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ABSTRACT 

Hot corrosion is an accelerated oxidation of materials at elevated temperatures 

induced by a thin film of fused salt deposits, which is mostly observed in boilers, gas 

turbines, internal combustion engines, fluidized bed combustion, industrial waste 

incinerators, diesel engines and chemical plants. The hot corrosion of an alloy usually 

occurs in the environments where molten salts such as sulphates (Na2SO4), chlorides 

(NaCI) or oxides (V205) are deposited onto the surfaces. Sodium vanadyl vanadate 

(Na20.V204.5V205), which melts at a relatively low temperature 550°C is found to be the 
most common salt deposit on boiler superheaters. 

Superalloys are well known candidates for the above mentioned high temperature 

applications. Although the superalloys have adequate mechanical strength at elevated 

temperatures, yet often lack resistance to oxidizing/corroding environments during long 

time exposures. One possible way to combat this problem of hot corrosion and oxidation 

constitutes the use of protective coatings. Among the various techniques used for 

deposition of coatings, plasma spraying is a versatile technology that has been successful 

as a reliable cost-effective solution for many industrial problems. 

In the present study, oxidation behaviour of some superalloys designated as 

Superni 75, Superni 600, Superni 601, Superni 718 and Superfer 800H as per the 

manufacturer's catalogue, has been investigated with and without the application of 

plasma sprayed coatings in air as well as Na2SO4-60%V205 environment. These 

superalloys are being developed by Mishra Dhatu Nigam Limited, Hyderabad (India) for 

the high temperature applications such as boilers and gas turbine parts, heat exchangers 

and piping in chemical industries, jet engines, pump bodies, high temperature furnace 
parts and heat treatment jigs. 

Argon shrouded plasma spray process was utilised to develop four types of 

coatings viz. Ni-22Cr-1OAI-1Y (NiCrA1Y), Ni-20Cr, Ni3AI and Stellite-6 on the given 

superalloys. Ni3Al alloy powder was prepared by mixing nickel and aluminium powders in 

the stochiometric ratios. The NiCrA1Y was also used as bond coat of approximately 150 

.tm thickness before the final coating in all cases. As-sprayed coatings were characterised 

by metallography, SEM, EDAX and EPMA before conducting oxidation studies. 



In as-sprayed condition, the formation of Ni3A1 as main phase was confirmed by 

XRD analysis in case of Ni3AI coatings. In almost all the coating formulations, a slight 

increase in microhardness values for the substrate superalloys was observed near the 

bond coat/substrate interface, which might be due to the high speed impact of the coating 

particles during plasma spray deposition. Interdiffusion of various elements between the 

substrate and plasma spray coats was observed to be marginal and it was relatively high 

between the bond coat and top coat. 

Oxidation studies in air and Na2SO4-60%V2O5  environments were performed in 

the laboratory furnace for 50 cycles; each cycle consisted of 1 hour heating at 900°C 
followed by 20 minutes cooling. At the end of each cycle the specimens were critically 

examined regarding the colour, luster, tendency to spall and adherence of scale and then 

subjected to weight change measurements. In case of studies in the molten salt, a 

uniform layer of the mixture of Na2SO4-60%V205  was applied on the preheated 
specimens (200°C) with the help of cam©l hair brush in such a manner that the weight of 

the applied salt does not exceed 3-5 mg/cm2. XRD and SEM/EDAX techniques were 

used to identify the phases obtained and the elemental analysis of the surface scale. 

These oxidised samples were then cut across the cross-sections and mounted to study the 

cross-sectional details by EPMA and SEM/EDAX. 

Among the bare superalloys, Superni 600 showed the best resistance to air 

oxidation, whereas Superni 75 exhibited maximum oxidation rate. Based on the 

thermogravimetric data for 50 cycles the oxidation rates for the uncoated superalloys 

could be arranged in following order: 

Superni 75 > Superni 718> Superni 601 > Superfer 800H> Superni 600 

Thermogravimetric data showed that the overall weight gains after 50 cycles of 

air oxidation were lower for the uncoated superalloys than their coated counterparts in all 

the cases. Among the various coatings, NiCrAIY coatings showed minimum oxidation 

rates in all the cases, the sequence for observed oxidation rates based on weight gain 

values for the NiCrAIY coated superalloys after 50 cycles of oxidation was as 

follows: 

Superni 75 >Superni 601>Superni 600> Superfer 800H > Superni 718 

II; 



However, the performance of other coatings could not be sequenced in general, as 

it was observed to vary with the change in substrate superalloy. Comparing the oxidation 

resistance of Ni-20Cr, Ni3AI and Stellite-6 coatings in the air, sequences observed for the 

various coated alloys were as follows: 

Ni3AI > Stellite-6 > Ni-20Cr 	for 	Superni 75 and Superni 601 

Stellite-6 > Ni3A1 > Ni-2OCr 	for 	 Superni 600 

Ni-20Cr > Ni3AI > Stellite-6 	for 	 Superni 718 

Ni3AI > Ni-20Cr > Stellite-6 	for 	 Superfer 800H 

In case of Na2SO4-60%V205  induced hot corrosion, the bare superalloys have 

indicated higher rates of corrosion as compared to those shown in air oxidation. The Fe-

base superalloy Superfer 800H has shown least resistance to the hot corrosion amongst 

the Superalloys Superni 75, 600, 601 and Superfer 800H. The weight gain values for the 

fifth superalloy Superni 718 could not be measured upto 50 cycles due to intensive 

spatting and sputtering of the scale. This might be due the Mo content present in the 

superalloy, which might have led to acidic fluxing of the protective scales. On the basis 

of thermogravimetric data for 50 cycles of hot corrosion, corrosion rate of the 

superalloys under study could be arranged in the following order: 

Superfer 80014 > Superni 601 > Superni 600 > Superni 75 

The NiCrAIY coating was found to be successful in reducing the oxidation rate in 

the given molten salt environment for all the superalloys, while Ni-20Cr also'slowed 

down the oxidation rates for all the superalloys with an exception of Superni 75, where 

Ni-20Cr coated sample showed somewhat higher weight gain as compared to uncoated 

case. Ni3AI coating reduced overall weight gain in case of Supemi 601, 718 and Superfer 

80014. Stellite-6 coating was found to be effective in case of Superni 718 and Superfer 
80014. The overall performance of the coatings in the Na2SO4-60%V205  environment has 
indicated the following trend: 

NiCrAIY > Ni-20Cr > Ni3At > Stellite-6 

In both the environments, the coatings maintained their integrity with the 
substrate superalloys and internal oxidation of the superalloys was not indicated, in 

general. The oxidation kinetics could be approximated by parabolic rate in all the 

cases. Rate of oxidation was observed to be high in the early cycles of the study for 

all the coated specimens, which might partly be attributed to availability of diffusion 
paths in coatings along the splat boundaries. During transient period of oxidation, the 
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oxidizing species might have penetrated into the coatings along the interconnected 
network of pores and splat boundaries to cause rapid oxidation. However, once all 
these possible diffusion paths were blocked by the formation of oxides, the oxidation 
might have become limited mainly to the surface of the coatings, thereby entered into 
a steady state. 

All the coated specimens exposed to air or molten salt oxidation indicated the 
presence of mainly oxides in their scales as has been revealed by XRD and EDAX 
analysis. The oxides identified were those of chromium and/or aluminium, and spinets 
containing mixed oxides of nickel-chromium or nickel-aluminium or cobalt-chromium. 
These oxides are reported to be protective in nature against oxidation/hot corrosion due 
to their low growth rate, strongly bounded compositions and ability to act as effective 
barriers against ionic migration. The spinel phases may further enhance the oxidation 
resistance as these are suggested to have much smaller diffusion coefficients of the 
cations and anions than those in their parent oxides. Moreover, in some cases, chromium 
was seen forming thin continuous streaks at the bond coat/base alloy interface, which 
might further have improved the oxidation resistance towards both the given 
environments. 

The NiCrA1Y coated Superfer 800H superalloy showed the highest oxidation 
resistance to both the air and molten salt environments. The best protection indicated by 
NiCrAIY coating, in general, might also be ascribed to the simultaneous formation of an 
additional protective oxide a-A1203 alongwith Cr203 and NiCr2O4  in its oxide scale, 
which grows very slowly and is thermodynamically stable. Moreover, the presence of 
yttrium in the coating might also have reduced the scale growth rates and hence the 
overall weight gains. 

The splat structure could be clearly seen after air as well as molten salt 
oxidation for the NiCrA1Y coated specimens, where the splats (Ni-rich) were in un-
oxidised state. The ingress of corrosive species in the initial stages along the splat 
boundaries resulted in formation of oxides of mainly aluminium, alongwith those of 
yttrium and chromium. Bond coat was found to have retained its identity in case of 
Ni-20Cr, Ni3AI and Stellite-6 coated samples in both the environments of the current 
investigation, The Ni-rich splats present in the bond coats were found to be, by and 
large, in un-oxidised state, whereas oxides of aluminium, yttrium and chromium were 
observed to be formed along the pores and splat boundaries. In case of Stellite-6 
coating, chromium and oxygen were found to co-exist along the splat boundaries in 
both the environments of study, whereas cobalt rich splats, by and large, remained 
un-oxidised. 
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Sulphur got penetrated through the scale to/under the substrate-scale interface 

in most of the cases during molten salt induced oxidation, while vanadium was mainly 

restricted to the top scales. Titanium indicated significant diffusion into the scales in 

case of NiCrAIY, Ni-20Cr and Ni3AI coated Superni 75, 718 and Superfer 800H 

during molten salt as well as air oxidation. Diffusion of iron into the scales of 

NiCrAIY, Ni-20Cr and Ni3AI coatings was also noticed in most of the cases after 

exposure to oxidation/hot corrosion, which was relatively high in case of molten salt 

induced corrosion. Minor diffusion of some other basic elements of the superalloy 

substrates such as Mn, Mo, Ta and Si into the scales was also noticed in most of the 

cases. However, this diffusion has been reported to be a life-limiting factor if coatings 

are operated at temperatures greater than 1000°C for prolonged periods of time. 

Slight spalling of the scales in powder form was observed in most of the coated 

cases, when subjected to molten salt corrosion. Minor spallation of the coatings was also 

noticed during oxidation in both the given environments in most of the cases, which 

perhaps, got initiated from the mieroeracks and, was confined to the edges of the coated 

specimens. It may be attributed to the thermal coefficient mismatch between the 
oxide scale and the remaining coating. 

The coatings under study have been found to be successful in protecting the given 

substrate superalloys at an elevated temperature of 900°C in the very aggressive 
simulated conditions of boilers (and gas turbines), from which it can be inferred that 

these coatings can also perform well in the actual boiler and gas turbine environments. 

The temperature, at which these coated superalloys have been tested and found 

successful in reducing the corrosion, can enhance the thermal efficiency by a significant 

fraction particularly in case of boilers. In context with the Indian boilers, the hot 

corrosion problem are relatively more severe as the Indian coal contains high ash content 

and therefore, the coatings can bring still more revenues. Further, these coatings will also 

be beneficial to arrest oil ash corrosion. 
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PREFACE 

The entire work carried out for this investigation has been presented into eight 
chapters. 

Chapter-1 contains the introductory remarks about hot corrosion phenomenon 

and its impact on the various engineering equipments and components. The ways to 

counteract this problem are also briefly presented. 

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

and mechanisms of high temperature oxidation and hot corrosion. The different 

preventive measures have been summarised and the plasma spray process detailed. After 

reviewing the available literature the problem has been formulated. 

Chapter-3 introduces the experimental techniques and procedures employed for 

applying the coatings and their characterisation, the oxidation studies and analysis of the 

corrosion products. Further, specifications of the equipments and other instruments used 
for the present investigation are mentioned. 

Chapter-4 includes the findings and discussions of the investigation regarding the 
characterisation of as-sprayed coatings. 

Chapter-5 contains the data regarding the cyclic oxidation studies performed on 
uncoated and coated superalloys in air at 900°C. It also includes the critical discussion of 
results in view of the existing literature. 

Chapter-6 describes the findings regarding the behaviour of coated and uncoated 
superalloys subjected to cyclic hot corrosion in molten salt (Na2SO4-60%V205) at 900°C 
along with discussion on the results, with an effort to suggest modes of corrosion attack. 

Chapter-7 presents the comprehensive discussion on the results with an attempt to 
explain the comparative performance of the different coatings in both the environments of 
the study. 

Chapter-8 compiles the salient conclusions of the present study regarding the 

characterisation, oxidation and hot corrosion behaviour of uncoated and coated 
superalloys. 
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CHAPTER 1 

INTRODUCTION 

Corrosion is a natural occurrence commonly defined as the deterioration of a 

substance (usually metal) or its properties as a consequence of its reaction with the 

environment. According to a recent study, the total annual estimated direct cost of metallic 

corrosion in the U.S. is a staggering $276 billion-approximately 3.1% of the Nation's Gross 

Domestic Product (GDP). This cost is more than the annual cost of weather related 

disasters, which is just averaging $17 billion annually. However, unlike weather related 

disasters, corrosion can be controlled, but at a cost. The report further revealed that the 25% 

to 30% of annual corrosion costs in the U.S. could be saved if proper corrosion 

management practices were employed (Koch et al, 2002). An estimated 40% of total US 

steel production goes to replacement of corroded parts and products. So far as India is 

concerned, the corrosion costs may touch Rs. 24000 crore (Rs. 240000 million). This cost 

is for the materials corrosion in building structures, bridges, chemical plants, offshore 

platforms, power plants, ships, pipe lines for transportation of hydrocarbon, electrical and 

electronics components (Gupta, 2003). 

Metals and alloys get oxidised when they are heated to elevated temperatures in air 

or highly oxidising environments, such as a combustion gas with excess of air or oxygen. 

They often rely on the oxidation reaction to develop a protective oxide scale to resist 

corrosion attack, such as sulphidation, carburisation, ash/salt deposit corrosion etc. That is 

why oxidation is considered to be the most important high-temperature corrosion reaction. 

Further the rate of oxidation for metals and alloys increases with increasing temperature 

(Lai, 1990). 

Hot corrosion is the degradation of materials caused by the presence of a deposit 

of salt or ash in a general sense. In a more restricted sense, hot corrosion is the 

degradation of metals and alloys owing to oxidation process, which are affected by a 

liquid salt deposit. In hot corrosion, metals and alloys are subject to degradation at much 

higher rates than in gaseous oxidation, with a porous, non-protective oxide scale formed 

at their surface, and sulphides in the substrate. 
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Hot corrosion was first recognized as a serious problem in 1940s in connection 

with the degradation of fireside boiler tubes in coal-fired steam generating plants. Since 

then the problem has been observed in boilers, internal combustion engines, gas turbines, 

fluidized bed combustion and industrial waste incinerators. Turbine manufacturers and 

users became aware of the hot corrosion in the late 1960's when serious corrosive attacks 

occurred for helicopters and rescue planes in service over and near sea water during 

Vietnam conflict (Rapp, 1986 and Rapp, 2002). 

An excellent review by Stringer covered the work done in the field of hot corrosion 

up to about 1976 (1977). Most of the work was aimed at developing improved alloys and 

understanding the hot corrosion processes. Much of the mechanisms proposed during that 

period were focused on thermochemistry. Bornstein and DeCrescente (1969 and 1971) and 

Bornstein et al (1973) 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. Goebel and Pettit (1970A) also interpreted the hot corrosion of pure nickel in 

terms of basic dissolution and re-precipitation of NiO in the fused salt film. Goebel et al 

(1973) extended this mechanism to include acidic fluxing and oxide reprecipitation to 

account for the catastrophic oxidation caused by pure Na2SO4 for alloys containing strong 

acid components such as vanadium or molybdenum. The next important contribution in the 

fluxing model was made by Rapp and Goto (1981), who proposed that if the gradient in 

solubility of the protective oxide with distance into the salt layer becomes negative at the 

oxide/salt interface, accelerated attack could be sustained. Sodium vanadyl vanadate 

(Na20.V204.5V205), which melts at a relatively low temperature 550°C is found to be 

the most common salt deposit on boiler superheaters. Addition of Na20 to liquid V205 

causes an increase in the basicity of the melt with a corresponding increase in corrosivity 

with respect to the acidic oxides. Moreover, Na2O has also been reported to decrease the 

viscosity. Therefore the protective oxides become porous and non-adherent. The 

formation of binary and tertiary low melting eutectics increase the surface attack thereby 

reducing the useful life of the component. 

Corrosion problems caused by low-quality fuels are often tackled by decreasing 

the steam temperature in super heaters. For instance, in case of boilers burning low-

chlorine fuels, such as coal, the steam temperature is usually limited to 570°C (Natesan, 

1993), whereas boilers combusting high-chlorine fuels, like waste (Kawahara, 1997) or 

black liquor (Tran et al, 1988) operate with steam temperatures below 500°C. 

Unacceptable corrosion rates have occurred when biofuel fired boiler has been operated 



with steam temperature of 530°C. These lower steam temperatures drastically decrease 

the efficiency of electricity production. Furthermore, the high-temperature corrosion 

caused by such combustion environments is usually an accelerated oxidation or 

sulphidation process. 
Due to depletion of high-grade fuels and for economic reason use of residual fuel 

oil in these energy generation systems is well known. Residual fuel oil contains sodium, 

vanadium and sulphur as impurities. Sodium and sulphur form Na2SO4 (melting point 

884°C) by reactions in the combustion system. Whereas during combustion of the fuel, 

vanadium reacts with oxygen to form an oxide V205 (melting point 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) in energy 

generation systems. When considering coal-gasification processes, hot corrosion is 

expected to be a problem because the gas environment generally has large sulphur 

activities and low oxygen activities and also contains substantial amount of salts 

(Natesan, 1976). 

The operating temperatures in case of gas turbines are usually very high, which 

are expected to increase further with the advances in materials development and cooling 

schemes for the new-generation gas turbine engines. The combination of such high 

temperatures with an aircraft environment that contains contaminants such as sodium, 

sulphur, vanadium and various halides requires special attention to the phenomena of hot 

corrosion (Eliaz et al, 2002). Moreover, Goward (1998) has suggested that the corrosion 

in boilers and turbines had much in common. 

According to a recent study conducted in U.S. it has been recommended that the 

U.S. must find more and better ways to encourage, support, and implement optimal 

corrosion control practices in spite of the fact that corrosion management has improved 

over the past several decades. Moreover, corrosion prevention and control is critical to 

protecting public safety and the environment (Koch et al, 2002). A number of 

countermeasures are currently in use or under investigation to combat different types of 

corrosion. While selecting a particular corrosion control strategy it is always emphasised 

that the protection system must be practical, reliable and economically viable. So far as 

the hot corrosion problem of metals and alloys is concerned, it may be tackled by 

designing a suitable industrial alloy, controlling the process parameters, use of inhibitors, 

protective coatings and superficially applied oxides as per requirements in the given 

environment. 
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Controlling the various process parameters (air/fuel ratio, temperature, pressure 

etc.) of the boiler and gas turbine is useful to some extent to combat corrosion, but these 

parameters can be controlled only within certain limits. There are numerous inhibitors 

commercially available that are intended to reduce the severity of oil ash corrosion, 

particularly Mg and Mn-based inhibitors, which have proven to be effective (Paul and 

Seeley, 1991). Investigations in the area of inhibitors like MgO, Ce02, CaO, Mn02, etc. 

have already been done in the department and the decrease in the extent of hot corrosion 

in the most aggressive environment of Na2SO4-60%V205 at 900°C has been achieved. 

But the major problem being faced is how to inject these inhibitors along with the fuel in 

the combustion chamber in actual industrial environment (Tiwari and Prakash, 1998 and 

Gitanjaly et al, 2002). 

Abrasion and corrosion resistance of components can be greatly increased by 

protective coatings and this is a growing industry of considerable economic importance. 

Coatings are used in both aqueous and high temperature applications. The purpose of 

these coatings is to form long-lived corrosion protective scales. Coal gasification electric 

power generation and waste incineration involves severe conditions and thick coatings 

have proved effective (Hocking, 1993A). This is the preferred approach, even when 

relatively hot corrosion-resistant base alloys are used. The numerous variants of high 

temperature coatings that are in use today, may be categorized into three generic types: 

diffusion, overlay, and thermal barrier coatings (Eliaz et al, 2002). In the service 

environment, the coating forms an oxide surface layer which ideally inhibits corrosion. 

To a degree, the oxide surface layer can be selected according to the environment, and 

the coating is designed to serve as a reservoir for the element forming the surface oxide. 

The oxide required here are A1203, Cr203 and Si02 and the coating compositions are 

selected accordingly to allow these oxides to form in service (Nicoll and Wahl, 1983 and 

Stroosnijder et al, 1994). 

Among the various coating methods plasma spraying fosters progress in both 

development of materials and modern coating technology because of advances in powder 

and wire productions. The advanced plasma technique has many advantages such as high 

productivity for thick coating films of more than 100µm and good applicability for a 

wide range of coating materials including ceramic powder, further the process does not 

cause degradation of the mechanical properties of the alloy substrate (Gill and Tucker, 

1986 and Nicoll et al, 1986). Plasma spraying is a well established means of forming 

thick coatings (-300µm) used, for instance, for their resistance to corrosion, oxidation, 



and wear; friction, electric, magnetic, and ionic conduction properties; thermal 

protection; coefficient of thermal expansion tailored to service conditions; and strength 

with free-standing spray-formed components (Fauchais et al, 2001). They are used in 

many industrial applications; mechanics, aeronautics, aerospace, chemistry and oil, 

electric, military, automotive, medical, marine, and mining, and their development has 

continuously increased over the last decade (Fauchais et al, 2004A). However, due to the 

intrinsic properties of thermal spraying technique, it must be emphasized that more work 

is needed in. order to get a reliable corrosion resistant coating in many environments 

(Flodgkiess and Neville, 1998). 

Iron- and nickel- base superalloys are the commercial alloys commonly used for 

the high temperature applications e.g. manufacture of components used in aggressive 

environments of gas turbines, steam boilers etc. The superior mechanical performance and 

good corrosion resistance of the superalloys, especially the nickel-base superalloys at 

high temperature make them favourites as base materials for hot components (such as 

blades or vanes) in industrial gas turbines and other energy conversion systems. 

However, the presence of combustion gases constitutes an extreme environment and hot 

corrosion is inevitable when alloys are used at high temperatures for long periods of time 

(Goebel et al, 1973). To improve the oxidation and corrosion resistance of superalloys 

and to increase the service life of superalloy components at high temperatures, two 

approaches have been employed, adding fair amounts of Al, Cr, and Ti, and small 

amounts of Y, Zr and Hf to the alloy, which help to improve oxidation and corrosion 

resistance (Wang et al, 1989). Another method is coating the alloy with a protective layer 

using various surface treatment techniques. Many coating techniques have been proposed 

such as pack cementation, plasma spraying and chemical vapour deposition (Bai et al, 

2004). Although considerable efforts have been made to study behaviour of these coated 

materials under various corrosive environments, still it has been realized that the 

understanding of the degradation and failure mechanisms of high-temperature coatings in 

the field need to be improved, particularly with respect to the effects of engine operation 

and environment on the coating performance (e.g., thermal cycling) (National Materials 

Advisory Board, 1996). 

With no promising turbine materials beyond coated nickel-base superalloys 

apparent in the foreseeable future, continued progress will likely be made by further 

refinement of control of thermally grown oxide adherence, and by more cost effective 

manufacturing processes for contemporary types of coatings. Manufacture of overlay 
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coatings by EBPVD dominated through the 1970s. Low-pressure (LPPS) and then the 

Union Carbide (Praxair) shrouded plasma torch are being favored for more complex 

formulations towards the end of 20`" century (Goward, 1998). According to Goward 

(1998) a complete understanding of oxide adherence is still elusive and is one of the 

most important areas of research, for both coatings and superalloys, to provide further 

advances in engine efficiency and service life. Research and development on coating 

processing for diffusion, overlay and thermal barrier systems deserves equally strong 

support. He further predicted that the future for coating science and technology is 

brightening than ever in the current millennium. 
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CHAPTER 2 

LITERATURE REVIEW 

This chapter contains a comprehensive review of the literature with a special 
reference to oxidation and hot corrosion of metals and alloys, and protective coatings. 
Plasma spray process has been described in detail. The problem has been formulated 
after critical analysis of the literature towards the end of this chapter. 

2.1 HIGH TEMPERATURE OXIDATION 
Metal and alloys get oxidised when they are heated to elevated temperatures in 

air or highly oxidising environments, such as a combustion gas with excess of air or 

oxygen. Considering the total chemical equation for the reaction between a metal and 
oxygen gas to form the metal oxide, 

aM +202 —aM gob 	 (2.1) 

oxidation of metals may seem to be among the simplest chemical reactions. However, 
according to Kofstad (1966), the reaction path and oxidation behaviour of a metal may 
depend on a variety of factors, and reaction mechanisms as a result may prove to be 
complex. The initial step in the metal-oxygen reaction involves the adsorption of gas on 
the metal surface. As the reaction proceeds, oxygen may dissolve in the metal, resulting 
in the formation of oxide on the surface either as a film or as separate oxide nuclei. Both 
the adsorption and the initial oxide formation are functions of surface orientation, crystal 
defects at the surface, surface preparation and impurities in both the metal and the gas. 
Thermodynamically, an oxide is likely to form on a metal surface when the oxygen 
potential in the environment is greater than the oxygen partial pressure in the equilibrium 
with the oxide (Kofstad, 1966). 

The surface oxide then separates the metal and the gas. When a compact film covers 
the surface, the reaction may proceed only through a solid-state diffusion of the reactants 
through the film. For thin films the driving force for this transport of reactants may be due 
the electric fields in or across the film, whereas for thick film or scales it is determined by the 
chemical potential gradient across the scale. Metals may also form porous oxide scales 
whichf as such do not serve as a solid-state diffusion barrier between the reactants. In such 
cases the reaction may be limited by processes occurring at phase boundaries. Further, at 
high temperatures, the oxide may also be liquid or volatile (Kofstad, 1966). 



Stott (1998) has explained that the establishment of an oxide layer on an alloy takes 

place by a nucleation and growth process. According to him, when a clean component is 

exposed to an oxygen rich gas, small impinging nuclei of all the thermodynamically stable 

oxides develop on the surface. These initial nuclei of oxide coalesce rapidly to give a 

complete layer. During the initial or transient stage, the rate of oxidation is rapid, all the 

elements in the alloy oxidise and the amounts of various oxides in the layer are 

approximately proportional to the concentration of the elements in the alloy. 

Once the transient oxide layer has been established, it continues to grow 

following diffusion of metal ions to the scale/gas interface or oxygen to the scale/alloy 

interface. The rate of thickening of the scale is determined by the temperature, the 

oxygen pressure and the spatial distribution, the amount, the composition and the 

structure of the initial oxide phases (Chattopadhyay and Wood, 1970). 

Stott (1998) has described the phenomena for Ni-20Cr alloy oxidation, according 

to which approximately 80% of the surface gets covered with NiO phase and 20% by the 

Cr203 phase during initial stage of oxidation (neglecting the possible formation of 

NiCr204). The fast growing NiO phase overgrows the Cr203 phase and a transient oxide 

scale layer of essential NiO develops, incorporating the other transient oxide phases. At the 

same time, he opined that the thermodynamically favoured oxide (Cr203) attempts to 

establish as a complete layer at the base of the transient oxide layer. This is achieved after 

a short period for this alloy at high temperatures (>600°C).Sufficient Cr203 nuclei develop 

to coalesce and form a complete layer, the oxygen activity at the transient oxide scale 

layer/alloy interface being sufficiently high to oxidise selectively in the alloy. This has 

been shown schematically in Fig. 2.1. The rate of oxidation is then controlled by transport 

of reactants across this Cr203 —rich layer, a much slower process than across the initially 

formed NiO-rich layer. He concluded that the oxide which forms the steady state scale 

depends, in general, on various factors such as alloy composition, oxygen, oxygen 

solubility and diffusivity in the alloy, alloy interdiffusion coefficients, growth rates of 

various oxides, microstructure and surface condition of the alloy, mechanical properties, 

particularly temperature and oxygen partial pressure. 
Further, the requirement of a protective oxide scale is to have a slow growth rate. 

Oxidation reactions of protective oxide generally follow a parabolic rate equation given 

by: 
x 2  =K,t 

where x is the scale thickness in dimensions of length, t is the time and Kp  the parabolic-

growth rate constant in dimensions of length2/time. However minor deviations from the 

parabolic behaviour are often observed (Doychak, 1995). 
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Fig. 2.1 	Schematic representation showing transient oxidation and subsequent 
development of a healing Cr203-rich layer on Ni-20%Cr at high 
temperature (Stott, 1998). 
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Li et al (2003A) have opined that although considerable insight has been 

accumulated on mechanisms of high temperature oxidation, from both engineering and 

more fundamental studies, reaction mechanisms are often not fully understood. They 

further stated that the degradation by oxidation is one of the main failure modes of hot-

section components in the gas turbines, so an understanding of the oxidation 

phenomenon is very necessary, particularly for the superalloys (Li et al, 2003A). Plenty 

of literature is available on the high temperature oxidation of metals and alloys, which is 

difficult to review in a sensible manner in such a short space. As an alternative it is 

proposed to overview the high temperature phenomenon in context with some current 

studies conducted by various researchers in the field, which may form basis for the 

formulation the problem. 

2.1.1 Oxidation of Superalloys 

The superalloys have been developed to achieve oxidation resistance by utilising 

the concept of selective oxidation. The selective oxidation approach to obtain oxidation 

resistance in superalloys consists of oxidising essentially only one element in the 

superalloy and relying upon this element's oxide for protection. For effective protection, 

it is anticipated that the oxide should cover the whole surface of the alloy and it must be 

an oxide through which the diffusion of the reactants takes place at comparatively slow 

rate. Nickel-, cobalt- and iron-base superalloys make use of the selective oxidation of the 

aluminium or chromium to develop oxidation resistance (Pettit and Meier, 1985). 

Further, Pettit and Meier (1985) have reported that the selective oxidation processes are 

affected by a number of factors such as alloy composition, alloy surface conditions, gas 

environment and cracking of the oxide scale. Cyclic oxidation conditions whereby the 

oxide scales crack and spall, as well as certain phases present in the superalloys, both 

affect the capability to selectively oxidise aluminium or chromium in the superalloys. 

Pettit and Meier (1985) opined that during isothermal oxidation of Ni-base 

superalloys Cr203 and Al203 scales are expected to be formed. Whereas under cyclic 

conditions depletion of chromium and aluminium results eventually in formation of NiO 

scale. Some alloys move toward the NiO scale formation much more rapidly than others. 

They further concluded that the application of aluminide coatings to two nickel based 



superalloys B-1900 and Mar M200 makes them remain in alumina scale formation range 

for even longer times than obtained for the uncoated. The time over which nickel base 

superalloys can maintain protective, external scales of alumina or chromia is affected by 

temperature, the gas environment and alloy composition. Generally the superalloys 

remain alumina or chromia formers for longer times as the aluminium or chromium 

concentrations are increased. Other elements such as yttrium or cerium can extend this 

time as these elements improve the oxide scale adherence. Further the alloys which are in 

alumina formers generally have better oxidation resistance than the chromia formers 

since diffusion through the alumina scales is generally slower than through chromia. 

So far as the Co- and Fe-based superalloys are concerned, they usually cannot be 

made to contain enough aluminium to permit them to be alumina formers as it will have 

detrimental effect on their mechanical properties. That is why the Co- and Fe-base 

superalloys have to rely on the chromia scales for oxidation resistance. Consequently the 

oxidation resistance of Co- and Fe-base superalloys is inferior to that of Ni-base 

superalloys. Furthermore, even when considering the Ni-base superalloys that are 

chromia formers, as degradation begins i.e. the chromia scales are damaged, the less 

protective oxides formed on the Ni-base alloys contain significant amount of nickel 

oxide as compared to cobalt and iron oxides on the cobalt and iron-base superalloys 

respectively. Since nickel oxides are more protective than cobalt and iron oxides, the 

oxidation resistance drop-off is more abrupt in the case of the Co- and Fe-base 

superalloys. Further the oxidation resistance of the Co- and Fe-base superalloys usually 

increases with the chromium concentrations and the oxidation resistance of the alloys 

with less than about 20% chromium is comparatively poor (Pettit and Meier, 1985). 

Further, according to Chatterjee et at (2001), the mixed oxides of the general 

composition AB204 (A and B represent two metallic components) have often been 

identified as oxidation products of Fe-, Ni- and Co- based alloys. The most important 

properties of these compounds with respect to oxidation resistance are the diffusion 

coefficients of the cations and anions, which are usually much smaller than in their 

parent oxides. 



2.1.2 Oxidation Studies on Iron-Based Alloys 
Sadique et all (2000) showed that aluminium additions have marked effects on the 

oxidation characteristics of Fe-IOCr at all temperatures. They observed reduction in rate 

of oxidation in terms of specific weight gain with increasing aluminium content. The 

amount of spallation of the oxide scale was also found to decreasing with increasing Al 

content. Al content was shown to help in enhancing the adhesion of Cr203. Failure of the 

protective scale was inhibited either through the immediate reformation of an external 

protective scale or through the internal oxidation and subsequent formation of a sub- 

scale layer. It was concluded that a minimum level of aluminium exists for the formation 

of a complete protective scale on the alloy surface depending upon the temperature. 

Haugsrud (2001) reviewed some studies on the oxidation of binary alloys, A-B, 

such as those based on Fe, Co, Ni or Cu and containing 0-30% of a higher valent, less 

noble metal, B. He reported that the oxidation essentially follows parabolic kinetics and 

the rate constant reaches a maximum with additions of B around 5-10%. The oxygen 

pressure dependencies and temperature dependencies of the parabolic rate constants are 

stronger than for the unalloyed metal, A. He further suggested that the oxide scale 

morphology for the binary alloys is considerably more complex than for unalloyed A and 

the oxide usually comprises an outer region consisting of AO and an inner two-phase 

region containing dispersed BO-particles and pores in a matrix of AO. 

Comparison of the oxidation kinetics of four commercial heat-resisting alloys 

namely Hastelloy C-4, SS 304L, Incoloy 800H and Incoloy 825 in air from 600 to 
1200°C has been presented by Hussain et al (1994). Hastelloy C-4 was found to be the 

most resistant to oxidation for temperatures upto 1000°C following a cubic-rate law. SS 

304L was reported to be oxidised in the form of stratified nodules of two distinct layers, 

which grow in opposite directions at the metal-oxide interface irrespective of time and 

temperature of oxidation. Incoloy 800H and Incoloy 825 showed similar kinetics, 

following parabolic-rate law at 1000°C and 1200°C. They also observed the deleterious 
effect of Mo on the oxidation resistance of Incoloy 825. 

Khalid et al (1999) conducted.  similar studies for comparison of high temperature 
oxidation behaviour of Incoloy 800H and Incoloy 825 at 1000 and 1200°C. Incoloy 

800H exhibited compact, dense and adherent oxide layer, whereas the Incoloy 825 

decomposed completely into the oxide. They attributed the comparatively less oxidation 

resistance of the Incoloy 825 to the presence of coarse Ti-rich inclusions, which shows 

the less dissolution of Ti in the alloy. 
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Singh (2003) carried out high temperature oxidation studies on the GrAl, 111 

and T22 boiler steels in air at 900°C. He observed that the Mo containing T22 steel 

showed least oxidation resistance. He attributed this to the formation of a low melting 

point Mo03 phase. This low melting point phase (795°C) was reported to cause the 

disruption and dissolution of the protective oxide scale, resulting in accelerated oxidation 

of the steel. 

2.1.3 Oxidation Studies on Nickel and Nickel-Based Alloys 

Haugsrud (2003) revisited the high-temperature oxidation of Ni with an extensive 

review and conducted experiments to study the oxidation behaviour of Ni in the range of 

500-1300°C and oxygen pressure from 1X10"4  to I atm. The oxidation behaved 

according to a parabolic rate law at 1100°C and the rate was found to be governed by 

outward lattice diffusion of Ni via either singly or doubly charged Ni vacancies. At lower 

temperatures the oxidation mechanism has been reported to be more complex and 

contradictions are found in the literature. Short circuit mechanisms of both Ni and 

oxygen are of importance, where the influence of oxygen transport increases with 

decreasing temperature. Further he concluded that the mechanism of oxygen ingress is 

not fully clear, but since the oxygen diffusivity in NiO is too slow to account for the 

inward growth, oxygen is assumed to penetrate the scale as gaseous species. 

UI-Hamid (2002) investigated the oxidation behaviour of alloy grain boundaries in 

Ni-IOCr and Ni-2OCr alloys in air for 50 hours at 1000°C. He pointed out that the grain 

boundaries intersecting the alloy surface in Ni-IOCr exhibited no oxidation, whereas the 

alloy formed a thick (-60µm) oxide layer inwardly. Further it was observed by him that 

the Ni-20Cr cross-section revealed preferential oxidation at a depth of 65µm at the alloy 

grain boundaries intersecting its surface, while the oxide at the surface was a few 

micrometers thick. He noted that the extent to which the grain-boundary oxidation differs 

from the alloy surface oxidation depends on the Cr content of the alloy. Further during the 

isothermal oxidation of Ni-20Cr binary alloy at 750 and 1000°C in air, he observed 

formation of a-Cr203, NiCr204  and NiO phases (Ul-Hamid, 2003). He further conducted 

the microstructural study of the alloy perpendicular to the plane of oxidation and revealed 

co-lateral formation of diverse scale configuration at its surface. He opined that the 

protection imparted was found to be mainly due to the presence of a-Cr203, however 

various regions of the oxidised alloy surface constituted predominantly of NiCr2O4. 



Studies of the protective alumina scales which formed on NiCrAIY-alloys after 

isothermal oxidation in the temperature range of 950-1100°C with Si addition showed 

that the Si additions upto 2 mass% have only a minor effect on the scale growth of Ni-

20Cr-I OAI-Y (Nickel et al, 2002). Similarly they concluded that the small additions of Ti 

(around 0.4 mass-%) can improve the scale adherence. 

Levy et at (1989) reported studies on the cyclic oxidation resistance of three 

single-crystal nickel base superalloys and DS Mar M 200 at 1093°C using a tube furnace 

and burner rig. The same ranking of the alloys was reported in both tests with the single-

crystal superalloys having better oxidation resistance than the directionally solidified 

alloy DS Mar M 200. They further opined that tube furnace tests can be used in place of 

burner-rig tests to rank alloys. Oxidation tests at 900°C using the tube furnace produced a 

ranking of the alloys consistent with the 1093°C results. 

Delaunay et al (2000) studied the isothermal oxidation of Inconel 718 in air at 

900°C. The oxidation led to the formation of a layer of a rhombohedral phase Cr 2_kMxO3  

high in Cr. They observed that rapid Mn and Ti diffusion across this scale contributed to 

the formation of a spinel phase and Ti02  crystals on the surface of the scale. Nb was 

observed to be rapidly diffusing along the grain boundaries of the alloy in the very first 

stages of the oxidation. This formed an oxide on the surface of the alloy which was 

suggested to be CrNb04. For longer oxidation times, the rapid formation of a chromia 

scale led to the development of a Cr depleted zone in the substrate. This zone was 

observed to be affected by an intergranular oxidation of Ti near the interface and of Al 

deep in the alloy. Further the rate of the oxide scale growth, the depth of the intergranular 

oxide penetration and the depth of Cr and Ti depletion were all lower than those obtained 

under the same conditions on Inconel X and Incoloy 800. 

Whereas from the mass-gain measurements, Greene and Finfrock (2000) 

identified three regimes of oxidation for Inconel 718, a low-temperature regime in which 

the alloy behaved as if passivated after an initial period of transient oxidation, an 

intermediate-temperature regime in which the rate of oxidation was limited by diffusion 

and exhibited a constant parabolic rate dependence, and a high-temperature regime in 

which material deformation and damage accompanied an accelerated oxidation rate 

above the parabolic regime. 

The oxidation behaviour of a single-crystal Ni-base superalloy has been studied 

using discontinuous thermogravimetric analysis and prolonged exposure in air at 800 and 

900°C by Li et al (2003A), and over the temperature range from 1000-1150°C by Li et at 
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(2003B). They observed that the mass gain at 900°C was lower than that at 8000C due to 

the formation of a protective inner a-A120; layer at 9000C.The scale formed at 900°C 

was found to be more uniform than that formed at 800°C, which consisted of several 

layers: an NiO outer layer, spinet-rich sublayer, a CrTa04-rich layer and an a-A1203 

inner layer. Whereas in the temperature range of 1000-1150°C, the outer NiO layer was 

observed to be replaced by an outer layer of spinet, a sublayer of mainly a-A1203, with 

unchanged composition of inner layers of the scale. Further, no internal oxides or 

nitrides were observed below the inner a-A1203  layer after 1000 hr at 1000°C, and after 
200 hr at 1100 and 1150°C. 

Li, Y. et al (2003) studied the oxidation kinetics and oxidation layer of a cast Ni-

base superalloy K35 at 800°C by still TGA method. The results showed that oxidation 

kinetics of the superalloy obeyed the parabolic law. They further observed that oxidation 

rate of the superalloy was dependent on the growth dynamics of Cr203. Moreover, the 

oxide layer was found to be thin and, consisted of Cr203 mainly with a bit of NiCr204  

and TiO.Ti02. Internal oxidation of the alloy was also observed. 

Zhao et al (2005) investigated the oxidation behaviour of a new nickel-based 

superalloy in air at 950°C and 1000°C for 140 hours and reported that the alloy obeyed 

the parabolic rate law at 950°C, whereas small deviations were observed at 1000°C. No 

oxide spallation was observed at 950°C, while minor spallation was seen at 1000°C. The 

oxide scale was found to be consisted of Cr203, (Ni, Co)Cr204, Ti02, Si02, Ti02 and 

A1203. Internal oxidation of the superalloy was also indicated at both the temperatures of 

the investigation. 

The effects of thin surface applied Y203, A1203 and Cr203 coatings or films on 

the selective oxidation of chromium for Ni-15Cr and Ni-lOCr alloys in air at 1000°C 

have been studied by Yedong and Stott (1994). The oxide films were deposited by an 

electrochemical method. They observed the establishment of chromia scale which 

was promoted effectively by the presence of an Y203 film on Ni-15Cr and at least 

locally on Ni-]OCr. In comparison with the cases of surface deposited A1203 and 

Cr203 oxide films, the additional beneficial effect of the Y203 film in maintaining the 

selective oxidation of chromium reportedly attributed to its ability to improve the 

mechanical integrity and adhesion of the chromium scale. 

Some other oxidation studies which may be relevant to the present work are 

summarised in Appendix A.1. 
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2.2 HOT CORROSION 
According to Rapp and Zhang (1994), metals and alloys sometimes experience 

accelerated oxidation when their surfaces are covered with a thin film of fused salt in an 

oxidizing gas atmosphere at elevated temperatures. This is known as hot corrosion where a 

porous non-protective oxide scale is formed at the surfaces and sulphides in the substrate. 

If concentration of the sulphate exceeds the saturation vapour pressure at the 

operating metal temperature for turbine blades, vanes and energy generation components 
(700-1100°C), then Na,SO4 will deposit on the surface of these components. At higher 
temperatures these deposits of Na2SO4 are molten (m.p.884°C) and can cause accelerated 
attack of Ni- and Co-base superalloys. Further the accelerated corrosion can also be 
caused by other salts, such as vanadates or sulphates-vanadate mixtures and in the 
presence of solid or gaseous salts such as chlorides. 

2.2.1 High Temperature (Type I) Hot Corrosion (HTHC) 
High temperature (Type I) hot corrosion (HTHC) is nominally observed in the 

temperature range of about 825-950°C when the condensed salt film is clearly liquid. 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 comprise oxide precipitates dispersed in the salt film (Rapp and Zhang, 1994). 

The dominant salt in HTHC is Na2SO4 due to its high thermodynamic stability. The 

macroscopic appearance of HTHC is characterised in many cases by severe peeling of the 

metal and by significant colour changes (greenish tone, resulting from the formation of 

NiO) in the area of the accelerated attack (Eliaz et al, 2002). 

2.2.2 Low Temperature (Type II) Hot Corrosion (LTHC) 
Low temperature (Type II) hot corrosion (LTHC) occurs well below the melting 

point of pure Na2SO4. The reaction product morphology for this type of corrosion can be 

characterised by a non-uniform attack in the form of pits, with only little sulphide 

formation close to the alloy/scale interface and little depletion of Cr or Al in the alloy 

substrate (Rapp and Zhang, 1994). This form of corrosion is observed mainly within the 

temperature range 650-800°C (Nicholls, 2000). The formation of low melting point 

eutectics causes typical LTHC pitting for instance the formation of Na2SO4-NiSO4  

eutectics for nickel-based superalloys. Wright (1987) suggested that a high partial 

pressure of SO3 in the gaseous phase is required in the LTHC reactions to occur, in 

contrary to HTHC. 



2.2.3 Hot Corrosion of Superalloys 
Hot corrosion degradation process of the superalloys usually consists of two 

stages, namely an initiation stage and a propagation stage (Pettit and Meier, 1985 and 

Pettit and Giggins, 1987). According to Pettit and Meier (1985), it is a fact that all 

corrosion resistant alloys degrade via these two stages and, it is the result of using 

selective oxidation to develop oxidation or corrosion resistance. They further elaborated 

that the conditions causing hot corrosion therefore do nothing more than shortening the 

time for which the superalloys can form protective alumina or chromia scales via 

selective oxidation. 

During the initiation stage of hot corrosion superalloys are being degraded at 

rates similar to those that would have prevailed in the absence of the deposits. Elements 

in the alloy are oxidised and electrons are transferred from metallic atoms to the 

reducible substances in the deposit. Consequently, the reaction product barrier that forms 

beneath the deposit on the alloy surface usually exhibits primarily those features 

resulting from the gas—alloy reaction (Pettit and Giggins, 1987). 

In some cases of hot corrosion an increasing amount of sulphide particles become 

evident in the alloy beneath the protective reaction product barrier. In other small holes 

become evident in the protective reaction product barrier where the molten deposit 

begins to penetrate it. Eventually the protective barrier formed via selective oxidation is 

rendered ineffective, and the hot corrosion process enters into the propagation stage. 

Obviously in attempting to develop resistance to hot corrosion one should strive to have 

the superalloys remain in the initiation stage as long as possible (Pettit and Meier, 1985). 

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

the initiation stage into the propagation stage as shown in Fig. 2.2. These factors also 

play the dominant role in determining the type of reaction product that is formed in the 

propagation stage. This fact is responsible for variety of hot corrosion processes that 

have been observed when superalloys are exposed to different environments (Pettit and 

Meier, 1985). 
The propagation stage of the hot corrosion sequence is the stage for which the 

superalloy must be removed from service since this stage always has much larger 

corrosion rates than for the same superalloy in the initiation stage (Pettit and Meier, 1985 

and Pettit and Giggins, 1987). The pertinent mechanism behind this mode of hot 

corrosion has been summarised in Section 2.4.4. 
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HOT CORROSION CHRONOLOGY 
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Fig. 2.2 	Schematic diagram illustrating the conditions that develop during the 
initiation and the propagation of hot corrosion attack and to identify the 
factors that determine the time at which the transition from the initiation 
to the propagation stage occurs (Pettit and Meier, 1985). 



However, Pettit and Giggins (1987) opined that the hot corrosion degradation 

sequence 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. The alloys 

must be depleted of certain elements before non-protective products can be formed, or 

the composition of the deposits must change to prevent the formation of protective 

scales. There are cases when the initiation stage does not exist at all and the degradation 

process directly enters into the propagation stage. 

As per the views of Yoshiba (1993), Ni-based superalloys are well known to be 

susceptible to hot corrosion associated with combined reaction processes such as 

sulphidation-oxidation and occasionally together with chlorination. In practice, it is a 

serious problem for such alloy systems when used for hot section components of various 

heat engines such as gas turbines subjected to corrosion-induced strength degradation. 

2.2.4 Mechanisms of Hot Corrosion 

Several mechanisms have been proposed to describe the phenomenon of hot 

corrosion (Goebel and Pettit, 1970A, Goebel and• Pettit, 1970B, Beltran and Shores, 

1972, Rapp and Goto, 1981, Rapp, I986, Pettit and Giggins, 1987, Stringer, 1987, 

Otsuka and Rapp, 1990 and Zhang et al, 1993). Eliaz et al (2002) briefed in their review 

on failures of turbine materials that the initiation of high temperature hot corrosion 

(HTHC) is often attributed to failure of the protective oxide layer, which allows the 

molten salt to access directly the substrate metal. This failure may result from erosion, 

thermal stresses, erosion-corrosion, chemical reactions etc. The mechanisms proposed 

for the HTHC propagation stage are the sulphidation-oxidation mechanism and the salt 

fluxing mechanisms (Stringer, 1987). The salt fluxing mechanism was firstly proposed 

by Goebel and Petit (1970A and 1970B). According to this model, the protection 

efficiency of the surface oxide layer might be lost as a result of fluxing of this layer in 

the molten salt. This fluxing may be either due to combination of oxides with 02.  to form 

anions (basic fluxing) or by decomposition of the oxides into the corresponding cations 

and O2  (acidic fluxing). As compared to basic fluxing, acidic fluxing causes more severe 

oxidation. The acidic fluxing takes place when the 02-  activity in the molten salt is 

markedly lowered. In contrast to basic fluxing the acidic fluxing can be self-sustaining 



because the displacement of the salt from the stoichiometry does not become 

progressively more difficult as the reaction proceeds (Stringer, 1987). In general the hot 

corrosion of superalloys with high contents of aluminium and chromium is often 

reported to occur according to the basic fluxing mechanism. Whereas the hot corrosion 

of alloys with high contents of tungsten, molybdenum and vanadium has been reported 

to follow the acidic fluxing mechanism. 

Rapp and Goto (1981) measured the oxide solubilities in molten Na2SO4 as a 

function of the acidity of the salt. They suggested on the basis of these measurements 

that a negative gradient of the solubility of the protective oxide in`the salt film at the 

oxide/salt interface should lead to oxide dissolution at this interface and to precipitation 

of a non-protective oxide away from the interface, where the solubility is lower. Fluxing 

arises in this case only because of the local variation of sodium oxide activity and/or 

oxygen partial pressure across the salt film, without any necessity of sulphide-forming 

reaction. This mechanism can explain a self-sustaining process of dissolution of the 

protective oxide to maintain an accelerated corrosion attack (Stringer, 1987). 

The effect of vanadium on HTHC has also been studied by different researchers. 

Bornstein et al (1973) and Goebel et al (1973) opined that a self-sustained acidic 

dissolution of the protective Cr203 or Al203 scales could take place when the salt film 

contains vanadium, because V205 is a strong acidic oxide. Further, Zhang and Rapp 

(1987) believed that every oxide should, form an acidic solute with much higher 

solubility in the presence of vanadate, which should contribute to the more accelerated 

attack of oxides by mixed sulphate-vanadate melts than by a pure sulphate melt. 

The phenomenon of LTHC was explained by Luthra (1983) with the help of a 

common model, according to which LTHC follows two stages. In the first stage liquid 

sodium-cobalt sulphate is formed on the surface, whereas in the second stage propagation 

of the attack takes place, refer Fig. 2.3. The propagation is suggested to occur via 

migration of S03 and cobalt inward and outward, respectively, through the liquid salt. 

Some of hot corrosion studies conducted by various investigators in Na2SO4 or 

V205 environments are summarised in Appendix A.1. 
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Fig. 2.3 	Schematic representation of the reaction sequence during low-temperature 
hot corrosion of a Co-30%Cr alloy exposed to 02-S02-S03 environment 
where Na2SO4-CoSO4 liquid and Co304 are stable. At higher 
concentration of S03 where Co304 is unstable at the gas-salt interface, the 
outward migrating cobalt will form CoSO4 (s) or Co304 and CoSO4(s) 
(Luthra, 1983). 



2.2.5 Salt Chemistry 

2.2.5.1 	Chemistry and Phase Stability of Na2SO4 Salt 

Oxyanion melts of alkali nitrates, carbonates, hydroxides and sulphates exhibit an 

acid base character whereby the acid components may be considered as NOZ(g), CO2(g), 

H20(g) or S03(g) respectively. Although the use of the Lux-Flood selection of NO3, 

C032 , OH and S042  as the basic components is common for such fused salts, the oxide 

ion can be alternatively chosen as the Lewis base in common for all of these salts (Rapp, 

1986 and 2002). For a melt of pure Na2SO4 (m.p. 884°C), there exists the equilibrium as 

given below: 

Na2 SO4  —> Na2O + S03  (g) 	 (2.2) 

According to Rapp (1986), in examining the expected stability of the protective 

oxide Cr203, with respect to dissolution either as acidic solutes such as Cr2(SO4)3 or as 

basic solutes such as Na2CrO4 or NaCr02, the phase stability diagram for the Cr-S-O 

system can be superimposed on that for Na-S-O, as shown in Fig. 2.4. The two abscissa 

scales at the bottom and top of figure provide alternate parameters for melt basicity (or 

acidity). Under no conditions is the metal chromium stable in contact with Na2SO4 at 

1200 K (927°C) (Rapp, 1986). 

2.2.5.2 	Vanadate Solution Chemistry 

Among the transition metals vanadium is unique, in that it forms a low-melting oxide 

V205. This low melting temperature (670°C under I atm of oxygen) results from the peculiar 

crystal structure of the compound in which vanadium is 5-coordinated with oxygen and in 

which there occur four different vanadium-oxygen bond lengths (Suito and Gaskell, 1971). 

The phase stability diagram for the Na-V-S-O system at 900°C reported by Hwang 

and Rapp (1989) has been shown in Fig. 2.5. The dashed lines present the isoactivity lines 

for the vanadate species in the salt solution. They determined the dependence of the 

equilibrium concentrations of various vanadate solutes in the sodium sulphate-vanadate 

solutions on the melt basicity by considering following equilibrium reactions: 

Na2 SO4  —+ Na2O+S0, 	 (2.3) 

Na3VO, —, Na2O + NaVO3 	 (2.4) 

2NaVO3  —> Na2O+V205 	 (2.5) 

The equilibrium concentration of each vanadium compound varies continuously 

with melt basicity. Na3VO4 is the dominant component in the melt at basicity less than 



8.2 and V205 is dominant at basicity greater than 16.3. For basicities between 8.2 and 
16.3, NaVO3 is the most important vanadium solute (Hwang and Rapp, 1989). 

2.2.5.3 	Chemistry of Salts in Combustion of Coal/Fuel Oils 

As suggested by Khanna and Jha (1998), the sulphur present in coal and fuel oils 

yields SO2 on combustion which is partially oxidised to 503. The NaCI (either as 

impurities in the fuel or in the air) reacts with 503 and water vapours at combustion 

temperatures to yield Na2SO4 as below: 

2NaC1 +SO3  +H 2 0—* Na2 SO4  +2HCl(g)  (2.6) 

At lower temperatures Na2SO4 can further react with 503 to form sodium 
pyrosulphate. Na2S2O7 with melting point (m. p.) of 401°C: 

Na 2SO4  +SO,—> No2S2O7 	 (2.7) 

Small amounts of vanadium may be present in fuel oils, which on combustion 
forms V205. This may further react with Na2SO4 to form low melting sodium vanadates, 
which are highly corrosive. 

xNa2SO4  +V205  —* (Na2O)s .V205  + xSO3  (2,8) 

Thus metals and alloys in combustion gases are exposed to various corrosives 

such as 02, S02/503, molten salts, e.g. Na2SO4 or sulphate mixtures, sodium vanadates, 

NaCI etc. (Khanna and Jha, 1998). 

2.2.5.4 	Solubilities of A1203 and Cr2O3  

Rapp and Zhang (1994) opined that upon contacting a fused salt, metals and alloy 

components are oxidised to form thin scales whose protectiveness depends upon the 

stability of the oxide in the salt. 

Hwang and Rapp (1989) have reported the solubilities of A1203 and Cr203 in a 

fused Na2SO4-30 mole % NaV03 salt solution as follows: 

A1203  + Na20 --4 2NaA102  (2.9) 

A1203  + 2NaVO3  -4 2AIV04  + Na 20 	(2.10) 

and 	 Cr20,+2Na20+202 —+2Na2CrQ 4 	(2.11) 

Cr203  + 2NaVO3  - 2CrVO4  + Na20 	(2.12) 

They reported that the vanadate ions greatly increase the acidic solubilities of 

A1203 and Cr203 over a wide range of melt basicity. 
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2.3 STUDIES ON Na2SO4-V205  INDUCED HOT CORROSION 
The kinetics of the reactions between Na2SO4 (X) and V205 (Y) as studied by 

Kolta et al (1972) revealed that the rate of reaction depended both on the temperature 

(600-1300°C) and the molar ratios of X: Y. They further found that with increase in the 

reaction period (>30 min.), there was decrease in reaction rate which finally reached to 

zero order. This decrease in the reaction rate has been attributed to the formation of 

vanadosulphate complexes such as (NaV308)2.Na2SO4 and (NaV03)2.Na2SO4 which get 

decomposed at higher temperatures giving the meta- and pyro-vanadates respectively. 

Kofstad (1988) proposed that during combustion, the vanadium contaminants are 

oxidized to the higher valence vanadium oxides (V204 and V20s)  and sodium vanadates 

are formed by the reaction of vanadium oxides and sodium salts, e.g. Na2SO4. 

Accordingly the composition of the vanadates may be presented in a simplified form as 

(Na2O),V205, but the detailed compositions of the individual vanadates may be more 

complex as part of the vanadium may be in the +IV state, The solid compounds comprise 

(Na2O)V204(V205)i2 (often termed 3 bronze), (Na2O)5(V2O4)r(V2O5)12.r  (K bronze), 

NaV03  (sodium metavanadate), Na4V207  (sodium pyrovanadate) and Na3VO4  (sodium 

orthovanadate). A notable feature of the vanadates is that they have relatively low 

melting points, which extend from 535°C upwards. Furthermore, metal oxides dissolved 

in the vanadates may suppress the melting points and eutectic temperatures even further. 

He further reported that the slags developed on valves in diesel engines consist 

predominantly of sodium sulphate and sodium vanadates and have a melting points as 

low as 400°C. 

Molten vanadates flux oxide ceramics. The solubilities of metal oxides may be 

high and are dependent on the Na:V ratio. The solubilities of Cr203  and Fe203  are 

highest at Na : V ratios close to 5 : 12 and amount to about 50 mol.%. For NiO the 

solubility is about 60 mol.% for Na : V = 3: 2 and decreases to about 55 mol.% for Na : 

V = 5 : 12. As V205  is acidic, it will in general react with more basic oxides to form the 

corresponding vanadates. 

2.3.1 Iron and Iron-Based Alloys 
Natcsan (1976) reported that the fuels containing only 50 ppm vanadium can 

cause severe attack on stainless steels. Fig. 2.6 shows the corrosion rate of Type 304 

stainless steel in different V205-Na2SO4 mixtures at temperatures between 790 and 900 



as has been presented by him. At temperatures below the melting point of ash, the 

rate of attack of stainless steel is low and follows the normal oxidation rate. It was 

concluded that all stainless steels and other common engineering alloys are severely 

attacked by fuel ash that contains vanadium with or without sulphates. 

Fairman (1962) studied some metal specimens in an ash mixture (V205  +10% 

Na2SO4) environment in air. The corrosion was found to be severe at the ash/air or 

ash/atmosphere interface. The intensity of attack, however, was still higher at the 

locations where the concentration of oxygen and vanadium pentoxide was greatest, 

suggesting the transfer of oxygen atoms or ions by the pentoxide to the metal surface: 
2V205—.2V204+ 201. He opined that the mechanism of accelerated attack could be most 

satisfactorily explained by the catalytic action of V 205  operating with an increase in the 
defect concentration of the scale. 

Valdes et al (1973), in study of AISI 446 stainless steel under V205  and 
Na20.6V205  environment in the temperature range 700-900°C in air found that the oxide 
scale was mainly Cr203  with some vanadium oxide which acted as a moderate barrier to 
corrosion, Above 850°C in V205, a breakaway corrosion reaction occurred. No Cr203  

oxide barrier was present but there was a continuous oxide that comprised of Cr203, 

Fe203  and V205  at the metal/oxide interface where the crystals grew. They suggested 

that the addition of Na20 to V205 increased the oxide ion (02) content of the melt and 

made it more aggressive to acidic oxides such as Cr203. 

Tiwari and Prakash (1996 and 1997) and Tiwari (1997) have reported hot 

corrosion studies on some industrial superalloys in temperature range 700-900°C in the 

environments comprising of pure Na2SO4, Na2SO4-15%V205  and Na2SO4-60%V205. 

Corrosion rates were observed to very high in the environment having Na2SO4-60%VZ05 

composition. The extremely corrosive nature of this composition was attributed to its low 

melting point i.e. 500°C. Tiwari et al (1997) further revealed that in Na2SO4-60%V205 

melt, the degradation was due to the cracking of the protective scale under the influence 

of the fluxing action of the melt for both Fe-base alloy Superfer 800H and Co- base alloy 

Superco 605. The enhanced degradation was reported to be due to the presence of 

tungsten in form of Na2WO4-WO3 compound. No oxidation and sulphidation into the 

substrate was observed by them in Co-base alloy. Tewari (1997) concluded that the Co-

base alloy has inferior corrosion resistance than the Ni-base alloy in Na2SO4-60%V205  

environment at 900°C. 
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Almeraya et at (1998A) carried out electrochemical studies of hot corrosion of 

steel AISI-SA-213-TP-347H in 80 wt% V205 + 20 wt% Na2SO4 at 540°C-680°C and 

reported the corrosion rate values of around 0.58-7.14 mm/year. They observed an 

increase in corrosion rate with time. However the corrosion potential was observed to 

be decreasing with increase in temperature from 540 to 680°C. Almerya et at (1998 

B) further conducted similar studies on type 347H stainless steel under same 

environment and temperature range, and revealed the fact that with change in 

temperature from 540 to 680°C the corrosion potential decreased. 

Cuevas-Arteaga et at (2001) used both LPR (Linear Polarisation Resistance) and 

weight loss techniques, in their hot corrosion study on alloy 800 in Na2SO4-20%V205, 

and reported slightly higher corrosion rate at 900°C than at 700°C. They further reported 

that in both the techniques, corrosion rates increased in the beginning of the experiment 

but decreased later on until steady values reached. 

Singh (2003), during his studies on the hot corrosion of GrAl, T11 and T22 

boiler steels in an environment of Na2SO4-60%V205 at 900°C, observed that the Mo 

containing T22 steel showed least resistance to the hot corrosion attack. This was 

attributed to the formation of a low melting point MoO3 phase, which reacted with 

molten salt resulting in formation of Na2MoO4. This low melting point oxide was 

suggested to cause the acidic fluxing of the protective scale. 

2.3.2 Nickel and Nickel-Based Alloys 

Thilakan et at (1967) studied hot corrosion of nickel free austenitic stainless steel, 

Cr-Ni stainless steel and Inconel in oxygen atmosphere at different temperatures with 

vanadium-sodium slags of varying composition. They justified the use of saturated 

solution of Na2SO4 as the liquid medium because of its low gas solubility, vapour pressure 

and viscosity. Threshold temperature was found to lie between 700 and 800°C. Above the 

threshold temperature the extent of attack initially increased but with increasing 

temperature either it became constant (as observed for Inconel) or decreased (for other 

alloys). Increase in amount of Na2SO4  in sodium sulphate-vanadium pentaoxide mixtures 

first increased and then decreased the rate of oxidation at the temperature of 820 and 

870°C. At 950°C, all Na2SO4  additions to V205 decreased its corrosive effect. The fluidity 

of slag was observed to be important in allowing diffusion of oxygen. According to an 

interesting observation of their study, nickel free stainless steel was found to have a high 

resistance to attack against V205-Na2SO4  mixture, and under the experimental conditions 

showed a resistance superior to that of even Inconel at temperatures above 850°C 

especially in 70% V205-30% Na2SO4 environment. 



Bornstein et al (1973) investigated the relationship between vanadium oxide and 

Na2SO4  accelerated oxidation for nickel-base superalloy B-1900 and seven binary nickel-

base alloys. It was established that the corrosion attack commenced by dissolution of the 

normally protective oxide scale into the fused salt. The dissolution was suggested to 

occur by a reaction between oxide ions present in melt and the oxide scale. They further 

opined that the sulphidation attack can be inhibited by decreasing the oxide ion content 

of the fused salt. In another study, Bornstein et al (1975) reported the effect of vanadium 

and sodium on the accelerated oxidation of nickel base alloys. The initial rapid rate of 

oxidation between V205 and metal substrate was attributed to the reduction of V205  by 
the substrate. According to them, intermetallics Ni3AI and NiA1 were particularly 

susceptible to V205 corrosion. They further concluded that the sulphidation attack can be 

attenuated if the initial oxide ion content of the melt is prevented from increasing. Oxides 

such as Cr203 have been reported to react preferentially with oxide ions. 

A 50Cr-5ONi commercial alloy was corroded in pure V205 and in vanadate melts 

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

rotating disc apparatus by Dooley ct a] (1975). The study reported the formation of 

chromium rich oxide scale in pure V205 which dissolved only slowly into the liquid melt 

and thus observed to act as a barrier layer. In Na20.6V205, this barrier layer was not 

observed. Marked internal oxidation of the Cr-rich a-phase was noticed in chloride 

containing melts throughout the temperature range 750-950°C. 

Thermogravimetric studies which delineate the conditions for simultaneous 

sulphate and vanadate induced corrosion at 650 to 800°C have been carried out by 

Seiersten and Kofstad (1987). They found that the corrosion caused by sodium 

sulphate/sodium vanadate mixtures have a complex mechanism. Samples coated with 

sodium vanadate were exposed to 02+ 4% SO2 and the initial reaction was observed to 

be same as that observed in pure oxygen. After an incubation period the duration was 

found to decrease with increasing temperature and sufficient S03 got dissolved in the 

molten vanadate which resulted in formation of a mixture of NiSO4 and Na2SO4 near 

the metal, When a molten NiSO4-NaZSO4 solution containing small amounts of 

vanadate was formed as an intermediate layer the reaction reportedly proceeded as 

sulphate-induced hot corrosion. The corrosion mechanism was observed to change 

from initial vanadate-induced to essentially sulphate induced hot corrosion when the 

sulphur trioxide pressure was high enough to form sodium sulphate. 

ml 



Sidky and Hocking (1987) investigated the mechanisms of hot corrosion by 

molten sulphate-vanadate deposits for Ni-IOCr, Ni-30Cr, Ni-20Cr-3A1, Ni-2lCr-0.3Si, 

Ni-20Cr-5V alloys and IN738 superalloy. The effect of adding Cr to Ni was found to be 

beneficial in the Na2SO4 melt, however, on increasing the V03 concentrationin the melt, 

this effect diminished, becoming harmful in pure NaV03 due to the formation of the non 

protective CrVO4. According to them alloying element Al 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, [N738 suffered tremendous internal attack due to its y precipitates 

which became sulphidation prone areas, and were fluxed by the V03 melt. 

The presence of sulphur and its oxidised compounds favour the formation of 

isolated lobes with radial morphology (Otero et al, 1987) during the hot corrosion of 

IN657 at 908K in molten salt environment. These lobes had great permeability which 

facilitated the access of oxygen; therefore the protection character of the scale was 

reduced. They further reported that the presence of vanadium and its oxidised products 

generate compounds with aciculate morphology, which is not very much covering and 

contribute to reduce the protective character of the scale. The equilibrium diagram for 

varying composition of Na2SO4 is shown in Fig. 2.7 and the mixture of Na2SO4-

60%V205  is seen to be the lowest eutectic temperature. 

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 (1990). Their results showed 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. They 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. 

Lambert et al (1991) studied the oxidation and hot corrosion of Ni-17Cr-6AI-

0.5Y and Ni-l6Cr-5.7Al-0.47Y-5Si alloys at 700°C in Na2SO4-60%V205  to ascertain the 

effect of addition of Si. They observed an outer layer of NiO developed on the surface of 

the Ni-17Cr-6A1-0.5Y alloy whereas a thin A1203 oxide scale formed on the Si-enriched 

alloy. They further opined that the condensed vanadates of sodium are highly corrosive 

and can markedly increase the rate of oxidation of nickel base superalloys. 



In the same aggressive environment (Na2SO4-60%V205) the hot corrosion 

behaviour of Superalloy IN-657 at 1000 K has been investigated by Otero et al (1990, 

1992). They reported that corrosion rate of the alloy in contact with molten salt mixtures 

was approximately reduced by one order of magnitude over exposure times of 210 hr 

when the amount of molten salt was kept constant. During the initial stages of the 

exposures the corrosion rate increased with the temperature up to 1000 K and decreased 

for still higher temperature. After 100 hr of exposure, it was observed that the 

temperature scarcely influenced the corrosion kinetics. 

Swaminathan and Raghvan (1992) reported that cracking and fluxing of the 

protective scales together with easier crack nucleation and growth at grain boundaries 

in the presence of liquid deposits of sodium metavanadate and sodium metavanadate 

plus 15wt% sodium sulphate at 650-750°C accounted for the enhanced creep rates and 

reduced rupture life for Superni-600. During similar study on Superni-C 276 in the 

same temperature range, they have reported that eutectic NaVO3 + I5wt% Na2SO4  

mixture was more severe in degrading the creep properties (Swaminathan and 

Raghavan, 1994). The corrosives were found to reduce the rupture life through 

enhanced creep deformation. They further opined that the degradation of the alloy in 

case of NaVO3 melt was due to the cracking of the protective scales under the influence 

of the applied stress and the fluxing action of the melt. The addition of sodium sulphate 

to sodium metavanadate increased the corrosivity of the deposit by lowering the 

melting point and by formation of molten Ni-Ni3S2 eutectic which initiates a self-

sustaining hot corrosion. It was suggested that the additional presence of molybdenum 

compounds Na2MoO4-Mo03 caused enhanced degradation. 

Oxidation and hot corrosion in sulphate, chloride and vanadate environment of a 

cast nickel base superalloy have been reported by Deb et al (1996). Weight gain studies 

were carried out in air for the uncoated samples and coated with 100% Na2SO4, 75% 

Na2SO4 + 25% NaCI and 60% Na2SO4 + 30% NaV03 + 10% NaCI. The presence of 

sulphur in the form of sulphates has been reported to cause internal sulphidation of the 

alloy beneath the external oxide layer. They observed the formation of volatile species by 

chlorides which further led to formation of voids and pits at grain boundaries. These 

voids and pits were suggested to provide easy path for flow of corrodents. It was 

proposed that the presence of vanadate in conjunction with sulphate and chloride 

provided additional fluxing action, which destroyed the integrity of the alloy and 

weakened its mechanical properties. 
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Gurrappa (1999) during hot corrosion studies on CM 247 LC Superalloy in 

Na2SO4 and Na2SO4+NaCI mixtures at 900°C observed that the superalloy CM 247 LC 

got severely corroded in just 4 hr, while it was completely consumed in 70 hr when 

tested in 90%Na2SO4+ 1 0%NaCI at 900°C. The life of the superalloy, however, further 

decreased to just 2 hours in 90%Na2SO4+5%NaC1+5%V205 at 900°C. 

Lee and Lin (2002) carried out studies on the molten salt-induced 

oxidation/sulphidation on nickel aluminide intermetallic compound (Ni;AI) in the 

1%SO2/air gas mixtures. Their observations on hot-corroded specimen tested at different 

period of time showed the formation of only NiO at 605°C, and NiO and NiAI204 at 800 

and 1000°C. EDAX analysis revealed the presence of AIS and/or NiSX  beneath the oxide 

scale at all the temperatures. Based on the experimental studies, a hot corrosion mechanism 

was proposed by the investigators, according to which NiO oxide formation consumed the 

oxygen in the molten salt, which locally reduced the oxygen and increased the sulphur 

partial pressure in the molten salt. Stability diagram was used to represent this partial 

pressure change of sulphur. They suggested that as the increased partial pressure of the 

sulphur reaches to equilibrium partial pressure region of NiSX  and/or A1S,, NiS.r  and/or 

AIS, will form at the salt/alloy interface through sulphidation reaction. The consumption of 

sulphur will balance out the sulphur, and oxygen partial pressure increases in the molten 

salt. This will force NiO to form. This process confirmed the simultaneous formation of 

NiO, NiS, and/or AISX. They further opined that as the sulphides are thermodynamically 

unstable when the oxygen partial pressure increases, it is possible for sulphide to convert 

into oxides NiO, A1203 and NiA1204 through necessary reactions. Two possibilities have 

been pointed out for the formation of spinet phase, either through the reaction of Al and Ni 

with oxygen in the molten salt or through the evolution of sulphides. 

Gitanjaly (2003) has conducted hot corrosion studies on some Ni-, Fe- and Co-

based superalloys in an environment of Na2SO4+60%V205 at 900°C. Whilst the observed 

corrosion rate was significant in all the superalloys, Ni-base superalloy Superni 75 

showed lowest rate of corrosion and the Co-base superalloy Superco-605 the highest. 

Better corrosion resistance of Ni-base superalloys was attributed to the presence of 

refractory nickel vanadate Ni(V03)2 which acted as a diffusion barrier for the oxidising 

species. The proposed hot corrosion mechanisms of this study for the superalloys 

Superni 75 and Superni 601 have been schematically shown in Fig. 2.8. 



Tzvetkoff & Gencheva (2003) presented a review on mechanism of formation of 

corrosion layers on nickel and nickel-based alloys in melts containing oxyanions. The 

molten sulphate mixtures are stated to be particularly aggressive towards Ni superalloys, 

In such environments, the formation of Cr-rich passive films such as spinel-type oxides 

could be protective to some extent. They further revealed that at metal/oxide interface, 

sulphides are detected which do not offer plausible protection except for a possible 

positive role of MoS2 formed on Ni alloys containing significant amounts of Mo. 

Furthermore, acidic oxides such as those of V and Mo have been reported to induce rapid 

fluxing of the oxide scale and therefore catastrophic hot corrosion. Whereas, the 

chromates were stated to be beneficial for the repassivation of the surfaces following 

fluxing of the oxide scale by the molten salt. 

2.4 COUNTERMEASURES AGAINST HOT CORROSION 

Corresponding to the variety of corrosive environments is the number of 

countermeasures that have been developed to avoid excessive material damage. They can 

be grouped into following categories as suggested by Heath et al (1997): 

Alloy selection: A large number of Fe, Ni- and Co-based alloys exist today 

especially designed for good resistance to oxidation, sulphidation or corrosion by 

ash/salt deposits. 

2. Design aspect: Improve temperature distribution (avoid hot spots), avoid 

excessive deposition of ash and slags by use of soot blower, rapping, screens etc. 

3. Chemical additives: Neutralisation of corrosive components in the flue gases by 

injecting additives such as limestone and dolomite. 

4. Shielding: SiC tiles in waste incinerations, other type of refractory linings 

5. Coatings: Different coating techniques are applied to protect the critical surface 

areas from corrosive gases, including co-extrusion, chromising, weld overlay and 

thermal spray coatings. 

Various time-proven methods for preventing and controlling corrosion depend on 

the specific material to be protected, environmental concerns such as soil resistivity, 

humidity, and exposure to saltwater or industrial environments, the type of product to be 

processed or transported and many other factors (Koch et al, 2002). 
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Fig. 2.8 	Schematic diagram showing probable hot corrosion mechanism in 
Na2SO4-60%V205  after exposure for 50 cycles at 900°C for alloys 
(Gitanjaly, 2003) 
(a) Superni 75 	 (b) Superni 601. 

16 



Depletion of high grade fuels and for economic reasons use of residual fuel oil in 

energy generation systems are well known. Fuels with sulphur and other impurities bring 

about hot corrosion which significantly reduces the life of components (Sharma, 1996). 

The option to use low grade fuel limits the improvement in hot corrosion environment. 

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

corrosion. There are a number of inhibitors commercially available that are intended to 

reduce the severity of oil ash corrosion. Because of its effectiveness and relatively low cost 

the most common fuel additives are based upon MgO (Paul and Seeley, 1991). The 

inhibition of hot corrosion by MgSO4 has also been reported by Barbooti et al (1988) for 

Stainless Steel 304. Further the inhibitors like MgO, CaO, ZnSO4, Mn02, CeO2, Y203, 

ZrO2 and Sn02 are reported to be effective to decrease the extent of hot corrosion 

pertaining to molten salt environment (Na2SO4-60%V205) for iron-, nickel- and cobalt-

based superalloys by Gitanjaly and Prakash (1999), Gitanjaly et al (2002) and Gitanjaly 

(2003). However, a major challenge still exist as to how to apply these inhibitors at the 

corrosion prone locations such as in the energy generation systems, gas turbine engines etc. 

2.5 USE OF PROTECTIVE COATINGS 
A coating can be defined as a layer of material, formed naturally or synthetically 

or deposited artificially on the surface of an object made of another material, with the 

aim of obtaining required technical or decorative properties (Burakowski and Wierzchon, 

1999). There are three main kinds or compositions of barriers: Inert or essentially inert, 

inhibitive and sacrificial. Various combinations of these types are found in coating 

systems designed to use some or all of the several protective advantages provided. It 

must be remembered that there is no such thing as a "perfect" coating in a practical sense 

so none of these types or any combination can be expected to give perfect protections 

(Hamner, 1977). 

Coatings provide a way of extending the limits of use of materials at the upper 

end of their performance capabilities, by allowing the mechanical properties of the 

substrate materials to be maintained while protecting them against wear or corrosion 

(Sidky and Hocking, 1999). 



The demand for protective coatings has increased recently for almost all types of 

superalloys with improved strength, since high-temperature corrosion problem become 

much more significant for these alloys with increasing operating temperatures of modern 

heat engines (Yoshiba, 1993). The desire for higher operating temperature, improved 

performance, extended component lives, and cleaner and more fuel-efficient power 

plant/processes places severe demands on the structural materials used to construct such 

a high-temperature plant. As a result, many components operating at high temperature 

within such plants are coated or surface treated (Nicholls, 2000). 

In addition to the development of the conventional steam-raising plant, 

alternative energy supply systems, such as combined cycle plants, in which a gas turbine 

and a steam turbine are coupled, offer the prospect of even higher thermal efficiencies, as 

the gas turbine inlet temperatures are 1200°C and above (Nickel et al, 2002). According 

to them, such high temperatures result in increased oxidation rates, therefore protective 

coatings with higher temperature capabilities are required. 

Further, Porcayo-Calderon et at (1998) have reported the use of protective 

coatings for the superheater/re-heater components of boiler where the material severely 

suffers on fireside corrosion. According to Taylor and Evans (2001), a few earlier 

attempts have been made on the thermal sprayed protective coatings for fossil power 

plants though the thermal spray process is extensively used for gas turbine applications. 

Sundararajan et at (2003A and B) advocate the need for applying thermal spray coatings 

on the boiler components. 

2.5.1 Desirable Features of Effective Coating System 

Nicholls (2000) has summarised the desirable features for effective coating 

systems as in Table 2.1. These features form the framework around which the design 

requirements of a coating for good oxidation/corrosion resistance can be discussed. The 

coatings produced by various deposition methods do not have the same properties and 

this is related to microstructure variations. Further the process conditions can be varied 

for any given coating method and this will affect the microstructure. In view of these 

facts, Bull (1994) emphasized that considerable attention should be paid to 

microstructure of the coating if performance is to be understood. 



Table 2.1 	Desirable features for effective coating system (Nicholls, 2000) 

Coating Requirement Location of Requirement 
Property Coating Bulk Coating/ 

Surface Substrate 
Interface 

Oxidation/ Low rates of scale formation X 
Corrosion Uniform surface attack X - 
Resistance A thermodynamically stable surface oxide X - 

Ductile surface scales X - 
Adherent surface scales X - 
High 	concentration 	of 	scale 	forming X X - 
elements within the coating to act as reserve 
for the scale repair 

Interface Low rate of diffusion across 	interface at - - X 
Stability operating temperatures 

Limited 	compositional 	changes 	across - - X 
interface 
Absence 	of embrittling 	phase 	formation - - X 
during service 

Good Matched coating and substrate properties to - X X 
Adhesion minimise 	coating 	mismatch 	and 	stress 

generation at coating/substrate interface 
Optimum surface condition before coating - X 
Growth stresses during formation should be - X X 
minimised 

Mechani- Coating 	must withstand 	all 	stress 	(creep, - X 
cal fatigue and impact loading) that is generated 
Strength at component surface during service 

Well matched thermal expansion coefficients - X X 
between coating and substrate to minimise 
thermal stressing and thermal fatigue 

2.5.2 Coating Processes 

The commonly employed methods of applying metallic coatings have been 

enlisted in Fig. 2.9 (Bhushan and Gupta, 1991). From a production point of view, three 

methods are in current use, these being chemical vapour deposition (CVD) from a pack, 

physical vapour deposition (PVD) and thermal spraying (metal spraying). A serious 

drawback of the pack process is the inclusion of pack particles in the coating which can 

lead to coating failure (Nicoll, 1984). Moreover, disadvantage of the CVD process is 

that, because it is a non-line-of-site technique, proper masking and tooling become 

design considerations and an expense (DeMasi-Marcin and Gupta, 1994). Moreover, 

according to DeMasi-Marcin and Gupta (1994), the PVD method is a complex process, 



especially in case of deposition of M-Cr-Al-Y type coatings as the vaporisation pressures 

of each of the elements of interest must be considered for producing controlled alloy 

chemistry. Still vapour deposition and plasma spray (a thermal spray process) have been 

reported to be two major coating processing technologies used worldwide by them. 

Ilaysky et al (2000) have also reported that the thermally sprayed deposits have often 

superior properties with potentially lower application cost or less environmental issues as 

and when compared to other industrially used coatings such as CVD, PVD, hard 

chromium plating. 

It is worth noting that as operating temperature is increased, it no longer becomes 

possible to achieve the desired service lives using diffusion coatings, so overlay coatings 

are the only possible development route (Nicholls and Stephenson, 1995). Further it has 

been learnt form the literature that for depositing overlay coatings, thermal spray 

technologies are often considered. 

2.5.2.1 	Thermal Spray Coating Processes 
M.U. Schoop was the first scientist to explore the possibility that a stream of 

metallic particles formed from molten metal might be used to produce coatings in the 

early 1900s. But the thermal spraying technologies expanded in the 70s due to 

development of thermal plasmas, and the increasing demand of high temperature and 

wear resistant materials and coating systems (Knotek, 2001). In the 1990s thermal 

spraying was highly available and had become a standard tool for improving surfaces in 

most industries. Thermal spraying is the application of a material (the consumable) to a 

substrate by melting the material into droplets and impinging the softened or molten 

droplets on a substrate to form a continuous coating (Budinski, 1998).The spray 

processes that have been used to deposit coatings for protection against high temperature 

corrosion are enlisted below, as summarised by Heath et al (1997): 

• Flame spraying with a powder or wire 

• Electric are wire spraying 

• Plasma spraying 

• High Velocity Oxy-fuel (HVOF) spraying 

• Spray and fuse 

►.m 
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Fig. 2.9 	Coating deposition technologies (Bhushan and Gupta, 1991). 



These processes are basically differentiated from each other on the basis of 

particle speed, flame temperature and spray atmosphere. The typical properties which are 

influenced by the coating procedure are coating porosity, oxide content and bond 

strength. In spray processes the coating adhesion is very sensitive to surface preparation, 

as the coating adhesion usually depends upon the mechanical anchorage to the surface of 

the substrate (Heath et al, 1997). Therefore, a thorough substrate surface preparation is 

necessary. Contaminants such as rust, scale grease, moisture, etc. must be removed from 

the surface. After cleaning usually a roughening of the substrate surface follows to ensure 

coating adhesion. Common methods for surface roughening, which are often combined 

(Knotek, 2001), are: 

• Dray abrasive grit blasting. 

■ Machining or macro roughening. 

• Applying a bond coat. 

The thermal spray coating process should start as soon as possible after the surface 

preparation is completed, since the prepared surface is very active and, oxidation, 

recontamination, etc. should be avoided. In general, the thermal spraying processes used for 

hard coatings may be divided into two basic processes: combustion spraying and plasma 

spraying (Knotek, 2001). 

The main advantages of the thermal spray coatings have been presented by Heath 

et al (1997) as follows: 

1. Very flexible concerning alloy selection and optimisation for specific resistance 

to corrosive environments and particle abrasion/erosion. Surface properties can 

be separated from required mechanical properties of the structural components. 

2. Coating systems (multi-layer or functionally graded) can be used, combining for 

example good adhesion with optimised corrosion and erosion behaviour. 

3. Unique alloys and microstructures can be obtained with thermal spraying which 

are not possible with a wrought material. These include continuously graded 

composites and corrosion resistant amorphous phases. 

4. Cost of the coating solution are normally significantly lower than those of a 

highly alloyed bulk material, thermal spray coatings are specially interesting for 

their cost/performance ratio. 

5. Thermal spray coatings additionally offer the possibilities of on-site application 

and repair of components, given a sufficient accessibility for the sprayer and his 

equipment. However, thermal spraying in the work shop is preferred, whenever 

possible, to achieve optimum results. 



Among the thermal spray coating processes, plasma spraying is reported to be 

versatile technology that has been successful as a reliable cost-effective solution for 

many industrial problems by Fauchais et al (1997). Plasma spraying is the most flexible 

thermal spray process with respect to the sprayed materials. The high temperatures of 

plasma spray processes permit the deposition of coatings for applications in areas of 

liquid and high temperature corrosion and wear protection and also special applications 

for thermal, electrical and biomedical purposes (Knotek, 2001). Plasma—sprayed metallic 

coatings are used in high-temperature applications e.g. in diesel engines, air-craft engines 

and land-based gas turbines to protect the component from oxidation and corrosion 

(Niranatlumpong et al, 2000). 

2.6 PLASMA SPRAYING 

Plasma spraying is part of thermal spraying, a group of processes in which finely 

divided metallic and non-metallic materials are deposited in a molten or semi-molten 

state on a prepared substrate (Fauchais, 2001). 

In the fifties, the plasma torches were developed to test materials at high 

enthalpies for simulated re-entry vehicles. Then in late fifties and early sixties, the first 

serious attempts were reported using plasma torches for spraying of primarily refractory 

materials. Almost any material can be used for plasma spraying on almost any type of 

substrate. This flexibility is probably one of the major reasons for the rapid expansion of 

this technology (Pfender, 1988). The high temperatures enable the use of coating 

materials with very high melting points such as ceramics, cermets and refractory alloys. 

Materials can be processed as long as there is a temperature difference of at least 300K 

between the melting temperature and decomposition or evaporation temperature 

(Fauchais et al, 1991). 
Plasma techniques are capable of producing thick coatings films more than 100 

µm at high production rates with no degradation of the mechanical properties of the alloy 

substrate (Yoshiba, 1993). But problems that may be encountered are porosity and poor 

adhesion, especially in case of adhesion of ceramics to metals. Further, adhesion can be 

improved by the use of bond coat interlayer and for powder of small particle size. 

Among other key features of plasma spraying are formation of microstructures 

with fine, noncolumnar and equiaxed grains, ability to produce homogeneous coatings 

that do not change in composition with thickness (length of deposition time), ability to 

process materials in virtually any environment (e.g., air, reduced-pressure inert gas, high 

pressure, under water) (National Materials Advisory Board, 1996). 

nz 



Applications for plasma spraying include corrosion, temperature and abrasion 

resistant coatings and production of monolithic and near net shape shapes, which at the 

same time take advantage of the rapid solidification process. Powder of glassy metals 

can be plasma sprayed without changing their amorphous characteristics. High 

temperature superconductive materials have also been deposited by the plasma spray 

process (Pfender, 1988). The plasma spray also finds application in reclamation of worn 

or corroded components, production of aerospace and nuclear power components. A new 

application of plasma spraying is in producing hydroxyapatite coatings onto the stems of 

orthopaedic endoprostheses (Batchelor et al, 2003). 

2.6.1 Plasma Spraying-The Process 

2.6.1.1 	Plasma Jets 
A plasma torch or gun consists of a water cooled copper anode and a thoriated (2 

wt%) tungsten cathode as shown in Fig. 2.10. Argon gas flows around the cathode and 

through the anode. The shape of the anode is made as a constricting nozzle. A gas, 

usually argon or nitrogen or a mixture of these with hydrogen or helium flows around the 

cathode and exits through the anode nozzle. The typical value of the flow rate of the gas 

as reported by Sidky and Hocking (1999) is 3.5 L min" Further material used for the 

anode is usually high purity oxygen free copper (Fauchais, 2004B). 

A dc arc is maintained between the electrodes and plasma of ions and atoms 

emerges at a temperature of 6,000-12,000°C at a distance of 1 cm form the nozzle, 

decreasing rapidly to 3000°C at a distance of 10 cm from the nozzle. The gas plasma 

generated by the arc consists of free electrons, ionised atoms and some neutral atoms and 

undissociated diatomic molecules if nitrogen or hydrogen is used as reported by Tucker 

(1994). The point of entry of the powder into the plasma jet is usually in the diverging 

portion of the nozzle or sometimes the powder is fed externally. In some applications RF 

(Radio frequency) discharges are used as heat sources instead of dc arc. Compared to dc 

arc troches the main difference is in the torch internal diameter, resulting in flow 

velocities below 100 msd  and the axial injection of particles (Fauchais, 2004B). 

Plasma gas velocities with most conventional torches are subsonic, but 

supersonic velocities can be generated by using converging-diverging nozzles with 

critical exit angles. The most important parameters relative to the powder particles at 

impact on the surface are their temperature, velocity and extent of reaction with the 

gaseous environment (Tucker, 1994). Near the nozzle, the gas velocity is 200-600 ms'' 

but the particle velocity is only 20 ms'. However the particle acceleration (due to gas 



frictional forces) is 100 000 g so that 18 µm particles reach a maximum velocity of 275 

ms"' at a distance of 6 cm from the nozzle (Sidky and Hocking, 1999). 

The very high temperature generated in plasma spray process melts even the most 

refractory particles. But at the same time low melting point materials such as plastics can 

also be sprayed. The temperature of the core of the plasma may exceed 30,000°C (Tucker, 

1994). A schematic of a typical distribution of temperature in the plasma has been shown 

in Fig.2.1 I (Knotek, 2001). Further, Plasma spraying operates at high energy levels; the 

power consumption of a typical coating unit is approximately 50 kW with an electric 

current of several hundred amperes flowing in the plasma are (Batchelor et al, 2003). 

The plasma jet is typically 5 cm in length and distance form the substrate is of the 

order of 15 cm. Oxidation is minimal because of low dwell time and use of a reducing 

gas. The temperature of the substrate rarely exceeds of 320°C and is often below 150°C. 

Plasma spraying process is a process which causes no distortion of the substrate (Sidky 

and Hocking, 1999). 

2.6.1.2 	Coating Formulation 

For strong dense plasma sprayed coatings, most of the particles must be molten 

before impingement and must have sufficient velocity to splat into the irregularities of 

the previous splats. Many coatings contain readily oxidised elements (e.g. aluminium, 

molybdenum and titanium) for which plasma spraying at low pressure (20 mbar) or in 

argon is advantageous. Underwater plasma spraying offers much scope for deposition of 

wear and corrosion resistant coatings on submerged substrates such as offshore structures 

(Sidky and Hocking, 1999). 

The high impingement speeds of the molten particles during spraying are 

intended to ensure that the molten droplets disintegrate on contact instead of remaining 

as discrete droplets, this process is known as splat formation. The structure of the plasma 

sprayed coatings can be envisaged as a series of interlocking splats (Batchelor et al, 

2003). The splats have columnar or equi axed structures with grain sizes between 50 and 

200 nm. However this fine structure is altered by grain size effect, large volume fraction 

of internal interfaces, voids, pores and so on (Fauchais, 2004B). Further a rapid 

quenching of the sprayed particles takes place due to the radial spreading and increase in 

surface area of rather small mass of the spray particles. The necessary time for 

solidification is between about 10.8  and 10'6  seconds (Knotek, 2001). The solidification 

is generally achieved before the next particle impacts at the same location (Fauchais, 

2004B). 

At 
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Fig. 2.10 	The plasma spraying process (Batchelor et al, 2003) 
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The distance between the plasma spraying gun and the substrate can be allowed 

to vary up to 10mm without significant effect on the coating quality. The coating 

deposition rates in plasma spraying are typically range from I to 10 kilograms of coating 

per hour. Plasma spraying offers a faster coating rate than most of the other coating 

techniques (Batchelor et al, 2003). 

The extent of reaction of the powder with its gaseous environment during transit 

depends both on the composition of the plasma gas and the amount of intermixing of the 

plasma gas with the ambient gas between the nozzle and the substrate. It is generally 

assumed that argon and helium are inert and no degradation of the powder occurs in the 

torch when they are used as only plasma gases. The extent of reaction of the powder with 

oxygen or nitrogen from the air inspirated into the plasma stream after it exits from the 

nozzle is usually of greater concern than the reaction of powder with plasma gas (Tucker, 

1994). The plasma spray is often done in closed, chamber filled with inert gas, to prevent 

the escape of any polluting or toxic debris from the process and to suppress the oxidation 

of the metal powder during the plasma spraying. Oxide contamination can greatly 

weaken the sprayed coating as oxides act as brittle inclusions within the microstructure 

of the coatings (Batchelor et al, 2003). Further the use of inert gas atmospheres, argon 

shroud or low pressure chamber are reported to decrease the porosity of the coatings. In 

addition, the plasma jet becomes longer and therefore the nozzle-workpiece distance is 

increased substantially, which increases the dwell time in the plasma resulting in more 

uniform particle heating (Nicoll, 1984). 

2.6.1.3 	Adhesion of the Plasma Sprayed Coatings 

The strength of adhesion or bonding between the coating and substrate is critical 

to the performance of the coating. Usually the surface to be plasma sprayed is roughened 

by mechanical means such as abrasive blasting, grit blasting or rough turning, which also 

activate and clean the surfaces prior to coating. With plasma spraying the bonding is 

suggested to be obtained from the mechanical interlock and solid state adhesion between 

the atoms in the coatings and substrate. Mechanical interlocking is physical keying 

between an often deliberately roughened substrate and a coating that is in very close 

contact with the substrate (Batchelor et at, 2003). The quenching stresses within the 

spray particles increase the interlocking effects (Knotek, 2001). 



Solid state adhesion involves either electron transfer between the outermost 

atoms of the coating and the substrate or the formation of a much thicker layer of a 

compound material. It is modelled that the molten droplets dissolve or sweep away any 

oxide and contaminants that cover a metal surface. The cleaned metal substrate then 

reacts with the molten droplets before they solidify (Batchelor et al, 2003). 

Coating properties are also governed by the splat layering which further depends on 

the particle parameters at impact, the shape and topology of already deposited layers, the 

ability of the flattening particle to accommodate their pores, asperities etc, and finally, of 

their temperature at the moment of impact (Fauchais, 2004B). 

The substrate and coating temperature also influence the coating properties. These 

temperatures control the inter-lamellar contacts, the residual stress distribution within the 

coating and the pass temperature. For instance, if the pass temperature is high, the sticking 

of the small particles resulting from the re-condensation of vaporised sprayed material will 

occur and create defects between passes (Fauchais, 2004B). 

2.6.1.4 	Plasma Spray Process Variables 

Bhusari (2001) has summarised the plasma spray process variables as shown 

in Fig. 2.12. According to him, the thermal sprayer responsible for the application of 

the plasma sprayed coatings need not be a trained scientist, however should be at 

least aware of the issues detailed in the Fig. 2.12. 

2.6.2 Process Variants of Plasma Spraying 

The plasma spray process can take place in different atmospheres at different 

pressure levels and the various process variants as discussed by Knotek (2001) are: 

1. Atmospheric Plasma Spraying (APS) 

2. Vacuum (VPS) or Low Pressure Plasma Spraying (LPPS) 

3. Shrouded Plasma Spraying (SPS) 

4. Controlled Atmosphere Plasma Spraying (CAPS) 
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2.6.2.1 	Atmospheric Plasma Spraying (APS) 
Atmospheric plasma spraying (APS) is the most economical process variant which 

is carried out in air. The powder particles can interact with the air atmosphere, which may 

limit the choice of the spray material, since the originating oxides are built into the coating. 

The major fields for APS-applications are coatings for wear and corrosion (liquid and 

gaseous) protection, often based on oxide ceramic materials. Other typical coating 

materials are metals and some alloys especially insensitive to oxidation. The porosity of 

APS-coatings is generally between I and 5%. 

	

2.6.2.2 	Vacuum (VPS) or Low Pressure Plasma Spraying (LPPS) 

The coating process of VPS takes place in a closed chamber with reduced pressure. 

The coating process, started after the chamber is evacuated to pressures < 10.1  mbar and 

refilled with an inert gas atmosphere, takes place at about 50 to 400 mbar. To be able to 

constantly follow the working chamber pressure, efficient pump systems have to be 

employed in order to remove the steadily injected plasma gases. These methods are used 

for the metals that are too reactive to be sprayed in air. The increase in particle velocity 

results in high quality pure coatings. The jet velocity is Mach 3, giving low porosity and 

strong adhesion (Sidky and Hocking, 1999).Another advantage of VPS technology is 

the option to clean the substrate surface especially from oxide layers and preheat the 

substrate, both giving better adhesion. The main drawback of the system is high 

technical effort/expense for achieving the vacuum conditions. For some application 

using low melting point material as substrates, there is insufficient convective heat 

transfer within the chamber. 

2.6.2.3 	Shrouded Plasma Spraying (SPS) 
Shrouded plasma spraying has been developed to reduce the effort for 

chamber and pumping system for less expensive applications. Similar to shrouded 

welding processes, envelope of an inert gas, which is not ionized, protects the plasma 

jet from the surrounding oxygen containing atmosphere and also improves substrate 

cooling. Both argon-shrouded and low pressure, inert-gas-chamber spray coating 

methods are used in the commercial production of the very reactive MCrAIY coatings on 

gas turbine components (Tucker, 1994). 



2.6.2.4 	Controlled Atmosphere Plasma Spraying (CAPS) 

Combining vacuum plasma spraying and inert-gas plasma spraying in one 
system leads to controlled atmosphere plasma spraying (CAPS). For a pressure range 
from 50 to 400 mbar VPS-coatings are deposited, whereas at pressures around I bar 
inert gas plasma spray coatings are produced. Further with pressures up to 4 bar high 
pressure plasma spay coatings are deposited. 

2.7 ROLE OF METALLIC COATINGS 

At high temperatures, coatings that protect against oxidation form a compact, 
adherent oxide scale that provides a barrier between the high-temperature gases and the 
underlying metal (National Materials Advisory Board, 1996). Bluni and Marder (1996) 
have suggested that the thermal spray coatings must possess following properties in 
order to protect the base alloy against high-temperature corrosion: 

1. Have a composition that promotes the formation of protective oxides at splat 
boundaries. 

2. Be dense enough that protective oxides can form within and fill voids. 
3. Be thick enough to postpone the diffusion of corrosive species to the substrate 

material before protective oxide can form within the coating fast diffusion paths. 
Guilemany et al (2002) have also reported that in case of the metallic coatings 
thicker layer provides better resistance against corrosion. 
Fig.2.13 	shows 	the 	types of high-temperature attack for metallic coatings 

(aluminide, chrontide, MCrAIY, etc.) on nickel-base superalloys with approximate 

temperature regimes and severity of attack (National Materials Advisory Board, 1996). 

2.7.1 MCrAIY Coatings 	 , 

The plasma sprayed MCrAIY coatings are commonly used as thick coatings on 
large industrial components, to lengthen service life under oxidising atmosphere (Wu, X. 
et al, 2001). Many MCrAIY coatings are secondary aluminium oxide formers, that is, 
they initially form a chromic oxide external scale when exposed to an oxidising 
environment at high temperature, then aluminium oxide forms under the chromic oxide 
layer (Warner, 2003). Also the MCrAIY coatings used as bond coats in many 
applications provide a rough surface for mechanical bonding of the top coat, protect the 
underlying alloy substrate against high temperature oxidation corrosion and minimize the 
effect of coefficient of thermal expansion mismatch between the substrate and the top 
coat materials (Hocking, 1993A and Evans and Taylor, 2001). 
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Fig. 2.13 	Types of high-temperature attack for metallic coatings (aluminide, 
chromide, MCrAIY, etc.) on nickel-base superalloys with approximate 
temperature regimes and severity of attack (National Materials Advisory 
Board, 1996). 



NiCrA1Y bond coats may also help in the formation of metallurgical bonds 

between the mating surfaces. MCrAIX-type bond coats can be deposited by a variety of 

methods, but plasma spraying is frequently used (Evans and Taylor, 2001). Fig. 2.14 

depicts the morphological changes in a NiCrA1X coating during corrosion/oxidation as 

suggested by Hocking et al (1993B). 

Seiersten and Kofstad (1986) conducted studies on the hot corrosion of MCrAIY 

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

corrosion rates increased with increasing V205 content. Later on they studied the hot 

corrosion behaviour of EB-PVD and air plasma sprayed NiCrAIY coatings on Inconel 

600 with x-sodium vanadyl vanadate deposits (Seiersten and Kofstad, 1987). The 

samples were exposed to oxygen environment containing 4% sulphur dioxide at 650 to 

800°C. They observed that the initial reaction was essentially the same as for the reaction 

in pure oxygen, but after an incubation period, whose duration decreased with increasing 

temperature, sufficient 503 was dissolved in the molten vanadate to allow a molten 

mixture of NiSO4 and Na2SO4 to be formed near the metal. This molten mixture was 

found to be responsible for sulphate-induced hot corrosion. 

During high temperature isothermal oxidation of MCrAIY coating on a Ni-base 

superalloy, Y could modify the oxidation behaviour of the coatings by various 

mechanisms (Tawancy et al, 1994). They observed Y-rich oxide "pegs" within the a- 

A1203 scale, which improved the adherence of scale with the coating. Secondly, it was 

suggested that the presence of small concentrations of Y within the scale in solid solution 

could have the effect of reducing the scale growth rate. Thirdly, segregation of Y to the 

grain boundaries of the scale was suggested to reduce its growth rate as well as improve 

its elevated temperature mechanical strength. 

Toma et al (1999) conducted short-time oxidation experiments on vacuum 

plasma sprayed (VPS) and HVOF-sprayed MCrAIY coatings and observed that the 

formation of metastable alumina led to a fast oxidation rate in the transient stage in case 

on VPS sprayed coating. This effect also influenced the oxidation rate in steady-state 

stage. Whereas formation of a-A1203 as only phase- in the oxide scale of the HVOF 

coating after a short oxidation time (-2.5 hours) determined the slow oxide growth. They 

suggested that the fine oxide dispersion formed in HVOF-sprayed MCrAIY coatings had 

a beneficial effect on the high-temperature oxidation behaviour of the coatings. 



Isothermal and cyclic oxidation of freestanding HVOF sprayed Ni-20Cr-10Cr-lY 

thick coatings was investigated by Serghini and Dallaire (2000) at 1200°C. The coatings 

were found to be dense and remained crack free after thermal treatments. They further 

observed that the protective oxide layer formed did not flake off upon cyclic oxidation and 

concluded that the coatings could be used as anti-oxidant barriers in both isothermal and 

cyclic oxidation. Interdiffusion between the coating and substrate with a slight increase in 

chromium concentration at the interface was also noticed. The element distribution within 

the oxide layer was found to follow the order: Al-(oxide)/Y-(oxide)/Cr-(oxide)Ni-

(oxide)/NiCrAIY from the outermost oxide layer to the bulk of the coating. 

The oxidation behaviour of air-plasma sprayed (APS) overlay coatings of Ni-

25Cr-6AI-Y was studied by Niranatlumpong et al (2000) at 1100 °C in air. A protective 

alumina scale developed after 5- to 10-hr exposure with, initially, parabolic growth 

kinetics. With protracted exposures (>100 hr), sub-parabolic behaviour developed, 

associated with aluminium depletion within the coating caused, principally, by internal 

oxidation of the low-density APS structure. This depletion caused intrinsic chemical 

failure, manifested by the formation of a layer of Cr, Al, Ni-rich oxide beneath the 

residual alumina layer. They further observed the formation of a layer of porous Ni, Cr-

rich oxide above the alumina layer that was suggested to be associated with this process 

of chemical failure. Oxide spallation occurred by delamination within this layer during 

cooling. The spallation sites showed tendency to lie above protuberances in the 

underlying coating. They observed .that initial spallation occurred at a critical 

temperature drop, which decreased rapidly with increasing exposure time. 

Gurrappa (2001) conducted hot corrosion studies on air plasma spray coatings on 

CM 247 LC superalloy at 900°C in the corrosive environments of 95% Na2SO4+5%NaCl 

and 90% Na2SO4+5%NaCl+5%V205 by using crucible immersion technique. The different 

coatings used were NiCoCrAIY, NiCoCrAIY+I% Hf, NiCoCrAIY+I% Si, NiCrAIY, 

CoCrAIY. The coating of composition 22Co-lSCr-12A1-0.5Y was found to exhibit 

maximum life among the investigated coatings in both sodium chloride and vanadium 

containing environments. The improvement in the durability of the coating was attributed 

to the formation of a thick, protective, thermodynamically and chemically stable alumina 

scale on the surface of the coating after exposure to the given environment. 
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Rinaldi et al (2001) studied shrouded arc sprayed FeCrA1, NiCrAI and NiCrTi 

coatings for boiler applications and shrouded AMDRY 995 coatings for gas turbine 

blades. A sulphidising gaseous atmosphere was used to simulate boiler environment 

burning sulphur rich fuel as Orimulsion. The corrosion behaviour after 1000h at 450°C 

was observed to be as good as that of an HVOF sprayed similar coating, without any 

delamination during thermal cycling. Whereas the hot corrosion behaviour of the heat 

treated AMDRY 995 coatings on two Ni-base superalloys was studied by "Dean Tests" 

at 850°C, which ensured a continuous supply of Na2SO4 vapours with a carrier gas 

mixture of 0.3%S02, 10%02, 8%CO2 and Nz balance. The hot corrosion behaviour of the 

coating in this simulated gas turbine environment was found to be similar to that of VPS 

AMDRY coatings. Applicability of the shrouded technique to the field of gas turbines 

was confirmed instead of the costly VPS technique. 

Cyclic oxidation behaviour of NiCrAIY and CoNiCrAIY coatings was 

determined at a maximum temperature of 1273 K in air by Belzunce et al (2001). The 

authors reported that high frequency pulse detonation (HFPD) coatings were dense and 

exhibit interconnected porosity along droplet boundaries. Adherence of the coatings with 

the substrate was found to be good, which remained unaffected after the cyclic oxidation. 

The oxidant atmosphere penetrated into the coatings through the open porosity and 

internal oxidation occurred until all the accessible internal surfaces were oxidised. 

Subsequently, the oxidation took place only on the external surface, where a continuous 

and uniform layer of alumina protected the coating from further oxidation. 

The isothermal oxidation behaviours of plasma-sprayed NiCrALY bond coatings 

(Ni22CrIOA11Y and Ni3lCr11A10.6Y) have been evaluated by Choi et al (2002). They 

observed two unique microstructures; oxide stringers and improperly flattened zones, in 

the air plasma spray (APS) bond coatings. Improperly flattened zones had a high density of 

open pores. According to them, these features affected the oxidation behaviours in both the 

transient and the steady-state stages. In the transient oxidation stage, NiO, Cr2O3 and a-

A1203 were observed on the surface simultaneously. The oxide stringers and improperly 

flattened zones had an especially high density of NiO and Cr203, which implied that these 

regions had inherently lower contents of Al. During steady-state oxidation, a continuous a-

A1203 layer reduced the diffusion rate of oxygen and thus the rate of isothermal oxidation 

became low. As the oxidation time was increased, depletions of Al, the formation of 

NiA1204 layers and the formation of Cr203 subsequently took place. 



The oxidation behaviour of arc ion plated NiCrAIY coatings on cast Ni-based 

IN100 superalloy was investigated by Wang et al (2002) under cyclic as well as 

isothermal conditions at temperatures of 900 and 1000°C.They observed a marked 

improvement in the oxidation resistance of the superalloy in both the cyclic and 

isothermal conditions. The oxides formed at 900°C were reported as a-A1203 and Cr203, 

whereas at 10000C, NiO, a-A1203 and Cr203 phases formed in the initial stage of 

oxidation. With further oxidation at 1000°C, complex reactions were observed. 

The oxidation studies of sputter-deposited NiCrAIY coating on a Ni-base single 

crystal superalloy showed phase transformation from 0- A1203 to a- A1203 (Li et al, 

2003C). This transformation was observed to be faster at high temperatures. They further 

suggested that the diffusion of both Al and 0 might have contributed to scale growth 

during the steady stage of oxidation. The scale formed on the coating was found to be 

exclusively of alumina at 900-1100°C. They attributed this favourable oxidation 

behaviour to the high aluminium content, the third element Cr and the nano crystallised 

microstructure of the coating. During the oxidation, (3-NiAl was seen to be transformed 

toy'-Ni3AI and y-phase because of the diffusion and formation of A1203. 

Arc ion plated NiCrAIY coatings deposited on the superalloy IC-6 (Ni3AI-base 

superalloy) had shown better oxidation resistance than NiCoCrAIY coating, when 

exposed at 1000°C (Wang et al, 2003). It was further noticed that the oxidation 

resistance was not influenced by the presence of Co in NiCrAIY at 900°C in static 

atmosphere. Both the coatings were shown to obey the parabolic law at 900 and 1000°C. 

Plasma sprayed Ni-22Cr-10A1-1Y coatings were utilised by Singh (2003) to 

increase the hot corrosion and oxidation resistance of boiler steels and considerable 

improvement was observed. The coatings were subjected to air oxidation as well as 

molten salt corrosion at 900°C, and were also tested in the actual industrial boiler. The 

formation of phases like Cr203 and NiCr204 in the upper scale was believed to provide 

the resistance against the hot corrosion. 

2.7.2 Nickel-Chromium Coatings 

The high resistance of high-chromium, nickel-chromium alloys to high-

temperature oxidation and corrosion makes them widely used as welded and thermally 

sprayed coatings in fossil fuel-fired boilers, waste incineration boilers, and electric 

furnaces (Kawahara, 1997). Modern thermal spray processes such as high velocity 
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oxyfuel (HVOF) and plasma spraying are often applied to deposit high-chromium, nickel 

coatings onto the outer surface of various parts of the boilers, e.g. tubes to prevent the 

penetration of hot gases, molten ashes, and liquids to the less noble carbon steel boilers 

tube (Tuominen et al, 2002). 

High temperature oxidation of as-sprayed as well as gas flame sprayed NiCrAI, 

FeNiCrAI and NiCr coatings has been studied Longa and Takemoto (1992) in a mixed 

salt of 15% Na2SO4-V205 at 900°C. The results showed that the laser glazed NiCrAl and 

FeNiCrAl coatings offered excellent corrosion resistance compared to the as sprayed 

coatings. However, the NiCr coatings showed better corrosion resistance in as sprayed 

condition in comparison to that in laser glazed condition. Laser glazed NiCr coating 

showed exfoliation from its substrate after high temperature testing, which was ascribed 

to poor adhesion of the coating to the substrate. 

Yamamoto and Hashimoto (1995) estimated the high-temperature oxidation and 

corrosion resistance of plasma transferred arc welded Ni-Cr alloy coatings and observed 

that the Ni-20Cr coatings showed good oxidation resistance, while the Ni-50Cr coating 

collapsed because of a large amount of oxide scales. In case of vanadium induced 

corrosion, they noticed that resistance of the coatings got better with an increase in Cr 

content. They found that addition of Al in the Ni-50Cr coating improved the oxidation 

resistance of the coating in air. They developed an alloy coating with composition Ni-

5OCr-3A1, which exhibited good resistance against both oxidation and vanadium attack. 

Longa-Nava et al (1996).studied the hot corrosion behaviour of LPPS 8ONi-2OCr 

and flame sprayed Ni-20Cr-4A1 coatings on type 304 stainless steel, by thin films of 
Na2SO4  and 0.7 mole fraction Na2SO4-0.3 mole fraction of NaV03 at 900°C in a 1% 
S02-02  gas atmosphere. The Ni-20Cr coatings were tested in as-sprayed condition, 

whereas Ni-20Cr-4AI coatings were tested under as-sprayed and laser-glazed conditions 

and found these coatings successful in resisting hot corrosion. They observed the 

formation of Cr-rich oxide layer of approximately 30µm after 16 hours exposure in case 

of LPPS 8ONi-2OCr coatings. It was observed that the formation of chromatic solute 

anions prevented sulphidation of the alloy. 

Erosion wear and mechanical properties of nickel- and iron-based as well as 

chromium-nickel plasma sprayed coatings on carbon steel have been studied by Hidalgo 

et al (1997, 2000) in the simulated industrial service conditions in boilers. These types of 

coatings are used as heat transfer and structural elements in boilers. They have performed 

experiments in laboratory combustion unit which was simulated to boiler service 



conditions at 400, 600 and 800°C. Coatings were reported to have a moderate to low 

oxidation indexes. 

The oxidation behaviour of Ni-20Cr foils of 100- and 200-µm thickness has been 

investigated by Calvarin et at (2000) in air between 500 and 900°C. They found that the 

scale formed at all the temperatures was complex with an outer NiO layer having 

columnar grains and an outer layer of equiaxed NiCr2O4+NiO+Cr203 grains. It was 

further observed that at low temperatures (500-600°C), the chromium content was 

insufficient to form a continuous Cr203 layer, while such a continuous layer formed at 

the inner interface at oxidation temperatures of 700 to 900°C. The formation of all these 

oxides layers was found to be in agreement with the Wagner Theory and was justified on 

the basis of effective diffusion coefficients. 

Yamada et at (2002) carried out studies to evaluate the high-temperature 

corrosion resistance of Ni-20Cr, Ni-50Cr and Cr coated boiler tubes in actual refuse 

incineration plant as well as in laboratory tests. It was observed that detonation sprayed 

Ni-50Cr coating exhibited the highest corrosion resistance in laboratory test at 873K 

among the detonation gun sprayed, plasma sprayed and HVOF sprayed coatings. The 

detonation sprayed Ni-5OCr coated tubes performed very well for seven years of testing 

in the actual plant without any problems and were expected to have a longer life. They 

further concluded that the Incolloy 825 and Inconel 625, having high nickel content 

possessed higher corrosion resistance than stainless steels. 

Uusitalo et at (2003) reported the use of HVOF sprayed Ni/Cr and Fe3AI coatings 

on ferritic and austenitic boiler steels and studied the high temperature corrosion of the 

coatings in oxidising atmosphere of 500 vppm HCl, 3%OZ, 14%CO2, 20% H2O and 

Argon as balance. Ni-49Cr-2 Si coating performed well as no corrosion products were 

detected at the coating surface. No internal attack or attack on the substrate through this 

coating was observed. Whereas Ni-57CrMoSiB and Ni-2lCr-9MoFe coatings were 

proved to be poor in resisting the high temperature oxidation as the substrates were 

attacked by corrosive species through the voids and oxides. Fe3AI coatings also suffered 

corrosion degradation, which even started during the spraying and, the Al content was 

found to insufficient to form the intermetallic structure. 

Uusitalo et at (2004) again investigated the high temperature behaviour of the 

same coatings in the presence of a salt environment of 40% Na2SO4-40% K2SO4-

lONaCI-10KCI in two environments viz. oxidising environment of N2-20H20-14CO2- 
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302-500 vppm HCI, reducing environment of N2-20H20-5C0-0.06H2S-500 vppm HCI. 

They found that the corrosion was more severe in oxidising environments as compared to 

the corrosion in reducing environment. Active oxidation was responsible for the 

accelerated corrosion in oxidising environments. The coatings were prone to chlorine 

attack in both atmospheres through interconnected oxide network at splat boundaries. Ni-

57CrMoSiB coating was the only material forming a protective oxide layer. Whereas in 

reducing conditions materials with high chromium content were found to be able to form 

a protective layer containing chromium, sulphur, and sodium. The corrosion resistance of 

this layer increased with increasing chromium content. Further it was concluded that the 

corrosion resistance of nickel-based, high chromium coating materials was satisfactory in 

the test conditions. 

Singh (2003) developed Ni-20Cr coatings on boiler steels by plasma spray 

process and evaluated their oxidation and hot corrosion performance in laboratory tests 

at 900°C. The coatings were tested in the actual boiler environment also. He observed an 

increase in the resistance towards air oxidation as well as hot corrosion with the 

application of coatings. The formation of phases like Cr203 and NiCr2O4 in the 

protective scale of the coatings was suggested to induce the requisite resistance in the 

boiler steels. A schematic diagram as suggested by him showing the probable hot 

corrosion mechanism for Ni-20Cr coated TI I boiler steel is reported in Fig. 2.15. 

Sundararanjan et al (2003A) evaluated the steam oxidation resistance of Ni-20Cr 

metallic coatings on 9Cr-IMo type steel at four steam temperatures in the range of 600-

750°C. They used high velocity oxy-fuel (HVOF) as well as air plasma spray to deposit 

the coatings. The formation of protective oxide scale of Cr203 was observed on the 

coating surfaces. The diffusion of nickel from the coatings to the substrate and, the 

diffusion of iron from the substrate to the coatings for longer exposures to steam 

oxidation was also noticed. The rate of diffusion of Ni and Fe were found to be almost 

similar. The diffusion of iron caused formation of Fe203 scale, which was suggested to 

be reason for non-protectiveness of coatings for longer exposure times. Additionally, in 

case of APS coating, the scale initiation was also observed at the interface between the 

coating and the substrate, which propagated with testing temperature and duration. 

Whereas in case of Ni-50Cr coatings, the formation of Fe203 scale was noticed in case of 

APS coatings only (Sundararanjan et al, 2003B). 



2.7.3 Nickel Aluminide Coatings 

Intermetallic compounds containing aluminium, such as NiAI, offer possibilities 

for developing low-density, high-strength structural alloys which might be used at 

temperatures higher than those currently possible with conventional titanium- and nickel 

based alloys. The intermetallic alloys and their composites enable the design and 

production of higher performance, lighter (high trust-to-weight ratio) engines for future 

military aircraft and supersonic commercial transport vehicles. Strong bonding between 

aluminium and nickel, which persists at high temperatures can provide high strength at 
elevated temperatures (Darolia, 1991). 

Unlike aluminide and chromo-aluminide coatings which have been used on steels, 

the nickel aluminide coatings are yet to be introduced in large scale for general industrial 

applications involving high temperature corrosive environments (Malik et al, 1992). The 

yield strength of Ni3AI was observed to increase rather than decrease with increase in 

temperature and the aluminide reported to have good oxidation resistance. In addition, it 

has a considerably lower density than commercial nickel-based super alloys (Nishimura 

and Liu, 1993). The proper processing of these aluminides into useful shapes has been 

reported to be important from an economic standpoint as well as the processing influence 

the final microstructure (Dey and Sekhar, 1998). 

Ordered intermetallic aluminides have received much attention as potential 

structural materials because of their low density, high strength at elevated temperatures, 

oxidation resistance, and excellent creep properties (Kumar and Liu, 1993, and Saffarian 

et al, 1996). The oxidation/sulphidation behaviour of intermetallic compounds is in many 

ways similar to that of the metallic elements of the alloys from which they are prepared. 

The oxide is often the same as that on the metallic solid solutions containing the same 

constituents (Okafor and Reddy, 1999). So far very rare hot corrosion studies for the 

aluminide intermetallic compounds have been conducted (Kai et al, 2002). 

Hot corrosion behaviour of pure and alloyed y- Ni3Al (major strengthening phase 

in Ni-base superalloys) and G3-NiAI (the primary constituent of aluminide coatings) 

phases at 1600F has been studied by McCarron et al (1976) using burner rig tests. They 

observed that pure (i-NiAI was more corrosion resistant than y- Ni3AI for exposure times 

greater than 100 hours, whereas for shorter times the kinetics were found to be 

comparable. They characterised the corrosion of y- Ni3Al by an incubation period of the 

order of 100 hours. Velon and Olefjord (2001) have reported the formation of islands of 

A1103 and NiO combined with NiA1204 on the surface of oxidised Ni3AI at temperature 

of 300°C, whereas at 500°C, the Ni oxides were seen growing laterally and covering 

A1203 islands. 
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Fig. 2.15 	Schematic diagram showing probable hot corrosion mechanism for Ni- 
20Cr coated T11 steel exposed to Na2SO4-60%V205 at 900°C for 50 
cycles (Singh, 2003). 
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Malik et al (1992) developed nickel aluminide coatings on mild steel by pack 

cementation process and studied the high temperature behaviour of the coatings at 750, 

800 and 850°C in flowing air. From the parabolic nature of the weight gain vs time plots, 

the oxidation of the coatings was suggested to be a diffusion controlled process. At high 

temperatures, the oxidation rates of the nickel aluminide coatings were lowered down 

markedly irrespective of the rare earth oxide concentration. 

Ni3Al coatings were fabricated by La et al (1999) on the carbon steel by the self-

propagating high-temperature synthesis (SHS) casting route. The microstructure of the 

coatings was reported to be pure and dense. They observed that the coatings possessed 

resistance to oxidation at elevated temperature, as was noticed during the friction 

experiment, where the temperature reached to 873 K. 

Matsuura et al (1999) formulated the nickel aluminide coating on the steel by 

using reactive sintering. The compact thickness was below 5 mm but the synthesis 

reaction has been reported to be incomplete because of heat loss due to absorption by 

the steel block and intermediate products such as Ni3A1 and NiA13 remain in the 

compact. However in situ coating was completed by further heating to 1473 K 

(1200°C) followed by holding for 0.54 ks. 

According to Schneibel and Becher (1999) and Velon and Olefjord (2001) nickel 

aluminide intermetallics are not only oxidation and corrosion resistant, but also 

thermodynamically compatible with a wide range of ceramics. Ni3Al has been reported 

to exhibit a very good high temperature strength and oxidation resistance. Moreover its 

mechanical properties, including good creep resistance make it attractive for several 

industrial applications. 

As per the views of Liu and Gao (2001), the studies on the oxidation behaviour of 

the intermetallic compound Ni3AI can be dated back to 1974. The authors further 

concluded that research on this material has been conducted more intensively since the 

last decade or so because N13AI base alloys had been found to be promising structural 

materials for high temperature applications. They carried out studies on isothermal and 

cyclic oxidation of Ni3A1 + 5% Cr and Ni3A1 + 5% Cr + 0.3% Y microcrystalline 

coatings, produced by a close-field, unbalanced magnetron-sputter deposition technique, 
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2.7.4 Cobalt Based Coatings 
Cermet (WC/Co) thermal spray coatings are widely used in wear situations 

because they combine several advantages such as resistance to abrasion, erosion, high 

temperature and corrosive atmospheres (Chuanxian et al, 1984, Liao et al, 2000). Zhao et 

al (2002) reported an experiment in which a clad coating of Stellite Ni60 was prepared 

on AISI 1020 steel using home-made non-transferred are plasma cladding equipment. It 

was pointed out that the non-transferred arc plasma cladding is an economical and 

environmental friendly process for cladding processes based upon their results. The wear 

resistance in corrosion environments of cobalt base Tribaloy (registered trade name) has 

been reported to be outstanding by Schmidt and Ferriss (1975). There were no signs of 

corrosion on the test surfaces and weight loss was low or moderate. 

Co-25 wt% Cr, Co-25 wt% Cr-I wt% Y and yttrium-implanted Co-25 wt% Cr 

alloy specimens were oxidised at 1000°C by Hou and Stringer (1988). The 

unimplanted binary alloy was reported to be oxidised to duplex Co-rich scale, but the 

Y-containing ternary alloy formed a continuous Cr203 layer. A temporarily stable 

Cr203 scale was seen to be formed on the most heavily implanted specimens (lx1018  

Y'/em2). This Cr203 scale consisted of very fine grained oxide, which was permeable 

to the outward transport of Cr and Co. Internal oxidation during pre-treatment of the 

ion-implanted specimens was reported to convert the Y metal to its oxide prior to the 

oxidation experiment, which enhanced the development of an external Cr203 scale 

that has also been reported to be unstable. Selective oxidation of chromium in an 

ordinarily non-Cr203-forming alloy was reported to be due to the reactive element 

oxides acting as preferential nucleation sites on the alloy surfaces. 

Loss of WC was observed by Lovelock et al (1998) during thermal spraying and 

reported to occur primarily by a combination of decarburisation and dissolution in the 

binder metal during spraying whereas WC-Co transformed to phases such as W2C, 

Co3W3C (rl phases), Co6W6C (s phase), WCi-x, W03 and W. According to them, the 

original cobalt binder phase of the powder was replaced in the coating by an amorphous or 

nanocrystalline binder phase. The cast and crushed powder deposited badly and produced a 

coating with very weak abrasion resistance. 

Aoh and Chen (2001) investigated the high temperature wear characteristics of 

Stcllite 6 alloy containing Cr3C2 after thermal fatigue and oxidation treatment at 700°C. 

The alloy powders Stellite 6 and Stellite 6 with Cr3Cz were used by them to form hard 
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facing layers on medium carbon steel by plasma transferred arc (PTA) process. Thermal 

fatigue cracks initiated from the surface of Stellite 6 with Cr3C2 and propagated into the 

clad layer along the carbide boundaries, whereas no thermal fatigue crack was observed 

on the Stellite 6 clad layer. It was further noticed that the formation of the oxide layer 

was enhanced by Cr3C2 content in the alloy and the surface oxidation was beneficial to 

the improvement of wear resistance. 

Laser surface alloying using NiCoCrB alloy (Ni-17% Co-19.6% Cr-14.5% Fe-

3.5% B-1% C-0.9% Si) on mild Steel AISI 1050 and austenitic stainless steel AISI 316L 

was reported by Kwok et al (2001). Both steels alloyed with NiCoCrB were found to 

contain austenite as the main phase and carbides as the minor phases. The maximum 

hardness of laser alloyed 1050 and 316L steels increased to 545 and 410 Hv respectively 

with the cobalt content ranging from 4.5 to 12 wt%. The cavitation erosion resistance of 

the laser alloyed specimens was reported to increase with increase in cobalt contents. This 

increase was reportedly attributed to decrease in the stacking fault energy and 

enhancement of strain induced martensitic transformation due to the presence of cobalt. 

Cha and Wolpert (2003) conducted high-temperature erosion and corrosion of 

thermally spray coatings on 15Mo3 and 13CrMo44 base materials. The coatings were 

Ni-based materials like Colnionoy 62 (NiCrFeBSi) and NiCrBSi/WC and Co-based 

material T800 fabricated by thermal spray processes like HVOF, Flame sprayed and 

sintered (FS/sinter) and air plasma spray (APS). The corrosion studies in the 

environment containing HCI, H20, 02 and N2 at a temperature of 500°C indicated that 

the Colmonoy 62 applied by HVOF or by APS show the same corrosion rates. HVOF 

sprayed T800 coating experienced the highest corrosion rate. NiCrBSi/WC coating 

formed by FS/sinter proved to be a fair combination of erosion and corrosion resistance. 

Studies on oxidation and hot corrosion resistance of Stellite-6 coatings on boiler 

steels were conducted by Singh (2003) in simulated as well as in actual boiler conditions. 

Coatings were found to be effective in all the environments. He opined that the formation 

of CoCr2O4 spinel in all the environments might have contributed to requisite resistance, 

which was believed to block the diffusion activities through the Coo by suppressing the 

further formation of CoO as per views of Luthra (1985). Fig. 2.16 shows probable 

oxidation mechanism for Stellite-6 coated GrAl boiler steel exposed to air at 900°C for 

50 cycles as proposed by Singh (2003). 
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Fig. 2.16 Schematic diagram showing probable oxidation mechanism for Stellite-6 
coated GrAl steel exposed to air at 900°C for 50 cycles (Singh, 2003). 
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2. 8 PROBLEM FORMULATION 

2.8.1 Scope 
Hot corrosion has been identified as a serious problem in high temperature 

applications such as in boilers, gas turbines, waste incinerations, diesel engines, coal 

gasification plants, chemical plants and other energy generation systems. It is basically 

induced by the impurities such as Na, V. S etc. present in the coal or in the fuel oil used 

for combustion in the mentioned applications. In some situations, these impurities may 

be inhaled from the working environment, for instance NaCI in marine atmospheres. 

There is a general agreement that condensed alkali metal salts notably, Na2SO4, are a 

prerequisite to hot corrosion (Beltran and Shores, 1972). Due to high cost of removing 

these impurities, the use of these low grade fuels is usually justified. 

Although the natural gas has also been considered as an alternative to these 

traditional fuels for generation of electricity in combined cycle power plants, still there 

remains strong interest in the development of clean, high efficiency coal-base systems 

for power generation (Saunders et al, 1997). This might be due to anticipated saving of 

high grade energy such as natural gas. Similarly, in coal conversion processes, which are 

known to produce clean environmentally acceptable fuels, technical problem arises from 

the interaction of sulphur and ash in the coal with plant construction materials at high 

temperatures and pressures (Natesan, 1985). 

For the reason that hot corrosion of the components in aforesaid high temperature 

environments is inevitable, the phenomenon has maintained its relevance from the last 

more than 60 years. Hot corrosion often increases the corrosion loss of heat resisting 

alloys by over hundred times, in comparison to that incurred by simple oxidation 

(Shinata et al, 1987). 

Power plants are one of the major industries suffering from severe corrosion 

problems resulting in the substantial losses. For instance, steam temperature of boilers 

is limited by corrosion and creep. resistance of boiler components, which affects the 

thermal efficiency of the boilers. Consequently, the thermal efficiency decreases and, 

hence the electricity production is reduced (Uusitalo et al, 2003). According to a survey 

(Metals Handbook,1975) conducted over a period of 12 years, encompassing 413 

investigations, overheating was listed as the cause of 201 failures or 48.7% of those 

investigated. Fatigue and corrosion fatigue were listed as the next most common causes 



of failure accounting for a total of 89 failures or 21.5%. Corrosion, stress corrosion and 

hydrogen embrittlement caused a total of 68 failures or 16.5%. In another case study of a 

coal Fred boiler of a power plant in north western region of India, Prakash et al (2001) 

have reported that out of 89 failures occurring in one year duration, 50 failures were 

found to be due to hot corrosion and erosion by ash. These facts emphasise the need to 

develop more and more corrosion resistant materials for such applications. 

The use of Ni-, Fe- and Co- based superalloys in the high temperature 

applications such as gas turbines, boilers etc. is well known and many more applications 

are still to be explored, where these alloys may have tremendous potential. Although the 

superalloys have adequate mechanical strength for such high temperature applications, 

yet they are prone to degradation by high temperature oxidation/corrosion during long 

term exposures. Therefore, the superalloys need to be protected, but the protection 

system must be practical, reliable and economically viable. It has further been learnt 

from the literature that hot corrosion problem needs to be arrested through some other 

preventive means; prominent among them being controlling process parameters, use of 

inhibitors, application of protective coatings etc. as there lies little scope in improvement 

of the combustion environments. In Indian context, this is even more relevant as the 

Indian coal is found to have high ash content (Sharma, 1996). 

Regarding the selection of a particular countermeasure against hot corrosion, it 

has been concluded from the literature that controlling the various process parameters 

(air/fuel ratio, temperature, pressure etc.) of the boiler and gas turbine to reduce 

corrosion has comparatively low significance as the parameters can be controlled only 

within certain limits. Further, the use of inhibitors is not easily viable due to practical 

implications in injecting these inhibitors along with the fuel in the combustion chamber 

in an actual industrial environment (Tiwari and Prakash, 1998 and Gitanjaly et al, 2002). 

In this regard, use of the protective coatings has been identified as a potential area for the 

present research. 

Thermal spray has emerged as an important tool of increasingly sophisticated 

surface engineering technology. It is one of the many methods of applying overlay 

coatings for applications ranging from protection of materials in harsh environments, to 

dimensional restoration of worn machine elements (Yamada et al, 2002). Among the 

thermal spray coating processes, plasma spraying is reported to be versatile technology 

that has been successful as a reliable cost-effective solution for many industrial problems 

(Fauchais eta], 1997). 
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Recent reports emphasised that the understanding of the degradation and failure 

mechanisms of high-temperature coatings in the field need to be improved, particularly 

with respect to the effects of engine operation and environment on the coating 

performance (e.g., thermal cycling) (National Materials Advisory Board, 1996). In 

general, the reaction behaviour of protective coatings in environments of their use and 

their interactions with the substrate during high-temperature performance is not well 

understood (Chatterjee et al, 2001). Uusitalo et al (2003) has also suggested that there is 

a need to investigate the high temperature corrosion behaviour of thermal spray coated 

materials in different aggressive environments. 

In an earlier work conducted by Singh (2003) in the department, laser remelting 

of the plasma sprayed coatings was attempted to eliminate the porosity of the coatings. 

However, he observed that these laser remelted coatings showed slightly inferior hot 

corrosion resistance in molten salt environment as compared to the as coated samples. 

This behaviour was attributed to the presence of vertical cracks in the laser remelted 

samples after exposure to hot corrosion, through which the oxidising environment could 

reach the substrate steels. Streiff (1987) have reported that the trapped oxygen in the 

coatings causes unfavourable oxide inclusions during the laser remelting process. These 

inclusions may develop into sites of oxidation attack. Longa and Takemoto (1992) 

observed that laser glazed NiCr coating showed exfoliation from the substrate after high 

temperature testing, due to poor adhesion to the substrate, and indicated less corrosion 

resistance to mixed salt (15% Na2SO4-V205) corrosion at 900°C in comparison to the 

coating in as-sprayed condition. Moreover, according to Zhao et al (2002) the efficiency 

of energy transfer of laser is rather low, and the expensive equipment and the 

dependence on the bulk material also limit its application. 

2.8.2 Aim 

The present study is an attempt to evaluate the high temperature oxidation 

behaviour of some plasma spray Ni-22Cr-10A1-IY, Ni-20Cr, Stellite-6 and Ni3A1 

coated Ni- and Fe-based superalloys by the accelerated testing. The tests were 

planned to be carried out in air at an elevated temperature of 900°C with and without 

salt mixture of Na2SO4-60%V205 under cyclic conditions. It was also decided to 

investigate the behaviour of bare superalloys under similar conditions of accelerated 

oxidation tests to predict the usefulness of the plasma sprayed coatings. Oxidation 
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time was selected to be 50 cycles (each cycle of lhour heating followed by 20 minutes 

cooling in air) in view of the fact that an oxidising time of 50 hours is considered 

adequate to allow for steady-state oxidation (UI-Hamid, 2003). Experiments were 

proposed to be conducted in a silicon tube furnace because both furnaces as well as 

burner rig, tests are capable of reproducing the corrosion observed in service (Saunders 

and Nicholls, 1984). The temperature of study was deliberately kept high (900°C) as this 

will also take into consideration the overheating effects in case of boilers, which has 

been identified as the major cause of failure (Metals Handbook, 1975). Moreover, at 

900°C, the rate of high temperature hot corrosion (HTHC) has been reported to be the 

severest, Fig. 2.13 (National Materials Advisory Board, 1996). 

The hot corrosion environment selected for the study that is Na2SO4-60%V205  

constitutes an eutectics with a low melting point of 550°C and provides a very aggressive 

environment for accelerated testing under simulated laboratory conditions (Tiwari, 

1997). Furthermore, sodium vanadyl vanadate (Na20.V204.5V205), which melts at a 

relatively low temperature 550°C is found to be the most common salt deposit on boiler 

superheaters (Barbooti et al, 1988). This environment will also be pertinent to the gas 

turbines as the predominant species in the salt deposits forming on gas turbine surfaces 

are expected to Na2SO4, V205 and Na2V2O6 (Luthra & Spacil, 1982). According to 

Goward (1998) the corrosion in boilers and turbines had much in common. So far as the 

testing in air environment is concerned, the study could also provide useful information 

regarding the adhesion of the coatings and the spalling tendency of their oxide scales 

(Burman and Ericsson, 1983), apart from air oxidation behaviour of the coatings. 

It was proposed to conduct the experiment under cyclic conditions as these 

conditions constitute more realistic approach towards solving the problem of metal 

corrosion in actual applications, where conditions are more or less cyclic, rather than 

isothermal (Sadique et al, 2000). Besides, Hancock and Hurst (1974) also emphasised 

that all potential commercial alloys should be subjected to thermal cyclic mode of testing 

to consider the effect of surface stresses developed due to disparity in coefficients of 

expansion of the base alloy, coating and oxide. Further, it could be seen from the 

literature survey that relatively fewer studies are reported on hot corrosion of the plasma 

sprayed coatings under cyclic conditions. 
Several superalloys have been chosen for the study as it was intended to 

understand the effect of composition of the substrate alloy on the oxidation/hot corrosion 

behaviour of a particular coating, in the view of the fact that Smeggil and Bornstein 
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(1983) and Singh and Prakash (2003) have observed the effect of substrate alloying 

elements on the oxidation and hot corrosion resistance for diffusion aluminide and 

plasma sprayed Ni3A1 coatings respectively. Besides, the study would be useful to rank 

the alloys under investigation with respect their oxidation and hot corrosion performance 

in the given environments of the study. 

Ni- and Co-based metallic coatings are frequently considered for protection 

against oxidation, corrosion, wear and erosion etc. Therefore, it was planned to deposit 

the alloy powders namely NiCrAIY, Ni-20Cr, Ni3AI and Stellite-6 on all the chosen 

superalloys by shrouded plasma spray process with an aim to assess their behaviour in 

the energy conversion systems and other similar high temperature applications under 

simulated conditions. 

Thermogravimetric studies were to be done under cyclic conditions in.air and 

Na2SO4-60%V205 environments to establish the kinetics of corrosion. The 

determination of corrosion resistance lies simply in how fast corrosion occurs (kinetic 

study) (Brasunas, 1977). Observations regarding the integration of the coating with the 

substrates after the completion of cyclic oxidation tests were decided to be accomplished 

with the help of cross-sectional SEM micrographs, in accordance with the studies carried 

out by Serghini and Dallaire (2000). Standard techniques such as X-ray Diffractometer 

(XRD), Scanning Electron Microscope (SEM), Energy Dispersive X-ray Analysis 

(EDAX) and Electron Micro Probe Analyser (EPMA) were chosen to be utilised to 

characterise the as sprayed coating and the oxidation/corrosion products, with an 

attempt to understand and propose mechanisms for the high temperature corrosion, 

wherever possible. The kinetics data and analysis of the results would be useful to 

assess the effectiveness of the chosen coatings in providing resistance to oxidation 

and hot corrosion for the superalloys and, to compare the performance of the different 

coatings under study. The analysis would further be beneficial to understand the 

effect of the substrate superalloys, if any, on the performance of the different 

coatings. 



CHAPTER 3 

EXPERIMENTAL TECHNIQUES AND 
PROCEDURES 

This chapter presents the experimental techniques and procedures employed for 

applying the coatings and their characterisation, the oxidation studies and analysis of the 

corrosion products. Specifications of the equipments and other instruments used for the 

present investigation are also incorporated. 

3.1 SELECTION OF SUBSTRATE MATERIALS 

Selection of candidate material for the study has been made after consultation 

with Mishra Dhatu Nigham Ltd, Hyderabad (India). The alloys selected for the study are 

being developed by Mishra Dhatu Nigham Ltd, Hyderabad, which are basically Ni- and 

Fe-based superalloys having Midhani Grades Superni 75, Superni 600, Superni 601, 

Superni 718 and Superfer 800H. The alloys were procured in rolled sheet form with each 

alloy sheet having different thickness within a range of 4.20-5.80 mm. Nominal 

composition and industrial applications of these alloys are given in Table 3.1. 

3.2 DEVELOPMENT OF COATINGS 

3.2.1 Preparation of Substrate Materials 

Specimens with dimensions of approximately 20mmX15mmX5mm were cut 

from the alloy sheets. The specimens were polished with SiC papers down to 180 grit 

and subsequently grit blasted by alumina (Grit 60) before application of the coatings by 

shrouded plasma spray process. 

3.2.2 Alloy Powders for Coatings 

Four types of coating powders namely Ni-20Cr (NI-105), Ni3AI, Stellite-6 (Eu 

Troloy) and Ni-22Cr-10AI-1Y (NI-343) were chosen for plasma spray deposition on the 

five types of superalloy substrates. In the first three cases of Ni-20Cr, Ni3A1 and Stellite- 
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6 coatings, Ni-22Cr-I0AI-IY was also used as a bond coat, whereas entire coating of the 

Ni-22Cr-10AI-lY powder was applied to constitute the fourth coating for the current 

investigation. All the coating powders were commercially available except the Ni3Al 

powder, which was prepared in the laboratory. Nickel powder with minimum assay 

99.5% and size 200 mesh (Art. 4860) and aluminium fine powder with minimum assay 

99.7% (Art. 880) supplied by Loba Chemical were mixed in stochiometric ratio 3:1 in 

the laboratory ball mill for 8 hrs to form a uniform mixture of Ni3AI powder. Chemical 

composition and particle size of all the coating powders have been reported in Chapter 4 

of the current study. 

3.2.3 Formulation of Coatings 

The coating work was carried out by a commercial firm namely Anod Plasma Lid. 

Kanpur (India). They used 40 kW Miller Thermal (USA) plasma spray apparatus to apply 

the coatings. Argon was used as powder carrying and shielding gas. All the process 

parameters were kept constant throughout the coating process while spraying distance was 

maintained in a narrow range of 90-110 mm. Ni-22Cr-1 OAl-1 Y powder was deposited as a 

bond coat around 150 µm thick before applying the final coatings. The process parameters 

for the shrouded plasma spray process employed for applying the coatings are summarised 

in Table 3.2. 

3.3 CHARACTERISATION OF COATINGS 

3.3.1 Measurement of Coating Thickness 

Thickness of the coatings was firstly monitored during the process of plasma 

spraying with Minitest-2000 made in Germany. Efforts were made to obtain coatings of 

uniform thickness. In order to verify the thickness of coatings some of as sprayed 

specimens were cut along the cross-section and mounted as explained in forthcoming 

Section 3.3.3. Scanning Electron Microscope (LEO 435VP) with attached Robinson 

Back Scattered Detector (RBSD) was used to obtain the BSE images. The average 

thickness of the coating was then measured from these BSE images and the same has 

been reported in Chapter 4 of the present study. 
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Table 3.2: 	Parameters of the argon shrouded plasma spray process 

Are current (A) 700 

Are voltage (V) 35 

Powder now rate (rev./min) 3.2 

Spraying distance (mm) 90-] 10 

Plasma arc gas (Argon) (psi) 59 

Carrier gas (psi) 40 

Spray gun nozzle diameter (mm) 6 

3.3.2 Measurement of Porosity 

Porosity measurements for the plasma sprayed coatings have been made after 

polishing the specimens. Image Analyser having software Dewinter Material Plus 1.01 

based on ASTM 8276 was utilized to determine the porosity values. Images of the 

surface of the specimens were obtained through an attached PMP3 Inverted 

Metallurgical Microscope made in Japan. Ten values of porosity have been measured for 

each coating and are reported in Chapter 4. 

3.3.3 Metallographic Studies 
For metallographic studies the plasma spray coated specimens were cut along their 

cross-sections with diamond cutter (Buehler's Precision Diamond Saw, Model ISOMET 

1000, USA make). Thereafter, the cut sections were hot mounted in Buehler's transoptic 

powder (20-3400-080) so as to show their cross-sectional details. This was followed by 

polishing of the mounted specimens by a belt sanding machine having emery belt (180 grit). 

The specimens were then polished manually down to 1000 grit using SiC emery papers. 

Final polishing was carried out using cloth polishing wheel machine with I an lavigated 

alumina powder suspension. Specimens were then washed and dried before being examined 

under Zeiss Axiovert 200 MAT Inverted Optical Microscope interfaced with imaging 

software Zeiss AxioVision Release 4.1, Germany. The same microscope was used to 

obtain surface microstructures of the coatings. Cross-sectional as well as surface 

microstructures of the specimens are presented in Chapter 4 of the ongoing study. 
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3.3.4 Measurement of Microhardness 
Microhardness of the coatings was measured by Shimadzu Micro Hardness Tester 

HMV-2 Series, Made in Japan. 2.942N load was applied on the indenter for penetration and 

the hardness values were based on the relation [Iv = 0.1891 x 2  (Where F is load in N and 

d is the mean of the indentation diagonal length in mm). Each reported value of the 

microhardness is a mean of three observations. These microhardness values are plotted as a 

function of distance from the coating/substrate interface in Chapter 4. This analysis was 

carried out at Mechanical Engineering Department, SHSL Central Institute of Engineering 

and Technology, Longowal (India). 

3.3.5 X-Ray Diffraction (XRD) Analysis 

The plasma sprayed specimens were subjected to XRD analysis to identify various 

phases formed on their surfaces. Diffraction patterns were obtained by Bruker AXS D-8 

Advance Diffractometer (Germany) with CuK,, radiation and nickel filter at 20 mA under a 

voltage of 35 kV. The specimens were scanned with a scanning speed of I Kcps in 20 

range of 10 to 1100  and the intensities were recorded at a chart speed of I cm/min with 
10/min as Goniometer speed. Assuming height of the most prominent peak as 100%, the 

relative intensities were calculated for all the peaks. The diffractometer being interfaced 

with Bruker DIFFRAC°I°S  X-Ray diffraction software provides `d' values directly on the 

diffraction pattern. These'd' values were then used for identification of various phases with 

the help of inorganic ASTM X-Ray diffraction data cards. 

3.3.6 Scanning Electron Microscopy (SEM) and Energy Dispersive X-
Ray (EDAX) Analysis 

Surface morphology of the as-sprayed coatings was also studied with the help of 

Scanning Electron Microscope (LEO 435VP) with an aim to understand the structure of 

the coatings and identify oxide inclusions, unmelted particles, pores etc. Whereas surface 

SEM/EDAX analysis was performed at Central Research Facilities (CRF), Indian 

Institute of Technology, Kharagpur (India) on JEOL (JSM-5800) Scanning Electron 

Microscope fitted with EDAX attachment of Oxford (Model-6841) made in England for 

some of the as sprayed specimens. The equipment could directly indicate the elements or 



phases (oxides) present at a point alongwith their compositions (weight %) based on 

built-in EDAX software, which is a patented product of Oxford ISIS300. Although the 

compositions correspond to selected points on the as-sprayed surfaces, still the data 

could be useful to understand the formation of desired compositions in the coatings. 

SEM morphologies and the elemental analysis for the as sprayed coatings have been 
reported in Chapter 4 of this thesis. 

3.3.7 Electron Probe Micro Analyser (EPMA) 

For detailed cross-sectional analysis the specimens were cut along the cross-

section, mounted and polished in accordance with the procedure already discussed in 

section 3.3.3 and subjected to EPMA analysis. The mounted specimens were applied 

with carbon coating before performing the EPMA analysis. The EPMA analysis 

consisted of recording USE Image and elemental X-ray mappings for representative area 

of each specimen. The selected area could have the three regions i.e. base specimen, 

coating and some epoxy region adjacent to the scale. X-ray mappings were obtained for 

all the elements of the substrate and the coatings, but only those mappings which indicate 

the presence of some element are reported in Chapter 4. EPMA analysis was done at 

Institute Instrumentation Centre (IIC), Indian Institute of Technology Roorkee, Roorkee 

(India) on JXA-8600M microprobe. 

3.4 HIGH TEMPERATURE OXIDATION AND HOT CORROSION 

STUDIES 

3.4.1 Experimental Setup 

Oxidation and hot corrosion studies were conducted at 900°C in a laboratory 
silicon carbide tube furnace, Digitech, India make. The furnace was calibrated to an 
accuracy of ±5°C using Platinum/Platinum-13% Rhodium thermocouple fitted with a 

temperature indicator of Electromek (Model-1551 P), India. The uncoated as well as the 

coated specimens were polished down to 1µm alumina wheel cloth polishing to obtain 

similar condition of reaction before being subjected to corrosion run. Physical 
dimensions of the specimens were then recorded carefully with vernier caliper to 
evaluate their surface areas. Subsequently the specimens were washed properly with 

acetone and dried in hot air to remove any moisture. During experimentation the 

prepared specimen was kept in an alumina boat and the weight of boat and specimen was 

measured. The alumina boats used for the studies were pre heated at a constant 
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temperature of 1200°C for 6 h and it was assumed that their weight would remain 

constant during the course of high temperature cyclic oxidation/corrosion study. Then 

the boat containing the specimen was inserted into hot zone of the furnace set at a 

temperature of 900°C. Holding time in the furnace was one hour in still air after which 

the boat with specimen was taken out and cooled at the ambient temperature for 20 

minutes. Following this weight of the boat along with specimen was measured and this 

constituted one cycle of the oxidation study. Any spalled scale in the boat was also taken 

into consideration for the weight change measurements. Electronic Balance Model CB- 

120 (Contech, Mumbai, India) with a sensitivity of 10-3  g was used to conduct the 

thermogravimetric studies. Visual observations were made after the end of each cycle 

with respect to colour, luster or any other physical aspect of the oxide scales being 

formed. All oxidation and hot corrosion studies were cyclic in this work and were 

carried out for 50 cycles. The reproducibility in the experiments was established by 

repeating hot corrosion experiments for five cases, where two specimens of the same 

description were subjected to similar hot corrosion test. 

3.4.2 Oxidation Studies in Air 
The oxidation tests at 900°C were performed on all the five base superalloys as 

well as plasma spray coated superalloys in laboratory furnace up to 50 cycles as 
discussed in section 3.4.1. 

3.4.3 Hot Corrosion Studies in Molten Salt (Na2SO4-60%V2O5) 
3.4.3.1 Molten Salt Coating 

The plasma spray coated as well as uncoated specimens were prepared for studies 

as discussed in section 3.4.1. The specimens were then heated in an oven upto 250°C and 
a salt mixture of Na2SO4-60%V205  dissolved .  in distilled water was coated on the warm 

polished specimens with the help of a camel hair brush. Amount of the salt coating was 

kept in the range of 3.0 -10 mg/cm2. The salt coated specimens as well as the alumina 

boats were then dried in the oven for 3-4 hours at 100°C and weighed before being 
exposed to hot corrosion tests. 

3.4.3.2 Hot Corrosion Studies 

The uncoated as well as plasma spray coated specimens after application of salt 

coating were subjected to hot corrosion in the laboratory furnace at 900°C for 50 cycles 

as discussed in section 3.4.1 



3.5 ANALYSIS OF CORROSION PRODUCTS OF OXIDATION IN 

AIR AND MOLTEN SALT 
All the specimens subjected to oxidation as well as hot corrosion were analysed 

for the characterisation of corrosion products. The analysis was performed for surface 

and cross-section of the corroded specimens. Corroded specimens were subjected to 

XRD, SEM, EDAX, measurement of scale thickness and EPMA analysis. 

3.5.1 Visual Observation 

Visual examination was made after each cycle and changes in colour, luster, 

adherence-spalling tendency, and growth of cracks in the coatings/oxide scales were 

recorded. After the completion of 50 cycles (each cycle of 1 hr heating and 20 minutes 

cooling) specimens were finally carefully examined and their macrographs were taken. 

3.5.2 Thermogravimetric Studies 

The weight change values were measured at the end of each cycle with the aim 

to approximate the kinetics of corrosion. The weight change data was plotted with 

respect to number of cycles for each specimen and the plots have been given in the 

subsequent chapters. 

3.5.3 Measurement of Scale Thickness 
The oxidized/corroded specimens after 50 cycles were cut across the cross-section 

and polished as discussed in section 3.3.3. In some cases, Scanning Electron Microscope 

(LEO 435VP) with attached Robinson Back Scattered Detector (RBSD) was used to obtain 

the BSE images at the areas where the scale thickness was observed to be the least. 

Average thickness of the scales was then measured from the respective BSE images and 

the data has been presented in Chapter 5 and 6. For the remaining specimens, the BSE 

images were taken with the Scanning Electron Microscope described in Section 3.5.6.2. 

3.5.4 X-Ray Diffraction (XRD) Analysis 
For identification of different phases formed in the oxides scales of oxidizedihot 

corroded specimens after 50 cycles, X-ray diffraction analysis of most of the specimens 

was conducted on the diffractometer described in section 3.3.5. While some of the 

specimens were analysed by Philips X-ray diffractometer, model PW 1140/90 using Cu 
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target and nickel filter at 20 mA under a voltage of 35 kV. The specimens were scanned in 

the range (20), 10 to 1200  and recorded at a chart speed of I cm/min and the Goniometer 

speed I°/min. Assuming height of the most prominent peak as 100%, the relative 

intensities were calculated for all the peaks. For the intensity peaks and corresponding 

values of 29, the interplanner spacing'd', has been calculated using Bragg's law. 

2dsin0=nt 

Where, X is the wave length of Cu K. radiation used for the diffraction and is 

taken as 1.54 A for estimating the `d' values which were finally used for identification of 

various phases with the help of inorganic ASTM X-ray diffraction data cards. 

3.5.5 SEM/EDAX Analysis 

3.5.5.1 Surface Morphology 

SEM/EDAX analysis of the oxidized/hot corroded specimen surfaces after 50 

cycles was conducted at CRF, Indian Institute of Technology, Kharagpur (India), and the 

details regarding the equipment have already been provided in section 3.3.6. The 

specimens were scanned under the microscope and the critical areas of interests were 

photographed with an aim to identify the inclusions, micro cracks and morphology of the 

surface scale. Point analysis by EDAX was carried out on various locations on these 

identified areas of interest with an aim to understand composition (weight %) of various 

phases in the oxide scales. Although these compositions correspond to selected points on 

the surfaces, still the data could be useful to support the formation of various phases in 

the oxide scales. 

3.5.5.2 Cross-Sectional Morphology 

SEM/EDAX analysis for some of the selected specimens was carried out along 

their cross-sections at Inter University Consortium (IUC) for Department of Atomic 

Energy (DAE) Facilities, Indore (India). The equipment consisted of a Scanning Electron 

Microscope of JEOL with EDAX attachment of Oxford model Flex Scan 520 England 

make. Cross-sectional BSE images were taken and some points of interest were identified 

on these images including scale/coating and substrate. EDAX analysis was then conducted 

to ascertain elemental composition (weight %) for these points. Although these 

compositions correspond to selected points along the cross-sections, still the data could be 

useful to approximate the distribution of various elements across the thickness of the 

scales. In some cases, the oxide scale thickness was also measured from these BSE images. 



3.5.6 Electron Probe Micro Analyser (EPMA) 
For detailed cross-sectional analysis the specimens were cut along the cross-

section, mounted and polished in accordance with the procedure already discussed in 

section 3.3.3 and subjected to EPMA analysis. The details regarding the EPMA 

equipment and preparation of the specimens have already been mentioned in Section 

3.3.7 of this chapter. Besides, some specimens were analysed at Material Science 

Division, Bhabha Atomic Research Centre, Trombay, Mumbai (India), and Defense 

Metallurgical Research Laboratory, Hyderabad (India) using Cameca SXIOO, 3 

Wavelength Dispersive Spectrometer, made in France. 

During EPMA analysis, BSEI and elemental X-ray mappings were obtained for 

some critical area of interest on each specimen. The selected area could have the three 

regions i.e. base specimen, coating/oxide scale and some epoxy region at the top of the 

scale. X-ray mappings were obtained for all the elements present in the substrate, the 

coatings and the environment of study, but only those maps in which an element was 

identified in substantial concentrations have been reported in respective chapters. 



CHAPTER 4 

CHARACTERISATION OF 
SUPERALLOYS AND COATINGS 

The chapter deals with critical examination of the substrate superalloys and the 

various coatings applied on them. The results of metallographic examination of substrate 

superalloys as well as the plasma spray coatings have been discussed. The physical 

properties like porosity and microhardness of as sprayed coatings have been reported and 

discussed with respect to the existing literature. The results of XRD, SEM/EDAX and 

EPMA analysis have been incorporated. 

4.1 MICROSTRUCTURES OF THE SUBSTRATE SUPERALLOYS 
Optical microstructures of the substrate steels are shown in Fig. 4.1, which are 

explained with reference to atlas of microstructures for industrial alloys (Metals Handbook, 

1972 and ASM Handbook, 1995). The microstructures of Superni 75 and Superni 718, Fig. 

4.1 (a) and (d) respectively can be characterised by a nickel-rich y-solid solution matrix. In 

case of Supemi 75, fine carbide particles are dispersed in the gamma matrix mainly along the 

grain boundaries. In y matrix of the Supemi 718, carbide segregation in the form of stringers 

is revealed. The microstructures of Supemi 600 and Supemi 601 show Ni-Cr-Fe solid 

solution containing fine as well as coarse carbides in the grains and along the grain 

boundaries, refer Fig. 4.1 (b) and (c). Twin boundaries are also visible in the structure of 

Superni 600. In case of Supemi 601, thick black boundary envelope might have resulted 

from the precipitation of M23C6 carbides as continuous streaks (ASM Handbook, 1995). 

Whereas the microstructure of the Superfer 800H consists of a solid solution matrix in which 

some of the grains are delineated by particles of precipitated carbides at the grain boundaries 

and by twinning lines (Metals Handbook, 1972). 

4.2 VISUAL EXAMINATION OF THE COATINGS 

Four types of coating powders were sprayed by argon shrouded plasma spray 

process on five superalloy substrates. The composition and designations used for the 

various coatings are given below in Table 4.1. 
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Table 4.1 	Composition, particle size and designation of the coating powders 

Coating powder Composition (wt %) Particle size Designation 
Ni-22Cr-10Al-1 Y Cr (22), At (10), Y (1), Ni -45 µm+10 µm NiCrAIY 
(Praxair NI-343) (bal.) 
(also sprayed as a bond 
coat for each coating) 
Ni-20Cr (Praxair NI- Ni (80), Cr (20) -45 ,um+5 pm Ni-20Cr 
105) 
Nickel and Aluminium Stochiometric ratio 3:1 Ni- 74 pm Ni3AI 

(Nti:Al) Al- fine powder 
Ni (min. assay 99.5%) and 
Al (min. assay 99.7%) mixed 
in laboratory ball mill for 8 
hrs 

Stellite-6 (Eu Troloy) Cr (19), C (0.7), Si (2.3), Fe -180 pm+53 µm Stellite-6 
(3), Ni (13.5), B (1.7), W 
(7,5), Mn (I max.), Co (bal.) 

Macrographs for the as coated samples are shown in Fig. 4.2. NiCrAIY and Ni-

20Cr coatings have the smooth surfaces with dull green appearance, whereas St-6 and 

Ni3Al coatings have shining grey colour with comparatively rough surfaces, Further 

these coatings are found to be free from surface cracks. 

4.3 MEASUREMENTS OF COATING THICKNESSES 

SEM micrographs were taken along cross-sections of the plasma sprayed coated 

specimens. Back Scattered Electron Images (BSEI) for these samples are shown in Fig. 

41 In each of the micrographs shown in Fig. 4.3 (b)-(d), inner layer represents the bond 

coat i.e. NiCrAIY whereas outer layer the particular type of coating. While in case of Fig 

4.3 (a), only single layer of NiCrAIY coating is visible. Thickness of the coatings has 

been measured from BSEI micrographs (Fig. 4.3) and has been reported in Table 4.2. In 

each case, thickness of the bond coat and the outer coat has been measured separately. 

4.4 POROSITY ANALYSIS 

Porosity of the coatings has a significant role to play as far as the oxidation or 

hot corrosion resistance of plasma sprayed coatings is concerned. Dense coatings usually 

provide better corrosion resistance than the porous coatings. Porosity measurements were 

made for the plasma sprayed coatings, which are found to be in a range of 2.00-4.50% 

(Table 4.2). 
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(a) 
	

(b) 

(c) 	 (d) 

(e) 

Fig. 4.1 	Optical micrographs of the substrate superalloys 
(a) Superni 75 	(b) Supemi 600 	(c) Supemi 601 
(d) Supemi 718 	(e) Superfer 800H. 
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(a) 	 (b) 

(c) 	 (d) 

Fig. 4.2 	Macrographs of as sprayed specimens with 
(a) NiCrA1Y coating 	(b) Ni-20Cr coating 
(c) Ni3A1 coating 	(d) Stellite-6 coating. 
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(a) 
	

(b) 

(c) 
	

(d) 

Fig. 4.3 	BSEI micrographs showing cross-sectional morphology of different 
plasma sprayed coatings on Superfer 800H 
(a) NiCrAIY coating 
(c) Ni3AI coating with bond coat 

(b) Ni-20Cr coating with bond coat 
(d) Stellite-6 coating with bond coat. 
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Table 4.2 Average coating thickness and porosity of the plasma sprayed coatings 

Coating Coating thickness pm Porosity (%age) 
Bond coat 

iCrAl 
Outer coat Total 

NiCrAIY 228 -- 228 2.88-4.42 
Ni-20Cr 155 211 366 2,22-4.45 

Ni3AI 166 247 413 2.37-4.01 
Stellite-6 162 365 527 2.07-3.74 

4.5 EVALUATION OF MICROHARDNESS 

Microhardness of the coatings on different substrate superalloys has been 

measured along the cross-section: Profiles for microhardness versus distance from the 

coating-substrate interface are depicted in Fig. 4.4 to 4.7. The microhardness values for 

Superni 75, Superni 600, Superni 601 and Superfer 800H superalloys are observed to be 

in the range 230 to 365 Hv, whereas for Superni 718 these are in the range 320 to 415Hv. 

Microhardness of the NiCrA1Y coating has been found to be in a range of 106 to 373Hv. 
From the microhardness profiles it is obvious that the Stellite-6 coating sprayed on 

Superfer 800H substrate has shown a maximum microhardness of the order of 490 Hv 

(Fig. 4.7), followed by Ni-20Cr (Fig. 4.5) and NiCrAIY (Fig. 4.4) coatings, Whereas the 
Ni3A1 coating has indicated the least microhardness with a maximum value of the order 

of 223 Hv (Fig. 4.6), which is just 45% of that for the Stellite-6 coating. 

4.6 METALLOGRAPHIC STUDIES FOR THE COATINGS 

4.6.1 Surface Structure 

Optical micrographs showing surface microstructures of the various plasma sprayed 

coatings (Fig. 4.8 to Fig. 4.11) reveal some voids and oxide inclusions in general with 

multiphase matrices. The existence of pores has also been indicated. 

4.6.1.1 N1CrAIY Coating 

Figure 4.8 shows optical micrographs for the plasma sprayed NiCrAIY coating 

on the different superalloys. The microstructure can be characterised by irregularly 

shaped grains with black phase distributed at intergranular sites. The matrix grains are 
finest amongst the coatings under study. 



4.6.1.2 Ni-20Cr Coating 

Microstructure of the Ni -20Cr coated superalloys consists mainly of melted 

splats providing matrix dispersed with dark coloured phase where unmelted oxide 

particles and voids are also seen. There is certain directionality indicated by the matrix 

phase. The melted splats can be recognized as white and nearly columnar grains in the 

micrographs. Fig. 4.9 depicts the microstructures of the Ni-20Cr coated superalloys 
which are typical for a shrouded plasma spray process. 

4.6.1.3 Ni3A! Coating 

Optical micrographs of the Ni3Al coatings on different superaltoy substrates 

are shown in Fig. 4.10. It can be seen that the deposited coating is having massive 

structure indicating large size splats which form the matrix with voids and unmelted 

oxides. The massiveness of the matrix phase, extent of voids and second dispersed 

phase, which may be unmelted oxides vary as the substrate is changed. Some pores 

are also seen in the structures. 

4.6.1.4 Ste!lite-6 Coating 

Structure of the as sprayed St-6 coating in all the cases consists primarily of 
MxC, particles in an alpha (fcc) matrix (Metals Handbook, 1972) as shown in Fig, 4.11. 

These MCy  carbides have shown their presence at the locations near grain boundaries in 

the eutectic mixture. There is some perceptible change in amount of carbides with 

change in the substrate superalloy. Voids are also indicated in the coatings. 

4.6.2 Cross-Sectional Structures 

All the coatings were deposited on the stationary substrates by moving the plasma 

gun and the required thicknesses of the coatings have been obtained by varying number of 

passes. This might have led to the generation of lamellar structure of the coatings, as is 

obvious from the micrographs in Fig. 4.12. Oxide inclusions, in general can be seen in all the 

cases. The structure for the NiCrAIY and Ni-20Cr coatings consists of fine grains which are 

elongated in longitudinal direction, whereas that of the Ni3AI coating is found to be massive. 

The splat size is larger in the case of Ni3Al coating as compared to that in the NiCrAIY and 

Ni-20Cr coatings. Layers of the bond coat and upper coat can easily be identified in the 

micrographs for the as sprayed Ni3Al and Stellite-6 coatings, Fig. 4.12 (c) and (d) 
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Fig. 4.4 
	Microhardness profiles of plasma sprayed NiCrAIY coating for different 

substrate superalloys along the cross-section. 
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Microhardness profiles of plasma sprayed Ni-20Cr coating with NiCrA1Y 
bond coat for different substrate superalloys along the cross-section. 
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Fig. 4.6 
	

Microhardness profiles of plasma sprayed Ni3AI coating with NiCrAIY 
bond coat for different substrate superalloys along the cross-section. 
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Fig. 4.7 Microhardness profiles of plasma sprayed Stellite-6 coating with NiCrAIY 
bond coat for different substrate superalloys along the cross-section. 
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(a) 
	

(b) 

(C) 
	

(d) 

(e) 

Fig. 4.8 	Optical micrographs showing surface morphology of plasma sprayed 
• NiCrA1Y coating on substrate superalloys 

(a) Superni 75 	 (b) Superni 600 	(c) Superni 601 
(d) Superni 718 	 (e) Superfer 800H. 
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(a) 
	

(b) 

(c) 
	

(d) 

(e) 

Fig. 4.10 	Optical micrographs showing surface morphology of plasma sprayed 
Ni3Al coating on substrate superalloys; 
(a) Superni 75 	 (b) Superni 600 	(c) Superni 601 
(d) Superni 718 	 (e) Superfer 800H. 



(a) 
	

(b) 

(c) 
	

(d) 

(e) 

Fig. 4.11 	Optical micrographs showing surface morphology of plasma sprayed 
Stellite-6 coating on substrate superalloys 
(a) Superni 75 	 (b) Supemi 600 	(c) Supemi 601 
(d) Superni 718 	 (e) Superfer 800H. 
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respectively, alongwith the presence of some unmelted particles. The structure for the 

Stellite-6 coating has M,,Cy  in an alpha (fcc) matrix (Metals Handbook, 1972). The alpha 

matrix is mainly Co-solid solution and is represented by large splats in the Stellite-6 

coating. The carbides can be recognized as black streaks/spots dispersed in the matrix. 

The presence of few comparatively large blackish patches as evidenced in the 

micrographs might be indicating voids in the coatings. 

4.7 XRD ANALYSIS 

XRD patterns for the surfaces of the plasma sprayed NiCrAIY, Ni-20Cr, Ni3AI 

and Stellite-6 coatings have been shown in the Fig.4.13 through Fig. 4.16 respectively on 

reduced scales. The NiCrA1Y coated specimens has shown the presence of y-Ni and y'-

Ni3AI as main phases, Fig. 4.13, whereas XRD of the Ni-20Cr coating has revealed y-Ni 

as the main phase without formation of any intermetallic phase (Fig. 4.14). In case of 

Ni3A1 coating, formation of the Ni3AI as a main phase has been confirmed by XRD as 

can be seen in Fig.4.15. Further y-Co (fee) and M23C6 (Cr23C6) have been detected as the 

main phases in case of St-6 coating, refer Fig. 4.16. 

4.8 SEM ANALYSIS 

SEM morphologies for the plasma sprayed NiCrAIY, Ni-20Cr, Ni3AI and Stellite-6 

coatings on the different superalloy substrates are shown in Fig. 4.17 to 4.20. 

Microstructures revealed are typical for a plasma spray process consisting of splats which are 

irregular shaped with distinct boundaries. Most of the splats are well formed without any 

sign of disintegration. Indications of globules near splat boundaries can be observed in most 

of the micrographs, which most likely are unmelted particles. These unmelted particle stick 

to surface due to high impact during plasma spray process and subsequently they cool and 

precipitate near splat boundaries as can be seen in the respective figures. Presence of some 

oxide stringers as well as open pores has also been noticed in general in all the coatings. 

Further some localized areas having higher densities of open pores and unmelted particles 

are also seen in most of the micrographs. The NiCrAIY and Ni-20Cr coatings have shown 

fine size splats in their structures, Fig. 4.17 and Fig. 4.18 respectively, whereas the splats are 

very coarse for the Stellite-6 coatings, refer Fig. 4.20. Medium sized splats are formed in the 

Ni3AI coatings as indicated in Fig. 4.19. 



4.9 EDAX ANALYSIS 

SEM micrographs, Fig. 4.21 and Fig. 4.22 indicate typical splat morphologies for 

the all the coatings in general with some indications of unmelted particles. EDAX 

analysis for NiCrAIY coating confirms the formation of required composition. Ni-20 Cr 

coating has shown two phases, the white one nearly corresponds to 20% Cr, thereby 

indicating probable formation of y' phase, whereas the black phase has higher amount of 

Cr i.e. 45% which may be due to formation y phase as per Ni-Cr phase diagram. Fig. 

4.22 (a) indicates the formation of Ni3AI crystalline phase. The structure of the St-6 

coatings shows white dendritic regions and black interdendritic areas (Osma et al, 1996). 

The dendritic areas are rich in Cr and Si, while the interdendritic regions are having more 

Co and depleted of Si, Fig. 4.22 (b). 

4.10 EPMA ANALYSIS 

Cross-sectional BSEI of the as-sprayed NiCrAIY coating shows distinct layers of 

the coating and the substrate, Fig. 4.23 and a typical lamellar structure of the coating has 

been revealed. The elemental mappings for the coating show that the basic elements of 

the alloy powder viz. Ni, Cr, Al and Y have indicated uniformly distribution within the 

coating region. Nickel and chromium co-exist in the coating and at the places where 

these two are absent; At and Y are found. Further minor diffusion of iron, manganese 

and silicon has been indicated from the substrate into the coating 

Corresponding BSEI for the Ni-20Cr coating shows two distinct zones in the 

coating, where the top zone represents the Ni-20Cr top coat and the inner zone the bond 

coat. The top coating seems to be dense as compared to the bond coating. The elements 

of substrate, coating and bond coat are mainly confined to their original places except 

aluminum and to some extent titanium, tantalum, iron and manganese, Fig. 4.24. 

Aluminum have shown significant diffusion to the Ni-20Cr coating region especially at 

the places where Ni and Cr are absent. Some yttrium has also migrated to these places. 

Ti, Ta, Fe and Mn have also been noticed in very small but almost uniformly distributed 

concentration in the top coat as well as in the bond coat. This indicates probable 

diffusion of these elements from the substrate superalloy. In the top layers of Ni-20 Cr 

coat, at some places, where Ni and Cr are absent, Fe co-exists with aluminium in the 

form of clusters. 
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Fig. 4.13 
	

X-ray diffraction patterns for the plasma spray NiCrAIY coated superalloys. 
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Fig. 4.14 	X-ray diffraction patterns for the plasma spray Ni-20Cr coated superalloys. 
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Fig. 4.15 	X-ray diffraction patterns for the plasma sprayed Ni3AI coated super 
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X-ray diffraction patterns for the plasma sprayed Stellite-6 coated 
superalloys. 
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X-ray mappings for the Ni3AI coating as depicted in Fig. 4.25 indicate that Cr has 

migrated from the bond coat into the Ni3AI coat and has reached even to the top surface 

of the coat. Chromium is generally seen around the aluminium rich areas in the top coat 

region. Yttrium has also diffused to the top coat in small quantities and is present 

alongside aluminium rich areas. Fe and Mn have also diffused from the substrate into the 

top coating in minor concentration and are distributed in an undefined pattern. Further, 

the Bond coat/substrate interface is distinct, and also clear demarcation is seen between 

the bond coat and the top coat. 

Similar analysis for the plasma sprayed Stellite-6 coating indicates distinct layers 

of top coat and the bond coat as is obvious from BSEI depicted in Fig. 4.26. Aluminium 

seems to have diffused into the top coat from the bond coat, where it is present in the 

form of streaks. In the top region of Stellite-6 coat, there are areas rich in Cr and Co, and 

are containing some amount of Fe and Ni, and in the regions, where all these elements 

are absent, Al and Si are seen. Y has diffused from the bond coat to the top coat to a 

minor extent. Ti and W have shown some diffusion into the bond coat. Ti and Ta have 

also migrated slightly from the substrate to top as well as bond coat and Ta seems Io be 

co-existing with W. Further, Fe is present at places where W and Ta are absent. 

4.11 DISCUSSION 

Microstructural studies have revealed that the matrix for all the superalloys under 

study is a solid solution. For the Ni-base superalloys Superni 75 and 718 the matrix is 

believed to be y- Ni solid solution, whereas in case of Superni 600 and 601, it is Ni-Cr-Fe 

solid solution. The conclusions have been made after comparison of the microstructures 

of the superalloys under study with those of similar international Standard superalloys. 

The microstructures of the Standard superalloys are taken from Metals Handbook (1972) 

and ASM Handbook (1995). The formation of carbides has been revealed invariably in 

all the cases, which could again be characterised with reference to the data available in 

the said handbooks. Basically strength of the Ni-base superalloys depends on the 

mechanism of solid solution hardening and precipitation hardening, singly and in 

combination. The main carbides which have the possibility of their formation by 

precipitation in the superalloys under study are MC, M7C3 and M23C6, keeping in view 

the role of various alloying elements towards formation of particular carbide. Among 

them, M23C6 has the strongest possibility of formation in all the cases under study, as it is 
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mainly promoted by Cr (ASM Handbook, 1995). Further, M23C6 carbide has tendency to 

precipitate at the grain boundaries. The possible carbides in case of Fe-based superalloy 

Superfer 800H are M23C6 and MC. Some large globules as could be seen in Fig. 4.1 (e) 

might be indicating the presence of MC (TiC) phase. 

The plasma spray coatings were obtained at Anod Plasma Ltd. Kanpur (India) using 

a 40 kW Miller Thermal Plasma Spray apparatus. It was aimed to produce thicker coatings 

because thicker coatings are generally required for the components of energy generation 

systems. But self-disintegration of thicker coatings usually restricts the thickness of the 

coatings (Sidhu et at, 2004). In the present study it was possible to obtain a thickness in 

range of 200-250 µm for the NiCrAIY, Ni-20Cr and Ni3Al coatings, whereas somewhat 

thicker coatings around 350-450 µm could be deposited in case of the Stcllite-6. Finally 

coating thickness of approximately 150 pm for the bond coat and —200 µm for the top coat 

was selected as threshold limit. After spraying the coating thickness was measured along the 

cross-section for some randomly selected samples as has been reported in Table 4.2. 

The porosity measurements for the plasma sprayed coatings are summarised in 

Table 4.2. The values of porosity (2.00-4.50%) are in close agreement with the findings 

of Chen et at (1993), Erickson et al (1998), Hidalgo et at (1998 and 1999), Singh (2003) 

and Sidhu et at (2004 and 2005), and are reported by the author in his earlier publication 

(Singh et al, 2005A). Hardness is the most frequently quoted mechanical property of the 

coatings (Tucker, 1994). The observed microhardness values for the coatings have been 

compared with those reported by Chen et at (1993), Hsu & Wu (1997), Gu et at (1997), 

Staia et a] (2001), Liang et at (2000), Hidalgo eta! (2000), Rinaldi et at (2001), Rosso et 

al (2001) and Sampath et at (2004), and are found to be in similar range. Moreover, 

Tucker (1994) has published extensive data on properties of plasma coatings and the 

values of porosity and microhardness data have been found to be similar to those 

reported by him. Two very interesting observations could be made after critical 

examination of the microhardness profiles. Firstly a slight increase in the microhardness 

values for the substrate superalloys has been observed near the interface between the 

bond coat and the substrate in all the cases (refer points at a distance of -40µm). 

Secondly it could be seen that the coatings in general, deposited on the superalloy 

Superni 718 have shown comparatively lower values of microhardness in all the cases. 

The hardening of the substrates as observed in the current study might have occurred due 

to the high speed impact of the coating particles during plasma spray deposition. The 

effect has also been reported by Singh (2003), Hidalgo et at (2000) and Sidhu et at (2004 

and 2005). 
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The observed non-uniformity in the hardness values along the thickness of the 

coatings may be due to the microstructural changes along the cross section of the coatings 

(Staia et al, 2001). Moreover, the microhardness and other properties of the thermal spray 

coatings are anisotropic because of their typical splat structure and directional solidification 

(Tucker, 1994). 

Sampath et at (2004) have reported that the deposit microstructures are a direct 

result of splat morphologies. Microstructures similar to those of present study i.e. lamellar 

structures with voids and oxide inclusions have also been reported by Vuoristo et al (1994), 

Bluni and Mardar (1996), Hsu and Wu (1997), Erickson et al (1998), Westergard et at 

(1998), Ilaysky et al (2000), Rosso et at (2001), Margadant et at (2001), Choi et al (2002), 

Singh (2003), Sampath et at (2004) and Sidhu et at (2004 and 2005). Wigren and Tang 

(2001) have also reported that the microstructure of a thermally sprayed coating typically 

consists of a multiphase matrix (often a mix between hard, soft and amorphous), pores, 

oxides, delaminations, crack, grit residues and unmelted particles. Further, according to 

Bluni and Mardar (1996) the oxides may form due to the in-flight oxidation during spraying 

process and/or preexisting in the feed material. The latter reason for the oxides formation in 

the structure of coatings under study looks to be more relevant as the chances of in-flight 

oxidation are meager in case of the shrouded plasma spraying. Further some localized areas 

having higher densities of open pores and unmelted particles as seen in the micrographs of 

almost all the coatings have been termed as improperly flattened zone by Choi et at (2002). 

They opined that such zones are very different from the other lamellar structures, and their 

formation seems to be connected with both the presence of the partially melted particles 

and the splashing phenomenon of spreading particles. Splashing occurs not by flowing on 

the surface but by jetting away from the impinged droplet center to the periphery. 

Sampath et at (2004) were of the view that the air plasma spraying and twin-wire 

arc spraying techniques show pre-ponderance of porosity and interlamellar separations. The 

distinctive boundaries in the cross-sectional microstructure of the coatings due to different 

passes of the spray gun have also been observed by Zhang et al (1997) and Sundararaj an et 

al (2003A and 2003 B). Zhang et at (1997) further suggested that the distinctive boundaries 

could be identified as a less dense structure between the passes than within individual passes, 

owing to the flattened splats having got cooled and solidified before the next pass started. 

Sampath et at (2004) explained the formation of splats in case of air plasma sprayed coating 

of Ni-5 wt% Al bond coat. They observed that the core of the splats is predominantly nickel, 

whereas the aluminium, because of its tendency to oxidise is concentrated towards the outer 

116 



surface of the splats i.e. splat boundaries. In the present investigation, EDAX analysis of 

Ni3AI coating, Fig. 4.22 (a) at point 2 showing high percentage of Al (61%) might be 

indicative of the same phenomena. 

The presence of y-Ni and y'-Ni3AI as main phases in NiCrAIY coatings has also 

been reported by Singh (2003) and Sidhu et al (2004) for shrouded plasma sprayed NiCrAIY 

coatings, and Wang et al (2001) and Wang et al (2003) for are ion plated NiCrAIY coatings. 

Whereas Choi et al (2002) have identified only y-Ni phase by XRD in air plasma sprayed 

Amdry 962. From these phases, it can be inferred that the structure of the NiCrAIY coating 

consists mainly of y (nickel solid solution) and y' (Ni3AI). Wu, Y. et al (2001) have also 

reported the similar structure of plasma sprayed NiCrAIY coatings. The y-Ni phase shown 

by XRD of as sprayed Ni-20Cr coating might be indication of formation of nickel solid 

solution matrix in the coating. SEM/EDAX of the Ni-20Cr coating has revealed this 

matrix as white phase as can be seen in Fig. 4.21(b). Similar observation has been made 

by Sundararajan et al (2003A) for air plasma sprayed Ni-20Cr coating where they have 

indexed XRD pattern for the coating to mainly Ni solid solution y (fcc) phase. 

In case of Ni3AI coating, the formation of Ni3Al as a main phase has been 

confirmed by XRD. EDAX analysis of this coating has also shown the presence of Ni 

and Al. The similar XRD peaks have also been reported by Singh (2003), Sidhu & 

Prakash (2003), La et al (1999) and Liu and Gao (2001). Further the method of 

preparation of Ni3AI powder for the present study had also been used by Singh (2003), 

Sidhu & Prakash (2003), Sidhu et al (2004) and La et al (1999). Srinivas et al (2004) 

have also reported the method of mechanical alloying by a ball mill to formulate AI-Cu-

Fe powder. In case of the Stellite-6 coating, the presence of y-Co (f.c.c.) and M23C6 

(Cr23C6) phases in the St-6 coating indicates the formation of solid solution with y-Co 

matrix. These two phases have also been identified by Osma et at (1996) for as-cast 

Stellite-6. They had also shown similar structure of the St-6 with white dendritic and 

black interdendritic regions. They further suggested that the spongy appearance of the 

dendritic regions is a result of (y-f.c.c) Co solid solution and uniformly distributed 

intermetallic phase particles. 

So far as the interdiffusion of various elements between the substrate and plasma 

sprayed coatings is concerned, it has been observed from the EPMA (Fig. 4.23 through 

4.26) that the diffusion is marginal. While speaking in relative terms, the diffusion 

between bond coat and top coat is observed to be high as compared to that between bond 
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coat and the base alloys. Aluminium is found to be the most vulnerable element to the 

diffusion phenomenon. Cr, Ti, Ta, Fe and Mn are some other elements which are prone 

to minor diffusion. Mazar et al (1986) have also reported limited interdiffusion in the Ni-

Cr-Al-Y/Ni-based, Ni-Cr-Al-Y/Fe-based and Co-Cr-AI-Y/Fe-based systems during 

studies on the diffusion degradation of these systems. Wu, X. et al (2001) have also 

observed no obvious diffusion from the coating into the substrate and attributed this to 

the fact that the interacting process between the molten spraying particles and substrate 

materials lasted for only a few tenths of a second. Further Nicholls (2000) has opined 

that diffusion of elements between the substrate and coating can have a major influence 

on coating performance. Therefore to provide long-term stability at elevated 

temperatures, it is necessary to develop diffusion-barrier coatings to minimize the 

interdiffusion between the coating and the substrate. However, he further added that 

some interdiffusion is necessary to give good adhesion; hence, the diffusion barriers 

must be tailored to limit the movements of particular problematic elements. 

Interdiffusion observed in the present study is very minor and might be helpful for 

providing better adhesion between the substrate, bond coat and the top coat. 
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CHAPTER 5 

OXIDATION STUDIES IN AIR 

Oxidation behaviour of the plasma spray coated as well as uncoated superalloys in 

air has been described in this chapter. Cyclic oxidation was performed at an elevated 

temperature of 900°C in air for 50 cycles. The specimens were visually examined at the 

end of each cycle during the course of study. Efforts have been made to understand the 

mode of oxidation. 

The oxidation products were analysed with XRD, SEM/EDAX and EPMA. The 

results have been compiled to provide the performance of a particular coating in different 

sections of the chapter. The thermogravimetric data for each coated superalloy has been 

plotted alongwith uncoated superalloy in order to present the comparison. The parabolic 

rate constants and scale thicknesses have been evaluated. 

5.1 RESULTS 

5.1.1 Uncoated Superalloys 
5.1.1.1 Visual Examination 

Colour of oxide scale formed on the Ni-base superalloys Superni 75, 600, 601 
and 718 after air oxidation for 50 cycles at 900°C was dark grey, in general, with some 

brownish spots. Whereas the scale for oxidised Superfer 800H showed increasing 

dominance of the brownish spots on the dark grey background with the progress of the 

study. In case of Supemi 75 and 718, greenish tinges were also observed in the scales in 

the early cycles of study. Few white spots could also be seen on the scales of Superni 75 

and Superni 601 from 22" cycle onwards, which vanished towards the end of cycles. 

Lustrous scales were formed in all the cases upto the mid cycles of study, which 

eventually went on becoming dull with increasing number of cycles. The scales of the 

Superni 75, 600, 601 and Superfer 800H showed no spalling and remained intact with 

the substrates. Whereas in the scale of Superni 718, a very small pit was observed at the 
end of 7'h  cycle, which showed virtually no growth afterwards. The Macrographs of the 

oxidized superalloys have been shown in Fig. 5.1, which indicate continuous scales 
without any cracks. 



5.1.1.2 Thermogravimetric Data 

Weight change (mg/cm2) versus number of cycles plots for the superalloys Superni 

75, 600, 601, 718 and Superfer 800H oxidised at 900°C in air upto 50 cycles have been 

shown in Fig. 5.2. From the plots it can be easily inferred that oxidation rate for the 

Supemi 75 superalloy can be divided into two stages, one being transient oxidation stage 

and the other is the steady state oxidation stage. During the transient stage (upto first 4 

cycles) weight gain has been rapid, whereas during the steady state the weight gain has 

nearly become constant. In case of all the other oxidised superalloys viz. Supemi 600, 601, 

718 and Superfer 8001.1, initial rapid oxidation rate has not been observed and weight gains 

have shown tendency to reach to steady state with the progress of exposure time, in spite of 

the fact that some minor deviations are observed. The total weight gain at the end of 50 

cycles for the superalloys Superni 75, 600, 601, 718 and Superfer 800H is 3.50, 0.20, 1.73, 

2.04 and 1.38 mg/cm2  respectively. This shows that the weight gain in case of oxidised 

Superni 600 is lowest, whereas it is highest in case of Superni 75. In Fig. 5.3, the (weight 

gain/unit area)2  versus number of cycles for all the superalloys are plotted to determine the 

conformance with the parabolic rate law. Although some scatter in the data can be 

observed in the plots, but it is apparent that these data can be approximated by a parabolic 

relationship. If the scatter in the measurements is not considered, the values of parabolic 

rate constant (Kr) for the superalloys Supemi 600, 601, 718 and Superfer 800H are 

calculated as 6.11, 16.19, 17.38 and 8.87x10"' g2  cm4  s 1  respectively. Further the value of 

KP  as evaluated for Superni 75 shows a transition from 1.60x10 10  g2  cm4  s'1   to 2.17x 10-12  

g2  cm s" I  after 16 h̀  cycle. 

5.1.1.3 Scale Thickness Measurement 

The oxide scale thickness for the oxidised specimens was measured from their 

respective SEM back scattered images as shown in Fig. 5.4 and Fig. 5,9. The average 

values are 88, I1, 52, 58 and 28 pm respectively for Superni 75, 600, 601, 718 and 

Superfer 800H. Therefore it can be seen that the scale formed in case of Superni 75 is 

thickest, whereas it is thinnest in case of Superni 600. The values are almost equal for 

Superni 601 and 718. 
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(a) 	 (b) 

(c) 	 (d) 

(e) 

Fig. 5.1 	Macrograahs of the uncoated superalloys subjected to cyclic oxidation in 
air at 900 C for 50 cycles 
(a) Superni 75 	(b) Superni 600 	(c) Supemi 601 
(d) Superni 718 	(e) Superfer 800H. 
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Weight gain vs. number of cycles plot for the uncoated superalloys 
subjected to cyclic oxidation for 50 cycles in air at 900°C. 
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(Weight gain/area) 2  vs. number of cycles plot for the uncoated 
superalloys subjected to cyclic oxidation for 50 cycles in air at 900°C. 
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5.1.1.4 X-ray Diffraction Analysis 
XRD analysis for the uncoated superalloys after exposure to air at 900°C for 50 

cycles has been compiled in Figs. 5.5 and 5.6. As is clear from the diffractograms Cr203 

and Fe203 are the phases which are found to be present in all the oxidised superalloys, 

except for Supemi 75 case, where Fe203 is absent. The formation of NiO has been 

indicated in the scales of Superni 75, 600, 601 and Superfer 800H, whereas NiCr204 has 

been identified for Superni 75, 600, 718 and Superfer 800H scales. A1203 is found to be 

present in the scale of Superni 601 and 718, whereas NiFe204 is identified in the 

Superfer 800H scale. 

5.1.1.5 SEM/EDAX Analysis 

(a) Surface Morphology 

SEM/EDAX micrograph of the scale formed after 50 cycles of oxidation in air at 

900°C for Superni 75 superalloy indicates mainly white crystalline phase rich in NiO, 

irregularly dispersed in the black phase (matrix) rich in Cr203, Fig. 5.7 (a). While SEM 

micrograph of top surface of the scale in case of Supemi 600 superalloy indicates 

intergranular cracks, which mainly contain Cr203 and NiO, point I in Fig. 5.7 (b). Fine 

globules could mainly be seen dispersed in the black matrix, alongwith the presence of 

some coarse globules (Cr203-rich). The matrix is mainly rich in NiO (59%) as indicated 

by EDAX analysis at point 2. The morphology of scale for the oxidised Superni 601, Fig. 

5.7 (c) is similar to that for Superni 75, with Cr203 rich matrix containing a significant 

amount of MnO (15%), refer point 1. The matrix of the scale of Superni 718 has 

dominance of Ti02 and Cr203 as evident from Fig. 5.8 (a), with relatively large size 

irregular shaped granules (Cr203-rich). Whereas the Fig. 5.8 (b) shows globular phase 

uniformly dispersed in the Cr203-rich matrix for the oxidised Superfer 800H. The 

globules are rich in Fe203 as indicated by EDAX analysis at point 2. 

(b) Cross-Sectional Analysis 

Oxide scale morphology alongwith variation of elemental composition across the 

cross-section of superalloy Supemi 600 subjected to cyclic oxidation in air at 900°C after 

50 cycles has been depicted in Fig. 5.9. The scale is dense and nearly uniform in 

thickness. The plots show that the scale is consisting of nickel, chromium and iron 
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alongwith oxygen. The concentration of oxygen is found to increase towards the outer 

side of the oxide layer. The nickel content in the scale decreases as one moves away 

from the alloy-scale interface, whereas chromium has shown some increase in its 

concentration along outward direction. However, iron shows no significant variation in 

its concentration. 

5.1.1.6 EPMA Analysis 

BSEI and X-ray mappings for a part of oxide scale of Superni 75 superalloy after 

oxidation in air for 50 cycles at 900°C are shown in Fig. 5.10, which indicate formation 

of scale containing mainly chromium and titanium. Whereas BSEI and X-ray mappings 

for the oxidised Supemi 600, Fig. 5.11 show dense but thinner scale as compared to that 

of Superni 75. The scale consists of two layers; the upper layer is rich in nickel and iron 

while the lower layer is mainly having chromium and manganese. Further, the scale of 

the oxidised Superni 601 superalloy is again found to be a dense scale, Fig. 5.12, which 

is mainly rich in nickel and chromium, alongwith some small amounts of iron and 

aluminium. Manganese could also be seen in the scale in lesser amounts. A silicon rich 

nodule is also visible in the scale. 

A corresponding analysis for the Supemi 718 subjected cyclic oxidation at 900°C 

in air, Fig. 5.13, indicates a dense scale, which is basically nickel rich band where iron 

and chromium are also present. The scale also contains molybdenum, titanium, 

aluminium and tantalum. Some islands consisting purely of aluminium, perhaps as 

inclusions, are seen in the scale. Presence of silicon is further revealed as irregularly 

dispersed phase in the inner half of the scale at places where some of the elements are 

found to be absent. 

BSEI and X-ray mappings for the oxidised Superfer 800H show iron 

dominating in continuous scale, which contains substantial• amounts of nickel, Fig. 

5.14. Chromium and manganese have shown their co-presence in the form of two dense 

bands, one at the scale/substrate interface and the other at the outermost layer of the 

scale. Titanium has also indicated the similar tendency. Aluminium is uniformly 

distributed in the scale with an exception at a few sites, which show depletion of the 

same. Silicon is distributed as highly concentrated elongated phase in the scale at 

places, where all other elements are absent. 
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Fig. 5.5 	X-ray diffraction patterns for the uncoated superalloys subjected to cyclic 
oxidation in air at 900°C after 50 cycles 
(a) Superni 75 	 (b) Supemi 600 	(c) Superni 601. 
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Fig. 5.6 	X-ray diffraction patterns for the uncoated superalloys subjected to cyclic 
oxidation in air at 900°C after 50 cycles 
(a) Superni 718 	 (b) Superfer 800H. 
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Fig. 5.9 	Oxide scale morphology and variation of elemental composition across 
the cross-section of superalloy Superni 600 subjected to cyclic oxidation 
in air at 900°C after 50 cycles. 
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5.1.2 NiCrAIY Coating 

5.1.2.1 Visual Examination 

All the plasma spray NiCrAIY coated superalloys have shown the formation of 

-smooth continuous scales without the presence of cracks, when subjected to cyclic 

oxidation for 50 cycles at 900°C as is evident from Fig. 5.15. Colour of the oxide scales 

for all the coated superalloys at the end of the study was observed to be greenish grey, 

close to dark green. The colour of scale changed from grey with minor green tinges to 

greenish grey with the progress of oxidation. The scales were found to be lustrous, with 

no tendency for spalling. The NiCrA1Y coating was found to in good contact with the 

superalloy substrates over the most of the surface area of the specimens, in general 

during the course of cyclic oxidation studies, except at some edges. The development of 

minor superficial cracks in the coating at or near the edges was observed after the very 

first cycle in all the cases. This cracking resulted in a minor spalling of coating from one 

or two edges in form of tiny flakes during the subsequent cycles. However this spalling 

was marginal. These flakes looked like as if they have come out of upper layers of the 

coatings. In fact this type of minor spalling of the coating from or near some of the edges 

of the specimens was observed in case of oxidised Ni-20Cr and Ni3A1 coatings also. 

Moreover, the extent this minor spallation was observed to be relatively high in case of 

Ni-20Cr coatings. 

In case of NiCrA1Y coated Superni 75 and 600 superalloys this minor spalling of 

coating stopped from 37 h̀  and 42°d  cycle respectively, whereas in the Superni 718 and 

Superfer 800H cases, from 20 h̀  and 2151  cycle respectively. The same stopped at thetend 

of 7 h̀  cycle in the case of Superni 601. 

5.1.2.2 Thermogravimetric Data 

The weight change data for the NiCrAIY coated superalloys cyclically oxidised 

for 50 cycles at 900°C in air has been compiled in Fig. 5.16. All the coated superalloys 

have shown relatively higher weight gain in the early cycles of study, followed by 

tendency to show gradual weight gain with further increase in number of cycles. The 

weight gain shown by the coated superalloy is found to be slightly greater than that 

136 



shown by the uncoated superalloy in general in all the cases. The values of the weight 

gain as measured at the end of 50 cycles are 4.39, 3.82, 4.21, 3.13 and 3.19 mg/cm2  for 

the coated Superni 75, 600, 601, 718 and Superfer 800H respectively. To ascertain the 

rate law for oxidation of the coated superalloys, (weight gain/area)2  versus number of 

cycles plots are drawn as shown in Fig. 5.17. The plots show small deviations from the 

parabolic rate law in all the coated cases. However these data could be approximated by 

a parabolic relationship. In fact, such minor deviations from parabolic rate law have been 

observed in all the oxidised coatings viz. NiCrAIY, Ni-20Cr, Ni3Al and Stellite-6. 

Ignoring this scatter in the measurements, the values of the parabolic rate constants (K2) 

for the NiCrAIY coated superalloys Superni 75, 600, 601, 718 and Superfer 800H are 

calculated as 4.67, 4.21, 5.87, 2.74 and 3.81x10" g2  cm'4  s'I  respectively. 

5.1.2.3 Scale Thickness Measurement 

The scale thickness for NiCrA1Y coated superalloys Superni 600, 718 and 

Superfer 800H after oxidation in air for 50 cycles at 900°C was evaluated from the BSE 

images shown in Fig. 5.18, whereas for the superalloys Superni 75 and 601 from Fig. 

5.22 (a) and (b) respectively. The values of oxide scale thickness are 138, 171, 138, 166 

and 136 for the coated Superni 75, 600, 601, 718 and Superfer 800H respectively. 

Evidently, the thickness values for the Superni 75, 601 and Superfer 800H cases are 

identical, whereas these are nearly same for the Superni 600 and 718. 

5.1.2.4 X-ray Diffraction Analysis 

X-ray diffractograms for the plasma spray NiCrAIY coated superalloys after cyclic 

oxidation in air for 50 cycles at 900°C are reported in Fig. 5.19 on reduced scales. It can be 

seen from the diffractograms that all the coated superalloys have indicated the formation of 

similar phases after oxidation. XRD analysis has revealed the formation of NiO, A1203 and 

NiCr204  as main phases after oxidation alongwith some relatively weak peaks of Cr203. 
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(a) 	 (b) 

(c) 	 (d) 

(e) 

Fig. 5.15 	Macrographs of the NiCrA1Y coating with bond coat subjected to cyclic 
oxidation in air at 900°C for 50 cycles having substrate superalloys 
(a) Supemi 75 	(b) Superni 600 	(c) Supemi 601 
(d) Superni 718 	(e) Superfer 800H. 
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(Weight gain/area) 2  vs. number of cycles plots for the NiCrAIY coated 
superalloys subjected to cyclic oxidation for 50 cycles in air at 900°C. 
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X-ray diffraction patterns for the NiCrAIY coated superalloys subjected to 
cyclic oxidation in air at 900°C after 50 cycles.. 



5.1.2.5 	SEM/EDAX Analysis 
(a) Surface Morphology 

SEM micrographs shown in Fig. 5.20 and 5.21 point out similar morphologies of 

the oxide scales for all the NiCrAIY coated superalloys. EDAX micrograph shown in 
Fig. 5.20 (a) for the coated Superni 75 indicates the oxide scale contains NiO with little 
amount of oxides of Cr and Al. Whereas in case of Superni 600 coated specimen, the 
white NiO and Cr203 rich areas can be observed to be dispersed in the scale. The 

presence of small amount of Fe203  (2%) at point 2, Fig. 5.20 (b) indicates the probable 

diffusion of Fe from the base superalloy. The scale for the coated Superni 601 has white 

phase just similar in composition to that for Superni 600, whereas the black phase is rich 

in NiO as shown at point 1, Fig. 5.20 (c). Further, the coated Superni 718 scale contains 
a nickel oxide rich (82%) white phase as shown in Fig. 5.21 (a), which also have oxides 

of yttrium, iron and tantalum. A1203 can be seen in a significant amount (18%) in the 

black matrix phase. The scale of coated Superfer 800H shows formation of 

comparatively large quantities of aluminium oxide as indicated at points I and 2 in Fig. 

5.21 (b), in comparison to those shown by the Ni-base superalloys. Iron oxide has also 

been identified in the scale by EDAX. 

(b) Cross-Sectional Analysis 
The scale for oxidised superalloy Superni 75, Fig. 5.22 (a) consists mainly of 

nickel, but in the topmost layer more of aluminium is present. There is relatively small 

amount of chromium in the scale along with some yttrium. The presence of oxygen at 

points 3, 4 and 5 indicates that the coating might have got oxidised at these points. 

Whereas the absence of oxygen at point 2 shows that the Ni-rich splat has not got 
oxidised. Further, it can be observed that concentration of oxygen is high at the points 

where aluminum is high and vise-versa. The structure of the scale seems to be lamellar, 
where there are alternate Ni-rich and Al-rich layers. 

Corresponding analysis for the oxidised Superni 601, Fig. 5.22 (b) shows the 

outermost layer of the scale to be consisting mainly of the oxides of chromium and 
aluminium alongwith small amounts of oxides of nickel and yttrium. Aluminium has 

shown fluctuations in composition along the thickness of the scale. There are alternate 
• layers rich in Ni and Al respectively. The nickel rich splat as represented by point 3 
seems to be in unoxidised state as oxygen is absent at this point. In both the cases 
discussed under this section, chromium has shown slight variation in its concentration 

along the thickness of the scales, and the base alloys have not suffered internal 
oxidation. 



5.1.2.6 EPMA Analysis 
BSEI and elemental X-ray mappings for the coated superalloy of grade Superni 75 

(Fig. 5.23) exposed to cyclic oxidation for 50 cycles at 900°C indicate that oxygen co-
exists with aluminium throughout the scale, and yttrium is also seen alongside aluminium. 

Wherever nickel is present, oxygen is absent, thereby indicating that splats of nickel have 

not got oxidised, although oxygen seems to have penetrated along the splat boundaries and 

reacted with aluminium. Some iron is present in the top layers of the scale. Chromium has 

shown its presence along the interface between the scale and base alloy in the form of 

stringers, and the places devoid of nickel are rich in chromium. Moreover at most of these 
places, Cr has got oxidised. 

A scale consisting mainly of nickel with uniform distribution of chromium 

and aluminium could be seen for the coated Superni 600 as has been depicted in Fig. 

5.24. Aluminium is present in high concentrations at the places where nickel is 

absent. Yttrium has shown tendency towards clustering, while iron has indicated 

diffusion in the scale which is very intensive near the coating/substrate interface. 

Aluminium seems to have diffused to the substrate superalloy from the coating. 

Corresponding analysis for the coated Superni 601 as depicted in Fig. 5.25 

reveals a scale with an outer layer consisting mainly of aluminium and nickel, with 

some diffused iron in the form of clusters. Yttrium is absent in this outermost layer. 

In the intermediate portion of the scale Ni, Cr, Al and Y are co-existing. Minor 

movement of basic elements of the substrate superalloy such as manganese and 

silicon has also been noticed into the scale. Diffusion of iron throughout the scale has 

also been noticed, which is more prominent near the substrate/coating interface. 

EPMA analysis for the oxidised NiCrAIY coated Superni 718, Fig. 5.26 

indicates that the scale mainly contains nickel, chromium, aluminium, and there is a 

presence of some small clusters of iron and silicon in top layers of the scale. The iron 

and silicon seem to have diffused into the scale from the substrate. Yttrium is seen in 

the form of clusters throughout the scale. Titanium has shown significant diffusion 

into the scale from the base alloy and, it is present in little high concentration at the 

scale/substrate interface. 

The EPMA for the oxidised Superfer 800H case reveals a lamellar scale 

consisting of nickel rich splats, which also contain chromium, Fig. 5.27. Aluminium 

and yttrium are present at the splat boundaries in the scale, and alongside these splat 

boundaries oxygen has also penetrated indicating the formation of oxides. Iron has 

shown diffusion into the scale from the substrate and exists along the chromium rich 

streaks in the inner layers of the scale. 
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Fig. 5.22 	Oxide scale morphology and variation of elemental composition across 
the cross-section of NiCrAIY coated superalloys subjected to cyclic 
oxidation in air at 900°C after 50 cycles 
(a) Superni 75 	 (b) Superni 601. 
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5.1.3 Ni-20Cr Coating 

5.1.3.1 Visual Examination 
The colour of oxide scale during initial cycles of air oxidation at 900°C for 

this coating was grey, which went on turning towards green as the number of cycles 

increased, leaving a dark green scale at the end of 50 cycles in all the cases. The 

scales were having smooth surfaces with lustrous appearance, as can be seen in Fig. 

5.28. The scales for the coated Supemi 75 and Superni 718 showed little tendency for 

spalling in the form of fine powder during the first half of the study. The Ni-20Cr coating 

has shown good adherence to all the superalloys, in general during the course of cyclic 

oxidation studies. The minor spalling of coating from and near the edges (Section 

5.1.2.1) stopped in all the cases after about 30 cycles, except for the coated Superni 718, 

where it continued till the end of study. 

5.1.3.2 Thermogravimetric Data 
Cumulative weight change (mg/cm2) variation as a function of time expressed in 

number of cycles for the Ni-200r coated superalloys is shown in Fig. 5.29. It can be 

inferred from the plots that the coated superalloys, in general show tendency to approach 

a gradual weight gain after a high rate of increase in the initial cycles of study. The 

weight gains after 50 cycles of oxidation for the coated Superni 75, 600, 601, 718 and 

Superfer 800H are found to be 14.83, 13.98, 12.45, 9.71 and 9.45 mg/cm2  respectively. 

This shows that the Ni-20 Cr coated superalloys have conceived more weight gain as 

compared to their uncoated counterparts, in general after a cyclic oxidation of 50 cycles. 

Further as shown in Fig. 5.30, the oxidation process has followed the parabolic rate law 

for all the coated superalloys. The values of the parabolic rate constants (Kr) are found to 
be 8.84, 7.93, 4.87, 1.98 and 2.92 x 10-t0  g2  cm'4  s" respectively for the coated Superni 
75, 600, 601, 718 and Superfer 800H. 

5.1.3.3 Scale Thickness Measurement 

Scale thicknesses measured from the back scattered electron images (Fig. 5.31, 

Fig. 5.35 and 5.36) for Ni-20Cr coated superalloys Supemi 75, 600, 601, 718 and 

Superfer 800H oxidised in air at 900°C are 254, 286, 337, 247 and 251 µm respectively. 



	

5.1.3.4 	X-ray Diffraction Analysis 

All the coated superalloys after oxidation in air at 900°C for 50 cycles have 

shown the formation of common phases as is evident from Fig. 5.32. NiO has been 

identified as the main phase alongwith phases like Cr203 and NiCr204. 

	

5.1.3.5 	SEM/EDAX Analysis 
(a) Surface Morphology 

SEM/EDAX analysis for the plasma spray Ni-20Cr coated superalloys after 

oxidation in air for 50 cycles at 900°C has been reported in Fig. 5.33 and 5.34. The 

oxide scales for the coated Ni-base superalloys have shown the dominance of nickel 

oxide, whereas that of Fe-base superalloy Superfer 800H has shown significant 

amounts of chromium oxide alongwith nickel oxide. SEM micrograph for the coated 

Superni 75 indicates large size nodular phase, which contains NiO and Cr2O3, dispersed 

in NiO rich dark phase matrix [Fig. 5.33 (a)], whereas the scales are consisting mainly 

of NiO crystals in the corresponding cases of Superni 600 and 601. Surface EDAX of 

the oxidised Ni-20Cr coated Superni 718 also indicates NiO rich scale. While for the 

oxidised Superfer 800H case, the scale consists of white nodules, having oxides of Ni 

and Cr in proportion to the coating composition, whereas the subscale region shows 

lower amount of NiO and a high amount of Cr203, Fig. 5.34 (b). 

(b) Cross-Sectional Analysis 

BSEI micrograph shown in Fig. 5.35 (a) reveals an intact scale for Ni-20Cr coated 

Supemi 75 exposed to cyclic oxidation for 50 cycles at 900°C. EDAX analysis indicates 

the probable formation of oxides of nickel and chromium at point 6. The point 5 shows 

that aluminium has diffused from the bond coat into the top scale to form aluminium 

oxide. Alternate Ni-rich and Al-rich layers are present in the scale. All the elements have 

shown random fluctuation in their concentrations along the thickness of the scale. Further 

the substrate alloy has not got oxidised as no oxygen is found at point 1. 

Two distinct layers could be seen in the oxide scale of oxidised Ni-20Cr coated 

Supemi 600, Fig. 5.35 (b), upper one being dense and thick. This upper layer is found to be 

rich in nickel as is apparent from the compositions at point 4 and 5 and contains some 

chromium also. At point 4, the nickel seems to be in un-oxidised state as oxygen is absent 
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at this point. Chromium has not shown much variation in its concentration level along the 

thickness of the scale. In the bond coat region of the scale, the dark phase is rich in 

aluminium and oxygen, while the light grey phase mainly contains nickel. The presence of 

oxygen at points 2 to 5, as indicated in Fig. 5.36 (a), shows that the oxygen has penetrated 

into the top as well as bond coat in case of Ni-20Cr coated Superni 601. The uppermost 

layer of the scale consists mainly of nickel, oxygen and chromium. Further, Al-rich 

locations in the inner scale are found to have high amounts of oxygen. 

In the corresponding case of coated Superfer 800H, top layer of the scale has 

mainly nickel and chromium present in it, Fig. 5.36 (b). A lamellar crack parallel to top 

surface of the scale is clearly visible. Oxygen can be seen diffused upto the base alloy 

at point 1. The presence of aluminium at point 4 indicates its diffusion from the bond 

coat into the top coat area. At this point the concentration of nickel has shown sharp 

decline. Oxygen and aluminium co-exist at most of the places in the scale, and 

wherever nickel is high, oxygen is low in concentration. 

5.1.3.6 	EPMA Analysis 
EPMA along the cross-section of oxidised Ni-20Cr coated Superni 75 specimen 

shown in Fig. 5.37 indicates the presence of mainly nickel and chromium in the upper part 

of the scale. At places where Ni and Cr are absent in the lower part of scale, high 

concentration of Al and Y can be observed. A thin layer consisting of titanium and 

chromium could be seen at the bond coat/substrate interface. Al and Y are present at the 

boundaries of Ni-rich splats in the bond coat area. Iron has diffused even to the uppermost 

layer of the scale as streaks of iron are present there. 

From the corresponding analysis for the coated Supemi 600 shown in Fig. 5.38, it 

can be clearly seen that Ni and Cr are distributed throughout the scale, but there are small 

pockets, where Ni is totally absent. Similarly there are larger pockets where Cr is deficient. 

Some of these Cr- and Ni-depleted zones have higher concentration of aluminium, which 

has perhaps diffused from the bond coat into the upper region of the scale. Iron has also 

migrated from the substrate into the scale and is present in the form of small streaks, 

especially along the bond coat/top coat interface. Mn has also got concentrated at the 

substrate/scale interface. There is indication of Y diffusing from the bond coat to the upper 

region of the scale. 
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(Weight gain/area) 2 vs. number of cycles plots for the Ni-20Cr coated 
superalloys subjected to cyclic oxidation for 50 cycles in air at 900°C. 

Fig. 5.31 SEM back scattered images for the Ni-20Cr coated superalloy Superni 
718 after cyclic oxidation in air for 50 cycles at 900°C. 
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Fig. 5.32 	X-ray diffraction patterns for the Ni-20Cr coated superalloys subjected to 
cyclic oxidation in air at 900°C after 50 cycles. 
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Fig. 5.34 	Surface scale morphology and EDAX analysis for the plasma sprayed Ni- 
20Cr coated superalloys subjected to cyclic oxidation in air at 900°C for 
50 cycles 
(a) Superni 718 	(b) Superfer 800H. 
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Fig. 5.35 	Oxide scale morphology and variation of elemental composition across 
the cross-section of Ni-20Cr coated superalloys subjected to cyclic 
oxidation at 900°C in air after 50 cycles 
(a) Superni 75 	. (b) Supemi 600. 





- 

V;:*;; 1I ' 181 

-•'- 	: 
• I 	r 

• ;W 

•-s.. t' - 

.-, 

tItrt - ' 
	

S 	
I 

•:•t 

..'. J,t' 	...: 	•,;-' - 
• •.. 	\ 	''4 , 	'. 	k/I.• 	 • 



;zs :  

; 	• 	- t ' 
Fe-Ku. •' 	_iJ -' 	Y-L 	"i. 	:'' 

4 	• 
A 

- 
, 

•1 .: 
I - 	r 

I, 'I a Iji : 	. 	.4 

, 	. 	
.4 	. 	. 	- 

J41
4' t. 	•4) 	) ''P'4j ::.,t,,, 	.. 	L' . 	I 

.4-.  

• II4'!. ' ''.0.; 4,4 	 - , 

	

'. Ifl4 t1 	a 

•'..4.,1. 	" -I'.: '-.4 

• A.:.' 

fr_I 	 II 	1 
-- •, 	._•

5I, '. .--:''.: .. 	' - 

•$q.%,p1 <4at 
-..:-v-,- 



m 

:ick2iJb... - 

•/ 	•t.'•• 	.•, •••,;• 	
.,. 	I 	• 	- 

• • 
• -1.-'..:... 	• 	. 	- . . 	.-.•. - 	..- -• 	.-•--. 	•.. 

S 	- 	- 	-. 	••1 - _•, 

• i 	t.._. l'• 
I -•_.L 	. 

-t 	- 	- 
- 

- •&:ttrn4c .!t. •. 	.- 	'. 	. 	'- 	.. 

4.1--? j:•4 	 •• 	•: 



BSI•;; 
	 0-Ku 

Ni-Kt 	 Cr-Ku 

Fe-Ka 

Y-La 	 Mo-La 



Mta  

, 

 l  	 ' 

	

~ ~! p3 I?flV J1t!T' a ~—'' r6
ypx~k 'C' 	 +. ~ 	~~a 4
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5.1.4 Ni3AI Coating 

5.1.4.1 Visual Examination 
The plasma spray Ni3AI coated superalloys have shown the development of a dull 

green scale when subjected to cyclic oxidation for 50 cycles at 9000  (Fig. 5.42). Overall 

the scale was smooth without cracks, with no tendency of spalling during the course of 

study. The coating was found to be successful in maintaining its contact to the substrate 

superalloys during the cyclic oxidation studies in general, although it suffered minor 

spallation along or near the edges of the specimens (Section 5.1.2.1), which was 

observed to be insignificant. This spalling tendency stopped towards the end of 50 cycles 

in all the cases except Superni 601, in which it stopped by 32 cycle. Further, the 

relative extent of this minor spalling was observed to be least in case of Superfer 800H, 

where it was confined to only one edge of the specimen. 

5.1.4.2 The rmograuimetric Data 

Weight gain/area data for all the Ni3AI coated superalloys subjected to cyclic 

oxidation is plotted against number of cycles in Fig. 5.43. It can be inferred from the plots 

that all the coated superalloys showed an initial high rate of oxidation followed by a 

constant rate. The cumulative weight gains after 50 cycles of oxidation are found to be 

11.31, 11.58, 11.51, 11.82 and 8.30 mg/cm2  for the coated superalloys Superni 75, 600, 

601, 718 and Superfer 800H respectively. When these data are compared with the data 

obtained for the oxidised base superalloys, the weight gains for the coated superalloys 

are found to be greater than those for the corresponding base superalloys. Further, it is 

evident that the oxidation weight gain data for all the coated Ni-base superalloys are 

almost same and the values are greater than that for the Fe-base superalloy. The (weight 
gain/unit area)2  versus number of cycles plots (Fig. 5.44) confirm that the parabolic law is 

followed to a fairly acceptable limit in all the cases, The values of parabolic rate 

constant, Kp  for coated superalloys are evaluated as 4.81, 5.01, 4.41, 5.68 and 2.78 x10-10  
g2  cm-4  s4  for Superni 75, 600, 601, 718 and Sunerfer 800H resnectively. 

5.1.4.3 Scale Thickness Measurement 

The oxide scale thickness after cyclic oxidation in air at 900°C for the superalloys 

coated with Ni3AI was evaluated from the back scattered SEM images shown in Fig. 5.45 

and Fig. 5.49. The values are 261, 255, 248, 256 and 252 µm for Supemi 75, 600, 601, 718 
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and Superfer 800H respectively. It is evident that the scale is approximately of same 

thickness in all the cases. 

5.1.4.4 X-ray Diffraction Analysis 

X-ray diffractograms for the plasma spray N13AI coated superalloys after cyclic 

oxidation of 50 cycles in air at 900°C are shown in Fig. 5.46 on reduced scales, which 

indicate the formation of phases like nickel oxide (NiO) and aluminum oxide (A1203) 

alongwith a spinel NiA1204  in oxide scales for all the cases. 

5.1.4.5 SEM/EDAX Analysis 

(a) Surface Morphology 

SEMJEDAX analysis for all the coated superalloys as given in Fig. 5.47 and Fig. 

5.48 indicates that top scale is mainly nickel oxide (white phase) and the structure of the 

scale is massive, in general. In the sub scale (black phase), which can be the spalled region in 

the scales of the coated Superni 75 and Superni 600, amount of NiO has decreased and that 

of A1203 increased. A dense uniform scale is seen in the case of oxidised coated Superni 601, 

which shows no indication of cracking and spalling and is only containing NiO. Further in 

case of coated Superni 718, the scale is massive and again contains mainly nickel oxide, but 

there is a spot containing large amount of silica (83%), point 2 in Fig. 5.48 (a) and other 

constituents, which may diffuse from the substrate. This might be attributed to the ingress of 

oxygen through porosity in the coating and subsequent oxidation of intermetallics from the 

base alloy. The scale again is mainly nickel oxide in the case of oxidised Ni3Al coated 

Superfer 800H, which is a dense scale, Fig. 5.48 (b). 

(b) Cross-Sectional Analysis 

BSEI micrograph and elemental variation across the cross-section for coated Supemi 

75 superalloy after cyclic oxidation in air at 900°C has been shown in Fig. 5.49 (a). Upper 

portion of the scale has a massive structure with a lamellar crack just below the top surface. 

The top layer of the scale is rich in aluminium oxide and also contains some amount of 

nickel and chromium. As we go below this layer, scale is rich in Ni, containing small 

amount of Al, point 5 in Fig. 5.49 (a). The scale has retained the lamellar structure of its 

bond coat, where the splats containing mainly nickel (point 2) are present, with aluminium 

and oxygen at the splat boundaries. 
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(a) 	 (b)  

(c) 	 (d) 

(e) 

Fig. 5.42 	Macrographs of the Ni3A1 coating with bond coat subjected to cyclic 
oxidation in air at 900°C for 50 cycles having substrate superalloys 
(a) Superni 75 	(b) Superni 600 	(c) Superni 601 
(d) Superni 718 	(e) Superfer 800H. 
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Fig. 5.44 	(Weight gain/area) 2  vs. number of cycles plots for the Ni3AI coated 
superalloys subjected to cyclic oxidation for 50 cycles in air at 900°C. 
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The oxide scale morphology indicated in Fig. 5.49 (b) for the coated and oxidised 

Superfer 800H shows two distinct layers; the outer layer is massive whereas the inner one 

has lamellar structure. Bond coat has retained its identity. The top scale is mainly nickel, 

whereas inner layers have lamellar structure with alternate layers of mainly Ni and At. The 

penetration of oxygen to the substrate is negligible. Some diffusion of chromium can be 

observed at point 4 from the bond coat. 

5.1.4.6 	EPMA Analysis 

EPMA analysis for the Ni3AI coated Superni 75 oxidised for 50 cycles at 900°C, 

Fig. 5,50 reveals an upper sublayer in the oxide scale, which consists mainly of nickel 

oxide, with some dispersed aluminium oxide at places where former is absent. Under this 

sublayer, there is an intermediate band which mainly consists of unreacted nickel, and 

contains some aluminium oxide as well as chromium oxide stringers. This chromium 

might have diffused from the bond coat. Yttrium has also diffused to this band. Bond 

coat seems to have retained its lamellar structure, with alternate layers of nickel and 

aluminium present in it. Chromium is co-existing mainly with nickel, whereas yttrium 

with aluminium and oxygen in the bond coat. However, chromium has also shown 

tendency to form a thin continuous streak at the bond coat/substrate interface, and also it 

has formed some stringers of its oxide along the splat boundaries. 

Similar analysis of the coated superalloy Superni 600 given in Fig. 5.51 indicates 

an oxide scale, the upper layers of which are containing high concentrations of nickel, 

and at the top of scale some clusters of aluminium co-exist with nickel. There are 

some places where aluminium is present and Ni is absent. Chromium and yttrium are 

mainly restricted to bond coat region of the scale, however some Cr streaks are present in 

the upper layers of the scale, Iron has diffused form the substrate and small clusters are 

seen at the top of the scale. 

BSEI and Elemental X-ray mappings as shown in Fig. 5.52 across the cross-section 

of oxidised Superni 601 Ni3AI coated superalloy exposed to air at 900°C indicate 

formation of two layered scale with different structures, the upper one contains mainly 

nickel and aluminium, where aluminium seems to have got oxidised and most of the nickel 

is unreneted. However, some formation of nickel oxide is also indicated particularly in the 

top most layer of the scale. Chromium and yttrium are present in patches in the upper 

region of the scale, indicating their diffusion from the bond coat. Bond coat consists 

mainly of nickel rich splats, circumscribed by aluminium, yttrium and oxygen containing 



boundaries, There is a Cr rich band just above the base superalloy, which is accompanied 

by Cr depleted thin layer in the alloy substrate. Iron has shown some diffusion to the scale, 

which is prominent near the bond coat and superalloy interface. 

EPMA analysis for the coated Superni 718 after 50 cycles of oxidation at 900°C, 

Fig. 5.53 shows a massive upper region in the scale and the bond coat has retained its 

structure. The top scale mainly consists of Ni, with some presence of clusters of Fe and 

Cr in its outer layers. Aluminium stringers are also visible in this top scale. There is a 

chromium rich middle scale, containing Ni and Al. Further, Al, Y and Fe seem to be 

distributed along the splat boundaries in the bond coat region of the scale. Titanium and 

tantalum have indicated diffusion from the base alloy into the scale. 

Nickel is revealed as the main constituent of the scale for oxidised Ni3AI coated 

superalloy Superfer 800H, refer Fig. 5.54. The upper scale has some Al-rich pockets, 

where Ni is present in lower concentrations. Whereas at some other places, where 

aluminium is present in lower concentrations, Ni is revealed in high amounts. Chromium 

is mainly confined to the bond coat; however some amount of Cr is present in the upper 

layer of the scale. Iron has also diffused from the substrate to the top scale. Manganese 

and titanium are concentrated along the bond coat/base alloy interface and are also 

dispersed throughout the scale cross-section perhaps along the.  splat boundaries 

alongwith At and Y. Silicon is also visible in the form of small clusters in the outer 

layers of the scale. 

5.1.5 Stellite-6 Coating 
5.1.5.1 Visual Examination 

A dark grey scale was noticed in case of all the plasma spray Stellite-6 coated 

superalloys, when exposed to cyclic oxidation in air at 900°C for 50 cycles are shown in 

Fig. 5.55. With the progress of study the originally grey colour oxide scale became darker 

gradually. The surface contact of this coating with all the substrate superalloys was found 

to be excellent, best among all the coatings studied under cyclic oxidation conditions. No 

superficial cracking or spalling of the oxide scale or coating took place in case of Stellite-6 

coated Superni 75, 600 and 718 superalloys. Whereas little tendency towards minor 

cracking of the coating near the edges was noticed in case of Supemi 601 and Superfer 

800H substrates. Two superficial cracks were seen initiating from two different edges in 

the coating of Superni 601, one from the end of 7s  cycle and second from 215` cycle. 
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Similar phenomenon of initiation of two minor superficial cracks from the edges was 

observed in case of Superfer 800H substrate, the starting cycles being 22"d  and 31. Little 

growth in the length and width of these cracks could be seen with the progress of study, 

which did not grow any further after 46'" cycle. 

5.1.5.2 	Thermogravimetric Data 

Thermogravimetric measurements taken throughout the 50 cycles are plotted 

relative to the number of cycles with an aim to understand the kinetics of oxidation. It 

can be inferred from Fig. 5.56 that the Stellite-6 coating has shown large weight gains 

in the early cycles of study in general in all the cases. During the subsequent cycles of 

exposure the weight gain trends have shown the tendency to get stabilized in all the 

cases. The overall weight gains after 50 cycle of exposure were observed to be 12.07, 

10.63, 12.17, 12.78 and 13.04 mg/cm2  for coated Superni 75, 600, 601, 718 and Superfer 

800H respectively. It can be seen that the weight gain values are not very different 

irrespective of type of the base superalloy. So far as the kinetics of the oxidation is 

concerned it can be approximated by the parabolic rate law in all the cases, Fig. 5.57. 

The calculated values of parabolic rate constant (Kr) for the Stellite-6 coated 

Superalloys Superni 75, 600, 601, 718 and Superfer 800H are 4.89, 3.74, 5.32, 5.69 
and 6.40x 10-1°  g2  cm ° s'' respectively. 

5.1.5.3 Scale Thickness Measurement 

SEM back scattered images for the Stellite-6 coated superalloys after oxidation 

in air at 900°C for 50 cycles are shown in Figs. 5.58, 5.62 and 5.63. The average values 

of scale thickness are found to be 519, 554, 638, 603 and 680 pm respectively for the 

coated Superni 75, 600, 601, 718 and Superfer 800H. 

5.1.5.4 X-ray Diffraction Analysis 

X-ray diffraction patterns for the plasma spray Stellite-6 coated superalloys 
after cyclic oxidation (50 cycles) in air at 900°C have been compiled in Fig. 5.59 on a 
reduced scale. All the coated superalloys have indicated the formation of oxides of 

cobalt and chromium, and their spinet after oxidation. The main XRD phases identified 

for the coated superalloys are CoO, CoCr2O4 and Cr203. 
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5.1.5.5 	SEM/EDAX Analysis 
(a) Surface Morphology 

SEM/EDAX analysis of the oxide scale developed on the surfaces of Stellite-6 
coated superalloys after oxidation for 50 cycles at 900°C has been shown in Fig. 5.60 and 
Fig. 5.61. The scale for the coated Supemi 75 seems to be consisting of large size 
nodules mainly containing Cr203 and CoO, whereas the adjoining area is enriched with 
A1203 and Cr203, which may be a sublayer. For the coated Supemi 600 case, the scale is 
again having nodular structure, which is mainly Cr203 with a little amount of CoO. In the 
regions between the nodules, the amount of Cr203 decreases and that of A1203 increases 
and they are in similar amounts. Similarly, in corresponding case of coated Superni 601, 
nodules are containing mainly Cr203 with some CoO and NiO. Whereas in between 
region of the nodules concentration of Cr2O3 decreases and CoO increases, refer Fig. 
5.60 (c). In corresponding case of coated Superni 718 superalloy, nodules are primarily 
Cr203 with good amount of CoO, while inter nodular regions contain mainly A1203 with 
Cr203 and oxides of Ta and W. In the scale of oxidised Stellite-6 coated Superfer 800H, 
the nodules are rich in Cr203 and contain substantial amounts of CoO, whereas in inter 
nodular regions; A1203 is again dominating with large percentage of Cr203, Fig. 5.61 (b). 

(b) Cross-sectional Morphology 

Oxide scale morphology and variation of .  elemental composition across the cross-
section of Stellite-6 coated superalloy Supemi 75 subjected to cyclic oxidation in air at 
900°C after 50 cycles has been shown in Fig. 5.62 (a). The outer layer of the scale is rich in 
cobalt and chromium with small quantities of tungsten and nickel, but contains very little 
amount of oxygen at point 5 and 6. This lack of oxygen at point 5 and 6 may be indicative of 
the fact that Co-rich splats have not got oxidised. The presence of oxygen at points 2 to 6 
shows that the whole coating has been penetrated, but there are no signs of internal oxidation 
of the base alloy. Further, the variation in oxygen content may be attributed to ingress of 
oxygen across the splat boundaries, both in the top as well as bond coat. 

Whereas similar analysis for the coated Superni 601 compiled in Fig. 5.62 (b) shows 
the outer most layer of the scale (point 6) to be rich in chromium (41%) and oxygen with 
lesser amounts of cobalt. Whereas at points 4 and 5 where cobalt is present in rich 
concentrations, oxygen is indicated in small quantities. Tungsten and nickel have also shown 
their presence in the Pouter layer of the scale in very small quantities. Absence of oxygen at 
point I indicates that the base superalloy has remained unaffected. Bond coat has retained its 
identity, and amount of oxygen decreases as one moves into the bond coat. 
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(a) (b) 

(c) 	 (d) 

(e) 

Fig. 5.55 	Macrographs of the Stellite-6 coating with bond coat subjected to cyclic 
oxidation in air at 900°C for 50 cycles having substrate superalloys 
(a) Superni 75 	(b) Superni 600 	(c) Superni 601 
(d) Superni 718 	(e) Superfer 800H. 
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(Weight gain/area) 2  vs. number of cycles plots for the Stellite-6 coated 
superalloys subjected to cyclic oxidation for 50 cycles in air at 900°C. 
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Fig. 5.59 	X-ray diffraction patterns for the Stellite-6 coated superalloys subjected to 
cyclic oxidation in air at 900°C after 50 cycles. 
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BSEI for the oxidised Stellite-6 coated Superni 718 shows a structure similar to the 

previous two cases as has been shown in Fig. 5.63. The outer layer contains mainly cobalt 
and chromium with some oxygen, where meager quantities of tungsten and nickel are also 

revealed. At point 5 in the top scale, only chromium and oxygen are mainly indicated. 
Oxygen is decreasing with decrease in the concentration of Cr; but it is present in high 

concentration with Ni at point 3. At point 4, there is high concentration of Co with very 

small amount of oxygen. As we move into the bond coat, concentration of nickel and oxygen 
is quite high, which further decreases where Al is indicated in high concentrations (point 2). 
Chromium amounts slightly decrease as one move towards substrate and bond coat interface. 

Oxygen has decreased after point 3 and it is negligible at a point in the substrate. 

5.1.5.6 EPMA Analysis 
BSEI and X-ray maps, Fig. 5.64 for the Stellite-6 coated Superni 75 superalloy 

after exposure to cyclic oxidation for 50 cycles at 900°C indicate cobalt, chromium and 

tungsten rich scale, where nickel, silicon and iron are also present. Some small clusters 

of nickel are also revealed in the upper scale. Aluminium has diffused from the bond 

coat and is present in small quantities at the top of the scale. Yttrium is mainly confined 

to the bond coat. Titanium has come at the substrate/scale interface in the form of small 

streaks. Silicon seems to be confined to splat boundaries in the top scale. 

EPMA for Superni 600 Stellite-6 coated superalloy presented in Fig. 5.65 

indicates the formation of a scale consisting of two layered structure. The top scale is 

consisting mainly of cobalt and chromium and there is a presence of Ni, W, Fe and Si. 

Aluminium and yttrium seem to be diffusing upwards in the upper scale from the bond 

coat likely along the splat boundaries. Fe and Co have shown some diffusion into the 

bond coat. Manganese is also seen in the scale. 

In the case of oxidised Steilite-6 coated superalloy Superni 601, the upper layer 

contains cobalt and chromium as the main constituents with evenly distributed 

aluminium, refer Fig. 5.66. Traces of Ni, Fe, W and Si are also indicated in this layer. 

The sublayer represents the thinner bond coat region of the scale, which contains all the 

basic elements of the bond coat viz. Ni, Cr, Al and Y. So far as diffusion of the elements 

from the substrate is concerned, it is found to be less probable as evident from the 



mappings for the different elements. Whereas, diffusion of aluminium from the bond 

coat has occurred in significant amounts into the top coat. Some regions which are 

devoid of Co are having high concentration of Ni. 

In the corresponding case of coated Superni 718, Fig. 5.67, the upper scale has 

mainly cobalt alongwith chromium, Nickel, tungsten and iron are also analysed in the 

upper band alongwith with traces of diffused aluminium from the bond coat. Some 

clots of silicon are also seen dispersed in this band. Whereas in the bond coat area 

nickel and aluminium are revealed as main constituents with comparatively less 

concentration of chromium. 

EPMA analysis of oxidised Superfer 800H superalloy coated with Stellite-6 

reveals a thin streak at the top of the scale, consisting of the oxides of chromium and 

aluminium as is shown in Fig. 5.68. Below this streak, the scale indicates a splat type 

lamellar structure for the top and bond coat regions. In the top scale, splats consisting of 

Co, W and Cr are the areas where oxygen is not present, thereby indicating that these 

splats have not got oxidised. Oxygen is present at the splat boundaries, where mainly Cr, 

and at some places Al and Y have got oxidised in the top scale. Chromium has shown 

some depletion from the bond coat and formed a very thin and continuous streak of its 

oxide at the bond coat/substrate interface. The bond coat shows prominently the presence 

of Al, 0 and Y along the splat boundaries, whereas the splats are not oxidised. 
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Fig. 5.63 	Oxide scale morphology and variation of elemental composition across 
the cross-section of Stellite-6 coated superalloy Superni 718 subjected to 
cyclic oxidation in air at 900°C after 50 cycles.. 
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5.2 SUMMARY OF RESULTS 

The results of oxidation studies in air for coated and uncoated superalloys are 

summarised in Table 5.1 to understand the comparative behaviour of different coatings. 

Table 5.1 Summary of the results for coated and uncoated superalloys oxidised in air at 

900°C for 50 cycles. 

Base Coating Weight. Scale.. KpxlO' Main XRD Remarks 

super- gain thickness g2cm~s"' phases 

alloy mglcm2 µm 

Superni Uncoated 3.50 88 1.60. Cr203, 	NiO, No 	spalling, 	intact 	and 

7S (upto 	16 s̀ NiCr2O4 continuous 	scale, 	relatively 

cycle), discontinuous layer of Cr in scale 

then 0.02 (EPMA) 

NiCrAIY 4.39 138 0.47 NiO, 	A1203, Intact scale without any spatting, 

NiCr2O4 	and integrity 	between 	coating 	and 

Cr203 base 	alloy 	preserved 	after 
oxidation 

Ni-20Cr 14.83 254 8.84 NiO, 	Cr2O3 Smooth and lustrous scale with 
and NiCr2O4 minor spalling tendency, sound 

contact between coating and base 

alloy maintained after oxidation 

Ni3 AI 11.31 261 4.81 NiO, 	A1203 Smooth scale without cracks and 
and NiA1204 spalling, 	the 	coating 	found 

integral 	with 	base 	alloy 	after 
exposure, 	perceptible 	Cr-rich 

streak at the interface between 

bond coat/substrate (EPMA) 

Stellite-6 12.07 519 4.89 CoO, CoCr204 Dark 	grey 	scale 	without 	any 

and Cr203 spallation, 	contact 	between 

coating/base alloy 	was found to 
be 	excellent 	during 	and 	after 
cyclic 	oxidation, 	no 	minor 

superficial cracks observed along 

the edges 



Supemi Uncoated 0.20 11 0.06 CT203, 	Fe203, No 	spatting, 	intact 	and 	fine 

600 NiO 	and grained scale, with.intergranular 
NiCr204 cracks (SEM), and Cr-rich intact 

layer in the scale (EPMA) 
NiCrAIY 3.82 171 0.42 NiO, 	A1203, Intact scale without any spalling, 

NiCr2O4 	and integrity 	between 	coating 	and 
Cr203 base 	alloy 	preserved 	after 

oxidation 
Ni-20Cr 13.98 286 7.93 NiO, 	Cr103 Smooth and lustrous scale with 

and NiCr2O4  no 	spallation, 	sound 	contact 
between coating and base alloy 
maintained after oxidation 

Ni3AI 11.58 255 5.01 NiO, 	A1203 Smooth scale without cracks and 
andNiAl2O4  spalling, 	the 	coating 	found 

integral 	with 	base 	alloy 	after 
exposure 

Stellite-6 10,63 554 3.74 CoO, CoCr2O4  Dark 	grey 	scale 	without 	any 
and Cr203  spallation, 	contact 	between 

coating/base alloy 	was found to 
be 	excellent 	during 	and 	after 
cyclic 	oxidation, 	no 	minor 
superficial cracks observed along 
the edges 

Superni Uncoated 1.73 52 0.16 Cr,03, 	Fe2O3, No 	spalling, 	intact 	and 
601 NiO and A!203 continuous scale 

NiCrAIY 4.21 138 0.59 NiO, 	A1202, Intact scale without any spalling, 
NiCr2O4 	and integrity 	between 	coating 	and 
Cr203  base 	alloy 	preserved 	after 

oxidation 
Ni-20Cr 12.45 337 4.87 NiO, 	Cr203 Smooth and lustrous scale with 

and NiCr2O4  no 	spallatioh, 	sound 	contact 
between coating and base alloy 
maintained after oxidation 

Ni3Al 11.51 248 4.41 NiO, 	A1203 Smooth scale without cracks and 
and NiAI2O4 spatting, 	the 	coating 	found 

integral 	with 	base 	alloy 	after 
exposure, visible Cr-rich streak 
at the 	interface 	between bond 
coadsubstrate (EPMA 

Stellite-6 12.17 638 5.32 CoO, CoCr2O4  Dark 	grey 	scale 	without 	any 
and Cr203  spallation, 	contact 	between 

coating/base alloy was found to 
be 	excellent during 	and 	after 
cyclic oxidation with no minor 
spallation at/near edges 
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Superni Uncoated 2.04 58 0.17 Cr203, 	Fe203, No 	spalling. 	intact 	and 

718 NiCr2O4 	and continuous scale, a very small pit 
Al2O3  on scale 

NiCrAIY 3.13 166 0.27 NiO, 	AI203, Intact scale without any spalling 
NiCr204 	and integrity 	between 	coating 	and 
Cr20, base 	alloy 	preserved 	after 

oxidation 

Ni-20Cr 9.71 247 1.98 NiO, 	Cr203  Smooth and lustrous scale with a 
and NiCr2O4  little 	spallation, 	sound 	contact 

between coating and base alloy 
maintained after oxidation 

Ni3AI 11.82 256 .  5.68 NiO, 	A1203  Smooth scale without cracks and 
and NiA1204  spalling, 	the 	coating 	found 

integral 	with 	base 	alloy 	after 
exposure 

Stellite-6 12.78 603 5.69 CoO, CoCr2O4  Dark 	grey 	scale 	without 	any 
and Cr203 spallation, 	contact 	between 

coating/base alloy 	was found to 
be 	excellent 	during 	and 	after 
cyclic 	oxidation, 	no 	minor 
superficial cracks observed along 
the edges 

Superfer Uncoated 1.38 28 0.09 Cr201, 	Fe2O3, No 	spalling, 	intact 	and 
800H NiO, 	NiCr2O4  continuous scale 

and NiFe2O4  
NiCrAIY 3.19 136 0.38 NiO, 	A1,03, Intact scale without any spalling, 

NiCr204 	and integrity 	between coating 	and 
Cr203  base 	alloy 	preserved 	after 

oxidation 
Ni-20Cr 9.45 251 2.92 NiO, 	Cr2O3  Smooth and lustrous scale with 

and NiCr2O4  no 	spallation, 	sound 	contact 
between coating and base alloy 
maintained after oxidation 

Ni3AI 8.30 252 2.78 NiO, 	A1203  Smooth scale without cracks and 
and NiAI2O4  spalling, 	the 	coating 	found 

integral 	with 	base 	alloy 	after 
exposure 

Stellite-6 13.04 680 6.40 CoO, CoCr2O4  Dark 	grey 	scale 	without 	any 
and Cr2O3  spallation, 	contact 	between 

coating/base alloy 	was found to 
be 	excellent 	during 	and 	after 
cyclic oxidation with no minor 
spallation at/near edges 
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5.3 DISCUSSION 

5.3.1 Uncoated Superalloys 
In general, the superalloys under study that is Superni 75, 600, 601, 718 and 

Superfer 800H have shown good oxidation resistance. The oxide scales showed no 

tendency towards cracking or spalling during the course of 50 cycles oxidation study 

in air at 900°C. Based on the thermogravimetric data the oxidation rates can be 

arranged in following order: 

Supemi 75 > Superni 718 > Supemi 601 > Superfer 800H > Superni 600 

Therefore it can be inferred that the relative oxidation resistance of Superni 75 is 

minimum among the superalloys under study, while Supemi 600 has shown maximum 

oxidation resistance. The weight gain for the former case is about 18 times of that for the 

latter case. It is obvious from the EPMA analysis for the superalloys, Fig. 5.10 to Fig. 5.14 

that the chromium has formed protective layers in the respective oxide scales after 50 cycle 

oxidation. The continuous chromia layer in turn might have blocked the diffusion of any 

species through it to reach the substrate superalloys and hence provided oxidation 

resistance to the superalloys under study. As.  is evident from the X-ray mappings for 

different cases, the scale formed in case of Supemi 600 is relatively intact, thin and 

uniform, and contains a continuous band of Cr just at the scale/substrate interface. The 

relatively higher oxidation resistance of this superalloy might partly be attributed to the 

presence of this chromia layer. Whereas the chromia layer seems to be somewhat 

discontinuous in case of Superni 75; refer Fig. 5.10, therefore could not provide the 

required protection leading to the development of minimum oxidation resistance. 

It has been observed that the superalloys have followed parabolic law of 

oxidation in general with slight deviations. Hussain et al (1994) have also established 

the validity of parabolic rate law for a Fe-based superalloy Incoloy 800H, similar to 

Superfer 800H, whereas Delaunay et al (2000) for Inconel 718 superalloy (akin to 

Superni 718) at 900°C and Zhao et al (2005) for a new Ni-based superalloy at 950°C. 

The small deviations from the parabolic rate law have also been observed by Levy et at 

(1989) during their studies on,the oxidation and hot corrosion of some Ni-base advanced 

superalloys at 704 to 1093°C. Greene and Finfrock (2001) have also reported some 

scatter in the mass gain per unit area versus time of oxidation data for Inconel 718. 

The XRD analysis for the oxidised superalloys revealed the presence of Cr203 

and Fe203 phases for all the cases, except for Superni 75 case, where Fe203 is absent. The 
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formation of NiO has been indicated in the scales of Superni 75, 600, 601 and Superfer 

800H, whereas NiCr204 has been identified for Superni 75, 600, 718 and Superfer 8001-1 

scales. A1203 is found to be present in the , scale of Superni 601 and 718, whereas 

NiFe204 is identified in the Superfer 800H scale. These XRD results are well supported 

by the surface EDAX and EPMA analysis in the present study. So for as the literature is 

concerned, Deb et at (1996) have also reported the formation of phases like NiO and 

Cr203 during their oxidation studies on a cast Ni-base superalloy and have proposed 

formation of a continuous outer layer of Cr203, while Li et al (2003A) have observed 

NiCr2O4 phase also for a single crystal Ni-base superalloy oxidised at 900°C in air. 

Whereas Cr203 and A1203 phases are also indicated by Bai et at (2004) for another Ni-

base superalloy IN-738LC. Furthermore, the X-ray mappings as revealed by the EPMA, 

Fig.5,14 for the oxidised superalloy Superfer .80011 are in good agreement with those 

reported by Polman et at (1990) for a similar superalloy Incoloy 800H. 

A schematic diagram Fig: 5.69 has been suggested to explain the oxidation 

phenomenon for the case of Superni 600 in the light of explanations regarding oxidation 

put forward by Stott (1998), which can be taken as a representative case for all the 

superalloys under study. In the initial stage of oxidation process, when the alloy surface 

adsorb the oxygen molecules, small impinging nuclei of all the thermodynamically stable 

oxides such as those of Ni, Cr, Fe and Mn develop on the surface of the alloy. These nuclei 

then coalesce rapidly to give a transient layer of various oxides in a very short time as the 

temperature of study becomes .very high. As the concentration of Ni is highest in the 

superalloy Superni 600, the amount of nickel oxide in this layer will be the highest, 

whereas chromium oxide will be the second dominating phase, followed by oxides of Fe 

and Mn. In this transient layer, mixed type oxide such as NiCr204 may also form by 

reaction of oxides of Ni and Cr. As the oxidation progresses, this transient layer continues 

to grow with NiO at the top of the scale alongwith iron oxide, while the 

thermodynamically favored chromia attempt to establish a complete layer at the base of 

this transient layer alongwith MnO. With the progress of exposure, this transient layer 

continues to grow and sufficient nuclei of the various oxides develop to coalesce to form 

their complete layers. Once a continuous layer Cr203 is formed at the alloy/scale interface, 

the rate of oxidation is then controlled by transport of reactants across this layer, which is 

much slower process than across the initially formed NiO-rich layer. Thereafter, oxidation 

process enters a steady state. 
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5.3.2 NiCrAIY Coating 

It has been observed that all the plasma sprayed NiCrAIY coated superallays 
in general followed a parabolic rate law of oxidation. This indicates that the scales 
formed have shown the tendency to act as diffusion barriers. Li et at (2003C) and 
Wang et at (2003) have also observed similar behaviour for the MCrAIY coatings. The 
minor deviations from the parabolic rate law as shown by the coated specimens are in 
agreement with the findings of Choi et at (2002) and Liu et at (1998). Choi et at (2002) 
attributed this scatter in data to the formation and rapid growth of inhomogeneous 
oxides during oxidation process. 

The sequence of oxidation rates based on weight gain values for the coated 
superalloys after 50 cycles of oxidation is: 

Superni 75 >Superni 601>Superni 600> Superfer 800H > Superni 718 
However this order is in relative terms, otherwise the oxidation rates for the 

different coated superalloys do not vary much as their respective cumulative weight 
gains after 50 cycles lie in a narrow range of 3.13-4.39 mg/em2, which is not very 
significant and it can be inferred that the coated superalloys have shown almost similar 
oxidation resistance. 

Surface XRD analysis has indicated the formation of protective oxides such as 

NiO, Cr203 and a-A1203 in the scales of NiCrAIY coated specimens. EDAX as well as 
EPMA analysis further support the formation of these phases. These oxides particularly 
Cr203 and a-Al203 may partially inhibit oxidation of the substrate alloys by blocking the 
diffusion of reacting species towards the substrate alloys, as has been suggested by 
Nicoll and Wahl (1983), Stroosnijder et at (1994) and Toma et at (1999). Presence of the 
spinel NiCr204 in the oxide scales also helps to develop oxidation resistance as these 
spinet phases usually have much smaller diffusion coefficients of the cations and anions 

than those in their parent oxides (Chatterjee et al, 2001). 
Wang et al (2002) and Wang et a] (2003) have also reported the formation of 

Cr203 and A1203 phases for the arc ion plated NiCrA1Y coating, when oxidised at 900°C, 

whereas Toma et a) (1999) have reported similar phases for oxidised VPS MCrAIY 
coatings, and Choi et at (2002) for oxidised air plasma spray NiCrAIY coatings. The 
formation of identical phases for oxidised NiCrAIY coating has also been observed 
by Liu et at (1998), Chan et at (2000), Wu, Y. N. et at (2001) and Wu, X. et at 
(2001). The EPMA analysis further indicates the diffusion of some of the basic elements 
of the superalloy substrates such as Fe, Ti and Si etc. into the scales invariably in all the 

cases, which has also been observed by Han et at (1997) and Wang et at (2001). 
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Schematic diagram showing probable oxidation mechanism for the 
uncoated superalloy Superni 600 exposed to air at 900°C for 50 cycles. 
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It could be seen from the respective EPMA analysis that there is no sign of 

depletion of basic elements from the substrate alloys. This indicates that the coating has 

been successful in acting as a reservoir for the formation of protective oxides/spinels, 

consequently may increase the service life of the substrate alloy. Moreover, it is clear 

from the back scattered images for the coated superalloys subjected to oxidation for 50 

cycles that the substrates have not been affected by internal oxidation and the coatings 

appear to be integral with the substrates. This is further confirmed by the cross-sectional 

EDAX analysis for the coated Supemi 75 and 601, which shows that the oxygen has not 

penetrated into the substrate alloys. Similarly oxygen mappings for Superni 75 and 

Superfer 800H also indicate that the oxygen is restricted only to the coatings. 

The surface scales for the NiCrAIY coatings, in fact for all the coating viz. Ni-

20Cr, Ni3Al and Stellite-6 cases, in general, have shown excellent spallation resistance 

against the cyclic oxidation in air, which indicates further effectiveness of the coatings 

under study as the cycle-oxidation behaviour of an alloy is dictated mainly by scale 

spallation resistance as per the opinion of Stott (1992). Therefore, it can be inferred that 

the necessary protection has been provided by the coating to the substrate superalloys, in 

spite of the fact that the coated superalloys have shown high overall weight gains as 

compared to that shown by their uncoated counterparts. 

The NiCrAIY coatings subjected to cyclic oxidation in air have shown relatively 

high weight gains in the early cycles of the exposure. In fact, similar observation has 

been made for all the types of coatings (NiCrAIY, Ni-20Cr, Ni3A1 and Stellite-6) under 

present study during air as well as Na2SO4-60%V205 induced oxidation. These initial 

high oxidation rates in general might partially be attributed to the rapid formation of 

oxides at the coating splat boundaries and within open pores due to the penetration of the 

oxidizing species along the splat boundaries/open pores in the early cycles of the study. 

Once the oxides are formed at places of porosity and splat boundaries, the coating 

becomes dense and the diffusion of oxidizing species to the internal portions of the 

coatings gets slowed down and the growth of the oxides becomes limited mainly to the 

surface of the specimens. This, in turn, will make the weight gain and hence the 

oxidation rate steady with the further progress of exposure time. 
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The EPMA analysis as shown in Fig. 5.23 and Fig. 5.27 for the NiCrAIY coated 

Superni 75 and Superfer 800H respectively and, the cross sectional EDAX for the 

Superni 601, Fig. 5.22 (b) indicate that the oxide formed at these splat boundaries and 

within the pores is mainly aluminium oxide, co-existing with yttrium oxide. Identical 

findings have also been reported by Bluni and Mardar (1996), Niranatlumpong et at 

(2000) and Choi et at (2002). Moreover, aluminium oxide has been reported to be a 

protective oxide and blocks the diffusion paths to protect the base alloy, whereas yttrium 

oxide can improve mechanical adherence of A1203 to the coating and also reduce the 

growth rate of scales (Saxena, 1986, Stott, 1989A and Tawancy et at; 1994). As the 

NiCrAIY coating has shown the lesser weight gain in comparison to the various other 

coatings tested in the present study, the presence of Y in the coating might have played 

its role in reducing the scale growth rate. The plausible mode of the oxidation for the 

NiCrAIY coated Superni 75 may be described as shown in Fig. 5.70. 

Greenish look in the oxide scales for the NiCrAIY, Ni-20Cr and Ni3Al coatings 

might be due to NiO, as has been suggested by Bornstein et at (1975). As mentioned 

earlier in the results for the NiCrAIY, Ni-20Cr and Ni3AI coatings, the presence of NiO 

phase has been confirmed by X-ray diffractograms and is well supported by surface 

EDAX analysis. 

Development of some superficial minor cracks near or along the edges of the 

coated specimens, during oxidation experimentation in both the given environments, was 

observed for almost all the types of investigated coatings, which led to minor spalling of 

coatings. However this spallation of the coatings was restricted to the edges only. This 

cracking and subsequent minor spalling may be attributed to the thermal shocks due to 

differences in the heat expansion coefficients of the oxides, coatings and the substrate 

(Table A.2) (Rapp et al, 1981 and Liu et a1, 2001). Furthermore, the stress 

concentration factor at the sharp edges of the specimens might have also contributed to 

this minor cracking and spalling. It is pertinent to mention here that the edges of the 

specimens were kept sharp deliberately to add one more severe condition to the 

accelerated testing of the coatings. Otherwise in actual designs the sharp edges are 

always avoided to eliminate stress concentration. 
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Schematic diagram showing probable oxidation mode for the NiCrA1Y 
coated Supemi 75 exposed to air at 900°C for 50 cycles. 
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5.3.3 Ni-20Cr Coating 

Ni-20Cr coated superalloys have shown higher overall weight gains as compared 

to their uncoated counterparts and have followed nearly parabolic rate kinetics. From the 

Fig. 5.29, it is evident that the coated superalloys Superni 75, 600 and 601 have shown 

cumulative weight gain values which are not very significantly apart, whereas same is 

true for Superni 718 and Superfer 800H cases. Furthermore the coated Superni 718 and 

Superfer 800H seems to have better oxidation resistance in comparison to the coated 

Superni 75, 600 and 601. The superalloys can be arranged in the following order with 

regard to their oxidation resistance: 

Superfer 800H > Superni 718 > Superni 601 > Superni 600 > Superni 75 

The coating was found to be successful in retaining its surface contact with the 

substrate superalloys in general. Moreover, possible reasons behind the minor 

cracking/spalling of coatings have already been discussed in the Section 5.3.2. The 

formation of NiO, Cr203 and NiCr204 peaks in the scale of coated superalloys, as 

confirmed by the XRD analysis, indicates towards the protective nature of this coating. 

EDAX analysis for the surface of oxidised Ni-20Cr coated superalloys has revealed the 

presence of NiO in the top scale, which is further strengthened by the greenish colour of 

the scale. Cross-sectional EDAX analysis for Superni 75, 600, 601 and Superfer 800H 

also indicate the formation of NiO as main phase in the top scales. The XRD and EDAX 

results are further endorsed by EPMA analysis in the respective cases. The results are 

consistent with the findings of Hampikian and Potter (1992), Link et al (1998), Calvarin 

et al (2000), He et al (2000), Sundararajan et a] (2003A). 

The dark phase as indicated in the bond coat regions of scales, Fig. 5.35 to 5.36, 

is found to be containing high amounts of aluminium in general. These regions might be 

representing the splat boundaries or voids, where aluminium due to its high affinity for 

oxidation might have got oxidised preferentially as the oxygen penetrate along the splat 

boundaries. Yttrium could also be seen co-existing with Al almost in all the cases, which 

is further supported by the respective X-ray mappings. EPMA analysis for the Superni 

718 case, Fig. 5.40 indicates that both Al and Y might have got oxidised to block the 

splat boundaries and minute pores. This may serve as a barrier to the oxidizing species 

and signifies the usefulness of the coating to protect the substrate superalloys. 

Moreover, it is clear from the cross-sectional EDAX that oxygen has not reached 
the substrate in case of Superni 75 and 601, whereas the amount of oxygen approaching 

substrates in case of Superni 600 and Superfer 800H is negligible. Oxygen map (Fig. 



5.40) for the coated Superni 718 also indicate that the internal oxidation of the substrate 
alloy has not taken place. This again reflects the beneficial effect of the coating. The 
proposed mode of attack for the Ni-20Cr coated superalloy Superni 718 has been 
represented schematically in Fig. 5.71. 

The formation of small quantities of A1203, YZO3 and MnO in the scales of Superni 
75, Superfer 800H and Supemi 718 respectively as indicated by surface EDAX may be 
due to the diffusion of aluminium and yttrium from the bond coat and manganese from the 
substrate to the upper coating due to porosity of the coatings as suggested by 
Niranatlumpong et al (2000) and Belzunce et al (2001). The presence of Al and Y is 

further authenticated by cross-sectional EDAX in most of the cases. Sundararajan et al 

(2003A and 2004) have also reported the diffusion of Fe from the substrate to the thermal 
sprayed Ni-20Cr coating similar to the present study. Diffusion of Mn and Si into the Ni-

20 Cr coating to form small streaks as indicated by EPMA analysis in some cases is similar 
to the findings of Sundararajan et al (2004) regarding the segregation of these elements 
during oxidation of similar coating at 750°C. 

5.3.4 Ni3AI Coating 
The oxidation of Ni3AI coated superalloys proceeded by a diffusion controlled 

mechanism as has been indicated by the parabolic nature of the weight gain versus number 

of cycles plots, Fig.5.44. All the coated superalloys followed the parabolic rate law for the 

whole range of the study. The behaviour is in good agreement with findings of Liu and 

Gao (2001) and Singh and Prakash (2003). It is interesting to note that the Ni3AI coated 
Ni-based superalloys have shown very similar overall weight gains (in a very narrow range 
of 11.31-11.82 mg/cm2), from which it can be inferred that the coated Ni-based superalloys 

have shown nearly similar oxidation resistance. Whereas, the coated Fe-based superalloy 

has shown better oxidation resistance as compared to the coated Ni-based superalloys as 

the overall weight gain is only 8.30 mg/cm2  in the former case. 

Further, as already mentioned the coating has maintained its integrity with all the 
superalloy substrates under study during the cyclic oxidation run, as can be seen from the 
respective back scattered images. The base alloys have not suffered internal oxidation. 
This is obvious from the elemental EDAX analysis across the cross-section in case of 
Superni 75 and Superfer 800H as oxygen has not penetrated the Supemi 75 base alloy, 
whereas the extent of this penetration is marginal for Superfer 800H. This indicates the 
protective nature of the coatings. Further justification for the usefulness of coatings has 
already been discussed in general, in Section 5.3.2. 
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Schematic diagram showing probable oxidation mode for the Ni-20Cr 
coated Superni 718 exposed to air at 900°C for 50 cycles. 
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Ni3AI has been reported as NiO fanner by McCarron et al (1976), which has also 

been observed in the present study for all the Ni3AI coated superalloys. Apart from XRD, 

EDAX and EPMA analysis, the presence of green colour scale further confirms the 

formation of NiO as reported by Bornstein eta! (1975) and Singh (2003). The presence of 

nickel oxide on surface of nickel aluminide coatings on mild steel has also been observed 

by Malik et al (1992) during their studies performed at 800°C in air. The formation of NiO 

as a main phase alongwith NiAI2O4 spinel, similar to the current study, has also been 

reported by Liu and Gao (2001) for Ni3Al alloy after oxidation at 900°C for 50 hours. They 

inferred that during oxidation, the alloy grain boundaries promoted the formation of A1203, 

which further reacts with NiO in the vicinity to form NiAI2O4 spinel. La et at (1999) also 

observed the formation of NiA1204 phase during oxidation of Ni3AI coating prepared by 

the SHS casting on carbon steel. 

Elemental X-ray maps of Ni3AI coated superalloys indicate the top scale to be 

consisting mainly of Ni with some Al in dispersed form. Similar type of scale has also 

been observed by Elrefaie et at (1985). A little high concentration of Cr is seen just at the 

bond coat and base superalloy interface in all the cases. This is found to be very 

prominent in case of coated Superni 75 and 601,. where Cr rich thin band has formed, 

refer Fig. 5.50 and 5.52 respectively. This Cr-rich streak might be indicative of formation 

of chromia layer, which might also have protected the base alloy from being affected. 

Therefore the bond coat also seems to be contributing towards oxidation resistance, 

although its major role is to provide good adherence and reduce the effect of thermal 

expansion coefficients between the coating and the base alloy. 

Iron has got diffused into the.coating/scale almost in all the cases, but the extent 

of diffusion is high in case of Superni 718 and Superfer 800H. This may be attributed to 

the relatively high iron content in these alloys. Sundararajan et al (2005) have also 

reported the diffusion of Cr from air plasma sprayed Ni-50Cr bond coat to the Al top 

coat during oxidation in the temperature range of 600-750°C similar to the present work. 
Chan et at (2000) have reported NiA13 powder coating onto surface of APS NiCrAIY 

overlay coating by Argon Shrouded Plasma Spray process and observed interdiffusion 

occurring between these two coatings during 1 hour heat treatment at 900°C, which 

formed a-Cr and (3-NiA1 phases. Based on the above discussion, probable oxidation 

mode for Ni3A1 coated Superni 601, as a representative case has been proposed as 

depicted in Fig. 5.72. 



5.3.5 Stellite-6 Coating 

The Stellite-6 coated superalloys, in general have shown parabolic oxidation 

behaviour in all the cases. It is evident from Fig. 5.56 that the weight changes indicated 

by the coated superalloys after 10 h̀  cycle are not very significant, which shows that the 

coating may act as, a diffusion barrier to any oxidizing species during long term 

exposures and justifies its use as a protective coating to an extent. Singh (2003) have also 

reported parabolic behaviour for similar coating on boiler steels, when oxidised at 900°C 
for 50 cycles. Based on the overall weight gains, the oxidation rates for the stellite-6 
coated superalloys can be sequenced as follows: 

Superfer 800H >Superni 718>Superni 601> Superni 75 > Superni 600 

Similar to other coatings, it has again been observed that the major chunk of the 

overall weight gain was conceived only during initial cycles of study. Considerable effort 

has been made to explain this rapid initial weight gain in the proceeding sub-sections of 

this section. However in this case, the oxide formed at the splat boundaries looks to be 

mainly chromium oxide in the top scale, as can be perceived from EPMA for the coated 

Superfer 800H, Fig. 5.68, instead of aluminium oxide. Whereas in the bond coat region, 

the splat boundaries are again blocked mainly by aluminium oxide similar to the other 

coatings. Further, in almost all the Stellite-6 coated cases, aluminium has indicated 

significant diffusion into the top scale with a tendency to form thin streak in the outer 

most layer of the scales, which is obvious from the aluminium maps in the respective 

cases. This can further contribute to enhance the oxidation resistance of this coating. 

Furthermore, this coating has retained continuous surface contact with its 

respective substrate alloys throughout the oxidation experimentation, which seems to be 

the best amongst the coatings under study, as it has shown negligible tendency to crack 

and no spalling of the coating or scale has been observed. Moreover, it can be seen from 

the cross-sectional EDAX analysis for the oxidised Stellite-6 coated Supemi 75, 601, 

718, Figs. 5.62 (a), (b) and 5.63 respectively that oxygen has not penetrated into the base 

superalloys, which further indicates the protective nature of this coating. Similar 

observation can be made for the Superfer 800H case with the help of oxygen map, refer 

Fig. 5.68, which shows that the substrate has not got oxidised at all. In addition, one can 

see a thin continuous streak of chromium oxide just at interface between the bond coat 

and the matrix in this case, which may further increase the oxidation resistance imparted 

by the coating. 
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Overall weight gain values of the coated superalloy are almost identical to the 

weight gain values reported by Singh (2003) for Stellite-6 coated GrAl type boiler steel 

oxidised for 50 cycles at 900°C. The XRD has revealed the oxides of cobalt and 

chromium along with CoCr2O4 spinel. Surface as well as cross-sectional EDAX analysis 

and EPMA also support the formation of these phases. Formation of identical phases has 

also been reported by Santoro (1979), Luthra (1985) and Singh (2003). The presence of 

the spinel CoCr2O4 and Cr203 in top scales may block the diffusion activities through the 

cobalt oxide (CoO) by suppressing the further formation of CoO (Luthra, 1985). He 

reported that with an increase in the amount of chromium in cobalt chromium alloy the 

rate of growth of CoCr204 and Cr203 increases, in competition with CoO and Co304  

formation which thereby increases the oxidation resistance of alloys. The probable mode 

of oxidation for this coated superalloy might be suggested as shown in Fig. 5.73. 



Air, 900°C 

1 
A1203  rich 
stringers 

Co-rich splats 
containing 
Cr and W 

A13+  and Cr3' 
from bond 
coat 

Cr203  -rich 
Band/ 
streaks 

Top scale 
having A1203, Cr203, 
CoO and CoCr1O4  

O penetrating 
along splat 
boundaries/pores 

Cr2O3  along 
rJ splat boundaries 

in the top scale 
A1203  and 

}Y203  along 
pores/splat 
boundaries 

Fig. 5.73 	Schematic diagram showing probable oxidation mode for the Stellite-6 
coated Superfer 800H exposed to air at 900°C for 50 cycles. 

222 



CHAPTER 6 

OXIDATION STUDIES IN MOLTEN 
SALT ENVIRONMENT 

This chapter describes hot corrosion behaviour of the bare and plasma spray 

coated superalloys in an aggressive environment of molten salt (Na2SO4-60%V2O5) at 

900°C under cyclic conditions. Thermogravimetric data has been presented and the 

corrosion kinetics has been approximated with the help of the data. The visual 

observations made during the course of cyclic studies have been detailed. Efforts have 

also been made to understand the mechanism/mode of corrosion wherever possible. 

The corrosion products were analysed with the help of XRD, SEM/EDAX and 

EPMA. The results for uncoated and coated superalloys have been reported under 

different subheadings. For comparison, the thermogravimetric data of each coating is 

plotted along with that of the uncoated superalloys. The parabolic rate constants and 

scale thicknesses values have been evaluated after 50 cycles of exposure. 

6.1 RESULTS 

6.1.1 Uncoated Superalloys 
6.1.1.1 Visual Examination 

The macrographs for base superalloys Superni 75, 600, 601, 718 and Superfer 
800H after hot corrosion at 900°C for 50 cycles are shown in Fig. 6.1. For all the hot 

corroded superalloys a grey colour scale appeared on the surfaces from I" cycle 

onwards which turned to dark grey with the progress of exposure. The scales formed 

on Superni 75, 600, 601 and Superfer 800H superalloys were fragile. The scale of 

Superni 75 showed blistering from the 4 h̀  cycle onwards and spalling started from 
13 h̀  cycle in the form of tiny flakes, whereas in case of Superni 600 the scale 

indicated tendency to crack from the 17 h̀  cycle which resulted in peeling of the scale 

at many locations, following which the spalling of the scale started from 22"d  cycle. 

The Superni 601 superalloy suffered intensive spalling during the early cycles. After 

the 151  cycle a fragile scale could be seen on the surfaces of the specimen with cracks at 

the edges. The fragile scale could not sustain and started separating from the surfaces in 

the form of little flakes and by the end of 14 h̀  cycle uppermost layer of the scale 



detached from the surfaces of the specimen. The spalling of the scales continued till the 

end of 50 cycles with decreasing magnitude in all the above cases. In case of Superni 

718, a lustrous grey coloured scale could be seen in the early cycles of study, which 

showed spalling and minor sputtering (disintegration of the scale accompanied by 
cracking sound during cooling) from 12 h̀  cycle onwards. This spalling and sputtering of 
the scale intensified after 20th  cycle onwards and reached to an extent that it became 

impossible for the boat to retain the corrosion products and the same started falling 

outside the boat. During cooling period of following cycles the sputtered scale could also 

be seen on the cooling mat in the form of tiny flakes outside the boat. This spalling and 
sputtering went on till the end of 42nd  cycle, beyond which it stopped and the weight 

change became nearly uniform. The Superfer 800H specimen exhibited spalling right 
from the 2nd  cycle onwards which intensified as the period of study progressed with lot 

of corrosion products collected in the boat. Sputtering of the scale was also observed 

from 7th cycle onwards. In the case of Superni 601, 718 and Superfer 800H surfaces of 

the scale become uneven and pits were observed at places from where spalling had taken 
place. 

6.1.1.2 Thermogravimetric Data 

Thermogravimetric data has been compiled in Fig. 6.2 in the form of a plot 
between weight gain per unit area expressed in mg/em2  and number of cycles for hot 
corroded superalloys Superni 75, 600, 610, 718 and Superfer 800H. The values of 

overall weight gain after 50 cycles of hot corrosion for the superalloys Superni 75, 

600, 601 and Superfer 800H are found to be 6.82, 14.34, 24.91 and 52.10 mg/em2  
respectively. Evidently Fe-based superalloy Superfer 800H has shown maximum 

weight gain whereas Ni-base Superni 75 a minimum. Therefore in terms of weight 

gain Superni 75 has proved to be the most corrosion resistant alloy in the aggressive 
environment under study. So far as the Superni 718 is concerned, the overall weight 

gain could be measured accurately only upto 20 cycles, beyond which intense 
spalling and sputtering made it difficult to measure the overall weight gain. The value 

of weight gain upto 20 cycles is found to be 11.51 mg/cm2  in this case. Further, the 
weight gain square (mgt/em°) data were plotted as a function of time (number of 

cycles) as shown in Fig. 6.3 to establish the rate law for the hot corrosion. It is clear 
that in spite of some fluctuations in the data, the data conforms to the parabolic rate 

law to an acceptable limit for all the superalloys. 
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Fig. 6.1 	Macrographs of the uncoated superalloys 
Na2SO4-60%V205  at 900°C for 50 cycles 
(a) Superni 75 	(b) Superni 600 
(d) Superni 718 	(e) Superfer 800H. 

subjected to cyclic oxidation in 

(c) Superni 601 
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00 'ŷ 	-5 

-15 

-25 

Fig. 6.2 

H2  
5 	10 	15 	20 	25 - 3 	35 	40 	45 	51 

o Superni 75 	❑  Superni 600 	 + 

ASupern1601. 	+S'uperni 718 	 + 

x Superfer BOOR 	 + 

Number of cycles 

Weight gain vs. number of cycles plot for the uncoated superalloys 
subjected to cyclic oxidation for 50 cycles in Na2SO4-60%V205 at 900°C. 

Fig. 6.3 

o Superni 75 
* x ~ 

❑ Superni 600 

A Superni 601 	 * 	* 

o Superni 718 	 * 

x Superfer 80011.. 	x 
x 

5  10  15  20  25  30  35  40  45 

Number of cycles 

(Weight gain/area) 2 vs. number of cycles plot for the uncoated 
superalloys subjected to cyclic oxidation for 50 cycles in Na2SO4-
60%V205 at 900°C. 

nn 



The parabolic rate constants, Kp  for Superni 75, 600, 610 and Superfer 800H 

superalloys calculated on the basis of 50 cycles data are 2.65, 12.54, 28,08 	and 

130.00x10 1°  g2  cm' s1  respectively, where for Superni 718 it is 19.85x10-10  g2  cm'4  

s'  for 20 cycles. 

6.1.1.3 Scale Thickness Measurement 

The scale thickness values were measured from SEM back scattered images shown 

in Fig. 6.4. These values represent the average thickness of oxide scales left with their 

respective substrates after 50 cycles of exposure to hot corrosion in the given environment. 

The average values of scale thickness are evaluated to be 53, 147, 38, 48 and 73 µm for the 

corroded superalloys Superni 75, 600, 601, 718 and Superfer 800H respectively. 

6.1.1.4 X-ray Diffraction Analysis 

X-ray diffractograms of the scales for Superni 75, 600 and 601 are given in 

Fig. 6.5, where those for Superni 718 and Superfer 800H are reported in Fig. 6.6 

after exposure to molten salt (Na2SO4-60%V205) at 900°C for 50 cycles on a 

reduced scale. It is evident from the diffraction patterns that Superni 75 and Superni 

600 have shown formation of similar phases after hot corrosion in the given 

environment. For these two superalloys NiO, Fe203, NiCr2O4 and Ni(V03)2 are 

indicated as the main phases. Whereas in case of hot corroded Superni 601, an 

additional phase FeV204  is revealed instead of Ni(V03)z. The phases identified in 

case of Superni 718 after exposure to hot corrosion, Fig. 6.5 (a), are similar to those 

analysed in case of Superni 601. Further in case of hot corroded Superfer 80OH; 

phases identified are again similar to Superni 601 and 718 cases with the exception 

of NiCr204 phase being replaced by NIFe204, Comparatively weak peaks of Cr203 

are indicated invariably in all the cases. 

6.1.1.5 SEM/EDAX Analysis 

(a) Surface Morphology 

SEM micrographs for Superni 75, 600 and 601 base superalloys after exposure to 

Na2SO4-60"%205 environment at 900°C are shown in Fig. 6.7, whereas those for Superni 

718 and Superfer 800H in Fig. 6.8 alongwith with EDAX compositions. SEM micrographs 



indicate coarse grained crystalline structures for Superni 75 and 600. The main constituent of 

the scales for these two cases is NiO as can be seen from the EDAX analysis made at certain 

points in the respective cases. The white crystalline phase in case of Superni 75 is rich in 

NiO with small quantities of Fe203 and Cr203, while the black matrix has comparatively 

lower amount of NiO with relatively high Cr203 content. But in case of hot corroded Supemi 

600, white phase as well as the black matrix contains equal quantities of NiO. A massive and 

dense scale has been observed for corroded Superni 601 which is rich in NiO (black matrix), 

with substantial amounts of Fe203 and Cr2O3. The uppermost layer of the scale (white phase) 

has dominance of Fe203 and contains relatively less quantity of NiO; refer point 2 in Fig. 6.7 

(c). The amount of Cr203 has also got nearly doubled at this point. Further, the scale of hot 

corroded Superni 718 superalloy has oxides of Ni, Cr and Fe present in it, Fig. 6.8 (a). The 

top scale is having similar amounts of NiO and CrZO3 with 27% Fe203, while in the black 

phase, the amount of Cr203 has decreased and that of Fe203 has increased marginally. A 

corresponding SEM micrograph in the case of Superfer 800H indicates that spalling of the 

scale might have taken place, Fig. 6.8 (b). From the EDAX analysis, it can be seen that the 

scale for this Fe-base superalloy is consisting mainly of Fe203 with oxides of Ni and Cr 

present in it. Further the composition of the scale is nearly uniform as can be perceived from 

the EDAX analysis at point I and 2, Fig. 6.8 (b). 

(b) Cross-Sectional Analysis 

Cross-sectional micrograph showing oxide morphology for the base superalloy 

Supemi 718 corroded in molten salt for 50 cycles at 900°C is shown in Fig. 6.9. It shows 

an oxide scale with variable thickness, which is revealed as dark grey area. EDAX 

analysis presents a comparative estimate of elemental compositions at some points in the 

substrate as well as in the scale. As shown in Fig. 6.9, oxygen is found to be absent at 

points 1, 2 and 3 from which it can be concluded that the oxygen has not penetrated into 

the substrate. The point analysis across the scale indicates the presence of mainly nickel 

and iron with comparatively small amounts of chromium, oxygen and molybdenum at 

point 4. EDAX analysis at point 5 shows a sharp decline in the concentration of nickel, 

where oxygen level has increased substantially. The amount of Cr has also increased at 

point S. Further small amount of vanadium is also present in the top of scale. There is 

clear indication of penetration of the scale into the substrate. 
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Fig. 6.4 	SEM back scattered image for the uncoated suTeralloys after cyclic 
oxidation in Na2SO4-60%V205 for 50 cycles at 900 C 
(a) Superni 75 	(b) Supemi 600. 	(c) Supemi 601 
(d) Superni 718 	(e) Superfer 800H. 
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Fig. 6,9 	Oxide scale morphology and variation of elemental composition across 
the cross-section of uncoated superalloy Superni 718 subjected to cyclic 
oxidation in Na2804-60%V205 at 900°C after 50 cycles. 
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6.1.1.6 	EPMA Analysis 

BSEI and X-ray mappings for the superalloy Superni 75 after 50 cycles of hot 

corrosion in an environment of Na2SO4-60°%205 at 900°C, Fig. 6.10 indicate a scale 

consisting mainly of nickel and chromium. The scale also contains titanium and iron 

dispersed throughout its cross-section. Further it can be seen that the scale has relatively 

high concentration of nickel in its upper region, where chromium concentration is low. 

Whereas chromium has formed a continuous band in the lower portion of the scale. Nickel 

and iron are present in relatively small quantities in this band. Some Cr-depleted areas can 

also be seen just below the scale/base alloy substrate, where mainly nickel is present. 

Whereas EPMA analysis for the hot corroded Superni 600, Fig. 6.11 reveals an oxide 

scale which is mainly having nickel and iron present in it. At most of the places nickel and 

iron are co-existing, while at other places where chromium is present in rich 

concentrations, nickel and iron are absent, There is a vanadium rich band slightly above the 

scale/substrate interface, which contains iron, nickel and chromium also. The area just 

below the scale/substrate interface, which represents the internal penetration zone, has 

mainly nickel present in it with depletion of iron. There are some Cr-rich stringers present 

in this internal penetration zone perhaps along the grain boundaries, where nickel is 

depleted of, Mn has shown tendency to get concentrated in these stringers. Traces of Mn 

and Na are present throughout the scale. 

A similar analysis of the oxide scale for the superalloy Superni 601 after cyclic 

corrosion for 50 cycles is shown in Fig. 6.12. The scale mainly consists of different 

sub-layers. The upper layer is rich in iron with clusters of aluminium, and also contains 

some nickel and chromium. The middle layer of the scale has high chromium 

concentration alongwith some aluminium rich areas. Iron is absent in this layer. Nickel 

has shown its presence in the form of a dense band just below the scale/substrate 
interface. 

X-ray mappings for Superni 718 superalloy (Fig. 6.13) indicate a top layer 

mainly containing nickel and iron, with some chromium present in it. Vanadium is also 

present in high concentrations in this top layer. Below this top layer, there is a sublayer 

rich in chromium and vanadium. Titanium has shown its presence in this layer, 

particularly in the form of some stringers penetrating into the alloy substrate. Ni and Fe 

are absent along these stringers. Aluminium and silicon can also be observed throughout 

the scale cross-section. Molybdenum has shown tendency to concentrate in 
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the substrate just below the interface between scale and substrate. Si is present in high 

concentration at the top of the scale and also in the form of globules in the base alloy. 

BSEI and X-ray mappings for the superalloy Superfer 800H exposed to Na2SO4-

60%V205 at 900°C for 50 cycles are shown in Fig. 6.14. The scale is rich in Cr with the 

presence of Ni, Fe, Al, Ti and Mn. Nickel, aluminium and titanium are present in the scale 

in substantial concentrations, whereas manganese and vanadium are present in very small 

quantities. There are some patches containing aluminium, where all other elements are 

absent. At some other places in the scale there are small streaks containing Fe and Ti, where 

Ni is absent. Silicon is found dispersed into the scale with some tendency to form clusters, 

one being very prominent near the scale/substrate interface. Traces of sulphur could also be 

seen in the scale. 

6,1.2 	NiCrAIY Coating 
6.1.2.1 	Visual Examination 

Macrographs for the corroded surfaces of plasma spray NiCrAIY coated 

Superni 75, 600, 601, 718 and Superfer 800H superalloys after an exposure to Na2SO4-

60%V205 environment for 50 cycles at 900°C are shown in Fig. 6.15. It was observed 

that for all the coated superalloys, colour of the scale changed to dull green from dark 

grey with the progress of the study. The behaviour of the NiCrAIY coated superalloys 

was found to be similar. Small superficial cracks were observed at or near some of 

edges of the specimens during the very first few cycles of.exposure leading to minor 

spalling of the coating from the edges in form of tiny flakes, which stopped towards the 

end of exposure time in the range of 44 ǹ-47 h̀  cycle. However, magnitude of this 

spallation of the coating was marginal. The spalled flakes came out from the outer 

layers of the coatings. However, only some edges along the length of the specimens 

were affected by spalling while others were found be unaffected. Similar tendency 

towards slight spallation of the coating from or/and near the edges was also shown by 

all the other coatings viz. Ni-20Cr, Ni3Al and Stellite-6 under current investigation 

during oxidation in the given molten salt environment. 

Slight spalling of the scale was indicated in the cases of NiCrAIY coated 

Superni 75, 600 and 718 in the form of green powder towards the end of exposure from 

the spots from which coating was detached due to the superficial cracking, Whereas the 

coated Superni 601 and Superfer 800H showed little spalling of the scales in general 

from 24th  and 45 h̀  cycle onwards respectively. 
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(a) 	 (b) 

(c) 	 (d) 

(e) 

Fig. 6.15 	Macrographs of the NiCTAIY coating with bond coat subjected to cyclic 
oxidation in Na2SO4-60%V205 at 900°C for 50 cycles having substrate 
superalloys. 
(a) Superni 75 	(b) Supemi 600 	(c) Superni 601 
(d) Superni 718 	(e) Superfer 800H. 
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6.1.2.2 	Thermogravimetric Data 

Weight gain (mg/cm2) data plotted versus time expressed in number of cycles for 

Superni 75, 600, 601, 718 and Superfer 800H superalloys with and without the coating of 

NiCrAIY is reported in Fig. 6.16. It can be inferred from the plots that the necessary 

protection against hot corrosion has been provided by the NiCrAIY coating as the weight 

gain values for the coated superalloys are smaller than those for respective uncoated 

superalloys in all the cases. With regard to the resistance imparted by the coating to the 

base superalloys, the reduction in weight gain is found to be nearly same in case of 

Superni 600 and Superni 601. This coating has provided best protection to the Fe-base 

superalloy Superfer 800H as the weight gain in this case has reduced to around 1/9 of 

that conceived by the uncoated superalloy. In case of bare Superni 718, although the 

overall weight gain could not be measured for the 50 cycles due to intense spalling and 

sputtering, yet the weight gain by the uncoated Superni 718 upto 20 cycles is higher than 

that gained by its coated counterpart after 50 cycles. The plasma spray NiCrA1Y coated 

Superni 75, 600 and Superfer 800H superalloys have shown identical weight gain values, 

whereas the values are nearly same for Superni 601 and Superni 718. Moreover the 

coated Superni 601 and Superni 718 superalloys have shown relatively less resistance to 

hot corrosion as compared to that shown by coated Superni 73, 600 and Superfer 800H 

superalloys. Moreover all the coated superalloys have nearly followed the parabolic 

behaviour upto 50 cycles as can be inferred from square of weight change (mgt/cm°) vs. 

number of cycles plots in Fig. 6.17. The parabolic rate constants (Kp  in 10-10  g2  cm-4  s) 

for the coated superalloys Superni 75, 600, 601, 718 and Superfer 8001-1 are evaluated as 

1.48, 1.71, 2.82, 4.88 and 1.38 respectively. 

6.1.2.3 	Scale Thickness Measurement 

SEM back scattered images across the cross-sections of NiCrAIY coated 

superalloys Superni 75, 601 and 718 after hot corrosion for 50 cycles at 900°C are 

shown in Fig. 6.18, while corresponding images for the coated Superni 600 and 

Superfer 800H are depicted in Fig. 6.22 (a) and (b) respectively. These micrographs 

are obtained for the locations at which the scale thickness was the least. The average 

scale thickness values measured for the coated Superni 75, 600, 601, 718 and 

Superfer 800H are 139, 144, 165, 179 and 253 .tm respectively. Evidently the scale 

thickness is highest in case of NiCrAIY coated Fe-base superalloy Superfer 800H. 
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6.1.2.4 	X-ray Diffraction Analysis 

X-ray diffractograms for the corroded surfaces of NiCrA1Y coated superalloys 

after cyclic studies in molten salt are shown in Fig. 6.19 on reduced scales. All the 

corroded superalloys indicated the formation of similar phases. The main phases 

revealed by XRD analysis are NiO, A1203 and NiCr204 for all the NiCrAIY coated 

superalloys. Some relatively low intensity peaks pertaining to Cr203 phase could also be 

analysed in all the cases, few of these peaks are visible in respective diffractograms 

whereas others are not discernible due to reduced scales. 

	

6.1.2.5 	SEM/EDAX Analysis 

(a) 	Surface Morphology 

SEM micrograph and EDAX analysis for NiCrA1Y coated superalloys after 

hot corrosion in molten salt for 50 cycles at 900°C are given in Fig. 6.20 and Fig. 

6.21. The micrographs in case of coated Superni 75, 600 and 718 superalloys indicate 

the presence of irregular shaped crystals dispersed throughout their scales, whereas in 

case of coated Superni 601 and Superfer 800H the scales are fine grained. In the 

Superni 75, the white phase, which is indicative of the uppermost layer of the scale, 

consists mainly of NiO and contains small quantities of oxides of Na, Cr, Al and V. 

The sub-scale (black phase) of the scale is found to have substantial amounts of 

oxides of Al, Ni, Cr and Na. Whereas in the case of coated Superni 600, the scale is 

also rich in NiO in the upper layer, but the sub-scale is having mainly Cr203, with 

NiO and A1203 as other prominent phases. The scale for the coated Superni 601 

shows the growth of dense white areas, which contain substantial amounts of NiO, 

Cr203 and A1203 as revealed by EDAX analysis at point 2, Fig. 6.20 (c). The spalled 

region of the scale mainly contains NiO, where the amounts of Cr203 and A1203 have 

got reduced. Further a continuous and smooth scale with uniform composition could 

be seen for hot corroded NiCrAIY coated Superni 718 superalloy, which has NiO as 

its main constituent, Fig. 6.21 (a). Similarly in the case of Superfer 800H [Fig. 

6.21(b)], a Cr203 -rich uniform composition and continuous surface scale is revealed. 
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Fig. 6.17 	(Weight gain/area) 2  vs. number of cycles plot for the NiCrAIY coated 
superalloys subjected to cyclic oxidation for 50 cycles in Na2SO4-
60%V205  at 900°C. 

246 



(a) 

(b)  

(c)  

Fig.. 6.18 	SEM back scattered images for the NiCrAIY coated superalloys after 
cyclic oxidation in Na2SO4-60%V205 for 50 cycles at 9000C: 
(a) Superni 75 	(b) Superni 601 	(c) Superni 718. 
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Fig. 6.19 	X-ray diffraction patterns for the NiCrAIY coated superalloys subjected to 
cyclic oxidation in Na2SO4-60%V205 at 900°C after 50 cycles. 
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(b) Cross-Sectional Analysis 
BSEI and elemental variation for the cross-section of NiCrAIY coated 

superalloy Saperni 600 subjected to Na2SO4-60%V205 induced corrosion for 50 

cycles at 900°C are shown in Fig. 6.22 (a). The micrograph shows presence of some 

lamellar cracks in the upper layers of the scale, while the inner layers of the scale are 

seen to have retained lamellar structure of sprayed coating. The point wise EDAX 

analysis shows extensive variations in the concentrations of nickel and oxygen along 

the thickness of the scale, while the concentration of chromium does not show much 

variation. The scale in general has indicated the presence of nickel, chromium and 

aluminium alongwith oxygen at the points of analysis with a comparatively less 

nickel in the outermost layers of the scale (points 4 and 6). Ni-rich areas in the scale 

are depleted of At and vise-versa. At point 6 the presence of vanadium has also been 

revealed. EDAX analysis at pointl further reveals that oxygen has reached to the 

substrate, although in small concentration. 

An analogous analysis for the hot corroded NiCrAIY coated superalloy 

Superfer 80014; Fig. 6.22 (b) reveals a scale which has mostly lamellar structure 

along its cross-section. The scale is found to have alternate Ni-rich and Al-rich layers 

present in it along its thickness. Whereas, chromium is present in somewhat uniform 

concentration along the cross-section, except at point 4. At this point a decrease in 

the amount of Cr and Al is noticed and scale consists mainly of Ni and 0. The outer 

layer of the scale is found to be consisting mainly of Ni and 0 with small quantities 

of Cr and Al. The substrate superalloy is found to be unaffected. 

6.1.2.6 EPMA Analysis 

EPMA analysis for the NiCrAIY coated Superni 75 superalloy after exposure 

to oxidation in Na2SO4-60%V205 environment for 50 cycles at 900°C has been 

compiled in Fig. 6.23 and 6.24. The scale shows a lamellar structure, where the 

topmost layer mainly consists of aluminium, and also contains Fe and V, Fig. 6.23. 

Just below this top layer, there is a band having Iittle high concentration of 

chromium. The inner layers of the scale are consisting of Ni, Cr, Al and Y, with 

alternate Ni-rich and Al-rich phases present in - them. Iron and titanium have diffused 

from the substrate into the scale in an evenly manner. Titanium has also shown 

tendency to develop a thin streak at the scale/substrate interface. Traces of sulphur 

are also seen throughout the scale. Further, it is interesting to note the diffusion of 
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aluminium into the substrate from the coating. Fig. 6.24 shows EPMA analysis for 

the same specimen at some other cross-section, which indicates that oxygen has 

penetrated throughout the scale along the splat boundaries to oxidise aluminium. 

Whereas the splats, consisting of nickel and chromium seem to be in an un-oxidised 

state. However, some chromium rich stringers can also be observed along the splat 

boundaries as well as the scale/substrate interface. Further, the top layer of the scale 

has oxide of mainly chromium, where nickel and aluminium are also seen in mild 

concentrations. 

BSEI micrograph as shown in Fig. 6.25 indicates an oxide scale which has a 

thin outermost layer, which consists mainly of chromium oxide, alongwith some 

nickel and aluminium oxides. Just under this layer, there is an intermediate band 

which is mainly of aluminium oxide. In the remaining scale, the coating seems to 

have retained its original morphology, where Ni-rich and Al-rich layers are present at 

alternate positions. The presence of oxygen alongwith aluminium indicates that 

oxidation of the latter might have taken place, whereas the Ni-rich areas are in 

unreacted state. Chromium is mainly co-existing with nickel, but it has also formed 

some clusters in the aluminium rich areas. Vanadium and sulphur have penetrated 

into the scale. Furthermore, the concentration of vanadium shows a decline as one 

move towards the base alloy. Whereas sulphur has diffused even into the base alloy 

and is mainly present in the vicinity of the interface of the scale and the substrate. 

Iron shows some movement into the entire scale, which is more prominent near the 

coating/substrate interface. 

X-ray mappings for NiCrAIY coated superalloy Superni 601 indicate Al-

containing continuous top layer, having Ni and Cr rich areas. Iron has also diffused into 

this layer. The top layer is followed by a dense underlayer that mainly consists of nickel, 

Fig. 6.26. The presence of aluminium is indicated at places in the form of streaks in the 

middle scale where nickel and chromium are absent. On some other places in the middle 

scale, only chromium is present and Ni is absent. Yttrium is found to be dispersed as 

clusters throughout the coat, except in the outer layers of the scale, where only traces of 

it are seen. The diffusion of the iron into the bond coat from the substrate is also 

indicated. Mn is present at the substrate/scale interface forming small streaks. V can 

mainly be seen in the top scale. 
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BSEI for the hot corroded NiCrAIY coated Superni 718 specimen, Fig. 6.27 

shows a lamellar structure of scale, with a dense layer at the top of the scale. X-ray 

mappings confirm that this layer mainly contains nickel and aluminium in the form of 

thin streaks. Chromium is also present in substantial concentrations in the layer. 

Vanadium and silicon are seen in the outer layers of the scale and formed some clusters 

also. In rest of the scale nickel can be seen at the places where aluminium is absent and 

vice-versa. Cr has also shown higher concentrations in the Ni-rich areas. Iron, titanium 

and tantalum have diffused from the base alloy upwards and got dispersed uniformly in 

the scale. The iron diffusion is high near the coating/substrate interface. A continuous 

streak consisting of high amount of Ti can be seen just above the scale/base superalloy 

interface, where Cr is also present. 

A corresponding analysis for the coated Superfer 800H (Fig. 6.28) indicates a 

scale consisting of a top layer containing oxides of nickel, chromium and aluminium. 

While the coating has retained its lamellar structure in the lower portion of the scale, 

where Ni-rich splats are encircled by oxides of aluminium. Cr is also seen forming 

stringers along the splat boundaries and pores/voids, and seems to have got oxidised. 

Diffusion of iron from the substrate to the lower layers of the scale is also evident. 

Vanadium has diffused into the entire scale, and its concentration is high in the top 

layers. Whereas sulphur has penetrated into the base superalloy to get segregated with 

chromium at the places, where Ni and Fe are absent. 

6.1.3 	Ni-20Cr Coating 
6.1.3.1 	Visual Examination 

The colour of scales after first cycle was grey which gradually turned to dark 

green for all the plasma spray Ni-20Cr coated superalloys with the advancement of 

cyclic hot corrosion study, except for the Ni-20Cr coated Superni 718 (Fig. 6.29). 

The colour of the scale in latter case was grey upto the end of study although 

greenish tinges dominated the grey colour during first 9 cycles. The scales were 

found to be smooth and intact, in general. Spalling of the scales was not observed for 

the Ni-20Cr coated and corroded superalloys, but marginal spalling of the coatings 

was observed near and/or the edges, as already mentioned in Section 6.1.2.1. The 

initiation of the said superficial cracks started from 4'", 34", 16`", 18`" and It cycle 

respectively for the coated Superni 75, 600, 601, 718 and Superfer 800H. The extent 
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of this slight spallation was comparatively more in case of coated Superni 601 and 

Superfer 800H, whereas it was lowest in case of coated Superni 600. 

6.1.3.2 Thermogravimetric Data 

Weight change (mg/cm2) variations as a function of time expressed in number 

of cycles for the Ni-20Cr coated superalloys after hot corrosion in Na2SO4-60%V2O5 

at 900°C for 50 cycles are shown in Fig. 6.30. Evidently the Superni 600, 601 and 

Superfer 800H superalloys with plasma sprayed coating conceived lesser overall 

weight gains as compared to their uncoated counterparts in the given molten salt 

environment, whereas in case of Superni 75 the weight gain in coated condition is 

two folds of that in uncoated condition. Further the values of overall weight gains for 

the coated Superni 600, 601 and Superfer 8001-I are comparable that means these 

coated superalloys have revealed approximately similar hot corrosion resistance. 

Besides, the plots in Fig. 6.30 point out that the plasma sprayed Ni-20Cr coating is 

relatively more effective in imparting hot corrosion resistance to the Fe-base 

superalloy than to the Ni-base superalloys under study. This coating has reduced the 

overall weight gain by around 80% in case of Superfer 800H, whereas by around 

20% and 57% for Superni 600 and 601 cases respectively, leaving aside the case of 

Superni 718, where intense spalling and sputtering restricted the total weight gain 

measurements to 20 cycles only. 

To establish the rate law for the cyclic corrosion, square of weight gain/area 

data is plotted versus number of cycles in Fig. 6.31, which reveals some scatter in the 

data invariably in all the cases. Still the corrosion kinetics could be approximated by 

parabolic rate law in case of Superni 600, 601, 718 and Superfer 800H with Kp  values 

calculated as 5.05, 4.72, 8.32 and 5.04x10' Y0  g2  cm s'' respectively. While the coated 

Superni 75 indicates inconsistency in the parabolic rate constant, which has value of 

22.95x1040  gz  cm-4  s I  upto first 16 cycles and then changes to 9.36x10-'0  g2  cm 4  s-1  

for 17th  to 38th  cycle. This follows another transition to somewhat lower value of 

4.49x10-10  g2  em 4  s' in the remaining cycles. It is worth mentioning here that the last 

value of parabolic rate for the coated Superni 75 is comparable with those for the 

coated Superni 600, 601 and Superfer 800H. 
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Fig. 6.29 	Macrographs of the Ni-20Cr coating with bond coat subjected to cyclic 
oxidation in Na2SO4-60%V205  at 900°C for 50 cycles having substrate 
superalloys 
(a) Superni 75 	(b) Superni 600 	(c) Superni 601 
(d) Superni 718 	(e) Superfer 800H 
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Fig. 6.31 	(Weight gain/area) 2 vs. number of cycles plot for the Ni-200r coated 
superalloys subjected to cyclic oxidation for 50 cycles in Na2SO4- 
60%V203 at 900°C. 
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6.1.3.3 	Scale Thickness Measurement 
Backscattered electron images along the smallest cross-section of Ni-20Cr 

coating on Superni 75, 600, 601, 718 and Superfer 800H substrate superalloys after 

cyclic hot corrosion are shown in Fig. 6.35 through Fig. 6.37. Average scale thickness 

as measured from BSE Images is 199, 269, 188, 196 and 158 .tm respectively for the 

coated Supemi 75, 600, 601, 718 and Superfer 800H substrate superalloys. Evidently, 

Ni-20Cr coated Fe-base superalloy has • indicated a minimum scale thickness in the 

present study. 

6.1.3.4 	X-ray Diffraction Analysis 

XRD profiles for the scales of Ni-20Cr coated superalloys after hot corrosion in 

molten salt at 900°C for 50 cycles shows common phases for all the substrate superalloys 

as can be seen in Fig. 6.32. The profiles are shown on reduced scales. Nickel oxide 

(NiO) is revealed as a prominent phase for Ni-20Cr coated superalloys. In addition to 

NiO, some weak peaks of Cr203 and NiCr204  are also observed. 

6.1.3.5 SEM/EDAX Analysis 

(a) Surface Morphology 

SEM micrograph alongwith EDAX measurements at some selected points for 

the oxide scale of Ni-20 Cr coated Superni 75 exposed to hot corrosion in the molten 

salt at 900°C after 50 cycles is depicted in Fig. 6.33 (a). The micrograph reveals a 

spongy scale, with a white phase consisting mainly of NiO (74%), with substantial 

amounts of Cr203 and A1203 present in it. Whereas in the black matrix the amount of 

NiO is 36% alongwith significant concentrations of Cr203  and A1203. The presence of 

Al and Y on the surface of the scale indicates the probable diffusion of these elements 

from the bond coat. Analogous SEM micrograph for the coated Superni 600, Fig. 6.33 

(b) shows a blocky morphology which is a typical structure for NiO (Susan and 

Marder, 2002). Small amount of V205 is also present in the subscale, refer point 1. The 

granular scale in the case of coated Superni 601 is again having mainly NiO in its top 

most layer, Fig. 6.33 (c). The black patches present in the scale have shown a decline 

in the concentration of NiO, with increased content of Cr203 and A1203. 

A similar analysis for the coated Superni 718 case, Fig. 6.34 (a) indicates a 

scale consisting of distorted granules. EDAX analysis again predicts NiO as the main 

constituent of the scale. Further the SEM micrograph for the coated Superfer 800H 
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scale shows a big black region in the scale, Fig. 6.34 (b), which contains nearly equal 

amounts of Cr203 and NiO, while the top scale is seen to have NiO as the main phase. 

The presence of small quantities of oxides of Fe and Si in .the top scale indicates the 
diffusion of these elements from the substrate. 

(b) Cross-Sectional Analysis 

SEM/EDAX analysis along the cross-sections of Ni-20Cr coated Superni 75, 

600, 601, 718 and Superfer 800H specimens corroded in Na2SO4-60%V205  
environment at 900°C is shown in Fig. 6.35 to Fig. 6.37 respectively. In case of the 

coated Superni 75, the outermost layer of the scale is found to be rich in nickel, 

chromium and oxygen as shown at point 6, Fig. 6.35 (a). EDAX analysis at points 2-

6 shows a significant diffusion of iron from the substrate across the thickness of 

scale, Further, oxygen is found to be present at the points 4 and 6 only, alongwith 

nickel, chromium and aluminium, and proportionately less iron. The presence of 

aluminium at point 6 reveals the probable diffusion of the same from the bond coat. 

The scale contains nearly uniform quantities of chromium along its thickness as 

revealed form EDAX analysis at points 2 to 6, while other elements show 

fluctuations in their concentrations. 

BSEI for the coated Supemi 600, Fig. 6.35 (b) shows a scale which has a massive 

structure in its outermost region, while the inner region of the scale is having lamellar 

structure resembling with the as sprayed morphology of the bond coat (Chapter 4). 

EDAX analysis indicates that the outer layers are having mainly oxides of Ni and Cr, 

while small amounts of aluminium are also present in them. The presence of Al in the top 

layers points out the diffusion of the same from the bond coat. Further the dark phase in 

the bond coat region of the scale has high Al content as compared to the white phase, 

which is Ni-rich. Presence of oxygen at point 1 indicates that oxygen has penetrated the 

substrate. However, the concentration of oxygen is observed to be decreasing as one move 

towards the bond coal/base alloy interface. 

Duplex scale has been observed in case of coated Superni 601, Fig. 6.36 (a) 

where oxygen content increases as one moves towards outer layers of the scale, 

except at point 2, where oxygen is present in higher amount. The top layers of the 

scale are again having oxides of mainly Ni and Cr. Aluminium has diffused into the 

top scale from the bond coat to form its oxide as revealed from EDAX analysis at 
point 5 and 6. Further, the points at which nickel is present in large quantities 
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aluminium is found in feeble amounts as analysed at points 3 and 4. Bond coat has 
retained its structure, where black phase is having high aluminium concentration and 
the white phase contains mainly Ni. Oxygen has even reached to the substrate and 

internal oxidation is perceptible. 
Analogous analysis for the coated Superni 718, Fig. 6.36 (b) shows an intact 

scale, the outermost layers of which contain oxides of mainly Ni, Cr and some Al. 
The presence of Al in these layers indicates that the diffusion of aluminium has 
taken place from the bond coat. The bond coat seems to have retained its identity. 
Further, in the layers of the scale, Ni-rich areas are depleted of Al and vise-versa. Cr 
is found almost in uniform amount along the cross-section of the scale, with an 

exception at point 6. At point 6, the amount of chromium has increased substantially. 
Iron has also shown diffusion into the scale from the base superalloy as iron is found 
to be present at points 2 and 3. Oxygen has penetrated upto the substrate. 

A corresponding analysis for the coated Superfer 800H superalloy again 
shows two distinct regions in the scale, Fig. 6.37. The inner region seems to have 
retained its identity, while outer region has become massive in appearance. The top 
scale is again found to be consisting of oxides of mainly Ni and with some Cr. 

Diffusion of Al from the bond coat to the top scale has also been noticed. Chromium 
has shown uniformity in its concentration along the cross-section of the scale. Traces 
of iron are also found in the scale, which point out the migration of the same form 
the substrate to the scale. 

In gtneral it has been observed that the scales for all the Ni-20Cr coated 
superalloys under study show domination of nickel alongwith some chromium and 
oxygen in their outermost layers. Moreover, the scales have shown good adherence 
to their respective substrates, 

6.1.3.6 	EPMA Analysis 

Elemental X-ray mappings for Ni-20Cr coated Superni 75 superalloy, Fig. 
6.38 after hot corrosion in molten salt at 900°C for 50 cycles indicate formation of a 
scale with its top layers containing mainly nickel, while chromium is found to be co-

existing with nickel at most of places in this layer. At the places in this top layer 

where nickel is absent, aluminium has got diffused from the bond coat. Yttrium has 

also diffused to these places and co-exists with aluminium. In the bond coat region of 

the scale, aluminium and nickel are present at alternate positions. Some diffusion of 

titanium from the substrate into the scale is also noticed especially near the bond 
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coat/substrate interface, where a thin streak of titanium is evident. Traces of 

vanadium are present in the upper region of the scale. 

EPMA for the cross-section of Ni-20Cr coated Superni 600 superalloy 

corroded for 50 cycles in the given environment shows a dense layer in the upper 

portion of the scale (Fig. 6.39), which is rich in nickel and contains chromium also. 

Aluminium and yttrium have also shown their co-presence in the form of clusters in 

some regions of this layer, which indicate their diffusion.from the bond coat. This 

might have caused some aluminium depleted areas in the bond coat region as is 

evident from the X-ray mapping for Al. There are some other places in the scale 

which are depleted of nickel and are having higher concentration of Cr. Iron has 

migrated from the substrate into the scale especially near the substrate/coating 

interface. Similar observations can be made from the EPMA analysis of the same 

specimen at some different place, Fig. 6.40 using oxygen detection crystal. From the 

oxygen map, it can be clearly inferred that oxidation•has taken place in the bond coat 

along the splat boundaries, where mostly aluminium and chromium are present. In the 

top scale, aluminium has diffused and it is present in the form of streaks, perhaps 

along the splat boundaries, where nickel is absent. Nickel present in the splats at 

some places has not got oxidised, whereas in one part of the upper scale, Ni and Cr 

have got oxidised, 

A corresponding analysis for the oxidised Ni-20Cr coated Superni 601 specimen, 

Fig. 6.41 shows an oxide scale with an uppermost layer consisting mainly of nickel. 

Presence of Al, Cr, Fe, Si and Mn has also been revealed in this layer in the form of 

clusters. There is an underlayer containing mainly nickel and chromium just below the 

uppermost layer. The presence of a Ni-rich area normal to the substrate surface in the 

middle of the scale where Cr is depleted indicates that crack might have formed and got 

heeled by diffusion of Ni from the bond coat. Aluminium has diffused to the places 

where nickel and chromium are absent in the upper coat. Yttrium is observed to be 

mainly confined to the bond coat, with a minor diffusion of the same into the top coat 

and it co-exists with aluminium. Presence of vanadium in the top coat as well as bond 

coat has also been confirmed by X-ray mappings. Diffusion of iron into the bond coat is 

very intensive near the bond coat/base alloy interface. Further, silicon and manganese 

have also migrated into entire cross-section of the scale with a tendency to form small 

streaks. 
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Fig. 6.36 	Oxide scale morphology and variation of elemental composition across 
the cross-section of Ni-20Cr coated superalloys subjected to cyclic 
oxidation in Na2SO4-60%V205 at 900°C after 50 cycles 
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Further, minor spalling of the scales was also observed in the form of green powder 

in all the cases. In case of Superni 75 and 600 this spalling took place from the places 

from where the coating was detached due to cracks. Whereas the spalling of the scale in 

general was observed in case of Superni 718 and Superfer 800H by the end of 48 h̀  and 2601  
cycle respectively. 

6.1.4.2 Thermogravimetric Data 

The weight gain/unit area data for the uncoated and Ni3Al coated superalloys 
subjected to molten salt (Na2SO4-60%V205) oxidation for 50 cycles at 900°C is 
plotted as a function of time expressed in number of cycles in Fig. 6,45. Clearly the 

overall weight gain at the end of 50 cycles is reduced after the application of plasma 

spray Ni3AI coating in case of Superni 601 and Superfer 800H, whereas nothing can 

be concluded in case of Superni 718 as in the latter case, intense sputtering and 

spalling made it difficult to take the overall weight change upto 50 cycles. The 

overall weight gain for the coated Superfer 800H superalloy is found to around 29% 

of that for the uncoated superalloy, whereas for the coated Superni 601 the 

corresponding value is in the order of 6&%. Furthermore the cumulative weight gain 

due to cyclic hot corrosion in case of Superni 75 and 600 has increased after the use 

of the coating. Besides the Ni3Al coated Superni 75 has shown highest resistance to 

corrosion among the Ni3AI coated superalloys on the basis of weight gain at the end 

of 50 cycles. 

In Fig. 6.46, the weight gain/unit area square data has been plotted against the 

number of cycles, which indicate that the oxidation phenomena can be approximated 

by parabolic rate law for the coated superalloys. The coated superalloys Superni 601, 

718 and Superfer 800H have parabolic rate constants (Kr) as 12.63, 18.50, 9.06x10"10  

g2  cm-4  s" respectively upto 50 cycles, whereas the coated Superni 75, 10.15x 10.10  g2  

cm"4  s'I  upto 42 cycles, beyond which parabolic rate law no longer holds good. 

Furthermore, the coated Superni 600 has shown reduction in the value of Kp  from 

25.00x10-10  g2  cm-4  s" (upto 36 cycles) to 7.74x10' 0  g2  cm4  s 1  towards the end of 

exposure time. It is pertinent to mention here that the value of Kp  for the Ni3AI coated 

Superni 718 (50 cycles) is lower than that for uncoated Superni 718 (20 cycles). 
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Fig. 6.44 	Macrographs of the Ni3AI coating with bond coat subjected to cyclic 
oxidation in Na2SO4-60%V2O5  at 900°C for 50 cycles having substrate 
superalloys 
(a) Superni 75 	(b) Superni 600 	(c) Superni 601 
(d) Superni. 718 	(e) Superfer 800H. 
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6.1.4.3 Scale Thickness Measurement 

SEM back scattered micrographs for the corroded cross-sections of Ni3AI 

coated superalloys Superni 75 and 601 are shown in Fig. 6.47, whereas those for the 

Ni3AI coated superalloys Superni 600, 718 and Superfer 800H are shown in Fig, 6.51 

(b), Fig. 6.52 (a) and (b) respectively. The scale thickness values for the coated Superni 

75 and 600 are very similar and are measured as 285 and 287 µm respectively. A 

minimum scale thickness of 151 µm has been obtained by the coated Superni 718. 

Whereas the corresponding values are 240 and 178 µm respectively for the coated 

Superni 601 and Superfer 800H. 

6.1.4.4 X-ray Diffraction Analysis 

X-ray diffractograms for the Ni3AI coated superalloys after 50 cycles of hot 

corrosion in Na2SO4-60°%205 at 900°C are shown in Fig. 6.48 on reduced scales. 

Identical phases have been revealed in the surface scale of all the five coated 

superalloys. The XRD analysis revealed the formation of nickel oxide (NiO) as a 

main phase, whereas aluminum oxide (A1203) and NiA1204 phases are also indicated 

by relatively low intensity peaks in the respective diffraction patterns. 

6.1.4.5 SEM/EDAX Analysis 

(a) Surface Morphology 

After hot corrosion in Na2SO4-60%V205 environment at 900°C for 50 cycles the 

scales of Ni3Al coated superalloys in general contain high amounts of nickel oxide (NiO) 

as is evident from SEM/EDAX analysis shown in Fig. 6.49 and Fig. 6.50. The scale in the 

case of coated Superni 75 has spongy appearance, Fig. 6.49 (a) and is mainly consisting of 

NiO and at some places there is small concentration of Cr203 and V205 present in it. The 

scale for the coated Superni 600 superalloy has shown a fine grained morphology, where 

some spalling of the scale has also been noticed, which is revealed as black areas in the 

micrograph, Fig. 649 (b). The scale is mainly NiO. A small quantity of V205 is detected 

by EDAX analysis at a point in the subscale. Whereas scale has distorted grains for the 

coated Supemi 601 superalloy and is again consisting mainly of NiO. Small quantities of 

Na20 and V205 are found in the top scale, while the subscale contains Cr203  in small 
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concentrations. Further, the top most layer of the scale for the coated Superni 718 is mainly 

NiO. At some spots, the presence of V205, Cr203 and Y203 has also been indicated, which 

may perhaps be the spalled regions, Fig. 6.50 (a). The presence of Y at this point indicates 

that diffusion of Y has taken place from the bond coat. Similar analysis for the coated 

Superfer 800H scale shows that the top scale is NiO again, whereas the sublayer has small 

quantities of Y203, V205 and A1203 present in it also. 

(b) Cross-Sectional Analysis 

Cross-sectional BSEI and EDAX analysis for the Ni3AI coated Superni 75 

after an exposure to Na2SO4-60%V205  environment at 900°.0 for 50 cycles are shown 

in Fig. 6.51 (a). It is evident from the micrograph that the scale has two distinct zones 

present in it. The outer zone of the scale looks to be massive with some lamellar 

cracks. EDAX analysis at two points i.e. 5 and 6 shows that this region mainly 

consists of nickel oxide, and contains aluminium oxide also. The presence of 

chromium in this zone indicates that diffusion of the same has taken place from the 

bond coat into the top coat. The portion of the scale between the top zone and the 

substrate seem to have retained its as-sprayed lamellar structure (Chapter 4). The 

EDAX measurements at points 2 and 3 further reveals the presence of perhaps 

unreacted Ni, Cr and Al in a composition similar to that of bond coat alloy powder. 

Besides it is clear from the analysis along cross-section of the scale that wherever 

concentration of nickel increases, there is reduction in aluminium concentration and 

vise-versa. Moreover the absence of oxygen in the substrate shows that it has 

remained unaffected. 

Back scattered electron image in the case of coated Superni 600, Fig. 6.51 (b) again 

shows a duplex scale. The outer massive portion of the scale is mainly consisting of oxides 

of nickel, while small amounts of aluminium are also visible throughout this portion 

indicating probable formation of alumina. The diffusion of chromium into the top scale 

from the bond coat has also been confirmed by the analysis. The presence of oxygen in the 

bond coat indicates that bond coat might also have got partially oxidised. 

Oxide scale morphology for the coated Superni 718 is again similar to those 

exhibited by the coated Supemi 75 and 600 cases. In the massive top scale, there is 

richness of Ni accompanied by depletion of aluminium and vise-versa, as is clear from the 
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EDAX analysis at points 4, 5 and 6 in Fig. 6.52 (a). Migration of chromium from the bond 

coat to the top scale is evident in this case also. Oxygen is seen penetrating even upto the 

base superalloy. Besides, the dark black phases in the scale are found to have high amounts 

of aluminium with a low in concentration of nickel. 

The presence of oxygen throughout the cross-section of oxide scale for the 

corroded Ni3Al coated superalloy Superfer 800H, Fig. 6.52 (b) indicates that whole of the 

coating might have got oxidised alongwith internal oxidation of some portion of the base 

alloy. The morphology of the scale is again similar to that of the other Ni3A1 coated 

superalloys described in this section. It is worth mentioning that the diffusion of chromium 

from the bond coat into the top scale has not been indicated in this case. Whereas minor 

diffusion of Fe into the bond coat and the top scale can be observed from the EDAX 

analysis, which is very prominent at a point 2, near the scale/base alloy interface. 

6.1.4.6 EPMA Analysis 

Elemental X-ray mappings for the corroded cross-section of Ni3Al coated Supemi 75 

superalloys are shown in Fig. 6.53. The upper zone of the scale is consisting mainly of nickel 

with some aluminium. At some places in this zone where nickel is absent, aluminium is 

present and vise-versa. Small amounts of vanadium and chromium are also present in this 

portion. Just below this top zone of the scale, a band with high concentration of chromium 

can be seen. In the bond coat region of the scale Ni, Cr, Al and Y are mainly revealed and 

bond coat seem to have retained its original structure. Titanium and iron have shown their 

presence throughout the scale indicating diffusion from the substrate superalloy and a thin 

streak of titanium has formed at the bond coat/base alloy interface. Minor diffusion of Y is 

also indicated into the top scale, where it is present in form of small clusters. 

A similar analysis for the coated Superni 600 indicate a nickel oxide rich band 

at the top of the scale, which contains dispersed aluminium oxide at the places, where 

nickel is depleted of (Fig. 6.54). Vanadium has also diffused in this band and in 

present at the places were both nickel as well as aluminium are absent. Chromium 

diffusion from the bond coat into the top scale is minor. In rest of the scale which 

corresponds the bond coat, nickel rich splat containing chromium are visible, which 

are mainly surrounded by aluminium oxide. Chromium oxide has also formed 

stringers around most of these splats and seems to co-exist with aluminium oxide. 

Sulphur has penetrated into the base alloy perhaps along the grain boundaries. 



EPMA analysis of the Ni3AI coated Superni 601 specimen after exposure to 

the given environment, Fig. 6.55 reveals that the top region of the scale mainly 

consists of nickel. At the places in this top scale, where nickel is depleted, aluminium 

is present in higher concentrations in the form of small streaks. Chromium has shown 

tendency to diffuse into the lower layers of this top region of the scale, especially at 

the places where aluminium is in low concentrations. Some elongated clusters of 

vanadium and silicon are also revealed at the top of the scale. Nickel and aluminium 

are present at alternate locations in the bond coat, while chromium seems to be co-

existing with nickel, and yttrium has shown its presence alongwith aluminium. Iron 

and manganese have also migrated to the scale from the substrate superalloy and a 

high concentration of iron is observed just above the scale/base alloy interface. 

The topmost band of the scale for hot corroded Supemi 718 case (Fig. 6.56) is 

mainly nickel oxide and contains streaks of aluminium oxide at the places where nickel is 

absent. V is also seen in this layer in the form of stringers. In the bond coat region of the 

scale, nickel and aluminium oxide are present at alternate positions. While chromium is seen 

forming thin band in the middle of scale by diffusing upwards just below interface between 

the bottom and top coat. This might have resulted in observed Cr-depleted band in the upper 

layer of bond coat. There is a little high concentration of nickel just below the bond coat in 

the form of a continuous layer, which is depleted of Cr. Sulphur is present with nickel in a 

band, which is depleted of chromium. Iron has shown minor diffusion into the scale, whereas 

molybdenum diffusion into the topmost layers of the scale is substantial. 

Corresponding analysis for the Superfer 800H case (Fig. 6.57) reveals that the 

upper scale is consisting mainly of nickel oxide, and the bond coat has retained its 

identity. Ni in the bond coat has remained un-oxidised, and aluminium oxide is present 

along the Ni-rich splats. Chromium has migrated to the upper layers from the bond coat, 

leaving behind a band depleted of Cr. There is also indication of diffusion of Cr from the 

substrate with lower region of bond coat, which is obvious from Cr-depleted band in the 

base alloy, and this band has got enriched with nickel. S is present in the form of thin 

parallel layers below the substrate/bond coat interface. There is some ingress of 

vanadium into the scale and it is present as clusters in the top scale. Iron has migrated 

from the base alloy through the bond coat and is present in the upper scale, and at some 

places, it co-exists with vanadium: 
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Fig. 6.48 X-ray diffraction patterns for the Ni3AI coated superalloys subjected to 
cyclic oxidation in Na2SO4 -60%V205  at 900°C after 50 cycles. 
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Fig. 6.51 	Oxide scale morphology and variation of elemental composition across 
the cross-section of Ni3Al coated superalloys subjected to cyclic oxidation 
in Na2SO4-60%V205 at 900°C after 50 cycles 
(a) Superni 75 	(b) Superni 600. 
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Fig. 6.52 	Oxide scale morphology and variation of elemental composition across 
the cross-section of Ni3AI coated superalloys subjected to cyclic oxidation 
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(a) Superni 7I8 	(b) Superfer 800H. 

295 



I -  
q PeKd-' 

'I 	• 	—- 	 - 	'I 
., 	 •_ 	I 

I. 	 •-_e 	 - 	- 	 I' 

p 	- 

1 

b 	 I 
-.4 - - 

- '- F' - 	 - 
r p 	 .4 

._t " 	I 	 4 — 
I -  A' . £ 	- 

£ ' 	
•- 	-'-'--- 

:; 	- - 4 - 	-. 	,••.J 

• •: 	• 	-;.•4. 	- 	;--• 	- 	• . 	• 	-•-.: .-¼ç  -t --'•-..r'r 	.- - 	,- 	 — - 4 	' 
-. 	.: 	---- . -• 	A 	•: 	.... -.:..- 	

Se:.;. 



BSL1 
S -. 

4- 

t:4Afe... 

Cr-Ku. - 	- 

Fe -Ka 

- 	- 



., j:.... a.- 

-. 	.. 	.•..•.. 	•. 	. 	. 	. 
- 	4 

t..r..-'.• 	..: ,..'tt"tC 

-. 	,%..-... •1' 	—. 	.. 
-- 	- 	' 

. .._.,- 	. 	- . 	.... 	-.. 	. 	- 



BS CI 	

g5~rj tMt 
O`t(~5

a+'~ '~t{l¢
''~. _^'

^~.z ~ 

Ni-Ku 	Cr-Ku 

1'i~"~''..~f..isfx.3.....~.~f _~~.`l*e si~"~A <vSz?_e\ 	H 	.x-. 	.-: F.,. ~•. ,< 

Fe—Ku - 	- -  

14' 

S-Ku 

- -t- .- ^ 	xnv 

CIO-La _.. 	 . 	. . 



• • 1-.- 	•- Llt. 
J-k(s. 	I, •- 

•";} 4'/t-'C.. 	•'• ? :--',-' 

IISF[ 	A 	 a 	 • O-Ka 	-, 

I 	 C' 

-' 	
1 	.,-.pA 	 -t-••• 	,_ 	. 	t q. 	t 

4c'kfl 	 ?dZ 

Cr-Ku  

.9, 

• •"•Mt-;ç,, •'-:-:::'—•- ,,_._ 

Ka
. -••. 	- 	

_,-..- '!'. 	,•.,_. 

- 
t 	+• 	1d•_ -- s. 

••• 	, 

— Ile - 	S 

S-Ku 	•-- 	- 	- 

- 	'I 

t•,. 
F,. 



6.1.5 Stellite-6 Coating 

6.1.5.1 Visual Examination 
Macro morphologies of the oxide scales for the plasma spray Stellite-6 coated 

superalloys after hot corrosion in Na2SO4;60%V2Os at 900°C for 50 cycles are depicted 

in Fig. 6.58. Colour of the oxide scales for all the coated superalloys was grey after the 

first cycle which turned to dark grey during first 8 to 9 cycles, and subsequently showed 

the formation of silver grey areas on the dark grayish background with the progress of 

cycles. The superficial cracking at or near some of the edges started from the end of 15 h̀, 

415` and 13 h̀  cycle respectively for the coated superalloys Superni 600, 718 and 

Superfer 800H, which resulted in minor spallation of the coating from/near edges 

(Section 6.1.2.1). The relative magnitude, of loss to the coating due to said spalling 

was highest for Superfer 800H substrate, where the top layer of the main coating flaked 

off from one of its flat surface over a small area, while it remained intact with all the 

other surfaces. Whereas the coating in case of Superni 75 and 601 did not suffer 

spallation, although superficial minor cracks were seen near one edge by the end of 22 

and 23 d̀  cycle in the respective cases. 

Further the minor spalling of the scale was observed invariably for all the coated 

superalloys which once started continued upto the termination of the study in the form of 

fine blackish powder. This spalling initiated from 27 h̀, l l'h, 36 h̀, 24 h̀  and 7 h̀  cycle for 

the coated superalloys Superni 75, 600, 601, 718 and Superfer 800H respectively. 

6.1.5.2 Thermogravimetric Data 

Weight changes expressed in mg/cm2  have been plotted in Fig, 6.59 as a function 

of time expressed in number of cycles for the Stellite-6 coated as well as uncoated 

superalloys subjected to cyclic oxidation in Na2SO4-60%V205 environment at 900°C for 

50 cycles. The overall weight gains after 50 cycles are measured to be 23.64, 28.08, 

28.02, 22.96 and 31,44 mg/cm2  for the Stellite-6 coated Superni 75, 600, 601, 718 and 

Superfer 800H respectively. Therefore it can be inferred that among the Stellite-6 coated 

superalloys, the coated Superni 718 has shown the highest corrosion resistance to the 

given environment. Further, Stellite-6 coating is found to be successful in decreasing the 

weight gain in case of Superfer 800H substrate only, which is 60% of the weight gain 
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in the corresponding uncoated case. Otherwise the higher overall weight gains are 

indicated by coated Superni 75, 600 and 601 specimens as compared to ones for the base 

alloys, whereas nothing can be concluded regarding Superni 718 on the basis of weight 

gain data as the data could not be obtained upto 50 cycles for the uncoated case. The 

cumulative weight gains shown by the coated Superni 75 and 718 as well as Superni 600 

and 601 superalloys are nearly same. 

The squares of total weight gain values per unit area (mg2/cm4) are plotted in 

Fig. 6.60 against the number of cycles to under stand the kinetics of corrosion for the 

Stellite-6 coated superalloys. The coated superalloys in general followed the parabolic 

rate law for the whole range of cyclic study with parabolic rate constant (Kr) values as 
26.92, 43.26, 42.36, 30.38 and 50 x 10'10  g2  cm s' respectively for the coated Superni 

75, 600, 601, 718 and Superfer 800H. It is worth mentioning that this coating has shown 

the minimum deviations from parabolic rate law in comparison to those shown by the 

NiCrAIY, Ni-20Cr and Ni3AI coatings. 

6.1.5.3 Scale Thickness Measurement 

The BSEI for the corroded Stellite-6 coated Superni 75, 600, 601, 718 and 

Superfer 800H are shown in Figs. 6.64 to 6.66 respectively. The thickness values 

evaluated from these BSE images are found to be 435, 603, 591, 496 and 549 µm 

respectively for the coated Superni 75, 600, 601, 718 and Superfer 800H respectively. 

6.1.5.4 X-ray Diffraction Analysis 

XRD profiles for the scales of Stellite-6 coated superalloys after hot corrosion in 

molten salt at 900°C for 50 cycles shows the formation of common phases for all the 

substrate superalloys as can be seen in Fig. 6.61. These profiles are shown on reduced 

scales. Coo and CoCr204 are revealed as the main phases in the scales. Whereas some 

weak peaks indicating the presence of Cr203 are also visible in the respective 

diffractograms. 

6.1.5.5 SEM/EDAX Analysis 

(a) Surface Morphology 

SEM morphology and EDAX analysis for Stellite-6 coated Supemi 75, 600 and 

601 superalloys after cyclic hot corrosion are shown in Fig. 6.62, whereas those for 

Superni 718 and Superfer 800H in Fig. 6.63. Scale for the coated Superni 75 consists of 
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irregular shaped grains (splats) along which there are white layers, and very fine globules 

are present throughout the scale. The scale mainly contains CoO with some Cr203, Fig. 

6.62 (a). NiO and A1203 are also present in small percentages. 

Oxide scale for the coated Superni 600 also contains globules distributed across the 

scale, somewhere irregular shape splats are seen with black colour inside and white phase 

along the boundaries, Fig. 6.62 (b). The black region contains lower amount of CoO and 

higher amount of Cr203. In the black region the CoO precipitates have got nearly halved, 

while Cr203 got doubled as compared to the white region. SEM micrograph, Fig. 6.62 (c) 

shows a scale having spongy appearance in the case of coated Superni 601. The top scale is 

again having the dominance of CoO, and also has Cr203 and NiO in noticeable amounts. 

While NiO is found to be absent in the spalled region of the scale and the concentration of 

CoO, in mm has increased, refer point 1. 

The scale for the coated Superni 718 superalloy, Fig. 6.63 (a) is found to have CoO 

and Cr2O3 as its main constituents in its white region. An increase in the concentration of 

cobalt oxide can be seen in the black region of scale, where the concentration of Cr203 

has reduced by 50%. Further migration of aluminum from the bond coat to the top coat to 

form alumina in the spatted region of the scale (black region) is also observed. Contrary to 

the stellite-6 coated Ni-base superalloys, the Fe-based Superfer 800H has shown 

dominance of Cr203 in its scale, Fig. 6.63 (b). CoO content is nearly uniform throughout 

the scale. The black region (matrix) has relatively higher concentration of chromia, and 

white phase along the grain boundaries contains lesser amounts of Cr203. 

(b) Cross-Sectional Analysis 

Scale morphologies and EDAX analysis of the cross-sections of plasma spray 

Stellite-6 coated Superni 75, 600, 601, 718 and Superfer 800H superalloys after 50 

cycles of hot corrosion are reported in Fig. 6.64 to Fig. 6.66 respectively. It is obvious 

from the respective figures that the scale morphologies are very similar in all the cases 

and show two layers having different structures. The top and bond coats have retained 

their original structures. EDAX analysis done at a point (point 6) near the outermost 

layer of the scale indicates that this layer mainly consists of cobalt, chromium and 

oxygen in all the cases. In the case of coated Superni 75, Co-rich splat present in the 

inner layers of the top scale is found to have remained un-oxidised, point 4, Fig. 6.64 (a). 
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Whereas at point 5 near the cobalt splat boundary, amount of oxygen has increased, and 

aluminium is also found in substantial amounts. Further, light grey phase (point 3) in the 

bond coat consists mainly of nickel and oxygen, whereas the dark phase is rich in 

chromium and oxygen. Whereas, in the case of Superni 600, Co-rich areas in the top 

scale are found to have low oxygen content and vise-versa. In the bond coat, aluminium 

and oxygen are co-existing at the places, where nickel is present in low concentration. 

The splats in case of oxidised Stellite-6 coated Superni 601 are again found to be 

rich in Co (point 4), which are perhaps encircled by Cr-rich oxygen containing 

boundaries (point 5). Alternate layers rich in Al and Ni seem to be present in the bond 

coat. Further, aluminium rich layers are observed to contain increased oxygen content. 

The scale in case of Supemi 718 substrate, again have Co-rich un-oxidised splats in inner 

layers of the top scale (point 3 and 4), which perhaps are surrounded by Cr-rich streaks 

(point 5). Ni-rich splats are found to be present in the bond coat, which have not suffered 

oxidation. EDAX analysis at points 2 and 3 in case of Fe-base superalloy, Fig. 6.66 

predicts significant amount of iron in the bond coat, which may perhaps have diffused 

from the substrate. The splats are again Co-rich (point 5), and relatively high Al content 

is perceptible along the splat boundaries (point 4) in the top scale. 

Moreover, aluminium has diffused to the top scale in minor quantities in all the 

cases, as has been indicated by the EDAX measurements, except in the coated Superni 

600 case. Oxygen has also penetrated into the substrate in case of coated Superni 75, 

601 and Superfer 800H superalloys. The scales are found to be in good contact with their 

respective substrates. 

6.1.5.6 EPMA Analysis 

BSEI and elemental X-ray mappings for the cross-section of Superni 75 Stellite-6 

coated superalloy corroded in an environment of Na2SO4-60%V205 at 900°C for 50 cycles 

are shown in Fig. 6.67, The top zone of the scale is consisting mainly of Co and Cr with 

comparatively small quantities of Si, W and Fe. Bond coat has maintained its identity, and 

there is some migration of Al and Y into the top scale from the bond coat. Vanadium is 

present in the top scale, which seems to have got penetrated along the splat boundaries. 

Nickel has migrated to uppermost layers of the scale. 
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(a) 	 (b) 

(c) 	 (d) 

(e) 

Fig. 6.58 	Macrographs of the Stellite-6 coating with bond coat subjected to cyclic 
oxidation in Na2SO4-60%V205  at 900°C for 50 cycles having substrate 
superalloys 
(a) Superni 75 	(b) Supemi 600 	(c) Superni 601 
(d) Superni 718 	(e) Superfer 800H. 
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Fig. 6.60 	(Weight gain/area) ? vs. number of cycles plot for the Stellite-6 coated 
superalloys subjected to cyclic oxidation for 50 cycles in Na2SO4-
60%V205  at 900°C. 
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EPMA analysis for the corroded Stellite-6 coated Superni 600 superalloy is 

depicted in Fig. 6.68. Top layer is mainly consisting of cobalt and chromium having small 

amounts of W, Ni, Si, Fe and Mn. A nearly continuous streak of aluminium at the outer 

most part of the scale and some clusters of aluminium in the middle layers of the scale are 

noticeable, which reflect the possibility of diffusion of aluminium from the bond coat into 

the top coat. These clusters of aluminium are present at the places where all other elements 

are depleted of Bond coat has retained its identity, where some diffusion of W is noticed. 

Furthermore, EPMA done with oxygen detection crystal at some other location for the 

same scale, Fig. 6.69, clearly indicates that oxygen is present along the splat boundaries in 

the top scale co-existing with chromium at most of the places, and the splats have 

remained un-oxidised. Similarly in the bond coat, nickel rich splats have not suffered 

oxidation, and oxygen is indicated along the splat boundaries, where aluminium and 

chromium might have got oxidised. 

A corresponding analysis for the Stellite-6 coated superalloy Superni 601 (Fig. 

6.70) indicates a dense layer consisting mainly of chromium and cobalt, which also 

contain tungsten, aluminium and silicon, alongwith some Ni and Fe. Further Al has 

formed a thin streak at the top of the scale. The presence of aluminium in the top scale 

indicates diffusion of the same from the bond coat. Small stringers of Fe and Si are also 

seen at the top of the scale. Minor diffusion of iron into the bond coat is also noticed. 

Yttrium is mainly confined to the bond coat and co-exists with aluminium. 

X-ray mappings for St-6 coated Superni 718 (Fig. 6.71) indicate a dense top scale 

consisting mainly of chromium and cobalt, which also contain tungsten and silicon. 

Aluminium, nickel and iron are also present in the upper scale in small quantities. Minor 

diffusion of iron into the bond coat is also visible. Bond coat has retained its identity. Y 

has shown minor diffusion into the top scale from the bond coat. 

An analogous analysis for the coated Superfer 800H superalloy has been compiled 

in Fig. 6.72. The Stellite-6 top coat and the bond coat can be clearly distinguished in the 

BSEI micrograph. Top scale is mainly rich in Cr and Co along with some amount of W. 

Whereas iron and nickel are present throughout the top scale. Titanium is present in the top 

scale in an evenly manner. Aluminium has shown diffusion into the top scale from the 

bond coat. The presence of vanadium has also been revealed in the top portion of the scale, 

thereby indicating ingress of the same. Y is mainly confined to the bond coat. Two 
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continuous bands, one rich in nickel and other in chromium are indicated in the bond 

region of the scale just above the bond coat/substrate interface. Minor diffusion of Fe and 

Ti in the Lover scale that is in the bond coat from the substrate is also indicated. 
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6.2 SUMMARY OF RESULTS 
Results as obtained after hot corrosion of coated and uncoated superalloys in 

molten salt environment are summarised in Table 6.1. These tabulated results are ready 

reference to compare the hot corrosion behaviour of coated and uncoated superalloys. 

Table 6.1 Summary of the results for coated and uncoated superalloys oxidised in 

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

Base Coating Weight Scale Kpx10' Main XRD Remarks 

super- gain thickness g2cm4s' phases 

alloy rng/cm2 µm 

Superni Uncoated 6.82 53 2.65 NiO, 	Fe203, Fragile dark grey scale, blistering 

75 NiCr204, from 	4'' 	cycle 	and 	spallation 

Ni(VO~)z 	and from 13'" cycle upto the end of 

Cr2O3 study with reducing magnitude 

NiCrAIY 5.87 139 1.48 NiO, 	AI203, Intact 	greenish 	scale, 	indicated 

NiCr204 	and minor  spalling towards end, 

CrZ03 integrity 	between 	coating 	and 

base  alloy  preserved  after 

corrosion run 

Ni-20Cr 13.98 199 22.95 NiO, 	Cr2O3 Smooth and intact greenish scale 

(upto 	16'h and NiCr204 without spalling, sound contact 

cycle), between coating and base alloy 

9.36 (upto maintained after exposure 

38'h cycle) 

and 4.49 

Ni3Al 12.15 285 10.15 NiO,  A1203 Green  scale  with  minor 

(upto 	42 and NiAI2O4 spallation 	in a powder form, the 

cycles) coating found integral with base 

alloy after exposure over most of 

the surface area 

Stellite-6 23.64 435 26.92 CoO, CoCr2O, Dark grey scale with indications 

and Cr203 or slight 	spallation 	from 	27'h 

cycle in the form of fine black 

powder,  contact  between 

coating/base alloy 	was found to 

be 	excellent 	during 	and 	after 

cyclic 	oxidation, 	even 	minor 

spalling of the coating along the 

edges was not seen 
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Supemi Uncoated 14.34 147 12.54 NiO, 	Fe2O3, Fragile dark grey scale, cracks 
600 NiCr204, started 	from 	,7'" 	cycle 	and 

Ni(V03)2  and spallation from 22nd  cycle upto 

Cr203  the end of study with reducing 

magnitude 
NiCrAIY 5.87 144 1.71 NiO, 	Al203, Intact greenish 	scale, 	indicated 

NiCr204 	and minor 	spalling towards end, 
Cr203  integrity 	between 	coating 	and 

base 	alloy 	preserved 	after 

corrosion run 
Ni-20Cr 11.42 269 5.05 NiO, 	Cr203  Smooth and intact greenish scale 

and NiCr204  without spalling, sound contact 

between coating and base alloy 

maintained after exposure 
Ni3Al 18.90 287 25.00 NiO, 	A1203  Green 	scale 	with 	minor 

(upto 	36th  and NiAl2O4  spallation 	in a powder form, the 
cycle); coating found integral with base 
then 7.74 alloy after exposure over most of 

the surface area 
Stellite-6 28.08 603 43.26 CoO, CoCr2O4  Dark grey scale with indications 

and Cr203  of 	slight 	spallation 	from 	1 I `h  

cycle in the form of fine black 

powder, 	contact 	between 

coating/base alloy 	was found to 

be very good during and after 

cyclic corrosion 
Supemi Uncoated 24.91 38 28.08 NiO, 	Fe203, Fragile and uneven 	dark grey 
601 NiCr204, scale, 	cracks 	started 	from 	I" 

FeVZO4 	and cycle at the edges accompanied 

Cr203  by 	intensive 	spalling 	upto 	14ih  

cycle, 	which continued upto the 

end 	of 	study 	with 	reducing 

magnitude 

NiCrAIY 8.56 165 2.82 NiO, 	A1203, Intact 	greenish 	scale, 	indicated 

NiCr2O4 	and minor 	spalling from 24 h̀  cycle 

Cr203  in 	powder 	form, 	integrity 

between coating and base alloy 

preserved after corrosion run 
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Ni-20Cr 10.79 188 4.72 NiO, 	Cr203  Smooth and intact greenish scale 

and NiCr204  without spalling, sound contact 

between coating and base alloy 

maintained after exposure 

Ni3AI 17.15 240 12.63 NiO, 	A1203  Green 	scale 	with 	minor 

and NiAl204  spallation 	in a powder form, the 

coating found integral with base 

alloy after exposure over most of 

the surface area 

Stellite-6 28.02 591 42.36 CoO, CoCr204  Dark grey scale with indications 

and Cr203  of slight 	spallation 	from 	36'" 

cycle in the form of fine black 

powder, 	contact 	between 

coating/base alloy 	was found to 

be 	excellent • during 	and 	after 

cyclic 	corrosion, 	even 	minor 

spalling of the coating along the 

edges was not seen 

Superni Uncoated 11.51 48 19.85 NiO, 	Fe203, Fragile 	and 	uneven scale with 

718 (upto 20 (upto 	20 NiCr2O4, intensive spalling and sputtering 

cycles cycles FeV 2O4 	and from 	12'h 	cycle, which further 

only) only) Cr203  intensified 	from 	20th 	cycle 

onwards, 	subsequently 	slowed 

down after 42"d  cycle 

NiCrAIY 8.86 179 4.88 NiO, 	A1203, Intact 	greenish 	scale, 	indicated 

NiCr2O4 	and minor 	spalling towards end, 

Cr203  integrity 	between 	coating 	and 

base 	alloy 	preserved 	after 

corrosion run 

Ni-20Cr 14.03 196 8.32 NiO, 	Cr2O3  Smooth and intact greenish scale 

and NiCr2O4  without spalling, sound contact 

between coating and base alloy 

maintained after exposure 

Ni3AI 19.73 151 18.50 NiO, 	A1203  Green 	scale 	with 	minor 

and NiAI2O4  spallation 	in 	a 	powder 	form 

from 	48'" 	cycle, 	the 	coating 

found 	integral 	with 	base alloy 

after exposure over most of the 

surface area 
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Stellite-6 22.96 496 30.38 CoO, CoCr204  Dark grey scale with indications 

and Cr203  of 	slight 	spallation 	from 	24 t̀' 

cycle in the form of fine black 

powder, 	contact 	between 

coating/base alloy 	was found to 

be very good during and after 

cyclic corrosion 
Superfer Uncoated 52.10 73 130.00 NiO, 	Fe203, Uneven scale, spalling from 2 
800H NiFe2O4, cycle alongwith some sputtering 

FeV204 	and tendency 	from 	71h 	cycle, 
Cr203  continued till the end of study 

NiCrAIY 5.71 253 1.38 NiO, 	AI 203, Intact greenish 	scale, 	indicated 
NiCr204 	and minor 	spalling from 45t°  cycle 
Cr203  in 	powder 	form, 	integrity 

between coating and base alloy 

preserved after corrosion run 
N1-2OCr 10.63 158 5.04 NiO, 	CrzO3  Smooth and intact greenish scale 

and NiCr2O4  without spalling, 	sound contact 

between coating and base alloy 

maintained after exposure 
Ni3Al 15.50 178 9.06 NiO, 	A120, Green 	scale 	with 	minor 

and NiAI2O4  spallation 	in 	a powder 	form 

from 	26th 	cycle 	onwards, 	the 

coating found integral with base 

alloy after exposure over most of 

the surface area 

Stellite-6 31.44 549 50.00 CoO, CoCr2O4  Dark grey scale with indications 

and Cr203  of slight spallation from 7 h̀  cycle 

in the form of fine black powder, 

contact 	between 	coating/base 

alloy was found to be very good 

during and after cyclic corrosion 

over the most of the surface area 
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6.3 DISCUSSION 

6.3.1 Uncoated Superalloys 
In general the uncoated superalloys have indicated accelerated oxidation in 

Na2SO4-60%V205 environment at 900°C in comparison to that in air. The Fe-base 

superalloy Superfer 800H has shown least resistance to the hot corrosion amongst the 

Superalloys Superni 75, 600, 601 and Superfer 800H. The weight gain values for the 

fifth superalloy Superni 718 could, not be compared with the rest of cases, as data is 

available for 20 cycles only for this superalloy. On the basis of cumulative weight gain 

data for 50 cycles, corrosion rate of the superalloys under study can be arranged in the 

following order: 

Superfer 800H > Superni 601 > Superni 600 > Superni 75 

The superior corrosion resistance shown by Ni-base superalloys, Superni 75 and 

600 might be ascribed to the formation of Cr203 and nickel vanadate (Kerby and Wilson, 

1973 and Gitanjaly, 2003). Ni(V03)2 acts as a diffusion barrier for the oxidizing species 

as has been reported by Seierstein and Kofstad (1987). Gitanjaly (2003) has also reported 

similar sequence for the corrosion rates of Superfer 800H, Superni 601 and Superni 75 

based on the weight change data for 30 cycles. Further, it has been observed that all the 

superalloys under study, in general have obeyed parabolic rate law of oxidation upto 

50 cycles, except Superni 718. In the latter case intensive spalling and sputtering 

made it difficult to evaluate overall weight gain upto 50 cycles. However the 

superalloy has followed a parabolic rate law upto 20 cycles. 

It has been observed that the rate of weight gain was relatively high in all the 

cases during the initial period of exposure, which may partially be attributed to the 

formation of NaV03 (m. p.= 610°C) as a result of following reaction at 900°C (Kolta et 
al, 1972): 

Na2SO4 + V205 —> 2NaVO3 (1) + 802 + V2 02 	 (6.1) 
This NaV03 acts as a catalyst and also serves as oxygen carrier to the base alloy, 

therefore will lead to rapid oxidation of the basic elements of the superalloys to form 

protective oxide scales. Simultaneously, the protective scale is destroyed or eliminated by 

molten salts and consequently the metal surface is exposed to direct action of aggressive 

environment as has been indicated in the current investigation also. Sciersten and Kofstad 

(1987) as well as Swaminathan et al (1993) have suggested simultaneous growth of 

oxides and their dissolution in molten salt as per following reaction: 

Cr203 + 4NaVO3 —* 2Na2CrO4(l) + V205 +" 02 	(6.2) 

326 



After a period of high corrosion rate it has been observed that the rate of 

corrosion tends to be almost uniform with the further progress of study. This can be 

ascribed to the slower growth rate of chromia scale. Furthermore, the formation of nickel 

vanadate or iron-vanadate in the scales with the progress of study might have also 

contributed to slower oxidation rate as these vanadates are capable of decreasing the 

short circuit diffusion of ions as has been suggested by Swaminathan et at (1993) and 

Tiwari and Prakash (1997). 

Whereas superalloy of grade Superni 718 underwent extensive spalling and 

sputtering of its scales. In addition to the above mentioned mechanism, the accelerated 

hot corrosion of this superalloy might have also been occurred due to the presence of 

higher amount of molybdenum (3.05%) in it. The molybdenum might have resulted in 

the formation of MoO3, which according to Peters et at (1976) may react with Na2SO4  to 
form a low melting point phase Na2Mo04  by the following reaction: 

Na2 SO,(1)+Mo03 (1)—t Na2 MoO4 (1)+S03 (g) 	 (6.3) 

This might have caused alloy induced acidic fluxing, subsequently giving rise to 

accelerated spalling of the scale. Identical findings have also been reported by Bourhis 

and John (1975), Pettit and Meier (1985), Misra (1986), Shih et at (1989) and Singh 

(2003), Fig. 6.73 shows the plausible mechanism governing the corrosion process for 

superalloy Superni 718 in an environment of Na2SO4-60%V205. 

The surface XRD has indicated the formation of Fe203  and NiO phase in all the 

cases alongwith some weak intensity peaks of Cr203. The presence of spinel NiCr204 has 

also been confirmed in all the Ni-base superalloys, where in case of Fe-base superalloy, 

NiFe2O4  spinel has been indicated by the analysis. Formation of nickel vanadate has been 

revealed in case of Superni 75 and 600, while that of iron-vanadate in case of superalloys 

Superni 601, 718 and Superfer 800H. These X-ray diffraction results are well supported 

by SEM/EDAX and EPMA results. The studies conducted by Iyer et at (1987), 

Swaminathan et at (1993), Tiwari (1997), Tiwari and Prakash (1996), Deb et at (1996), 

Tiwari and Prakash (1997) and Gitanjaly (2003) on similar superalloys also endorse 

formation of identical phases. 
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Fig. 6.73 	Schematic diagram showing probable hot corrosion mechanism for the 
uncoated superalloy Superni 718 exposed to Na2SO4-60%V205 at 900°C 
for 50 cycles. 
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6.3.2 NiCrAIY Coating 
The greenish look of the surface scale of NiCrAIY, Ni-20Cr and Ni3AI coated 

superalloys exposed to cyclic oxidation in Na2SO4-60%V205 environment might be 
attributed to the formation of NiO as has been proposed by Bornstein et al (1975). The 
weight gain data for the NiCrAIY coated superalloys shows that the coating has been 
successful in reducing the overall weight gain in general, Fig. 6.16 and therefore it can 
be inferred that the necessary protection has been provided by the NiCrA1Y coating to 
the base superalloys. The relative corrosion rates of the NiCrAIY coated superalloys 
based on the thermogravimetric data, although not very significantly apart, can be 

arranged in the following order: 
Superni 718 > Superni 601 > Superni 75 > Superni 600 > Superfer 80011 

The protection from hot corrosion might partially be due to the oxides of 
aluminium, chromium and nickel, and spinel of Ni and Cr present in the top scales as 
revealed by the surface XRD analysis. The presence of these phases is further 
supported by the surface and cross-sectional EDAX analysis and by EPMA. The 
formation of identical phases for MCrA1Y coating has also been reported by Wu, Y. N. 
et al (2001) and Wu, X. et al (2001), Singh (2003) and the author (Singh et al, 2005B 
and 2005C). Longa & Takemoto (1992) have also identified NiO and NiCr204 alongwith 
relatively small quantities of Cr203  phase for NiCrAI flame sprayed coatings on steel 

substrates when oxidised in an environment of Na2SO4-85%V20s at 900°C. They 
suggested that preferential NiO and spinel formation prevent the exclusive development 
of chromia layer that is why continuous Cr203 was not present in the surface layer, which 
seems to be true for the current investigation also, refer respective Cr-maps. The 
formation of NiO layers in the scale has also been reported by Seiersten and Kofstad 
(1987) for APS NiCrAIY coating on a Ni-base superalloy Inconel 600 when exposed to 
800°C in molten salt environment. Further, it is obvious from the oxygen maps in case 
of Superni 75, 600 and Superfer 800H as depicted in Fig. 6.24, Fig. 6.25 and Fig. 6.28 
respectively that the base superalloys have not undergone internal oxidation. 

Only slight spalling of the scales was observed in the form of green powder in 
case NiCrAIY and Ni3AI coated cases, while in case of Stellite-6 coated specimens, this 
micro-spalling was in the form of blackish powder. However the scales in general 
showed no tendency towards cracking and were found intact. Similar minor spalling of 
the scale was observed by Chan et al (2000) for oxidised APS NiCrAIY coating. These 
spallation zones were invariably observed in areas of local convex curvature. This 
accords well with the earlier work of Strawbridge et al (1997), where spallation was 
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associated with the development of out-of-plane tensile stresses in the region of convex 
curvature during cooling. 

All the coatings under study viz. NiCrAIY, Ni-20Cr, Ni3AI and Stellite-6 were 

successful in maintaining their continuous surface contact with base superalloys, when 

subjected to molten salt induced corrosion. As explained in the Section 6.1.2.1, only 

some of the edges of the specimens were affected and few superficial cracks were 

developed along/near them. This resulted in minor spalling of the coating from/near the 

edges, the extent of which insignificant in context of the overall surface area of the 

specimens. This phenomenon was observed almost in all the coated cases. This tendency 

may be attributed to the different values of thermal expansion coefficients of the oxide 

scale, coatings, and the base superalloys (Table A.2) (Rapp et al, 1981 and Liu et al, 

2001), and the sharp edges of the coated specimens, which has already been discussed 
in the Chapter 5. 

Oxidation of the coatings under study in the given molten salt environment 

might partly be attributed to the porosity and splat structure of plasma spray coatings 

as has already been discussed in Chapter 5. However, as the environment of study in 

this case contains molten salt, therefore the elements such as V, S and oxygen may 

diffuse along these splats or pores, instead of only air as was observed during air 

oxidation. Such a tendency has been observed for almost all types of the coatings 

under study, which can be perceived from V and S maps in the respective cases. 

EPMA analysis for the NiCrA1Y coated Superni 600 and Superfer 800H, Fig. 

6,25 and 6.28 respectively indicates that sulphur has penetrated into the substrate 

alloys and there it is co-existing with Cr and might form CrS. The oxidation of this 

CrS might yield a protective scale of Cr203 as per the views of Khanna and Jha 

(1998). Whereas diffusion of vanadium has been restricted to the scales and it is 
concentrated mainly in the top scales. However, once the splat boundaries and pores 

present in the coating are blocked due to formation of oxides, they will no more 
provide path to transportation of reacting species towards the base alloy. The 

presence of Fe in the scales as has been revealed by EPMA analysis for the coated 

cases might be attributed to the diffusion of iron from the .substrate across the scale. 

The extent of this diffusion seems to be increasing with increase in iron content in the 

base superalloys. Fig. 6.74 shows the schematically representation of the probable hot 

corrosion mode for the NiCrAIY coated Superni 75. 
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Fig. 6.74 	Schematic diagram showing probable hot corrosion mode for the 
NiCrAIY coated Superni 75 exposed to Na2SO4-60%V205 at 900°C for 50 
cycles. 
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6.3.3 Ni-20Cr Coating 
The Ni-20Cr coating has. been found to be successful in reducing the weight gain 

in case of superalloys Superni 600, 601 and Superfer 800H, therefore it can be inferred 
that these coated superalloys have indicated better corrosion resistance than their 
respective uncoated superalloys. So far as the reduction in weight gain after application 
of this coating is concerned, one can observe that the coating has performed best in case 
of Superfer 800H substrate, where it has decreased the overall weight gain by 80% 
approximately. Whereas in case of Superni 718, the weight gain value for 20 cycles for 
the uncoated case (11.51 mg/cm2) is close to the corresponding value for 50 cycles for 
the coated case (14.03 mg/cm2). From this comparison the effectiveness of the coating to 
reduce the weight gain in this case can be inferred. The overall weight gain in case of 
coated Superni 75 alloy is twice that of uncoated alloy, but it is still less than that for the 
coated Superni 718. However, the kinetics of oxidation after the 38 h̀  cycle indicates a 
comparable value of Kp  with those of other coated superalloys 600, 601 and Superfer 
800H, which foretells that the oxidation rate in the Superni 75 case might have reached 
nearly to those of the latter cases by the end of exposure. Moreover, the coatings have 
shown tendency to act like diffusion barriers to the corroding species as the parabolic 
rate law has been followed in all the cases. In the order of overall weight gain after 50 
cycles, the Ni-20Cr coated specimens can be arranged in the following order: 

Superni 718 > Superni 75 > Superni 600 > Superni 601 > Superfer 800H 
Therefore it can be inferred that the coated Fe-based superalloy has shown best 

corrosion resistance to the given environment. This might also be attributed to the 
presence of a nearly continuous chromia layer present in the top scale along with layers 
of oxides Ni and Al, Fig. 6.43. While the relatively low corrosion resistance of the coated 
Superni 718 and 75 could also be anticipated from the comparatively discontinuous 
distribution of Cr, Ni and At in the scale, Fig.6.42 and 6.38 respectively. The titanium 
has shown considerable diffusion into the coatings and formed nearly continuous band at 
the interface between the bond coat and the substrate superalloys, which might also be 
detrimental to the corrosion resistance in these cases (Li and Gleeson, 2004), Further, the 
scales appear to be in good contact with the substrate superalloys for all the cases as can 
be perceived from respective BSEI micrographs depicted in Fig. 6.35 to Fig. 6.37. 

The XRD analysis for the hot corroded Ni-20Cr coated superalloys have shown 
the formation of protective phases like NiO, Cr203 and NiCr204 in the oxide scales, 
which are further endorsed by EPMA and EDAX analysis. These results are in good 
agreement with the findings of Longa-Nava et at (1996), Li et at (2000), Nickel et at 
(2002) and Singh (2003). The diffusion of aluminium from the bond coat into the top 
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scale as indicated by X-ray mappings as well as cross-sectional EDAX in all the cases 

was also noticed by Singh (2003). Longa-Nava et al (1996) have concluded from the 

studies on low pressure plasma sprayed Ni-20Cr coatings that the formation of chromate 
solute anions can prevent suphidation of the alloy. Longa & Takemoto (1992) have also 

identified phases like Cr203, NiO and NiCr2O4 for NiCr flame sprayed coatings on steel 

substrates when oxidised in an environment ofNa2SO4-85%V205 at 900°C. Further they 

attributed the better adhesion of the coating to the diffusion of Fe, which has also been 

observed in the current study. 

It has been observed from the EPMA analysis, Fig. 6.43 for the Ni-20Cr 

coated Superfer 800H that sulphur has reached mainly below the interface between 

the bond coat and the base alloy, and it co-exists with Cr, similar to NiCrAIY 

coating. Whereas V has mainly restricted to the coating. Longa & Takemoto (1992) 

and Singh (2003) have also reported the diffusion of molten salt into the coating. Based 

upon the above discussion, plausible hot corrosion mode for the Ni-20Cr coated Superni 

600 has been proposed as shown in Fig. 6.75. 

6.3.4 Ni3AI Coating 
All the Ni3A1 coated superalloys have shown conformance to parabolic law of 

oxidation upto 50 cycles with an exception of Supemi 75, which has shown 

comparatively higher deviations after 42 cycles. This is in good agreement with the 

observations of Lu et al (2004), who have also reported parabolic oxidation behaviour 

for a directionally solidified Ni3A1 base alloy named IC-6 in a gas environment 

containing 1% H2S, 0.1% H2 plus 5 ppm 02 balanced by argon at 700°C. 

Sequence of corrosion resistance based upon overall weight gain for the coated 

superalloys was as follows: 

Supemi 75> Superfer 800H > Superni 601 > Superni 600 > Superni 718 

The plausible reason behind the lower oxidation resistance as shown by coated 

S uperni 718 might be due to the presence of Mo and slightly high concentration of Ti in 

the substrate superalloy. It is obvious from the X-ray map for Mo in Fig. 6.56 that Mo 

has diffused to the top of the scale. McCarron et al (1976) have concluded that Ti 

alloyed with Ni3AI definitely reduces the hot corrosion resistance of Ni3A1. The better 

corrosion resistance of the coated Superni 75 might partially be attributed to the fact 

that oxygen could not penetrate the whole thickness of the coating as shown in Fig.6.5 I 

(a), refer points 1, 2 and 3, thereby contributing to low weight gain in this case. 
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Fig. 6.75 	Schematic diagram showing probable hot corrosion mode for the Ni-20Cr 
coated Superni 600 exposed to Na2SO4-60%V205 at 900°C for 50 cycles. 
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The XRD analysis of the hot corroded samples has revealed the presence of 

NiO as the main phase alongwith protective phases like A1203 and NiA1203 in the 

oxide scales. EDAX and EPMA analysis have further supported the formation of these 

phases. McCarron et al (1976) have also reported Ni3AI to be NiO former. According to 

Natesan (1988) the corrosion of Ni3AI at 900°C and above produces scales containing an 

outer layer of NiO, an inner layer of A1203 and an intermediate layer of the Ni-Al spinel 

NiAl204. This might be the reason behind indication of weak peaks of Al203 and 

NiA1204  in the XRD diffraction. Moreover, Malik et al (1992) and Sidhu & Prakash 

(2003) also reported NiO and A1203 phases in their studies on Ni3AI coatings on boiler 

steels, whereas Liu and Gao (2001) during investigation on oxidation of Ni3AI alloy at 

900°C. The presence of NiAl204  and NiO was also noticed by Lee & Lin (2002) during 

their hot corrosion studies on Ni3AI intermetallic compound at 800 and 1000°C and by 

Singh et al (2005B and 2005C). Moreover, Lee and Lin (2002) inferred that the NiAI204  

might provide better hot corrosion resistance than NiO since the solubility of NiA1204 

spinel is thermodynamically lesser than that of NiO in the molten salt. Further the 

respective EPMA, Fig. 6.53 to Fig. 6.57 indicates the formation of NiO at the top of the 

scales with dispersed A1203, which was also observed by Elrefaie et al (1985). 

The penetration of vanadium into the scale as has been revealed invariably in all 

the cases is in good agreement with the observations of Niu et al (1994), where they 

observed that Ni3A1 alloy suffered accelerated hot corrosion due to penetration of molten 

salt through the scale. Further, it is obvious from the EPMA analysis, Fig. 6.54, 6.56 

and 6.57 for the coated Superni 600, 718 and Superfer 800H respectively that sulphur 

has reached even below the interface between the bond coat and the base alloy. The 

diffusion of nickel downwards into the substrate from coating has been indicated in case 

of Superfer 800H, Fig.6.57 similar to the findings of Singh (2003). Schematic diagram, 

Fig. 6.76 shows the probable oxidation mode for the Ni3A1 coated Superni 600 subjected 

to molten salt environment for 50 cycles at 900°C. 

6.3.5 Stellite-6 Coating 

The overall weight gain values in the case of Stellite-6 coated superalloys have 

shown the following trend: 

Superfer 80DH> Superni 600 -- Superni 601 > Superni 75 > Superni 718 
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This coating was found to be successful in reducing the overall weight gain in 

case of Superfer 800H superalloy and hence was successful in reducing the corrosion 

rate for this Fe-based superalloy. Whereas nothing could be concluded in case of 

Superni 718 on the basis of thermogravimetric data. In all the other cases, the coated 

superalloys have conceived more overall weight gains as compared to their uncoated 

counterparts. Further similar to all the other coated cases, the major portion of the 

overall weight gain has been conceived in the early cycles of study and the weight have 

become nearly steady as the exposure time is increased. This indicates that the 

corrosion behaviour is governed by parabolic rate law. The possible reasons for this 

initial high weight gains have been already discussed, in general, in Chapter 5. 

However, in this case, as is obvious from Cr-maps in Fig. 6.69, the splat boundaries 

seem to be blocked by chromium oxide in the upper coat of Stellite-6, contrary to all 

other types of coating, where aluminium oxide is present instead of chromium oxide. 

Whereas in the bond coat regions, the oxide along the splat boundarieslpores appears to 

be that of mainly aluminium. The blockage of these boundaries and pores might 

improve the oxidation resistance of the coating. Also this coating was found successful 

in maintaining its integrity with its respective superalloy substrates in general as can be 

visualized from the back-scattered images reported in Fig. 6.64 to 6.66. 

The XRD analysis revealed the oxides of mainly cobalt and chromium along 

with the spinel of cobalt-chromium, which are reported to protective in nature against 

corrosion. Formation of these phases has also been supported by the surface as well 

cross-sectional EDAX analysis, and EPMA, Coo, CoCr204 and Cr2O3 phases has also 

been reported by Santoro (1979), Luthra (1985) and Singh (2003). As proposed by 

Luthra (1985) formation of spinet CoCr2O4 may block the diffusion activities through 

the cobalt oxide (CoO) thereby suppressing the further formation of this oxide. He 

further opined that increase in the growth of CoCr204 and Cr203 in competition with 

CoO and Co304 formation increases the corrosion resistance of alloys. 

The presence of vanadium as has been revealed by X-ray maps in case of 

Superni 75 and Superfer 800H might be due to penetration of molten salt along the 

splat boundaries and pores present in the coatings in the initial stage of hot corrosion, 

similar to the observations of Singh (2003). Fig. 6.77 shows probable mode of 

corrosion phenomena for the Stellite-6 coated Superni 600. 
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Fig. 6.76 Schematic diagram showing probable hot corrosion mode for the Ni3AI 
coated Superni 718 exposed to Na2SO4-60%V205 at 900°C for 50 cycles. 
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Fig. 6.77 	Schematic diagram showing probable hot corrosion mode for the Stellite-6 
coated Superni 600 exposed to Na2SO4-60%V205 at 900°C for 50 cycles. 
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CHAPTER 7 

COMPARATIVE DISCUSSION 

In this chapter, an attempt has been made to present the results of the current 

investigation giving comparative performance of the superalloys and superalloys coated 

with various coatings by the plasma spray process. The performance of these uncoated 

and coated superalloys in air and aggressive environment of Na2SO4-60%V205 under 

cyclic conditions at an elevated temperature of 900°C has been discussed. 

The bar charts showing the overall weight gains in air and molten salt 

environments after 50 cycles for the coated and uncoated superalloys are presented in 

Figs. 7.1 and 7.2 respectively. From the bar charts, it can be inferred that the superalloys 

under study have shown low oxidation resistance against the given molten salt 

environment as compared to that against the air under cyclic conditions. Superni 75 has 

indicated a minimum resistance to air oxidation amongst the superalloys under study 

(Fig. 7.1) on one hand, while on the other; it has shown highest oxidation resistance to 

molten salt attack (Fig. 7.2). Superni 600 has been found be most resistant to the air 

oxidation among all the superalloys. Whereas, the Fe-based superalloy Superfer 800H 

showed minimum resistance to the molten salt corrosion in comparison to the 

superalloys Superni 75, 600 and 601 on the basis of weight gain data, while Superni 718 

suffered accelerated hot corrosion in the form of intense spalling and sputtering of its 

scale to an extent that cumulative weight gain could be determined upto only 20 cycles 

of the study. The accelerated corrosion of the alloy Superni 718 might be attributed to 

presence of 3.05% molybdenum content in the basic composition of this alloy as has 

already been explained in Chapter 2 and 6. . 

From the bar charts, it can be inferred that NiCrAIY coating has provided 

maximum resistance to oxidation in air and molten salt environment. This coating in as-

sprayed condition had a lamellar structure consisting of splats, which were rich in Ni, 

with splat boundaries containing mainly Al, Y with some Cr. During oxidation under 

cyclic conditions in air, oxygen penetrated along the interconnected splat boundaries and 
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pores and oxidised mainly Al and Y, alongwith Cr at some locations. This might be 

responsible for blocking/slowing down the transport of oxygen along the splat 

boundaries and pores, thereby making the oxidation rate to reach steady state in this case. 

Similarly in case of molten salt induced oxidation, although there is higher overall 

weight gain as compared to air oxidation, cross-sectional analysis of corroded scale again 

indicated the presence of as-coated structure in general. Oxygen, aluminium and yttrium 

(alongwith Cr at some places) were again found along the Ni-rich un-oxidised splats, 

although there is indication of sulphur reaching the substrate alloys, which might have 

moved along the splat boundaries/pores in the earlier stage of hot corrosion. The 

protection shown by this coating might also be contributed by the simultaneous 

formation of an additional protective oxide a-A1203 alongwith Cr203 and 

NiCr204.According to Toma et al (1999), a-A1203 grows very slowly and is 

thermodynamically stable. 

Moreover, the presence of yttrium in the NiCrAIY coating could have played its 

role in reducing the scale growth rate and hence the overall weight gain as per the views 

of Saxena (1987), Stott (1989A) and Tawancy et al (1994). Tawancy et al (1994) 

suggested that Y could be oxidised into Y-rich oxide "pegs" within the a-A1203 scale, 

improving its mechanical adherence to the coating. Secondly the presence of small 

concentrations of Y within the scale in solid solution could have reduced the scale 

growth rate. Thirdly, the segregation of yttrium to the grain boundaries of the a-A1203 

scale could also reduce its growth rate (Stott, 1989A) as well as improve its elevated 

temperature mechanical strength. While according to Nicholls and Hancock (1989), Y 

could segregate to fill voids or pores along the grain boundaries of the scale, improving 

its cohesion. Moreover, among all the NiCrAIY coated superalloys under study, the 

NiCrAIY coated Superfer 800H alloy have shown a maximum oxidation resistance 

both to air as well as molten salt environments. 

The sequence for the overall protective behaviour of coatings in molten salt 

environment has been observed as given below: 

NiCrAIY > Ni-20Cr > Ni3Al > Stellite-6 
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Fig. 7.1 	Bar charts showing cumulative weight gain (mg/cm2) for the coated and 
uncoated superalloys subjected to cyclic oxidation in air at 900°C for 50 
cycles. 
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Fig. 7.2 	Bar charts showing cumulative weight gain (mg/cm2) for the coated and 
uncoated superalloys subjected to cyclic oxidation in Na2SO4-60%V205 
environment at 900°C for 50 cycles. 
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Lu et al (2004) have also reported after the comparative study that IC-6 alloy 

(Ni3A1 based alloy) behaved similar to Ni-Cr alloys in terms of high temperature 

sulphidation and oxidation resistance, whereas this is inferior to MCrAIY coating 

materials. Comparatively lowest corrosion resistance of the Co-based (Stellite-6) coating 

might be ascribed to low content of Cr (19%) in its basic composition, which is not 

sufficient to resist the onset of basic fluxing as has been suggested by Whittle (1972). He 

suggested that 25-30% chromium is needed to establish a protective layer in Co-base 

alloys because diffusion coefficient for chromium in cobalt is about an order of 

magnitude less than that in nickel. Tewari (1997) and Gitanjaly (2003) have also 

observed that Co-based superalloys have inferior corrosion resistance than Ni-base 

superalloys in an environment of Na2SO4-60%V205 at 900°C. 

So far as behaviour of the different coatings in the air is concerned, NiCrAIY 

coatings gave the best protection to the superalloys under study. Whereas the 

performance of other coatings could not be sequenced in general, it was observed to vary 

with the change in substrate superalloy. Comparing the oxidation resistance of Ni-20Cr, 

Ni3AI and Stellite-6 coatings in the air, sequences observed for the different coated 

superalloys are as follows: 

Ni3AI > Stellite-6 > Ni-20Cr 	for 	Superni 75 and Superni 601 

Stellite-6 > Ni3Al > Ni-20Cr 	for 	 Superni 600 

Ni-20Cr > Ni3AI > Stellitc-6 	for 	 Superni 718 

Ni3AI > Ni-20Cr > Stellite-6 	for 	 Superfer 800H 

Therefore Ni3AI appears to be better coating against air oxidation in comparison 

to Ni-20Cr and Stellite-6 coatings. This resistance might also be imparted by the 

presence.of thin continuous streaks of Cr at the interface between the bond coat and the 

base alloys as can be visualised in the respective cases, Fig. 5.50 and 5.52. On the 
contrary the relatively low oxidation resistance shown by Ni-20Cr and 	Stellite-6 

coatings might partially be due to absence of such continuous chromia layers, with an 

exemption of oxidised Stellite-6 coated Superfer 800H, where continuous layer could 

be seen at bond coat/substrate interface. 

Effect of the base superalloys was considerable in most of the coated cases on the 

oxidation behaviour in air and molten salt environments, except in case of air oxidation 

of the Ni3AI coated Ni-base superalloys, and NiCrAIY coated superalloys, where the 

oxidation rates were not significantly apart. Smeggil and Bornstein (1983) and Singh 

(2003) have also observed the effects of substrate alloying elements on the oxidation and 
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hot corrosion resistance for diffusion aluminide and plasma sprayed coatings 

respectively. 

So far as the comparison of performance of a particular coating in the different 

environments is concerned, it has been observed that the coatings have shown more 

cumulative weight gains in the molten salt than those in the air in all the cases as is 

obvious from Figs. 7.1 and 7.2, with an exemption of Ni-20Cr coating, In the latter case, 

Ni-20Cr coated superalloys Superni 75, 600 and 601coated have shown more weight 

gain during air oxidation than that during molten salt environment. Similar observation 

has also been made by Singh (2003) during his studies on oxidation behaviour of Ni-

20Cr coating on boiler tube steels in the similar environments. The effect of molten salt 

induced oxidation was relatively high in case of Stellite-6 coating, followed by NiCrAIY, 

Ni3Al and Ni-20Cr coatings on the basis of ratio of the overall weight gain in the molten 

salt atmosphere to the weight gain in air oxidation. 

NiCrAIY coating may be recommended as the best coating for the superalloys 

under current investigation so far as hot corrosion and oxidation resistance are concerned 

based upon the findings of the current study. This coating was also successful in 

maintaining integrity with its respective substrates throughout the exposure time to both 

the environments of the study, without any significant spalling of its oxide scales. 

However, while selecting a particular coating for a specific application, various other 

factors such as substrate compatibility, adhesion, porosity, the possibility of repair or 

recoating, interdiffusion, the effect of thermal cycling, resistance to wear and cost should 

also be considered (Sidky and Hocking, 1999). 
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CHAPTER 8 

CONCLUSIONS 

The conclusions from the present investigation regarding oxidation behaviour of 

NiCrAIY, Ni-20Cr, Stellite-6 and Ni3AI coatings formulated by argon shrouded plasma 

spray process on five types of superalloys namely Superni 75, Superni 600, Superni 601, 

Superni 718 and Superfer 800H are presented in this chapter. The oxidation studies were 

conducted in air as well as molten salt (Na2SO4-60%V205) environments under cyclic 

conditions in a laboratory furnace at an elevated temperature of 900°C for an oxidation 

run of 50 cycles in all the cases. NiCrA1Y was firstly deposited as a bond coat in all the 

coatings. All the coating powders were commercially available except Ni3Al, which was 

prepared from stochiometric mixture of nickel-aluminium. Salient conclusions from the 

present study are enumerated below: 

(1) Ni3A1 coating was successfully obtained on the given Ni- and Fe-based superalloys 

by shrouded plasma spray process using stochiometric mixture of nickel and 

aluminium. The formation of Ni3AI was confirmed by X-ray diffractograms, 
(2) NiCrAIY, Ni-20Cr and Stellite-6 could be successfully obtained by shrouded 

plasma spray process on the given superalloys. All the coatings showed some 
porosity (2.00-4.50%). 

(3) In the present study it was possible to obtain a thickness in range of 200-250 pm for 

the NiCrAIY, Ni-20Cr and Ni3AI coatings, whereas somewhat thicker coatings around 

350-450 µm could be deposited in case of the Stellite-6. The thicker coatings beyond 

the above mentioned range were found to disintegrate by themselves. 
(4) The cross-sectional microhardness of the coatings was found to be variable with the 

distance from the coating-substrate interface. So far as the upper values of the hardness 

range are concerned, Stellite-6 coating showed an upper limit of 490 Hv (maximum 

among all the coatings), while Ni3AI coatings exhibited an upper limit of 223 Hv 

(minimum among all the coatings). 

(5) In almost all the coating formulations, a slight increase in microhardness values for 

the substrate superalloys was observed near the bond coat/substrate interface. 
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(6) The interdiffusion of various elements amongst the substrate and plasma sprayed 

coatings was observed to be marginal as has been indicated by, EPMA. The 

diffusion between the bond coat and top coat was relatively high. Aluminium was 

found to be the most vulnerable element to the diffusion phenomenon. 

(7) Superni 600 has shown a maximum resistance to cyclic oxidation in air at 900°C 

amongst the given superalloys, which might be attributed to the presence of a 

continuous band of Cr just at the scale/substrate interface in the oxidised 

superalloy, as was revealed by EPMA. 

(8) Superni 75 has indicated lowest resistance to air oxidation under cyclic condition at 
900°C in comparison to all the investigated superalloys, where chromia layer 

present in scale was found to be relatively discontinuous (EPMA). 

(9) The oxidation rates for the investigated superalloys based on the overall weight 

gains after 50 cycles of oxidation in the Na,SO4-60%V205 environment could be 

arranged in the following order: 

Superfer 800H > Superni 601 > Superni 600 > Superni 75 

(10) Superni 718 suffered accelerated hot corrosion in the given molten salt 

environment in the form of intense spalling and sputtering of its scale, which may 

be ascribed to the presence of 3.05% molybdenum in its basic composition, which 

might have caused severe hot corrosion by acidic fluxing (Peters et al, 1976, 

Fryburg et al, 1984 and Pettit and Meier, 1985). 

(11) Rate of oxidation was observed to be high in the early cycles of the study in both the 

given environments for all types of coatings, which may be attributed to the fact that 

during transient period of oxidation, the oxidizing species might have penetrated in 

the coating along the interconnected network of pores and splat boundaries to cause 

rapid oxidation. However, once all these possible diffusion paths are blocked by the 

formation of the oxides, the oxidation then becomes limited mainly to the surface of 

the coatings, thereby enters in a steady state. 

(12) All the coatings after exposure to air as well as molten salt induced oxidation 

have shown the presence of mainly oxides as has been indicated by surface 

XRD and EDAX analysis. The phases revealed are oxides of chromium and/or 

aluminium, and spinels containing nickel-chromium/cobalt-chromium/nickel- 

aluminium type mixed oxides. These oxides especially Al203 and Cr203 offer a 

better protection against oxidation/hot corrosion due to their low growth rate, 

strongly bounded compositions and ability to act as effective barriers against 
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ionic migration (Stott, 1989B). The spinel phases may further enhance the 

oxidation resistance due to their much smaller diffusion coefficients of the cations 

and anions than those intheir parent oxides (Chatterjee et al, 2001). 

(13) In case ofNiCrAlY coatings, the splat structure could be clearly seen after air as well 

as molten salt oxidation with the help of EPMA/Cross-sectional EDAX analysis, 

where the splats (Ni-rich) were in un-oxidised state. The ingress of corrosive species 

in the initial stages along the splat boundaries resulted in formation of oxides of 

mainly aluminium, alongwith those of yttrium and chromium. 

(14) Bond coat was found to have retained its identity in case of Ni-20Cr, Ni3AI and 

Stellite-6 coated samples in both the environments of current investigation. The 

Ni-rich splats present in the bond coats were found to be, by and large, in un-

oxidised state, whereas oxides of aluminium, yttrium and chromium were 

observed to be formed along the pores and splat boundaries. 

(15) In case of Stellite-6 coating, chromium and oxygen were found to co-exist 

along the splat boundaries in both the environments of study, whereas cobalt 

rich splats remained un-oxidised. 

(16) During oxidation studies in air, all the coatings have shown overall weight gains 

higher than their uncoated counterpart superalloys. However, in all the coated 

cases,_ the oxidation behaviour was found to be governed by parabolic rate law. 

Moreover, the internal oxidation of the substrate superalloys has not been observed 

in general. 

(17) In case of studies in air, the NiCrA1Y coated superalloys showed minimum rate of 

oxidation amongst the all the coated superalloys, where the performance sequence 

for all the other coatings was dependent on the type of the base superalloy as 

below: 

Ni3AI > Stellite-6 > Ni-20Cr 	for 	Superni 75 and Superni 601 
Stellite-6 > Ni3A1 > Ni-20Cr 	for 	 Superni 600 

Ni-20Cr > Ni3Al > Stellite-6 	for 	 Superni 718 
Ni3A1 > Ni-20Cr> Stellite-6 	for 	 Superfer 800H 

(18) Ni3AI appeared to be a better coating against air oxidation in comparison to Ni-

20Cr and Stellite-6 coatings. This resistance might partly be imparted by the 

presence of thin continuous streaks of Cr at the bond coat/base alloy interface, 

especially in case of Ni3AI coated Superni 75 and 601 (EPMA). On the contrary 
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the relatively low oxidation resistance shown by Ni-20Cr coatings may partially 

be attributed to absence of such continuous chromia layers. 

(19) In case of Stellite-6 coated Superfer 800H, EPMA indicated a thin and 

continuous layer of chromium oxide at the bond coat/base alloy interface during 

air oxidation, which may also serve to protect the substrate alloy during long 

term use. However, in other Stellite-6 coated superalloys, no such continuous 

layer of chromia was seen during air oxidation. 

(20) In the molten salt environment, the coatings were found to be successful in 

reducing the overall weight gains in most of the cases, hence the corrosion rates. 

The coatings could be arranged as follows on the basis of their performance in 

developing hot corrosion resistance: 

NiCrA1Y > Ni-20Cr > Ni3Al > Stellite-6 
(21) The NiCrAIY coated Superfer 800H superalloy showed the highest oxidation 

resistance to both air and molten salt environments. The best protection indicated 

by NiCrAlY coating, in general, might also be attributed the simultaneous 

formation of an additional protective oxide a-A1203 alongwithCr203 andNiCr204, 

which grows very slowly and is thermodynamically stable. Moreover, the presence 

of yttrium in the coating might also have reduced the scale growth rates and hence 

the overall weight gains. 

(22) Better performance of Ni-20Cr coating on the Superfer 800H in the molten salt 

environment might also be due to presence of nearly continuous band of chromia 

present in the top scale. 

(23) Relatively lower oxidation resistance of the Stellite-6 coated superalloys in the 

molten salt environment might also be ascribed to low Cr (19%) content in the 

coating composition, which should be 25-30% for the Co base alloys to resist basic 

fluxing as per the views of Whittle (1972). 

(24) Protection imparted by Stellite-6 coating to Superni 601 and Superfer 800H in the 

given molten salt environment might partly be due to the presence of continuous 

Cr-rich layers above the bond coat/substrate interface as was revealed by EPMA. 

(25) The effect of the base superalloys was considerable in most of the cases on the 

oxidation behaviour in air and molten salt, except in case of air oxidation of the 

Ni3AI coated Ni-base superalloys, and NiCrAIY coated superalloys, where the 

oxidation rates were not significantly apart. 
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(26) Ni-20Cr coated superalloys Superni 75, 600 and 601 have shown more overall 

weight gains during air oxidation than those during molten salt environment. 

(27) In most of the cases of coated .superalloy samples subjected to molten salt 

environment, sulphur has penetrated into the base superalloys, while vanadium 

remained mainly in the top scales (EPMA). The ingress of S and V might have 

occurred along the coating splat boundaries/pores during transient, period of 

oxidation. 

(28) Titanium has shown significant diffusion into the scales in case of NiCrAIY, 

Ni-20Cr and Ni3AI coated Superni 75, 718 and Superfer 800H during molten 

salt as well as air oxidation, with a tendency to form thin streaks at the interface 

between the bond coat and substrates. 

(29) Diffusion of iron into the scales of NiCrAIY, Ni-20Cr and Ni3AI coatings has 

also shown by EPMA inmost of the cases after exposure to oxidation/hot 

corrosion, which is relatively high in case of molten salt induced oxidation. The 

magnitude of the iron migration into the scales was higher in case of Fe-based 

superalloy Superfer 800H, where it has shown its presence, even in the Ni-rich 

splats near the bond coat/substrate superalloys in some cases. 

(30) The EPMA analysis has indicated diffusion of some of the other basic elements of 

the superalloy substrates such as Mn, Mo, Ta and Si into the scales in many cases, 

while diffusion of Cr from the bond coat to the Ni3AI coating was also noticed. 

However, the diffusion stability can be considered a life-limiting factor if coatings 

are operated at temperatures greater than 1000°C for 'prolonged periods of time 

(Mazars et al, 1986). 

(31) Only minor spalling of the scales was observed in powder form during the molten 

salt corrosion for most of the coated cases. The scales in general showed no 

tendency towards spalling/cracking and were found intact. 

(32) Some superficial minor cracks were observed near/along the sharp edges of the 

coated specimens during cyclic oxidation in air as well as molten salt 

environments. This cracking further resulted in disintegration/spalling of the edges 

of the coatings, which was marginal. 

(33) The temperature, at which the coatings have been found useful for the given 

superalloys in reducing the corrosion, can enhance the efficiency by a significant 

fraction particularly in case of boilers. 



(34) NiCrAIY coating may be recommended as the best coating for the superalloys 

under investigation to be used for boilers and gas turbines (in fact other similar 

high temperature applications) so far as hot corrosion and oxidation resistance are 

concerned based upon the findings of the current study. Also this coating has been 

found to be successful in maintaining its integrity with its respective substrates 

throughout the exposure to both the environments of the study, without any 

significant spalling of its oxide scales. 
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SUGGESTIONS FOR FUTURE WORK 

1. Behaviour of the coated superalloys should also be evaluated in the actual 

industrial environments, such as in the actual running boiler for longer durations. 

2. All the investigated coatings have been found to be successful in maintaining 

continuous surface contact with their respective substrate superalloys during 

oxidation in air as well as in molten salt; however the adhesive strength of the 

coatings should be evaluated. The detailed bonding study can help to predict the 

behaviour of these coatings for different erosive-corrosive environments. 

3. High temperature erosion behaviour of the coatings may also be investigated. 

4. Hot stage microscopy may be used to understand the development of the scale 

as well as mechanism of transport of species during the oxidation and hot 

corrosion runs. 

5. Studies may be conducted to investigate the hot corrosion behaviour of the thermal 

spray coatings developed by some other processes such as high-velocity oxy-fuel 

and detonation spray processes. 

6. Cost effectiveness analysis should be done for different types of coatings. 

7. Attempts can be made to estimate the useful life of these coated superalloys by 

extrapolation of the laboratory data by mathematical modeling. 

8. Some efforts should be made to eliminate the porosity of these coatings so as to 

enhance their corrosion resistance. In this regard post coating treatments should 
be explored. 

9. Some other coatings compositions should be tested especially by alloying the 

coating powders with rare earth elements. 
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ĉr y o ° ° `.°. 	a eta 3 	s _n 'L y F . ° m    lua Gl L 	v N U L A 	O C 

~ 3 — ° o 
E o a c 	C,,  ',n 	°q ~ N 	3 ` _u m 

N 4-. o N c Q0  
o,_. .S k 3 	2 N a u - 	yob N ._ 

oms 
o o a °c a aai 	E Cs0 .oY3yr d ro Z as ro 	 030 
p w 	N O 	R ° 	.R z D y 	C 
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Table A.2 Thermal expansion coefficients of substrate steels, coatings and oxides 

Alloy or oxide =Thermalexpansion Reference 

Nimonic 75 11 htto://www.matweb.com/ 
Inconel 600 13.3 
Inconel601 13.75 
Inconel 718 13 
Incoloy Alloy 800H 14.4 
Co-base superalloys 17 http://www.1ucasmilhaup.comI 
NiCrAIY 12.7 Taymaz et aI(1999) 
Ni-20Cr 17.3 Metal Handbook (1961) 
S-816 Co-Cr-Ni based alloy) 15.98 
Ni3A1 18.6 Wang et al 2002 
A1203 8.5 Niranatlumpong et al (2000) 
Cr203 8.5 
FeA1204  8.5 
FeCr204 8.5 
NiAl2O4 8.5 
Fe203 12 Huminik (1963)  
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