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SYNOPSIS

Superalloys are used in turbines, boilers and coal conversion plants. From the application
point of view, mechanical strength of oxide scales, gtowth stresses in the scales, oxide
spallations and the loss of scale adherence to the substrate represent impottant factors in the
determining the usefulness of metals and alloys as high temperature construction materials.
It is their application at high temperature which makes the study of their behaviour at high
temperature much more important. HVOF coating technology is capable of depositing a

vety wide range of compositions without significantly heating the substrate.

The present wotk is a comparative study of HVOF sprayed WC-NiCrFeSiB coating on a Ni-
based superalloy (SN 75) and Fe-based superalloy (800H) in the different environments,
such as simple oxidation (in presence of air only) and a molten salt environment(of 75%
N2a2804-25%NaCl) at 800 °C under cyclic conditions. Oxidation studies were conducted on
uncoated supetalloys as well. The thermo gravimetric technique was used to establish the
kinetics of corrosion. X-ray diffraction, scanning electron microscopy analysis and electron
probe microanalysis techniques were used to characterize the as sprayed coatings and
cotrosion products. The bare superalloys, in general, suffered accelerated c‘orrosion under
the given environmental conditions and showed spalling/sputtering of the oxide scale. The
hot corrosion resistance of Ni-based superalloys was found to be better than that of Fe-
based superalloys. The WC-NiCrFeSiB coating was found to be very effective in decreasing
the cotrosion rate in the given molten salt environment at 800 °C. The hot corrosion
resistance imparted by WC-NiCrFeSiB coatings may be attributed to the formation of oxides

of chrornium and nickel and spinels of nickel and chromium.
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Chapter 1 INTRODUCTION

Metals and alloys sometimes expetience accelerated oxidation when their surfaces ate
coveted by a thin film of fused salt in an oxidizing atmosphere at elevated
temperatutes. This mode of attack is called “hot corrosion”, where a porous non
protective oxide scale is formed at the surface and sulfides in the substrate. Hot
cotrosion is a term used for localized accelerated attack due to the presence of a salt
layer on the metal, it is for instance obsetved on the blades and vanes of gas

turbines.[1]

Hot cotrosion has been obsetved in boilers, intetnal combustion engines, gas turbines,
fluidized bed combustion and industrial waste incineratots since the 1940’s. Howevet,
it became a topic of importance and popular interest in the late 1960’s when gas
tutbine engines in military airctaft suffered severe corrosion during the Vietnam

conflict while opetating over sea water [2,3].

The loss is due to corrosion of metals ate very severe and from the economic point of
view they ate not compatable to any other losses. According to the recent estimates,
corrosion of metal cost the united states ovet $300 billion per yeat and it is more than
the costs of annual floods and fires. Apart from these 40% of the total US steel
production goes to the replacement of cottoded patts and products. So far as India is
concerned, corrosion cost is around Rs. 24000 ctote due to materials cottosion in
building structure, bridges, chemical plants etc. So it is important to understand the
nature of all types of envitonment degradation of metals and alloys so that preventive
measutes against metal loss and failutes can be economically devised to ensure safety
and reliability in the use of metallic components. Although cottosion ptoblems cannot
be completely temedied, it is estimated that corrosion related cost can be reduced by

more than 30% with the development and use of bettet cortosion control technologies

[4]



The use of WC-based thermal spray coatings has been increasing in several areas due to
their potentially high erosion and erosion—corrosion resistance. The potential for
increased component lifetime can be attractive with respect to reducing maintenance
costs as well as decreasing downtime. The increased demand for, and improvement of,
thepmal spray coatings ate, in patt, also due to continuous development and
improvement in thermal spray technology, which is ptoducing third generation
coatings with minimum porosity and high bond strength [5].

The coating alloy selected for this study was WC-NiCtFeSiB composite powdet which
was sptayed using the HVOF process. The tationale of choosing this powder ovet
other wear resistant materials currently used in different industrial applications resides
in 2 number of special properties brought to the system by the powder constituents,
e.g fungsten catbide brings the wear resistance, nickel brings excellent wettability
which ptomotes good cohesion, chromium improves the tribo-mechanical proPcttics,
boton teduces the melting point, silicon incteases self-fluxing ptopetties, iron modifies
the diffusion rates [6]. | "

WC-based coating is used mainly for matine environment, whete sodium is the main

content in matine atmosphere (sea salts contain NaCl ).[5]



Chapter 2 LITERATURE REVIEW

This chaptet contains a comprehensive review of the literature with a special refetence
to hot corrosion of metals and alloys and protective coatings. HVOF ptocess has been
described in details.

2.1. Hot Corrosion

Hot cotrosion may be defined as an accelerated corrosion, resulting from the presence
of salt contaminants such as Na>SO4, NaCl, and V205 that combine to form molten
deposits, which damage the protective surface oxides. Hot cortosion can occut at high
tempetatures, where the deposit is in the liquid state right from the beginning or the
solid deposit tumns into liquid during exposure as a tresult of reaction with the
envitonment. These two types of hot cotrosion processes ate termed as High
Ternpetzitute Hot Cotrosion (HTHC) ot Type I and Low Temperature Hot Corrosion
(LTHC) ot Type II respectively.[1]

Characteristics of hot corrosion

Hot cotrosion is often divided into two forms of attack: Type I (or high-temperature
hot cottosion), and Type II (ot low-temperatute hot cottosion). Vatious parameters
may affect the development of these two fotms, including alloy composition and
thermomechanical condition, contaminant composition and tate, temperatute and

temperature cycles, gas composition and velocity, and etosion ptocesses.

Type I hot corrosion (HTHC)

This form of hot cotrosion is observed mainly within the temperature range 850-
950 °C [3]. HTHC starts with the condensation of fused alkali metal salts on the
surface of the component. A cycle of subsequent chemical reactions takes place, initially

attacking the protective oxide film and progtessing to deplete the chromium element from



the substrate material. With chromium depletion, oxidation of the base material accelerates
and porous scale begins to form. The dominant salt in HTHC is NapSOy4 due to its
high ﬂlermodynanﬁc stability. The ﬁost significant source of sodium is matine
atmosphere (sea salts contain NaCl), but it can also be found in industnial atmospheric
pollutants and in volcanic discharges, as well as in the fuel. During combustion, sodium
_sulfate can form from sodium and sulfur, the latter being present in the fuel. Other
impurities eithet‘ in the fuel ot in the air, such as vanadium, phosphotus, lead and
chlorides, can combine with sodium sulfate to form a mixture of salts with a lower
melting temperature, thus broadening the range of attack. For example, the melting
point of NapSO4 (884 °C) can be lowered by the addition of NaCl as an

eutectic 1s formed with a melting point of about 620°C [3].

The presence of sodium chlotide removes the incubation period, which otherwise 1s

typical of HTHC [2,3].

HTHC can generally be divided into four progressive stages from initial onset to

failure.

1. In stage 1, slight roughening of the sutface caused by some growth and
localized breakdown of the oxide scale layer is evident. At this stage, neither
chromium depletion in the substrate layer nor loss of mechanical integrity are

obsetrved.

2. In stage 2, the roughness of the sutface is more marked as oxide layer
breakdown continues. While chromium depletion commences at this stage,

mechanical integrity is still not affected.

3. In stage 3, oxidation of the base material has penetrated to significant depth, with
obvious build-up of scale. At this stage, mechanical integtity should be considered as
jeopardized and the material removed from setrvice. Progression to stage 4 will

accelerate with or without the continued presence of sodium.



4. In stage 4, catastrophic attack occurs. The attack penetrates deeply into the
blade while forming a large “blistet' of scale. Failure is likely at this stage due to loss

of structural matenial.

Type II hot corrosion (LTHC)

This form of hot cotrosion is obsetved mainly within the temperature range

650-800 0C [2,3]. LTHC forms typical pitting, resulting from the formation of

mixtures of NaySO4 and CoSO4 with low melting temperatures (the melting

temperature of the NapSO4-CoSOy4 eutectic is 540 0C. Similatly, the formation of
N2SO4 -NiSOy4 eutectics has been suggested fot nickel-based superalloys. Thus, a
high partial pressure of SO3 in the gaseous phase is requited for the LTHC

reactions to occut, in contrary to HTHC. The localized natute of attack is related to
" localized failure of the scale as a result of local chloride attack, thermal cycling, or
erosion. For example, salt may be trapped locally in ctevices ptoduced by scale
ctacking. Such deposits could be tetained and allow local changes in salt
composition to occur [3]. As opposed to Type I hot corrosion, in Type IT neither
incubation petiod not mictoscopic sulfidation and chromium depletion ate

generally observed.

2.2. Mechanisms of Hot Corrosion

Sevetal mechanisms have been suggested to explain the process of hot cotrosion. In
this section, only a very btief summary will be presented. The mitiation of HTHC i1s
often attributed to failute of the protective oxide layer, which allows the molten salt to
access directly the substrate metal. This failure may result from etosion, thermal
sttesses, erosion-corrosion, chemical reactions, etc. The mechanisms proposed for the
HTHC propagation stage ate the sulfidation-oxidation mechanism and the salt fluxing
mechanisms[2].The salt fluxing mechanism was originally proposed by Goebel and
Pettit [14]. Accotding 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. The fluxing can be
caused either by combination of oxides with O to form anions (i.e. “basic fluxing)) or
by decornposition'of oxides into the corresponding cations and O activity in the
molten salt is markedly lowered, it leads to a much more severe oxidation compated
to basic fluxing. As opposed to basic fluxing, acidic fluxing can be self-sustaining, since
the displacement of the salt from stoichiometry does not become progressively more
difficult as the reaction proceeds. In general, hot cotrosion of superalloys with high
contents of aluminum and chromium is often repotted to occur according to the basic
fluxing mechanism. On the other hand, hot cotrosion of alloys with high contents of
tungsten, molybdenum and vanadium is often teported to follow the acidic fluxing

mechanism. Rapp et al. measured the oxide solubilities in molten NapSO4 as a

function of the acidity of the salt. Based on these measurements, it was suggested [2]
that a negative gradient of the solubility of the protective oxide in the salt film at the
oxide/salt intetface should lead to oxide dissolution at this interface and to
precipitation of a non-protective oxide away from the interface, whete the solubility s
lowet. Fluxing atises in this case only because of the local variation of sodium oxide
activity and/or oxygen partial pressute across the salt film; no sulfide-forming reaction
is necessaty. This mechanism can explain a self-sustaining process of dissolution of the |
protective oxide to maintain an accelerated cotrosion rate [2]. The effect of vanadium
on HTHC has been explained by different teseatchers. Bornstein et al.[28] and Goebel

et al.[7] suggested that a self-sustained acidic dissolution of the protective C1203 ot
AlpO3 scales could occur when the salt film contains vanadium, because V705 is 2

strongly acidic oxide .Zhang and Rapp [2] suggested that every oxide should form an
acidic solute with much higher solubility in the presence of vanadate, which should
contribute to the more rapid attack of oxides by mixed sulfate-vanadate melts than by a
pute sulfate melt. A common model for the occurrence of LTHC was suggested by
Luthra [25]. According to this model, LTHC follows two stages:(1)formation of liquid
sodium-cobalt sulfate on the sutface; and(2) propagétion of attack via migration of

SO3 and cobalt inward and outward, respectively, through the liquid salt.



2.3. High Temperature Oxidation Kinetics

Three basic kinetic laws have been used to characterize the oxidation rates of pute

metals. It is important to bear in mind that these laws ate based on relatively simple

oxidation models. Practical oxidation problems usually involve alloys and considetably.
mote complicated oxidation mechanisms and scale propetties than consideted in these

simple analyses. .

The patabolic rate law assumes that the diffusion of metal cations ot oxygen anions is

the rate controlling step and is detived from Fick’s first law of diffusion. The

concentrations of diffusing species at the oxide-metal and oxide-gas interfaces are’
assumed to be constant. The diffusivity of the oxide layer is also assumed to be

invariant. This assumption implies that the oxide layer has to be uniform, continuous

and of the single phase type. Strictly speaking, even fot pure metals, this assumption is

tarely valid. The rate constant ky changes with temperature according to an Atrhenius

type telationship:

x2=Kpt+xo

Where: x is the oxide film thickness (ot the mass gain due to oxidation, which is
propottional to the oxide film thickness), t is time, ko is the rate constant, directly
proportional to the diffusivity of the ionic species that is rate controlling, and xo is a .

constant

The logatithmic rate law is an empitical relationship with no fundamental underlying

mechanism. This law is mainly applicable to thin oxide layets formed at relatively low

temperatures, and therefote tarely applicable to high temperature engineeting

problems: |
x=Kelog(ct+b)

Whete: ke is the rate constant and ¢ and b are constants



The linear rate law is also an empirical relationship that is applicable to the formation
and build-up of a non-protective oxide layer.

x=Krt
Where: ki is the rate constant
Tt is usually expected that the oxidation rate will decrease with time (patabblic
behavior), due to an increasing oxide thickness which act as a stronger diffusion barriet
with time. In the linear rate law, this effect is not applicable, due to the formation of a
highly porous, pootly adherent or cracked non-protective oxide layers. Cleatly, the
linear rate law is highly undesirable. ‘
Metals with linear oxidation kinetics at a certain tempetrature have a tendency to
undergo so-called catastrophic oxidation (also tefetred to as breakaway cotrosion) at
higher temperatures. In this case, a rapid exothermic reaction occuts on the surface,
which increases the sutface temperature and the reaction rate even further. Metals that
may undergo extremely rapid catastrophic oxidation include molybdenum, tungsten,
osmium, thenium and vanadium, associated with volatile oxide formation. In the case
of magnesium, ignition of the metal may even occur. The formation of low-melting
point oxidation products (eutectics) on the sutface has also been associated with
catastrophic oxidation. The presence of vanadium and lead oxide contamination in
gases deserves special mention, as they pose a tisk to inducing extremely high oxidation

rates.

2.4. Hot Corrosion of Superalloys

No alloy is immune to hot cotrosion attack indefinitely although there ate some alloy
compositions that requite a long initiation times before the hot cottrosion process
moves from the initiation stage to the propagation stage. Superalloys have been
developed for high-temperature a?plications. Howevet, these alloys may not be able to
meet both the high-temperature strength requirements and high-temperature corrosion

resistance simultaneously, so may need to be protected against corrosion.1-3]



The mechanism of Na2SO4induced hot cotrosion for nickel base superalloys had been
reported by Goebel et al.[7], temperatute range 6501000 °C, temperature range 750—
950 °C. The alloys underwent catastrophic corrosion. The accelerated oxidation occurs
as a result of the formation of a liquid flux based on Na:SOs, which dissolves the
normal protective oxide scales. Catastrophic ot self-sustaining rapid oxidation can
occut in alloys which contain Mo, W or V because solution of oxides of these elements
with NasSOs decrease the oxide ion activity of the molten salts, producing melts which
ate acidic fluxes for oxide scales. The evaporation tate of MoOj from NazMo-MoOs

melts had been teported to decrease considerably when dissolved in NazMoO4.

Hot cotrosion in sulphate, chloride and vanadate envitonment of a cast nickel base
supetalloy had been tepotted by Deb et al. {8]. Weight gain studies were catried out in
air for the uncoated samples and coated with 100% N2aaSOs, 75% NagSO4+25°/o NaCl
and 60% NazSOs+30% NaVO3+10% NaCl. The presence of sulphur in the form of
sulphates can cause internal sulphidation of the alloy beneath the external oxide layer.
Chlotides cause the formation of volatile species, which form voids and pits at grain
boundaties, thus forming an

easy path for flow of cottodents. The presence of vanadate in conjunction with
sulphate and chlotide provides additional fluxing action. This destroys the integrity of

the alloy and weakens its mechanical properties.

The high-tempetatute cotrosion behaviour of alloy 800 H has been studied by Zhu et
al. [9] in an oxidizing and a reducing sulphidising environment at 750 and 850 °C,
respectively. When corroded in SO2-Os, the protective chromia scale which developed
on the alloy in the early stages cracked and spalled in quite a short time period. This led
to the growth of iron and nickel sulfides beneath the chromia layet, causing moré

chromia spallation.

Malik et al. [10] studied the high-temperatute behaviour of commetcial alloys, B1900
and IN"100 (Al203-formers), Inconel 600, 690, Incoloy 800, IN 738, Nimonic 80A,



100 and 105 (Cr203-formers) in the presence of NazSOs4 (s) and NaCl (s) separately and
in combination at 850 and 1000 °C in air. They concluded that the Cr203 formers get
attacked more aggressively by NaCl (s) than NazSO4 (5). Al2O3 formets and to some
extent NiO-formers are more resistant to NaCl attack than Cr2O3 formers. While
N22SOy4 induced corrosion proceeds by fluxing and sulphidation reactions, the NaCl
induced cotrosion follows a reaction path of fluxing, chloridation and oxidation. The
N22S04—NaCl induced cotrosion involves combination of reactions occurring in the

presence NasSO4 and NaCl sepatately.

Guttappa [11], duting hot cotrosion studies on CM 247 LC superalloy in Na25O4 and
Na,SO4+NaCl mixtures at 900 °C, observed that bare CM 247 LC got severely
corroded in just 4 h, while it was completely consumed in 70 H when tested in 90%
Na:S04+10% NaCl at 900 °C. The tesults showed that a chloride containing melt is

mote cotrosive than pure sodium sulphate.

Johnson et al. pointed out that the presence of NaCl in the mixtures of NaCl/ Na25O4
could initiate attack in high chromium content alloys. The addition of 10% Na(l in
Na2So4 coatings can easily cause the cracking of protective Cr20s layets and increase
the amount of sulphur incorporated into the substrate, accelerating the corrosion of
alloys. Even if the oxidation reaction takes place first, localized chemical dissoludon of
oxides into the molten chl;)ride occuts. Thus, in the initial stage oxide scales on the
alloy sutface could be degraded by molten NaCl. NaCl was responsible for the subscale
attack of 310 SS, the depth of internal attack increased with increasing NaCl content n

salt mixtures.[12]

Charng- Cheng Tsaur C.rock, Chaur-Jeng Wang and Yung-Hua Su (2004) studied the
high temperature cotrosioni behaviour of 310 stainless’ steel at air 750 C in ait with 2
mg/am mixtures of vatious NaCl/N2a;SO4 ratios. The cottosion behavior and

morphological development were investigated by weigh£ gain kinetics, metallographs,

10



depth of attack, metal losses and X-ray analysis. The results show dlr;tt weight gain
. kinetics in simple oxidation teveals a steady-state patabolic rate law after 3h, while the
kinetics with salt deposits display multi-stage growth rates. NaCl is the main cotrosive
specie in high temperature corrosion involving mixtures of NaCl/NazSOsand is
responsible for the formation of intetnal attack. The most severe cottosion takes i)lace
with the 75% NaCl mixtures. Uniform internal attack is the typical morphology of
NaCl induced hot cotrosion, while the extent of intergranular attack is mote

pronounced as the content of NazSOj in the mixture is increased.[13].

2.5. Protective coating

The coating can be defined as a layer of material formed naturally ot synthetically ot
deposited artificially on the surface of an object made of another matetial, with the aim
of obtaining required technical or decotative properties. Coating provides a way of
extending the limits of use of materials at the upper end of their petformance
capabilities, by allowing the mechanical properties of the substrate matetials to be
maintained, while protecting them against wear or corrosion [1,8].

Coatings ate frequently applied to the surface of materals to serve one or more of the
following putposes:

1 To protect the sutface from the environment that may produce cotrosion or other
detetiorative reactions. |

2 To improve the surface appearance.

Thete ate many coating deposition techniques available, and éhoosing the best process
depends on the functional requitements, (size, shape, and metallurgy of the substrate),
adaptability of the coating matetial to the technique intended, level of adhesion

required, and availability and cost of the equipment.[14]

11



2.5.1 Considerations in Coating Selection

The specifier should consider following aspects of the proposed coating job in order
to select the most appropriate coating system.

a. Limits on surface preparation. Coating selection may be limited by the degree or
type of sutface preparation that can be achieved on a particular structure or structutal
component. Because of physical configuration ot proximity to sensitive equipment or
machinety, it may not always be possible to abrasive-blast a steel substrate. In some
cases, it may be necessaty to remove the old coating by means other than abrasive-
blasting, such as power tools, water jetting, or chemical strippers. In the case of
therrhal spray coatings, 2 high degree of surface preparation is essential. This kind of
ptepatation can only be achieved by abrasive blasting with a good quality, propetly
sized angular blast media. Thermal spray should never be selected for jobs where it is
not possible to provide the highest quality sutface prepatation. :
'b. Ease of application. Coating selection may be limited by the ability of the
applicator to access the surfaces to be coated. This usually is the result of the physical
‘configuration ot design of the structure. Items of limited access such as back-to-back
angles, cavities, and crevices may be difficult if not impossible to coat. Thermal spray
coatings petform best when sprayed in a ditection notmal to the surface and within a
particular range of standoff distances from the substrate. Application at an angle of
less than 45 deg to the vertical is not recommended. Maximum and minimum
standoff distances depend on the matetial being applied, the manufacturer, and the
type of thermal spray equipment.

c. Field conditions. The conditions undet which the coating work will be petformed
are another important consideration in coating selection. Certain atmospheric
conditions, including high humidity and condensation, precipitation, high winds, and
extreme cold or heat, place severe limitations on any type of coating work. (1)
Moisture on the surface should always be avoided to the greatest extent possible.

Thermal spray metal coatings should never be applied if moisture is present on the
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~ surface. (2) High winds may affect the types of surface preparation and coating
application methods that are practical for a given job. This problerﬁ can be avoided
by using methods othet than open abrasive blasting and spray application of paints.
(3) There are generally no upper or lower ambient or surface temperature limits on
the application of thermal spray coatings, although there are practical limits at which
workers can propetly petform their tasks. In thetmal spray, the steel substrate is
generally preheated to well above ambient temperatures to drive off any latent
moisture and to prevent condensation from forming on the sutface. In addition, any
ill effects that a cold substrate might have are ameliotated.

d. Maintainability. The future maintainability of the coating system should be
considered by the specifier. Some pfotective_ coatings ate easiet to maintain than ate
others. Thermal spray coatings are difficult to repair. Because of the difficulty
affecting appropriate tepairs, the thermal spray coating systems, are generally kept in
service until total recoating is needed.

e. Extremes of pH. Extremes of pH, such as strongly acidic ot alkaline
environments cén greatly affect coating petformance. The coating must be relatively
impermeable to prevent migration of the acidic or alkaline aqueous media to the
substrate, and the coating material itself must be resistant to chemical attack. Thermal
spray coatings of aluminum, zinc, and their alloys may perform pootly in both high
and low pH envitonments. Both metals show increased solubility as pH increases ot
decreases from the neutral pH of 7. Thetmal spray aluminum and zinc may be used
in acidic or alkaline envitonments provided that they are sealed and topcoated with
vinyl or epoxy coatings. Unsealed zinc thermal spray coatings are suitable for pHs of
6 to 12 and alufninum thermal spray coatings for pHs of 4 to 8.5. Thermal spray
coatings containing zinc ot aluminum should not be used in chemical environments
where they may be exposed to strong acids such as battery acids. Otganic coatings
and linings, as well as special inotganic building matetials, should be used in highly

alkaline or acidic envitonments.
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f. Cost. Coating systems are cost effective only to the extent that they will provide
the tequisite cotrosion protection. Cost should be considered only after the
identification of coatings that will petform in the exposure environment. Given that a
number of coating systems may petform for a given application, the next
considetation is the cost of the coating job. Ideally, protective coating systems will
always be selected based on life-cycle cost rather than simple installed cost. However,
given the realities of budgets, this approach is not always practical. Thetefore, coating
éystems are sometimes selected on the basis of first or installed cost. Because thermal
spray coating systems are almost always more expensive to install than paint systems
for a given application, they are often passed over, when, in fact, they can have

significantly lower life-cycle costs than paint systems. [15,18]

2.6. Thermal Spray Coating

Thermal spraying is a process by which finely divided metallic ot nonmetallic
matetials are deposited in a molten or semimolten condition on a prepared substrare
to form a sprayed deposit. Thermal sptay processes include combustion powder
flame spray, combustion wite flame spray, wire arc spray, plasma spray, and high
velocity oxyfuel (HVOF) spray.Thermal spraying that uses the heat from a chemical
reaction is known as combustion gas spraying, or flame spraying. Any material that
does not sublime (i.e., does not transform directly from a solid to gas) and has a
melting temperature of less than 5000 °F may be flame sprayed. Matetials that ate
applied by flame spray include metals or alloys in the fotm of wire, cord, ot powdet;
ceramics as powdet, cotd, or rod; and polymers as powder. Combustion wire flame
spray feedstock material is mechanically drawn by drive rollers into the rear of the
gun. The feedstock proceeds through a nozzle where it is melted in a coaxial flame of
burning gas. One of the following gases may be combined with oxygen for use in
flame spraying: acetylene, methylacetylenepropadiene stabilized (MPS), propane,
hydrogen, or natural gas. Acetylene is the gas most widely used because of higher

flame temperature. The fuel gas flame is used for melting only—not for propelling ot
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conveying the material. To accomplish spraying, the flame is surtounded with a
stteam of compressed gas— usually air—to atomize the molten material and to
propel it onto the substrate. The combustion powder flame spray process is similar to
the wire process but the powder feedstock is stored in a hopper that can either be
integral to the gun or externally connected to the gun. A carrier gas is used to convey
the powdet into the oxygen fuel gas stream where the powder is melted and cartied
by the flame onto the substrate. In the wire arc process, two consumable wire
electrodes, which atre at first isolated from each othet, automatically advance to meet
at a point in the atonﬁzing gas stream. An electrical potential difference of 18 to 40
volts, applied across the wires, initiates an arc that melts the tip of the wite electrodes.
An atomizing gas, usually compressed ait, is directed across the arc zone, shearing off
the molten droplets that form the atomized spray. Plasma spray technology uses a
plasma—forrﬁing gas (usually eithet argon ot nitrogen) as both the heat source and the
propelling agent for the coaﬁng. A high-voltage arc (up to 80 kW) is struck between
the anode and cathode within a specially designed spray gun. This energy excites the
plasma gas into a state of ionization. The excited gas is forced through a
convergent/divergent nozzle. Upon exiting the nozzle, the gas returns to its natural
state, libetating extreme heat. Powder spray matetial is injected in the hot plasma
stteam, in which it is melted and projected at high velocity onto a prepatred substrate.

The tesuling coatings are generally dense and strongly bonded with high
integrity.[16,18]

2.6.1 HVOF Spraying

'The HVOF process efficiently uses high kinetic energy and controlled heat output to
produce dense, very-low-porosity coatings that exhibit high bond strength. The HVOF
gun consists of a nozzle to mix the combustion gases, an air-cooled combustion

chambet, and an external nozzle (ait cap). The process gases enter through several
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coaxial annular openings. A central flow of powder and cartier gas is surrounded by air,
fuel, oxygen, and the remaining process in air. This focuses the spray stream and
prevents the powder from contacting the gun walls. The oxygen and fuel burn as they
enter the rear portion of the combustion chamber. Most of the process air is used to
cool the combustion chamber .As it enters, the process gas forms a thin boundary layer
that minimizes the contact of the flame with the walls of the air cap and helps to
reduce the quantity of heat transferred to the air cap. Hot gases with a combustion
temperatute of up to 3300 °C exit through a converging nozzle with a gas velocity that
can approach 4500 ft/sec (Metco 1996). For the applicatién of polymeric or thermal
spray coatings the sutface must be cleaned and have a suitable profile that will enhance
the coating adhesion. Cleaning procedutes atre designed to rtemove specific types of
contarnmants without changing the physical or chemical properties of the substrate
surface. Cleamng can be done with solvents that dissolve the contaminants. A rough
profile has a greater sutface area, which increases bonding capability. Surfaces can be
roughened by machining or grit blasting . Thetmal spray coatings ate generally Limited
in the thickness of material that can be deposited. This limit can be as low as 0.030 in.
for plasma spray and HVOF coating processes .Howevert, in some cases 1 in. thick
coatings have been applied. Due to thickness limitations, deep cavitation darnage would
have to be tepaited by welding, but thermal spray coatings could be applied to the
welded sutface to provide additional protection to the component. Thermal spray
coatings could also be applied ditectly to propetly cleaned and roughened surfaces that
do not require weld repair. It is anticipated that once a sprayed coating is applied, this
coating will prevent damage to the undetlying base metal. Because the sprayed coating
becomes the active surface, future repairs of the affected area can be made using
thermal spray coatings deposited by the HVOF process rather than by weld repair of

the substrate, which costs approximately three times as much as flame spraying [12,14].
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Fig 2.1 Schematic cross-section of Diamond Jet spray gun and key parameters rclatmg to the
HVOF coating process.

Process Characteristics

Jet Temperature ‘Generally >2,500 °C
Jet Speed Typically >1,000 m/s
Gas Flow Rate - 400-1,100 slm

Particle Speed 200-1,000 m/s
Powder Feed Rate 2-50 g/min

Equipment for the HVOF process consists of a controller for the gases, fuel, and

powder, a powder feeder, and a torch.
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The benefits of HVOF over weld overlays are as follows:

No preheating
No dilution

No distortion

Reduced coating time, typically only 20 percent of weld time

Removal of post-coating machining

Reduced reject rates (fewer discontinuity types)

The benefits of HVOF over plasma and atc spraying are as follows:

Lower porosity - no post-coating sealant or fusion

Higher bond and cohesive strength

Lower oxide content

Better retention/control over patticle chemistry and phases

Thicker coatings

Herman et al. [19] reported that HVOF spraying is able to make denser and less

oxidized coatings compared with othet methods, such as plasma spraying.

Furthermore, this spraying system enables metals and alloys with high melting point up

to about 2000 °C to be deposited on the target surface. These features are suitable for a

deposition of corrosion resistant coatings. Fig. 2.2 indicates the characteristics of

HVOF coatings compared with those produced using the standatd plasma spraying

process [1]
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Fig 2.2 Charactcnstlcs of HVOF and standard plasma sprayed coatings
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Chapter 3 PROBLEM FORMULATION

Scope

Hot cottosion has been identified as a setious problem in high temperature
applications such as in boilers, gas turbines, waste incinerators, diesel engines, coal
gasification plants, chemical plants and other energy systems. It is basically induced by
imputities such as Na, V, S etc. present in the coal or in the fuel oil used for
combustion in mentioned applications. In some situations these impurities may be
inhaled from the working environment for instance, NaCl in marine atmosphetes.
Thete is a general agreement that condensed alkali metal salts notably NasSOy ate
prerequisite to hot corrosion. Due to high cost of removing these imputities, the use of

these low grade fuels is usually justified.

For the reason that hot cortrosion of components in aforesaid high temperature
envitonments is inevitable, the phenomenon has maintained its relevance from last
more than 60 years. Hot cotrosion often increases the cotrosion loss of heat resisting

alloys by over hundred times, in compatison to that incurred by simple oxidation.

Power plants are one of the major industries suffering from severe cotrosion problems
resulting in the substantial losses. For instance, steam temperature of boilets is limited
by cotrosion and creep resistance of boiler components, which affects the thermal
efficiency of boilers. Consequently, the thetmal efficiency decreases and the electricity

production is reduced.
Obijective

The present work is 2 comparative study of HVOF sprayed WC-NiCrFeSiB coating on
a Ni-based superalloy (SN 75) and Fe-based superalloy (800H) in the different
environments, such as simple oxidation (in preéence of air only) and a molten salt

environment (of 75% NazSO4+25%NaCl) at 800 °C under cyclic conditions. The salt
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mixture consisting of 75% N2asSO4-25%NaCl constitutes an eutectic with a low melting
point of 750 °C and provides a very aggressive environment for accelerated testing

under simulated laboratory conditions.

A
Oxidation studies were conducted on uncoated superalloys as well. Oxidation time of

50 hr is considered adequate to allow for steady state oxidation. Experiments were
proposed to be conducted in SiC ‘tube futnace The thermog1av1metr1c technique was
used to establish the kinetics of corrosion. X-ray diffraction, scanning electron
microscopy techniques were used to analyse the corrosion products

The temperature of study was deliberately kept high (800 °C) as this will also take into
consideration the overheating effect in case of boilers which has been identified as the
major cause of failute. Moteover at 800 °C the rate of hot corrosion has been reported
to be severest. It was proposed to conduct the expetiment under cyclic conditions as
these conditions constitute mote severe condition and realistic approach towards
solving the problem of metal corrosion in actual applications, where conditions are
more or less cyclic rather than isothermal. Fewer studies were reported on hot

cotrosion of superalloys under cyclic conditions.
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Chapter 4 EXPERIMENTAL

PROCEDURE

R S O i< SR

4.1 Substrate Material

The substrate matetial selected for the study was Fe based suparalloy (Superfer 800H)
and Ni based supetalloy(Sn75), which was procured from Mishra Dhantu Nigham
Limited, Hyderabad (India) in the rolled sheet form. The chemical composition of the

substrate material is

Table 4.1 ‘
Nomminal chemical composition of the substrate materials
Alloy Midhani Grade (Similar Grade) Chemical Composition (wt %)

Fe Ni Cr Ti Al  Mn Si C
Superni 75 3.0 771 195 0.3 - - - 0.1
Supetfer 800H 438 320 210 03 0.3 1.5 1.0 0.1

4.2 Sample Preparation

The specimens with dimensions of approximately 20 mm X 15 mm X 5 mm werc
cut from the alloy sheets. They were polished on emery papets of grade 1 /0, 2/0,
3/0 and 4/0 respectively. Polishing was done on a soft polishing wheel with fine
grit size alumina powder shurry. After polishing the specimens were rinsed with
water and dried. They were reexamined undet optical microscope to check their

roughness.
Saturated salt solutions were prepared at room temperature. Hot and saturated

mixture of 75% Na:SO4+25%NaCl was sprayed ovet the specimen heated at 250

oC. The specimens were dried in electric oven at 100 °C for small interval of time.
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4.3 Coating Formulation

HVOF coating used here is WC-NiCrFeSiB .

Table 4.2
Chemical composition of WC-NiCrFeSiB :
W 28.3%
CcoO 4.2%
Cr 9.9%
Ni 46.5%
B - 2.0%
Si 2.9%
Fe 2.7%
C 2.3%

Others <1.2%

Particle Size is  -45 to +15 micton

Samples were gtit-blasted before the HVOF spraying. All the process paramcters,
including the spray distance, were kept constant throughout the coating process with
an Oxygen flow rate 250 LPM ,Fucl (LPG) flow rate 70 LPM, Air flow rate 6200
LPM, Spray distance 200 mm, Powdet feed rate 30 g/min, Patticle size -45+15um.
100 pm thick coating was deposited with a collabotation of Metallizing Equipment Co.
Jodhpur (India) on a commercial HIPOJET-2100 (MEC Jodhpur, India) apparatus
opetating with oxygen and LPG as the fuel gases. The substrates were cooled with

compressed air jets during and aftet spraying.

4.4 Molten Salt Corrosion Test
Thete is no standard procedure that has yet been evolved for carrying out cyclic

oxidation tests. Different investigators have employed different holding times at

different temperatures. and tate of heating and cooling also not been generally
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specified. In the present study cyclic oxidation tests were used to compare the extent of
oxide spallation of the different specimens.

These studies were performed in molten salt (Naz8O4—NaCl) for 50 cycles. Each cycle
consisted of 1 h heaﬁng at 800 °C in Silicon Catbide tube furnace followed be 20 min
cooling at room temperatute. The specimens were kept in alumina boats and then the
boats were insetted in the furnace. The aim of cyclic hot cotrosion is to create
accelerated conditions for testing. The studies were petformed for uncoated as ‘well as
coated specimens for the purpose of compatison. The specimens wete mirtor polished
down to 1 pum alumina wheel cloth polishing befote cottosion run. The coating of
uﬂfoﬁn thickness with 3-5 mg/cm? of Na;SOs+NaCl was applied with camel
hairbrush on the preheated sample (250 °C). The weight change measurements were
taken at the end of each cycle with help of Electronic Balance machine Model 06120
(Contech) with a sensitivity of 1 mg. The spalled scale was also included at the time of
measurements of weight change to determine tbtal rate of cotrrosion. Efforts were
made to formulate the kinetics of corrosion. The samples after oxidation were analyzed

by XRD & SEM.

Visual Observation

Visual examinations of the exposed samples wete made for their color, luster
adhetence, and spalling tendency. Samples were visually examined for changes in

sutrface scales.

X-ray Diffraction

This was carried out for phase identification of the oxidation products. This XRD
analysis of the oxidized specimens was cartied out with Butker. AXS D-8 Advanced
Diffractometer (Getmany). The other specifications wete:

Target Cu

Filter | Ni
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Current
Voltage
Angle range
Chart speed
Gm sped
Range
Wavelength

20/15mA
35 gV
200-1100
1cm/min
20/min
2KC/s
1.54 A0

Diffractograms were analyzed by adopting the following procedure:

1.

‘d’ values were obtained for all the discetnable teflections/peaks in the
usual mannet.

Assuming the height of the most prominent peak reflection to be 100%
the relative intensities of all peaks/ reflections were determined.

Above data was compared with ASTM data following standard

procedures and phase identification was cartied out.

Scanning Electron Microscopy

Sutface morphology of the specimen was examined by taking SEM micrographs using

Scanning Electron microscope [JEOL (JSM-5800)]. A number of photographs were
taken, mostly at 150 X,1K X,2K X,3K X and 5K X for each of the samples.

4.5 Sources of Ertror

® Improper accuracy of of the temperature controller of the furnace.

® Non uniformity of temperature along the length of the tube of futnace.

® Frequent power failures duting the heating cycles.

® Non-Uniformity of the coating.
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4.6 Precautions

Specimen should be polished on the emery papers so that uniformity of the

coating is maintained, excessive polishing may erode off the coatings too much.
Furnace should be calibrated before using.

Only one specimen should be kept in a furnace at a time.

The specimen along with the boats should be propetly dried before keei)ing mn
the furnace.
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Chapter 5 RESULTS

5.1 UNCOATED SUPERALLOYS
5.1.1 Hot Corrosion Study
5.1.1.1 Visual Observation

A brownish grey scale appeated on the sutface of uncoated superalloys superni 75 and
supetfer 800 H after salt oxidation for 50 cycles at 800 °C, during the initial cycles
which turned to dark grey after third cycle. The cracks were developed in the scale and
spalling was obsetved duting the course of study. Iniﬁaﬂy, the spalling was confined to
edges and corners, but after 12th cycle, spalling also occutred from the sutface of the
uncoated superalloy. The spalling tendency of the scale formed on uncoated
superalloys can also be seen in SEM (Fig5.5). )
Colour of oxide scale formed on the uncoated superalloys superni 75 and superfer
800H after air oxidation fot 50 cycles at 800 °C was datk grey, in general with some
brownish spots. In case of Supetfer 800H, greenish tinges were also obsetved (from
the 10 th cycle onwards) in the scale in eatly cycles of ‘study. A bluish tinge was
obsetved in Superni 75 from 12% cycle onwards and at the 15t cycle, the sample turned
completely light blue. Lustrous scales were formed upto mid cycles of the study, which

eventually went on becoming dull with increasing number of cycle.

5.1.1.2 Oxidation Kinetics

The weight gain/unit area results for the supetalloy substrates without WC-NiCrFeSiB
coating exposed to the 75%Na2804+25%NaCl salt mixture and air oxidation at 800
oC for 50 cycles ate shown in Fig5.1. After 30 cycle oxidation tate has become neatly
constant. Fe-based uncoated superalloy Superfer 800H shows the maximum weight

gain, wheteas bate Supetni 75 shows the minimum in both the environments (with or
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without salt). The weight gain of Supemi 75 after 50 cycles is neatly one-third of that of
Superfer 800H.

During the course of the study, it was observed that the uncoated Superfer 800H
superalloy underwent much spalling as well as sputtering, whereas uncoated Superni 75
showed less

| e superfer 800 H in
! molten salt
environment

| = Supemi 75 in molten |
f salt environmen %

Supefbraoomnairf ‘
oxidats ‘

’ |

! 3 .| Supemi 75 in air
0 5 10 15 20 25 30 35 40 45 50 Oxidation
Cycle No.

Wt/Area
O - N W & Y OO N O ©

Fig 5.1 Study of Corrosion Kinetics of Bare Superalloys

0 5 10 15 20 25 30 35 40 45 50
Cycle No.

Fig 5.2 (Weight gain / area) * vs number of cycles plot for Bare Superalloys
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Table 5.1 Values of Parabolic rate constant Ky, for bare superalloys

Sample K; (g’cm™sec?)
Superfer 800 H in presence of molten salt 98.6X10™ .
Superni 75 in presence of molten salt 71.2 X107
Supetfer 800 H in presence of simple air 36.0 X10™"

oxidation environment

Superni 75 in presence of simple ait 22.5) X10™

oxidation environment

spalling/sputtering. Sputtering of uncoated Supetfer 800H occutred continuously
during the period of cooling ot even while keeping the sample inside the furnace,
which might have affected the weight gained by the batre superalloy and the actual
weight gain might be more than what was obsetrved. Cracks appeared in the scales of
uncoated superalloys and ate cleatly the formation of a unprotective scale on an alloy
by selective oxidation necessatily depletes the scale-forming element from the
undetlying alloy. Patticulatly important among these conditions are temperature
_cycling, which causes loss of protective scale by spallation The cause for spallation is
stress, generated from thermal expansion mismatch between the scale and alloy
(thermal stresses) which may be superposed on stresses generated by scale growth
(growth stresses). In fig 5.2 supetfer 800 H after hot corrosion shows deviation from

the parabolic rate law, whereas superni 75 follows the parabolic rate law.
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5.1.2 Characterization of Corrosion Products

5.1.2.1 X-ray Diffraction Analysis of Scales

The XRD profiles for the scale of bare superalloys after hot corrosion in 75% Na2SOu-
. 25%NaCl environment for 50 cycles at 800 °C are shown in Fig. 5.3. The major and
minot phases detected at the surface of the specimens are shown in the XRD graph.
The existence of MnO: phase on the sutface of hot corroded Supetni 75 and Supetfer
800 H tespectively, indicates the diffusion of Mn from the substtate duting hot
corrosion of the specimens at temperature about 800 °C.

‘The XRD profiles for the scale of bare superalloys in the air oxidation is shown in fig.
5.4 It shows the formation the NiCr203, Fe203 and Ct203 as the major phase.

a =NiCr,O, 3 =NiFe,O,
o B =F9203 ¢ =NiS
6000 s 1 v=Nio n =FeS
B |° n =MnQO, n=Cr,0,
;-g so00 J Y o =Na 4Fezo5 A =CrS
S ] Y
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£
< B
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. :
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Fig 5.3 XRD of bare superalloys in presence of molten salt environment -
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Fig 5.4 XRD of bare superalloys in presence of simple air oxidation environment

5.1.2.2 SEM Analysis

SEM micrographs of the uncoated supetfer 800 H, shows sutface motphology after
cyclic hot corrosion for 50 cycles at 800 °C (Fig.5.5). The scale formed on uncoated
Sﬁperfer 800H is found to be more fragile in nature. The microgtaphs of all the
corroded uncoated superalléys clearly indicate the presence of cracks as well as spalled
region. At higher magnification these cracks and spalled tegions ate cleatly seen in
fig5.5.

In the hot corrosion attack by 75% Na2SO4-25% NaCl corrodent, NaCl reacts with the
oxides releasing chlorine, which in tutn reacts with the oxides to form volatle
chlotides. The volatile species thus formed tend to diffuse out of the grain boundaries
to the surface and in doing so numerous pits and voids ate generated at the grain
boundaries (Fig.5.5), which can be seen cleatly. For the 75% Na2SOs+25% NaCl
coated samples, indicates the formation of continuous and regular scale containing of

fine grains.
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Fig 5.5 SEM of uncoated Superfer 800 H after cotrosion in molten salt eavironment of
' 75%Na,So, + 25%NaCl .
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Fig5.6 SEM of uncoated Superni 75 after corrosion in molten salt environment of
75%Na,S0, + 25%NaCl
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5.1.2.3 Cross-sectional analysis of the oxide scales

BSE images of Uncoated superalloys after cottosion in molten salt environment of
75%Na2So04 + 25%NaCl are shown in fig below.

Fig 5.7 BSE images of Uncoated Supetfer 800 H after corrosion in molten salt environment of
75%Na,So, + 25%NaCl

. W= 21 m T3 X
. Dlioto Ru.«38  Detactor RESD

Fig 5.8 BSE images of Uncoated Superni 75 after corrosion in molten salt environment of
75%Na,So, + 25%NaCl
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5.2 COATED SUPERALLOYS

5.2.1 Hot Corrosion Study
5.2.1.1 Visual Observations

The WC-NiCtFeSiB coated Superfer 800H showed minor cracks at the edges and
cotners, and spalling from these regioné occurred from 12th cycle. The colour of the
scale which was dark grey during the eatlier cycles turned to blackish green with the
progress of the study. In the case of coated Superni 75, a blackish grey scale was
formed aftet first cycle which gradually turned to dark black during next few cycles.
Subsequently after 15th cycle, a vety shining silver grey scale appeared which lasted up
to the end of study. The scale was smooth and intact, and spalling of the scales was
negligible. Mostly marginal spalling of the coatings was observed near and/ or the
edges.

5.2.1.2 Corrosion Kinetics

The weight gain/unit area results fot the two superalloy substrates with WC-
NiCtFeSiB coating exposed to the 75% N2:504-25%NaCl salt mixture at 800 "C for
50 cycles are shown in Fig5.9. It can be inferred from the abox-fe figures that the
oxidation rate can be divided into two stages: '

1. The transient oxidation stage which shows initial rapid oxidation rate

2. The steady state oxidation stage.
The coated superalloys in all cases show a much lower weight gain(fig5.9) than the
. uncoated specimens (fig5.1) in the given molten salt envitonment. The WC-NiCtFeSiB
coating provides the maximum hot cottosion tesistance to Superni 75 and has been
found successful in reducing the weight gain by 80% of that gained without a coating.
Further, the coated superalloys in all cases show an almost similar weight gain. Fig. 6.1
shows the cumulative weight gain/unit area in all the cases of uncoated/coated

superalloys.
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A rust-colored compact and dense continuous scale was found to be formed on the

hot corroded WC-NiCrFeSiB  coated superalloys and no spallation or peeling off of

the scale was noticed. It is observed from the graph that all the coatings follow a nearly
parabolic rate law (Fig 5.10) and thus they have a tendency to act like diffusion barriers

to the corroding species.
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Fig 5.9 Study of Corrosion Kinetics of coated supcralloys N
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Tablke5.2 Valnes of Parabolic rate constant Ky, for WC-INiCrFeSiB coated superalloys

Sample ‘ K, (g’cm™sec?)
Supetfer 800 H in presence of molten salt 11.6X10™°
Superni 75 in presence of molten salt ' 9.1X10™
Supetfer 800 H in presence of simple air 3.0 X10™

oxidation environment

Superni 75 in ptesence of simple air | 2.5 :X10"

oxidation environment

5.2.2 Characterization of Corrosion Products

5.2.2.1 X-ray Diffraction Analysis

The XRD profiles for HVOF coated supetalloys in presence of salt after hot corrosion
in 75% Na:S0:-25%NaCl environment for 50 cycles at 800 °C are shown in Fig.5.11.
The major and minor phases detected at the sutface of the specimens with the XRD
analysis are shown in fig. The main phases identified for corroded coated Supetalloys in
ptesence of salt are Cr203, FeO.FesOs, CoC1204, NasFexOs,Co3BOs, NiCr20s,
NiFe;Os and NiO. The hot corroded WC-NiCtFeSi coated Superni 75 and Superfer
800H indicate the formationn of similar phases.

The XRD profiles for HVOF coated supetalloys in presence of simple ait oxidation
envitonment for 50 cycles at 800 °C ate shown in Fig.5.12. The major and minot
phases detected at the surface of the specimens with the XRD analysis ate shown in fig.
The main phases identified for corroded coated Supetalloys in presence of air are WC,
Ni, CoCtO4, NiCr2O4, FeNis and Ct203. The hot corroded WC-NiCsFeSi coated
Superni 75 and Supetfer 800 H indicate the formation of similar phases.
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Fig 5.12 XRD of coated superalloys in presence of simple air oxidation environment



5.2.2.2 SEM Analysis of Coating

WC-NiCtFeSiB thetmal sptay coatings have an extremely complex microstructure,
which is dependent on a number of factors relating to the powder feedstock, the
processing method and the application conditions. An SEM image of an as-sprayed
WC-NiCtFeSiB coating (Fig.5.13) indicates that the coating is massive and free of
cracks. One can see negligible pores and oxide inclusions in the coating structure.
Thete are globular melted patticles in the matrix of a partially melted layer. Thete are
some pattially melted ot unmelted patticles can be seen on some areas the sutface.
These patticles-ate identified in the coating by their size and near-sphetical morphology

similar to that shown in fig 5.5. Globular
particle

&
fhoto No.»32 Detettor=-5E1

i"}’

Photd No.s38 Detsctors SEL

- . Fig5.13 SEM of as sprayed coating on Superfer 800 H
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- 5.2.2.3 SEM Analysis Of Scale

SEM micrographs of the corroded coated superalloy specimens in presence of salt
envitonment, showing surface morphology after cyclic hot cotrosion for 50 cycles at
800 9C, ate shown in Fig.5.14 & 5.15. Mictogtraphs of both the coated supetalloy in
presence of salt after cyclic hot cotrosion for 50 cycles at 800 °C indicate the formation
of continuous scale,. SEM analysis of white areas, which believed to be the upper scale,
teveals that Tungsten is the predominant phase. At higher magnification it looks like a
haity structure. This may be due to ptesence of WC. Chlotine generated by the
dissociation of NaCl reacts with alloying elements such as chromium, nickel, iton and
boron forms highly volatile metal chlotides, which diffuse out of the scale, react with
oxygen present near the scale by releasing chlotine, and forming a discontinuous, and
loose oxide scale.

Corroded coated superalloys after oxidation shows almost negligible cotrosion attack.
Fe base and Ni base supetalloys shows almost similar SEM microgtaphs. This can also
be seen from bar chart of cumulative weight gain of all the specimens(Fig6.1). The
SEM analyses (Figure 5.16 and 5.17) teveal that the morphology of the coating did not

considerably change duting the corrosion exposute.
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Fig 5.14 SEM of coated Superfer 800 H after corrosion in molten salt environment of
75%Na,So, + 25%NaCl
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Fig 5.15 SEM of coated Superni 75 after corrosion in molten salt environment of
75%Na,So, + 25%NaCl
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Fig 5.16 SEM of coated Superfer 800 H after corrosion in simple air oxidation
environment
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Photo Ho.=i54  Detector= SEL

Fig5.17 SEM of coated Superni 75 after cotrosion in sitnple air oxidation environment
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5.2.2.4 Cross-sectional analysis of the oxide scales

“The hot corroded .samples were cut in cross-sections and mounted in transparent
mounting resin, mitror polished and catbon coated to facilitate X-ray mapping of the
different elements present across the scale. X-ray mappings for WC-NiCtFeSiB coated
Superni 75 after 50 cycles of hot cotrosion in an environment of 75% NaxSO4-
25%NaCl at 800 °C (Fig. 5.23) indicate the formation of a scale containing mainly
‘tungsten ,nickel ,chromium and cobalt. Iron is also present throughout the scale.
Tungsten rich splats are present in the scale containing chromium, nickel and cobalt at
the splat boundaries. Iron shows a relatively higher concentration neat to the coating—
substrate interface. From fig 5.18 scale thickness measured is  35.6 lim and in fig 5.19
scale thickness is 39.4Um. '

EPMA of WC-NiCrFeSiB coated supetfer 800 H after air oxidation(fig5.24) also shows
the formation of tungsten splats and chromium, nickel and cobalt at the splat

boundaties. In this fig 5.24 aluminum is also presents throughout the scale.

. 2 e Mag: 358 X
Photo Ho.=S% Datector: RESD

Fig5.18 BSE images of coated Superfer 800 H after corrosion in molten salt environment of
75%Na,So, + 25%NaCl
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Superni 75 after corrosion in molten salt environment of

. ' f coated
Fig5.19 BSE images © 75%Na,S0 + 25%NaCl

Fig5.20 BSE images of coated Superfer 800 H after corrosion in simple air oxidation
environment

Fig5.21 BSE images of coated Superni 75 after corrosion in simple air oxidation environment
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Fig5.23 EPMA of corroded WC-NiCrFeSiB coated Superni 75 in presence of molten
salt envitonment.
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Fig5.24 EPMA of corroded WC-NiCtFeSiB coated Superfer 800 H in presence of
simple air environment
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Fig5.25 EPMA of corroded WC-NiCrFeSiB coated Superni 75 in presence of simple air
environment ’
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Cba t¢;6 — DISCUSSION

Uncoated Superalloys

In general, the superalloys under study i.e. Superfer 800H and Superni 75 have shown
good oxidation resistance.. The weight gain for the former case is about 2 times that
for the latter case. Based on thermogravimetric data, the oxidation rate of Superfet
800H seems to be greater than that of Superni 75 and therefore it can be inferred that
the relative oxidation tresistance of Superni 75 is gteater than that of Superfer 800H.
The (weight/area)? plots for the uncoated superaloys Supetfer 800H shows the
deviation from the parabolic rate law and Superni 75 indicate the conformance to
parabolic rate law(fig5.2). The supetior corrosion resistance shown by the Ni-based
superalloys might be asctibed to the formation of Ni oxide which acts as a diffusion
barrier for the oxidizing species as has been reported by Goebel JA and Pettit FS [17].
Malik [28] has also reported a similar sequence for the hot cotrosion rates of Ni- and
Fe-based superalloys based on the weight change data for 30 cycles.

As discussed by Prakash et.al. Cr forms a protective layer in the respective oxide scales
after 50 cycles of oxidation.[12] The continuous chromia layer in turn might have
blocked the diffusion of any species through it to reach the substrate superalloys and
hence provide oxidation resistance to the base alloy. The weight gain graph, shows that
the weight gained by bare superalloys increases continuously, although the rate of
increase is relatively high during the initial period of exposute.

Intensive spalling/sputteting of the scale of the Superfer 800 H bare superalloys can
be attributed to severe strain developed due to the precipitation of FezOj3 from the
liquid phase and interdiffusion of intermediate layers of iron oxide as has been reported
by Sachs [46]. Furthert, the presence of different phases in a thin layer might impose
severe strain on the film, which may result in cracking and peeling of the scale. The
cracks may have allowed the aggressive liquid phase to reach the metal substrate.
Diffusion of iron actoss the coating—substrate intetface may have contributed to the

better adhesion of the coatings.
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Coated Superalloys

The weight gain data for the WC-NiCtFeSiB coated superalloys shows that the coating
has been successful in reducing the overall Wéight gain in all cases (fig6.1). The parabolic
rate constants for the uncoated superalloys ate found to be greater than those for the
coated supetalloys in all cases. Further, all the coated superalloys showed parabolic
oxidation behaviour up to 50 C};CICS in the given environment. Hence, it can be inferred
that the necessary protection is provided by the WC-NiCrFeSiB coatings to the Ni and
Fe-based superalloys in the given molten salt environment. The protection from hot
cotrosion might be due to the oxides of chtomium and nickel and a spinel of nickel
and chromium present in the top scales of coated superalloys, as tevealed by XRD
analysis. The presence of these phases in the scale of coated superalloys is further
supported by the EPMA analyses. The oxides formed along the splat boundaties of the
coatings might have actézi as diffusion battiers to the inward diffusion of corrosive
species. The scales formed on WC-NiCtFeSiB coated superalloys wete obsetved to be
dense and compact, without any spallation/ sputtering or peeling of the scale. Wang et
al. [35] reported that addition of silicon and boton can promote. the formation of
continuous and dense scale in the initial corrosion stage and improve the adherence of
the outet scale to the coaﬁng in the subsequent hot cortosion process. BSE mmages of
WC-NiCrFeSiB superalloys shows that molten salt is not able to penetrate upto the

substrate and coating remains adhetent to the substrate.
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CONCLUSION

S S T B e S

Wc-NiCrFeSiB coatings have been successfully developed using a HVOF
process. The coatings have been applied to Ni- and Fe-based supetalloy
substrates. WC—NiCrFeSiB coating indicates that the coating is massive and free
of cracks, having coating thickness in the range of 250-310 uwm. -

Fe-based uncoated superalloy Supetfer 800H shows the maximum weight gain,
wheteas bare Supetni 75 shows the minimum among all the superalloys in both
the envitonments (with ot without salt). The weight gain of Superni 75 after 50
cycles is neatly one-third of that of Supetfer 800H.

The coated supetalloys in all cases show a much lowet weight gain than the
uncoated specimens in the given molten salt environment. The WC-NiCrFeSiB
coating provides the maximum hot cortosion resistance to Supetni 75 and has
been found successful in reducing the weight gain by 80% of that gained
without a coating.

HVOF sprayed Wc-NiCtFeSiB coating improve the hot cotrosion tesistance of
the Supeffcr 800 H and Supetsi 75 in the given conditions. The formadoﬂ of
oxides along the splat boundaties and within open pores of the coatings might
have acted as, diffus_ioﬁ barrier to the inward diffusion of corrosive species.

The spallation and peeling of oxide scale was negligible for the Wc-NiCtFeSiB
coating. ' '

The WC-NiCtFeSiB coating is very effective against hot corrosion and can be

applied for boilets and tutbines in matine envitonment.
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SUGGESTIONS FOR FUTURE WORK

. Studies may be conducted in actual industtial environments to investigate the
corrosion behaviout and also of the coating dcveloped by other methods (othet
than HVOF). Some other coating composition may also be tested.

. High temperature erosion behaviout of the coatings may also be investigated.

. 'The characterization of the products formed on the sutface duting studies and
to understand the mechanism of cotrosion, the analysis cﬁn be done by using
EDAX analysis.

. Attempts can be made to investigate the useful life of these.coated superalloys
by extrapolation of the labotatory data by mathematical modeling.

. Cost effectiveness analysis should be done fot different types of coatings.
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