.532 2.532 T102, Fe304, NiCr2O4  
5.  2.426 - 2.426 A1203  , Fe304  

6.  - 2.193 - TiO2  

7.  2.100 2.100 2.100 Fe304 , NiO, Cr203  
8.  1.828 1.828 - A1203  

9.  - 1.684 TiO2  

10.  1.608 - 1.608 Ti02, Fe304, NiCr2O4 

11, - 1.600 - Ti02, NiCr2O4 

12.  - - 1.477 Fe304, NiCr2O4  
13.  1.473 1.473 - Fe304, Ni(V03)2 

14.  - 1.444 - A1203 
15.  1.270 - 1.270 Fe304, Ni Cr2O4 

16.  - 1.261 - Fe304, Ni Cr2O4 

17.  - 1.183 - A1203  , Ni Cr204 
18.  - - 1.081 A1203 , Fe304, Ni Cr204 



TABLE 5.13: XRD Analysis of Alloy E (Superco 605) after Hot CorrOsion for 
24 Cycles at 700, 800 and 900°C in Na2SO4-15%V205. 

S.No. 
`d' values 

Phases Identified 
700°C 800°C 900°C 

1.  3.0753 3.0753 Cr203  
2.  - - 2.9558 FeW04  
3.  2.9180 2.9180 2.9180 FeW04  

4.  - - 2.5257 Ni Cr204  

5.  2.4394 2.4394 2.4394 NiO, FeW04, Coo 
6.  - 2.1150 2.1150 CoO, Cr203, FeW04 
7.  2.0825 - - NiO, Cr203, FeW04  
8.  2.0644 - 2.0644 NiO, FeWO4 
9.  - 2.0335  - Co0 
10.  1.5661 1.5661 Co0 
11.  - 1.4950 1.4950 NiO, CoO, FeWO4 
12.  1.4715 - - FeW04, Ni0 
13.  - 1.2765 1.2765 Ni Cr2O4 
14.  1.2619 - 1.2619 CoO, NiO, FeWO4 
15.  - - 1.2222 CoO, FeWO4 
16.  1.1386 - - CoO, FeW04 



TABLE 5.14: XRD Analysis of Alloy A (Superfer 800H) after Hot Corrosion 
for 24 Cycles at 700, 800 and 900°C in Na2SO4-60%V205. 

S.No. 
`d' values 

Phases Identified 
700°C 800°C 900°C 

1.  3.6883 aFe2O3,(Cr,Fe)203  

2.  2.9462 2.9462 2.9462 FeV2O4  
3.  2.6952 2.6952 2.6952 Cr203, aFe2O3  

4.  2.5120 2.5120 2.5120 FeV204,aFe203, (Cr,Fe)203  

5.  2.4078 2.4078 2.4078 NiO 

6.  2.0825 2.0825 2.0825 FeV204, NiO, aFe2O3, (Cr,Fe)203  

7.  1.8357 1.8357 - aFe2O3  

8.  1.6989 1.6989 1.6989 FeV2O4, aFe2O3 	. 

9.  1.6902 - - FeV2O4  
10.  1.6034 1.6034 1.6034 FeV2O4, (Cr,Fe)203  

11.  1.4736 1.4736 1.4736 NiO, FeV2O4, (Cr,Fe)203  

12.  - 1.2824 - FeV204, NiO 

13.  1.2706 1.2706 1.2706 (Cr,Fe)203, NiO, FeV2O4  

14.  - - 1.1114 aFe2O3  

15.  - 1.1015 - aFe2O3  
16.  1.0851 - 1.0851 aFe2O3  

17.  - - 1.0418 aFe2O3 



TABLE 5.15 : XRD Analysis of Alloy B (Superni 75) after Hot Corrosion for 
24 Cycles at 700, 800 and 900°C in Na2SO4-60%V205. 

S.No. 
`d' values 

Phases Identified 
700°C 800°C 900°C 

1.  4.1281 Cr203  

2.  3.6733 - 3.6733 (Cr, Fe)203  

3.  3.5297 - - Ni(V03)2 

4.  3.2864 3.2864 3.2864 Ni(V03)2, Cr203  

5.  2.9558 - 2.9558 Ni(V03)2, NiCr204 

6.  2.8020 2.8020 2.8020 Ni(V03)2  

7.  2.5188 2.5188 2.5188 Ni(V03)2, NiCr204 

8.  - 2.4203 2.4203 NiO, Ni(V03)2 

9.  .. 2.0918 2.0918 NiO, Cr203  

10.  2.0644 2.0644 2.0644 Ni(V03)2, (Cr,Fe)203  , Ni0 

11.  1.8084 - 1.8084 (Cr, Fe)203  

12, 1.6931 - - NiCr204, Ni(V03)2 

13.  1.6008 - 1.6008 Ni Cr204, (Cr, Fe)203  

14.  1.4778 1.4778 1.4778 NiO, (Cr, Fe)203, NiCr204 
15.  1.3179 - - NiCr204  

16.  1.2591 1.2591 1.2591 NiO, NiCr204  

17.  - 1.2041 - NiO, (Cr, Fe)203  

18.  1.2029 - 1.2029 Ni Cr204, (Cr, Fe)203 



TABLE 5.16 : XRD Analysis of Alloy C (Superni 718) after Hot Corrosion for 
24 Cycles at 700, 800 and 900°C in Na2SO4-60%V205. 

S.No. 
`d' values 

Phases Identified 
700°C 800°C 900°C 

1.  3.3470 3.3470 Ni(V03)2 

2.  - -.  3.1717 FeV204 

3, 2.9750 2.9750 - FeV204, Ni(V03)2 

4.  - 2.8810 - Ni(V03)2 

5.  2.5180 2.5180 - FeV204, NiCr204, Ni(V03)2 

6.  - - 2.4394 NiO,FeV204,NiCr204, Ni(V03)2 

7.  2.4200 2.4200 - Ni(V03)2,NiO,FeV204,Nier204  
8.  - - 2.1340 NiCr204, FeV204, Ni(V03)2 

9.  2.0910 2.0910 - NiO, NiCr204 , FeV204  

10.  - 2.0590 - NiCr204, Ni(V03)2 

11.  - - 2.0125 NiCr204 

12.  1.7250 1.7250 - Ni(V03)2 
13.  1.6960 - - FeV204  ,Ni Cr204 

14.  1.6030 1.6030 - NiCr204, FeV204 
15.  - - 1.5541 NiCr204 , FeV204  
16.  1.4710 1.4710 - NiCr204 , FeV204  
17, - 1.4490 1.4490 NiO,FeV204  
18.  1.2563 1.2563 1.2563 FeV204 
19.  - - 1.1904 Ni0 

20.  1.0810 1.0810 - NiO, NiCr204  
21.  - - 1.0668 Ni0 



TABLE 5.17 : XRD Analysis of Alloy D (Superni 600) after Hot Corrosion for 
24 Cycles at 700, 800 and 900°C in Na2SO4-60%V205. 

S.No. 
`d' values 

Phases Identified 
700°C 800°C 900°C 

1.  4.0536 Cr203  

2.  - 3.8130 - Cr203 

1 3.6580 3.6580 - (Cr, Fe)203  

4.  3.5290 3.5290 - NaV03  

5.  - 3.2860 - Cr203  , NaV03  , Ni(V03)2 

6.  3.1940 - 3.1940 NaV03 , FeV204 

7.  2.9650 2.9650 - Ni Cr204, FeV204, Ni(V03)2  

8.  2.5180 2.5180 - NaV03, Ni Cr204, Ni(V03)2, 

FeV204 

9.  - 2.4145 2.4145 NiO, FeV204  

10.  - - 2.1292 Cr203, Ni0 

I 	1. - 2.0960 - Cr203 , Ni Cr2O4 

12.  2.0590 2.0590 - NiO, FeV204, Ni Cr204 

13.  - - 1.5059 Ni0 

14.  1.4530 1.4530 1.4530 FeV204 , Ni Cr2O4 

15.  1.2720 - 1.2720 Ni Cr204, FeV204 
16.  1.2520 1.2520 1.2520 NiO, NiCr204  
17.  - - 1.2004 NiO, (Cr, Fe)203  

18.  1.0720 1.0720 1.0720 NiO, NiCr204 



TABLE 5.18 : XRD Analysis of Alloy E (Superco 605) after Hot Corrosion for 
24 Cycles at 700, 800 and 900°C in Na2SO4-60%V205. 

S.No. 
`d' values 

Phases Identified 
700°C 800°C 900°C 

1.  4.0905 4.0905 Cr203  

2.  - - 3.4490 Cr203  

3.  3.2746 3.2746 3.2746 Cr203  

4.  3.0547 3.0547 3.0547 W03, Co3V208 

5.  - 2.7112 2.7112 W03, Co203  

6.  2.5395 2.5395 - Co3V208, NiCr204 

7.  2.4917 2.4917 2.4917 W03, (Cr,Fe)203, 

NiCr204  
8.  - - 2.3472 CoV3, Co203  

9.  - - 2.1486 W03, (Cr,Fe)203  
10.  - - 2.1340 Cr203  
11.  - 2.1103 - Cr203, CoV3  
12.  2.0825 2.0825 2.0825 W03, CoV3, Co3V208 

13.  - - 1.9080 CoV3  

14.  - - 1.8288 (Cr,Fe)203  
15.  1.8084 - 1.8084 Co203  
16.  1.5517 - 1.5517 W03, Co203, NiCr204  
17.  1.3914 1.3914 1.3914 Co203, Co3V208 

18.  1.2765 1.2765 1.2765 CoV3, Co3V208 



TABLE 5.19 : XRD Analysis of Alloy A (Superfer 80011) after Hot Corrosion 
• for 24 Cycles in Industrial Atmosphere at 1100°C with Different 

Salt Coatings. 

S.No. 
`d' values 

Phase Identified 
Na2SO4  Na2SO4 -15% V205  Na2SO4-60% V205  

1.  4.0900 Cr2O3  

2.  4.0720 - Cr2O3  

3.  - - 4.0536 Cr2O3  

4.  - - 3.6880 aFe2O3  

5.  - 3.6730 - aFe2O3  

6.  - 2.9650 - FeV2O4, Cr2O3  
7.  - - 2.7270 Cr2O3, A1203 , aFe2O3  

8.  2.6950 2.6950 - aFe2O3  
9.  - - 2.5390 TiO2, aFe2O3, Cr2O3  

10.  2.5180 2.5180 - TiO2, FeV2O4, aFe2O3  , 

Cr2O3  

11.  - 2.2140 - A1203 , aFe2O3  
12.  2.1830 - - TiO2, 
13.  - - 2.0820 aFe2O3, Cr2O3  , Ni Cr204 
14.  2.0730 2.0730 . NiO, aFe2O3, Cr2O3  
15.  - - 1.8530 NiCr204 , aFe2O3, 
16.  - - 1.7010 NiCr204 , aFe2O3, 
17.  1.6960 1.6960 - FeV2O4, TiO2, Cr2O3  
18.  - - 1.6870 TiO2, aFe2O3  
19.  - - 1.4950 NiCr204  

20.  1.4880 - - A1203 , Cr2O3, NiO 
21.  - 1.4860 - FeV2O4, Ni 0, A1203  
22.  1.4370 - - A1203  
23.  - - 1.3690 TiO2, A1203  
24.  1.2700 - 1.2730 Ni Cr204, 
25.  1.0740 1.0720 1.0750 Ni Cr204  ,aFe2O3  , 



TABLE 5.20 : XRD Analysis of Alloy B (Superni 75) after Hot Corrosion for 
24 Cycles at 1100°C in Industrial Atmosphere with Different 

Salt Coatings. 

S.No. 
`d' values Phase Identified 

Na2SO4  Na2SO4 -15% V205  Na2SO4-60% V205  
1.  4.0536 4.0536 4.0536 Cr203  

2.  - - 3.7030 aFe203  

3.  - - 2.7190 Cr203 , aFe203  

4.  2.5250 - 2.5180 NiCr204 , aFe203, FeV204 

5.  - 2.2190 - TiO2  

6.  - - 2.0770 Cr203  ,FeV204, 1\liCr204 

7.  2.0550 - - Ni0 

8.  - 2.0510 - FeV204, NiCr204 

9.  - - 1.8390 aFe203, 

10.  - 1.7010 - Cr203  , FeV204, TiO2 

11.  1.6960 - - Ti02, Cr203  

12.  - - 1.6930 FeV204, aFe203  

13.  - 1.6080 - Cr203, Ti02, FeV204 

14.  1.6030 - - Cr203, Ti02 , 

15.  - - 1.6000 NiCr204 , FeV204  

16.  - 1.4840 - NiO, NiCr204 

17.  - 1.4530 1.4530 FeV204 

18.  1.3470 - - TiO2  

19.  - - 1.2630 NiCr204, FeV204 

20.  1.2560 - - NiO, Cr203  

21.  - 1.2500 - NiO, Cr203, FeV204 

22.  1.0690 1.0700 -  NiO, Cr203 



TABLE 5.21 : XRD Analysis of Alloy C (Superni 600) after Hot Corrosion for 
24 Cycles in Industrial Atmosphere at 1100°C with Different Salt 
Coatings. 

`d' values 
S.No. Phase Identified 

Na2SO4  Na2SO4 -15% V205  Na2SO4-60% V205  
Cr203  

aFe203  

1. 4.072 	 4.090 

2. 3.703 	3.703 

3. 3.359 	NiO.  

4. 3.205 	 CrS 

FeV204 

	

2.703 	Cr203 , aFe203  

	

2.518 	ocFe203 , Cr203  

afe203 , Cr203  , Ni(V03)2, 

FeV204 

CrS, Ni0 

	

2.059 	Cr203  , Ni0 

Cr203, NiO, Ni(V03)2, 

12. 1.846 	 1.821 

13. 1.698 

14. 1.681 

15. 1.490 

16. 1.490 

17, 	 1.473 	Ni0 

18. 1.457 

19. 1.311 

20. 1.264 	1.261 	 1.261 	NiO, aFe203, Cr203  

21. 1.074 	 Cr203  

22. 1.074 	aFe203 , Ni0 

FeV204 

aFe203  

aFe203 , Ni(V03)2 

aFe203  

aFe203, Cr203  

aFe203, Cr203, CrS, Ni0 

ccFe203 , NiO, FeV204  

aFe203, CrS 

5. 2.936 

6. 2.703 
	

2.703 

7. 2.525 

8. 2.525 

9. 2.064 

10.  

11. 2.059 



TABLE 5.22 : XRD Analysis of Alloy D (Superni 718) after Hot Corrosion for 
24 Cycles in Industrial Atmosphere at 1100°C with Different 
Salt Coatings. 

S.No. 
values 

Phase Identified 
Na2SO4  Na2SO4 -15% V205  Na2SO4-60% V205  

1.  4.0536 Cr203  
2.  3.6430 3.7030 aFe203  
3.  2.6950 2.7030 2.7030 aFe203  
4.  2.5250 Ti02, Cr203, Ni(V03)2 

5.  2.4910 2.4910 aFe203, TiO2 

6.  2.2030 2.2090 Ti02, Ni0 

7.  2.0820 A1203, Ni(V03)2 

8.  2.0770 Cr203  , CrS, Ni0 

9.  2.0730 Cr203  , Ni0 
10.  1.8420 Ni(V03)2 
11.  1.7440 CrS 

12.  1.6930 1.6960 1.6930 aFe203, Ti02, Cr203  
13.  1.5900 aFe203  

14.  1.4860 A1203, Cr203, Ni0 
15, 1.4860 aFe203, Ni0 , Cr203  

16.  1.2700 1.2700 1.2700 Ni0 

17.  1.1910 1.2220 Ni0 , aFe203  

18.  1.0850 A1203, Cr203  
19.  1.0390 Ni0 



TABLE 5.23 : XRD Analysis of Alloy E (Superco 605) after Hot Corrosion for 
24 Cycles in Industrial Atmosphere at 1100°C with Different 
Salt Coatings. 

S.No. 
`d' values 

Phase Identified 
Na2SO4  Na2SO4 -15% V205  Na2SO4-60% V205  

1.  4.0900 4.0536 4.0536 Cr203  

2.  3.6880 3.6880 3.6730 aFe203  

3.  - - 3.3720 Co3V208  

4, - - 2.9650 Cr203., Co3V208 

5.  - - 2.7110 Cr203, aFe203, Co3V208  

6.  2.7030 2.6950 - Cr203, aFe203  

7.  - - 2.5250 Cr203, Ni Cr204, Co3V208 
8.  - 2.5180 - CoO, Cr203., Co3V208  

9.  2.5180 - - Cr203, aFe203  

10.  - - 2.1340 CoO, Cr203  

11.  2.0680 - - W03 , aFe203  

12.  - 2.0640 - CoO,Co3V2  08,FeW04,Ni0 

13.  - 1.6960 - Cr203 , Co3V208 

14.  1.6930 - - aFe203  

15.  - - 1.5010 CoO, Co3V208  

16.  - 1.4860 - FeW04,Co3V208NiO,Cr203  

17.  1.4860 - - Cr203  
18.  - - 1.4570 CoO, Ni Cr204, aFe203  
19.  - 1.4530 - Co3V208 
20.  1.4530 - - C0304 
21.  1.2630 - - Cr203  

22.  - 1.2570 - FeW04, CoO, Ni0 

23.  - 1.0770 - NiO, Cr203  

24.  1.0770 - - W03 ,Co304,aFe203, Cr203 



TABLE 5. 24 : XRD Analysis of Alloy A (Superfer 800H) after Hot Corrosion 
for 24 Cycles at 700, 800 and 900°C in Na2SO4-60%V205+Mg0 

S.No. `d' values Phases Identified 
1.  3.6733 aFe2O3  
2.  2.8106 Cr203  
3.  2.6952 aFe203, FeS 
4.  2.5326 FeV204, Cr203, Ni Cr204, FeS 
5.  2.1103 Cr203  
6.  2.0916 FeS, Mg3V208, FeV204 
7.  1.7256 Cr203, FeS 
8.  1.7168 Ni Cr204, FeV204, Cr203  
9.  1.6137 Ni Cr2O4 
10.  1.4907 Mg3V2O8, FeS 
11.  1.4800 Cr203, Ni Cr2O4 
12.  1.2706 Mg3V2O8, FeV204, Ni Cr204 
13.  1.0823 Mg3V2O8  

TABLE 5.25 : XRD Analysis of Alloy B (Superni 75) after Hot Corrosion 
for 24 Cycles at 700, 800 and 900°C in Na2SO4-6 %V +M O. 

4'.ArO. 'd' values Phases Identified - 
1.  3.3845 Ni(V03)2 
2.  3.2984 Ni(V03)2 
3.  2.9653 Cr203, Ni(V03)2 
4.  2.5257 Cr203, Ni(V03)2 
5.  2.4266 NiO, Ni(V03)2 
6.  2.0963 Cr203, NiO, Mg3V208 
7.  1.6085 Cr203  
8.  1.4821 NiO, Cr203, Mg3V208 
9.  1.2634 NiO, Cr203, Mg3V2O8 
10.  1.2105 Mg3V208 
11.  1.0477 Mg3V208 

TABLE 5.26 : XRD Analysis of Alloy C (Superni 600) after Hot Corrosion 
for 24 Cycles at 700, 800 and 900°C in Na SO -6 %V +M O. 

$.No. 'd' values Phases Identified 
1.  2.955 Cr203, FeV204, Ni(V03)2 
2.  2.512 Ni Cr204, FeV204, Ni(V03)2 
3.  2.420 NiO, Mg3V208  
4.  2.091 Ni(V03)2, Mg3V208, Cr203  
5.  1.707 Cr203, FeV204 
6.  1.605 Ni Cr204, FeV204 
7.  1.480 Mg3V208, NiO, FeV204 
8.  1.261 NiO, FeV204 
9.  1.086 Ni Cr204 
10.  1.069 NiO, Mg3V208 



TABLE 5. 27 : XRD Analysis of Alloy D (Superni 718) after Hot Corrosion for 24 
Cycles at 700, 800 and 900°C in Na2SO4-60%V205+Mg0. 

S.No. 'd' values Phases Identified 
1.  3.6596 aFe203  
2.  2.9558 Cr203, Ni(V03)2 
3.  2.5188 aFe203, Ni(V03)2, N1Cr204 
4.  2.4203 NiO, Mg3V208, Ni(V03)2  
5.  2.0870 Cr203, NiO, Mg3V208 
6.  1.7077 Cr203, aFe203  
7.  1.6085 Cr203, Ni0 
8.  1.4821 aFe203, NiO, Cr203, Mg3V208  
9.  1.4449 aFe203  
10.  ' 	1.2630 Cr203 , Ni0 
11.  1.2090 NiO, Mg3V208  
12.  1.0470 NiO, Mg3V208 

TABLE 5.28 : XRD Analysis of Alloy E (Superco 605) after Hot Corrosion for 24 
Cycles at 700, 800 and 900°C in Na2SO4-60%V205+Mg0. 

S.No. 'd' values Phases Identifiecl 
1.  2.4653 Cr203, CoO, FeV204, Ni Cr204 
2.  2.1340 W03, CoO, Cr203, Co3V208 
3.  1.5126 W03, CoO, Ni Cr204, Co3V208 
4.  1.2854 CoO, Cr203, Co3V208 
5.  1.2824 Co3V208, Ni Cr204 
6.  1.2301 FeV204, Ni Cr204, Co3V208 
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Fig. 2.2(a): Schematic diagram for fluxing. Metal oxide dissolves at the oxide/salt 

interface and migrates down a concentration gradient to a region of 
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dissolved and transported away just as fast as it grows(4). 
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Fig. 2.6 : Phase diagram of the Na20-V205  - SO3  system. 
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Fig. 2.8 : Effect of adding various oxides on melting point of 

a typical crude oil ash. Initial oil ash composition ; 

60%V205, 15%NaSO4, 10% CaO, 5% Pb0. 5% 

Si02, 5°70Fe203(81) 
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Fig. 5.31 : X-Ray Diffraction profile for alloy A (Superfer 800H) after 
hot 

corrosion at 700, 800 and 900 °C in pure Na2SO4. 



Fig. 5.56 : SEM of alloy A (Superfer 80011) after cyclic hot corrosion in pure 

Na2SO4  at 

(a) 900°C, (X640) 

(b) 800°C, (X640) 

(c) 700°C, (X640) 

Fig. 5.57 SEM of alloy A (Superfer 80011) after cyclic hot corrosion in 

Na2SO4-15°70V205  at 

(a) 900°C, (X640) 

(b) 800°C, (X640) 

(c) 700°C, (X640) 
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Fig. 5.31: X-Ray Diffraction profile for alloy A (Superfer 800H) after hot 
corrosion at 700, 800 and 900 °C in pure Na2SO4. 
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Fig. 5.34: X-Ray Diffraction profile for alloy D (Superni 718) after hot 
corrosion at 700, 800 and 900°C in pure Na2SO4. 
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Fig. 5.31: X-Ray Diffraction profile for alloy A (Superfer 800H) after hot 
corrosion at 700, 800 and 900 °C in pure Na2SO4. 
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Fig. 5.32 : X-Ray Diffraction profile for alloy B (Superni 75) after hot 
corrosion at 700, 800 and 900 0C in pure Na2SO4. 
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Fig. 5.33 : X-Ray Diffraction profile for alloy C (Superni 600) after hot 
corrosion at 700, 800 and 900°C in pure Na2SO4. 
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Fig. 5.34: X-Ray Diffraction profile for alloy D (Superni 718) after hot 
corrosion at 700, 800 and 900°C in pure Na2SO4. 
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Fig. 5.35 : X-Ray Diffraction profile for alloy E (Superco 605) after hot 
corrosion at 700, 800 and 900°C in pure Na2SO4. 
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Fig. 5.36 : X-Ray Diffraction profile for alloy A (Superfer 800H) after hot 
corrosion at 700, 800 and 900 'k in Na2SO4-15% V205 
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Fig. 5.37 : X-Ray Diffraction profile for alloy B (Superni 75) after hot 
corrosion at 700, 800 and 900°C in Na2SO4-15% V205 
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Fig. 5.38 : X-Ray Diffraction profile for alloy C (Superni 600) after hot 
corrosion at 700, 800 and 900 eC in Na2SO4-15% V205 
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Fig. 5.39: X-Ray Diffraction profile for alloy D (Superni 718) after hot 
corrosion at 700, 800 and 900°C in Na2SO4-15% V205 



I,J,Q I,Q 

800(t 

7 Q 

H 

700°C H Cr203 
I 	NIO 

Co0 
N NICr204 
Q FeW04 

7,Q 
H,I,QI,J,Q 

1,3,Q H,I J,Q 

H,I,Q 

1 

H I,N,Q 

20 	30 	40 	50 	60 	70 	80 	90 	100 

29 (Degree) 

Fig. 5.40 : X-Ray Diffraction profile for alloy E (Superco 605) after hot 
corrosion at 700, 800 and 900 °C in Na2SO4-15% V205 
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Fig. 5.41 : X-Ray Diffraction profile for alloy A (Superfer 800H) after 
hot corrosion at 700, 800 and 900 eC in Na2SO4.60% V205 
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Fig. 5.42 : X-Ray Diffraction profile for alloy B (Superni 75) after hot 
corrosion at 700, 800 and 900 eC in Na2SO4-60% V205 



Cr2 0 3 
I NiO 

(CcFe)203 
N N10-204 
Q FeV204 
R N1(V03)2 
S NaVOJ 

700( 
	

N,Q,R,S 

N,Q,R 
)1Q1 S1  

N,Q 

I 	N,
1
Q 1,4 I,N 

R
el

at
iv

e  
in

te
ns

ity
  8000 	N,Q,R,S 

I,N,Q 

N Q,R 

1-1114s1 

90CPC 
H 

Q S 

H, I,N,T 

I,J,Q 
	

N,Q 

H,N I,N 

1 I 

20 	30 

J,Q 
1,Q HI 
  I  I  

N 1,),N j 
	 I I 	 

40 	50 	60 	70 	80 	90 100 

28 (Degree) 

Fig. 5.43 : X-Ray Diffraction profile for alloy C (Supernl 600) after hot 
corrosion at 700, 800 and 900 0C in Na2SO4-60% V205 
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Fig. 5.44: X-Ray Diffraction profile for alloy D (Superni 718) after hot 
corrosion at 700, 800 and 900 °C in Na2SO4-60% V205 
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Fig. 5.45 : X-Ray Diffraction profile for alloy E (Superco 605) after hot 
corrosion at 700, 800 and 900*c in Na2SO4-60% V205 
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Fig. 5.46 : X-Ray Diffraction profile for alloy A (Superfer 800H) after 
hot corrosion at 1100t in industrial Atmosphere. 
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Fig. 5.47 : X-Ray Diffraction profile for alloy B (Superni 75) after 
hot corrosion at 1100eC in industrial atmosphere. 
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Fig. 5.48 : X-Ray Diffraction profile for alloy C (Superni 600) after 
hot corrosion at 11001 in industrial atmosphere. 
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Fig. 5.49 : X-Ray Diffraction profile for alloy D (Superni 718) after 
hot corrosion at 11001 in industrial atmosphere. 
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Fig. 5.50 : X-Ray Diffraction profile for alloy E (Superco 605) after 
hot corrosion at 11001 in industrial atmosphere. 
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Fig. 5.51: X-Ray Diffraction profile for alloy A (Superfer 800H) after hot 
corrosion at 900 °C in Na2SO4.-60%V205 + MgO. 
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Fig. 5.52 : X-Ray Diffraction profile for alloy B (Superni 75) after hot 
corrosion at 900 It in Na2SO4.-60%V205+Mg0. 
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Fig. 5.53 : X-Ray Diffraction profile for alloy C (Superni 600) after hot 
corrosion at 900 Ct in Na2SO4.-60°/0V205+Mg0. 
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Fig. 5.54: X-Ray Diffraction profile for alloy D (Superni 718) after hot 
corrosion at 900 °C in Na2SO4.-60°/0V205+Mg0. 
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Fig. 5.55 : X-Ray Diffraction profile for alloy E (Superco 605) after hot 
corrosion at 900°C in Na2SO4.•60%V2O5+MgO. 



Fig_ 5.56 : SEM of alloy A (Superfer 80011) after cyclic hot corrosion in pure 

NaiSO4 at 

(a) 900°C, (X640) 

(b) 800°C, (X640) 

(c) 700°C, (X640) 

Fig. 5.57 : SEM of alloy A (Superfer 800H) after cyclic hot corrosion in 

Na2SO4-15%V205  at 

(a) 900°C, (X640) 

(b) 800°C, (X640) 

(c) 700°C, (X640) 
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Fig. 5.58 : SEM of alloy B (Superni 75) after cyclic hot corrosion in pure 

Na2SO4  at 

(a) 900°C, (X640) 

(b) 800°C, (X640) 

(c) 700°C, (X640) 

Fig. 5.59 : SEM of alloy B (Superni 75) after cyclic hot corrosion in Na2SO4-  

15%V205  at 

(a) 900°C, (X640) 

(b) 800°C, (X640) 

(c) 700°C, (X640) 
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X60: SEM otalloy C (Superifi 600) after cyclic hot corrosion in pure 

Na2SO4  at 

(a) 900°C, (X640) 

(b) 800°C, (X640) 

(c) 700°C, (X640) 

Fig. 5.61 : SEM of alloy C (Superni 600) after cyclic hot corrosion in Na2SO4- 

15%V205  at 

(a) 900°C, (X640) 

(b) 800°C, (X640) 

(c) 700°C, (X640) 
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Fig. 5.62 : SEM of alloy D (Superni 718) after cyclic hot corrosion in pure 

Na2SO4  at 

(a) 900°C, (X640) 

(b) 800°C, (X640) 

(c) 700°C, (X640) 

Fig. 5.63 : SEM of alloy D (Superni 718) after cyclic hot corrosion in. Na2SO4- 

15%V205  it 

(a) 900°C, (X640) 

(b) 800°C, (X640) 

(c) 700°C, (X640) 
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Fig. 5.64 : SEM of alloy E (Superco 605) after cyclic hot corrosion in pure 

Na2SO4  at 

(a) 900°C, 	 (X640) 

-1111-  ()try 

(c) 700°C, 	 (.X64U) 

Fig. 5.65 : SEM of alloy E (Superco 605) after cyclic hot corrosion in Na2SO4- 

15%V205  at 

(a) 900°C, (X640) 

(b) 800°C, (X640) 

(c) 700°C, (X640) 



Fig. 5.89 	BSEI and X-ray mappings of the cross-section of Alloy D (Supemi 

i et) aux' vyt,Alt; 	t....vtavoiva4 ,F,AL 

(X1000). 

(a) Composition image (BSEI) 

(b) Cr K„ 

(c) Ni Ka  

(d) Fe K„ 

(e) Al K., 

(f) Ti Ka  

(g) 0 Ka  

x-ray image 

x-ray image 

x-ray image 
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Fig. 5.88 	BSEI and X-ray mappings of the cross-section of Alloy C (Superni 

600) afler cyclic hot corrosion at 900°C in Na2SO4-15% V205  

(X400). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka  x-ray image 

(e) Al Ka  x-ray image 

(f) V Ka  x-ray image 

(g) 0 Ka  x-ray image 
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Fig. 5.87 	BSEI and X-ray mappings of the cross-section of Alloy B (Superni 

75) after cyclic hot corrosion at 900°C in Na2SO4-15% V205  

(X300). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) 0 Ka  x-ray image 
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Fig. 5.86 	BSEI and X-ray mappings of the cross-section of Alloy A (Superfer 

800H) after cyclic hot corrosion at 900°C in Na2SO4-15% V205  

(X1000). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka  x-ray image 

(e) 0 Ka  x-ray image 



Fig. 5.85 BSEI and X-ray mappings of the cross-section of Alloy E (Superco 

605) after cyclic hot corrosion at 900°C in pure Na2SO4  (X1000). 

(a) Composition image (BSEI) 

(b) Cr lc x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka  x-ray image 

(e) Co Ka  x-ray image 

(f) W Ka  x-ray image 

(g) 0 Ka  x-ray image 



CI 

1 

C 

e f 



Fig. 5.84 BSEI and X-ray mappings of the cross-section of Alloy D (Superni 

718) after cyclic hot corrosion at 900°C in pure Na2SO4  (X1000). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni K a  x-ray image 

(d) Fe lc, x-ray image 

(e) Ti K a  x-ray image 

(f) 0 Ka  x-ray image 
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Fig. 5.83 BSEI and X-ray mappings of the cross-section of Alloy C (Superni 

600) after cyclic hot corrosion at 900°C in pure Na2SO4  (X1000). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka  x-ray image 

(e) 0 Ka  x-ray image 
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Fig. 5.82 BSEI and X-ray mappings of the cross-section of Alloy B (Superni 

75) after cyclic hot corrosion at 900°C in pure Na2SO4  (X1000). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) 0 Ka  x-ray image 
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Fig. 5.81.  BSEI and X-ray mappings of the cross-section of Alloy A (Superfer 

800H) after cyclic hot corrosion at 900°C in pure Na2SO4  (X1000). 

(a) Composition image (BSEI) 

(b) Cr Ku  x-ray image 

(c) Ni lc x-ray image 

(d) Fe Ka  x-ray image 

(e) 0 Ka  x-ray image 
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Fig. 5.76 	Scanning electron micrographs of Alloy A (Superfer 800H) after 

cyclic hot corrosion at 900°C in Na2SO4-60% V205  + MgO (X640). 

Fig. 5.77 

	

	Scanning electron micrographs of Alloy 13 (Superni 75) after cyclic 

hot corrosion at 900°C in Na2SO4-60% V205  + MgO (X640). 

Fig. 5.78 

	

	Scanning electron micrographs of Alloy C (Superni 600) after cyclic 

hot corrosion at 900°C in Na2SO4-60% V205  + MgO (X640). 

Fig. 5.79 

	

	Scanning electron micrographs of Alloy D (Superni 718) after cyclic 

hot corrosion at 900°C in Na2SO4-60% V205 + MgO (X640). 

Fig. 5.80 

	

	Scanning electron micrographs of Alloy E (Superco 605) after cyclic 

hot corrosion at 900°C in Na2SO4-60% V205  + MgO (X640). 
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Fig. 5.74: SEM of alloy E (Superco 605) after cyclic hot corrosion in Na2SO4- 

60%V205  at 

(a) 900°C, (X640) 

(b) 800°C, (X640) 

(c) 700°C, (X640) 

Fig. 5.75 : SEM of alloy E (Superco 605) after cyclic hot corrosion in e.g. at 

1100°C with 

(a) Pure Na2SO4  (X640) 

(b) Na2SO4-15%V205, (X640) 

(c) Na2SO4-60%V205, (X640) 



Fig. 5.72 : SEM of alloy D (Superni 718) after cyclic hot corrosion in Na2SO4- 

60%V20s  at 

(a) 900°C, (X640) 

(b) 800°C, (X640) 

(c) 700°C, (X640) 

Fig. 5.73 : SEM of alloy D (Superni 718) after cyclic hot corrosion in c.g. at 

1100°C with 

(a) Pure Na2SO4 (X640) 

(b) Na2SO4-15%V205, (X640) 

(c) Na2SO4-60%V205, (X640) 
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Fig. 5.70: SEM of alloy C (Superni 600) after cyclic hot corrosion in Na2SO4- 

60%V205  at 

(a) 900°C, (X640) 

(b) 800°C, (X640) 

(c) 700°C, (X640) 

Fig. 5.71 : SEM of alloy C (Superni 600) after cyclic hot corrosion in c.g. at 

1100°C with 

(a) Pure Na2SO4 (X640) 

(b) Na2SO4-15%V205, (X640) 

(c) Na2SO4-60%V205, (X640) 
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Fig. 5.68 SEM of alloy B (Superni 75) after cyclic hot corrosion in Na2SO4- 

60%V205  at 

(a) 900°C, (X640) 

(b) 800°C, (X640) 

(c) 700°C, (X640) 

Fig. 5.69 : SEM of alloy B (Superni 75) after cyclic hot corrosion in c.g. at 

1100°C with 

(a) Pure Na2SO4  (X640) 

(b) Na2SO4-15%V205, (X640) 

(c) Na2SO4-60%V205, (X640) 



a 0 

b 
b 

c 
Fig, 5-66 

c 
Fig, 5.67 



Fig. 5.66 : SEM of alloy A (Superfer 800H) after cyclic hot corrosion in 

Na2SO4-60%V205  at 

(a) 900°C, (X640) 

(b) 800°C, (X640) 

(c) 700°C, (X640) 

Fig. 5.67 : SEM of alloy A (Superfer 800H) after cyclic hot corrosion in c.g. 

at 1100°C with 

(a) Pure Na2SO4 9 (X640) 

(b) Na2SO4-15%V205, (X640) 

(c) Na2SO4-60%V205, (X640) 
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Fig. 5.91 	BSEI and X-ray mappings of the cross-section of Alloy A (Superfer 

80011) after cyclic hot corrosion at 900°C in Na2SO4-60% V205  

(X400). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka  x-ray image 

(e) 0 lc x-ray image 
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Fig. 5.92 	BSEI and X-ray mappings of the cross-section of Alloy B (Superni 

75) after cyclic hot corrosion at 900°C in Na2SO4-60% V205  

(X600). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ku  x-ray image 

(e) V Ka  x-ray image 

(1) 0 lc x-ray image 
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-Fig. 5.93 	BSEI and X-ray mappings of the cross-section of Alloy C (Superni 

600) after cyclic hot corrosion at 900°C in Na2SO4-60% V205  

(X400). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka  x-ray image 

(e) Na Ka  x-ray image 

(f) V Ka  x-ray image 

(g) 0 Ka  x-ray image 
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Fig. 5.94 	BSEI and X-ray mappings of the cross-section of Alloy D (Superni 

718) after cyclic hot corrosion at 900°C in Na2SO4-60% V205  

(X400). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka  x-ray image 

(e) V Ka  x-ray image 

(f) 0 Ka  x-ray image 
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Fig. 5.95 	BSEI and X-ray mappings of the cross-section of Alloy E (Superco 

605) after cyclic hot corrosion at 900°C in Na2SO4-60% V205  

(X300). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni lc x-ray image 

(d) Fe lc x-ray image 

(e) Co Ka  x-ray image 

(f) W Ka  x-ray image 

(g) V Ka  x-ray image 

(h) 0 Ku  x-ray image 
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Fig. 5.97 	BSEI and X-ray mappings of the cross-section of Alloy B (Superni 

75) after cyclic hot corrosion at 1100°C in industrial atmosphere 

(X600). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka  x-ray image 

(e) V Ka  x-ray image 

(f) 0 Ka  x-ray image 



Fig. 5.90 	BSEI and X-ray mappings of the cross-section of Alloy E (Superco 

605) after cyclic hot corrosion at 900°C in Na2SO4-15% V205  

(X500). 

(a) Composition image (BSEI) 

(b) Cr Ku  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka  x-ray image 

(e) Co Ku  x-ray image 

(f) W Ka  x-ray image 

(g) 0 Ka  x-ray image 
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Fig. 5.98 BSEI and X-ray mappings of the cross-section of Alloy C (Superni 

600) after cyclic hot corrosion at 1100°C in industrial atmosphere 

(X600). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka  x-ray image 

(e) 0 lc x-ray image 
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Fig. 5.99 BSEI and X-ray mappings of the cross-section of Alloy D (Superni 

718) after cyclic hot corrosion at 1100°C in industrial atmosphere 

(X600). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka  x-ray image 

(e) 0 Ka  x-ray image 



4 

a 

C 

e 



Fig. 5.100 	BSEI and X-ray mappings of the cross-section of Alloy E (Superco 

605) after cyclic hot corrosion at 1100°C in industrial atmosphere 

(X400). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka  x-ray image 

(e) Co Ka  x-ray image 

(f) W Ka  x-ray image 

(g) V Ka  x-ray image 

(h) 0 Ka  x-ray image 
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Fig. 5.101 	BSEI and X-ray mappings of the cross-section of Alloy A (Superfer 

800H) after cyclic hot corrosion at 900°C in Na2SO4-60%V205  

MgO (X600). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka  x-ray image 

(e) V Ka  x-ray image 

(f) Mg Ka  x-ray image 

(g) S Ka  x-ray image 

(h) O Ka  x-ray image 
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Fig. 5.102 BSEI ana "-.-, 	 ss-section of Alloy B (Superni 

75) after cyclic hot corrosion at 900-C in Na2SO4-60%V205  + MgO 

(X5 00). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Kt, x-ray image 

(d) Fe Ku  x-ray image 

(e) V Ku  x-ray image 

(f) Mg Ku  x-ray image 

(g) 0 Ku  x-ray image 
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Fig. 5.103 	BSEI and X-ray mappings of the cross-section of Alloy C (Superni 

600) after cyclic hot corrosion at 900°C in Na2SO4-60%V205  +.  

MgO (X600). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ka  x-ray image 

(e) V Ka  x-ray image 

(I) Mg Ka  x-ray image 

(g) 0 Ka  x-ray image 
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Fig. 5.104 	BSEI and X-ray mappings of the cross-section of Alloy D (Superni 

718) filler cyclic hot corrosion at 900°C in Na2SO4-60%V205  + 

MgO (X300). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ka  x-ray image 

(d) Fe Ku  x-ray image 

(e) V Ka  x-ray image 

(f) Mg Ka  x-ray image 

(g) 0 Ka  x-ray image 
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Fig. 5.105 	BSEI and X-ray mappings of the cross-section of Alloy E (Superco 

605) after cyclic hot corrosion at 900°C in Na2SO4-60%V205  + 

MgO (X400). 

(a) Composition image (BSEI) 

(b) Cr Ka  x-ray image 

(c) Ni Ku  x-ray image 

(d) Fe Ku  x-ray image 

(e) Co Ku  x-ray image 

(f) W Ka  x-ray image 

(g) V Ku  x-ray image 

(h) S Ka  x-ray image 

(i) 0 Ku  x-ray image 
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FIG. 61;SCHEMATIC DIAGRAM SHOWING PROBABLE MECHANISM OF HOT 

CORROSION OF ALLOY A (SUPER FER 800H) ALLOY D (SUPER NI 718) 

AND ALLOY E (SUPER CO 605) IN PURE No2S 04 AT 900°C. 
(SIMILAR TO REF. 48 ) 
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FIG. 6.2 SCHEMATIC DIAGRAM SHOWING PROBABLE HOT CORROSION 

MECHANISM OF ALLOY A (SUPER FER BOOR) IN No2SO4-157 

V2 05 AT 900 ° C 	(SIMILAR TO REF. 53) 
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FIG.63:SCHEMATIC DIAGRAM SHOWING PROBABLE HOT CORROSION MECHANISM 
OF ALLOY D (SUPER NI 718) AND ALLOY E (SUPER CO 605) IN No2SO4- 
15 Z V205 AT 900° C 	(SIMILAR TO REF. 53 ) 
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FIG.6.4 SCHEMATIC DIAGRAM 	SHOWING PROBABLE HOT CORROSION 
MECHANISM OF (o) ALLOY A (SUPERFER 800H) (b) ALLOY B 

(SUPER NI 75) AND (c) ALLOY E IN (SUPER CO 605 ) IN No2 SO4-  
60 7. V2 05 AT 900.0 	 (SIMILAR TO REF. 87) 



FIG.6.5:SCHEMATIC DIAGRAM SHOWING PROBABLE HOT CORROSION 

MECHANISM OF ALLOY A (SUPERFER 800H) WITH Na2SO4 + 

60% V2 05 IN C.G. AT 1100°C 	(SIMILAR TO REF. 108) 
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FIG. 6.6: SCHEMATIC DIAGRAM SHOWING INTERNAL OXIDATION AND SULPHIDATION 
DURING HOT CORROSION OF (o) ALLOY A (b) ALLOY D and (c) ALLOY E IN 
Nat SO4- 607. V2 05 +Mg 0 AT 900° C 	 (Similar to Ref. 124 ) 
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