STUDY OF DETONATION GUN COATED ALLOYS FOR
RESISTANCE TO EROSION AND CORROSION

A THESIS

Submitted in partial fulfilment of the
reguirements for the award of the degree
of
DOCTOR OF PHILOSOPHY
in

METALLURGICAL AND MATERIALS ENGINEERING

by
PAWAN KUMAR SAPRA

DEPARTMENT OF METALLURGICAL AND MATERIALS ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY ROORKEE '
ROORKEE - 247 667 (INDIA)

OCTOBER, 2009



©INDIAN INSTITUTE OF TECHNOLOGY ROORKEE, ROORKEE, 2009
ALL RIGHTS RESERVED



INDIAN INSTITUTE OF TECHNOLOGY ROORKEE
ROORKEE

CANDIDATE’S DECLARATION

I hereby certify that the work which is being presented in the thesis, entitled
“STUDY OF DETONATION GUN COATED ALLOYS FOR RESISTANCE TO
EROSION AND CORROSION?” in partial fulfilment of the requirements for the award
of the Degree of Doctor of Philosophy and submitted in the Department of Metallurgical
and Materials Engineering of the Indian Institute of Technology Roorkee is an authentic
record of my own work carried out during a period from January, 2005 to October, 2009
under the supervision of Dr. Satya Prakash, Professor and Dr. Surendra Singh, Assoc.
Prof., Department of Metallurgical and Materials Engineering, Indian Institute of
Technology Roorkee, Roorkee.

The matter presented in the thesis has not been submitted by me for the award of any

other degree of this or any other Institute.

pik

{(PAWAN KUMAR SAPRA)

This is to certify that the above statement made by the candidate is correct to the best

of our knowledge.

‘ ﬁ / 3
Date: 66-(0 -0 9 (Surendra Singh) (Satya Prakash)
Supervisor Supervisor

The Ph.D. Viva-Voice examination of Mr. Pawan Kumar Sapra, Research Scholar,

has been held on

Signature of Supervisors Signature of External Examiner



ABSTRACT

Erosion-corrosion of materials at elevated temperatures is a major problem in various
industrial processes which range from advanced coal-conversion processes, to the turbine
blades of jet engines. Erosion-corrosion is a generalised wear phenomenon where the
combined effect of each degradation mechanism generates more extensive mass loss than the
sum of each mechanism acting independently. The operating conditions in power station
boilers are conducive to fireside corrosion and erosion both in furnace wall and in the
superheater and reheater areas. The erosion corrosion phenomenon results in tube wall
thinning and premature failure. Erosion corrosion has become a topic of continuous
investigations and great concern as it consumnes the material at an unpredictably rapid rate. In
steam thermal power plants where coal is used as primary fuel, the corrosion occurs in special
fashions due to combustion products which change their state of matter and becomes salt as a
result of high temperature. Combustion of coal generates very corrosive media particularly
near the superheater tubes, forming highly corrosive ash deposits that contain alkali metals of
sodium, potassium and sulphur. Ashes formed due to combustion of low grade fuels have a
high concentration of compounds formed by vanadium, sodium and sulphur mainly as
Na;S04-V20s complex and sodium vandates mixture. These compounds have very low
melting points as low as 550°C. These metals easily liquefy at the operating temperatures of
boilers and cause accelerated corrosion. The erosion is even more localised in its effects, and
results from impact of particulates, such as coal ash, dolomite and unburnt carbon particles on
surface of heated boiler tubes. So high temperature oxidation and erosion are recognized as
being one of the main cause of downtimes in these installations. The materials used in these
installations are fabricated from low alloy carbon steels with chromium and melybdenum as
the primary alloy additions termed as boiler steels. Unfortunately T11 and T22 steels, which
are commonly used in the manufacturing of conventional boilers experience accelerated
erosion corrosion in high temperature boiler conditions. Although Chromium is expected to
impart corrosion resistance to high temperature alloys but is not sufficient enough to form
protective external scale.

Currently, the superalloys are used to increase the service life of the boilers especially
in the super-heater zones of the new generation ultra-supercritical boilers. These materials
being developed with high strength at elevated temperatures are highly alloyed and thus very
expensive and also prone to degradation to certain environments for example Nickel based

superalloys readily react with the sulphur in coal leading to high corrosion rate. The presence



of combustion gases constitutes an extreme environment and the hot corrosion is inevitable
when the superalloys are used at high-temperatures for longer periods of time. A number of
countermeasures are presently in use or under investigation to combat the hot corrosion such
as, the use of inhibitors, control of the process parameters, development of suitable industrial
alloys, and deposition of protective coatings. So in search of cost effective soiutions for
erosion corrosion problems, various coating techniques like thermal spraying have become
attractive. The boiler steels T11 and T22 were obtained from S.G.G.S. Thermal power Plant
Ropar and superalloys, namely Superni 600, Superni 718 as Ni-based, and Fe-based Superfer
800, were provided by Mishra Dhatu Nigam Limited, Hyderabad (India), for devising some
means to protect them against high temperature erosive corrosive environment applications.
Detonation gun spraying belongs to thermal spraying family and is used for many
applications. This process has shown the development of coatings with better properties like
low porosity, high strength etc. The high energy created by detonation involved in the process
makes the powder closely conjoint on the surface, thereby resulting in a dense coating.

This thesis investigates the erosion and corrosion performance of Al,O3-3 wt % TiO;
thermal spray coatings deposited by detonation gun technique. As-sprayed coatings were
characterized by using the combined techniques of optical microscopy, microhardness
testing, X-ray diffractometry (XRD) and scanning electron microscopy/energy-dispersive
analysis (SEM/EDX). The corrosion performance was evaluated in oxidising and molten salt
environumment and also in actual working conditions of boiler. The erosion performance was
evaluated at room temperature conditions as well as under high temperature conditions, high
erodent velocity, and actual boiler conditions. The corrosion behavior and morphological
development were investigated by weight change kinetics, metallographs, depths of attack,
metal thickness losses, and XRD analyses.

Previous research has highlighted several theoretical mechanisms under this
generalized process, ranging from the erosion induced breakdown of oxide scales in corrosive
environments, through to the development of oxide layers in highly erosive environments.
Prior to this current work erosion corrosion experimental mechanisms has focused on bulk
alloy materials with well characterised oxidation responses, under conditions of low
temperature, low erodent impact velocity conditions which are readily generated within
laboratory scale rigs. Few works have addressed erosion-corrosion under simulated boiler
conditions of high temperature, high erodent impact velocity. The trials have been run under
such testing conditions that have involved only one temperature ie. only substrate

temperature and importance of surrounding temperature has been overlooked.
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Most of the published work on thermally sprayed Al;O3-3 wt % TiO; coatings has been
confined to wear and room temperature erosion. Little has been presented on the mechanism
of erosion- corrosion of AlCs-3 wt % Ti0Os coatings. Most works have been conducted under
milder conditions than used in the current work. In addressing the short comings in the current
state of knowledge, the aim of this work was to characterise the mechanism of erosion and
corrosion of D-gun sprayed ALC:-3 wt % TiO» thermal spray coatings under actual boiler
conditions, erosion conditions and oxidising and molten salt corrosion conditions.

ALO3-3 wt % TiO; coatings were deposited by D-gun spraying equipment available
with SVX Powder M Surface Engineering Private Limited, Greater Noida (India) under
optimised conditions, The coatings, characterised in terms of microhardness, porosity content
were in good agreement with the coating quality presented in the literature. The coating was
deposited on two types of boiler-steels designated as ASTM-SA-213-T11 and ASTM-SA-
213-T22 and three superalloys namely Superni 600, Superni 718 and superfer 800. Under the
given spray parameters coatings with thickness in the range of 200-220um and porosity less
than 1% were formed. The EDX analysis has confirmed that coatings obtained in the present
investigation meet the required compositions.

Solid particle erosion studies have been carried out as per G76 ASTM standard at 30°
and 90° impact angle with Alumina as erodent. Erosion testing was carried out using a solid
particle erosion test rig TR-471-M10 Air Jet Erosion Tester (Ducom Instruments Private
Limited, Bangalore, India) capable of conducting tests at room temperature as well as high
temperature. In general, Erosion resistance is measured using weight loss technique by
measuring the weights before and after the test. But at high temperature, weight change
measurements leads to flawed results due to oxidation of samples. In order to overcome the
limitations of the weight change technique, a different technique was used for the present
investigation and erosion resistance was measured in terms of volume loss after the erosion
testing. The total volume loss rate, due to erosion for the test matenals are compared. The
effect of temperature on the coating erosion was investigated. The high temperature erosion
behavior of this coating was compared with that uncoeated alloy i.e. T-11, T-22 steels and
Supernmi 600, Superni 718 and Superfer 800 superalloys.

On these coated substrates, thermal cyclic oxidation studies were performed in static air
as well as in molten salt (Na;S04-60%V>0s) environment at 900°C for 50 cycles. The weight
gain for all the coated alloys are significantly lower than the uncoated alloys subjected to
oxidation and molten salt hot corrosion. The coatings showed good adherence to their
respectivé substrates during exposure to oxidation as well as the moiten salt environment.

The very low porosity and the flat splat structure of the D-gun sprayed coatings have also
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contributed to hot corrosion resistance as this is the desired structure, when the coatings have
to perform in corrosive environment at higher temperature. In the flat splat structure the
distance from the coating surface to coating/substrate interface along splat boundaries,
through which the corrosive species mostly permeate, is very long.

In order to establish an understanding of the behaviour of the coatings and bare alloys in
the actual working conditions, where these coatings are intended to be used, the specimens
were exposed for 1500 hours to platen super-heater zone of the coal fired boiler of Shri Guru
Gobind Singh Super Thermal Plant, Ropar, Punjab (India) for this study. This zone was
selected for the present study as many breakdowns occurred in this power plant due to the
erosion corrosion degradation of the platen superheater tubes of the coal fired boilers. The
specimens were exposed to the combustion environment for 15 cycles of 100 hours heating
followed by 1 hour cooling at ambient conditions. The temperature of the hanging zone was
measured at regular intervals during the study and the temperature was about 700 £10 °C
with full load of 210 MW. The erosion corrosion behavior of coated alloys is promising in
comparison to substrate boiler steels. At the end of each cycle, the specimens were visually
examined with respect to colour, luster, spallation tendency and adherence of the scale,
Thereafter, the specimens were subjected to weight measurements. XRD and SEM/EDX
techniques were used for detecting the phases present and for elemental analysis of the
surface scale after exposure to boiler environments. The coatings have successfully imparted
the erosion corrosion resistance to the substrate alloys in the boiler environment.

Based on these results the coatings were considered good for industrial applications.
The responses of the samples in this work to oxidation, hot corrosion and erosion were
considered indicative of the response of industrially applied coatings of this composition in
service. This analysis makes it clear that with an appropriate choice of processing conditions
a sound and adherent ceramic coating is achievable by detonation gun process using Al;0;-3
wt % TiO; powder. Based on the findings of the present study, AlO3-3 wt % TiQO, coatings
under investigations are suggested to be tried for applications to super-heater and re-heater
tubes of the boilers for protecting them against high temperature erosive corrosive

environment applications.
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PREFACE

The entire work carried out for this investigation has been presented into nine

chapters. ‘
Chapter-1 contains the introduction about the Thermal Spraying and about the
erosion corrosion degradation problem faced by the various industries and their impact

especially in coal fired boilers.

Chapter-2 presents the critical review of the literature regarding various aspects and
mechanisms of erosion and hot corrosion. Critical review of the existing studies and detailed
behaviour of coatings to counteract the erosion corrosion degradation have been made, The
various preventive measures have been summarised and the detonation gun spraying is
discussed in detail. After reviewing the availlable literature the problem has been formulated.

Chapter-3 deals with the experimental part and presents the experimental techniques
and details of the experimental equipments and procedure employed for depositing the
coatings, their characterization. Erosion and Hot corrosion studies and Testing procedures
adopted.

Chapter-4 presents the characterisation studies which include the critical evaluation
of the substrate alloys and the study regarding the characterisation of the as sprayed coatings.

Chapter-3 includes the results of erosion studies performed on uncoated as well as
coated ailoys at room temperature and elevated temperature and critical discussion of the
study regarding the erosion behavior of substrate alloys and coatings.

Chapter-6 contains the data regarding the cyciic oxidation and molten salt studies
performed on uncoated and coated alloys at 900°C along with discussion of results.

Chapter-7 deals with findings regarding the erosion corrosion behavior of uncoated
and coated alloys in actual industrial environment and the results and discussion.

Chapter-8 includes the comprehensive discussions of the results with respect to the
existing literature.

Chapter-9 summarises the major conclusions from the results found within the

present research, and presents recommendations for future research.
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TITLE OF THE THESIS:

STUDY OF DETONATION GUN COATED ALLOYS FOR RESISTANCE TO
EROSION AND CORROSION

The author sincerely thanks the examiners for the useful suggestions and the constructive
comments. The Thesis has been thoroughly checked and corrections have been applied.
Efforts have been made to bring the revised thesis as per the comments suggested by the

examiner.

ANSWERS TO QUERIES OF REVIEWER 1

POINT BY POINT RESPONSE TO THE EXAMINERS COMMENTS

—auery 1

The rationale of the choice of the molten salt environment (Na;SOs-
60%V,03) needs an explanation. Vanadium compounds are impurities in oil,
not in coal.

Ans

Yes, Vanadium compounds are mostly present in the oils but they are also
reported to be present in coal and coal burning environments (Ref, 1-7
attached). Vanadium is present typically at a concentration between 14 and
56 ppm {mg/ke) (Ref. 5). This molten salt environment has been chosen to
make the testing conditions most severe.

Query 2

The choice of Ceramic coating (Al;03-3%Ti0;) also needs to be justified
since its application on boiler tubes may hamper heat transfer.

Ans

Aly05-TiO; coatings are conventionally used for wear prevention
applications and the present study was undertaken to study the high
temperature erosion corrosion performance of these coatings. Yes there will
be some loss of heat transfer but the tube life will be tremendously increased
as this coating is withstanding the erosion and hot corrosion at laboratory
tevel as well as in actual working conditions. -

Query 3

Rapp, 1986 mentioned on p.71 should be Rapp 1981, The reference Barbooti
et al 1988 mentioned on this page does not appear in the list of references

Ans

Rapp 1986 has been corrected to Rapp 1981 on page 71 and Barbooti et al
1988 reference has been included which was earlier left as a mistake.

uery 4

Page 93, The samples were hanged should read as “The Samples were hung”

Ans

Page 93, The samples were hanged has been changed to “The Samples were
hung”

Query 5

Page 97 and 98 are missing

Ans

The pages 97 and 98 have been incorporated and have been checked in all
the copies of the thesis which could have been left by mistake while binding
the Thesis.

Query 6

The Microstructure of T!11 and T22 steel shown on p. 99 show ferrite and
pearlite, the structure expected in these materials and not bainite as
mentioned on p 118. To avoid any confusion, higher magnification may be
used.

Ans

Bainite was written by mistake and it has been corrected to pearlite at p 118,
As per suggestion Higher Magnification Microstructure has also been
incorporated at p 99.




Query 7

In oxidation studies the terms mass change and mass gain are preferred to
weight change and weight gain

Ans

Yes, it should have been better to use mass change instead of weight gain.
Here in our studies we have not taken absolute values instead difference is
taken. Also few reviewers of manuscripts had suggested to use weight
change in earlier publications,

Query 8

EDX gives elemental analysis, but throughout the thesis %oxides are shown
alongside the SEM figures (for example, Fig. 7.8), the oxides are listed under
the caption ‘Elements’. These are serious mistakes.

Ans

It is agreed that EDX gives only elemental analysis. Writing Elements over
the oxide was a mistake which has been corrected. The conversion to oxide is
done by software and it only gives the idea regarding the approximate
contents of the oxides, The figures with the elemental composition have been
incorporated.

Query 9

In the discussion on the mechanism of hot corrosion , the formation of alkali
pyrosulphate and trisulphates, their fluxing role and their reaction with the
substrate producing FeS, Fe;O; and alkali sulphates should be incorporated
(ASM Metals Handbook, 9™ Ed. Vol 13, p 985). Apart from catalyzing the
oxidation reaction, the molten salt plays a role in the dissolution or slag type
of attack of the substrate.

Ans

As per suggestions, in discussion part on Mechanism of Hot corrosion the
formation of alkali pyrosulphate and trisulphates, their fluxing role and their
reaction with the substrate producing FeS, Fe;03 and alakali sulphates has
been incorporated at p289.

Query 10

The oxidation/hot corrosion of coated samples shows step-wise progress
(Figs 6.22, 6.24, 6.62, 6.64). This invariably depicts oxidation under the
condition of periodic cracking of scale. Quite expectedly, the parabolic
relationship has not been exhibited. An explanation for this behavior may be
found on pp. 304-306 of Ref 30.

Ans

The Figures 6.22, 6.24, 6.62 and 6.64 do not represent exact parabolic
relationship as pointed out, however, experimentally no evidence of cracking
of the scale was found. The increments in weight gain shown in figures are
of minor magnitude. Total weight gain was very less. When data of coated
alloy is superimposed on the data of uncoated alloy, the discrepancy is
clearly resolved as shown in the following graph (Fig.!).
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Fig.1. Weight gain plot for uncoated and Al,O3 - 3 wit% TiO; coated boiler

steels T11 and T22 exposed to air at 900°C for S0cycles.
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ANSWERS TO QUERIES OF REVIEWER 2

POINT BY POINT RESPONSE TO THE EXAMINERS COMMENTS

MINOR COMMENTS

Query 1 There are few typographical errors (e.g. in equation 13)

Ans The Correction has been incorporated at page 60.

Query 2 | Very occasionally a further result would have been useful, e.g. in Fig. 6.60
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Chapter 1
INTRODUCTION

Thermal spraying is a process in which materials are heated to a molten or nearly
molten condition and are sprayed onto a surface to form a coating. Materials can be heated
by combustion of fuel gases (similar to welding) or by using electricity. Thermal spray
coatings have been widely applied to diminish the effects of erosion-oxidation in industrial
environments. In this deposition technique, droplets of molten or semi-molten material are
generated and projected at a surface to form a coating. All most all materials ranging from
polymers through to metals, cermets and ceramics are routinely sprayed by this technique.
Thermal spraying processes have been widely used for many years throughout all the major
engineering industry sectors for component protection and reclamation. Recent equipment
and process developments have improved the quality and expanded the potential application
range for thermally sprayed coatings.

Erosion-Corrosion is a phenomenon where the combined effect of each degradation
mechanism generates more extensive mass loss than the sum of each mechanism acting
individually. Degradation in this manner occurs in applications associated with fluidised bed
combustion and those utilizing turbines for power generation and propulsion in thermal
power station .

The existing coal power plants are typically 35 percent efficient, and operate at stecam
temperatures below 600°C. The materials used in these existing plants do not have the high-
temperature strength and corrosion properties required for high temperature operation. By
developing improved materials systems that can withstand higher temperatures, pulverized
coal power plant efficiencies of up to 47 percent are possible. These efficiency gains, alone,
would cut the release of carbon dioxide and other emissions by nearly 30 percent (Hack and
Stanko, 2007). The efficiency of power plants is a strong function of the steam temperature
and pressure. Research to increase both is being pursued worldwide and ultra supercritical
boilers are being developed which can operate at higher temperatures. The main enabling
technology in achieving the above goals has been the development of stronger high-
temperature materials and the use of protective coatings (Viswanathan et al., 2006). Iron,
nickel- and cobalt- base superalloys are the commercial alloys commonly used for the

manufacture of components used in aggressive environments of gas turbines, steam boilers




etc.Superalloys have been developed which have strength as well as can withstand the higher
temperatures and pressures present in the superheaters of advanced/supercritical boilers but
they have proved to be especially susceptible to corrosion by certain coals, fuels etc most
notably high-sulfur bituminous coals. The cause of this type of corrosion is generally
accepted to be the presence of liquid alkali iron trisulfates on the surface of the superheater
and reheater tubes beneath an overlying ash deposit. (Blough et al., 1999). During the
operation of a stecam boiler in thermal power plants, the evaporated salt in air will deposit
directly on materials at elevated temperature, or will mix with other ash constituents and
deposit onto the surface of different components, resulting in severe corrosion attack by
oxidation, sulfidation and hot corrosion. It has been reported that the corrosion loss of
different é.lloys (Fe-Ni-Cr) in the presence of salts like NaCl, Na;SQ, at high temperatures is
30 to 120 times higher than that without presence of salts. Coal ash corrosion is a widespread
problem for superheater and reheater tubes, especially where high-sulfur, high-alkali, and
high-chlorine coals are used, and is a critical problem that needs to be resolved. Appr(;achcs
to solving this problem have included changing the fuel or providing protective baffling with
sheaths of corrosion resistant material around selected tubes. To avoid surface attack on
superalloys due to the presence of reactive alloying elements including oxidation, hot
corrosion, and thermal fatigue in the most demanding applications, such as turbine blade and
vanes, superalloys are often coated to improve environmental resistance. This will require
protective coatings or claddings applied by various means, such as weld overlaying, laser
cladding, and various forms of thermal spraying. In response to present corrosion problems,
various promising coating compositions and application techniques are under development
(Hack and Stanko, 2007).

Power plants are one of the major industries suffering from severe erosion and
corrosion resulting in substantial losses. Major cause of premature Boiler tube failures is both
hot corrosion and Erosion caused by the impact, cutting action and abrasive wear of fly ash
entrained flue gases undercutting the area they strike. Maintenance cost for replacing broken
tubes in some installations is very high and can be estimated at upto 54% of total production
cost (Hidalgo et al 2001}. In cocal fired power generation, low grade fuels with sulphur,
vanadium and sodium are often used. During the combustion of these low grade fuels, alkali
metal sulphates and V;0s vapours combine with other ash constituents and deposit onto
comparatively cooler components which results in severe corrosion attack by oxidation ,
sulphidation, chloridation and hot corrosion. Also in boilers when sodium chloride from air/

water mixes with Na;SO, from the fuel and deposits on hot section components, leading to



accelerated attack of the alloy substrate. This accelerated attack often increases the cotrrosion
loss of heat resisting alloys by over a hundred times, The performance of steels and different
alloys in oxidising environment is well established but its behaviour in corrosive
environments at high temperature particularly those containing sulphides, chlorides has not
been studied extensively.

Corrosion of metals have received maximum attention of researchers and engineers in
the field of environmental degradation of metals (Chatterjee et al, 2001). Boilers are used to
burn pulverized coal, biomass and/or waste. Inside the boiler, there is a tubing system,
including water and steam. The tubing is heated by the flame of the buming material. The
tubes carry the steam under high pressure and are subjected from the outside to erosive and
hot-corrosive wear resulting from ash and all products of burning (Kay, 1987).

A global issue exists in material selection for boiler tubes and different components in
boilers and turbines. So the materials selection at elevated temperature and the corrosion and
erosion behaviour of material employed in boilers and turbines is becoming an increasingly
important issue for modern thermal power plants.

Corrosion may be defined as the deterioration of the matenals by their reaction with
surrounding and the rate increases with increase in temperature known as hot corrosion. Hot
corrosion is an accelerated oxidation of material at elevated temperatures, induced by a thin
film of fused salt deposits. In hot corrosion, metals and alloys are subjected to degradation at
much higher rates than in gaseous oxidation, with porous non-protective oxide scale formed
at the surface and sulphides permeating into the substrate. Hot corrosion is a serious problem
in power generation equipments and in other energy conversion and chemical process
systems.

It is believed that condensed alkali metal salts notably Na;SOy, are a prerequisite to

hot corrosion (Otero et al, 1992). The source of these salts may be:

a) The direct ingestion of sea salt in a marine environment.

b) Formation of Na;SQO4 during the combustion of fuels containing both sodium
and sulphur.

c) The formation of (Na;SQ,), during combustion from sodium contaminated

airborne dust and sulphur in the fuel.

In energy generation processes the mechanism of hot corrosion is dependent on the
formation of a liquid phase that is predominantly Na;SO4 or K»S04. The sulphur released
from the coal, forms SO, with a minor amount of SO3 and reacts with the volatilised alkalis

to form Na;SOq vapour, which then condenses together with fly ash on the superheater and



reheater tubes in the boiler. Such a liquid phase dissolves the chromium oxide in the
protective coating, which allows the base metal to react with sulphate ions to form sulphide
ions and non protective oxides (Natesan, 1976 and Rapp et al, 1981). Sulphur from fuel reacts
with NaCl from ingested air during combustion in the combustor to form sodium sulr::-hate
which gets deposited on hot sections of turbine components resulting in accelerated oxidation
attack. Sulphur in the fuel is generally limited to 0.3 wt% for commercial jet engines and to
1.0 wt% for marine gas turbines. NaCl comes from seawater.

High Corrosion resistance is required for high temperature materials, in addition to
excellent mechanical properties; high temperature strength, good creep resistance and
microstructure stability. However all these requirements can not be fulfilled by alloy
development alone. So an alternate approach of surface coatings or surface treatments is
commonly used. The ability of coatings to resist surface degradation over extended peniods is
an important contributor in safeguarding the capital investment in the structure of a vessel.
Protective coatings are the first line of defense against the erosive corrosive environment.
Coatings mainly serve to minimize the rate of degradation.

Erosion is a generalised wear mechanism whereby mass loss occurs through impact of
discrete particles entrained in a fluid stream. According to ASTM standard G76-95, Erosion
ts the progressive loss of original material from a solid surface due to mechanical interaction
between that surface and a fluid, a multi-component fluid, or impinging liquid or solid
particies.

In coal-fired boilers, fluidized beds, and gas turbines; solid particles are produced
during the combustion of heavy oils, synthetic fuels, and pulverized coal and causes erosion
of materials (Zhang et al, 2000). Particle erosion has become an increasingly important
material property, particularly in the field of alternative energy technology (Soderberg et al,
1981). One of the most serious problems associated with fluidized bed combustors (FBC)
technology is the material loss of the combustor wall and the in-bed tubes.

Boilers and other steam power plant equipments suffer severe erosion and corrosion
problems resulting in substantial losses {Prakash et al, 2001), Erosion problems contribute
significantly towards partial unavailability of power in India Krishnamoorthy et al (1993).
The data covering one-year duration for the boiler tube failure in the coal fired power plant
in north western region of India indicates that out of the 89 number of failures, 62 failures
were attributed to the erosion-corrosion by fly ash. Moreover fly ash content of the Indian
coal is very high and causes severe erosion-corrosion of the materials in the power plants.

In view of the high losses due to erosion-corrosion it becomes imperative to develop better



defence against such degradation by exploring newer erosion-corrosion resistant materials
for the industrial applications.

The presence of fly ash and combustion gases constitutes an extreme environment,
and erosion, erosion-corrosion and hot corrosion is inevitable when alloys are used at high
temperatures for long periods of time (Goebel et al, 1973, Tabakoff, 1995 and Kamaraj,
2003). To improve the oxidation and corrosion resistance of alloys and to increase the service
life of 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 ailoy, which help to
improve oxidation and corrosion resistance. Another method is coating the alloy with a
protective layer using various surface treatment techniques (Wang et al, 1989). Wear and
corrosion resistance of components can be greatly increased by protective coatings and this is
a growing industry of considerable economic importance (Hocking, 1993).

Different surface modifications techniques like electroplating, cladding, hot dipping,
and thermal spraying are used. Among these techniques the thermal spraying has grown into
a well accepted industrial technology. Thermal spraying is the common name for vast gallery
of techniques for coating deposition. Thermal spraying processes can be distinguished
depending on the type of heat source, the gases or fuels used, and the form of precursor
material fed into the source. Developments in thermal spraying as well as advances in powder
and wire production have resulted in coatings with excellent properties under service
conditions. So of all the available coating techniques thermal spraying is most signiﬁc.ant
because wide variety of materials can be used to produce coatings. In depositing high quality
coatings advancement in technologies for deposition are needed and are being developed.
The principle of formation of coatings is similar in thermal spraying techniques. The material
to be deposited is melted by heat source and propelled towards the surface being coated,
where they impact, flatten and solidify. To form a dense coating covering which is closely
bonded to a substrate, high velocity of powders which are to be deposited is needed.
Detonation Gun process is used for the deposition purpose in the present investigation. This
process 1is used to accommodate the density and the accuracy requirement aqd cost.
Detonation sprayed coatings get a denser microstructure and their surface hardness and
adhesion strength are usually higher. On the basis of feasibility and other requirements of
thermal spray coatings for protection against hot corrosion and erosion. Porosity is an
important property, which influences considerably the characteristics of deposits. An
important advantage of D-gun sprayed coatings is their low porosity. Porosity in the coatings

is of great relevance especially in erosion. The porosities of D-gun coatings are very small:



the reported value lies between 0.5 % to 2 % (Tucker, 1982, Stachowiak and Batchelor,
2001). Detonation gun technique was proposed for the study. In past detonation technique has
not been used as widely as HVOF and plasma spray.

Previous studies have pointed out the use of alumina and titania based coatings for
the purpose of erosion and wear resistance and the studies have revealed that these have
excellent wear and erosion resistance. There has been little literature available on oxidation
or high temperature behaviour of salt mixture accelerated corrosion related to alumina and
titania based coatings on boiler éteels and superalloys. Previous studies have been
performed at low temperatures and in environment free from salts and halogen and sulphur
containing environments. |

The objective of this research is to investigate experimentally the erosion corrosion
behaviour of Detonation gun sprayed coatings on boiler steels and superalloys in air,
molten salt (Na;S04-60%V,0;5) and in actual working conditions of coal fired boilers of a
thermal power plant. The erosion performance has been evaluated at room temperature as
well as at elevated temperature. Behaviour of these coatings under different degrading
environments once evaluated are compared to arrive at the best coating for given

environment and temperature.



Chapter 2
LITERATURE REVIEW

This chapter contains a critical review of the existing literature on thermal spraying
along with the thermal spray techniques most commoniy utilized in the deposition of
coatings, erosion and erosion-corrosion behaviour of metals, alloys and protective coatings;
including a comprehensive review of the behaviour of some metals, alloys and protective

coatings are also included in this chapter.

2.1 THERMAL SPRAYING — AN INTRODUCTION

Suiface coatings and treatments have been used to reduce material loss of components
in various applications (Rogers, 1995). Thermal spraying 1s in general similar to welding
where added material is fused to the base through a metallurgical bond, although in thermal
spray coatings, the deposits adhere to the substrate mostly by mechanical interlocking.
Thermal Spray is a generic term for group of coating processes used to apply metallic or
nonmetallic coatings. In Thermal spraying technique, droplets of molten or partiaily molten
material are generated and projected at a surface to form a coating. The droplets undergo little
interaction with the substfate, merely adhering to the roughened surface through physical
means to form a coating. A variety of techniques falls in this category, varying in the manner
in which they heat the material, the operating temperature and the velocity to which the
droplets are accelerated. Through the range of operating conditions generated, any maternial
that does not undergo sublimation or degradation upon heating can be applied as a coating.
Extremely wide variety of materials ranging from polymers through to metals, cermets and
ceramics are routinely sprayed (Tucker, 1994).

In this process, the coating material in the form of rod, wire or powder is fed into a
high temperature heat source, where it is heated close to, or in excess of, its melting
temperature. A high velocity accelerating gas or combustion gas stream accelerates the
droplets of material to the substrate, where they impact and spread across the surface to form
a “splat”, Fig. 2.1. The splat material deforms to match the surface topography, forming
mechanical interlocking bonds as it undergoes rapid solidification (10° K/s).

The coating is built up by multiple particle impacts to form the fundamental

heterogeneous microstructure characteristic of this technique Due to heat and impact, the



particles flatten in the form of thin platelets and bind together with the substrate. These layers
of flattened particles act as a protective coating. (Smith and Knight, 1995).

Droplets reach a variety of states prior to deposition due to the complex interaction of
the heat source, velocity profiles, and particle thermal and mechanical properties. Oxidation
can occur in-flight around the particle periphery, such features forming “stringers” of oxide
around the deformed splats in the coating. Similarly, melting of the particles may contribute
to phase dissolution in multiphase materials. Rapid solidification generates non equilibrium
metastable phases and amorphous structures in the splats. Conversely particles that are not
sufficiently molten do not deform significantly upon impact, potentially generating voids and
porosity within the coating. The extent to which the material phases in the powder are
retained in the coating, and the coating density, are critically dependent upon the deposition
technique and spray parameters. The highest quality coatings are generated by high velocity
particles (minimisation of exposure tfime to cxidation and high degree of deformation upon
impact to minimise porosity), heated to a low temperature sufficient for deformation and

spreading upon impact (Knight and Smith, 1998).

2.2 THERMAL SPRAYING PROCESSES
There are several thermal spraying processes. Most important and general
components in these processes are as follows:
e Gun (melting of particle and accelerating towards substrate)
‘e Control unit (combustible gas control console or electric power control)
o (Coating material (wire or powder) feeding mechanism
The various thermal spray processes are broadly classified into three categories based
on their method of heating - combustion, plasma, and electric arc. Each of these categories

encompasses a range of different methods, Fig. 2.2

2.2.1 Electric Arc Processes

In arc spray process, two wires are simultaneously brought into contact with each
other at the nozzle. The electrical load wire causes the tips of the wires to melt when they
touch. An atomizing gas such as air or nitrogen is used to strip the molten material off the
wires and to transport it onto the work piece. Arc spraying is reasonably inexpensive and
teadily usable in the field. Low particle velocities enable maximum coating thickness for a

given material (Thorpe, 1993).
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Fig. 2.1: Schematic development of the thermal spray process and mechanism of
coating build-up (Engineering Manual 1110-2-3401, 1999).
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Energy costs are lower and production rates are higher than they are with competing
methods such as wire flame spray. Arc spraying may be used to apply electrically conductive
materials including metals, alloys, and metal-metal oxide mixtures. Fig.2.3 shows a typical
arc spray system comprised of a DC power supply, insulated power cables, a wire feed
system, a compressed-air supply, controls, and an arc spray gun. Coating quality and
propetties can be controlled by varying the atomization pressure, air nozzle shape, power,
wire feed rate, traverse speed, and standoff distance.

In Electric Arc spraying thermal spraying process, a DC electric arc is struck between
two continuous consumabie wire electrodes which form the spray material. Compressed gas
(usually air) atomises the molten spray material into fine droplets and propels them towards
the substrate. The process is simple to operate and can be used cither manually or in an

automated manner (Budinski, 1988; Davis, 2004).

2.2.2 Plaéma Spray Processes
The process of spraying with the use of plasma has been patented by Gage et al.
(1962), as well as by Giannini and Ducati (1960). The plasma spraying process uses a DC
electric arc to generate a stream of high temperature ionised plasma gas, which acts as the
spraying heat source. The arc is struck between two non-consumable electrodes, a tungsten
cathode and a copper anode within the torch as shown in Fig. 2.4. The torch is fed with a
continuous flow of inert gas, which is ionised by the DC arc, and is compressed and
accelerated by the torch nozzle so that it issues from the torch as a high velocity (in excess of
2000 m/sec), high temperature (12000-16000 K) plasma jet (Thorpe, 1993). The coating
material, in powder form, is carried in an inert gas stream into the plasma jet where it is
heated and propelled towards the substrate. Because of the high temperature and high thermal
energy of the plasma jet, materials with high melting peints can be sprayed. The Plasma
Spray Process is basically the spraying of molten or heat softened material onto a surface to
provide a coating. Material in the form of powder is injected into a very high temperature
plasma flame, where it is rapidly heated and accelerated to a high velocity. The hot material
impacts on the substrate surface and rapidly cools forming a coating. Plasma spraying is used
to apply surfacing materials that melt at very high temperatures.
. The plasma spray process is most commonly used in normal atmospheric conditions
rred as APS.-Some plasma spraying is conducted in protective environments using

ghambers normally back filled with a protective gas at low pressure; this is referted

-PPS. Plasma spraying has the advantage that it can spray very high melting point
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materials such as refractory metals like tungsten and ceramics like zirconia unlike
combustion processes. Plasma sprayed coatings are generally much denser, stronger and
cleaner than the other thermal spray processes with the exception of HVOF and detonation
processes. Disadvantages of the plasma spray process are relative high cost and complexity of

process (Heiman, 1996; Pawlowski, 1995; Davis, 2004).

2.2.3 Combustion Spray Processes

Combustion spraying uses the heat of combustion of a fuel gas (usually acetylene or
propane) and oxygen mixture to melt the coating material, which can be fed into the spraying
gun in two forms, either powder or solid wire/rod.

The process relies on the chemical reaction between oxygen and a fuel of combustion
to produce a heat source. This heat source creates a gas stream with a temperature in excess
of 3,000°C with correctly balanced conditions between oxygen and acetylene. The feed stock
material to be sprayed is fed into the flame in the form of a wire or powder and compressed
air is then used to atomise the molten metal and accelerate the particles onto the substrate.
Combustion flame spraying uses either powder, wire or rod as the feedstock material and has
found widespread usage around the world for its relative simplicity and cost effectiveness

(Pawlowski, 1995; Davis, 2004).

2.2.3.1 Low Velocity Combustion spray process

The oldest form of thermal spray, flame spraying, may be used to apply a wide variety
of feedstock materials including metal wires, ceramic rods, and metailic and nonmetallic
powders. In flame spraying, the feedstock material is fed continuously to the tip of the spray
gun where it 1s melted in a fuel gas flame and propelled to the substrate in a stream of
atomizing gas. Common fuel gases are acetylene, propane, and methyl acetylene-propadiene.
Air is typically used as the atomization gas. Oxyacetylene flames are used extensively for
wire flame spraying because of the degree of control and the high temperatures offered by
these gases. By gauging its appearance, the flame can be easily adjusted to be an oxidizing,
neutral, or reducing flame. The lower temperature propane flame can be used for lower
melting metals such as aluminum and zinc as well as polymer feedstocks. The basic
components of a flame spray system include the flame spray gun, feedstock material
feeding mechanism, oxygen and fuel gases with flowmeters and pressure regulator
air compressor and regulator. The two consumable types give rise to the two process

powder flame spraying and wire flame spraying. |
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2.2.3.2 High Velocity Combustion spray process

One of the newest methods of thermal spray, High Velocity Oxy-Fuel (HVOF)
Process utilizes oxygen and a fuel gas at high pressure. It was developed in late seventies and
early eighties. Typical fuel gases are propane, propylene, and hydrogen. The burhing gas
mixture is accelerated to supersonic speeds, and a powdered feedstock is injected into the
flame. The burning is continuous in this process. The schematic Diagram of the HVOF
Process is shown in Fig. 2.5. The process minimizes thermal input and maximizes particle
kinetic energy to produce coatings that are very dense, with low porosity and high bond
strength. HVOF systems are field portable but are primarily used in fabrication shops. HVOF
has been used extensively to apply wear resistant coatings for applications such as jet engine
components (Bunshah, 1994; Pawlowski, 1995; Davis, 2004).

2.2.3.3 Cold Spraying

The Cold Spray or cold gas-dynamic spraying process is the next progressive step in
the development of high kinetic energy coating processes. The cold-gas spraying method was
developed in Novosibirsk, Russia at the end of the 1980s by Alkhimov et al. (1990). Similar
in principle to the other thermal spray methods, it follows the trend of increasing particle
spray velocity and reducing particle temperature as with the HVOF/HV AF processes, but to a
more extreme level that it could be asked whether the process fits under the description of
thermal spray. A typical cold-spraying system is shown schematically in Fig. 2.6. The Cold
Spray process basically uses the energy stored in high pressure compressed gas to propel fine
powder particles at very high velocities (500 - 1500 m/s). Compressed gas (usually helium) is
fed via a heating unit to the gun where the gas exits through a specially designed nozzle
{(laval type mostly) at very high velocity. Compressed gas is also fed via a high pressure
powder feeder to introduce powder material into the high velocity gas jet. The powder
particles are accelerated and moderately heated to a certain velocity and temperature where

on impact with a substrate they deform and bond to form a coating (Stoltenhoff, 2002).

2.2.3.4 Detonation Gun (D-Gun) Spraying

Detonation gun (D-gun) coating is a relatively new technology ejecting the melting or
semi-melting state powder heated by the combustion of acetylene and oxygen to the surface
of working piece at a high speed 500-1200 ms™. The high active energy makes the powder
closely conjoint the surface and forms a layer with high strength, high hardness and good
wear resistance. This technology has been widely used in many fields such as aviation, space

flight, petroleum, metallurgy and machinery industry {(Murakami et al., 1989).
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The D-gun process was developed by Union Carbide (Poorman et al., 1955) in the early
1950s and D-gun™ sprayed coatings are available through the coating service of this
organization. The detonation-gun process was also developed in the 1960s at the Paton
Institute in Kiev (Ukraine) (Borisov et al., 1990; Kadyrov, 1988).

The D-Gun shown schematically in Fig. 2.7 consists of a water cooled barrel
approximately one meter long, with an internal diameter of 25 mm (Pawlowski, 1993).
Mixture of combustion gases, oxygen and acetylene are injected into the barrel, along with a
“charge” of powder entrained in a carrier gas. A spark plug is used to ignite the mixture of
gases, generating a detonation wave that reaches a maximum temperature of 4500 K and
speeds in excess of 2900 m/s. The entrained powder is heated and accelerated to speeds of
750-800 m/s in the D-Gun and 900 m/s in the Super D-Gun processes respectively. The barrel
is purged with nitrogen prior to the next firing, which occurs 1-15 times per second
(Pawlowski, 1995; Sturgeon 1993). Each shot of powder generates a circular disc of material
on the substrate, made up of multiple overlapping splats. Successive firings overlap the discs
of deposited material to build up the coating. By confining the powder and combustion gases
within the nozzle, air entrapment is minimised, resulting in low oxide content coatings. The
high powder velocities generate significant particle deformation on impact, minimising
porosity and resulting in high bond strengths. The detonation process consists of four steps:
In first step, oxygen and fuel are injected into the combustion chamber; then injection of
powder and nitrogen to prevent ‘backfiring’; then ignition of mixture and acceleration of

powder; and finally purging of barrel by nitrogen.

2.2.3.4.1. Process parameters

In D-gun spraying, mixture of a fuel gas, usually H; or hydrocarbons, such as acetylene
(C3:Hy), propane (C;Hg) and butane (C4H,yg), with oxygen (O3) is used as working gas. The
composition giving the maximum temperature of 4500K corresponds to oxygen with 45 vol.%
of acetylene (Tucker, 1982). The wave generated by detonation may attain a velocity of 2930
m/s (Smith, 1974) while the velocity of the particles reportedly reached 750 m/s in the D-gun™
and 1000 m/s in the ‘Super D-gun™" (Irving et al., 1993). Kadyrov and Kadyrov, (1995) report
velocities varying between 1000 and 3000 m/s. The barrel used in D-gun is circular with the
length is in the range 450-1350mm and the diameter 21-25mm. The Firing rate is in the range
1-15 Hz. The Powder Particle sizes are usually in the range 5-60 pm. The Powder feed rate is in
the range 16-40 g/min (Borisov et al., 1990). The Spray distance is reported to be about 100mm

(Schwarz, 1980). The spray atmosphere is air in this process.
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2.2.3.4.2. Advantages of Detonation gun Coeating Technology
The detonation gun (D-gun) spraying process is characterized by spray particles, which

impact the surface of a substrate or a coating formed previously at the highest velocity

realizable for the thermal spraying processes available at present. Therefore, the detonation gun
sprayed coatings result in superior mechanical properties. Detonation gun is capable of
producing the highest pressure, velocity, and density, which is not achievable by all other
spraying techniques. As a result, the detonation coatings are characterized by extremely high
density, microhardness, and low porosity, and are suitable for applications requiring very high
standards, such as aircraft engine components and boiler components. This allows a many-fold

increase in the operational lifetime of the part (Li and Ohmori, 1996; Gledhill et al., 1999;

Makela et al., 1995; Saravanan et al., 2000; Ahmed and Hadfield, 1997).

A great variety of materials can be sprayed by using the detonation technology and a
broad selection of base substrates can be coated. In addition to premium coating quality, the
use of the detonation coating process, provides many benefits. Due to the intermittent nature
of the process, the amount of heat transferred to the substrate stays very low. The substrate
temperature, during spraying, does not exceed 150°C and can be maintained at room
temperature, if necessary. This makes possible the spraying of precision components such as
crankshafts, or turbine blades, without the danger of causing thermal deformations, or
chemical changes. It is also possible to spray low melting point materials, such as plastics.
The manufacturing experience has demonstrated that the use of the detonation coating
process, in production, is very cost-effective; and, it results in substantial operational and
maintenance cost reductions, as compared to the typical HVOF and plasma spray systems.
This 1s due to the following factors:

. Less Gas Used: A high-pressure fuel and oxygen supply is not needed. The gases are
fed into the combustion chamber at low pressure, slightly exceeding atmospheric
pressure. The total amount of gases consumed, per unit mass of powder sprayed, is
about 10 times less than the typical HVOF system.

. Less Water Consumed: Due to the low amount of heat transferred to the gun barrel,
a special cooling system is not needed. Water consumption is very low.

. Less Electrical Energy Consumption: Very effective electric power consumption.
Also a water chiller is not needed, which requires a lot of electricity.

. Less Downtime: The process is very simple to operate and very reliable. There are

| literally no components that can wear out.

. Less Scrap: There are no nozzles that can melt, or disintegrate, and spit copper on the

expensive part being sprayed.
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The gun barrel can be mounted at any angle, or can be fixed in the arm of a robot-
manipulator, Multiple gun barrels can be installed to satisfy process requirements for high
volume. Also the gun design allows to use the same unit as a gnit blaster, without modifications of
the barrel, or the gas supply system. This eliminates the need for a separate grit blasting booth,
and it allows for a combination of surface grit blasting and further spraying, in one continuous
operation (Davis, 2004; Pawlowski, 1995; Niemi et al. 1994). A brief review of few important
thermal spray processes is given in Table 2.1 which compares important process characteristics
associated with these techniques. The properties depicted in the table may vary depending on

process settings, spray duration, spray distance, and the substrate material.

Table 2.1: Comparisons of different methods of thermal spray (Davis, 2004; Pawlowski,
1995; Kadyrov, 1995)
Type of Flame or Heat Particle Oxide | Porosity | Adhesion
System Plasma Exit { Transfer to Impact Content {%) {Bond
Temperature Substrate Velocity (%) Strength)
(°0) (°C) (m/s)
Detonation 3000 20-150 800-1200 Small 0.1-3 Extremely
Gun high
HVOF 2500-3100 500-700 500-800 | Moderate | 1-10 | Very High
Plasma 5500-8300 700-1000 200-600 | Moderate 1-10 | Very High
Spraying to course
~Wire Arc | 4000-6000 500-800 240 Moderate 1 10-20 High
to High
Flame 2500-3000 500-700 30-180 High 10-30 Low
Spraying
2.3. ALUMINA TITANIA COATINGS

2.3.1 Introduction

Variety of materials viz. carbides, oxides, metallic, etc., bélonging to the
wear/corrosion resistant category is available commercially. The coatings can be classified
into the following categories:

(1) Metallic: NiCrAlY, Triballoy etc.
(ii) Carbides: WC, TiC, SiC, ZrC, Cr,C; etc.
(iii) Oxides: ALLOs, CryO;5, TiO,, ZrO; etce.

The Choice of coating material depends upen the specific application.
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Al;03-TiO; Ceramics System

Ceramic coatings produced by thermal spraying are widely used in a range of
industrial applications to provide wear and erosion resistance, corrosion protection and
thermal insulation onto metallic substrates. Especially, alumina coatings are commonly used
to resist wear by solid particle erosion (Ramm et al., 1994) and friction (Hartfield-Wunsch
and Tung, 1994; Niemi et al., 1994; Kingswel et al., 1991; Kamachi et al., 1991; Naerheim et
al., 1995). Ceramic coatings, prepared by the projection of a stream of molten particles at
high velocity against the material to be coated, are widely used to provide wear, thermal or
corrosion protection. Alumina-titania ceramic is one of the materials largely used for its wear,
corrosion, and erosion resistance applications.

Al>03-TiO5 is most commonly applied ceramic coatings in thermal spray coatings.
Thermally sprayed coatings, like Al,O; and Cr,03, have several wear protection applications
in paper, printing, petrochemical, mining, food and packaging, power generation fields,
thanks to their high hardness and chemical stability (Winkler et al., 2003; Xiaoou and Yufen,
2005; Tani and Nakahira, 2004; Samad et al., 2004; Heimann, 1996; Budinsky, 1995). The
use of the composite in preference to pure aluminum oxide has certain advantages. Titanium
oxide has a lower melting point and effectively binds alumina grains leading to higher density

and wear resistance coating. (Mishra et al 2008)

2.3.2 Thermal spraying of alumina titania

Ceramic surfacs coatings have been used in various fields as protective coatingg such
as thermal barrier coatings (Haynes et al., 1996; Bartuli et al., 1995; He et al., 2000;
Leushake et al.,, 1997; Leyens et al.,, 1999; Musil et al.,, 1997), wear protective coatings
(Pantelis et al., 2000; Sundararajan et al., 1998; Zywitzki and Hoetzsch, 1995) and corrosion
protective coatings. (Thomnton -and Chin, 1977; Arsenault et al., 1989; Emmerich et al., 1997;
Pajonk and Steffans 1997; Haanapell et al., 1991; Stroosnijder et al., 1994) Ceramic coatings
are increasingly being used to protect metals in corrosive environment due to their stable
properties and to the possibility of tightly adhering them to the metals. (Wiklund et al., 1996)

Alumina-titania ceramic 1s one of the materials largely used in the APS process. It is
known for its wear, corrosion, and erosion resistance applications. 45,0; Alumina is highly
refractory and a very stable ceramic (melting point, Tm = 2327K; standard enthalpy of
formation, (def° = —1675.7 kJ/mol). Consequently, the oxide does not modify its
composition upon spraying. At solidification, some authors have reported the formation of an

amorphous phase in the lamellae, close to the interface of the substrate (Wilms and Herman,
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1976). The modification of alumina with regard to the initial material occurs at solidification
of the splat. The process results in formation of the yAl;O3 phase instead of the stable a-
Alz03 phase. McPherson (1973) explained this formation by a lower energy for nucleation
from the liquid for the y-phase than for the o -phase. The a-alumina present in the as-sprayed
coatings results from inclusion of the unmelted grains (Fig. 2.8) It is possible to obtain the a -
phase for the melt by alloying alumina with other oxides, such as chromia. Such alloying
modifies the height of the nucleation energy barrier.

TiO;, being a relatively less-refractory oxide with a melting point of 2143K and a
standard enthalpy of formation Aff° = —944.0 kJ/mol, is used frequently as a coating in
chemical catalysis and a dielectric in capacitors, and is being studied for such new
applications as electron emitters (Tomaszek et al., 2007) or in photocatalysis (Toma et al.,
2005). The oxide is often alloyed with others (Al;03, Cr;O3) in such compositions as, e.g.
AlLO; +13 wt% TiO,, which has a liquidus at a lower temperature than the melting points of
more refractory component. Commercial Ti0; powders are often prepared by fusing and
crushing and contain mainly rutile and sub-oxides, being the Magneli phases of a general
formula, Ti,02,1 (5 < x < 9) (Berger, 2004). On plasma-spraying of coarse particles (mean
size, dor = 23pum in Fig. 2.9; rutile crystal size, der = 48-56 nm) coatings are produced, having
a composition simtlar to the imtial particles, namely rutile (crystal size, der = 29-43 nm, being
clearly smaller than that of the powder) and sub-oxides.

Thermally Sprayed alumina-based coatings are widely used in various applications.
Atmospheric plasma spraying (APS) is an economical way to deposit these coatings and is
satisfactory in many cases. The properties of alumina-based coatings can be influenced by
alloying For example; an addition of TiO; to Al,0O; increases toughness and decreases
porosity of coatings deposited by plasma spraying (Safai S., 1979). In the case of plasma
sprayed alumina-titania coatings, the abrasion wear resistance tested using the SiC-paper
grinding method has been found to increase with small additions of TiO; (3 wt%), whereas
addition of 40 wt% Ti0; decreased wear resistance (Filmer et al., 1990).

It is well known that engineering ceramics exhibit properties such as excellent
chemical stability, corrosion resistance, and wear resistance (Safai S., 1979; Filmer et al.,
1590). Ceramic coatings sprayed onto the surface of a metal can change the corrosion
behavior of the substrate and can provide outstanding protection, especially under conditions
in which corrosion and wear coexist at an elevated temperature (Beltzung et al., 1989;
Vuoristo et al., 1991). Thermally Sprayed ALQO; and Al;03-TiO; coatings are being
extensively developed with many outstanding properties, such as high hardness, excellent
abrasive and sliding wear resistance, erosion resistance, inoxidisability, and heat insulating

property. (Wang et al., 2000; Jordan et al., 2001; Goberman et al., 2002)
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Fig. 2.8: Optical micrograph of an alumina coating used for corona rolls production,
obtained by plasma-spraying (McPherson, 1973).
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Fig. 2.9: X-ray diffraction diagrams of a coarse TiO, powder plasma sprayed coating
(Tomaszek et al., 2006).
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Alumina-titania coatings have also been used for varied applications in the
automotive, transportation, textile, aerospace, and aircraft industries because of their
refractory nature. The coatings produced are wear resistant, heat resistant, resistant to
most acids and alkalis, and have high dielectric strength. In addition, bond strength is
high, inter particle strength is high, and finish is very smooth. The coatings exhibit little
evidence of through porosity. The alumina-titania coating used for the heater tube must
survive thermal cycling from thermal-hydraulic testing, which promotes spalling and

destruction of the insulator.

2.4 EROSION
2.4.1 Introduction

In general Erosion may be defined as metal removal caused by particle. Erosion wear
mechanism involves the removal of materials from a given surface due to impact of solid
particles. So Erosion is a generalised wear mechanism whereby mass loss occurs through
impact of discrete particles entrained in a fluid stream. This mechanism applies to a range of
situations; the use of the term in this work is in regard to mass loss by small, hard particles

entrained in an air stream, The extent of erosion in this manner has been defined as:

Mass flow rate of impinging particles
Erosion Rate =

Mass of material removed from substrate

.

The material loss caused by the impingement of tiny, solid particles, which have a
high velocity and impact on the material surface at defined angles, is called erosive wear
(Guo et al., 1995). Erosive wear is caused in the solid bodies by the action of sliding or
impact of solid, liquid or gases or a combination of these (Ramesh et al.,, 1991). ASTM
standard G76-07 (2007), defines erosion as the progressive loss of original matenal from a
solid surface due to mechanical interaction between that surface and a fluid, a multi- -
component fluid, or impinging liquid or solid particles. Erosion is a serious problem in many
engineering systems, including steam and jet turbines, pipelines and valves used in slurry
transportation of matter, and fluidized bed combustion system (Kosel, 1992). According to
Kosel (1992), solid particle erosion is a phenomenon in which a series of particles strikes and
rebounds from the sliding of abrasive particles across a surface under the action of an
externally applied force. He further reported that solid particle erosion is expected whenever

hard particles are entrained in a gas or liquid medium impinging on a solid at any significant
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velocity (greater than 1m/s). In both the cases, particles are accelerated or decelerated, and
their directions of motion can be changed by the fluid, this is more significant in hquid
media, and slurry erosion. A schematic view of erosion wear is shown in Fig. 2.10.

An extensive amount of research has been published in regard to the mechanisms and relative
rates of erosion of materials in order to develop measures to mitigate the effect of damage.
Most erosion work has focused on bulk materials, with testing primarily conducted at
ambient temperature under relatively low particle impact velocities. As a result, the erosion
mechanisms and effect of the variation in process variables and material properties on the
erosion response have been well characterised under such conditions. The erosion response of
materials under the industrially significant conditions of high temperature and/or high impact
veloeity is less understood.

Through this work Alumina-Titania based materials have been highlighted as
possessing high erosion resistance. The positive attributes of thermal spraying have been
widely exploited to apply such materials, primarily Al;03-3Ti0,, as coatings.

Similarly, while thermal spray coatings are widely utilised to mitigate the effects of erosion,
few single impact studies have characterised the mechanism of degradation under high
velocity impact conditions and high temperature conditions. More specifically the response of
thermal spray coatings to erosion has primarily been considered from an empirical,
comparative viewpoint;, contrasting the erosion response with well characterised bulk
materials only. Little has been presented in regard to the effect as a function of deposition
technique on the coating response. Furthermore, most coating erosion resistance trials have
constrained to room temperature exposures with only few publications considering the effects
of high temperature exposure of the coating and its implications on the erosion mechanism

and magnitude of erosion response.

Material loss of the combustor wall and the in bed tubes is one of the most serious
problems associated with fluidized bed combustors (FBC) technology. The term ‘wastage' is
commonly used for this phenomenon, which is generally accepted to be a result of erosion or
abrasive wear that may be accelerated by oxidation or high-temperature corrosion (Stringer et
al., 1989). Huge levels of surface degradation of metal containment walls and heat exchanger
tubing by a combined erosion-corrosion (E-C) mechanism have been experienced in some
boilers, particularly fluidized bed combustors by Levy (1993). According to Kosel (1992),
erosion-corrosion refers to the simultaneous, synergistic interaction between the solid particle
erosion and corrosion. Erosion-corrosion is of great technical importance in several types of

applications, including coal gasification or liquidification, steam turbines, jet turbines, and in
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Fig. 2.10: A schematic view of solid particle erosion of material (Buckley, 1981).
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the in-bed evaporator tubes, waterwalls, and convection pass surfaces of fluidized bed
combustion systems. Material damage due to combined effect of erosion and corrosion is a
problem in many industrial applications like hydraulic turbines, slurry pumps, valves,

pipelines conveying solid particles (Das et al., 2006).

2.4.2 Erosion Fundamentals

In erosion, the detailed process that cause material removal is still poorly understood
(Gee et al., 2003) and continuous efforts are being made in this regard. Finnie’s (1960) analysis
of the cutting action of a single particle launched against a ductile target and was the first model
of solid particle erosion capable of predicting material removal rate. The mechanisms by which
erosion mass loss occurs are broadly defined into two categories-ductile and brittle
mechanisms. Such classifications were initially based on the response of classical “ductile” and
“brittle” materials, which, by virtue of their erosion mechanisms, showed mass loss as a
function of impact angle responses similar to those in Fig. 2.11. Subsequent work has shown
that the material response as a function of impact angle depends on an extensive number of
variables, well beyond those related to the material properties. For different materials under
varying test conditions, different response may be generated. Variation in test conditions may
generate responses characteristic of each mechanism for a single material. Such classifications
are still widely used, however, in describing the material response and serve to differentiate

between the two primary mechanisms of erosive mass loss.

2.4.2.1 Ductile Erosion Mechanism

As previously discussed, Finnie's analysis (1958) of the cutting action of a single
particle launched against a ductile target was the first model of solid particle erosion capable
of predicting material removal rate. In his scheme, the particles were assumed to be non-
deforming and impacting a target, which was assumed to reach a constant flow pressure (i.e.
the target is assumed perfectly plastic) immediately upon impact. By assuming that no
rotation of the particles occurs during the impact process, he could solve for the trajectory of
the particle in closed form as it cuts the surface, and thus predict material removal rates, This
theory formed the foundation for later rigid-plastic models, which removed the restriction of
particle rotation during impact. Finnie (1960) developed an analytical model to predict
erosion rates that were based on the assumption that the mechanism of erosion was that of
micromachining. According to him the impacting particle penetrates the target by a small

amount, translates along the surface removing material ahead of it in a machining mode and
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finally leaves the surface. A refined model has been developed for this mechanism by Finnie
and McFadden (1978) utilizing the equation of motion of the particle tip to define an amount
of target material that would be removed. The classical “ductile” ercsion response, exhibits
the greatest magnitudes of mass loss at low impact angles ranging from 15-30°. At higher
angles the erosion rate drops away, though the rate does not tend to 0 at 90°. The seventy of
low angle impact damage has been related to the efficiency of the generalised “machining”
mechanism postulated to account for erosive mass loss in ductile materials over these angles.

This generalised mechanism has been subdivided into 3 modes of response, Fig. 2.12.

The angle impact of erosive particles 1.e. the glancing angle impact of rounded
erodent results in furrow indentations, with material physically displaced outwards and to the
sides and terminal end of the crater. While mass loss typically does not occur by direct
impact in this manner, the plastically deformed *lips” or “platelets™ of highly strained
material are prone to fracture or fatigue during subsequent impacts ( Hutchings, 1992A;
Levy, 1995). While Angular particles impart more of a “cutting” action during impact, the
resulting damage dependent on one of two possible mechanisms. Type I cutting (Hutchings,
1992A), involves impact by an angular particle in a similar manner to the “ploughing”
mechanism of rounded particles. The erodent particles penetrates the surface and carves out
an angular furrow of material, plastically deforming material to the side of the crater and
typically generating a chip or lip of material at the terminal end of the crater. As with the
“ploughing” mechanism no direct material loss occurs in this process, with degradation
occurring through fracture of the displaced material upon subsequent impact. Type I1 cutting
(Hutchings, 1992 A) occurs in a similar manner to the Type [ mechanism, however, rotation
of the erodent particle during impact results in a machining-type action that directly “cuts”
chips of material from the surface.

At higher impact angles i.e. greater than 30°, the *machining” mechanisms of mass
loss become increasingly inefficient, and the mechanism of erosive mass loss is less clear.
Several mechanisms have been proposed, including work hardening of the surface leading to
a brittle response, delamination wear, temperature effects and extrusion (Finnie, 1995). The
most widely referenced process, however, is the “platelet” mechanism (Finnie, 1995;
Hutchings, 1992 B; Levy, 1995). At high impact angles the erodent particle indents the
surface resulting in displacement or extrusion of material upwards and outwards (Levy 1995),
generating mounds and circumferential lips of highly strained material similar to that

generated by ploughing. Repeated impacts on the displaced material leads to fracture or
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fatigue based loss of material. The volume of material displaced in this way is a lot lower
than that generated at low angles i.e. less than 30°. In addition, many motre particles are
required to generate loss of the smaller deformed platelets, this lack of efficiency in material

removal accounts for the lower rates of mass loss at high impact angles.

2.4.2.2 Brittle Erosion Mechanism

For brittle materials, the first known study for solid particle erosion damage has been
investigated by Sheldon and Finnie (1966) who studied the erosive regime, usually referred to
as hertzian fracture, where the contact between the particle and the body is exclusively
elastic. In their analysis they considered dynamic forces between the surface and the particle
and this resulted in a prediction of the volume removed for a material with specific
properties. They also concluded that the fracture at the surface is a function of the volume of
material constrained in the primary erosion zone in relation to the surface and volume flows.
Unlike the classical ductile erosion response, the classical “brittle” erosion response shows
the greatest rate of mass loss at high impact angles, with the rate continually decreasing to
negligible degrees of mass loss at low impact angles. This response reflects the mechanism of
fracture induced mass loss, whereby the extent of substrate damage is dictated by the
magnitude of the vertical component of the impact load applied by the erodent particle. For a
given particle impact velocity, the component of the load applied perpendicularly to the
surface continually decreases with decreasing impact angle, resulting in reduced grosion
damage. The erodent particle impact generates brittle fracture within the near surface z‘one of
material, with cracks radiating outwards and downwards from the point of impact. Mass loss
occurs by chipping, whereby segments of material formed by the intersection of crack
networks are ejected from the surface. Initially an initiation period of negligible mass loss is
typically observed, whereby particle impacts generate the extensive crack network required
for steady state erosive mass loss to proceed. Generation of crack occurs by two mechanisms;
broadly differentiated by whether indentation occurs by a blunt or sharp indenter. The blunt
indentor under light loads generates a ring crack, termed as Hertzian crack, around the impact
site that propagates down into the substrate at an angle to form a cone, Fig. 2.13 {Hutchings,
1992 A; Ruff and Wiederhorn, 1979; Hutchings, 1992 B). No plastic deformation occurs in
this process as it is an elastic process (Ruff and Wiederhorn, 1979), with the extent of crack
propagation dependent upon pre-existing substrate flaws, the particle diameter and substrate

fracture resistance. Under more aggressive conditions, particularly with sharp indenters i.e.
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erosive particles with sharp edges, cracking becomes more extensive, Evans and Wilshaw
(1976, 1977) have characterised the mechanism as shown in Fig. 2.14. Indentation generates
a zone of plastically deformed material around the indenter, the surrounding material being
elastically loaded (Levy, 1995). According to this mechanism under the effect of loading,
radial cracks propagate out from the indent perpendicular to the surface, while “medium
vent” cracks propagate down into the material below the indenter. Upon unloading, lateral
cracks form below the plastically deformed zone and propagate outwards and upwards
towards the surface (Hutchings, 1992 A; Evans and Wilshaw, 1976). As a result, large chips
of material may be formed in this process by the intersection of the various crack networks
propagating from the indent (Finnie, 1995; Hutchings, 1992 A; Levy, 1995; Ruff and
Wiederhorn, 1979; Levy, 1983, as well as by fracture of indented material generated by the
combined action of the “wedging action” of the erodent with the cracks formed during impact

(Ruff and Wiederhorn, 1979).

At low impact angles the mechanism of erosive wear of materials exhibiting brittle
etosion 1s less clear. Finnie, {(1995), has suggested that the vertical component of the
crodent impact geometry determines the extent of brittle erosion. But the results cited in
the review of Ruff and Wiederhorn, (1979) at low angles the response of alumina tended
towards that seen in ductile metals. In their work Ruff and Wiederhorn (1979)
demonstrated that no cracking occurred, while the furrows generated by glancing impact

showed significant plastic deformation indicative of a “shear deformation mechanism®.

2.4.3 Erosion of Thermal Spray Coatings

2.4.3.1 Introduction
In thermal spray coatings, the complex build up of “splats” of material results in

heterogeneous properties which are unlike those of bulk specimens. Given the mechanisms of
erosion as a function of the bulk substrate properties as discussed previously, variation in the
compositional and structural microstructure of thermal spray coatings is critical in determining
their erosion response (Kingswell et al., 1991). The bonding in thermal sprayed coatings is
mechanical interlocking of splats; the largely mechanical interlocking of deposits generates an
inherent inter-splat weakness and the potential for void formation during deposition, potentially
forming a crack network within the as-sprayed material. Also in thermal spraying, the molten
or partially molten nature of the particles in-flight can lead to oxidation of the particles and

dissolution of phases in composite powders, accentuating the heterogeneous variation in
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(a) Ploughing .

(b) Type I Cutting

{c) Type II Cutting
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Fig. 2.12:  Characteristic mechanisms of ductile erosion based on the variation in
erosion conditions (Hutchings, 1992A).
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Fig. 2.13:  Cross-sectional schematic of impact by a blunt indenter on to a brittle
substrate, resulting in the formation of a conical Hertzian crack
(Hutchings, 1992A).
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Wilshaw, 1976).
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mechanical properties and potentially reducing the inter-splat bond strength. In addition, the
rapid cooling of such deposited material may result in amorphous phase formation, further
complicating the brittle or ductile response of the material, or in the worst case, resulting in
cracking induced by variations in the thermal expansion of the deposited material upon cooling.
The significance of these microstructural characteristics on the coating erosion performance is
influenced by the deposition technique, powder composition and method of manufacture, and
the selection of thermal spray parameters.

The angle at which the stream of solid particles impinges the coating surface
influences the rate at which the material is removed and this dependency is also
influenced by the nature of the coating material (Satapathy, 2005). Many researchers have
evaluated the erosion behaviors of several types of coatings. Levy, (1988) reported that in
general, metals, alloys and coatings on metallic substrate erode by one of the two basic
mechanisms, i.e. either by plastic deformation to failure of material or cracking and chipping
of a brittle material. Further coatings that have some degree of ductility erode by a plastic
deformation mechanism; while in case of brittle coatings these erode by cracking and
chipping mechanism. The erosion mechanisms by which ductile and brittle coatings are
removed are basically different. Levy, (1988) suggested that ductile materials including
materials with relatively little measurable ductility (1% - 2% elongation) fail as a result of
impacting particles causing localized plastic flow that exceeds the critical strain to failure in
local areas. Structural alloys, MCrAlY coatings and other primarily metallic coatings will
erode by this mechanism. When erodent particles in a gas or liquid carrier fluid strike the
surface of a ductile material they initially extrude thin microplatelets of the base materials
from craters, which are formed at the sites of the impacts. The platelets are then further
flattened, i.e. pancake forged, by subsequent particles striking the initially deformed material.
After a small number of particles have impacted the same localized area, whose size is from a
few micrometers to as many as 100 um in major diameter, part or even all of the initially
extruded platelets will have been strained to their critical strain and fracture of portions of the
platelets will oceur.

Levy (1988) further reported that the coatings that form a layer of oxidized scale in
service erode-corrode by the erosion of the scale and its replacement by oxidation of the base
metal via cation diffusion. He concluded that the erosion rates of thermally sprayed coatings
vary directly with their grain size and leve! of porosity. The presence of cracks in diffusion-
type coatings results in higher erosion rates. Whereas plasma-sprayed ceramic coatings for

use as thermal barriers are somewhat porous and brittle materials, that are eroded by cracking
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and chipping mechanism. Moreover when the grain size of the coating is very small and there
1s a mimimum of pores, the material loss rate is very low. Thus the greater the porosity of the
coating, the easier it is for the erodent particles to knock off pieces of exposed ceramic pore
walls, and the greater is the removal rate. It has also been suggested that the compositions and
hardness of the coatings do not correlate with the loss rates, but their morphologies do.

Variations in erosion response may potentially occur in seemingly identical coatings
sprayed with the same powder and the same deposition technique. While hardness values
may be expected to take into account the significance of such features (Hawthorne et al.,
1999), and therefore reflect the relative coating erosion performance, numerous studies have
reported that hardness is a poor indicator of erosive wear performance for thermal spray
coatings (Lathabai et al.,, 1998; Legoux et al., 1999; Shui et al., 1990; Sue et al., 1987:
Arsenault et al., 2001; Nerz et al., 1991) and thus have agreed with Levy, (1988).

2.4.3.2 Erosion Mechanism of Thermal Spray Coating

Three principle mechanisms of erosion of thermal spray coatings based on plasma
sprayed tungsten coatings have been proposed by (Kingswell et al., 1991).

» Microchipping and ploughing

e Splat fracture

e Debonding at splat boundaries

In general, low intersplat adhesive strength leads to removal of entire splats or groups
of splats, primarily associated with fracture and crack propagation along splat boundaries
(Kingswell et al., 1991; Hawthorne et al., 1999; Lathabai et al., 1998).

Increased inter-splat adhesion dependent on process parameters and many other
factors reduces the magnitude of the erosive debris, with fracture becoming more localised
within splats and associated with brittle fracture or fatigue around specific impact sites
(Kingswell et al., 1991; Hawthorne et al., 1999; Lathabai et al., 1998). Mass loss then occurs
in the following manner. Cracking or plastic deformation initiates near the splat boundary,
generating small chips of material. Continued erosion leads to crack propagation into the
splat and chipping or plastic deformation of the exposed splat edge which generates
continued mass loss {Wang, 1996A; Wang and Geng, 1990; Wang, 1996 B; Wang and Lee,
1995; Wang and Verstak, 1999; Wang and Shui, 2002; Wang and Luer, 1994; Wang and Lee,
1997). Alternatively repeated impact may lead to subsurface inter-splat crack propagation via

a fatigue mechanism (Wood et al., 1997). Thus mass loss in this case is generated by the
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linkup of vertical erosion induced cracking, with fatigue induced splat boundary cracks. In
both mechanisms, localised erosive wear in the body of splats away from the splat boundary
occurs in the same manner as on bulk materials.

These fundamental mechanisms form the basis of explanations from the majority of
research presented in thermal spréy coating erosion across a range of deposition techniques,
coating compositions and erosion testing parameters. The greatest contributor to erosive mass
loss is splat boundary effects as is suggested by various researchers in the literature (Wayne
et al., 1990; Kingswell et al., 1991; Latha bai et al., 1998; Legoux et al., 1999; Arsenault et
al., 2001; Wood et al., 1997; Hawthorne et al., 1997; Westergard et al., 2000 ; Verdon et al.,
1997; Eaton et al., 1989 ; Nicholas et al., 1999 ; Xia et al., 1999). While being an inherent
weakness in as-sprayed coatings, it is evident that many mechanisms contribute to
preterential fracture in the inter-splat region. The amount of inter-splat area per volume is
largely a function of splat size; the significance of this is dependent upon spray parameters
and test conditions. Wang, 1995A; Wang, 1995B; Levy, 1988; Levy and Wang 1988 have
consistently correlated improved erosion resistance with the absence of ¢cracks and small splat
size in comparing the results of HVOF cermet coatings with arc and flame sprayed Fe based
and oxide coatings.

Westergard et al., (2000) noted surprisingly little variation in the erosion of plasma
sprayed alumina having similar range of precursor powder sizes. In this case the individual
splats were noted to be broken up into “sub-splats™, Fig. 2.15, by cracks generated ,bylthe
rapid cooling rates upon impact. The density of these cracks was found to roughly increase
with increasing powder size, resulting in comparable “sub-splat™ size and possibly explaining
the similarity in erosion performance. Irons et al., (1994) observed improved erosion
performance in HVOF sprayed Cr;Cy-NiCr powders with an increase in initial powder size.
The finer powders with significant proportions less than 16 pm, were linked to increased
porosity and oxide content in the coating, degrading their performance. While a range of
spray conditions were tried in this work, they concluded that these did not correlate with the
optimum settings for fine powders. Hawthorne et al., 1999 and Hawthorne, 1997 also agreed
to this conclusion. They suggested that the coatings thermally sprayed from the finest powder
size contained many spherical particles indicating inadequate heating or low velocity at
impact. Both features are functions of the spray parameters used. The results suggest that the
powder size itself is not a significant variable, but the most important is whether the spray
conditions used are optimised for the particular powder or not so as to generate coating

microstructures of high erosion resistance.
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From work of (Kingswell et al., 1991; Dallaire et al., 2001), Oxide stringers
incorporated around the periphery of the splats have been highlighted as zones of preferential
crack propagation and erosion. Also Aresenault et al, (2001) noted that such phases
contributed to poor splat cohesion, enabling excessive splat debonding in WC-Co coatings.
Work by Rabiet et al.,, (1999) on HVOF Fe-based alloys using wedge impression tests
highlighted the preferential propagation of cracks through the very thin inter-splat oxide
layers, as did Schwetzke and Kreye, (1996) in the cavitation testing of a range of HVOF
coatings. Legoux et al., {1999) noted accelerated erosive attack in regions of high localised
oxide content.

Porosity is also an important feature associated with splat boundaries. Voids produced
by porosity resulted in reducing inter-splat cohesion Wayne et al., (1992) and also have been
noted to act as crack initiation sites Schwetzke and Kreye, (1996). When exposed to the
surface, enhanced erosive loss occurs through deformation around the unsupported lip of the
pore (Levy A, 1983; Rogers, et al., 1991). Thus the coating response to the microstructural
features is dictated by the erosion test conditions as demonstrated by various researchers in
their work (Lathabia, 1998, Wood, 1997; Verdon, 1997; Eaton, 1989). Under mi_ld test
conditions (low velocity, soft erodents), erosion occurs in a similar manner to bulk samples of
the same material, mass loss occurring by microchipping and platelet formation but on
increasing the severity of the test conditions re. (higher velocity, increased hardness of
erodent (e.g. S10; to SiC) and increased erodent particle size) generates greater erosion rates
and a transition in the mechanism of mass loss. The impact events become larger, generating
more extensive cracking/fracture and leading to significant mass loss though inter-splat
fracture and delamination mechanisms. The severity of erosion, however, must be considered
in regard to the erosion mechanism. This has been illustrated in the work of Kingswell et al.,
1991 where 160 pm particles generated significantly greater rates of erosion than larger 1500
pm particles at velocities >75 m/s. For particles of the same angularity, the authors noted that
the increased contact area of larger particles enables the impact load to be dissipated over a
larger area, reducing the depth of penetration and minimising erosion damage. Thus there are

conflicting arguments by different researchers as far as particle size is concerned.

2.4.3.2.1 Erosion mechanisms at high temperature
The most important and the least studied is the Erosion mechanism at high
temperature. Many studies concerning the interaction between erosion and a surface oxide

film have been conducted [Barkalow and Pettit, 1979; Kang et al., 1985; Stephenson et al.,
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1985 1986), Stephenson and Nicholls {1990), Wright et al (1991) and Stack et al (1991)].
Mechanisms of material removal have been proposed which include oxide fracture and
chipping, oxide spallation at the metal-oxide interface and plastic deformation of metal
substrate resulting in both oxide and metal loss.

These interactions between surface oxide and erosion have been summarised by
Barkalow and Pettit (1979) using schematic diagrams typical of Fig. 2.16 which shows that
for low energy particles, scale fracture does not occur and therefore metal recession rates will
be determined by the oxidation process only. As the impact energy is increased and damage
to the oxide scale occurs, an interaction between erosion and oxidation will result in
accelerated metal loss. At still higher impact energies, deformation of the substrate preduces
metallic erosion. It is suggested that for materials to operate successfully at high temperatures
a key requirement is the formation and maintenance of a protective oxide scale.

in another study by Kang et al., (1987) it has' been suggested that the exact
behaviour and the resulting morphology of the metal surface depend on the severity of
erosion and the oxidation rate (Fig. 2.17). Pure erosion of the oxide dominates at high
temperatures where the oxidation rate is high. while pure erosion of metal occurs at low
temperature. In the erosion-enhanced oxidation regimc a steady-state oxide thickness
develops, with the rate of oxide formation equal to the rate of scale removal by erosion.
When the erosion rate is high as compared with the scaling rate, the oxidation-affected
erosion regime is entered and under these conditions a continuous oxide scale is unaf%lgito
form and the metal surface comprises a composite layer of oxide, embedded erodent
fragments and extruded metal. Rishel et al, (1990) modified the above model by
subdividing the ‘erosion-enhanced oxidation regime’ into three categories: Type I, Type [1
and Type I, as illustrated in Fig. 2.18. The intermediate category, Type I, is the regime in
which the thickness loss due to erosion is balanced by the thickness gain due to oxidation.
This sub-division was proposed based on the basis of microscopy of the eroded surfaces in
the various corrosion environments, .

Hancock and Nicholls (1988) assumed in the first instance that oxide scales respond
in a brittle manner and therefore their fracture behaviour must be quantified whereas erosion
of the metailic substrate is controlled by localised plastic deformation and therefore high
temperature strength must be considered. They proposed that the fracture stress of oxides can
be determined using acoustic emission or resonant frequency techniques and have
demonstrated the importance of both temperature and scale thickness. They estimated the

localised deformation behaviour of the metallic substrate from hot hardness testing. They
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concluded that structural, high temperature alloys such as the nickel base superalloys
maintain their strength up to temperatures of 700°C however, at higher temperatures result in
a sharp reduction in strength {Stephenson and Nicholls, 1990).

Stephenson (1989) and Stephenson and Nicholls (1993) have proposed four regimes
of erosion (Fig. 2.19). According to them when the impact conditions are such that no
damage results, Fig. 2.19 (a), metal loss will be predicted from the standard oxidation
kinetics. Further if the erosion damage is highly localised at the surface such that only loss of
oxide occurs, for example by localised fracture and chipping, Fig. 2.19 (b), but the scale
remains protective, then metal loss can be expected to increase due to enhanced oxidation. In
this oxide dominated regime the boundary conditions for the on-set of damage require that
the fracture stress of the oxide is exceeded and that the oxide behaves as though it were of
infinite thickness. They estimated this latter requirement from the modelling work of Halling
and Arnell (1984) and depends on the ratio of the particle-target contact radius “@” and oxide
thickness “x.” The analysis showed that the substrate has no influence on the scale surface
properties when x/a > (1.23.

Further they proposed that the oxide modified regime Fig. 2.19 {c) occurs when the
fracture strength of the oxide is exceeded and x/a is below 0.23, i.e. for relatively thin oxide
scales. They reported that damage morphologies vary from through thickness scale fracture to
oxide spallation, although damage to the substrate is not observed. They suggested that in this
regime metal loss rates are likely to be high since the surface oxide is non-protective and
linear kinctics prevails.

According to them as the relative thickness of oxide is reduced, the maximum normal
force at the oxide-metal interface will increase and if the particle velocity is sufficiently high,
plastic deformation of the substrate will occur. They have proposed that in this substrate
dominated regime [Fig. 2.19 (d)] material removal is primarily from the substrate with a
contribution from the surface oxide. Metal loss rate is determined by the erosion resistance of
the metal substrate and oxtdation makes only a minor contribution to the degradation process.
They suggested that an interesting condition can exist where the oxide film does not fracture
and its effect is to reduce the force applied to the substrate. Thus, when this applies the
erosion rate will be reduced. They concluded that from knowledge of the particle, oxide and
substrate properties and the impact dynamics, the boundary conditions between each regime
can be quantified by considering the contact conditions at the oxide surface and how these
change with oxide thickness. They also reported that the conditions for scale fracture can be

determined by calculating the maximum radial tensile stress at the oxide scale surface for a
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given impact event and comparing this with the fracture stress values. They estimated the
contact radius assuming Hertzian behaviour with the ‘effective’ elastic properties of the
surface which are determined using the Halling and Ameli (1984) analysis, which could be
used to evaluate both the oxide dominated and oxide modified regimes. There are two
important factors which differentiate the high temperature erosion of metals from their low
temperature behaviour (Stephenson and Nicholls, 1995):
(i) The surface properties of the metal may change significantly with time due to the
growth of a surface oxide. The rate of growth of the oxide is a function of the
temperature. '

(ii) The mechanical properties of oxide and metal may change with temperature and time.

2.4.3.2.2 Factors affecting erosion
The erosion process is caused by many factors, (Vicenzi, J. et al., 2006) among them:
1L flow and environmental conditions: the impingement angle, particle velocity,
temperature, impingement particles per unit time and presence of corrosive
agents;
(i1) impingement particles properties: size, shape, density, hardness and friability;.
(iii)  surface properties: topology, roughness, stress level and hardness
Erosion rates are affected by various factors (Kosel, 1992; Levy, 1995; Sundararajan,
1584 andl Tilly 1973). Some of these important factors are impact velocity, impact angle,
particle concentration, particle shape, particle size, particle density, particle friability,
temperature, particle hardness, material hardness, toughness, microstructure and chemical
composition etc. The erosion behaviour of HVOF sprayed NiAl intermetallic compound
(IMC) coatings over a range of angles and particle velocities in air at room temperature
was investigated by Hearley et al., (1999). They proposed that the maximum erosion was
achieved at the highest velocity for all angles. Mishra et al., (2006) studied the effect of
impact angle on erosion rate of coated and uncoated superalloys. NiCrAlY, Ni1-20Cr and
Ni3;Al metallic coatings were deposited on a Ni-based superalloy. For all tested samples,
the erosion rates at a 30° impact angle were somewhat higher than at a 90°impact angle.
Erosion performance of coatings and the response of variations in the main erosion
test variables (particle size, hardness, velocity and impact angle) has been investigated by
various researchers broadly match those observed in bulk materials. Under the majority of
trial conditions greater erosion rates were observed at 90° than at lower angles (Hawthorne et

al, 1999; Wang and Verstak, 1999; Wood et al., 1997; Wang, 1995A; Walsh and Tabakoff,
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1990; Walsh, 1992; Arsenault 1997; Wang, 1999; Sidhu et al., 2007, Mishra et al., 2006,
2008). As such these coatings were classed as exhibiting “brittle” type behaviour. Variation
in this response occurred as a function of other test variables, primarily erodent velocity. At
very low velocities the kinetic energy of each particle is insufficient to generate the minimum
threshold load for indentation fracture (Wang and Lee, 1995). Erosive wear occurs by
localised piastic deformation and the observed maximum in erosion rate shifts to lower
impact angles. At higher impact velocities the erosion rate as a function of impact angle has
been observed to flatten out, becoming almost independent of this variable. Under such high
impact conditions the erodent particles are able to generate high stress in the coating,
resulting in brittle erosion characteristics, even at low impact angles. As with bulk samples,
higher particle velocities generate greater rates of erosion in cermet based coatings (Wang
and Lee, 1995; Wang and Verstak, 1999; Wood et al., 1997, Walsh, 1990).

Erodent particle characteristics have received significant attention in regard to
cermet coatings based on attempts at simulating fluidised bed and turbine erosion. In
general, erodents with higher hardness ratios to the substrate generate greater ercsion
wastage (Levy, 1993). SiC is noted as the most aggressive of the commonly used erodents,
followed by A1203 and SiO2. Where mixtures of phases occur in the erodent stream, such
as fluidised beds, it is the concentration of the hard phases, typically Al203 and S10; that
dictates the erosion rate (Wang, 1995A; Wang, 1999; Wang et al., 1991). Such behaviour is
complicated by the shape of the particles, irregular particles being more aggressive than
rounded erodents, as they are able to concentrate the impact energy on sharp protrusions
(Levy, 1995; Wang, 1995A; Liebhard et al., 1991). Under fixed erosion conditions, the size
of the erodent has been found to significantly influence the observed erosion response of
cermet coatings (Walsh, 1992; Walsh et al., 1994). For particle sizes below 100 pm the
erosion rate is noted to increase with increasing particle size. Above this, the so called “size
effect” occurs, whereby the erosion rate plateaus out or begins to decrease with increasing
erodent size ( Misra and Finnie, 1981).

In ductile erosion the greatest mass loss occurs at impact angles of 15-30° Mass loss
occurs by repeated impact on platelets of matenal displaced by erodent impact to the point
where they fracture from the surface, or as chips of material formed by direct impact. At high
impact angles, these mass loss mechanisms become less efficient leading to lower rates of
material wastage.

Brittle erosive mass loss occurs most significantly at high impact angles. Erodent

particles impact the surface with sufficient energy to generate fracture and cracking within
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the material. Mass loss occurs by chipping, whereby segments of material formed by the
intersection of crack networks are ejected from the surface (Wang, 1995A; Walsh, 1992;

Bahadur, 1990).

2.4.3.2.3 Erosion rate
Erosion testing consists of impinging a coated sample with a known abrasive particle

utilizing compressed air as a propellant. The amount of erosion is measured €ither by the loss
of weight or the loss of coating thickness. As per ASTM standard erosion value is the volume
loss of specimen material divided by the total mass of abrasive particles that impacted the
specimen (mm’g"') [ASTM Standard G76-07]. Normalized Erosion Rate is calculated by
dividing the erosion value of the specimen by erosion value of reference material (Hansen,
1979). According to Tabakoff (1995) the erosion rate is defined as the ratio between the
change in the sample mass and the mass of the impacting particles. Hansen (1979) compared
the erosion rates of alloys, ceramics, and cermets. He proposed that the order of material
rankings would change with any change of variables such as velocity, particle type or size,
and angle of impingement. He performed the erosion tests using 27 um Al,O; particles at
normal incidence and 170 m/s at 20°C and 700°C in nitrogen. Hansen also conducted the tests
with a gas-jet erosion apparatus in which particles are fed from a hopper into a nozzle, where
they mix with and are accelerated by a flowing gas stream (ASTM G76). He normalized the
erosion rates by defining the relative erosion factor as specimen volume loss divided by that
of a standard material. As explained above, erosion resistance is normally measured using
weight loss technique by measuring the weights before and after the test but at high
temperatures, this leads to erroneous results due to oxidation of samples. So in order to
overcome the above limitation of weight loss measurement technique erosion resistance can
also be measured in terms of thickness loss (Venugopal and Agrawal, 2008). Also volume
loss measurement technique has been used by Miyoshi et al, 2003 for erosion rate
determination. The method has been used to evaluate surface characteristics, such as erosion
volume loss and depth, surface topography, and surface roughness. The volume loss occurred

after erosion testing was measured by using non contact optical profilometry.

2.4.4 Erosion in energy generation and coal gasification systems

In industrial applications and power generation such as coal burning botlers, fluidized
beds and gas turbines, solid particles are produced during combustion which leads to solid
particle erosion. Continued operation under particulate flow conditions adversely affects the
performance of energy generation and coal gasification systems (Tabakoff, 1995). The
burning of coal in thermoelectric power plants generates a huge amount of fly ash which

. causes intense and localized erosive wear of power plant equipment. Many power plant
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engineers, as well as researchers of industrial wear problems are of the opinion that ash
impacting erosion wear is the principal cause of boiler tube failure in economiser, primary
superheater and reheater groups of boiler tubes (Suckling and Allen, 1995). According to
them wear of boiler tubes in pulverized fuel power stations by erosion is a serious problem
that often leads to unscheduled and costly outages.

Simms et al, (1995) reported that the development of coal-fired combined cycle
power generation systems is receiving considerabie worldwide interest. These systems,
utilising both steam and gas turbines, have many advantages over conventional coal-fired
power generation systems, which include increased efficiency of the electricity production
and lower environmental emissions (specifically CO,, SO, and NOy). According to them the
influence of materials on the development of these systems can be considerable as it is
necessary that components have adequate lifetimes in their operational environments. They
further added that successful development and commercialisation of these new systems
require that all the component parts are manufactured from appropriate materials and that
these materials give predictable in-service performance.

In coal-fired power stations, about 20% of the ash produced in the boilers is deposited
on the boiler walls and superheater tubes (Mbabazi et al, 2004). This deposited ash is
subsequently discharged as slag and clinker during the soot blowing process. Whereas the
rest of the ash is entrained in the stream of flue gas leaving the boiler. They reported that the
ash-laden flue gas passes through the narrow passages between the corrugated steel plates
that constitute the air heater elements. Then the ash particles collide with the surfaces of the
steel air heater elements and material is eroded from the surfaces. Further in advanced stages
of erosion, the plates become perforated. The air heater elements fail once they cannot
maintain their structural integrity. According to them such erosion, together with the
processes of blocking, fouling and corrosion, shortens the service life of the air heater
elements. Once this happens, the power station unit has to be shut down in order to replace
the damaged air heater elements. The resulting penalty is not only the cost of replacing the
elements but also the cost of stoppége of power production. They proposed that it is desirable
to predict the rate of erosion of the air heater elements in order to plan systematically for the
maintenance ot replacement of the air heater elements to avoid forced outages.

They further opined that in large coal-fired power stations, pulverised coal is burnt in
the burners of the boilers. To improve upon the overall thermal efficiency of the boiler plant,
heat exchangers are used to extract residual heat energy from the flue gas before it is released

to the atmosphere and to transfer it to the combustion air supplied to the boiler burners.’
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According to them part of the air supplied, the ‘primary air’, is fed to the coal mills and is
used to dry the pulverised coal and to transport the coal to the bumers in the furnace,
Whereas the greater part of the air supplied, the ‘secondary air’, is used in buming the coal.
Further the heat exchangers used for preheating the combustion air are of the rotary
regenerative type, commonly referred to as "air heaters”. While these air heaters are prone to
erosion, cotrosion, blocking and fouling, particularly if the coal is of relatively poor quality,
as 1s often the case in large South African power stations (ash content typically above 25%).

Krishnamoorthy et al,, (1993) reported that the coal used in Indian power stations has
large amounts of ash (about 50%) which contains abrasive mineral species such as hard
quartz (up to 15%) which increase the erosion propensity of coal. They also reported that a
performance review of thermal power stations indicated that erosion problems contribute
significantly towards partial unavailability of power in India. They added that i coal-fired
boilers, the pulverized fuel is transported to the boiler using a network of PF pipes.
Components such as PF bends and elbows, multiple-port outlets, the orifice and the burner
assembly are prone to high erosion wear, especially in certain locations oriented favourably
for impacting wear particles.

Heat exchanger tubes immersed within a bubbling fluidized bed combustor often
experience unacceptably high levels of thinning on their outer diameter and this loss in wall
_ thickness is typically concentrated on the lower half of tubes and is frequently termed metal
wastage (Stringer and Wright, 1987; MacAdam and Stringer 1995). They reported that this is
consistent with aggregate impacts or any process associated with an upward particle flow.
According to them, the wastage is primarily due to mechanical wear by bed panizzléétin
contact with the tubes, though an oxidation or corrosion component cannot be ruled out. They
proposed that there are several macroscopic bed conditions that lead to particles with
sufficient energy to cause wear. They opined that some of these are refated to characteristics
of the bed design or individual component failures, and others are related to intrinsic or
unintentionally induced long-range flow patterns within the bed. Further they suggested that
there is a general consensus however, that some of the worst wear 15 associated with energetic
events intrinsic to bubbling bed combustors and that these events are associated in some way
with bubbles themselves. They further reported that bubbles rising through tube banks are
known to throw highly energetic dense aggregates of defluidized particles against tube
bottoms. Also, voids, which can form beneath tubes as the entire bed undulates, will collapse
against the underside of tubes with a similar effect. They concluded that the bottom of a tube
is intermittently hammered by particle aggregates that strike and slide across the surface

before dropping away. The study of the mechanisms of erosive wear is therefore extremely




important in order to develop suitable solutions to minimize or even eliminate maintenance
procedures of such equipments.

2.5 HIGH TEMPERATURE CORROSION

2.5.1 Introduction

High-temperature corrosion is a form of corrosion that does not require the presence
of a liquid electrolyte. Sometimes, this type of damage is called dry corrosion or scaling. The
term oxidation is ambivalent because it can either refer to the formation of oxides or to the
mechanism of oxidation of a metal (i.e., its change to a higher valence than the metallic
state). Strictly speaking, high-temperature oxidation is only one type of high-temperature
corrosion, but it is the most important high-temperature corrosion reaction. In most industrial
environments, oxidation often participates in the high-temperature corrosion reactions,
regardless of the predominant mode of corrosion (Lai, 1990). Alloys often rely upon the
oxidation reaction to develop a protective scale to resist corrosion attack such as sulfidation,
carburization, and other forms of high temperature attack. In general, the names of the
corrosion mechanisms are determined by the most abundant dominant corrosion products.
For example, oxidation implies oxides, sulfidation implies sulfides, sulfidation/oxidation
implies sulfides plus oxides, and carburization implies carbides (John, 1999).

The hot corrosion degradation process of superalloys, consists of two stages i.e.
initiation stage and propagation stage (Pettit and Giggins, 1987). No alloy is immune to hot
corrosion attack indefinitely although there are some alloy compositions that require a long
initiation time at which the hot corrosion process moves from the initiation stage to the
propagation stage {Sidhu et al., 2005). However, a serious drawback of metallic material is the
deterioration in properties due to its interaction with the surrounding environments. This results in
premature failure of metallic components leading to plant shutdown and loss of economy,
environmental pollution and risk to human lives. The annual direct loss of natural resources, i.e.
metals, due to environmental degradation is also substantial (Chatterjee et al., 2001).

At high temperatures, metals can react “directly” with the gascous atmosphere.
Electrochemical reaction sequences remain, however, the underlying mechanism of high-
temperature corrosion. High-temperature corrosion is a widespread problem in various
industries such as (Roberge, 2000):-

< Power generation Facilities
+}» Waste Incineration
< Refining and petrochemical

<+ Pulp and paper
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% Automofive

< Aerospace and gas turbine

<+ Heat treating

< Mineral and metallurgical processing
< Chemical processing

A major problem of concern in the operation of thermal power plants is the issue of

high temperature corrosion in boilers. High temperature boiler corrosion is a frequent cause

~of shutdown in thermal plants; along with problems such boiler slagging and/or fouling, and
excessive refractory and metal wear. It is estimated that high temperature corrosion related

shutdowns account for 70% loss of energy due to plant shutdowns. It is also estimated that

cotrosicn-related maintenance cost accounts to a third of the annual maintenance budget and

can be as high as 10% of the annual turnover (Adams et al., 2004)

2.5.2 Role of feed composition

The rate of corrosion in boilers is dependent on feed composition. It is generally
assumed that this high rate of corrosion is inherent to the heterogeneous nature of the fuel and
its variable chlorine content. The heterogeneous nature of the fuel makes it difficult to
maintain uniform combustion conditions that are deswred in steam boilers. The poor
characteristics of the feed also result in product of incomplete combustion, i.c. hlgh CO
levels, occasional heat flux on the wall caused by flame impihgement, and formation -of
aggressive depostts.

The composition of the fuel along with operating parameters influences the gas
composition and deposit characteristics in the boiler tubes. Other factors such as high surface |
temperatures of the water wall and gas also influence high temperature corrosion in boilers.
High temperatures of metal surfaces, either due to high radiation fluxes to the wall or
inadequate transfer of heat to the water/steam result in the melting of deposits and
acceleration of the rate of corrosion. The temperature gradient between gas temperature and
the metal surface determines the condensation of vapor species, rate of deposition and the
- composition of the deposit. The presence of lead and zinc in the deposit lower its melting
temperature. It is generally accepted that the high level of chlorides contributes to the
problem of high-temperature corrosion in boilers, either in the form of HCI, Cl; or combined

with sodium, potassium, zinc, lead, tin, and other elements,
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2.5.3 Corrosion Sensitive Areas

Due to the composition of the fuel, the flue gas environment in thermal power plants

is very aggressive because of gas components such as Cly, HCI, 8, alkali metals, These gases
when cooled down form deposits on tube walls by condensation or sublimation; soft and
sticky particles can also attach to the heat transfer surfaces. These deposits contain salt of
chlorides and sulfates, oxides, silicates and unburned particles. Most sensitive areas aftacked
by corrosion are the heat transfer surfaces like water walls, screen tubes between the passes
and the superheater tube bundles. Screen tubes are installed in some boilers in front of the
superheater tubes bundles to reduce the temperature and velocities of the flue gas entering
into the superheater tubes. Most modern thermal power plant boilers are operated at 40 bars
steam pressures and steam temperature of 400°C, while some other designs, for reasons of
thermal efficiency make use of even higher steam pressures and temperature. Fig. 2.20 shows
a schematic of a typical waste-tp-energy boiler and the corresponding corrosion sensitive
areas in the facility (Rademakers et al., 2002).
Oxidation is the most important high temperature reaction. Oxidation of metals or alloys
takes place when they are heated in a highly oxidizing atmosphere such as air or oxygen. An
oxidation reaction is represented by the interaction of metals with oxygen to form oxide.
There are a variety of factors on which the oxidation behaviors of a metal depends and the
reaction mechanism involved may often be quite complex. An oxidation reaction begins with
adsorption of oxygen molecules from the atmosphere, nucleation of oxides, formation of a
thin oxidation layer, followed by its growth to a thicker scale (Albina et al., 2004).

The rate of corrosion in coal fired plant boilers is reported to be much higher. It is
generally assumed that this high rate of corrosion is inherent to the heterogeneous nature of
the fuel and its variable chlorine content. The heterogeneous nature of the fuel makes it
difficult for operators to maintain uniform combustion conditions that are desired in steam
boilers. The poor characteristics of the feed also result in product of incomplete combustion,
1.e. high CO levels, occasional heat flux on the wall caused by flame impingement, and
formation of aggressive deposits. Fuels contains alkali metals such as sodium and potassium,
heavy metals such as lead, tin and zinc and various chlorine containing compounds, all of
which can form potential corrosive agents. The composition of the fuel coupled with

operating parameters influence the gas composition and deposit characteristics in the boiler

44



Fig. 2.15:  Topographical image of an as sprayed plasma alumina coating. Note the
formation of internal cracks within the splats which were noted to impact on
the erosion performance (Westergard et al, 2000).
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Fig. 2.16:  Schematic diagram showing the types of degradation that can occur under
conditions of combined oxidation-erosion (Barkalow and Pettit, 1979),
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Fig. 2.20:  Schematic of a typical boiler and the corresponding corrosion sensitive
areas (Rademakers et al., 2002).
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tubes. Other factors such as high surface temperatures of the waterwall and gas also influence
high temperature corrosion in boilers. High temperatures of metal surfaces, either due to high
radiation fluxes to the wall or inadequate transfer of heat to the water/steam result in the
melting of deposits and acceleration of the rate of corrosion. The temperature gradient
between gas temperature and the metal surface determines the condensation of vapor species,
rate of deposition and the composition of the deposit. The presence of lead and zinc in the
deposit lower its melting temperature. It is generally accepted that the high level of chlorides
in ‘waste contributes to the problem of high-temperature corrosion in boilers, either in the

form of HCI, Cl; ot combined with sedium, potassium, zine, lead, tin, and other elements.

2.5.4 Corrosion Mechanisms

High temperature corrosion is a form of corrosion that does not require the presence
of a liquid electrolyte. Alloys often rely upon oxidation reaction to develop a protective oxide
to resist corrosion attacks such as sulfidation, carburization, and other forms of high
temperature attacks. In general, the names of the corrosion mechanism are determined by the
most abundant dominant corrosion products, i.e. oxidation for oxides, sulfidation implies
sulfides, sulfidation/oxidation implies sulfides plus oxides, and carburization implies
carbides. Oxidizing or reducing environments refer to the amount of oxygen present:
oxidizing environment refers to oxygen rich environment, while reducing environment refers
to very low oxygen concentration in the flue gas. The properties of high-temperature oxide
films such as their thermodynamic stability, ionic defect structure and detailed morphology,
play a crucial role in determining the oxidation resistance of a metal or alloy in a specific

environment {Roberge, 2000).

2.5.4.1 Oxidation

Oxidation 1s the most commonly encouiis temperature corrosion.
Oxidation is not always detrimental, e.g. as stated above most heat resistant alloys form an
oxide film coating that provides corrosion resistance. The operating temperature plays a critical
role in determining the oxidation rate for a given material; as temperature increases the rate of
oxidation increases. Chromium oxide or chromia (Cr;0s) is one of the most common of those
protective oxide films, thus increased chromium content in alloys is one of the most common
ways of improving corrosion resistance. Other than chromium, alloying metals used to enhance
oxidation resistance include aluminum, silicon, nickel and some of the rare earth metals. Alloys

that rely on protective Al;0; (alumina) scale formation are to be preferred over those forming
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chromia for oxidation resistance above 1200°C (Lai, 1991). Austenitic steels are steels that
have enough chromium and nickel to maintain austenite (ferric carbide/carbon in iron) at
atmospheric temperature. Increasing the nickel content of the austenitic steels up to 30% can
have strong beneficial synergistic effect with chromium. There are metallurgical considerations
that impose limits on the amount of alloying additions that can be made in the design of
engineering alloys, such as mechanical properties and the processing and manufacturing
characteristics. Severe embrittlement tends to form in highly alloyed materials during high
temperature exposure. It is therefore imperative fo consider other properties besides the
corrosion resistanice when considering specific alloys for high-temperature applications, i.e.
strength requirements. Few commercial alloys contain more than 30% chromium; silicon is
usually limited to 2% and aluminum to less than 4% in wrought alloys. Yttrium, cerium and
other rare clements are usually added only as a fraction of one percent (Tillack, 1992). A
common approach to evade the problem of bulk alloying is the use of surface alloying. In this
approach, a highly alloyed and oxidation resistant surface layer is deposited on a substrate layer

that has the conventional composition and metallurgical properties.

2.5.4.1.1 Principles of oxidation reaction

The principle of high-temperature oxidation of pure metals is described as follows
(Jones, 1996). A metal, M, reacts with oxygen or other gases at high temperature by initial
absorption of oxygen, and chemical reaction to form the surface oxide, by oxide nucleation
and lateral growth into a continuous film that may protect the underlying metal. The film may
also be thickening into a non-protective scale with various defects including cavities,
microcracks and porosities (Jones, 1996). Oxidation in air by oxygen proceeds according to
the reaction such as:

M+ 0O; — MO, (D

or generally:
XM + 1/2 (yO2) — M, O, (2)

A metal, M, can also be oxidized similarly by etther water vapor or carbon dioxide

according to the reactions,

M +y H,O — M, Oy + yH; (3)
XM +y CO; — M, O, + yCO 4)
AG°=RT In Pozmo (5)

The MxOy formed on the metal surface becomes a barrier between the substrate metal

and oxidizing environment. Chemical thermodynamics predicts whether any reaction is
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possible under given conditions, however the rate of oxidation cannot be predicted from
thermodynamics. Each reactions (2), (3), and (4), for any metal is characterized
thermodynamically by a standard free-energy change (AG®) which must be negative in order
for the reaction to proceed spontaneously from left to right as written,

Since AG°= AH°- TAS®, a plot of AG® versus T approximates a straight line, which
changes in slope where new phases form, i.e. at melting point or boiling point. These plots of
standard free energy of reaction (AG®) as a function of temperature are known as the
Ellingham diagram. Such a diagram can help visualize the relative stability of metals and
their oxidized products. Fig, 2.21 shows an Ellingham diagram for many simple oxides
(Gaskel, 1973). The values of AG® on in Ellingham diagram are expressed as kilojoules per
mole of O, to normalize the scale and allow comparison of the stability of these oxides
directly. The lower on the diagram a metal is found, the more negative the standard free
energy of formation, and the more stable its oxide will be. For a given reaction (1), and
assuming that the activities of M and MO, are taken as unity since activities of pure solids in
the stable form are defined as unity at all temperatures and pressures, equation (3) rﬁay be
used to express the oxygen partial pressure at which the metalland the oxide coexist (i.e. the
dissociation pressure of the oxide).

The non-standard state oxygen dissociation pressures leading to oxide formation or
reduction on pure metals can be found in the scales shown on the sides of the Ellingham
diagram, i.e. for copper at 900°C, the oxygen dissociation pressure is about 10" atmosphere.
Any oxygen pressure above this value will oxidize pure copper; any value below it will
reduce copper oxide to pure copper at 900°C. Oxygen dissociation pressure (PoymMo) can be
obtained directly from the Ellingham diagram by drawing a straight line from the origin
marked O through the free-energy line of the temperature of interest and reading the oxygen
pressure from its intersection with the scale at the right side labeled (po;). The oxidation rate
of an alloy will be minimized if the oxide film has a combination of favorable properties that
include: a) The film should have good adherence, to prevent flaking and spalling, b) the
melting point of the oxide should be high, c) the oxide should have low vapor pressure to
resist evaporation, d) the oxide film and the metal should have close to the same thermal
expansion coefficients, ¢) the film should have high temperature plasticity to accommeodate
temperature differences in specific volumes of oxide and parent metal and differences in
thermal expansion, and f) the film should have low electrical conductivity and low diffusion

coefficients for metal ion and oxygen. Oxide scales are much stronger in compression than in
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tension. If the oxide has a greater specific volume than the parent metal, as the oxide grows at
the oxide metal interface, will be in compression and will be more likely protective.
Pilling and Bedworth (Roberge, 2000) proposed that the ratio of the oxide metal volume is a

predictor of oxide protectiveness. The Pilling-Bedworth ratio expressed as foilows:

PB ratio = volume oxide produced / volume metal consumed
Wd/nDw (6)

Where ¥ = molecular weight of the oxide
D=density of the oxide
»= number of metal atoms in the oxide molecule
d= density of the metal
w= atomic weight of the metal

Often determination of the conditions under which a given corrosion product is likely
to form is required (e.g., in selective oxidation of alloys). The plots of the standard free
energy of reaction (AG®) as a function of temperature, commonly called Ellingham diagrams,
can help to visualize the relative stability of metals and their oxidized products.

In general, the PB ratio should be slightly better than 1 to be protective, to foster
moderate compressive stresses in the oxide and adherence to substrate metal. Very high PB
ratios may result in excessive compressive stresses which buckle the film and destroy
adherence. Table 2.2 lists the PB ratio of few metal/oxide systems. In practice, it has been
found that PB ratios are generally poor indicators of the actual protective properties of the
scale. Some reasons for this deviation from the PB rule include (Jones, 1996):

*» Some oxides actually grow at the oxide-air interface, as opposed to the metal oxide
interface.

<+ Specimen and component geometries can affect the stress distribution in the oxide
films

«» Continunous oxide films are observed even if PB<1.

- %+ Cracks and fissures in oxide layer can be self-healing as oxidation progresses.

<+ Oxide porosity is not actually predicfe:d by the PB parameter.

+ Oxides may be highly volatile at high temperatures, leading to non-protective
properties, even if predicted otherwise by the PB parameter.

Six types of oxidation phenomena have been identified: (Roberge, 2000)

1. At low temperature, diffusion of oxygen and metal species through a compact oxide

film
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2. At moderate and high temperatures, a combination of oxide film formation and oxide
volatility

3. At moderate and high temperatures, the formation of volatile metal and oxide species
at the metal-oxide interface and transport through the oxide lattice and mechanically
formed cracks in the oxide layer

4, At moderate and high temperatures, the direct formation of volatile oxide gases

5. At high temperature, the gaseous diffusion of oxygen through a barrier layer of
volatilized oxides

6. At high temperature, spalling of metal and oxide particles.

2.5.4. 1.2 Active oxidation in Thermal power plant boilers

The composition of the fuel has enormous effect on the corrosion of boilers tubes.
{Prakash et al., 2001) When combusted, fuels form highly corrosive gases such as CO, Cly, HC,
S, alkali metals, and heavy metals such as Zn and Sn. These form deposits on the tubes and
interact with the metal oxide coating. In the literanwe (Zahs et al., 2000; Nielsen et al., 2000;
Spiegel and Grabke, 1991), it is known that the presence of chlorine in most cases prevents the
formation of the protective oxide layer and causes accelerated attack in oxidizing environment.
Chlorine can either be in the form of HCI, Cl, or combined with Na, K, Zn, Pb, Sn and other
elements. Several studies in chlorine containing oxidizing atmospheres, on a number of different
metals and alloys, have shown that even small changes in temperature or of the oxygen/chlorine
ratio influence the corrosion behavior. The mechanism of active oxidation is described, and is
generally accepted for metal temperatures above 450°C. For clarification purposes, the term
deposits as used here means chlorides and sulfates due to deposition of condensed chlorides, fly

ash, and others, while the term scale 18 used to describe the protective oxides.

The mechanism of active oxidation comprises several steps: a) the formation of
chlorine at the scale surface, b) penetration of chlorine into the scale to the oxide/metal
interface, ¢) formation of chlorides on the metal surface components, d)' diffusion of chlorides
outwards and, e) reaction of chloride with available oxygen in the atmosphere to give metal

oxide and chlorine (Grabke et al., 1995).
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Table 2.2:  Properties of Metal Oxides (Jones 1996)

Metal Oxide PB Ratio Protectivenessa
Aluminum Al;O5 [ 1.28 P
Calcium CaQ 0.64 NP
Cadmium CdO 1.42 NP
Cobalt Co;0; 2.40 P
Copper CuO 1.67 P
Chromium Cr;0; 2.02 P
Iron FeO 1.78 P
Magnesium MgO 0.81 P
Manganese MnQO, 2.37 P
Molybdenum MoQ; 3.27 NP
Nickel NiO 1.70 P
Lead PbO 1.28 NP
Silicon Si0; 2.15 P
Tantalum Ta,0s 2.47 NP
Titanium Ti,0; 1.76 . -NP
Uranium U0, 1.97 : NP
Zinc Zn0 1.58 NP
Zirconium Zn0; 1.57 P

P: Protective; NP: Not Protective

2.5.4.2 Corrosion in deposits by sulfation and molten salts

Tiwari and Prakash (1996 and 1997) have reported the hot corrosion studies on some
industrial superalloys in the temperature range of 700-900°C in the environments comprising
of pure NaSO4, NaS0,4-15%V,05 and NazS04-60%V:0s. Corrosion rates were observed to
be very high in Na;S04-60%V,0; environment due to its low melting point. It was revealed
that the severe degradation in this environment was due to the cracking of protective scale
under the influence of the fluxing action of the molten salt (Tiwari 1997). Nanni et al (1987)

have studied the kinetics of corrosion and the morphology of the scales formed on pure iron,
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manganese and chromium with Nay8O, deposits. They have reported that at all the
temperatures salt coated iron has been observed to exhibit accelerated attack whereas the
corrosion rate of chromium was not appreciably affected by the deposited salt. They have
further suggested that the enhanced corrosion phenomenon is due to low melting liquid
sulphate formation. Singh (2005) investigated the cyclic corrosion behavior of nickel based
superalloy in Na;SO04-60%V,0s environment at 900°C. Intense spailing of the scale was
observed in super alloy superni 601 and weight gain including the spalled scale was
enormous during the molten salt corrosion study. This NaVO; formed due to reaction of
Na,SO, and V2,05 acts as a catalyst (Kolta et al, 1992) and also serves as oxygen carrier to the
base alloy, therefore will lead to rapid oxidation of the basic elements of the superailoys 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.

2.5.4.2.1 Corrosion by sulfation of chloride salts

The effects of chloride salts on corrosion have been observed and there is an
overwhelming consensus in the literature (Rademakers et al,, 2002; Nielsen et al,, 2000;
Spiegel and Grabke, 1991; Grabke et al., 1995) that chlorides are a major factor of corrosion
either in gas phase active oxidation or at low temperature oxidation. Sidhu and Prakash
(2006A) studied the performance of plasma sprayed coatings in Na;SO4-60%V20s
environment at 900°C. They reported comparatively lesser corrosion resistance offered by
Ni 3;Al coatings due to the internal sulphidation. Penetrated sulphur reacts with the reactive
elements of the base metal to form sulphides with in the metal, which eventually convert into
oxides due to advancing scale metal interface.

The deposition of sulfates and chlorides occurs by condensation and/or from
attachment of particles (fly ash), which may contain sulfates and alkali chlorides. Analysis of
deposits has shown that the outer layers of the protective oxide scales contain sulfates such as
CaS0y, Na:S04, K2S04, PbSO4, and ZnSO,; while the inner scales contain metal chlorides
like CaCl,, KCl, PbCl; and ZnCly. The formation of sulfates in the deposit is believed to be
due to the sulfation of the alkali chlorides in the deposit and is believed to occur at the outer
" surface of the deposit (Grabke et al., 1995). Deposited metal chlorides react with gaseous SO,
and or SOy forming condensed alkali sulfates, as shown by equations (7} and (8).

2NaCl(s,ly + SO;+ O, — Na, S04+ Ci; (7
2KCKs,) + SO; + O3 — K; SO, + Clz &

These reactions release gaseous chlorine that diffuses towards the metal/oxide

interface creating a net reaction that leads to a continuous transport of metal from the
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metal/oxide interface towards a higher oxygen partial pressure. Therefore, after sulfation, the
reaction mechanism is similar to that of active oxidation.
2.5.4.2.2 Corrosion by chlorides at metal/oxide interface
In this case, gaseous chlorine is liberated by the reaction of condensed alkali chlorides

in particular, KCI, with the metal scale (9) (Li et al., 2003):

4K Cl(s,I} + 2Fe;05 (s) + 0.50z — 2K;0.Fe ;05 + Cla 9)
These reactions result in high partial pressures of Cl; and the corrosion mechanism can
proceed similar to that of active oxidation. Thermodynamics do not favor the reaction of
condensed sodium chloride with oxtdes of iron (reaction 10) since the Gibbs free energy of
formation is positive.

4NaCl(s,l) + 2Fe;05 + 0.50,; — 2Na;0.Fe,0 3+ Cly (10)

2.5.4.2.3 Reaction invelving molten salts mixtures

Formation of salt mixtures is generally believed to be the main reason for low
temperature metal corrosion, in the temperature range of 250°C to 400 °C. Salt mixtures
either chloride-chloride or chlorine-sulfate, can have relatively low melting temperatures
(eutectic solutions), for example, KCI has a melting point of 774°C but can form
lowtemperature eutectics in solution with several other substances. Fig. 2.22 shows the binary
phase diagram of KCl and FeCl; showing a eutectic temperature of 350°C. Once the melting
point temperature is reached, the presence of a liquid phase on the surface of the metal
increases the corrosion rate due to the following reasons (Nielsen et al., 2000): a) chemical
reaction is faster in the liquid phase than a solid-solid reaction and b) a lignid phase provides

an electrolyte, i.e. a pathway for ionic charge transfer, for the electrochemical attack.

2.5.4.2.4 Corrosion by molten sulfates

There are two types of sulfate reactions generally accepted: 1) the formation of
pyrosulfates and 2) the formation of alkali metal trisulfate, from the reaction of iron oxides in
contact with alkali sulfates in an oxidizing atmosphere and in the presence of sulfur dioxide.
Alkali iron trisulfate is known to have serious corrosive effects but only in the liquid state.
The melting points of sodium iron trisulfate and potassium iron trisulfate are at 624°C and
618°C respectively, above which catastrophic corrosion may occur. A mixture of these two'
compounds however, has a melting point as low as 550°C.
a) Formation of pyrosulfates (Rademakers et al., 2002; Karlsson et al., 1990; Harb and Smith,
1990): The general reaction for the formation of a liquid phase containing pyrosulfates can

start with the reaction of alkali chloride deposits on metaloxide interface according to

reaction (11) ( Karlsson et al., 1990 ):
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Fig. 2.22: Binary phase diagram of KCl-FeCl; (Neilson et al. 2000)
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2 NaCl (s) + 250 (g) + 1.502 = N2 S 207 (5) + Clag) (11)
(. G°(T)=. 137 + 0.308T(K) kJmol' pyrosulfate)

The Gibbs free energy of the reaction is negative below 723K (450°C), and thus the
reaction will only proceed below this temperature. The following mechanism has been
proposed for reaction (11):

- Formation of SOs: Given sufficient amount of SO, in the flue gas, SO; can be formed, as
the oxides (iron oxide} can catalyze the oxidation of SO.

S0;+ 0.50,. SO+ (catalyzed by Fe;04) (12)
- Formation of pyrosulfates: If the deposit contains iron oxides that catalyze the oxidation of
SO; to SO; then pyrosulfates can form (Rademakers et al., 2002; Harb and Smith, 1990):

Na, SO, + SO; = Na,S ,04 (13)

b) Formation of alkali-metal-trisulfates:
The most common form of accelerated corrosion of the superheater tubes on conventional
coal-fired boilers is caused by the presence of liquid phase alkali-metal trisulfates. The
deposit alkali sulfates react with SO; and iron oxide to form liquid alkali-iron sulfates
according to reactions (14)-(15).

3Na,S04 (s) + 35S0, + Fe,05 . 2 NazFe (SO4); (s 1) (14)

K32804(s) + 3S0; + Fex03 . 2K3 Fe(SCu)a (s 1) (15)

The following mechanisms describe the formation of alkali-metal trisulfates
(reactions 14-15) and the subsequent corrosion of the metal:

- Formation of alkali metal trisulfate: With pyrosulfates formed (reaction 13), and at about
500°C and above, the trisulfate can attack the protective metal oxide according to reaction
(16):

NazS:07 + Fey04. 2NapFe(S04); (sl) (16)

- Sulfidation of the metal: At 550°C and higher metal temperatures, the alkali-metal tri-
sulfate can attack the metal according to reaction (17). The SO; liberated is available again to

react with Na,SO, resulting in cyclic corrosion reaction.

2NasFe (804)3+19Fe = 6Fe;04+ 3FeS+43 NasS (17a)
also:
NusS + 20, = NapSO, (17b)
3FeS + 50, = Fes04 + 350, (17¢)
25037 + 072 = 2504 (17d)

This type of corrosion is generally described by what is called the basic fluxing model

involving corrosive attack by forming a basic solute of thé protective scale. The rate of
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corrosion is observed to be a function of the metal temperature as illustrated in Fig. 2.23
(Cutler and Raask, 1981). The Fig. shows the corrosion rate of the superheater tubes of coal-
fired plants at metal temperature above 550°C. The profile of the curve has something to do
with the behavior of the ash deposit (which contains sulfates and chlorides (Grabke et al.,
1995). At the metal temperatures at the lower end of the range for the superheater tubes, the
ash deposit forms a porous layer and the normal oxidation of the metal proceeds, controlled
by the growth of the protective oxide layer on the metal surface. As the metal temperatures
increase (650°C), the alkali metal sulfate combustion residues form a molten layer next to the
protective oxide on the surface of the metal and the corrosion rates increase rapidly over the
temperature range in which the melting occurs. The reduction of corrosion rate after the peak
(right side of the bell-shape curve) may be explained by the decreasing stability of the iron or
chromium sulfates at higher temperatures.

The molten sulfate influences the corrosion mechanism in two ways: 1) it modifies
the oxidizing potential at the outer surface of the oxide layer that is formed on the metal, and
2) it allows the dissolution of this protective oxide by the metal sulfate. The oxidation of the
metal requires the transport of the oxidizing species through the molten sulfate layer. SO; is
much more soluble than oxygen in the molten sulfate because of the chemical interaction
involving the formation of the pyrosulfate ion, thus SO; acts as the oxidizing species under
these conditions. Oxidation of the metal decreases the oxygen potential at the interface
between the protective oxide and the molten sulfate layer; the chemical equilibrium between
the oxy-sulfur species that are estabiished at this interface then cause an increase in the sulfur
potential to a value that is much greater than in the butk of the flue gas. This increase in the
sulfur potential then allows sulfidation of the metal to take place and leads to the formation of
a scale that is less protective than that from simple oxidation. Fig. 2.24 shows a schematic
diagram for the sulfur mechanism based on the increase in sulfur potential caused by
transport of oxidizing species through the melten layer of the alkali metal sulfate. Molten
sulfate corrosion by itself should not be a problem in waste-to-energy boilers. One of the
reasons is that metal temperatures in waste-to-energy boilers, in particular the superheater
tubes do not exceed 530°C. Also, the amount of sulfur in the feed is not as high as in
conventional coal-fired power plants. However, the presence of chlorides can affect molten
sulfate corrosion in a number of ways: Chlorides may cause the breakdown of the normally
protective layer, by the same mechanism as the molten chloride salts fluxing the oxide scale.
When there is a protective scale, normally SO2/SO; cannot diffuse through the scale. In case

the oxide break or ruptures, SO2/SO; can penectrate the oxide layer, and result in increased
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Fig. 2.23:  Temperature dependence of corrosion on superheater tubes in coal fired
boilers. The dotted line is a theoretical prediction (Cutler and Raask, 1981).
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sulfate corrosion of the superheater tube. Also, the presence of chlorides in the alkali sulfate
decreases the melting temperature of the salt mixture, thus increasing the temperature range
of corrosion up to a point where the superheaters of the waste-to-energy facilities are

vulnerable (extending the lower end of the bell-shape curve of Fig. 2.23).

2.5.4.3 Erosion Corrosion in energy generation systems

Boilers are used to burn pulverized coal, biomass and/or waste. Inside the boiler, there
is a tubing system, including water and steam. The tubing is heated by the flame of the
burning material. The tubes, carry the steam under high pressure (p > 17 MPa) and are
subjected from the outside to erosive and hot-corrosive wear resulting from ash and all
products of burning (Kay, 1987). Fig. 2.25 illustrates a schematic of typical coal fired boiler.
The boiter tubes could be coated with stainless-steel type 310 by air-plasma spraying
{Bennett and Quigley, 1990) or high-velocity combustion spraying (Kay, 1987). Spraying can
be carried out in a workshop or in situ. More, recently Langer et al., (2005a) proposed the
application of self fluxing alloys to be deposited via any thermal spray method and then post-
sprayed treated. Finally, Kobayashi and Yamaguchi (2004) have carefully optimized the
composition and morphologies of powders to be applied via high-velocity combustion
spraying on boiler tubes. The best properties were revealed by a commercial cermet, CriC;
+25 wit% NiCr, taken for comparison and two, developed by these authors, spray-dried and
sintered powders where the particles included an NizAl matrix and borides such as ZrB;, WB,
CrB and MoB as reinforcements.

In many industrial applications, the surfaces undergoing high temperature corrosion
are not clean; rather, surface deposits of ash and/or salt form on the components. Chemical
reactions between these deposits and the protective surface oxide can lead to destruction of
the oxide and rapid corrosive attack. In gas turbines, oxidized sulfur contaminants in fuel and
sodium chloride from ingested air (marine atmospheres) tend to react to form sulfates that are
subsequently deposited on surfaces. The presence of sodium sulfate, potassium sulfate, and
calctum sulfate together with magnesium chloride has been reported in such deposits for
compressor-stage components (Bomstein, 1996). Sodium sulfate is usually regarded as the
dominant component of the salt deposits. The detailed mechanisms of hot corrosion have
been described by Rapp and Zhang, (1994). Hot corrosion is generally considered to occur in
the temperature range of 800 to 950°C, although attack at lower temperatures has also been

reported. Testing has indicated that in commercial nickel- and cobalt-based alloys, chromium
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additions play an important role in limiting this type of damage. Alloys with less than 15% of
chromium as alloying addition are considered highly vulnerable to attack. Refinery heaters
and boilers that are fired with low-grade fuels may be vulnerable to corrosion damage,
especially if vanadium, sulfur, and sodium contaminants are present at high levels. Vanadium
pentoxide and sodium sulfate deposits assume an important role in this type of corrosion
damage. The melting point of one of these mixed compound deposits (INa;S04-V,0s5) can be
as low as 630°C, at which point catastrophic corrosion can set in. In these severe operating
conditions the use of special high-chromium alloys i1s required. A 50Ni-50Cr alloy has been
recommended over the use of 25Cr-12Ni and 25Cr-20Ni alloys for hangers, tube sheets, and
other supports. Ash and salt deposit corrosion is also a problem area in fireside corrosion of
waste incinerators, in calcining operations, and in flue gas streams. (Roberge, 2000)

The corrosion portion of the annual operational and maintenance cost was estimated
at $698 million for fossil fuel, $2,013 million for nuclear facilities, and $75 million for
hydraulic power, for a total of $2,786 million. Thus, the total direct cost of corrosion in the
electric utility industry in 1998 is estimated at $6.889 billion per year. In comparison, an
Electric Power Research Institute (EPRI) study estimated the cost of corrosion to the
user/consumer to be $17.27 billion per year. The cost to consumers includes taxes, sales,
administration, and profits. This analysis indicates that the indirect costs (to the user, $17.27
billion minus $6.889 billion = $10.381 billion) are 1.5 times the direct cost (to the
owner/operator, $6.9 billion). (Koch et al., 2001)

Because of the complex and often corrosive environments in which power plants
operate, corrosion has been a serious probiem, with a significant impact on the operation of
the plants. In the 1970s and the 1980s, major efforts were spent on understanding and
controlling corrosion in both nuclear and fossil fuel steam plants, and significant progress
was made. However, with the aging of several plants, old problems persist and new ones
appear. For example, corrosion continues to be a problem with electrical generators and with
turbines. Specifically, stress corrosion cracking in steam generators in PWR plants and boiler
tube failures in fossil fuel plants continue to be problems. There are further indications that
aging of buried structures, such as service water piping, has started to result in leaks that
cannot be tolerated. Environmental requirements and deregulation of the power industry often
result in less attention being paid to corrosion and deterioration of materials of construction.
If not addressed in a timely manner, these materials will corrode to the point that major repair

and rehabilitation are required. The cost of corrosion will then, in the near future, increase
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significantly. Fig.2.26 shows that the annual cost of corrosion in the electrical utilities sector

to be $6.9 billion, which is 14 percent of the total cost of the Utilities categories.

Table 2.3: Characterisation of coal gasification atmesphere at 1255 K (982°C), (Kane, 1980).

Inlet 1 atm Outlet 68 atm
Mole Fraction | Mole Fraction Mole Fraction | Partial Pressure, atm

H; 0.24 0.367 0.340 23.1
CO;, 0.12 0.124 0.189 12.85
H,$ 0.01 8.8x 107 9.16 x 107 0.623
H,0 0.39 0.301 0.324 22.03
CH, 0.05 5.05x 10 1.61 x 10~ 1.09
CO 0.18 0.202 0.121 8.25
NH; 0.01 - . ]

SO, - 2.9 x 107 6.5x 107 4.4x 107
Cos - 1.7x 10" 1.8x 10" 1.2x 107

H - 3.3x 107 3.8x10° 2.6x107°
CS; - 2.7x 10°® 2.8x10°% © 1.9x 10

S - 251 x10°® 4.69 x 10°® 3.18 x 10°
0, - 1.01 x 107 2.0 x 107" 1.37x 107"
log - -5.599 - 5.496 -
PS;

log - -14.994 - 14.863
PO,

log - -24.032 - 22.296
PC

Log PC for soot formation = - 21.585 at 1255 K.
2.5.4.3.1 Characterisation of Gasification Environments

The characterisation of complex industrial atmospheres, both with respect to

composition and oxidation, carburisation and sulphidation potentials is important in the
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design and operation of laboratory tests for materials evaluation (Kane, 1980).The gas
environments that result from the reaction of coal with steam and oxygen or air are mixtures
that include CO, CO,, CH4, H;, H3S, H,0, NHs and N». In coal gasification atmospheres that
involve species such as oxygen, sulphur and carbon, it has been well established that the
reliable performance of various components 15 strongly dependent on the sulphur contents of
the gas phase, duration and temperature of exposure (Natesan, 1985). Table 2.3 enlists the

characterisations similar to those prevailing in coal gasification systems.

2.6 ROLE OF COATINGS IN AGGRESSIVE ENVIRONMENTS
Electric power generation today and in the future is using and will use steam turbines, gas

turbines and turbo generators, steel tubing and heat exchangers and boilers. Components consist
of many parts that are welded, brazed or assembled. Each part has a specific function within the
power plant. The original equipment manufacturers and the power plant customers like utilities or
other power producers consider as the most important parameters of a power plant:

<+ Investment cost

< Operation cost

< Long-term reliability

<% Availability and scheduled, short maintenance

These parameters translate into requirements for components like material cost,

optimized fuel cost, high operation temperatures and long operation times without in-operation
control possibilities (Schneider et al,, 2006). There are two methods to reduce corrosion in
boiler tubes: Ong¢ is to influence the operating conditions of the heat exchanger tubes and the
other is to use better corrosion resistant material. Some of the suggested ways to influence the
combustion conditions are: a) improvement of the combustion process to get less corrosive
environment, b) improved process confrol, i.e. particular control of the flue gas and
temperature, and ¢) modification of the design, in particular flow dynamics and mixing, and the
overall design of the system. With respect to application of corrosion resistant materials, there
are a number of options: a} application of composite tubing consisting of two layers, with the
inner layer from a boiler steel and the outer laver made from a highly corrosion-resistant
material, b) application of surface welding (cladding), ¢) application of resistant coatings from
resistant materials, e.g. high velocity oxygen flame (HVOF) to produce high quality coatings
and d) application of refractory lining or ceéramic tiles in particular on the wall of the first pass
(Albina, 2005). Today, all power plant hardware is coated wherever no affordable and reliable

structural material can be found that resists the operation environment. In general, the reaction
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Utilities, $47.9 billion
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Fig. 2.26:  Annual cost of corrosion in the electrical utilitics industry (Koch et al., 2001).
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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).
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.
Role of thermal sprayed coatings for improving resistance to hot corrosion and eresion has
been investigated by various researchers (Sidhu 2003; Singh 2005; Sidhu 2006; Mishra 2006;
Singh 2006; Ramesh 2008).

Also the performance of various thermal sprayed coatings in actual industrial
environment of coal fired boiler for 1000 hours has been evaluated by various researchers
(Singh, 2005; Sidhu and Prakash 2003, 2006A, 2006 B and 2006C and Sidhu et al 2006 ) and
reported better erosion corrosion resistance of coatings with respect to boiler tube steels,

nickel and iron based superalloys.

2.7 FPROBLEM FORMULATION

After detailed literature review, the scope of the problem and the objectives of the
present study have been formulated. The present investigation is focused on the erosion
corrosion evaluation of the D-gun sprayed coatings for application in power generation
equipments.

As explained, components in energy generation systems required to operate at high
temperature may suffer a variety of degradation processes as a consequence of complex multi
component gas environment. This includes oxidation, molten salt induced attack and crosion.
The development of wear and high temperature oxidation resistant system in industrial
boilers is a very important topic from both engineering and an economic prospective.

There are many environments in, for instance, power generation processes where
components experience mechanical wear superimposed on conditions of aqueous or high
temperature corrosion. High-temperature erosion-corrosion and oxidation of the heat transfer
pipes and other structural materials in the coal fired boilers are recognized as being the main
cause of downtime at power generating plants, accounting for 50% to 75% of the total arrest
time (Cutler, 1978).

Fire side corrosion and erosion of structural materials at elevated temperature in
complex multi component gas environment that includes particulates are potential problems
in many fossil fuel energy systems especially those using coal as a feed stock (Natesan,
1993). The combustion products of pulverized coal for the purpose of generating heat in a

thermal power station are coarse ash, fly ash as well as the accompanying flue gases. The
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coarse ash or bottom boiler ash consists of 10to 20 % of the total ash load and fly ash consists
of 80-90% of the total ash load. As suggested by the term “boiler bottom ash” the coarse ash
drops out of the bottom of the boiler under the influence of gravity after combustion, while
fly ash entrained in the flue gas is ducted out. The nature of fly ash is such that at high
temperature it will form deposits on the boiler tubes in its path. The build up of ash deposits
In its convective pass may also be detrimental from a corrosion aspect. However when
passing through the latter stages of the boiler where the temperature are substantially lower,
the fly-ash displays rebound as opposed to captive behavior. This causes localized erosive
wear that can lead to unscheduled and costly tube failures {Suckling and Alen, 1995). Also
combustion of coal generates very severe environment particularly near the superheater tubes
of the boilers (Weulersse-Mouturat et al., 2004). In the combustion systems, much of the
sodium and potassium is volatized from the mineral matters in the flame to form Na;O and
K0 vapours. The sulphur released from the coal, forms SO; with a minor amount of SO; and
teacts with the volatilized alkalis to form Nax;SO4 vapours, which then condense together with
fly ash on the pendant superheater and reheater tubes in the boiler, These are the major areas
where critical high-temperature fireside erosion corrosion problems are encountered. So
erosion corrosion problems of the superheaters and reheaters of the boilers require some
preventive measures.

Corrosion resistant materials for combustion environments are highly alloyed and thus
expensive. Also, the mechanical properties of corrosion resistant alloys may not meet the
requirements of structural components. The problems associated with workability,
mechanical properties, and high material price can be solved by means of coatings (Morgen-
Warren, 1992). Due to the continuously rising cost of the bulk materials as well as increased
material requirements, the coating techniques have been given more importance in the recent
times. Therefore, the use of protective coatings has been identified as a potential area for the
present research.

Already research in the area of application of plasma and HVOF spray coatings on
boiler tube materials and superalloys to increase resistance to erosion and hot corrosion and
other degradation has been recently completed in the department. The coatings used were Ni-
20Cr, Stellite-6, NisAl and Ni-20Cr-10Al1-1Y with bond coat Ni-20Cr-10Al-1Y. Also Cr;C»-
NiCr, NiCrBSi and Stellite-6 in the powder form and Ni-20%Cr 1n the wire form have been
investigated in recent work. Also performance of NiCrAl, NiAlICrFeMo, NiCrFeSiB, WC-
Co/NiCrFeSiB coatings has been investigated for protection to erosion and corrosion and the

coatings have been found to be effective.
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As per literature, D-gun spraying provides lower porosity levels and better adherence
to substrate so D-gun spraying method has been used to form the coatings. Work has been
done on alumina-titania coatings but is limited to wear applications.

The present research work has been undertaken, with an objective to explore the
coating potential of Alumina Titania for high temperature applications. Attempts have been
made in this work to depesit Al;0s3-3 wt %TiO, Coatings by D-gun process on metal
substrates and to establish their suitability for some typical erosion corrosion applications.

The research programme was designed to compare the erosion corrosion performance
of the D-gun coated alloys with uncoated ones, for implementation in the boiler super-heaters
and re-heaters, and for other future hot section components for use in similar erosive -
corrosive environments.

Understanding the erosion corrosion behavior of coated alloys iﬁ various laboratory
simulated environments and also contrasted by means of field testing inside real power plant
boilers has become an object of scientific investigation. Thermo cyclic oxidation studies were
performed in air as well as in molten salt environment (Na;SO4- 60% V;05) at 900 °C for 50
cycles. In both the laboratory as well in industrial environments, the experiments were
conducted under c¢yclic conditions as the cyclic study provides the severest conditions for
testing and represents the actual industrial environment where breakdown and shutdown
occur frequently. _

Also, the laboratory tests were performed at 900°C which is quite high th?, main
reason being taking into consideration the overheating effects in case of boilers which has
been identified the major cause of failure (Metals Handbook, 1975). Sodium and Vanadium
appears to be the primary constituents of deposit formation on surfaces of heat exchangers in
. thermal power plants and hence (Na;SO4- 60% V20s) has been used as corrosive media for
molten salt studies The hot corrosion environment Na;SO4-60%V,05 has been selected for
the laboratory tests as the molten sulphate-vanadate deposits resulting from the condensation
of combustion products of low grade fuels are extremely corrosive to the high-temperature
materials (Rapp, 1986). Furthermore, sodium vanadyl vanadate (Na;0.V7,04.5V,05), which
melts at a relatively low temperature 550°C, is found to be the most common salt deposit on
the boiler superheaters (Barbooti et al., 1988). This salt mixture is very aggressive and the
extremely aggressive and corrosive nature of this composition is attributed to its low melting
point i.e. 500°C.

The erosion studies were carried out using a high temperature air-jet erosion test rig at

a velocity of 35 ms™ and impingement angles of 30° and 90°. The tests were carried out at
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ambient temperature and high temperatures. High temperature erosion testing was carried out
at 400°C, 900°C and 600°C, 500°C under particle velocity of 35m/s. _

The two temperatures were taken for each test, sample temperature 400°C and surrounding
temperature 900°C and sample temperature 600°C and surrounding temperature 900°C
simulated to service conditions of boiler tubes in which sample temperature and flow gas
temperature correspond to the inner and outer temperature of water wall pipes. The alumina
particles of average size 50 nm were used as erodent.

Actual boiler environment studies were conducted at Guru Gobind Singh Super Thermal
Plant, Ropar, Punjab (India). Coated as well as uncoated alloys were exposed to superheater
zone of the coal fired boiler in the region where flue gas temperature was around 700°C.
The experiments were conducted for total exposure of 1500 hrs (15 cycles, each cycle
consisting of 100 hrs exposure followed by cooling at ambient conditions). The extent of

erosion corrosion has been monitored by measuring thickness loss.
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Chapter 3

EXPERIMENTAL EQUIPMENT AND
ANALYTICAL METHODS

The experimental techniques that have been employed are outlined in this chapter.
Particular emphasis is applied to discussing the attributes of each technique that impact on the
interpretation of results generated for Aly03-3%Ti0O; Coatings. This chapter presents the
experimental techniques and procedures employed. Specifications of the equipments and

other instruments used for the present investigation are also incorporated.

3.1 SELECTION OF SUBSTRATE MATERIALS

Selection of the substrate material for the present study has been made after
consultation with SGS Thermal power Plant Ropar and  Mishra Dhatu Nigham Ltd,
Hyderabad (India)}, The alloys used for present study are Ferrtic steels which are commonly
used as boiler tube materials in [ndian Thermal power stations namely T1l and T 22 {i1Ct-
0.5Mo steel “ASTM-SA213-T-11 (T11)® and 2.25Cr-1Mo steel “ASTM-SA213-T-
22(T22).”} and three Super alloys (Ni- and Fe- based superalloys) having Midhani Grades,
Superni 600, Superni 718, Superfer 800. The selected superalloys are widely used for steam
boilers, heat exchangers and pfping in the chemical industry, gas turbines, jet engines, turnace
equipment, reformers and baffle plates/tubes in fertilizer plants, Boiler steels were procured in
the tube form from the mentioned thermal power plant and the superalloys were procured in

form of rolled sheets. Chemical composition of these alloys is given in Table 3.1.

3.2 DEVELOPMENT OF COATINGS
3.2.1 Preparation of Substrate Materials

Specimens with dimensions of approximately 21mm = 16mm x Smm were cut from
the alloy sheets and the boiler tubes for the present investigations. Grinding was carried out to

remove any chips/ burrs on the specimen. Then specimens were polished with SiC papers

down to 180 grit.
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3.2.2 Formulation of Coatings

The coatings were deposited on the substrates using D-gun spray apparatus. Before
starting the coating process, the test specimens were cleaned, degreased and shot blasted. The
specimens were grit blasted by alumina (Grit 60) for better adhesion before application of the
coatings by detonation spray gun process. The specimens were cleaned with acetone prior to
coating. The coating work was carried out by a commercial firm namely SVX Powder M Surface
Engineering Private Limited, Greater Noida (India). Detonation gun was arranged in special
sound-insulated chambers {cubicles) with concrete walls as shown in Fig. 3.1. The main
components of D-gun spraying system involves gas supply, powder feeding system, powder
heating system, mixing chamber, barrel, coating chamber as shown m Fig. 3.2,

The main characteristics of D-gun spraying equipment are given in Table 3.2, All the
process parameters were tested and optimized by the company and prior experience of the
concerned technology provider helped in setting up the process parameters. The parameters were
kept constant throughout the coating process and the spraying distance was maintained 185 mm.
Commercially available thermal spray powder (Metco 105 SF) was used for coating deposition
procured from Sulzer-Metco. The specimens were fixed in the specimen holder of detonation
spray coating system and then sprayed with Al;03-3 wi%TiO; powder. The powder
characteristics are given in Table 3.3. D-gun coating was carried out using a combustible mixture
of Oy and C;H» with a frequency of 3 Hz and a spraying distance of 185 mm. The Al;O04-3
wt%ThiQ, powder was placed in the powder feeding system having integrated powder heating .
system in order to remove any moisture from the powder. Then appropriate supply of oxygen and
acetylene was given in the mixing chamber and mixture was ignited with the help of a spark plug.
The ignition caused the combustion of gas mixtures and melting of the powder particles drawn
into the combustion chamber. The detonation products were ailowed to accelerate down the
barrel resulting in high velocity. The powder particles exit with a velocity of about 700 m/s and
impinged on the surface of the substrate to form a dense coating. The process was repeated
several times to obtain the desired thickness of coating. The basic features of formation of
detonation coatings are generally attributed to a high velocity of collision of particles against the
substrate. _

The gun barrel length was 1.2 m and diameter was 22 mum. Multipass coating of Al;03-3
wt%TiO; was formulated on all six sides of the specimens by alternatively exposing the surfaces
to the barrel. In order to obtain specific coating thickness and uniformity, few optimisation trials

were performed before final coating. The powders had the same composition and size range.
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Fig. 3.1: Detonation gun in operation at SVX Technologies, Noida
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Fig.3.2:  Schematic Diagram of Detonation gun coating system (Saravanan et al., 2000)
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Coating thickness obtained was from 200 to 220pm. The process parameters for the D-gun
spray process employed for applying the coatings are summarised in Table 3.4. All samples

were coated with same powder and with the same parameters.

Table 3.2: Summary of Detonation Gun spray Equipment.

Barrel Length (mm) 1200
Firing Frequency (Hz) . 2-4
Typical Coating Thickness per cycle (um) - 5-20
Typical Coating Thickness Achievable (um) Upto 500
Power Consumption ' 4 KW

Table3.3: Characteristics of Alumina-Titania Powder.

-

Powder Manufacturer | Composition (Wt %) Particle | Particle Shape

Description Size !
Metco 101 SF | Sulzer Metco 97ALO; 3TIO; 2245 pum i"eBgl':)l:Ey’A“Fi‘;g
and Crushed

Table 3.4:  Summary of Detonation Gun spray parameters, i

Spray Distance from Nozzle (mm) 185

Frequency of shots (Shot/s) 3

Carrier gas flow rate (Standard Litre/Hr) 720

Acetylene Flow Rate (Standard Litre/Hr) 2240

Oxygen Flow Rate (Standard Litre/Hr) 2720

3.3 HIGH TEMPERATURE OXIDATION AND HOTCORROSION STUDIES
3.3.1 Experimental Setup

The studies were conducted at 900°C in a laboratory silicon carbide tube furnace,
Digitech, India make. The furmace was calibrated to an accuracy of +5°C using
Platinum/Platinum-13% Rhodium thermocouple. The uncoated as well as the coated
specimens were polished down to 1um with 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.
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Subsequently the specimens were cleaned properly with acetone and dried in hot air to
remove any moisture,

The prepared specimen was kept in an alumina boat and the weight of boat and
specimen was measured. The alumina boats used for the studies were pre heated at a constant
temperature of 1500°C for 10 hours and it was assumed that their weight would remain
constant during the course of high temperature cyclic oxidation/corrosion study. Then the
boat containing the specimen was kept into hot zone of the furnace set at a temperature of
900°C. The specimen along with boat was kept in the furnace for one hour in still air after
which the boat with specimen was taken out and cooled at the ambient temperature for 20
minutes. Then the 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~ g was used to conduct the weight change
studics. After the end of each cycle the samples were visually examined for any change on
surface and weight of samples were measured subsequently. After each cycle, the samples
were critically examined for any change in color, lusture and spalling tendency of scale. 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 spectmens of the same description were subjected to

similar hot corrosion test.

3.3.2 Oxidation Studies in Air
The oxidation tests at 900°C were performed on all the five base alloys as well as D-

gun spray coated alloys in laboratory furnace up to 50 cycles as discussed in section 3.3.1.

3.3.3 Hot Corrosion Studies in Molten Salt (Na,S0,-60%V,05)
3.3.3.1 Molten Salt Coating

The D-gun spray coated as well as uncoated specimens was 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 Na;S04-60%V,05 dissolved in distilled w;dter was coated on the warm polished
specimens with the help of a camel hair brush. The salt Na;SO4 was obtained from S.D.
Finechem Limited Mumbai and V20s was obtained from Loba Chemie Pvt. Ltd, Mumbai.
Amount of the salt coating was kept in the range of 3.0 -5.0 mg/cm?® 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.
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3.3.3.2 Hot Corrosion Studies
The uncoated as well as D-gun 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 3.3.1.

3.4 CHARACTERISATION OF COATINGS

3.4.1 Measurement of Coating Thickness

Thickness of the coatings was continuously monitored during the process of D-gun
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 the Section 3.3.3. BSE images
were taken with the help of Field emission scanning electron microscope (FESEM). 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.
3.4.2 Measurement of Porosity

The coating porosity was measured on polished coating cross sections using image
analysis. Porosity measurements for the D-gun sprayed coatings have been made from the
cross-sectional micrographs of the specimens.
The Images were captured using Zeiss Axiovert 200 MAT Inverted optical microscope and
Image processing was performed using the software package imaging software Zeiss
AxioVision Release 4.1 (Germany). Porosity features were determined manually using a -
threshold function related to the image grey scale. This threshold image was converted to a
black and white image, with the calculated percentage of black particles indicative of the
coating porosity. Ten images were processed per sample and their averages are reported in
Chapter 4.
3.4.3 Metallographic Studies

For metallographic studies across the cross-section, the D-gun spray coated specimens
were cut along their cross-section with diamond cutter (Buehler’s Precision Diamond Saw,
Model ISOMET 1000, USA make). Thereafier, the cut sections were hot mounted in Buehler’s
transoptic powder so as to show their cross-sectional details. This was followed by polishing of
the mounted specimens by a belt sanding machine. 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 1 pm lavigated alumina powder suspension. Specimens were then washed

and dried before being examined under Zeiss Axiovert 200 MAT Inverted Optical Microscope
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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 used in the current study are presented in Chapter 4.
3.4.4 Measurement of Microhardness

The hardness of the coatings was tested on the polished cross section using a Vickers
Hardness tester Leitz’s Hardness Tester Mini Load-2 (Made in Germany). In this test a diamond
indenter in the form of a square pyramid is forced into the surface [1]. Measurement is made of
the two diagonal lengths of the square and correlated via conversion tables to a Vickers hardness
number. Trials were conducted using a 100g load for 10 seconds, unless otherwise stated.

Microhardness of the coatings was measured by 100-gram load was provided to the
needle for penetration and a hardness value was based on the relation

Hy = 1854.4;-:;;%

(Where P is the load in gram, and d is the mean of the indentation diagonal length in
mm).
Because of the inhomogeneous nature of thermal spray coatings, operator judgement was
required to pass or fail each indent as being representative, especially in terms of cracking. Ten
representative indents were averaged for each sample. These micro hardness values are plotted as
a function of distance from the coating/substrate interface in Chapter 4.
3.45 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray
(EDX) Analysis
3.4.5.1 Beam-Specimen Interactions (Goldstein et al).

SEM analysis is an analytical technique that exploits the electrons and x-rays generated by
the interaction between an electron beam and specimen, to generate information on surface
topography and specimen composition.

Interaction between the beam electrons and the specimen atoms can occur by either an elastic
or inelastic process. In the clastic process a beam electron interacts with an atom and is
deflected without loosing a significant amount of its initial kinetic energy. The angle over
which deflection occurs is large, ranging from average values of 2-5° up to 180°. Through this
process, incident beam electrons can interact with the specimen and escape back out of the
surface, being detected as “back scattered™ electrons. During inelastic scattering an incident
beam electron interacts with a substrate atom, giving up some of its initial kinetic energy. The

beam electron is deflected, typically over angles <0.1% and continues 1nto the sampie. Of the
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various mechanisms of beam electron-substrate atom interactions generated through inelastic
scattering, those most relevant to this work involve transfer of energy to the outer band of
electrons, and ejection of an inner shell electron from the atom by the beam electron.
Following this interaction, the atom is in an “excited” state, relaxation of the atom resulting
in the formation of “secondary” electrons and “characteristic x-rays” respectively.

The dispersive nature of the electrons of the primary beam within the specimen, combined
with the multiple interactions that each electron has, means that the signals generated from
the point of the incident beam are generated over a larger “interaction volume”. The energy
of the electrons or x-rays formed determines the depth from which they can escape the
surface and be detected, leading to significant variation in the volume of material analysed in

each technique, Fig. 3.3.

3.4.5.2 Secondary Electron (SE) imaging

During inelastic scattering the incident beam electron transfers sufficient energy to a valance
band or conduction band electron in the substrate atom that it can escape the atom and travel
out of the surface. These “secondary” electrons are of low energy and hence only those in the
very near surface region receive enough energy to escape the surface to be detected, Fig. 3.3.
Tilted surfaces generate more secondary electrons than flat regions, generating topographtcal

contrast and the ability of surface features to be imaged.

3.4.5.3 Energy Dispersive X-ray Spectrometry (EDS)

Energy dispersive X-ray spectrometry involves analysis of the intensity of emitted x-rays as a
function of their energy. The characteristic elemental x-ray energies are plotted as peaks in a
spectrum. The intensity of the peaks can be correlated with the concentration of each element
through the use of mathematical models. Analysis can be conducted on a specific point of
material (spot scan), or over multiple points in a raster pattern to generate an “x-ray map” of the
distribution of elements on a surface.

3.4.5.4 X-ray Mapping
X-ray mapping is another tool in Energy dispersive X-ray analysis of materials, X-Ray

Mapping (XRM) has become a very powerful technique in understanding the distribution of
elements in materials. X-ray maps from the EDS are used to examine the two-dimensional
distribution of elements on a specimen surface. X-Ray maps are simply 2-dimensional images
that show variations in chemical composition on the polished surface of a sample. Each map

represents a single element: color variations on the map represent differences in concentration
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of that element from place to place. X-Ray Map is obtained by exposing the sample under an
¢lectron beam. The counter collects X-Rays, and stores the counts at regular intervals and X-

ray maps are usually collected using raw counts from the elemental peaks of interest

3.4.5.5 Back Scattered Electron (BSE) Imaging

The elements with higher atomic mass appear brighter in BSE images. In case of multi phase
alioys and compounds the intensity of BSE generation is dependent upon the average atomic
mass based on the mass fractions of the elements in the analysis volume. On flat surfaces,

compositional distribution is reflected in varying shades of grey.

As the deflection angle of back-scattered electrons with substrate atoms is quite low, multiple
interactions with the substrate atoms are required before the electron can escape the surface.
The larger volume over which the back scattered electrons travel means the resolution of this
technique 1s lower than in SE imaging. As a result of this greater analysis volume,
compositional information from material below the surface appears in the BSE image. If the
incident beam of electrons interacts with a secondary phase of high atomic mass beneath the
surface, a higher number of electrons will be elastically scattered from this material than the
surrounding matrix. As a result the back scattered electron intensity above this region will be
greater than in the matrix phase alone. Essentially the BSE stgnal represents an average atomic

mass contrast over the entire analysis zone, Fig. 3.4

3.4.5.6 Equipment Details

Surface morphology of the as-sprayed coatings was studied with the heilp of Scanning
Electron Microsc0pe (LEO 435VP) with an aim to understand the structure of the coatings
and identify oxide inclusions, unmelted particles, pores etc. SEM/EDX Analysis was
conducted with Field emission scanning electron microscope (FESEM, FEI, Quanta 200F
company) with EDAX Genesis software attachment; Made in Czech Republic. SEM Imaging
was conducted at an accelerating voltage of 20kV.
3.4.6 X-ray Diffraction {(XRD)
3.4.6.17 Fundamentals

The X-ray Diffraction method exploits the similarity in magnitude between the
wavelength of X-rays and the inter-atomic spacing of the planes of atoms in crystals, which
enables X-rays to be diffracted (Cullity, 1978). The X-rays of a fixed wavelength are projected

onto a sample. They penetrate the surface and are scattered by the regular array of planes of
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atoms, only those travelling out of the specimen in the same ditection as the incident
beam being detected. Within a crystal, diffraction occurs if the different distances
traveled in the direction of the detector by the scattered x-rays are equal to a whole
number of wavelengths. If so, the wavelengths reinforce each other through constructive
interference, generating a very large intensity signal. If the variation in distance traveled
does not fit this criterion, diffraction does not occur and the detector registers only a low
“back ground” signal of X-rays randomly scattered in this direction. For each compound,
the peaks in intensity based on the inter-atomic spacing are characteristic for a specific set
of planes of atoms. As a compound has several families of crystallographic planes that
may diffract X-rays, several peaks occur at different incident angles.

An X-ray spectrum is generated by scanning a range of incident angles and measuring
the X-ray intensity. The peak positions within this spectrum are related to the inter-atomic
spacing, d, the wavelength of the X-rays, A, and the angle of the incident beam to the surface.
The relationship between these variables is described by Bragg’s Law as:

2= 2d sind |

Results are typically presented as spectra of intensity versus 20. Identification of
the compounds within a spectrum is achieved by comparing the relative intensities of the
various peaks and their peak positions with standard spectra ;Jvithin the JCPDS (Joint
.Committee on Powder Diffraction Standards) database. Where mixtures of phases are
present, the amount of sach component is proportional to the intensity and the area

underneath the peaks for that compound.

3.4.6.2. Equipment Details

XRD analysis was conducted 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 1 Kcps in 20 range of 20 to 120° and the intensities were
recorded at a chart speed of 1 cm/min with 1°/min as Goniometer speed. Assuming height of
the most prominent peak as 100%, the relative intensities were calculated fer all the peaks. The
diffractometer being interfaced with Bruker DIFFRAC™® X-Ray diffraction software which

3

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.
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3.6. ROOM TEMPERATURE AND ELEVATED TEMPERATURE EROSION

TESTS
3.5.1 Experimental Setup

Erosion testing was carried out using a solid particle erosion test rig TR-471-M10 Air
Jet Erosion Tester (Ducom Instruments Private Limited, Bangalore, India) capable of
conducting tests at room temperature as well as high temperature shown in Fig.3.5. The rig
consisted of an air compressor, erodent feeding system, mixing chamber, furnace unit,
specimen holder, nozzle, ¢rodent collection chamber, pneumatic control box and electrical
control box shown schematically in Fig. 3.6. The test method utilizes a repeated impact
erosion approach involving a small nozzle delivering a stream of gas containing abrasive
particles which impacts the surface of a test specimen.

Dry compressed air was mixed with the erodent particles, which were fed at a
constant rate from hopper through erodent feeding system in the mixing chamber and then
accelerated by passing the mixture through a converging nozzle made of inconel material of
4 mm diameter. These accelerated particles impacted the specimen kept in the furnace unit
consisting of specimen heater and air heater. The specimen could be held at various angles
with respect to the impacting particles using an adjustable sample holder. The discharge rate
of the particles could be controlled by varying the frequency of motor speed in the erodent
feeding system. The erodent feeding system consists of a hopper which allows erodent to fall
under gravity through throat on a wheel which is rotated by a motor through timer belt. Motor
speed determines the extent of discharge. Higher the speed of motor greater is the discharge
and vice versa. The impact velocities of the particles could be varied by varying the pressure

of the compressed air.

3.5.2 Erosion Studies in an Air Jet Erosion Test Rig

The studies were performed for uncoated as well as coated specimens for the purpose of
comparison as discussed in section 3.4.1. The erosion test conditions utilized in the present
study are listed in Table 3.4. A standard test procedure was employed for each erosion test. The
uncoated as well as the coated specimens were polished down to 1um alumina wheel cloth
polishing to obtain similar condition on all the samples before being subjected to erosion run.
The samples were cleaned in acetone, dried, weighed to an accuracy of 1x10° g using an
electronic balance, eroded in the test rig for 3 hours and then weighed again to determine

weight loss. In the present study standard alumina 50 micron ( supplied with Erosion Test Rig
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by Ducom Instruments Private Limited, Bangalore, India) was used as erodent (Fig. 3.7). In
general, Erosion resistance is measured using weight loss technique by measuring the weights
before and afier the test. But at high temperature, weight change measurements leads to flawed
results due to oxidation of samples. In order to overcome the limitations of the weight change
‘technique, a different technique was used for the present investigation. Erosion resistance was

measured in terms of thickness loss after the erosion testing.

Table 3.5: Erosion Test conditions

Erodent material Alumina (Irregular shape)
Erodent Specifications 50 micron Al,O3
Particle velocity (m/s) 35m/s

Erodent feed rate (g/min) 2 gm/min

Impact angle (%) 30, 90

*
et

Ambient (Condiiion 1)
Sample Temperature 400°C & Air
Temperature 900°C  (Condition 2)

Test temperature

*,
"’

% Sample Temperature 600°C & Airr
Temperature 900°C (Condition 3)

Nozzle diameter (mm) 4

Test time (Hrs) 3 Hours

3.5.3 Analysis of eroded surfaces

All the specimens subjected to erosion wear were analysed for the characterisation
of erosion products. The analysis was performed for the surface of the eroded specimens
from room temperature studies. The specimens were analysed using surface SEM, EDX and

measurement of surface profiles using optical profilometer.
3.5.3.1 Visual Observation

For the specimens eroded in laboratory test rig, visual examination was made after

the completion of erosion cycles and the macrographs of the eroded specimens were taken,
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3.5.3.2 Erosion rate in terms of Volume loss

The volume loss occurred after erosion testing was measured by using non contact
optical proﬁlometry.. The method was used to evaluate surface characteristics, such as erosion
volume loss and depth, surface topography. Veeco Optical Profilometer (NT 1100, USA
make) was used. Also 3-Dimensional surface topography illustrating the surface profiles
of the eroded alloys and coatings were taken. This method characterizes and quantifies
critical dimensions (such as area and volume of the damaged erosion wear scars), and
topographical features. It has three-dimensional profiling capability with excellent
precision and accuracy. The shape of a surface can be displayed by a computer-generated
map developed from digital data derived from a three-dimensional interferogram of the

surface.

The erosion depth was measured at six random locations to obtain the average erosion
depth of an eroded scar as shown in Fig. 3.8(a) on an eroded specimen. At each location
(including eroded and uneroded area) surface profiles were taken. The intact/unaffected surface
(uneroded area) was used as a reference plane for the erosion depth measurement. At each
erosion scar, six contour maps were obtained. The maximum erosion depth was obtained by
measuring a step height between a nominal surface and a zero level of the bottom wear surface
of the erosion scar in a cross-sectional profile of each contour map. Then, the mean value of the
six maximum erosion depths was determined and defined as the mean erosion depth Fig,
3.8(b).

The erosion scar arca was measured using Image analysis software (Image J 1.41).
After performing erosion testing, the net missing volume of the eroded area (scar) was
measured at six locations randoimly. Afterwards, the total net missing volume of the whole
eroded area was calculated. The net missing volume is equal to the negative volume minus the
positive volume in the eroded area (Fig. 3.8(c)), where the negative volume is the volume
above the bottom wear surface of an erosion scar and below the zero level, whereas the positive
volume is the volume below the bottom wear surface of the erosion scar and above the zero
level. In general, the negative volume is almost equal to the positive volume so that the net
missing volume of the eroded area is negligible.

The natural volume of uneroded surface was obtained before erosion (Fig. 3.8 (d)). The
natural volume of uneroded, bare area was randomly measured at six locations. Then, the total
natural volume of the area, which is equal to the eroded wear scar area, was calculated.

Thus, the erosion wear volume loss can be calculated as follows which is illustrated in
Fig. 3.8 (e):

Erosion volume wear loss = mean erosion depth x eroded area + net missing volume of eroded

surface - natural volume of uneroded, bare surface
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The histograms illustrating the erosion rates in terms of volume loss (mm®/g) have
been plotted to compare erosion rates of different uncoated alloys and coated alloys and have
been discussed in chapter 5.
3.5.3.3 SEM/EDX Analysis

| Surface SEM analyses of eroded samples were conducted using Field emission
scanning electron microscope (FEI Company, Quanta 200F) with EDX attachment. EDX

analysis at few points of interest was taken.

3.6. EROSION-CORROSION STUDIES IN ACTUAL INDUSTRIAL
ENVIRONMENT

3.6.1 Specimen Preparation for Testing

D-gun coated and uncoated specimens of size 21X16X5 mm of each alloy were
exposed to superheater zone of the coal fired boiler of Guru Gobind Singh Super Thermal
Plant, Ropar, Punjab (India} for this study. For hanging these sampies I mm holes were
drilled. The uncoated as well as the coated specimens were polished down to 1um to obtain
similar condition on all the samples before being subjected to boiler environment. Also
physical dimensions of the specimens were measured carefully with digital Vernier Caliper to
evaluate their surface areas. To evaluate the thickness loss of the samples during the exposure
period, the average thickness (average of 20 measurements in each samples) was measured
using micrometer screw gauge. The samples were hung in the boiler with the help of stainless
steel wire and a rigid support of stainless steel rod through thé. soot blower dummy points at
42 m height from the base of boiler. The specimens were exposed to the combustion
environment for 15 cycles. Each cycle consisted of 100 hours heating followed by 30 minutes
cooling at ambient conditions. The temperature of the hanging zone was measured at regular
intervals during the study and the temperature was about 700 10 °C with full load of 210 MW
and volumetric flow of flue gases was 250 m’/sec. After the end of each cycle the samples
were visually examined for any change on surface and weight of samples were measured
subsequently. The coal analysis data is reported in Table 3.6 whereas the chemical analysis of
the flue gas and ash present inside the boiler is given in Table 3.7,

The samples were characterized by different methods like SEM (Scanning Electron

Microscopy), EDX (Energy Dispersive X-ray Analysis).
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Table 3.6: Coal Analysis data

Constituent Wt. % age
Total moisture (inherent + surface) 10.43
Inherent moisture 7.55

Ash ‘ 34.74

Ash on fire basis (actual) 33.64
Voilatile metal 21.59
Unburnt carbon in fly ash 1.35
Unburnt carbon in bottom ash 5.75

Table 3.7:  Chemical analysis of ash and flue gases inside the boiler

Ash Flue Gases

Constituent Wt. %age | (Volumetric flow, 250 m*/sec)
Silica 53.9 Constituent | Value relative to flue gases
Al;0;3-Fe,04/ALL,04 | 31.9 SO, 236 mg/m”

Fe,O, 5.23 NO, 1004 . g/m”
Calcium oxide 1.41 CO» 14-16%

Magncsium oxide 1.28 O, 3-5%

50; 0.35

Na,O 0.33 40% excess air was supplied to the
K;0 1.29 Boiler for the combustion of coal.
[gnition loss 4.31
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3.6.2 Analysis of erosion-corrosion products in boiler environments
The samples exposed to boiler environment were analysed. The surface and cross-
section of the eroded-corroded specimens from boiler environment were analysed by XRD,

SEM and EDX analysis.

3.6.2.1 Visual Observation

For samples exposed to boiler environment, visual examination was made after each
cycle and changes in colour, luster, growth of cracks and spalling tendency in the scales were
recorded. After the completion of 15 cycles the exposed specimens were finally carefully
visually examined and their macrographs were taken.
3.6.2.2 Weight Change Studies

The weight change values were calculated at the end of each cycle with the aim to
approximate the kinetics of erosion-corrosion for the specimens kept in boiler environment.
The weight change data were plotted with respect to number of cycles for each specimen
and the plots have been given in .the subsequent chapters. Because of the specimens
exposed to the industrial environment, the actual working conditions of the coal fired boiler -
in a thermal power plant, the spalle;i scale could not be collected and incorporated in the

weight change.

3.6.2.3 X-Ray Diffraction (XRD) Analysis

- "X-ray diffraction analysis was conducted for identification of different phases formed in
the eroded-corroded specimen surfaces after 1500 hours exposure in the boiler, of all those
specimens and results of all the analysed samples have been presented in Chapter 7.

3.6.2.4 SEM/EDX Analysis
(a) Surface Morphology
After 1500 hours exposure in the boiler of thermal power plant, SEM/EDX analysis of

the eroded-corroded specimen surfaces was conducted. The specimens were scanned under
the microscope and the critical areas of interests were photographed with an aim to identify

the micro cracks and morphology of the surface scale.

(b) Cross-Sectional Morphology

SEM/EDX analysis for specimens was carried out along their cross-sections Cross-
sectional BSE images were taken and some points of interest identified on these images
including scale/coating and substrate. EDX analysis was then conducted to ascertain elemental
composition (weight %) for these points. Although these compositions correspond to selected
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points along the cross-sections, still the data could be useful to approxitmate the distribution of

various elements across the thickness of the scales.

(c) X-ray Mapping

The exposed specimens were cut along the cross-section, mounted and polished. For
carrying out the EDX analysis, some critical areas of interest across the cross section of each
specimen were selected and then BSEI and elemental X-ray mappings were obtained at that
particular area. To evaluate different elements in the region of interest x-ray mapping of the
samples was done on field emission scanning electron microscope (FEI Company, Quanta
200F) with EDX attachment. For obtaining elemental maps, image of the area to be analysed

was recorded on which elemental x ray mapping was taken.
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Chapter 4
CHARACTERISATION OF SUBSTRATE ALLOYS
AND D-GUN SPRAYED Al;0;-3 Wt%TiO, COATINGS

4.1 INTRODUCTION

The chapter deals with critical evaluation of the substrate alloys and the AlO:-3
wt %Ti0; coatings applied on them. The metallographic examination of substrate steefs as
well as the coatings has been discussed. Techniques like optical microscopy, X-ray
diffractometry (XRD), scanning electron microscopy/energy-dispersive analysis (SEM/EDX),
and micro hardness tester were used for metallographic examinations and to evaluate the
physical properties like porosity and microhardness of the as-sprayed coatings 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 and SEM/EDX analysis

have been incorporated.

4,2 SUBSTRATE ALLOYS

Optical microstructures of the substrate allovs 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 microstructure of T11 and T22 steels consists of ferrite white in colour
and pearlite dark in colour as shown in Fig. 4.1 (a) and (b). The microstructures of Superni 600
Superni 718 and Superfer 800, Fig. 4.1 (c), (d) and (¢) respectively can be characterised by a
nickel-rich y-solid solution matrix. The microstructure of Superni 600 shows Ni-Cr-Fe solid
solution containing fine as well as coarse carbides in the grains and along the grain boundaries,
refer Fig. 4.1 (¢). Twin boundaries are also visible in the structure of Superni 600. Whereas the
microstructure of the Superfer 800 (Fig. 4.1 (e)) 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).

4.3 COATING DEPOSITION AND CHARACTERISATION
4.3.1 Morphology of coating powders and Phase Analysis

The morphology of powder has been evaluated using SEM. The scanning electron

micrographs indicating morphology is shown in Fig. 4.2, Powder particles have irregular and
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angular shape. XRD analysis of the starting powders was conducted using Bruker AXS D-8
Advance Diffractometer (Germany) with CuKa radiation and nickel filter at 20 mA under a
voltage of 35 kV and corresponding X-ray diffraction profiles of the coating powders are
shown in Fig. 4.3. The main phase detected is Al;O; and the minor phase is TiO;. The

rhombohedral ¢-Al,Q; phase along with anatase TiO- phase appeared in the powder.

4.3.2 Coating Description and Visual Examination of Al;03-3 wt% TiO2 Coating

In this work five substrates were coated with AlyO5-3 wt%Ti0O2 powders. Coatings
were sprayed u-sing the D-gun. All samples were coated with same powder and with the same
parameters. [n order to obtain specific coating thickness and uniformity, few optimisation trials
were performed before final coating. The powders had the same composition and size range.
The Coatings were examined visually after deposition by D-gun. Macrographs for the as coated
samples are shown in Fig. 4.4. Coatings have greyish appearance with rough surfaces.

Coatings are unitorm and found to be free from surface cracks.

4.3.3 Measurements of Coating Thickness
Scanning Electron micrographs were taken along cross-sections of the D-gun
sprayed coated specimens and are shown in Fig. 4.5. Thickness of the coatings has been

measured from micrographs and was found to be in the range of 200-230 pm.

4.3.4 Microhardness

Microhardness is the basic mechanical property of coatings, which are used to
characterize the performance of coatings. Microhardness of the coatings on different substrate
alloys has been measured along the cross-section. Profiles for microhardness versus distance
from the coating-substrate interface are depicted in Fig. 4.6. The average microhardness
values for T11, T22, Superi 600, Superni 718 and Superfer 800 superalloys are observed to
be 194, 270, 290, 462 and 340 Hv respectively as shown in Fig. 4.7. Microhardness of the
AlO3;-3wt%TiO; coating has been found to be in a range of 862 to 1056 Hv. As velocity of

powder particle was higher in D-gun spray process, the coating exhibited higher hardness.
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Fig. 4.1: Optical micrographs of the substrate alloys
(a) Boiler Steel T11 (b) Boiler Steel T22  (c) Superni 600
(d) Superni 718 (e) Superfer 800
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Fig. 4.2: Scanning electron micrographs showing morphology of Al,O3-3wt% TiO-

powder.

7000 -

6000 -

X ]
=]
[=)
p=—]
L

4000

3000

Intensity (Arbitrary units)

I~
(=
=
o
L

1000

*

A1303
TiO,

* «

e
W

0 T

T

MLJ‘J;f.JL&Ju "

20 30 40 50 60
Diffraction Angle (20)

70

80

Fig. 4.3: X-ray Diffraction Profile of coating powder Al,03-3wt% TiO,.

100

110

120



Fig. 4.4: Macrographs of specimens coated with Al,03-3 wt % T1O; powder
(a) T11, (b) T22, (c) Superni 600 (d) Superni 718 and (e) Superfer 800.
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Fig.4.5: Scanning electron micrograph showing cross-sectional morphology of AlOs-
3wt%TiO; D-gun sprayed coatings on substrate alloys (a) Al:O3-3wt%TiO, coating on
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(d) AlLO3-3wt%TiO, coating on Superni 718 and (e) Al:O;-3wt%TiO; coating on
Superfer 800
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4.3.5 Coating Porosity

Porosity of the coatings has a significant role to play on the erosion and corrosion
resistance of thermal sprayed coatings. Dense coatings usually provide better erosion and
corrosion resistance than the porous coatings. Porosity measurements were made for the
D-gun sprayed AlO3-3wt%TiO, coatings, which are found to be in a range of 0.7-0.9 %
(Table 4.1)

Table 4.1: Coating Thickness and Porosity on coating surfaces for different specimens

S. No. Substrate Coating Material Coating Porosity
' Thickness {(um}
1. T11 Al03-3 Wi% TiO, 212 0.9%
2. T22 Aly0;-3 Wt%s TiO; 220 0.8 %
3. Superni 600 Al;03-3 Wit% TiO, 230 0.7%
4, Superni 718 Al03-3 Wt% TiO, 218 0.8 %
5. Superfer 800 Al03-3 Wt% TiO; 215 0.7%

4.3.6 Microstructure

All the coatings produced in the present investigation were excellent in quality. It is -
observed that the top surface of the coatihg is free of cracks and porosity. All the
photomicrographs exhibited very dense coatings with homogeneously dispersed porosity. Fig.
4.8 depicts the typical surface topographies of the D-gun sprayed coatings. The Al,O3-3 wt.%
TiQO; coating exhibited definite splat morphologies with densely packing splats. No cracking
was observed in the coating. Also there is no presence of large amount of unmelted particles.
Fig.s 4.9 and 4.10 show the typical microstructures from the matrix for the coatings; Coatings

indicated homogeneously dispersed micro porosity.

4.3.7 Phase Analysis — XRD of the Coatings

The phase composition of the as-sprayed samples was determined by X-ray diffraction
(XRD). The XRD spectra of all the coatings based on the Al;0:-3 wit% TiO, powder
generally mirror the spectra presented in the literature, The spectrum is dominated by matrix

phase i.e. AlQ;. Small peaks of TiO; are also observed. No other oxide phases were
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detected in analysis. The XRD results are shown in Fig.s 4.11 to 4.15. In the XRI) spectrum
of all the coated substrates, TiO; phase has been confined to two peaks only. XRD phase
analysis revealed that coating consisted not only of a-Al;O; but also y-AlO; .The results of
the XRD analysis of the initial spray powder and as-sprayed coating weie in good agreement
with the literature, as typical peaks consisted mostly of a-alumina phase (corundum) with few
peaks of titania were detected. Partial transformation of a-alumina to y -alumina in the
deposited coating is due to the spray conditions. The formation of meta-stable alumina as y
(cubic), is due to the heat conditions during the cooling process (Levin et al.,, 1997;
McPherson 1980). It is suggested that the preferential formation of v-Al;O3 is attributed to
the high cooling rate (about 10° K/s) of the molten particles during spraying and easy
nucleation of y-Al,O; from the melt superior to a-Al,O3 thanks to lower interfacial energy

between crystal and liquid (McPherson 1989).

4.3.8 SEM/ EDX (Energy dispersive X-ray) analysis
(a) Surface Analysis

In the case of Al;03-3 wt%TiO, coating, one can see spheroidal grained structure.
Grains have fused together due to high impact of the detonation process. Some minor cavities
that are visible might have been originated at inter particle boundary regions.. Particles have
fused together to form larger chpnks with minor cavities at the inter-boundary regions. There
is presence of some unmelted particles. Most of the particies have fused to form clongated
shaped structures. Flattened areas are clearly visible. SEM/EDX analysis of the coatings was
done at some selected areas of interest, as shown in micrographs (Fig. 4.16 and Fig.4.17).

The areas have a composition close to the powder composition.

(b) Cross-section Analysis

The BSE image and the EDX analysis across the cross section on AlO; -3 wt%
TiO; coated alloys are shown in Fig. 4.18-4.22. In all the coated alloys the coating was
quite intact and there were no cracks developed in the coating. Throughout the coating
thickness, the composition is entirely of Alumina and Titania. From the cross-sectional
microstructures, it can be seen that coatings consist of the lamella built up from the molten
droplets impinging on the substrate. The composition contrast from backscattered electron
micrographs illustrated that the Al;O3;-3wt.% TiO; coating possessed distinct layered
structure, i.e. aluminume-rich regions (grey) separated from titania rich regions (white).

Coatings obtained with the powder exhibited a homogeneous layered structure. The white
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Fig. 4.8: Typical Scanning electron micrographs of the surfaces of the as-sprayed
AbO3-3wt.% TiO, coatings
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Fig. 4:3: Optical micrographs of a as-sprayed Al;03-3 wt.% Ti0O; coatings
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Fig. 4.11 X-ray diffraction pattern for the D-gun sprayed Al;0;-3 wt% TiO; coated

Boiler Steel T11.
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Fig. 4.12 X-ray diffraction pattern for the D-gun sprayed Aly01-3 wt% Ti0O; coated
Boiler steel T22.
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Fig. 4.13 X-ray diffraction pattern for the D-gun sprayed Al,03-3 wt% TiO, coated
superalloy Superni 600.
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Fig. 4.14  X-ray diffraction pattern for the D-gun sprayed Al,O5-3 wt% TiQO; coated
superalloy Superni 718.
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Fig. 4.15 X-ray diffraction pattern for the D-gun sprayed Al.O3-3 wi% TiO, coated
superalloy Superfer 800.

110




Element Wt%

0 45.72
Al 53.06
Ti 01.22
Element Wt%

@] 48.49
Al 50.08
Ti 01.43

Y A N A o,
! i 4 1
10.5 mm | 3:18;12 BM T ROORKEE

%g’%%&f Wig=._, R RN L : Element Wt

Mt A Y &7 22 b bt g g o) 50.21
' : . e ' Al 48.27

Ti 01.52

Element Wt%

O 50.87

Al 46.78

Ti 02.35

wF : S A L H i ATese
Dct WD | 1724/2007 .
UClb. ETD|10.0 mm|3:48:13 PN T ROORKEE

Fig. 4.16: SEM/EDX analysis of coatings showing elemental composition (wt.%) at
various points (a) Coated T11, 1000 X, (b) Coated T22, 1000 X
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Fig. 4.17: SEM/EDX analysis of coatings showing elemental composition (wt.%) at
various points (a) Coated Superni 600, 1000 X, (b) Coated Superni 718, 1000

X and (c) Coated Superfer 800, 1000 X.

112




|+—Fe =TI =0 —Cr -#—Si —=—Al

120 - T 70
100 T ®°
g' 1 50
o 80 <
= @
|f -+ 40 gi
% 60 i?'
s 1306
3% 5
-
5 40 =z
] 1 20
=
20 - L 10
0 - 0

1 2 3 4 5

Substrate

Gy JEEts Ry

HY r 007 100.0pm
20 0 kVI500x|5SD|12.7 mmla21:10 PMI™ T ROORKEE —

Fig. 4.18:  Cross sectional morphology and elemental composition variation across the
cross-section of Al;O3-3 wi%TiO; coated T11 boiler steels

113



120 -

100 +

o = L)
o P o
1 1 [

Weight % age Fe.Ti,0.Cr,Si,Mn.Mo

[
-]
r

Fig. 4.19:

—~—Fe =a—Ti =0 = Cr = Al

- ; R !
: 3, "..ﬁe-tg W ¢ T em— =T
O RV SO SO 1T Femi T 27 ' HT RO

Cross sectional morphology and elemental composition variation across the
cross-section of Al,O3-3 wt%T10, coated T22 boiler steels

114

Weight % age Al



T 6 W Fe -G oAl

100 - ——go
90 - I
_ 801 I
o
o 70
: T 80 -
Z 60 :
o
'=“ + 3 a
& 50 A f
: T40 £
=
3 40 - g
=
: + 30
g 30
20 - 1.,
10 L.
0 0
Substrate
5 raer - R4 34 PR —
Fig. 4.20:  Cross sectional morphology and elemental composition variation across the

cross-section of Al;03-3 wt%TiO, coated superalloy Superni 600,

115



—o—HNi = Ti =0 —%Fe ——Cr -2~ Al

100 - T 90
90 1 1 80
g 80 + 70
<
70
ﬁ -+ 60
o
- 60 4
v + 50
O 50 -
+ 40
= 40 -
@ 130
& 30 -
=
£ 20 - T 20
2
Q
2 10 - 710
0 0
Fig. 4.21:  Cross sectional morphology and elemental composition variation across the

cross-section of AlyO05-3 wt%TiO; coated superalloy Superni 718.

116



100

——Ni 4 Ti 20 =—Fe — Sj == Cr -&- Al

90

80

70

60 -

50 1

40

30

20 -

Weight % age Ni, Ti, O, Fe, Si, Mn, Cr

10 4

Fig.4.22;

Substrate

MY '.ag"' D LT
soonvizonlssnlit s mmle 1231 P

Cross sectional morphology and elemental compesition variation across the
cross-section of Al;03-3 wt%TiO; coated superalloy Superfer 800.

117

70

o [ [, ] [=}]
o [=] (=] (o)
Weight % age Al

[ ]
o

-
j=1



layers are TiO2 and the grey ones correspond to AlyOs;. Fig. shows the section view and
surface appearance of D-gun sprayed alumina coating in the ground condition. Coating was
dense with Jow porosity (<1%) and free of interface cracks.

BSE images were obtained at the cross-section of the coated alloys and EDX analysis was
performed at some selected areas of interest to ascertain elemental composition (weight %) at
different points across the coatings. In the Fig.s showing cross sectional morphology and the
correspondihg elemental composition variation across the cross-section of Al,03-3 wt%TiO,
coated alloys, it is clear that the coating portion contains Alumina and Titania along with
oxygen while analysis at the points on the substrate has shown the presence of constituent

elements of the substrate alloys.

4.3.8.3 X-Ray Mapping

The X-ray mappings for the D-gun sprayed Al;03-3Wt% TiO,coatings are shown in
Fig. 4.23 to 4.27, which indicate the presence of basic elements of the feedstock powder. The
elemental mappings for all the coated alloys show that the basic elements of the alloy powder
viz. Alumina and Titania are present in the coated region. The elemental mapping for the
coating shows that the main phase in coatings is alumina. Titania is present at the splat
boundaries as thin discontinuous streaks. Cross-sectional BSE image of the as-sprayed Al;O3-
3W1% TiO; coating shows a typical lamellar structure consisting of mainly Al-rich splats

with titanium mainly present at the splat boundaries.

44 DISCUSSION

The Microstructural studies of Boiler steels ASTM SA 213 Til and T22 have
revealed the presence of ferrite and pearlite which is as per the grade of this steel (ASM
Handbook 2001) and that the matrix for all the superalloys under study is a solid solution.
The microstructures of these superalloys are compared with the standard microstructures
from Metals Handbook (1973) and ASM Handbook (2001). The formation of carbides in case
of superaltoy has been revealed invariably, 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 Ni- and Co- based superalloys under study are MC, M;C; and My3Cg,

keeping in view the role of various alloying elements towards formation of particular carbide.
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Heath et al., 1997 has suggested that the thick coatings have better corrosion resistance. But
thicknesses more than certain limit leads to self disintegration of coatings. Higher thickness
may lead to cracks due to accumuiation of residual stresses in the splat layers during spraying
and solidification. It was aimed to produce coatings with thickness of 200 to 250 microns. In
the present study it was possible to obtain a thickness in the range of 200-230 pm. After
spraying the c¢oating thickness was measured along the cross-section for some randomly
selected samples as has been reported in Table 4.1. The porosity of the coatings influence the
behavior of the coatings as pores form an interconnected network through which the
corrosive species could reach the coating substrate interface which may ultimately result in
reduced mechanical strength. The Porosity of the coatings has a great impact on the erosion
corrosion behavior of the coatings.

The coatings produced by D-gun spraying has limited or no porosity. The porosity
measurements for the D-gun sprayed coatings are also summarised in Table 4.1. The lower
value of porosity may be attributed to the higher kinetic energy of the powder particles. The
high velocity involved in the D-gun spraying process have shown elimination of much of the
porosity as Air entrapped between the individual splats is markedly reduced in this technique,
thus reducing the porosity. The values of porosity are in close agreement with the findings of
Sobiecki et al.,, 2004, Saravanan et al., (2000). The lack of defects and porosity at the
particle/particle and particle/substrate interface suggest an adequate particle Kinetic energy
during deposition that was abie to generate above the alloy critical velocity and thus creating
an intimate bonding at the interfaces,

A slight increase in the values of microhardness values for the substrate superalloys
has been observed near the interface between the coating and the substrate in all the cases.
The hardening of the substrates as observed may be attributed to the high speed impact of the
coating particles during D-gun spray deposition. This increase in microhardness effect has
also been reported by (Higuera et al., 1998; Hidalgo et al, 1997, 1999 and 2000; Sidhu 2003;
Mishra 2006; and Sidhu 2006).

The detonation gun process hardens the coatings due to its higher velocity of particle
impact. There is a variation in the microhardness with the distance from the coating substrate
interface. 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.
The observed microhardness values for the coatings have been compared with those reported

by Wang et al., (2006), Ramachandran et al., (1998), , Saravanan et al., (2000) and are
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BSEI and elemental X-ray mappings of the cross-section of D-gun sprayed
AlL03-3 Wt% TiO; coating on the boiler steel T11, 500X.
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Fig.4.24: BSEI and elemental X-ray mappings of the cross-section of D-gun sprayed
ALOs3-3 Wt% TiO; coating on the boiler steel T22, 500X.



BSEI and elemental X-ray mappings of the cross-section of D-gun sprayed Al,Os-3

W1t% TiO; coating on the superalloy Superni 600, 500X
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Fig.4.26: BSEI and elemental X-ray mappings of the cross-section of D-gun sprayed Al,03-3
Wt% Ti0O, coating on the superalloy Superni718, 500X
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Fig.4.27: BSEI and elemental X-ray mappings of the cross-section of D-gun sprayed Al,03-3
W1t% TiO; coating on the superalloy Superfer 800, 500X
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found to be in similar range. During the spraying, the solidification rate varies with
subsequent layer deposition. The layer produced by the first impact has the highest
solidification rate and the solidification rate decreases with the further deposition due to
decrease in heat transfer rate from molten material to substrate (Normand et al., 2000 and
Niemi et al., 1994)

The coatings obtained did not undergo any significant phase transformation except
that of . -Al;Os, phase formation. This is due to the fact that in detonation gun process the
powder ts allowed to react with high energy explosive gases inside a chamber of size about
22-25 mm interna! diameter and about 1.5 m long tube closed at one end (Scott et al., 1991,
Smith 1974B). The powder is usually carried by N, gas into the chamber and at regular
intervals a spark plug detonates the gases such as O, and C;H;. These highly combustible
gases on detonation expand inside the reaction chamber drastically with very large amount of
thermal and kinetic energy. This causes the powder inside to melt and expand with the
explosive gases thus transferring its momentum to the molien plume. Hehce, in the
detonation gun process the powder interacts closely with explosive gases with an inert or
reducing atmosphere made of Ny, CO, C;Ha. Since most of the reaction is confined to inside
the barrel the molten plume is nearly of the same composition as the start powder when it
gets projected on to the substrate placed just outside the detonation gun barrel. As mentioned
by researchers, (Normand et al., 2000; Lin et al., 2003) the coatings consist of . -Al;O5 and
little amount of . -Al;0;. Actually, the poWder used in the coating contains . -AlxO; During
the spraying, . -Al,O; transforms in to . -AlxO5 due to fact that . -Al>Os; has lower nucleation
energy and therefore, metastable . -Al;Os; occurs through the melting and later rapid
solidification. (LLuo et al., 2003) Also upon impingement onto the cold substrate surface, the
droplets lose their kinetic and thermal energies and thus experience ultrarapid solidification
(Yin et al., 2008)

Under the given spray condition, D-gun sprayed coatings deposited on superalloys
have a uniform microstructure. It is seen that the microstructures of D-gun coatings are
much finer, i.e. the splats are much thinner. A fine structure is expected with this process
since the molten particle velocities are very high in the process. Coating possessed

homogeneous structure, with distinct layered structure, i.e. aluminum-rich regions (gray)
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separated from titanium regions (white). The Al;03-3 wt.% TiO, coating exhibited a
typical lameliar structure. The microstructure across the cross-section of the coatings is in
good agreement with the literature. (Bluni and Mardar, 1596; Erickson et al., 1998;
Westergard et al., 1998; Margadant et al., 2001 and Sidhu et al., 2004 and 2005). The
EDX compositional analysis across the coating cross-section (Fig. 4.18-4.22) shows the

homogeneous elemental concentration.
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Chapter 5

EROSION STUDIES IN AN AIR JET
EROSION TEST RIG

Erosion studies were carried out on uncoated and coated samples at room temperature
and elevated temperature. Erosion behaviour of the bare samples (superalloys and Boiler
steels) as well as detonation gun sprayed coatings on the substrates, investigated in the present
study has been described in this chapter. The erosion studies were carried out using a high
temperature air-jet erosion test rig at a velocity of 35 ms™ and impingement angles of 30° and
90°. The tests were carried out at ambient and high temperatures.

The two temperatures were taken for each test, sample temperature 400°C & air
temperature 300°C and sample temperature 600°C & air temperature 200°C  simulated to
service conditions of boiler tubes in which sample temperature and flow gas temperature
correspond to the inner and outer temperature of water wall pipes. The alumina particles of
average size 50 um were used as erodent. The specimens were visually examined at the end of
each cycle during the course of study.

Erosion rates in terms of volumetric loss (mm?®/g) for different uncoated and coated
alloys are compared. The eroded samples were analysed with SEM/EDX and optical
profilometer. The erosion rate data for each coated alloy has been plotted along with uncoated
alloy in order to assess the coating performance. Efforts have been made to understand the

mode of erosion.

5.1 RESULTS
5.1.1 Uncoated alloys
5.1.1.1 Visual Examination

The Surface macrographs showing the erosion scar produced on the top surface of the
uncoated boiler steels namely T11, T22 and superalloys namely Superni 600, Superni 718,
and Superfer 800 superalloys eroded at 30° and 90° impact angles at room temperature and at

elevated temperature are shown in Fig.s 5.1.-5.3
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After Condition { Tests

When samples were tested at condition 1 i.e. at room temperature, the visual
inspection of each sample showed roughing of the upper surface and the formation of scars
on the surface exposed to the erosion. The samples after testing at room temperature are

shown in Fig. 5.1.

After Condition 2 Tests

When the substrate temperature was increased to 400°C and the surrounding
temperature to 900°C, the effects of corresion along with the erosion were also evident. At
this temperature, the alloys showed a thin scale. The erosion seems to clean the scale off the
surface in the eroded/corroded region especially in boiler steels. In boiler steels, the impact of
erodent removes the scale down to the substrate-scale interface as shown in Fig. 5.2. Away
from this eroded region a thin layer of scale was observed on the surface and the
eroded/corroded region showed rust colored discoloration. The superalloys were generally
free of scale or were having very thin scale. The Superni 600 and Superni 718 showed just a

thin discoloration of the metallic surface.

After Condition 3 Tests

Generally a scale is formed on the sample surface as the temperature is raised. The
character of this scale depends on the test material, test temperature, and whether the scale
was being struck by the alumina erodent particles. In both boiler steels there was formation of
thick scale as compared to scale formed on superalloys and the scale sloughed off even from

the surrounding area as can be seen in Fig. 5.3.

5.1.1.2 Erosion Rate

The erosion loss has been calculated by volume change method. The volume loss
occurred after erosion testing was measured by using non contact optical profilometry as
explained in chapter 3. The erosion depth was measured at six random locations to obtain the
average erosion depth of an eroded scar. At each location (including eroded and uneroded area)

surface profiles were taken.,
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90° Impact Angle 30° Impact Angle

Fig. 5.1 Macrographs of Uncoated alloys eroded at condition 1 and impact
angles of 90° and 30°
(a) Boiler Steel T11 (b) Boiler Steel T22 (¢} Superni 600 (d) Superni 718
(e) Superfer 800 '
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90° Impact Angle 30° Impact Angle

Fig. 5.2: Macrographs of Uncoated alloys eroded at condition 2 and impact - angles of

90° and 30°
(a) Boiler Steel T11 (b) Boiler Steel T22 (c) Superni 600 (d) Superni 718

(e) Superfer 800
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90° Impact Angle 30° Impact Angle

(e)

F .
Fig. 5.3: Macrographs of Uncoated alloys eroded at condition 3 and impact angles of
90° and 30°
(a) Boiler Steel T11 (b) Boiler Steel T22 (¢) Superni 600 (d) Superni 718
(e) Superfer 800
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Representative three dimensional optical profiles of the uncoatéd specimens eroded at room

temperature as well as high temperature at both impact angles are shown in Fig.s 5.4 to 5.6.

The erosion rate of the uncoated boiler steels namely T11, T22 and superalloys
namely Superni 600, Superni 718, and Superfer 800 superalloys at an impact velocity of
35 ms™' and impingement angle of 30° and 90° at room temperature (condition 1) is shown
in Fig. 5.7. From the graph, it can be inferrcd that the erosion rate of Boiler steels is
comparatively higher than the superalloys at both the impact angles. Volume erosion rate
of Superfer 800 superalloy is marginally higher than that for the other superalloys,
whereas erosion rate of Superni 600 and 718 are lowest amongst all the superalloys tested
at both the impact angles. The volume erosion rate for Boiler steels Tlland T22 is
3.419%10°mm’*/gm & 3.586 X10 mm>/gm and for superalloys Superni 600, Superni 718
and Superfer 800 is 1.086 x10°mm>/gm, 0.975 X10>mm*/gm and 1.352 x10°mm>/gm
respectively at 90%impact angle. While at 30° impact, the volume erosion rate for Boiler
steels Tlland T22 is 7.052 X10”mm’/gm & 6.452 x10mm’/gm and for superalloys
Superni 600, Superni 718 and Superfer 800 is 1.211 X10°mm*/gm, 1.281 x10”"mm*/gm

and 1.947 X10 mm>/gm respectively.

At condition 2 i.e. when substrate temperature was 400°C and surrounding air at
900°C, there is substantial increase in volume erosion rate of all the alloys under testing
as shown in Fig. 5.8. The volume erosion rate for Boiler steels T1land T22 is 3.831 x10°
jmmg'/gm & 3.975 x10°mm%gm and for superalloys Superni 600, Superni 718 and
Superfer 800 is 1.225 X10°mm’/gm, 1.494 X10°mm’/gm and 1.608 X10 mm’/gm
respectively at 90°impact angle. While at 30° impact, the volume erosion rate for Boiler
steels T1land T22 is 9.947 X107 mm*/gm & 9.127 X10°mm’/gm and for superalloys
Superni 600, Superni 718 and Superfer 800 is 1.727 X10°mm?*/gm, 1.711 X10°mm’/gm

and 1.977 X10 mm®/gm respectively.

On further increasing the substrate temperature to 600°C and surrounding temperature

of 900°C, volume erosion rate is also increased as shown in Fig. 5.9. From the Fig. it is
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apparent that the volume erosion rate is pretty much higher for the boiler steels. The volume
erosion rate for Boiler steels T11land T22 is 5.708 X10°mm?*/gm & 6.025 10 mm*/gm and
for superalloys Superni 600, Superni 718 and Superfer 800 is 1.381 X10” mm’/gm, 1.633
%107 mm®/gm and 1.663 x10? mm*/gm respectively at 90°impact angie. While at 30° impact,
the volume erosion rate for Boiler steels T11and T22 is 12.425 X10” mm®/gm & 13.486 X107
mmafgm and for superalloys Superni 600, Superni 718 and Superfer 800 is 2.483 x107

mm®/gm, 2.466 X107 mm?*/gm and 2.622 X10~ mm?®/gm respectively.

In case of superalloys, the low volume erosion rate may be attributed to the
formation of martensitic phases and chromium carbide precipitates. Similar behavior of
superalloys especially with Cr more than 12% has been observed by Fernandes et al.
2008. Addition of Cr reduces the oxidation rate of materials by facilitating the

formation of CrpO; (Stack et al. 1993).

Fig. 5.10 Fig. 5.11 shows the variation in volume erosion rates of substrate alloys at
30° and 90° impact angles with change in test temperature. A tendency for increase in erosion
rate with temperature has been observed in ali alloys. So the temperature effect can be
demonstrated on the basis of the observation that the erosion rate at acute impingement angle
increases significantly wiih temperature, suggesting that alloys tends to show behaviour more

typical of a ductile matertal at elevated temperatures.

5.1.1.3 SEM/EDX Analysis

From SEM/EDX analysis of alloys is shown in Fig. 5.12 and 5.13 at condition 1
i.e. after erosion testing at room temperature. Scanning electron micrographs were used to
examine the surface features of the eroded samples. The SEM observations were made on the
eroded surface of all the alloys at both the impact angles i.e. at 30° and 90°at condition 1.
Scanning electron microscopy (SEM) revealed various erosion mechanisms like metal
removal, oxide chipping, fracture and spalling within the oxide layer and at the scale/metal

interface etc both at room temperature and at elevated temperature. The micrographs have
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Fig. 5.4: 3D Optical Profile of the Specimen eroded at condition 1 showing depth profiles
at interface and at eroded zone
(a) Eroded at 30° impact angle (b) Eroded at 90° impact angle
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Fig. 5.5: 3D Optical Profile of the Specimen eroded at condition 2 showing depth profiles
at interface and at eroded zone.
(a) Eroded at 30° impact angle (b) Eroded at 90° impact angle
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Fig. 5.6: 3D Optical Profile of the Specimen eroded at condition 3 showing depth profiles
at interface and at eroded zone.
(a) Eroded at 30° impact angle (b) Eroded at 90° impact angle
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Fig. 5.7: Bar diagram showing the Volume erosion rates of substrate’ alloys under
obligue and normal impact at condition 1.
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Fig. 5.8: Bar diagram showing the Volume erosion rates of substrate alloys under
obligue and normal impact at condition 2.
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Fig. 5.9: Bar diagram showing the Volume eroston rates of substrate a[h-)sfs under
oblique and normal impact at condition 3.
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Fig. 5.10:  Bar diagram showing the variation in Volume erosion rates of subsirate alloys at
30° impact angle with change in test temperature
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Fig. 5.11:  Bar diagram showing the variation in Volume erosion rates of substrate alloys at
90° impact angle with change in test temperature.
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Fig. 5.12: Scanning Electron Macrographs and EDX analysis of uncoated alloys eroded
at condition 1 and impact angle of 30°

(a) Boiler Steel T11 (b) Boiler Steel T22 (c) Superni 600 (d) Superni 718 (e)
Superfer 800
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revealed severe deformation at the surfaces resulting in formation of craters with minor
cracks. It is observed from the SEM of the eroded surfaces of alloys at 30° impact angle at
condition 1 i.e. at room temperature, that the material gets removed due to cutting and plastic
deformation mainly. In case of boiler steel T11 shown in Fig. 5.12(a), there is indication of
lip formation and crater formation while in boiler steel T22, cracks are clearly visible on the

surface as shown in Fig. 5.12 (b). In case of Superni 600 superalloy, fracture with clear
impact

zone is visible Fig. 5.12(c) and in Superni 718 lip formation is there shown in Fig. 5.12(d).

In case of Superfer 800, there are visible craters Fig. 5.12(¢).

In case of 90° impact, wider craters and platelets formed on the surfaces of alloys
with plastic deformation (Fig. 5.13). It is observed from micrographs of the eroded surface
that the erodent particles deform the exposed surface by ploughing, displacing material to
the side and in front of the particle in form of lip due to severe plastic flow. With the
subsequent erodent impacts these highly strained lips are vulnerable to be removed as
micro platelets. In boiler steel T11 shown in Fig. 5.13 (a), craters ar¢ formed along with
cutting scar on the eroded surface and on T22 surface wide lip along with crater is visible
Fig. 5.13 (b). In superalloy Superni 600, crater is formed Fig. 5.13 (c) and in Superni 718
cutting scar is visible Fig. 5.13 (d).and in Superfer 800 shallow crater and lip formation are

visible on eroded surface Fig. 5.13 (e)..

The EDX spectra and compositions at selected points of the eroded alloys at room
temperature at both angles are also shown in Fig. 5.12 and 5.13. Along with alloy
composition, there is detection of major peaks of Al and O in some cases. This may be
due to the presence of erodent particles which might have got embedded in the substrate
during subsequent impacts. At 30° impact and room temperature conditions testing, in
boiler steel T11 shown in Fig. 5.12 (a) when anlysed at selected region in the proximity
of a lip shown in Fig., there is 38.62% of Al along with 25.63%0 which again indicates

embedment of erodent particle. Similar erodent particle embedments have also been
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observed in other substrate alloys along with substrate alloy composition at the selected

regions Fig. 5.12 (b-e).

EDX spectra along with composition at selected points in the surfaces eroded at 90°
are shown in Fig. 5.13. In boiler steels the EDX spectra, Fig. 5.13 (a, b), inside craters have
indicated constituent composition of both the steels and there is no detection of other
elements while in superalloys especially in Superni 600 and Superni 718, the Al and O have
been detected in substantial amounts indicating the presence of erodent presence in the

eroded region Fig. 5.13 (c, d).

in Condition 2 erosion tests, it is observed from the SEM of the eroded surfaces of
alloys at 30° impact angle that the material gets removed due to cutting and plastic
deformation as shown in Fig. 5.14. The micrographs have revealed very severe deformation
at the surfaces with formation of craters and hills with eracks. The impacting particle
removes material by chip formation, essentially scraping material oft the surface of the solid
in a manner similar to machining (Finnie 1960). In boiler steels T11 clear crack network is
visible on the surface Fig. 5.14 (a) and in boiler steel T22 Fig. 5.14 (b) crater formation along
with sever plastic deformation is visible. In superalloys Superni 600 and Superni 718, there is
visible plastic deformation on the eroded surface Fig. 5.14 (c, d) and in case of Superfer 800;
lip is visible on the eroded surface. The EDX analysis boiler steels T11 and T22, eroded at
condition 2 at 30° impact angle has indicated the presence of O with Fe, Cr and Al and in
case of superalloys the analysis has indicated the presence of O and Al along with the other

constituents of superalloy composition.

In case of 90° impact, there is clear indication of formation of cracks on the surface of
boiler steels T11 and T22 as is revealed from the SEM shown in Fig.5.15 (a,b) and also oxide
fracture and removal are visible on the surface. While in case of superalloys small cracks are
visible. In Superni 600 shown in Fig. 5.15 (c) chip formation along with cracks are visible
and in Superni 718 small cracks are visible along with craters as shown in Fig. 5.15(d). In

case of Superfer 800 severe plastic deformations along with craters formations were observed
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Fig. 5.14:  Scanning Electron Macrographs and EDX analysis of uncoated alloys eroded
at condition 2 and impact angle of 30°
(2) Boiler Steel T11 (b) Boiler Steel T22 (¢) Superni 600 (d) Superni 718 (e)
Superfer 800
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as shown in Fig. 5.15 (¢). EDX analysis of boiler steels have revealed presence of Fe and Cr
along with O indicating the formation of iron oxide Fig.5.15 (a,b) while in case of
superalloy there is substantial presence of Al indicating the presence of erodent fragments

on the eroded surface as is clear from Fig. 5.15 (c,d and e).

Also in Condition 3 erosion tests, it is observed from the SEM of the eroded surfaces
of alloys at 30° impact angle that the material gets removed by cutting and plastic
deformation mechanism as shown in Fig. 5.16. Cracks are visible on the eroded surfaces. The
micrographs have revealed very severe deformation at the surfaces with formation of craters
and hills. The material removal is by chip formation like in machining and by the process of
extrusion. The impacting particle has removed the material by chip formation, essentially
scraping material off the surface of the solid and exposing a new surface in a manner similar
to machining. In boiler steel T11, micrograph has indicated oxide removal and crack
propagation on the eroded surface shown in Fig.5.16 (a). While in case of T22 stee! shallow
crater is visible on the eroded surface and it appears that the upper surface layer could have
been removed with particle impacts Fig.5.16 (b). In case of super alloy Superni 600, small
crater along with cracks on the eroded surface and chip formation is visible shown in Fig.5.16
(c) and in Superni 718, cutting scar and shallow crater is visible Fig.5.16 (d). Cracks and

shaliow craters are visible on the eroded surface of Superfer 800 Fig.5.16 (e).

The EDX analysis boiler steels T11 has indicated the presence of Fe and Cr with negligible
amount of Al and O as shown in Fig. 5.16(a) and T22 steel has shown presence of 8.35% of
Al along with 13.99%0 with 73.47% Fe and 4.19% Cr as shown in Fig. 5.16(b). While in
case of superalloys (Fig. 5.16 ¢, d and ¢) the analysis has indicated the presenée of O and
Al along with the other constituents of supetralloy composition indicating alumina particles

embedded in the material.

In case of 90° impact, there is clear indication of formation of cracks on the surface of
eroded samples as shown in Fig. 5.17. Under high temperature erosion conditions, a thick

scale is formed on the target material during erosion and the deformed zone formed due to
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impact is confined within the scale. The continuous erodent impacts subsequently results in
deformation, extrusion and work hardening, until fracture occurs and the material is
completely lost from the surface. In case of boiler steel Tlloxide fracture and removal is
clearly visible on the surface micrograph and there is indication of crack propagation along
the fractured surface as shown in Fig. 5.17(a). In case of Boiler steel T22, the eroded surface

showed flake chipped off from the surface and cracks on the eroded surface Fig. 5.17(b).

In superalloy Superni 600, cracks are visible on the eroded surface and some shallow
crater as can be seen shown in Fig. 5.17(c). In Superni 718, plastic deformation along with
cracks is visible in Fig. 5.17(d) while in Superfer 800, there is crack network and lip
formation shown in Fig. 5.17(e). The micrographs have indicated that the cavities are
developed as a result of impact of erodent particles. Surface hillocks are also observed at
various places which represent the portion of the alloy being partly removed from the surface
of the specimens. EDX analysis at selected area of boiler steel T11 have shown presence of O
along with Fe, Cr and Al indicating oxide formation at this condition. Presence of Al is
indicating some erodent particies have been retained on the surface as shown in Fig. 5.17 (a).
In case of Boiler steel T22, EDX analysis had revealed 11.07 % Al along with 9.09% O and
76.10% Fe and 3.74% Cr. In Superni 600, 35.15% Al along with Cr, Fe, Ni and O have been
detected at the selected region. In Superni 718, 12.88% Al with Fe, Ni, Cr and O have been
detected at the selected area. In Superfer 800, at the selected region, 51.68 % of Al with

30.35 % O has been detected clearly revealing the erodent particle embedment.
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Fig. 5.16:  Scanning Electron Macrographs and EDX analysis of uncoated alloys eroded
at condition 3 and impact angle of 30°
(a) Boiler Steel T11 (b) Boiler Steel T22 (c) Superni 600 (d) Superni 718 (e)
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5.1.2 Al,0,-3wt%TiO, coated alloys
5.1.2.1 Visual Examination

The Surface macrographs showing the erosion scar produced on the top surface of the
Al;03-3wt%TiO, coated boiler steels namely T11, T22 and superalloys namely Superni 600,
Superni 718, and Supetfer 800 superalloys eroded at 30° and 90° impact angles at room
temperature and at elevated temperature are shown in Fig.s 5.18-5.20
After Condition 1 Tests

The samples after testing at Condition | are shown in Fig. 5.18. The visual inspection
of each sample showed slight discolouration at the impact zone. Also the roughening of the
upper surface and the formation of scars in the eroded area were observed.
After Condition 2 Tests

The macrographs of the coated samples after testing at Condition 2 are shown in Fig,
5.19. The change in colour of the samples from original grey to cream due to thin scale
formation was observed. The erosion seems to have cleaned the scale off the surface in the
eroded region. The eroded region showed discoloration at the impact site.
After Condition 3 Tests

The macrographs of the coated samples after testing at Condition 3 are shown in Fig.
5.20. The change in colour of the samples from grey to cream was observed and the impact

zone showed a brighter zone than the surrounding area.

5.1.2.2 Erosion Rate

The erosion loss has been calculated by volume change method. The volume loss
occurred after erosion testing was measured by using non contact optical profilometry as
explained in chapter 3. At normal impact, ceramic materials are characterized by erosive wear
being maximal at the impact angle of 90°. The volume erosion loss at 90° impact angle is
higher than that of erosion loss at 30° impact angle. Representative three dimensional optical
profiles of the uncoated specimens eroded at room temperature as well as high temperature at
both impact angies are shown in Fig.s 5.21 to 5.23.

The erosion rate of the Al,O3-3 wit% TiQ, coated boiler steels namely T11, T22 and
superalloys namely Superni 600, Superni 718, and Superfer 800 superalloys at an impact velocity
of 35ms-1 and impingement angle of 30° and 90° at room temperature (condition 1) is shown in
Fig. 5.24. From the graph, it can be inferred that the erosion rate of coated alloys eroded at 90°
impact angle is higher than the erosion rate at 30° impact angle. Volume wear rate of coated
Supreni 718 superalloy is marginally higher than the other coated substrates at 90° impact angle

while at 30° impact angle erosion rate of coated Superni 600 is marginaily high.
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At 90°%impact angle, the volume erosion rate for AlyO3-3 wt% TiO; coated boiler steels
Tlland T22 is 1.447 X107 mm’*/gm & 1.513 x10 mm>*/gm and for Al,03-3 wt% TiO, coated
superalloys Superni 600, Superni 718 and Superfer 800 is 1.513 X107 mm’/gm, 1.55 x10°
‘mm? /gm and 1.502 xlO'?’mm:}Igm respectively.

While at 30° impact, the volume erosion rate for Al,03-3 wt% TiO: coated Boiler steels
T11land T22 is 0.883 X10” mm’/gm & 0.933 X10 mm?/gm and for Al;O5-3 wt% TiO, coated
superalloys Superni 600, Superni 718 and Superfer 800 is 1.041 X107 mm*/gm, 1.025 x10°
*mm?®/gm and 1.022 X10 mm>/gm respectively.

At condition 2 i.e. when substrate temperature was 400°C and surrounding air at
900°C, there is substantial increase in volume erosion rate as shown in Fig. 5.25. The volume
erosion rate for Alo(Os3-3 wit% Ti0; coated Boiler steels Tlland T22 is 1.836 XIO'Jmm3/gm &
1.858 X10 mm?/gm and for ALLO3-3 wt% TiO, coated superalloys Superni 600, Superni 718
and Superfer 800 is 1.788 X10”mm*gm, 1.742 X10”mm’/gm and 1.653 X10°mm%em
respectively at 90°impact angle. While at 30° impact, the volume erosion rate for coated
Roiler steels Tlland T22 is 1.077 X10”mm*gm & 1.064 x10'3mrn3/gm and for coated
superalloys Superni 600, Superni 718 and Superfer 800 is 1.141 x10”mm®/gm, 1.153 x107
mm?*/gm and 1.075 X10°mm®*/gm respectively.

On further increasing the substrate temperature to 600°C and surrounding temperature
of 900°C, volume erosion rate is also increased as shown in Fig. 5.26. From the Fig. it is
apparent that the volume erosion rate is higher than the erosion rate at condition 1 and
condition 2. The volume erosion rate for Al;03-3 wt% TiO; coated Boiler steels T11and T22
is 2.486 X10'3mm3/gm & 24 X10'3mm3/gm and for Al,O3-3 wt% TiO, coated superalloys
Superni 600, Superni 718 and Superfer 800 is 2.188 X100~ mm®*gm, 2.108 X10”mm®/gm and
2.292 x10”°mm’/gm respectively at 90° impact angle. While at 30° impact, the volume
erosion rate for Boiler steels T11and T22 is 1.266 x10”mm*/gm and 1.316 x10mm>/gm and
for superalloys Superni 600, Superni 718 and Superfer 800 is 1.286 x10 mm®/gm, 1.253 x10°
‘mm*/gm and 1.53 X103mm?®/ gm respectively.

Fig. 5.27 and Fig. 5.28 shows the variation in volume erosion rates of coated substrate
alloys at 30° and 90° impact angles with change in test temperature. A tendency for increase
in erosion rate with temperature has been observed in all the coated alloys. The erosion rate at

normal impact i.e. at 90° impingement angle is more as compared to erosion rate at 30°

impact thus showing the typical behavior of brittle materials.
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90° Impact Angle 30° Impact Angle

(b)

(d)

Fig. 5.18: Macrographs of ALO3-3 wt%% TiO; coated alioys eroded at condition 1
and at impact angles of 90° and 30°
{a) Boiler Steel T11 (b) Boiler Steel T22 (c) Superni 600 (d) Superni 718
(e) Superfer 800
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90° Impact Angle 30° Impact Angle

Fig. 5.19:  Macrographs of Al;03-3 wi% TiO2 coated alloys eroded at condition 2

and at impact angles of 90° and 30°
(a) Boiler Steel T11 (b} Boiler Steel T22 (¢} Superni 600 (d) Supermi 718
(e) Superfer 800
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Fig. 5.20: Macrographs of Al;05-3 wt% TiO; coated alloys eroded at condition 3 and at
impact angles of 90° and 30°
(a) Boiler Steel T11 (b) Boiler Steel T22 (¢) Superni 600 (d) Superni 718
(e) Superfer 800
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Fig. 5.21: 3D Optical Profile of Al;03-3 wt% TiO; coated specimen eroded at condition
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Fig. 5.22: 3D Optical Profile of Al;03-3 wt% TiO, coated specimen eroded at condition
2 showing depth profiles at interface and at eroded zone
(b) Eroded at 30° impact angle (b) Eroded at 90° impact angle
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Fig. 5.24:

3D Optical Profile of Al,03-3 wt% TiO; coated specimen eroded at condition
3 showing depth profiles at interface and at eroded zone.
(a) Eroded at 30° impact angle (b} Eroded at 90° impact angle
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Bar diagram showing the volume erosion rates of coated alloys under oblique
and normal impact at condition 1
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Fig. 5.25: Bar diagram showing the Volume erosion rates of coated alloys under oblique
and normal impact at condition 2.
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Fig. 5.26: Bar diagram showing the Volume erosion rates of coated alloys under oblique
and normal impact at condition 3.
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Fig. 5.27:  Bar diagram showing the variation in Volume erosion rates of coated alloys at
30° impact angle with change in test temperature
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Fig. 5.28:  Bar diagram showing the variation in Volume erosion rates of coated alloys at
90° impact angle with change in test temperature
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5.1.2.3 SEM/EDX Analysis

SEM/EDX analysis of AlLO0s-3 wi% TiQO; coated alloys is shown in Fig. 5.29 to
Fig. 5.34 at condition 1, 2 and 3 respectively. The observations were made on the eroded
surface of all the coated alloys at both the impact angles i.e. at 30° and 90°. Scanning electron
microscopy (SEM) revealed various erosion mechanisms like chipping, flake formation with
brittle fracture, splat debonding and spalling within the coating layer. The micrographs have
revealed fracture at the surfaces with impressions of formation of craters with crack network.
Fig. 5.29 and Fig. 5.30 shows the scanning electron micrographs with EDX analysis of coated
samples after testing at room temperature i.e. at condition ! at 30° impact and 90° impact
respectively. The SEM of each sample reveled cracks, craters and retained erodent fragments
on the exposed surface. The cracks propagated with fracture resulting in craters on the
surface. Splat debonding is also observed in few cases. Few retained erodent fragments in the
exposed coatings can also be seen. In Fig. 5.29 (a), a big crater formed on the eroded surface
of coated boiler steel T11 is shown. In case of coated boiler steel T22, there are small craters
and chipping is also observed as shown in Fig. 5.29 (b). In coated Superni 600, a big crater is
observed with retained erodent fragment as shown in Fig. 5.29 (¢). In case of coated Superni
718, small craters and some cracking can be observed from the eroded surface Fig. 5.29 (d).
In case of coated Superfer 800, craters were formed on the eroded surface and also splat
debonding can also be seen as shown in Fig. 5.29 (e). It is observed from the SEM of the
eroded surfaces of coated alloys at 30°%impact angle that the material gets removed due to
crater formatton with brittle fracture as can be observed in Fig. 5.29. The craters formed along
with cracks on the surfaces of the coated alloys eroded at 30° impact angle are clearly visible
in these micrographs. ‘

While in case of higher impact angles i.e. at 90°, when the eroding particle strikes the
surface of a coating at 90° the material is severely damaged and fractured as shown in Fig.
5.30. The subsequent erodent particle impacts cause further cracking and fracture. Brittle
fracture at the exposed surface can be seen. In case of coated boiler steel T11, splat debonding
and crater formation can be observed as shown in Fig. 5.30 (a) and in case of boiler steel T22
shown in Fig. 5.30 (b), craters and fractured splats were observed.

Brittle fracture on the eroded surface and crack propagation was observed on coated Supemi
600 surface after erosion testing as shown in Fig. 5.30 (c). In coated Superni 718, fracture
along with crack propagation and craters can be seen on eroded surface shown in Fig. 5.30
(d). Also in case of coated Superfer 800, crater formation and brittle fracture can be seen as

indicated in Fig. 5.30 (e).
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EDX spectra along with composition at selected points in the surfaces eroded at 90°
are shown in Fig. 5.29 and 5.30. The EDX analysis has not detected any elemental peak of
substrate alloy i.e. there is no detection of external element except that of powder
constituents. In coated Superni 600, Superni 718 and Superfer 800, when analysed at
selected points shown in above Fig.s, there is indication of presence of erodent particle in

the eroded region.

When the coated substrate temperature was increased to 400°C and the surrounding
temperature to 900°C i.e. at condition 2, the SEM/EDX analysis is shown in Fig. 5.31 and
Fig. 5.32. At this temperature, the coated alloys showed a clear impact zone from where
material has been removed away with the impact of erodent. In coated boiler steel T11, a
clear erodent impact zone with crater is visible on the eroded surface as shown in Fig. 5.31(a).
In coated boiler steel T22, flakes chipping can be observed as shown in Fig. 5.31 (b). In
coated Superni 600, impact zone with cracks and craters can be seen shown in Fig. 5.31 (¢)
and in coated Superni 718, craters can be observed as shown in Fig. 5.31 (d). In case of
coated Superfer 800, some splat debonding and chipping off of the coating can be observed as
shown in Fig. 5.31 (e). Presence of more visible fractured splats might be resulting in brittle
fracture. In condttion 2 erosion tests, it 1s observed from the SEM of the eroded surfaces of
alloys at 30° impact angle Fig. 5.31 that the material removal is less. The micrographs have
revealed deformation at the surfaces with formation of shallow craters and flake formation.
Splat debonding is also observed in few micrographs. The impacting particle removes
material by chip formation, essentially scraping material off the surface of the solid in a
manner similar to machining. While in case of 90° impact, there is clear indication of
formation of cracks on the surface and impact zone is wider as shown in Fig. 5.32 than that
observed at 30° impact. The continuous subsequent impacts of crodent particles caused
formation of wide craters. In coated boiler steel T11, crater formation and scale chipping off
can be observed on the eroded surface as shown in Fig. 5.32(a). In coated boiler steel T22, an
impact zone with wide crater can be seen as shown in Fig. 5.32 (b). In coated Superni 600,
impact zone with brittle fracture can be seen shown in Fig. 5.32 (c) and in coated Superni
718, brittle fracture and some fractured splats can be observed as shown in Fig. 5.32 (d). In
case of coated Superfer 800, fractured splats can be observed as shown in Fig. 5.32 ().

EDX spectra along with composition of the condition 2 eroded surfaces at selected
regions on are shown in Fig. 5.31 and 5.32. Only coating powder composition has been
detected thus indicating the protective nature and integrity of the coating after condition 2

erosion testing.
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Fig. 5.31:  Scanning Electron Macrographs and EDX analysis of Al;Q3-3 wi% TiO,
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Fig. 5.33:  Scanning Electron Macrographs and EDX analysis of Al,O3-3 wt% TiO;
coated alloys eroded at condition 3 and impact angle of 30°
(a) Boiler Steel T11 (b) Boiler Steel T22 (¢) Superni 600 (d) Superni 718
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(e) Superfer 800
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Fig. 5.33 and Fig. 5.34 shows the SEM/EDX analysis of samples after testing at
condition 3.There was formation of crack network. In all the coated alloys, there was
formation of thick flakes which were removed with the subsequent impacts as the cracks
propagated. There is clear indication of severe fracture on the surfaces.

In condition 3 erosion tests, it is observed from the SEM of the croded surfaces of coated
alloys at 30° impact angle that the material gets removed due severe brittle fracture. Brittle
fracture zone with cracks are visible on the eroded surfaces as shown in Fig. 5.33.

In coated boiler steel T11, crater with brittle fracture is visible on the eroded surface
as shown in Fig. 5.33(a). In coated boiler steel T22, cracking and flake formation can be
observed as shown in Fig. 533 (b). In coated Superni 600, flake formation with brittle
fracture and with cracks and crack propagation can be seen shown in Fig. 5.33 (¢) and in
coated Superni 718; craters, brittle fracture, flake formation and fractured splats can be
observed on eroded surface as shown in Fig. 5.33 (d). In case of coated Superfer 800, flake
chipped out resulting in formation of crater and fracture and crack propagation can be
observed as shown in Fig. 5.33 (&)

In case of 90° impact, there is clear indication of formation of cracks on the surface as
shown in Fig. 5.34. The propagation of cracks leads to surface chipping and ultimately
surface fracture. The micrographs have indicated that the craters are developed as a result of
impact by erodent particles and scvere brittle fracture along with flake formation and
subsequent crack propagation.

In coated boiler steel T11, crack propagation can be observed on the eroded surface as
shown in Fig. 5.34(a). In coated boiler steel T22, cracks and flakes can be observed and crater
formed by chipping out of flakes as shown in Fig. 5.34 (b). In coated Superni 600, crack
propagation and crater formation can be seen shown in Fig. 5.34 (¢) and in coated Superni
718, crater formation and brittle fracture inside crater can be observed as can be observed
from Fig. 5.34 (d). In case of coated Superfer 800, flake formation, craters and fracture on the
eroded surface can be observed as shown in Fig. 5.34 (¢)

Fig. 5.33 and Fig. 5.34 shows the EDX analysis of the eroded samples at condition 3
and impact angles 30° and 90° respectively. The EDX analysis of coated alloys eroded at
both angles has indicated the compositions of the coating powder. The peaks of Al and Ti
along with O have been detected, There is no indication of the elemental peaks of the
substrate alloy confirming the protective nature of the alumina titania coatings. The erosion
phenomenon is only confined to surface of the coatings and has not penetrated into the
coating in any case. At certain selected eroded regions only Al, Ti and O have been

detected indicating that coating has protected the substrate alloys very well.
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5.1.3 Discussion

In erosion testing, the material is eroded by continuous impact of erodent particles,
the erosion starts at the centre first, and then proceeds towards the edges of the samples.
The shape of developed scar depends on the angle of impact. The erosion scar produced, in
general, on all the surfaces of the tested samples at both the impact angles have been
schematically illustrated in Fig. 5.35. When erodent strikes the surface at an impact angle
of 30°, material is eroded creating an elliptical shape depression; while at a 90° impact
angle, material is eroded forming a circular depression. It has been observed that ail the

coated alloys have maintained adherence with the substrates under study during the erosion

testing at all the temperatures.

5.1.3.1 Uncoated alloys

At room temperature testing, the boiler steels under study have shown higher erosion
rate than the superalloys. The erosion rate in terms of volume loss for the substrate boiler steels
T11 and T22 is 7.052 X10>mm’*/gm and 6.452 x10*mm>/gm while superalloys have given very
low erosion rates and lie in a narrow range of 1.211-1.947 X10°mm*/gm. The generalized
erosion behaviour of the all the alloys was ductile in nature as observed from their scanning
electron micrographs. Based on the present data the erosion rates for 30° impact angle at room
temperature can be arranged in following order:

T11>T22>Superfer 800 > Superni 718 > Superm 600

From the above it can be inferred that the relative erosion resistance of Superfer 800 at
oblique impact angle is least among the superalloys under study, while Supemi 600 has shown
maximum erosion resistance and boiler steels in comparison have shown very inferior
resistance. The erosion rates for superalloys at 30° impact angle are low as compared to boiler
steels but the Superfer 800 superalloy has shown greater erosion rate than the other superalloys.

In case of normal impact, the erosion rate is less as compared to the erosion rate at 30°
mmpact and the sequence of erosion rate of alloys based on the data at normal impact angle is:

T22>T11>Superfer 800 > Superni 600 > Superni 718
From the present study, it can be inferred that, the erosion rates of alloys were greatest at 30°
impact angle, which is the characteristic erosion behaviour of ductile material. From this
sequence, it can be inferred that the relative erosion resistance of Superfer 800 is minimum
among the superalloys under study, while Superni 718 has shown maximum erosion resistance
at normal impact angle and T22 has got more erosion rate than T11.

Tabakoff (1995) also reported the similar behaviour for cobalt-based alloy X-40. He

reported the ductile erosion behaviour of the cobalt-based alloy with maximum erosion at 45°
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impact angle. From SEM observations of all the eroded alloys at 30° impact angle, it can be
inferred that the cutting and ploughing play the dominant role in erosion of materials. Lips and
cutting scars are visible in most of the micrographs of the eroded alloys at 30° impact angle, thus
indicating that the cutting mechanism is predominant in material removal. At room temperature,
there is no formation of oxide scale so erosion phenomenon is purely metallic or substrate
dominated. Schematic metallic erosion is shown in Fig. 5.36

Similar erosion behavior of ductile materials has been reported by Hutchings (1992), Sidhu et al.,
{2007y and Kumar et al., (2008). When erodent particles strike the surface continuously, it results
in formation of craters. Further particle impact causes plastic deformation of the new crater being
formed on the unsupported surface of the already existing crater.

Tilly, (1973) and Levy (1986) has explained that when the eroding particle strikes the
surface of a ductile material at or near 90° the material is extruded to the edge of the damage
zoné to form lips that will then be vulnerable to subsequent impacts. These subsequent
impacts will cause further deformation, extrusion and work hardening, until fracture occurs
and the material is completely lost from the surface. A secondary stage can also occur when
the impacting particles are brittle and fracture on impact, resulting in further secondary
impact damage at a reduced velocity and lower impact angles. At normal impact angle, the
erosion occurred by the platelet mechanism in all the alloys in general, similar to that
described by Hutchings and Levy (1989). They reported that in the steady state condition, the
three phases occur simultaneously at different locations over the surface. In the initial phase
the impacting particle forms a crater, and material is extruded or displaced from the crater to
form a raised lip or mound. In the second phase the displaced metal is deformed by
subsequent impacts; this may lead to lateral displacement of the matenal, and can be
accompanied by some ductile fracture in heavily strained regions. Finally, after a relatively
few impacts, the displaced material becomes so severely strained that it is detached from the
surface by ductile fracture. The craters and lips formed by the impact of erodent particles on
the surface of alloys are clearly visible in Fig. 5.13. The general erosion mechanism is thus
similar to one defined by Hutchings and Winter (1974) in which materia!l is raised above the
mean surface, followed by deformation during subsequent impacts and ultimate removal of
the deformed material.

Most of the metallic materials, irrespective of temperature of erosion, exhibit a ductile
behaviour, i.e. a maximum erosion rate at oblique impact angles (Tabakoff W and Vittal,
1983) The erosion of soft, tough materials is predominantly ductile and material loss can
occur in the ways like: cutting wear due to impact at low angles (Finnie, 1960), and extrusion

at high angles. Erosion of ductile materials is essentially a combination of the two processes,
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with one being dominant over the other depending on impact angle and material properties
and particle properties and shape. So in solid particle erosion, material removal by impacting
particles takes place by:

(i) material removal due to cutting wear,

(ii) material removal due to repeated plastic deformation

It has been observed by that for low values of impingement angle, the erosion rate
increases with an increase in the impingement angle, and the maximum erosion rate occurs
with impingement angle between 20°- 40°, Thereafter, the erosion rate decreases (Mbabazi et
al., 2004 and Das et al., 2006)

In Plastic deformation wear, during particle impact, loss of material because of
particle erosion may occur by a combined extrusion-forging mechanism. Platelets are initially
extruded from shallow craters made by the impacting particle. Once formed, the platelets are
forged into a strained condition, in which they are vulnerable to being knocked off the surface
in one or several pieces. Owing to the high strain rates, adiabatic shear heating occurs in the
surface region immediate to the impact site. Beneath the immediate surface region, a work
hardened zone forms, as the kinetic energy of the impacting particles is enough to result in a
considerably greater force being imparted to the metal than is required to generate platelets at
the surface. When the surface is completely converted to platelets and craters and the work-
hardened zone reaches its stable hardness and thickness, steady state erosion begins. The
reason why the steady state erosion rate is the highest is because the subsurface cold-worked
zone acts as an anvil, thereby increasing the efficiency of the impacting particles to extrude-
forge platelets in the now highly strained and most deformable surface region. This cross-
section of material moves down through the metal as erosion loss occurs. In the platelet
mechanism of erosion, there is a localised sequential extrusion and forging of metal in a
ductile manner, leading to removal of the micro segments thus formed (Das et al., 2006)

When erosion testing temperature was raised to 400°C and surrounding
atmosphere to 900°C i.e. at condition 2, the erosion rate has shown an increase. The
¢rosion rate in terms of volume loss per unit of erodent for the substrate boiler steels T11
and T22 is 9.947 X10°mm*gm and 9.127 X10°mm’/gm while in case of superalloys
erosion rates are found to be in a range of 1.711-1.977 X10°mm®/gm. Based on the present
data the erosion rates for 30° impact angle at condition 2 temperature can be arranged in
following order:

T11>T22>Superfer 800 > Superni 718 > Superni 600
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Fig. 6.35:  Schematic diagram showing the erosion scar produced in general on the
eroded surface at an impact angle of 90° and 30°; Mark “A” represents a
localized region of material temoval and Mark “B” represents the peripheral
region of the elastically loaded material !
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Fig. 5.36:  Schematic diagram showing the metallic erosion
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Here also from the above data, it can be inferred that the relative erosion resistance of
Superfer 800 at oblique impact angle is least among the superafloys under study, while Superni
600 has shown maximum erosion resistance. Here at this temperature, erosion rate of all the
alloys have increased substantially except that of Superfer 800 superalloy where there is only
marginal increase in erosion rate.

In case of normal impact, the erosion rate is less as compared to the erosion rate at 30°
impact and the sequence of erosion rate of alloys based on the data at normal impact angle is:

T22>T11>Superfer 800 > Superni 600 > Superni 718

The erosion rates of alloys were greatest at 30° impact angle, which is the characteristic
erosion behaviour of ductile material. From this sequence, it can be inferred that the relative
erosion resistance of Superfer 800 is minimum among the superalloys under study, while
Superni 718 has shown maximum erosion resistance at normal impact angle.

At low erosion temperatures, at high impact velocities and feed rates, there is no oxide
scale. Even if there is any oxide scale, it will be very thin and it will be able to deform in the
same manner as that of the substrate target. The works of Shida and Fujikawa (1985), Singh
and Sundararajan (1990) Levy et al., (1986) can be considered elevated temperature erosion
of metals with minimum or negligible oxidation. Under such circumstances, erosion takes
place from the metallic surface and this mechanism of erosion is called metal erosion. The
erosion behaviour in this regime is similar to the ambient temperature erosion behaviour of
metallic materials. The erosion response in the metal erosion regime is ductile.

The probable erosion mechanism at low metallic temperature is schematically shown
in Fig. 5.37. It is almost similar to metallic erosion at room temperature. In the metal erosion
regime, there are two modes by which materials can be removed. These modes are ploughing
and cutting. In general, when a particle is in contact with a target at positive rake angle, the
cutting mode operates. On the other hand, the ploughing mechanism operates at negative rake
angle. Cutting mechanisms result in generation of new surfaces while the ploughing
mechanism involves the displacement and extrusion of the material with no new surface
generation. In addition, the cutting mode is more efficient than the ploughing mode when
considered in terms of energy consumed per unit volume removal of the target material.

In metals and alloys, during erosion, once the lip is formed, it is fractured by several
modes. In the case of ductile metals like copper, brass, aluminium and iron, the lip fracture occurs
by necking, and the resulting fracture is ductile (Quadir and Schewmon 1981; Christrnan and
Schewmon, 1979). This mode of lip fracture is shown schematically in Fig, 5.38. The two modes

of material removal considered above involve the fracture of pre-existing lips.
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When erosion testing temperature was raised te 600°C and surrounding
atmosphere to 900°C i.e. at condition 3, the erosion rate has shown further increase. The
erosion rate in terms of volume loss for the substrate boiler steels T1! and T22 is 12,245
X10°mm’/gm and 13.486 10 °mm*/gm while superalloys have given erosion rates in a
range of 2.466-2.622 x10 mm*gm. Based on the present data the erosion rates for 30°
impact angle at condition 3 can be arranged in following order:

T11>T22>Superfer 800 > Superni 718 > Superni 600

At condition 3, the volume erosion loss has increased almost double as that at room
temperature. Here also from the above data, it can be inferred that the relative erosion
resistance of Superfer 800 at oblique impact angle is least among the superalloys under study,
while Superni 600 has shown maximum erosion resistance. Here at this temperature, erosion
rate of all the al:oys have increased substantially except that of Superfer 800 superalloy where
there is only marginal increase in erosion rate.

In case of normal impact, the erosion rate is less as compared to the erosion rate at 30°
impact and the sequence of erosion rate of alloys based on the data at normal impact angle is:

T11>T22 >Superfer 800 > Superni 718 > Superni 600

From the present study, it can be inferred that, the erosion rates of alloys at condition 3
were greatest at 30° impact angle, which is the characteristic erosion behaviour of ductile
material. From this sequence, it can be inferred that the relative erosion resistance of Superfer
800 is minimum among the superalloys under study, while Superni 600 has shown maximum
erosion resistance at normal impact angle and T22 has got more erosion rate than T11.

At high témperature erosion is affected by oxidation. Each erodent impact event
removes the scale down to the substrate-scale interface. The scale thickness is typically of the
same order of magnitude as the depth of indentation, while the cross-sectional area of the
oxide chip is of a similar size to the cross-section of the impacting erodent particle. Fig, 5.39
shows schematically oxide removal from the exposed surface at high temperature. Erosive
impact induces stresses in the scale layer, reducing the critical thickness for spallation and
thereby accelerating the oxidative attack.

At this temperature, erosion takes place from oxide scale only. Under such conditions, a
thick oxide scale is formed on the target material during erosion and the deformed zone formed
due to impact is confined within the oxide scale. The erosion behaviour from the oxide scale is
characterized by a brittle erosion response, strong velocity dependence and particle feed rate
independent of the erosion rate. This erosion mechanism is termed oxide erosion. In oxide
erosion, material removal occurs with the formation of intersecting cones and radial cracks,

which nucleate from pre-existing flaws once a critical tensile stress is exceeded. At an
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intermediate temperature, impact velocity and particle feed rate, an oxide scale of intermediate
thickness is formed. However, the depth of the deformed zone extends to the metallic substrate
beyond the oxide scale. Consequently, the oxide scale beneath the eroding particle tends to
crack, gets pushed down into much softer base material and in the process the softer base
material gets squeezed out onto the top surface through the cracks in the oxide scale. Over a
period of time, the repetition of such a process during each impact causes the formation of a
composite layer comprising the bulk metal and broken pieces of oxide scale. Erosion takes
place from this composite layer. This probable erosion mechanism is presented schematically in
Fig. 5.40 and is termed as oxidation affected erosion. The interesting aspect of oxidation
affected erosion is that the volume fraction of the oxide in the composite layer is a function of
erosion conditions such as temperature, impact velocity and particle feed rate. As a result, the
erosion behaviour in the oxidation affected erosion regime can vary from a ductile to z brittle
response depending on the amount of oxide scale present in the composite layer. Further, unlike
in the case of metal erosion or oxide erosion, the oxidation affected erosion rate depends
strongly on the test temperature and particle feed rate (Roy, 2006).

Fig. 5.10 shows the variation in volume erosion rates of substrate alloys at 30° impact
angle with change in test temperature. There is clear dependence of erosion rate on the
temperature. As the testing temperature increases from room temperature at 30° impact, the
erosion rate increases very fast and is almost double when calculated at 600°C. While in case
of 90° impact, erosion volume rate has increased but not to the extent as observed in 30°
impact angle as shown in Fig. 5.11. It has been observed that erosion rates of substrate ;}iloys
impacted at low angles increases steeply as the temperature increases. So the temperature
effect can be demonstrated on the basis of the observation that the erosion rate at acute
impingement angle increases significantly with temperature, suggesting that alloys tends to
show behaviour more typical of a ductile material at elevated temperatures. A tendency for
erosion rate to increase with temperature has been observed in all alloys. Thus, it may be
concluded that the erosion rate of alloys impacted at all angles definitely increases as the
temperature is increased but effect at acute angles is dominant. Also, the rate of erosion
depends upon the type of alloy and its composition. The erosion behaviour of metallic
materials at elevated temperature is governed by the nature of interaction between erosion and
oxidation. The nature of interaction between erosion and oxidation in turn depends on the
thickness, morphology, adherence and the toughness of the oxide scales that form in these
materials. It has been observed that erosion rates of steels impacted at low angles increase as
the temperature of the steel increases. Also, Hutchings &Winter (1974) concluded that the

mechanism of material removal was one of shearing of the top layers of the target surface in
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the direction of motion of the projectiles. They carried out experimental investigations to
determine the effect of erosion owing to particle orientation duning oblique.ampact of angular
particles on lead and mild steel targets. They noted that for particle incidence angles close to
80°, erosion occurred by plastic deformation of the target surface.

It is observed that a severe plastic deformation occurs in the zone around the point of
impact of each particle in the form of lip and platelets which are detached on further impacts
resulting in mass loss in both the oblique and normal impacts. Similar mechanism of material
removal has also been observed by Levy et al., (1984). Levy described it in terms of three
distinct phases that occur sequentially in ductile erosion mechanism. In first phase, an erodent
particle impact forms a crater and material is extruded from crater to form a raised lip. In next
phase, the displaced metal or lip is deformed by subsequent impacts and finally after few
impacts, the displaced metal becomes so severely strained that it is detached from the surface
by ductile fracture.

It is noted that erosion rates at low impingement angles increase significantly with
increasing temperature, but at high impingement angles the effect of temperature is less
insignificant. The exposure temperature, 400°C and 600°C with surrounding air temperature
of 900°C of this study was chosen because it is a target temperature for eroded parts in new
and future combustion plants, e.g. superheater tubes positioned within the loop seal of a
circulating fluidized bed combustor (Norling and Olefjord 2003). It has been suggested by
Hjérnhede et al., (2000) and Norling and Olefjord (2000)that the eroding particles cause crack
formation in the oxide and that oxygen or other oxidising gases are transported via these
cracks through the oxide towards the metal.

As the temperature is raised to 400°C subsirate and 600°C surrounding, there is
formation of thin oxide scale which plays little role in erosion rate increase However, as the
temperature is further increased to 600°C substrate and 900°C surroundings, the erosion rate
increases due to the formation and easy remaval of the oxide scale - oxide modified erosion.
Especially in this region, the erosion rate is dependent on the properties of the composite
oxide/substrate, the ease with which the scale is removed and the oxidation kinetics. The third
regime is where the oxide forms sufficiently quickly and is thick enough that the impact of
particles does not expose the base metal. Thus only oxide is removed during impacts - oxide
dominated erosion. The temperatures at which these various regimes operate depend on a
number of factors, which include particle size, velocity and flux as well as the composition of

the alloy, which influences oxidation rates.
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5.1.3.2 Al,O; -3wt% TiO, coated alloys

As ceramics are brittle in nature so erosion of ceramics is identified as a complex
mechanism in which different stages like tribochemical reaction, microfracture etc. operate.
In case of Ceramics (Brittle Materials) material loss in solid particle erosion occurs
predominantly through the formation and interaction of a subsurface micro crack network
(Guessasma et al., 2006). The material removal is related to the formation and propagation of
cracks. For the ceramic coatings the fracture occurs at interface between flattened ceramic
particles i.e. splats. The cracks develop on the surface when the surface stresses reach a
critical value to initiate microcracking. When these cracks propagate and intersect with the
surface, material is lost. Hence for a brittle material the erosion resistance is a function of its
resistance to crack.

A good number of reports are available on erosion behaviour of alumina coatings. The
resistance to erosion of such coatings depends upon shape, size, and hardness of erodent
particles, particle velocity, angle of impact and the presence of cracks and pores (He et al.,
1993; Ajayi and Ludema, 1991; Mcpherson, 1989; Wang, 1996; Hawthrone et al., 1997).

Zhang et al. 1997 examined room temperature solid particle erosion of Alumina
coatings and observed that erosion rate is maximum for an impact angle of 90°. The failure is
by the progressive removal of splats and can be attributed to the presence of defects and pores
in the inter-splat regions.

Representative erosion scar on coating is shown schematically in Fig. 5.41 in which
various erosion phenomenon like chipping; cracking occurring in coating can be visualized.
The coating erosion is dependent on angle of impingement; Fig. 5.42 shows schematically the
fracture of coatings dependent on impact angle. It is shown schematically how an impinging
solid particle can damage coating surfaces. The mechanism of erosion of brittle materials is
quite different from that of ductile materials. Brittle erosion is due to the crack formation in
the surface and the resultant chipping of the material. The material is removed by the
intersection of cracks, which radiate out from the point of impact of the eroding particle.
During particle impact upon a ceramic surface, median and radial cracks develop at the
impact site. Upon rebound of the particle i.e. unloading of the impact site, lateral cracks
develop parallel to the surface and finally curve and propagate towards the surface, leading to
chipping and loss of material. Erosion in plasma sprayed ceramics has been attributed to the
failure of individual splat boundaries. Although surface cracks have been seen to form in VPS
coatings, similar to behaviour in sintered ceramics, propagation from one splat to another is

limited. Subsurface damage of VPS alumina involves neither radial nor median cracks.
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Instead, cracks more similar to lateral fractures develop around impressions, in which a
consolidated region immediately beneath the fracture is attributed to splat debonding. As
inter-splat bonding is increased, the damage mechanisms start to resemble those observed in
bulk ceramics. (Ramm et al., 1993)

The modes of deformation and fracture depend on the particle velocity, shape, and its
mechanical properties relative to those of the target material. Blunt particles traveling at low
velocities set up hertzian stress fields in the target, which initiate cone cracking, while angular
particles traveling at high velocities produce inelastic deformation zones and initiate median
and Jateral cracking (Wiederhorn and Hockey 1983).

In the present investigation, the specimens showed brittle erosion morphology as
indicated by their cracked and chipped surfaces. Brittle erosion occurred by a cracking and
chipping of fractured and loosened pieces. Cracks form in the intermediate surface region of
brittle materials on an erodent impact. Crack formed in bulk of a brittle coating due to particle
impingement is shown schematically in Fig. 5.43.

Cracking or plastic deformation initiates near the splat boundary, generating small
chips of material. Schematic splat edge chipping mechanism is shown in Fig. 5.44.
Continued erosion leads to crack propagation into the splat and chipping or plastic
deformation of the exposed splat edge. Alternatively repeated impact may lead to subsurface
inter-splat crack propagation.

It is clear from SEM shown in Fig. 5.29 that there were some radial and lateral cracks

as well as the fractured, loosened pieces on the eroded specimens’ surfaces. Some erodent
particles were also deposited on these surfaces. Cracking is thought to be initiated at the
“splat boundary” during impact of erosive particles. Under continual impacting of particles,
the radial and lateral cracks were developed, and then fractured and loosened pieces were
chipped off. Finally, many small voids and pits formed. Similar observations have been
reported by Lin et al., (2004), Habib et al., (2006) and Branco et al., (2004).
At room temperature testing i.e. at condition 1, scanning electron micrographs of the eroded
samples as seen in Fig. 5.30 AlbO3;-3 wt % TiO; coating showed evidence of splat removal
with small fragmented particles, and no plastic deformation was observed which explains the
high resistance to wear.

The subsurface cracks produced by erosion tend to propagate along the boundary
between material that has been completely molten during thermal spraying, i.e., the outer

regions of the particle, and the inner core.
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The material removal mechanism for coated specimens at 90° impact was removal of
fractured splats. Generally, only minor parts of individual splats were removed at each impact
resulting in splat debonding with subsequent impacts. At higher temperature, the erosion
mechanisms featured larger wear fragments, consisting of entire splats or clusters of splats.
Erosion of coatings at low impact angles can be seen schematically in Fig. 5.45. At lower
impact angle i.e. at 30° impact, the coatings showed a large amount of plastic deformation
with little or no signs of splat debonding see Fig. 5.29. At higher temperature testing,
especially at condition 3, number of cracks had developed in eroded surfaces. The link up of
these cracks forms chips of material that are readily ejected by subsequent impacts in a
manner similar to that of bulk brittle materials. Splat chip €jection is shown schematically in
Fig. 5.46.

Schematic of the mechanism of “flake™ formation during particle impact as observed
in the coatings eroded at high temperature is shown in Fig. 5.47. As seen from the Fig. 5.30,
at some areas of the surface of the coating, flakes are formed resulting in removal of the upper
layer. The wear debris from the coating gets plastified and then becomes strongly adhered
strongly to surface of the coating. The SEM examination of eroded surfaces revealed that the
erosion characteristics of coating at elevated temperatures were significantly different from
those at ambient temperature. There was plastic deformation occurring on the eroded surfaces
at high temperatures and low impingement angles. Similar behavior has been observed by
Westergard et al., (1998). Plastic deformation on the surfaces of the coating might have
occurred due to the pressure and temperature increase during the test. This is consistent with
the earlier study (Fervel et al., 1999).

At relatively higher temperatures and lower particle feed rates and impact velocities,
the oxide scale that forms during erosion is brittle and non-adherent. In such cases, the oxide
scale gets removed after it attains a critical thickness. The erosion behaviour in this regime
exhibits a brittle erosion response (Roy, 2006).

Impact zones showed signs of significant plastic deformatien, particularly in the
matrix phase. Outside these features, brittle interphase cracking was evident, the combined
effect of muitiple impacts generating extensive interphase crack networks in the regions
between indentations. Localised mass loss occurred through fracture of the plastically
deformed material around the indent peripheries, as well as through the ejection of chips of
material formed by the linkup of the crack networks surrounding each impact site. Gross

mass loss an order of magnitude greater than these mechanisms occurred through extensive
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chip formation generated by fracture of inter- indent regions of material laterally displaced by
multiple erodent impacts in an apparent low cycle fatigue mechanism, Fig. 5.48.

In this process an initial erodent impact indents several microns into the surface,
generating a homogeneous plastically deformed indentation zone surrounded by an
extensive brittle interphase crack network, Fig. 5.48. When a nearby erodent impact occurs,
the localised damage mechanisms occur in the same manner, however, the material between
the two indents is no longer well supported and is susceptible to being displaced laterally
towards the initial indentation. This region of material is expected to be less tough than the
undeformed surrounding material, due to the extensive cold work and brittle interphase
cracking induced by the multiple impacts. The combination of these factors makes this inter-
indent material prone to fracture and ejection from the surface.

So in AlO3-3wt%Ti0, coated alloys; the erosion rate was high at normal impact and low at
obiique impact. The difference in erosion rates for shailow and normal impact angles can be
attributed to the different material removal mechanisms in these two cases. SEM examination
of the eroded surfaces provides some insight into the material removal process. A comparison
between the morphological features in completely eroded surfaces of maternal subjected to
solid particle erosion at 30° and 90° impacts, shows two different methods of materials
removal, In the case of the low angle eroded surface, the dominant material removal
mechanism was splat edge chipping and plastic deformation, while in the case of the high
angle eroded surface, the material removal mechanism was mainly splat chip ejection only.
Splat ejection is caused by splat boundary microcracking while plastic deformation is
believed to be the result of the smearing of the deformed materials. These differences may be
explained as follows.

Low Angle Impact

At low angle impact, the kinetic energy of the erodent particles contributes mainly to
the ploughing mechanism and very little to normal repeated impact. The ploughing
mechanism is associated with the plastic smearing and cutting of the materials, while the
repeated impact mechanism is responsible for initiating and propagating the grain boundary
microcracks. Ceramics have high hardness, and thus they are not easily plastically deformed.
Hence the material removal rate is low.

High Angle Impact

At high angle impact, the kinetic energy of the impinging particles contributes mainly

to repeated impact. Ceramics have low fracture toughness, and therefore cracks readily

propagate to form a crack network. Brittle nature of the ceramics allows the cracks readily to
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propagate to form crack networks. The subsequent impacts will easily remove the surface
material via the ejection of the upper layer grains. Hence the material removal rate is high.
This is in good agreement with to previous studies (Xu and Jahanmir, 1996; Wang et al.,
2000} the mechanism of the materials removal for the AI1203 - TiO2 coating consists of grain
dislodgement due to grain boundary fracture; and lateral crack chipping.

At room temperature testing, the erosion rate in terms of volume loss for the
AlLO3-3wt%TiO; coated substrate alloys is between 0.883 to 1.041 X 10 mm®/ gm at 30°
impact. While in case of normal impact, the erosion rate is more as compared to the erosion
rate at 30° impact and lies between 1.447 to 1.550 X 10 mm’/ gm. The generalized
behaviour of the all the coated alloys was brittle in nature as observed from their scanning
electron micrographs.

From the present study, it can be inferred that, the erosion rates of alloys were greatest

at 90° impact angle, which is the characteristic erosion behaviour of brittle materials.
The Al,O;3-3wt%TiO; coated alloys eroded at 30° impact angle has shown a surface
morphology as shown in Fig. 5.29 consisting of small grooves, craters and scars which
indicated material removal by crack propagation leading to surface chipping and f;)rming
craters. The small cracks in the surface acts as failure initiating sites which ultimately results
in brittle fracture. Here an erosion crater was formed by the loss of couple of grains due to
intergranular cracking or chipping. The propagation of cracks leads to surface chipping which
is dominant materials removal mechanism RN

Alman et al. (1999, 2002) analyzed the erosion of WC-Co hard metals. It was found
that the erosive wear rate of the WC-6Co maternials increases steadily with an increase in the
test temperature up to 700 °C. The measured erosion rate at 700 °C was more than double the
rate at room temperature.

Erosive wear behaviour of titanium and chromium carbide cermets at elevated
temperatures (up td 800°C) was studied by Kiibarsepp et al., (2002) and Hussainova et al.
(2003). TiC-base cermets (TiC content 50-80 wt %) bonded with Ni-Mo alloys (Mo conteﬁt
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20 and 33 wt %), Ni-steels (Ni content 5-14 wt %) and Cr-Ni-steels (1% Cr, 1% Ni) were
investigated. Tests at elevated temperatures were performed at 400, 600 and 800°C, impact
angles 70-90° and jet velocity 40 m/s. To compare the erosion resistance of TiC-base cermets
with that of WC-base hard metals, WC- 25Co hard metal was used as a reference material.
The results of experiments have indicated that erosive wear resistance of WC-Co hard metal
and TiC-based cermets depends on the testing temperature.

At condition 1, from the Fig. 5.27 and 5.28, it can be inferred that the erosion rate of
all the coated alloys is almost same with small deviations. Volume wear rate of coated
Superni 600 superalloy is marginaliy higher than that for the other coated alloys at impact
angle of 30° while at impact angle of 90° volume wear rate of coated Superni 718 superalloy
is marginally higher than that for the other alloys. As the temperature of testing increased to
400°C of coated substrate and 900°C of surrcunding atmosphere, there is substantial increase
in volume erosion rate of ail the alloys under testing as shown in Fig. 5.28 at 90° impact while
there is small increment in volume erosion rate at 30° impact as is clear from Fig. 5.27. At
oblique impact (at small and medium impact angles), with the mechanism of microcutting
dominating, hardness characteristics are important,while at normal impact, with the direct or
low-cycle fracture mechanism dominating, toughness and fatigue characteristics are
important. On further increasing the substrate temperature to 600°C, volume erosion rate is
also increased substantially as shown in Fig. 5.27.

Fig. 5.27 shows the vanation in volume erosion rates of coated alloys at 30° impact angle
wiih change in test temperature. As the testing temperature increases from room temperature to
400°C of substrate and 600°C of surroundings at 30° impact, the erosion rate has shown an
increase. While in case of 90° impact, erosion volume rate has increased substantially as shown in
Fig. 5.28. It has been observed that erosion rates of coated alloys impacted at low angles do not
increases rapidly as the temperature increases, suggesting that alloys tends to show typically
brittle behaviour at elevated temperatures. A tendency for erosion rate to increase with
temperature has been observed in coated alloys. The erosion rate is less at 30° impact angle as
compared to one at 90° impact angle. Similar behavior dependent on temperature has been
observed by Mishra et al., (2008) and Lin et al., (2004).

-Also with the increase in Temperature there is increase in erosion rate. At 30° impact angle, at
room temperature eroston rate is (0.883 to 1.041 X[0'3m3/gn) and as the temperature is
increased to 400°C of substrate and 900°C of the surrounding air, erosion rate has increased and
varies between 1.064 X10°mm’*/gm and 1.153 X10”mm*/gm on further increase in temperature
erosion has increased to 1.253 X10 mm*/gm to 1.53 X10”°mm*/gm as shown in Fig. 5.27.
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While at 90° impact, the rise in erosion rate is much higher for given increase in
temperature. At room temperature erosion rate lies between 1.447-155 X107 mm*/gm and at
condition 2, erosion rate lies between 1.653-1.858 X10'3mm3/gm and on further increase in
temperature i.€ at condition 3, erosion rate increases in the range of 2.108-2.486 X10°
*mm’/gm as shown in Fig. 5.28.

The effect of temperature on the erosion rate has been studied by Zhou and Bahadur
(1995) and they have reported that the effect of temperature on erosion is significant above
400 °C and the rate of increase in erosién rate is greater at higher temperatures. They have
also reported that for the three aluminas containing silicate glassy phase, there is a slight drop

in erosion rate at 200°C. In general, it can be concluded that erosion rate increases with

increasing temperature.
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Fig. 6.1: Macrographs of substrate alloys after cyclic oxidation in air at 900°C for 50
cycles.
(a) T11 {b) T22 (c) Superni 600 (d) Superni718 (e} Superfer 800
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Chapter 6
HIGH TEMPERATURE OXIDATION AND
HOT CORROSION STUDIES

This chapter describes the critical examination of corrosion products and the
behaviour of uncoated and D-gun coated alloys when subjected to high temperature cyclic
oxidation in air at 900°C for 50 cycles and the hot corrosion behaviour of uncoated and D-
gun coated alloys in an aggressive environment of molten salt (Na;S04-60%V20;5) at
900°C under cyclic conditions. The samples were visually examined at the end of each cycle
during the course of study. Weight change technique was used to study reaction rate and to
understand the kinetics of oxidation. The different phases and their distribution in the

studied specimens were analysed with the help of XRD, SEM/EDX and X ray mapping.

6.1 RESULTS

6.1.1 Oxidation studies of uncoated and coated alloys in air

6.1.1.1 Uncoated alloys
6.1.1.1.1 Visual Examination
The macrographs for substrate alloys T11, T22, Superni 600, superni 718 and

Superfer 800 after oxidation at 900°C for 50 cycles in air environment are shown in Fig. .

6.1. T11 steel turned to bluish grey after first cycle. After 3™ cycle spalling and sputtering
was observed. The colour of scale was shining grey. After 7" cycle there was a clear
formation of crack network on the scale which subsequently broke away. Then with
further passing of cycles these ¢racks became deep and ultimately after 13" cycle, thin
layers like flakes from the scale started separating out from the top surface and side
surfaces. Layers continued to separate out for few cycles until a uniform and clear
integrated surface appeared. Then again spalling and crack formation started and again
layers were peeled off and it continued in the same manner. In case of T22 boiler steel,
the colour of the sample turned to grey colour after first cycle. Then after 2™ cycle, small
spots appeared on the surface. The spalling and sputtering started just after 4th cycle.
There was appearance of minor cracks like grain boundaries in the oxide scale of T22

steel after 7™ cyele. After 11" cycle, the scale turned black at the edges and started
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cracking from the edges of the surface. Then thin scale layer peeled off from the surface
beneath which surface with black patches appeared. Then again spalling of the surface
was visible and crack network appeared on the surface. Morphology of the oxide scale for
steels after 50 cvcles of oxidation is shown in Fig. 6.2. The scale formed on T22 steel is
irregular and fragile and has dull grey appearance.

In case of superalloys colour of oxide scale formed on the Ni-base superalloys Superni 600
and superni 718 after air oxidation for 50 ¢cycles at 900°C was dark grey with some brownish
spots. In case of Superni 600 in the early cycles of study there is no visible change. Few
white spots could be seen on the thin scale of Superni 600 from 26" cycle onwards which
turned into some white coloured powder which vanished towards the end of cycles. In
Superni 718, after first cycle the colour of specimen became grey. After 8" cycle, some minor
brown spots were visible on the surface. There was no visible change in coming cycles till
45™ cycle. Then there was some formation of light green colour on the surface scale layer. In
case of Superfer 800, brownish black spots appeared after 7" cycle and the scale for oxidised
Superfer 800 showed increasing dominance of the brownish spots on the darl; grey
background with the progress of the study. |

Lustrous scales was formed on superni 600 and superni 718 in early cycles of study, which
eventually became dull with coming number of cycles. The scales of the Superni 600,
Superni 718 and Superfer 800 showed no spalling and remained intact with the substrates.
The oxide scale morphology of the oxidized superalloys has been shown in Fig. 6.3, which

indicate continuous scales without any crack formation.

6.1.1.1.2 Weight Change Data

Weight gain per unit area expressed in mg/cm? is plotted as a function of time expressed
in number of cycles for oxidized T11, T22 boiler steels is shown in Fig. 6.4 and for superalloys
Superni 600, supemi 718 and Superfer 800 superalloys is shown in Fig, 6.6.
Boiler steels showed extensive spalling. T22 steel showed more weight gain than T11
steels. The total weight gain at the end of 50 cycles for T11 and T22 steels is 102.88 and
119.12 mg/cm? respectively.

Weight gain square (mg®/cm®) plotted as a function of time (number of cycles) in
Fig. 6.5, from where it can be inferred that the boiler steels followed almost parabolic

behaviour. The parabolic rate constants, K, for T11 and T22 steels are 6.33 and 8.28 X 10

8 4 - :
g2 em™ st respectively.
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In case of superalloys, superfer 800 showed maximum weight gain as compared to
other two superalloys superni 600 and superni 7!18. In all the superalloys the weight gain
upto 10" cycle is almost similar and after 10'" cycle in case of superfer 800, it has shown
a fast increase in weight gain upto 40™ cycle and afterwards it is almost constant. In case
of other oxidised superalloys viz. Superni 600 and Supemi 718, rapid oxidation rate has not
been observed and very small weight gains have been observed and 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 600, 718 and Superfer 800
is 0.28, 0.97 and 4.03, mg/cm? respectively. This shows that the weight gain in case of oxidised
Superni 600 is lowest, whereas it is highest in case of Superfer 800.

In Fig. 6.7, the (weight gain/unit area)’ 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 piots, but it is apparent that these data can be appreximated by a
parabolic relationship. If the scatter in the measurements is not considered, the values of
parabolic rate constant (K) for the superalloys Superni 600, 718 and Superfer 800 are

catculated as 2.22X1077, 5.19X 10" and 1.13X10™"% g? cm™ s respectively. Superfer 800 has

not followed the parabolic rate law.

6.1.1.1.3 X-ray Diffraction Analysis
The X-ray diffractograms of the scale for Ti! and T22 boiler steels after exposure to air
at 900°C for 50 cycles are shown in Fig. 6.8. Both boiler steels have Fe;O; as the main constituent
of scale. During the oxidation process continuous and intense spalling was observed. Also some
peaks of Cr;O; along with Fe,O; are indicated in the oxide scale of both the boiler steels T11 and T22.
The X-ray diffractograms for the uncoated superalloys after exposure to air at 900°C
for 50 cycles is shown in Figs. 6.9 and 6.10. Fe;0; NiFe;O4 NiCraO4 and AlyFe,Og phases

are found to be present in all the oxidised superalloys. The formation of NiO has been

indicated in the scales of Superni 600 and Superfer 800.
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61114 SEM/EDX Analysis
(a) Surface Morphology

SEM/EDX analysis was used for the detection of presence of corrosion products
and corrosion-inhibiting species and their concentrations. The surface scale morphology
and the EDX analysis for substrate alloys exposed at 900°C for 50 cycles in air
environment is shown in Fig. 6.2 and Fig. 6.3. From SEM/EDX analysis of T11 and T22
boiler steels, it has been revealed that the main constituent of scale is Fe with minor
concentrations of §, Mn, Cr, and Mo along with O. The oxide scale consisting mainly of
Fe,O3; was loose and porous. The micrograph indicates presence of pits and cracks in
scale. Rapid growth of Iron Oxide in the matrix region of the boiler steels led to much
thicker scale formation. The appearance of scale in case of boiler steels is highly bulky
and porous and there is a continuous network of cracks along the scale. Frequent spalling
was observed throughout the study.

In case of superalloys exposed to air at 900°C for 50 cycles, a fine surface scale
mainly consisted of Ni, Fe and Cr along with O as shown in Fig.6.3. The scale on the
matrix regions was significantly flatter and no spallation of the scale has been observed.
A well adherent corrosion scale is formed which mainly consists of Cr, Fe and N along
with O. SEM/EDX micrograph of the scale formed after oxidation for Superni 600
superalloy indicates mainly Ni along with O rich phase, Fig. 6.3 (a). There is no indication of
cracks on the surface of the scale in case of Superni 660 and scale mainly consisted of Cr, Ni,
Fe and Mn along with O. The scale matrix consisted of Ni (42.69%) and Cr (7.33%) at point
1 and Ni (23.07%) and Cr (32.20%) at point 2 as indicated by EDX analysis shown in Fig.
6.3 (a). The morphology of scale for the oxidised Superni 718. Fig. 6.3 (b) is having Cr rich
matrix 40.41 % and 45.11 % at point | and point 2. The other constituent of scale were Fe
and Ni with small amount of Mn along with O. In case of superfer 800, the scale mainly

consisted of Fe and Cr along with O as shown in 6.3 (c).

(b} Cross-Sectional Analysis and X ray mapping
The BSE image and the EDX analysis across the cross section on uncoated alloys

are shown in Fig.6.11 to Fig. 6.15. Throughout the scale higher percentage of Fe oxide is
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there and also chromium oxide is present throughout the scale thickness though in small
quantity. The results of oxide scale analysis across the cross-section for oxidised T11 and
T22 boiler steels are plotied and shown in Fig. 6.11 and 6.12 along with micrographs. The
scale was quite fragile and porous and was continuously peeled off from the surface. In
Fig. 6.11, there is clear indication of internal oxidation. Also in case of T11 steel traces of
Mn and Si have been revealed while in case of T22 steel traces of Mo have been revealed
along with Mn and Si.
In case of superalloys, EDX analysis has revealed that the scale mainly consisted of Ni
and Cr oxides with iron oxide. Oxides of Chromium are present throughout the scale in
all the superalloys. Oxide scale morphology along with wvariation of elemental
composition across the cross-section of superalloy Superni 600 subjected to cyclic oxidation
in air at 900°C after 50 cycles; has been depicted in Fig. 6.13. The plots of elemental
composition variation show that the scale mainly consists of iron, nickel and chromium along
with oxygen. As one moves from substrate towards scale, the concentration of oxygen is
found to increase while the nickel content in the scale decreases as one moves away from the
alloy-scale interface, while iron has shown no significant variation in its concentration. In
Superni 718, a very thin scale consisting mainly of nickel and chromium with some iron is
observed as shown in Fig. 6.14. Small traces of Nb and Ti were also observed. Chromium
percentage has increased while Ni percentage has decreased as one moves towards scale. In
superfer 800, Fig. 6.15, scale has major portion of iron oxide and there is decrecase of
chromium percentage at the edges of the scale which may be depletion of Chromium.

Back Scattered Electron Image of cross-section of uncoated substrate alloys (T11,
122, superni 600, superni 718 and Superfer 800) and corresponding X-ray mapping after
oxidation in air at 900°C after 50 cycles is shown in Fig.6.16 to 6.20 respectively. In boiler
steels, there is a severe internal attack as the oxide scale is penetrating into the substrate.
Iron from the substrate is forming iron oxide by combining with oxygen. There is
continuous spalling of scale layer by layer. In boiler steel T11 (Fig.6.16), main
constituent is iron oxide with presence of minor concentration of Mn and Cr. Scale has
already spalled and in remaining visible scale Chromium is present in pockets especially

where iron is not present and at the lower part of the scale surface chromium is present
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with oxygen indicating the formation of chromium oxide. In T22 boiler steel, chromium
band formation is visible in the scale and the scale mainly cqnsisted of iron oxide as is
clear from Fig. 6.17. There is irregular layer of Cr;Os above which there is a thin layer in
which oxygen is present in large amount. There is clear indication of internal oxidation.
While in all the superalloys there is a thin scale formation and the top layer of
scale is iron oxide. In superni 600, Fig.6.18 scale is thin and internal attack is visible.
Thin scale might have formed as per the EDX but in the cross section scale is not
observed. At point | no Oxvygen is detected, as we move through the points 2, 3, 4 and 5
there is presence of small amount of oxygen as per point analysis on the cross-section. In
superni 718, Fig.6.19 attack is confined and thin scale is formed. From x ray mapping,
higher concentration of Cr along with Oxygen is visible in scale. The formation of Cr,03
at the scale substrate interface has further restricted the oxidation by acting as a protective
layer. In Superfer 800, Fig.6.20, internal attack is visible and thin scale is formed. At
point 3 and 4 Oxygen is present along with iron and Nickel thus confirming the formation
of oxides of iron and Nickel. At the extreme end of scale, in maps (overlapped) it is
visible that major proportion of the scale is of iron oxide. The scale mainly contains iron

along with oxygen which indicates the formation of Fe,Os.
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Fig. 6.2: Surface scale morphology and EDX analysis for boiler steels oxidised in air

at 900°C for 50 cycles (a) T11, 1000 X and (b) T22, 1000 X,
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Fig. 6.16: BSEI and X-ray mapping of the cross-section of boiler steel T11 subjected to
cyclic oxidation in air at 900°C for 50 cycles.
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BSEI and X-ray mapping of the cross-section of boiler steel T22 subjected to

cyclic oxidation in air at 900°C for 50 cycles.
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Fig.6.18: BSEI and X-ray mapping of the cross-section of superalloy Superni 600 subjected
to cyclic oxidation in air at 900°C for 50 cycles.
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Fig.6.19: BSEI and X-ray mapping of the cross-section of superalloy Superni 718
subjected to cyclic oxidation in air at 900°C for 50 cycles.
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Fig. 6.20: BSEI and X-ray mapping of the cross-section of superalloy Superfer 800
subjected to cyclic oxidation in air at 900°C for 50 cycles.
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6.1.1.2 Coated alloys
6.1.1.2.1 Visual examination

The macrographs of Al;O; - 3 wt% TiO; coated T11, T22, Superni 600, Superni 718 and
Superfer 800 substrate alloys afier oxidation at 900°C for 50 cycles in air environment are shown
in Fig. 6.21. In the visual examination, it was observed that the colour of samples started
changing from grey to cream (pale white) and in the subsequent cycles it turned to reddish cream
colour. During the whole oxidation exposure, coating remained intact and there was no spalling

or sputtering of the coating unlike bare specimens.

6.1.1.2.2 Weight Change Data

Weight gain per unit area expressed in mg/cm? is plotted as a function of time
expressed in number of cycles for oxidized ALO; - 3 wt% TiO; coated T11, T22 boiler
steels is shown in Fig. 6.22 and for superalloys Superni 600, superni 718 and Superfer 800
superalloys is shown in Fig. 6.24.

The coated alloys showed less weight gain than uncoated alloys, the total weight
gain at the end of 50 cycles for coated T11 and T22 steels is 2.874 and 1.853 mg/ecm? and
for coated superalloys i.e. ALQO; - 3 wt% TiO; coated Superni 600, Superni 718 and
Superfer 800 is 1.1597, 0.3472 and 1.702 mg/cm’respectively.

Weight gain square (mg%cm®) plotted as a function of time (number of cycles) in
Fig. 6.23, from where it can be inferred that there is a scatter in the data as observed in the
plots and the data can not be approximated by a parabolic relationship. If the scatter in the
measurements is not considered, the values of parabolic rate constant (K,) for the coated boiler
steels T11 and T22 are 4.747X 10" 'and 2.28 X 107" g% em™ 57! respectively.

in case of Al;O3-3wt% TiO, coated superalloys; coated superfer 800 (Fig. 6.24)
showed maximum weight gain as compared to other two coated superalloys Superni 600
and superni 718. [n coated superfer 800, initially there is rapid weight gain upto 14"
cycle, and then there is some constant weight gain for two cycles and then again there is
weight gain upto 24™ cycle and afterwards it is constant. in superni 600, upto 20™ cyele
there is weight gain and afterwards it is almost constant. In case of coated superni 718,
weight gain is very small. Initiaily for first two cycles there is no weight gain and then
there is small weight gain from 2™ to 4™ cycte and then again it has become constant upto
8" cycle, afterwards there is some weight gain upto 12" cycle. Then it remained constant
upto 16™ cycle, Then there is small weight gain upto 18" cycle and afterwards it has
become constant. In case of coated superalloys viz. Superni 600 and superni 718, rapid

oxidation rate has not been observed and very small weight gains have been cbserved and
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steady state has been reached with the progress of exposure time, in spite of the fact that some
minor deviations are observed in between. The total weight gain at the end of 50 cycles for the
superalloys Superni 600, 718 and Superfer 800 is 1.16,0.35 and 1.71 mg/cm? respectively. This
shows that the weight gain in case of oxidised Al,O;-3wi% TiO; coated Superni 718 is lowest,
whereas it is highest in case of Al,O3-3 wt% TiO; coated Superfer 800.

In Fig. 6.25, the (weight gain/unit area)” versus number of cycles for all the coated
superalloys are plotted to determine the conformance with the parabolic rate law. The curve for
coated Superni 718 is parabolic. While in case of superni 600 and superfer 800, scatter in the
data can be obscrved in the plots and the data can not be approximated by a parabolic
relationship. If the scatter in the measurements is not considered, the values of paraboiic rate
constant (K;) for the superalloys Superni 600, 718 and Superfer 800 are calculated as 8.19 X
1072, 7.22X10"% and 1.65x10™"" g cm™ 57! respectively.

6.1.1.2.3 X-ray Diffraction Analysis

X-ray diffraction profiles for Al;O3-3 wt% TiO; coated boiler steels subjected to
cyclic oxidation in air at 900°C for 50 cycles are shown in Fig. 6.26. Both the coated
boiler steels have Al;O; and TiO; as the main constituent. After the oxidation process
some peaks Al Ti070,5 of were observed in coated T11 and Al TiOs was observed in coated
T22 steel. The X-ray diffractograms for the coated superalloys after exposure to air at 900°C
for 50 cycles is shown in Figs. 6.27 and 6.28. Al:O; and TiO; along with minor phases of

Al TiOs and Al TiO20,5 were found to be present in all the oxidised coated superalloys.

6.1.1.2.4 SEM/EDX Analysis
(a) Surface Morphology

The SEM micrograph showing the morphoiogy of the ALO; - 3 wt% TiO; coated
samples and the EDX analysis after exposure to air at 900°C for 50 cycles is shown in Figs.
6.29 and 6.30. From SEM/EDX analysis of T!1 and T22 boiler steels, it has been
revealed that the constituent of scale is Al and Ti along with O. The oxide scale is intact
and firm. No spalling was observed throughout the study.

Also in case of AlLOs - 3 wt% TiOa coated superalloys exposed to air at 900°C for
50 cycles, a fine surface scale is observed mainly consisted of Al and Ti with O as shown
in Fig.6.30. No spallation of the scale has been observed. A well adherent scale is formed
which mainly consists of Al;O3 and Ti0O2, The matrix of the scale of all the coated substrates

has dominance of Al2(; and is evident from EDX analysis.
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Fig.6.25: Weight gain square (mg’/cm®) plot for Al,Os - 3 wt% TiO, coated
superalloys Superni 600), Superni 718, Superfer 800 exposed to air at

900°C for 50 cycles.

218



Intensity (Arbitrary units)

Intensity (Arbitrary units)

& Al-O;
@ TiO,
1 Al-TiO;0, 4

W\WW«% W"W

T T T T T —_ —

20 30 40 50 60 70 80 90 100 110 120
Diffraction Angle (20)
(@)
L AlLO;
@ TiO-
® Al TiO«
o ®
& *
o *x
*x o
*u |
9 & ®
A *
WWJ * ©
W \‘meMww«wa

20 30 40 50

60 70 80 90 100 110 120
Diffraction Angle {20)
(b)

Fig. 6.26: X-ray diffraction profiles for Al;0:3 wt% TiO, coated boiler steels
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Fig. 6.27: X-ray diffraction profiles for Al:0;-3 wt% TiOz coated superalloys
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Fig. 6.29:  Surface scale morphology and EDX analysis for Al;04-3wt%TiO; coated
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(b) Cross-Sectional Analysis and X ray mapping

The BSE image and the EDX analysis across the cross section on Al,O3-3 wit%
TiO, coated alloys are shown in Fig.6.31 to Fig. 6.35. The results of the cross-section
analysis for oxidised T11 and 122 boiler steels are plotted and shown in Fig. 6.31 and
6.32 along with micrographs. By viewing the cross sectional micrograph and the
corresponding EDX analysis of coated T11, it is quite clear that coating is firm and intact
and there is no deteoration of coating and hence coating has protected the surface very
well. There is no penetration of oxygen in the substrate during the entire exposure of the
coated specimen. As we approach from substrate to coating, at point 4 and point 5 there is
no indication of presence of elements other than present in the coating and same 1s in case
of coated T22.

Also in case of coated superalloys, EDX analysis has revealed that the scale
mainly consisted of Al and Ti oxides. Oxide scale morphology along with variation- of
elemental composition across the cross-section of superalloy coated Superni 600 subjected to
cyclic oxidation in air at 900°C after 50 cycles has been depicted in Fig. 6.33. The plots of
elemental composition variation show that the scale mainly consists of aluminum and
titanium along with oxygen. There is no penetration of oxygen into the substrate through the
coating. In coated Superni 718, (Fig. 6.34) coating is intact and adherent and there is no
oxidation of substrate beneath the coating. In coated Superfer 800, Fig. 6.35, the coating has
major portion of aluminium oxide

Back Scattered Electron Image of cross-section of AlLOs-3 wit% TiO; coated
substrate alloys (T11, T22, Superni 600, Superni 718 and Superfer 800) and
corresponding X-ray mapping after oxidation in air at 900°C after 50 cycles 1s shown in
Fig. 6.36 to 6.40 respectively. In all the coated alloys coatings has acted as a barrier and
thus have prevented oxidation of substrate by inhibiting the penetration of oxygen. There
is no spalling of coating throughout the testing. In coated boiler steels T11 and T22

(Fig.6.36 and 6.37), main constituent is aluminium oxide and there is no inward
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penetration of any element into the substrate. In coated T22 steel very thin layer of Fe,O;
is seen at the outer edge of the coating (Fig.6.37)

In coated Superni 600, Fig.6.38 coating remained intact. TiO; is seen concentrated
as a streak at the interface and is aiso dispersed throughout the coating. Iron and Nickel
have diffused into the coating but are not oxidised. In coated Superni 718, Fig.6.39
coating is intact and iron from substrate has diffused into the coating. A clear titanium
rich band is seen along the interface and also a parallel band of titanium is present in the
coating. TiO; is also seen at the top surface of the coating. In coated Superfer 800,
Fig.6.40 Iron, Nickel and chromium have diffused from substrate into the coating and is
present around Al;Os grain. Some Cr has diffused from base alloy to the interface of the
coating as is visible from the overlapped maps. Cr;0; band has been formed at the
coating substrate interface. The coating is intact and has prevented the penetration of
oxygen from the atmosphere into the substrate. Thin streak of irom is also visible in the

exposed coating
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Fig. 6.31:  Cross sectional morphology and elemental composition variation across the
cross-section of Al,O3-3wt%TiO; coated boiler steel T11 exposed to air at
900°C for 50 cycles, 1000 X.
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Fig. 6.33:  Cross sectional morphology and eclemental composition variation
across the cross-section of Al,O3-3wt%TiO; coated superalloy Superni
600 exposed to air at 900°C for 50 cycles, 1000 X.
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Fig.6.36: BSEI and X-ray mapping of the cross-section of Al,03-3 wt%TiO, coated
boiler steel T11 subjected to cyclic oxidation in air at 900°C for 50 cycles.
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Fig. 6.37: BSEI and X-ray mapping of the cross-section of Al;03-3 wt%TiO; coated
boiler steel T22 subjected to cyclic oxidation in air at 900°C for 50 cycles.
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BSEI and X-ray mapping of the cross-section of Al,03-3 wt%TiO; coated superalloy
Superni 600 subjected to cyclic oxidation in air at 900°C for 50 cycles.




Fig. 6.39: BSEI and X-ray mapping of the cross-section of Al,03-3 wt%TiO; coated
superalloy  Superni 718 subjected to cyclic oxidation in air at 900°C for 50
cycles.
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Fig. 6.40: BSEI and X-ray mapping of the cross-section of 03-3 wt%TiO; coated
superalloy Superfer 800 subjected to cyclic oxidation in air at 900°C for 50 cycles.




6.1.2 Hot Corrosion Studies of Uncoated and Coated Alloys in Molten Salt
Environment
6.1.2.1 Uncoated alloys

6.1.2.1.1 Visual Examination

The macrographs of base alloys T11, T22, Superni 600, superni 718 and Superfer
800 after hot corrosion in an aggressive environment of molten salt (Na;S04-60%V,0s) at
900°C under cyclic conditions for 50 cycles are shown in Fig. 6.41. It can be seen from
the macrograph that intense spalling has occurred for Ti1 and T22 steels. The scales
formed are massive and have cracked.

In case of T1lsteel, exposed to molten salt environment, light grey scale appeared
during first few cycles which turned to grayish black as the cycles progressed. After first
cycle the sample started turning grey and with passing cycles, some black spots appeared
in the centre of the specimen. Spalling of the scale was observed with each passing cycle.
After 3 cycle, outer edges of the specimen were shining grey while the interior was
black. Spalling started from the central position after 6™ cycle. Then the grayish
appearance moved from edges towards the centre. Then appearance of the scale was dual
colour in nature i.e. it got dark grey in center and light grey at the edges. The dark
coloured region in the centre then turned to black and spalled. After 21 cycle, the surface
seemed to be composed of three regions; shining grey at edges, dull grey and black at the
centre. After 22™ cycle, grain boundary like structure appeared on the surface. Then thick
layer formed on the edges. After 32nd cycle, cracking of top layer of scale started in
centre. After 2 cycles, cracks became wide and deep and extremely black surface beneath
cracks is visible. After 35™ cycle the top scale broke away exposing the internal surface.

In T22 steel, surface became grey after first cycle followed by formation of black
spots further exposure it became shining grey. Needle like structure was formed on the
surface while edges became dull grey with black spots. After 7 cycle, thin layers from
all the surface started peeling off. After 10" cycle, severe spalling resulted in multi
layered cracking which continued throughout the study. Spalling was so severe that thick
layers were formed and separated out after cach cycle.

The scale was fragile and started spalling in the early cycles in both boiler steels.

Once there was formation of the cracks then there was gradual increase in the width of

cracks for every subsequent cycle.
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In case of Ti! base steel, the scale was lustrous dark black. Whereas fragile and
dark grey colour scale was there for T22 base steel. Intense spalling was obscrved
through out the experimentation. As soon as subscale forms the top layer of scale breaks
away from it and the separated multiple layers overlapping each other were seen.

In superalloys, a very thin scale appeared on the surfaces from 1™ cycle onwards,
In superni 600, after first cycle, the surface turned brown and light brownish grey
coloured scale appeared after 5™ cycle. Then onwards a fragile scale could be seen on the
surfaces of the specimen with tiny cracks at the edges. The fragile scale separated out from
the surfaces in the form of small and thin flakes and by the end of 17" cycle detachment of
scale was observed followed by intensive spalling. After 21st cycle small cracks were
clearly visible on the surface and very rough and uneven surface appeared. Then spalling
and crack formation continued throughout the study. After 46 cycle there was a severe
cracking and visible deteoration of the surface.

In superni 718, surface became totally black after first cycle. After 2" ¢ycle there
was appearance of brown and rusty patches throughout the surface and the size of the
patches increased in the subsequent cycles and afterwards surface became rough. After
19 cvcle there was appearance of some powder precipitates black in celour on the
surface. The colour of the scale became jet black in the coming cycles with spalling and
minor sputtering (disintegration of the scale accompanied by cracking sound during cooling),
Minor spalling and sputtering went on till the end of the 50" cycle.

In Superfer 800 specimen, after first cyele, carbon black coloured scale appeared on
the surface and patch formation in the scale started. There was sputtering of small particles
after 2" cycle. The spalling and sputtering intensified as the period of study progressed with

th ..
' cycle, small cracks were visible on

lot of corrosion products collected in the boat. After 11
the scale but not much of disintegration was observed. After 34™ cycle some shining pits
appeared on the surface of scale followed by separating out of small particles. After 42
cycle, the scale had lustrous appearance with chip like structure in a grey matrix. Then there
was surface disintegration in the form of tiny flakes coming out of the surface. The

surfaces of the scale become uneven and pits were observed at places from where spalling

had taken place.
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Fig.6.41: Macrographs of substrate alloys after cyclic hot corrosion in Na;S04-60%V,0s5

at 900°C for 50 cycles
(a) T11 (b) T22 (c) Superni 600 (d) Superni718 (¢) Superfer 800
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during the cxposure 0 melten salt environment. vigorous and intense spalling was
observed, Peaks of Cr-Q; along with [FeS- have also been obscrved in the oxide s¢ale of both
the boiler steels 111 and T22,

The X-ray diffractograms of the scales for superalloyvs are reported in Fig, 6.47
and 6.48 aficr exposure to molten salt (NaSO-60%V-0s<) at 900°C for 530 cyveles. It s
evident from the diffraction patterns that Superni 600 and Superni 718 have shown
formation of similar phascs atter hot corrosion in the given environment. For these two
superalloys NiO. FexOs. Cr-Os0 FeVa0o and Ni(VOs): are common phases while
NiCr:0 1s extra phase revealed in superni 600, Further in case of hot corroded Superter

B0 phases identified are Fe Oz N NiCr:0y. and FeVaOs,

0.f2.1.4 SEM/EDX Analysiy
{a) Surface Morphology

SEM/EDX analysis was used for the detection of presence of corrosion products
and corrosion-inhibiting species and their approximate cencentrations. The SEM
micrograph along with EDX analysis ot the T1! and 122 boiler steel exposed to NazSO;-
60% V205 environment at 900°C given in IFig. 6.49. EDX analysis indicates the formation
of predominantly Fe oxide scale in both the steels after exposure to molten salt
environment. Crand Mn along with O are the other two phase deteeted by EDX analvsis,
The top scale indicates spalling and cracking.

St:M miiceographs along with EDX analysis for Superni 600. superni 718 and superier
800 base superallovs atter exposure to Nu-SO,-60%V:05 environment at 900°C are shown in
Fig, 6.50. Surtace scale mainly consisted of Ni. Fe and Cr along with O in case of all the
supcralloys. Minor spallation of the scale could be observed in superni 600 and Superni
718 while in case of superfer 800, it was relatively more. SEM/EDX micrograph of the
scale formed alicr hot corrosion tor Supernt 600 superalloy indicates mainly Cr and Ni rich
phases. At point [ the scale matrix consisted of NU(23.31%). e (10.80) Cr (29.32%) and )
(32.11% yand Ni (20.47%). e (9.24) Cr (29.95%) and O ( 36.79%)at point 2 as indicated by
EDX analysis shown in Fig. 0.50 (a).Also some other minor constituents like Mn. Si. Na and
V oare also present in the scale. In case of Superni 718, Fig. 6.50 (h) there is @ ouler surface
scale 1.e. point 2. having Ni rich matrix where main composition is 76,12 % Ni, 6.39 % Cr
and 8.38 % I'e with 8.91 % O. At point 1. there is a spalled region e, subscale with 33.92
%% Ni. 14.87 % Cr and 16.05 % te along with 31.64 %0, The other minor constituents of
scale were Moo Al and V. In case of superfer 800, there was intense spalling ol scale and
scale was disintegrated in the form of thin tlakes. In this case the final scale mainly consisted

of I'e. Nt and Cr along with O as shown in Fig. 6.30(c).
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Fig. 6.49:  Surface scale morphology and EDX analysis for boiler steels subjected to
cyclic hot corrosion in Na;S04-60%V,05 at 900°C for 50 cycles {a) T11,
1000 X and (b) T22, 1000 X,

246



Element Wit%

O 32.11
Na 01.46
A% 00.89
Cr 29.52
Mn 01.91
Fe 10.80
Ni 23.31
Element Wt%

0 36.79
Na 01.44
Si 01.02
V 01.09
Cr 29.95
Fe 09.24
Ni 20.47

Element Wit

O 31.64
Al 00.81
v 01.66
Cr 14.87
Mn 01.05
Fe 16.05
Ni 33.92

Element Wt%

O 08.91
Cr 06.39
Fe (08.58
Ni 76.12
Flement Wit%
0 29.78
Cr 02.31
Fe 36.73
Ni 31.18
Element Wit%
0 3251
Cr 13.81
Mn 01.04
Fe 30.35
NI 22.29

Fig. 6.50:  Surface scale morphology and EDX analysis for superalloys subjected to
cyclic hot corrosion in NazSO4-60%V;05 at 900°C for 50 cycles (a) Superni
600, 1000 X and (b) Superni 718, 1000 X., (¢) Superfer 800, 1000 X.
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(b) Cross-Sectional Analysis and X ray mapping

Cross sectional morphology and elemental composition variation across the cross-
section of substrate alloys exposed to Nay,SO04-60%V.0s at 9200°C for 50 cycles is shown in
Fig. 6.51-6.55. The results of oxide scale analysis across the cross-section for corroded
T11 and T22 boiler steels are plotted and shown in Fig. 6.51 and 6.52 along with
micrographs. In boiler steel T11 after exposure to molten salt, throughout the scale Fe
oxide percentage is high and also considerable amount of chromium oxide is present
throughout the scale thickness. Whereas in case of T22 steel, scale was thick.
Considerable amount of chromium along with oxygen was present in the scale. Traces of
S and V have been revealed in the scale.

In case of corroded superalloys, EDX analysis has revealed that the scale mainly
consisted of Ni, Cr and Fe along with oxygen. Oxide scale morphology along with variation
of elemental composition across the cross-section of superalloy Superni 600 subjected to
cyclic hot corrosion in Na;S04-60%V,0s at 900°C for 50 cycles has been depicted in Fig,
6.53. EDX analysis presents a comparative estimate of elemental compositions at some points
in the substrate as well as in the scale. The plots of ¢lemental composition variation show that
the scale mainly consisted of iron, nickel and chromium along with oxygen. Oxygen is found
to be absent at point 1, i.e. in substrate but is present in small percentage at point 2 and has
shown scatterness as one moves into the scale. From this it can be concluded that the oxygen
has penetrated into the substrate.Oxygen is present in little higher amount at point 4and further
it has increased at point 3 As one moves from substrate towards scale, the concentration of
oxygen is found to increase, also iron has shown small variation in its concentration. In
superni 718, a thin scale consisting of iron, nickel and chromium is observed as shown in Fig.
6.54. Considerable amount of chromium oxide is present in the scale. At point 1 there is no
oxygen and at interface of substrate and scale i.e. at point 2 , there is presence of oxygen
indicating the oxidation, Ni percentage has decreased and Cr percentage has increased. At
point 4, Cr20; is more and NiQ is less while at point 5, NiQ 1s more and Cra0O3 is less. Small

traces of V and S were also observed. There is no deep penetration of oxygen into the
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substrate but it has penetrated locally i.e. near the surface only. In superfer 800, Fig. 6.55. ,
scale is relatively thicker and has iron oxide as major constituent. Just at interface i.e. at point
2, it is rich in Ni with little bit of iron and little bit of Cr. Iron and Chromium have oxidised to
form the scalc. At point 3 the amount of Ni has decreased and iron has increased and oxygen
is present thereby indicating the formation of Fe.O; and Cr;0; and at point 4 similar
composition is there and top of the scale again contains Fe, Ni and Cr oxides, As one moves
into the scale, there i1s decrease of Nickel percentage.

Back Scattered Electron Image of cross-section of uncoated substrate alloys (T11,
T22, superni 600, superni 718 and Superfer 800) and corresponding X -ray mapping after
exposure to NapS0,;-60%V-0s cnvironment at 900°C are shown in Fig.6.56 to 6.60
respectively, In boiler steels, there is a severe internal attack as the scale is penetrating
deep into the substrate. The scale 1s porous and quite fragile. Tron from the substrate \is
forming iron oxide. Continuous spalling of scale layer by layer was observed. In boiler
steel T11 (Fig.6.56), main constituent 1s iron oxide with presence of minor concentration
of Mn, Cr, S and V. Sulphur has penetrated into the substrate. Also a very thin Cr:0;
band is visible at the scale substrate intecrface, Alternate bands of Cr>Os and Fe,O5 are
visible in the scale. In T22 boiler steel, the scale is thick and porous and it mainly
consisted of iron oxide as is clear from Fig. 6.57. Cr205 1s alse present throughout the
scale. Sulphur and vanadium has penctrated into the substrate. A thick flake of 1ron is
visible at the outer cdge of the scale but 1s not continuous this may be a substrate chip
which has been impinged into the epoxy interface.

In superalloy, superni 600, (Fig. 6.58) there is severe internal attack, and scale is
quite porous. In scale there 1s formation of Cr rich band in combination with oxygen. In
scale, where Ni is absent, Cr and F¢ arc present along with oxygen. Through cracks
internal penetration has occurred with thick scale formation. Severe internal attack is
also visible. As oxygen is present throughout the scale, it can be inferred that there is

formation of iron oxide, nickel oxide and chromium oxide throughout the scale.
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Fig.6.53:
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Fig.6.55:
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Fig. 6.56: BSEI and X-ray mapping of the cross-section of boiler stee]l T11 subjected to cy¢lic hot
corrosion in NaxSQ,-60%V,0< at 900°C for 50 cycles, 200 X.
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BSEI and X-ray mapping of the cross-section of boiler steel T22 subjected to
cyclic hot corrosion in Na;S04-60%V,05 at 900°C for 50 cycles, 200X.




Substrate

Fig. 6.58: BSEI and X-ray mapping of the cross-section of superalloy Superni 600 subjected
to cyclic hot corrosion in Na;S04-60%V,05 at 900°C for 50 cycles, 200X.
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Fig.6.59: BSEI and X-ray mapping of the cross-section of superalloy Superni 718 subjected to
cyclic hot corrosion in Na;S04-60%V,0s at 900°C for 50 cycles, 1000 X.




Fig. 6.60: BSEI and X-ray mapping of the cross-section of superalloy superfer 800
subjected to cyclic hot corrosion in Na;S04-60%V,05 at 900°C for 50 cycles,
1000 X.
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Cr;05 formed is providing protection for further oxidation. Vanadium band is also visible
in the scale in between the substrate and top metallic layer. The oxygen is co-existing
with Fe and Cr. Internal oxidation has taken place and outer substrate layer has prevented
further oxidation. In superni 718, Fig.6.59 attack is confined and thin scale is formed. Ni
has diffused from the substrate and is concentrated along the substrate scale boundary. At
the top of the scale Ni and Cr are present and chromium rich band is clearly visible in
the scale. It can be inferred that chromium is coming out from the substrate and forming
chromium oxide in the scale. Also Ni rich portion is seen at the scale substrate interface.
In Superfer 800, Fig.6.60 scale formed is porous and fragile. In scale higher percentage of
Fe;0; is present with some amount of Chromium oxide and Nickel oxide. Nickel
concentration has increased in the substrate along substrate scale interface in the shape of
thin band which has prevented the further oxidation as Cr has migrated to form the Cr;0,
scale. At the interface of substrate and scale, there is thin nickel rich band. Cr,0; is
present above this Ni band in the scale. Cr has come from substrate to form irregular
Cr2O; band leaving a Ni rich band in the substrate which is clearly visible in the
overlapped map. The scale mainly contains iron, nickel, chromium along with oxygen
which indicates the formation of FeyO3, CroO;, NiO. Percentage of FesOs is higher as

compared to other oxides.

6.1.2.2 Coated alloys
6.1.2.2.1 Visual examination

The macrographs of ALQ; - 3 wt% TiO; coated T11, T22, Supemni 600, Superni 718
and Superfer 800 substrate alloys after hot corrosion in an aggressive environment of molten
salt (Na;S04-60%V,0s5) at 900°C under cyclic conditions for 50 cycles are shown in Fig. 6.61.
In the visual examination, it was observed that the colour of samples started changing from
grey to cream (pale yellow) and in the subsequent cycles it turned to reddish cream. During the
whole molten salt exposure, coating remained intact and there was no spalling or sputtering of
the coating unlike uncoated specimens. In case of coated boiler steel T11, some dark patches

were observed on the surface whereas on coated T22 some shining was observed.

6.1.2.2.2 Weight Change Data
Weight gain per unit area expressed in mg/cm?® is plotted as a function of time
expressed in number of cycles for molten salt exposed AlyO3 - 3 wt% TiO; coated T11,

T22 boiler steels is shown in Fig. 6.62 and for superalloys Superni 600, superni 718 and
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Superfer 800 superalloys is shown in Fig. 6.64. The total weight gain at the end of 50
cycles for coated boiler steels T11 and T22 is 3.787 and 3.594, mg/cm’ respectively.
Weight gain square (mngcm4) plotted as a function of time (number of cycles) or boiler
steels is shown in Fig.6.63. There is scatter in data, if the scatter in the measurements is not
considered, the values of parabolic rate constant (K;) for coated boiler steels T11 and T22 are
calculated as 8.19 X10™'" and 7.57X10™"" g2 cm™ 57! respectively.

While in case of coated superalloys, coated superfer 800 showed maximum weight
gain as compared to other two superalloys superni 600 and superni 718. In superfer 800,
initially there is rapid weight gain upto 6™ cycle, and then there is a gradual weight gain
upto 20" cycle and then again there is rapid weight gain upto 26" cycle and afterwards it
is constant. Superni 600 has almost followed the same trend. In case of coated superni
718, weight gain is almost negligible for the initial 10 cycles, then there is slight increase
upto 18" cycle, and there is rapid increase upto 26™ cycle and afterwards it has become
constant. The total weight gain at the end of 50 cycles for Al;Os3 - 3 wt% Ti0O; coated -
superalloys Superni 600, 718 and Superfer 800 are 2.22, 0.88 and 2.68 mg/cm’ respectively.
This shows that the weight gain in case of AlbO; - 3 wt% TiO; coated Superni 718 is lowest,
whereas it is highest in case of Al>O3 - 3 wt% TiO; coated Superfer 800. The weight gains are
very small as compared to uncoated or bare alloys

In Fig. 6.65, the (weight gain/unit area)® versus number of cycles for all the coated
superalloys are plotted to determine the conformance with the parabolic rate law. The curve
for Superni 718 is parabolic. While in case of supermi 600 and superfer 800, scatter in the
data can be observed in the plots and the data can not be approximated by a parabolic
relationship. If the scatter in the measurements is not considered, the values of parabolic rate
constant (K;) for the superalloys Superni 600, 718 and Superfer 800 are calculated as
2.91X107", 5.91X10"% and 4.03X10"" g? em™ s respectively.

6.1.2.2.3 X-ray Diffraction Analysis

X-ray diffraction profiles for ALOs-3 wt% TiO; coated boiler steels subjected to
cyclic hot corrosion in NayS04-60%V,0;5 at 900°C for 50 cycles are shown in Fig. 6.66.
Both coated boiler steels T11 and T22 have Al;O; and TiO; as the main constituent with
minor peak of ALTiO;0)s5. The X-ray diffractograms for the coated superalloys after
exposure to molten salt at 900°C for 50 cycles is shown in Figs. 6.67 and 6.68. Major peaks
of Al,O3; and TiO; along with minor peaks of ALTiOs; were observed in all the coated

superalloys under study.
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Superni 718, Superfer 800 subjected to cyclic hot corrosion in NagSO,-
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Fig. 6.67: X-ray diffraction profiles for Al203-3 wt% TiO, coated superalloys subjected

to cyclic hot corrosion in Na;S04-60%V;05 at 900°C for 50 cycles.
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6.1.2.2.4 SEM/EDX Analysis
(a) Surface Morphology

The SEM micrograph showing the morphology of the AlO3 - 3 wt% TiO; coated
samples and the EDX analysis after exposure to NapS04-60% V1,05 environment at 900°C
.f()r 50 cycles is shown in Figs. 6.69 and 6.70. From SEM/EDX analysis, it has been
revealed that the constituent of scale are Al and Ti along with O. The oxide scale is intact
and firm. No spalling was observed throughout the study.

In T11 steel, small percentage of Fe is observed (1.13%) at point 1 and (2.44%) at
point 2 along with oxygen. Also in case of Al;O; - 3 wt% TiO; coated superalloys
exposed to molten salt at 900°C for 50 cycles, a surface scale mainly consisted of Al and
Ti with oxygen as shown in Fig.6.70. No spallation of the scale has been observed.
Coating after the cyclic exposure to molten salt is well adherent. The matrix of the scale

of all the ¢oated substrates has dominance of Al and is evident from EDX analysis.

(b) Cross-Sectional Analysis and X ray mapping

The BSE image and the EDX analysis across the cross section on Al;O;-3 wt%
TiO;, coated alloys after exposure to Na;S04-60% V205 environment at 900°C for 50 cycles
is shown in Fig.6.71 to Fig. 6.75. The results of the cross-section analysis of T11 and T22
boiler steels after molten salt exposure are plotted and shown in Fig. 6.71 and 6.72 along
with micrographs. By viewing the cross sectional micrograph and the corresponding
EDX analysis of coated T11, it is quite clear that coating is firm and intact and there is no
deteoration of coating and hence coating has protected the surface very well. There is no
penetration of oxygen in the substrate during the entire exposure of the coated specimen.
As we approach from substrate to coating, at point 3, 4 and point 5 there is no indication
of presence of elements other than present in the coating and same is in case of T22.

Also in case of superalbys, EDX analysis has revealed that the scale mainly consisted

of Al and Ti along with oxygen. Oxide scale morphology alongwith variation of elemental
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composition across the cross-section of superalloy Superni 600 subjected to ¢yclic oxidation
in air at 900°C after 50 cycles has been depicted in Fig. 6.73. The plots of elemental
composition variation show that the scale mainly consists of aluminum and Titanium along
with oxygen. There is no penetration of oxygen into the substrate through the coating. In
superni 718, (Fig. 6.74) coating is intact and adherent and there is no oxidation of substrate
beneath the coating. In superfer 800, Fig. 6.75, the coating has major portion of aluminium
oxide |

Back Scattered Electron Image of cross-section of Al,03-3 wt% TiQ; coated
substrate alloys (T11, T22, superni 600, superni 718 and Superfer 800) exposed to molten
salt at 900°C and corresponding X-ray mapping after oxidation in air at 900°C after 50
cycles is shown in Fig. 6,76 to 6.80 respectively. In all the Al;O3-3 wt% TiO; coated alloys
coating has acted as a barrier and thus have prevented oxidation of substrate by inhibiting
the penetration of oxygen. There is no spalling of coating throughout the testing. In boiler
steels T11 and T22 (Fig.6.76 and 6.77), main constituent is aluminium oxide and there is
no inward penetration of any element into the substrate but in maps of boiler -Steel T22 ,
iron is visible at the interface of epoxy and coating which could have been impinged into
the epoxy during polishing of the specimern. In coated superni 600, Fe,O5 is visible at the -
right edge of the coating adjoining to epoxy depicted in Fig. 6.78. In case of coated
superni 718, (Fig. 6.79) major phase of coating Al;0; and TiO; band is visible in the
coating and there is no penetration of oxygen into the substrate through the coating. Fig.
6.80 shows the mapping for coated superfer 800, in which ceating is intact and there is no

inward penetration of oxygen or any other element.
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Fig. 6.69:  Surface scale morphology and EDX analysis for Al;03-3wt%TiQ: coated
steels corroded in Na;S04-60%V20s at 900°C for 50 cycles (a) T11, 1000 X
(b) T22, 1000 X.
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Fig. 6.76: BSEI and X-ray mapping of the cross-section of Al;03-3 wt%TiO; coated boiler
steel T11 subjected to cyclic hot corrosion in Na;SQ4-60%V,Cs at 900°C for 50
cycles, 1000 X.
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Fig. 6.77: BSEI and X-ray mapping of the cross-section of Al;03-3 wt%TiO; coated boiler
steel T22 subjected to cyclic hot corrosion in NapSQ4-60%V,05 at 900°C for 50
cycles, 1000 X.




Fig. 6.78: BSEIl and X-ray mapping of the cross-section of ALO;-3 wt%TiQ, coated
superalloy Superni 600 subjected to cyclic hot corrosion in Na;$O4-60%V;05 at
900°C for 50 cycles, 1000 X.
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Fig. 6.79: BSEI and X-ray mapping of the cross-section of ALO;-3 wit%TiO, coated
superalloy Superni 718 subjected to cyclic hot corrosion in Na;S04-60%V,0s5 at
9G0°C for 50 cycles, 1000 X.




Fig.6.80: BSEIl and X-ray mapping of the cross-section of Al,03-3 wt%TiO; coated
superalloy Superfer 800 subjected to cyclic hot corrosion in Na;S04-60%V;05 at
900°C for 50 cycles, 1000 X.




6.2 SUMMARY OF RESULTS

The results of air oxidation and molten salt studies for uncoated and coated alloys are
summarised in Table 6.1 and 6.2. These tabulated results are ready reference to compare the

oxidation and hot corrosion behaviour of uncoated and coated alloys.

Table 6.1: Summary of the results for uncoated and coated alloys after high temperature
cyclic oxidation in air at 900°C for 50 cycles.
Base Coating Weight Parabolic Rate XRD Phases Remarks
Alloy Change Constant Kp
{mg/cm?) (g°cm™s™)

Uncoated 102.88 6.33 X107 Fe, 05, Cr0y Bulky and porous scale. Along
with continuous network of
cracks. Intense spalling of oxide
scale observed

TI1
ALG;- 2.87 475 X 107" AlLO;, TiO,, { Surface scale observed mainly
3wt TiO, ALTIO;0 consisted of Al,O; and TiO,.
No spalling or cracking of
coating was chserved.

Uncoated 119.12 8.28 X10* Fe;O;, Cr,0, Scale was bulky and porous
Massive spalling and sputtering
indiated, almost all the scale
spalled

T22
ALO;- 1.85 228X 10" ALQO;,  ALTiOs, | The Coating and the thin oxide
IwtteTiO, TiO, scale is intact and firm. Surface
scale observed mainly consisted
of ALOy and TiO,. No spalling
and cracking was observed
throughout the study.
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Uncoated 0.28 2.22X10°" Fe;0;, NiFe,Qs, | Scale was thin and internal
NiCr,Q,, FeNi, | attack visible No spalling of
NiQO, Cr,0, and | scale was observed and scale
Al; Fe;0, remained intact.
Supemi
600
AbLO;- 1.16 8.19 X 10" ALO,,  AlLTiOs, | Surface scale observed mainly
Iwt%%TiO2 TiO,, AL TiON0,5 consisted of ALO; and TiO,.
No spalling and cracking.
Matrix of the scale of all the
coated substrates has
dominance of AlO,
Uncoated 0.97 5.19X1077 Al;Fe,0¢ NiFe;0;, | Attack was confined and thin
NiCr;04, Ni, Fe,O; | scale formed with no tendency
for spalling. Scale remained
intact. Some internal localized
cracks were observed in Cross-
section  indicating  internal
oxidation
Supemni
718
AlO;- 0.35 7.22X10°° ALO;,  ALTIOs, | No spalling and cracking of
. ) coating.  Coating  remained
3wATIOZ TiOy, intact and iron from substrate
has diffused into the coating. A
clear Titanium rich band seen
along the interface
Uncoated 4.03 1.13X10°"° Fe;0,, NiFe,0,, | No  spalling, intact and
NiCr,Qy, FeNi, | continuous scale. Internal attack
NiQ, Cr,0; and | visible and thin scale formed.
Superfer Al FeOs
800
Al O5- 1.71 1.65x107™ AlLO;,  ALTIOs, | Iron, Nickel and chromium
3wt TiO2 TiO;, AL TiOy0s have diffused from substrate

into the coating and is present
around Al O, grain. No spalling
and cracking observed. The
coating remained intact and has
prevented the penetration of
oxygen from the atmosphere
into the substrate
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Table 6.2: Summary of the results for uncoated and coated alloys after hot corrosion in
an aggressive environment of molten salt {(Na;S04-60%V,0s) at 900°C under
cyclic conditions for 50 cycles

Base Coating Weight Parabolic XRD Phases Remarks

Alloy Change Rate

(mgicm®) | Constant Kp
(@°cm™s™)
Uncoated 138.51 10.58X10° | Fe,0;, CryO; and | Scale formed lustrous black
FeS; coloured and was fragile and
intense spalling was observed.
Tl1
ALO;- 3.78 819 X10"" | ALO,, TiO, and Coating remained intact and
3wt%%TiO, ALTiO0 s there was no spalling or
sputtering of the coating
Uncoated | 166.65 16.57Xx10% | Fe,05, Cr,0; and | Massive Dark grey coloured
FeS, Scale Intensive spalling and
multilayered cracking  was
observed.
T22
Al O;- 3.59 7.57x10" | ALO,, TiO, and | Coating remained intact and
3wt TiO?2 Al TiO;0,5 there was no spalling or
sputtering of the coating
Uncoated 3.69 7.05X10™" | NiCryO,, NiO, | Thin and Fragile scale was
Cra0; Fe:05 | observed. Tiny Cracks developed
FeV,0
oV )0 the scale from 6 cycle
Ni(VO;) 2
onward, resulting in spallation.
Scale separated out in the form of
small and thin flakes by the end
| of 179 cycle. Spalling and crack
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Superni formation continued throughout
600 the study
ALO;- 222 291X10" Al O, Al TiOs, | Coating remained intact and
3wt%TiO2 TiO,, there was no spalling or
sputtering of the coating
Uncoated 8.61 3.39X10° Fe,04,Cr;05, NiO, | Fragile and uneven scale was
10 FeV,0, and | observed. Minor spalling and
Ni(VO;) 2 sputtering was observed after
19" cycle and it continued till
the end of the 50" cycle
Supemni
718
ALO;- 0.88 591X10% | ALO;,  ALTIOs, | Coating remained intact and
' . there was no spalling or
Iwt%TiO2 TiOa, sputtering of the coating
Uncoated 18.14 1.69X107 | Fe;04,Ni0Q, Carbon black coloured scale
FeV,0,, NiCr,O,, appeared after the first cycle.
Spalling from 2™ cycle along
with some spuftering. Uneven
surface scale and pits were
Superfer observed.
800
Al Os- 2.68 4.03x10"" | ALO;,  ALTiOs, | Coating remained intact and
3wt TiO2 TiOs, there was no spalling or

sputtering of the coating,
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6.3 DISCUSSION
In this section the results of cyclic oxidation and molten salt studies performed on

uncoated and coated alloys at 900°C have been discussed.

6.3.1 Uncoated alloys

The weight gain for steels TI1 and T 22 steels during oxidation studies are found
to be more as compared to supera]ldys. [t has been revealed from XRD and SEM/EDX
analysis that in case of boiler steels, scale mainly consisted of Fe;O5. From XRD analysis
it has been revealed that Cr:0; is also present in the scale. Lai {1990) has also reported
Fe,O; formation in his study on iron-chromium alloys. In his study, it has been reported
that alloys having 2% chromium could only form the oxides of chromium along with iron
oxide in the innermost layer. Similar findings are revealed by the EDX analysis in the
present study where presence of chromium in the inner scale has been indicated for T22
type of boiler steels, Fig. 6.12. EDX analysis confirmed the upper scale of iron along with
oxygen i.e. iron oxide for T11 and T22 steels which is followed by subscale where Fe and
Cr are coexisting along with oxygen. Sadique et al. (2000) also reported chromium oxide
formation in the inner scale. The spalling as observed in case of boiler steels T11 and T22
may be due to the presence of molybdenum in the steels. Chatterjee et al (2001) have
suggested that during initial oxidation Fe is oxidised and the oxide scale is protective in
nature. With progress of oxidation Mo becomes enriched at the alloy scale interface,
leading to the formation of an inner layer of molten MoQOs {m. p. 795°C) which penetrates
along the alloy-scale interface. This liquid oxide disrupts and dissolves the protective oxide
scale, causing the alloy to suffer catastrophic oxidation (Lai, 1990). During oxidation of boiler
steels, volume of oxides formed was very high which lead to scale cracking and these cracks
helped in internal oxidation and spatling of the scale. Similar results were observed by Khanna
et al. (1982) and Ahila et.al (1994). Chatterjee et al (2001) also suggested that molybdenum is

less noble than the other alloying elements, MoO; will be reduced to a lower oxide of
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molybdenum or even to molybdenum. Simultaneously MoO3 may exert dissolving action on
other oxides, such as Fe;Q3 and Cr;O; and this fluxing may further get accelerated by the
enthalpy of formation of Fe;Os5 and Cro03 which tends to increase in the temperature at the
alloy-scale interface. The mode of oxidation attack can be explained schematically as shown

in Fig. 6.81 which is similar to one reported by Chaterjee et al (2001).

The superalioys have shown good oxidation resistance. The oxide scales showed
no tendency towards cracking or spalling during the course of 50 cycles exposure in air at
900°C, Based on the weight changé data the oxidation rates of superalloys under study
can be arranged in following order:

Superfer 800 >Superni 718 > Superni 600

The relative oxidation resistance of Superfer 800 is minimum among the superalloys
under study, while Superni 600 has shown maximum oxidation resistance. The chromium has
formed protective layers in the respective oxide scales after 50 cycle oxidation in all the
superalloys. It might have blocked the diffusion of any species through it to reach the substrate
superalloys and hence provided oxidation resistance to the superalloys. The scale formed in
case of Superni 600 is relatively intact, thin and uniform, and contains a continuous band of Cr
just at the scale/substrate interface.

Ni-based superalloys have followed parabolic law in general with minor
deviations. The small deviations from the parabolic rate law have also been observed by
Levy et al {1989) and Finfrock {2001) during their studies on the oxidation and hot corrosion
of some Ni-based superalloys. Superfer 800 has not followed parabolic law.

The XRD analysis for the oxidised superalloys revealed the presence of Fe;O;
NiFe;04 NiCr;0, and AlFe2Og phases in all the oxidised superalloys. The formation of NiO
has been indicated in the scales of Superni 600 and Superfer 800, whereas NiCry0O4 has been

identified for all the superalloys under study. Similar observations were also made by Singh

287



{2005) in his study on Fe and Ni based superalloys. Li et al (2003A) have observed NiCr,0,
phase also for a single crystal Ni-base superalloy oxidised at 300°C in air.

The probable mode of oxidation attack on Ni based superalloys is shown schematically
in Fig.6.82 which is similar to mechanism suggested by Stott (1998) in his study on oxidation
of alloys at elevated temperature which can be taken as a representative case for the Ni based
superalloys under study. As suggested by Stott {1998), in oxidation initiation stage i.e. when
the alloy surface adsorb the oxygen moiecules, 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 iayer of various oxides in a very
short time as the temperature of study becomes high. As Ni percentage 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.
Oxides like NiCr,0O4 may also form by reaction of oxides of Ni and Cr in the transient layer.
This transient layer continues to grow with NiQ at the top of the scale along with iron oxide,
while the thermodynamically favored chromia attempt to establish a complete layer at the base
of this transient layer along with MnO. Once a continuous layer Cr,O; is formed at the
alloy/scate intetface, the rate of oxidation is then controlled by transport of reactants across this
layer, which is much slower process than across the initially formed NiQ-rich layer. While in
case of iron based superalloy i.e Superfer 800, mainly iron oxide phase is formed. The probable
mode of oxidation attack for Superfer 800 is shown schematically in Fig. 6.83. In starting
stage, oxygen is adsorbed by the surface resulting in formation of iron oxide and other oxides
of the constituent elements. As Fe percentage is highest in the superalloy Superfer 800, the
amount of iron oxide in this layer will be the highest, oxides like NiCr,O4 may also form by
reaction of oxides of Ni and Cr in the transient layer. This transient layer continues o grow
with iron oxide at the top as well as internal oxidation is also there. CryO;3 formed is not

continuous and thus can not prevent internal oxidation.
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The X-ray diffractograms of the scale for T11 and T22 base steels after exposure
to molten salt (Na;$S04-60%V205) at 900°C for 50 cycles has revealed that main
constituent of scale is Fe,Os in both the steels. Peaks of Cr,O; along with FeS; have also
been observed in the oxide scale of both the boiler steels T11 and T22. The formation of
Fe;O; has also been observed by Shi (1993) for the hot corrosion of iron by Na;50, at 750°C.
Similar phases were also observed by Sidhu (2003) and Ramesh (2008) in their study on boiler
steels. XRD results are further supported by the surface EDX analysis. The presence of some
percentage of chromium in the subscale as revealed by the EDX and X ray mapping analysis
across the cross-section for T11 and T22 steel is in accordance with the findings of Sadique
et al. (2000). The uncoated boiler steels after cyclic molten salt testing at 900°C have shown
intense spalling and higher corrosion rate with massive scale formation. The weight gain in
case of boiler steel T22 is comparatively more than that of Boiler steel T11. Though T22
boiler steel has more percentage of chromium than T11 boiier steel, but it has shown higher
corrosion rate which may be attributed to the presence of comparatively higher percentage of
molybdenum in this steel. Molybdenum led to the formation of MoOs (liquid at 900°C) and
MoQs; might have further reacted with NaxSOj4 resulting in the formation of low temperature
melting phase Na;MoQ,. This low melting point phase might have led to the acidic fluxing of
the protective oxide scale. Identical results have been reported by Fryburg et al (1982), Pettit
and Meier {(1984), Misra (1986) and Sidhu, {(2003). Schematic representation of possible hot
corrosion mode of attack on boiler steel is shown in Fig. 6.84. The presence of FeS, Fe,0; etc
can be explained by reaction of alkali sulphate i.e. Na;SO, containing molten salt react to
form Sodium pyrosulphate (Na;S205) in presence of SOj. This pyrosulphate helps in more
and more formation of SO; from SQOs. Pyrosulphate reacts with metal oxide and forms alkali
metal trisulphates and this alkali metal trisulphate further reacts with the iron and form Fe;O,,
FeS and Na;S0O,. On further oxidation FeS converts into FeiO4 and SO;. This SO, again
combines with oxygen to from SQOs;. Thereby SO; is available for reaction with Na;SQOy in

form of cyclic corrosion reaction (as explained tn 2.5.4.2.4 on page 60).
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Fig. 6.81:  Schematic diagram showing probable mode of oxidation attack on T22 boiler
steel exposed to air at 900°C for 50 cycles.
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Fig. 6.84: Schematic diagram showing probable mode of hot corrosion attack on Boiler steel T11
exposed to Na;S0;-60%V;05 environment at 900°C for 50 cycles.
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Misra (1986) in hot corrosion studies for molybdenum containing nickel base alioy in
Na;S04 environment at 750-950°C has revealed that higher the concentration of Mo, the
sooner the melt would attain the MoQO5 activity necessary for the formation of solid NiMoQO,
and this would cause a decrease in the length of the period of accelerated corrosion. Lower
percentage of Mo (1.081) in the concerned alloy for the present study might have increased
the period of accelerating corrosion upto the end of 50 cycles. Probably this factor is
responstble for the higher weight gain for this steel as compared to the other boiler steel
inspite of more amount of chromium. Wang (1988) has also reported the severe spalling of
scale T22 type of steel during hot corrosion in medium BTU coal gasifier environment. It has
heen reported that more than 70% of the scale got spalled during their test. Further Misra
(1986) reported the spalling of thick external porous scale which spalled off completely on
cooling for his corrosion experiments at 900°C and 950°C.

In case of superalloys, the surface XRD of Supemni 600 and Superni 718 has
indicated the formation of similar phases after hot corrosion in the moiten salt
environment. For these two superalloys NiO, Fe;03, Cr;0;, FeV304 are common phases
while NiCr;04 and Ni(V(J;), are other phases present in superni 718. The presence of
spinel NiCr,Q4 has been confirmed in Superni 600 and superfer 800 superalloys. Formation of
nickel vanadate has been revealed in case of Superni 600 and Superni 718, while that of iron-
vanadate in case of all the superalloys under study. These X-ray diffraction results are well
supported by SEM/EDX results. SEM/EDX examination of the molten salt exposed samples
showed the presence of cracks and indication of spallation tendency of the scale as shown in
Fig. 6.50. The studies conducted by Iyer et al (1987), Swaminathan et al (1993), Tiwar
(1997), Tiwari and Prakash (1996), Deb et al (1996), Tiwari and Prakash (1997} Gitanjaly
(2003), Singh et al., (2005), Singh et al., 2006 and Sidhu (2006) on similar superalloys also
endorse formation of identical phases. In general the uncoated superalloys have indicated
accelerated oxidation in Na;S04-60%V,0; environment at 900°C in comparison to that in air.
The Fe-base superalloy Superfer 800 has shown least resistance to the hot corrosion amongst

the Superalloys Superni 600, 718 and Superfer 800. In case of Superfer 800, oxide scale
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penet-rated deep into the substrate. On the basis of cumu]afive weight gain data for 50 cycles,
corrosion rate of the superailoys under study can be arranged in the following order:
Superfer 800 > Superni 718 > Superni 600

The superior corrosion resistance shown by Ni-base superalloys might be attributed to
the formation of Cr;0; and nickel vanadate (Kerby and Wilson, 1973 and Gitanjaly, 2003). In
case of iron based superalloy i.e. Superfer 800, oxides of iron formed dominantly during the
hot corrosion exposure which lead to more corrosion as compared to Ni based superalloys.
Also presence of Ni (V(Os;)» phase in case of Ni-based superailoys acted as a barrier for the
oxidizing species (Seierstein and Kofstad, 1987 and Sidhu, 2006). Further, it has been
observed that Ni based superalloys under study have obeyed parabolic rate law of
oxidation upto 50 cycles. Superfer 800 has not obeyed the parabolic rate law. In superfer
800, intensive spalling and sputtering was observed. It has been observed that the rate of
welght gain in case of molten salt exposure was relatively high as compare-d to oxidation in
air. This may be duc to the formation of NaVQ; which acts as a catalyst and also serves as
oxygen carrier to the base alloy, thereby leading to rapid oxidation of the basic eiements of the
superalloys. Simultaneously, the protective scale is destroyed or eliminated by molten salts and
consequently the metal surface is exposed to direct action ot aggressive environment as has
been indicated in the current investigation also. Seiersten 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:

Cr;03 + 4NaVO; — 2Na;CrO4l) + V205 + O,

After a period of high corrosion rate it has been observed that the rate of corrosion
tends to be almost become uniform with the further progress of study. The formation of
nickel vanadate or iron-vanadate in the scales with the progress of study might have
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 al (1993), Tiwari and
Prakash (1997), Singh (2005) and Sidhu (2006).

Fig. 6.85 shows the schematic representation of possible hot corrosion mode of attack

in Na;S04-60%V,0;5 environment on Ni based superalloys. The surface XRD has indicated
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the formation of NiO, Fe 03, Cr0s;, FeV;04 and Ni (VO3), phases. The presence of spinel
NiCr;O4 has been revealed in Supernm 600 superalloy. Through cracks internal penetration
has occurred. There is thick scale formation with visible severe internal attack as revealed
by X-ray mapping (Fig. 6.58) of the cross-section of superalloy Superni 600 subjected to
cyclic hot corrosion in Na;S04-60%V,0s at 900°C for 50 cycles. As oxygen is present
throughout the scale, it can be inferred that there is formation of iron oxide, nickel oxide
and chromium oxide throughout the scale. Crz03; formed is providing protection for
further oxidation. Vanadium entiched band is present in the scale. Ni has diffused from
the substrate and is concentrated along the substrate scale boundary and preventing
further corrosion.

In case of hot corroded Superfer 800 phases identified are FeoQO;, NiO, NiCr; Oy,
and FeV,0,. Formation of iron vanadate has been revealed in case of Superfer 800. Scale
formed is porous and fragile with higher percentage of Fe;O; and some amount of
Chromijum oxide and Ni oxide. Nickel concentration has increased in the substrate along
substrate scale interface in the shape of thin band which has prevented the further
oxidation as Cr has migrated to form the Cr;O5 scale. Cr has come from substrate to form
irregular Cr;0; band leaving a Ni rich band in the substrate which is clearly visiblﬂ? tn the
overlapped map as shown in Fig. 6.60. The schematic representation of possible: hot
corrosion mode of attack in Na;S04-60%V;05 environment on Superfer 800 superalloy is

shown in Fig. 6.86.

6.3.2 Coated alloys

The AlLO3;-3 wt %TiO; coatings deposited on boiler steels and Ni-and Fe-based
superalloys showed protective behavior in the air oxidation as well as molten salt environment
at 900°C in cyclic testing. Coating remained essentially adherent to the substrate after 50 cycles
of testing in both environments. The composite coating possessed very dense structure, high
thermal stability and excellent cracking/spallation resistance. There was no penetration of any
corrosive species into the coating as developed coating has very low porosity. Coating acted as

a shield between the environment and the metallic substrate and effectively hindered the
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corrosive species from migrating into substrate. Alumina-titania coated alloys have shown
better spallation resistance,

The X-ray diffraction analysis has indicated Al,O; and TiO; along with ALTiOs
Al TiO;0,5 phases on the surface of the coated samples after 50 cycle oxidation exposure.
Minor micro cracks on the surface were detected but there was no evidence of formation
of oxides from the substrate alloys. The coating has protected the surface very well. This
may be due to the fact that AL Q3 probably hinders the grain boundary diffusion of the
elements, As a consequence, there i1s no oxide scale growth, The compact and protective
Al,O; layer separated the metal substrate from the environment. As a result, the coating
improved the corrosion resistance. From weight change data it can be inferred that the
protection to the base metals has been provided by the coating. The oxidation and molten
salt corrosion resistance provided by Al03-3 wt % Ti0: coatings might be attributed to
the compact structure of the coatings. The Al,03-3 wt%TiO, composite coating was no
longer oxidized and acted as an effective inert barrier to improve the isothermal and
cyclic oxidation and molten salt resistance of alloys.

After molten salt studies performed on coated alloys, the coated boiler steels have
shown Al;O; and TiO; as the main constituent with minor peak of Al,TiO;0¢s. The X-ray
diffractograms for the coated superalloys after exposure to molten salt at 900°C for 50
cycles has shown peaks of Al,O; and TiO; along with Al,TiOs. EDX analysis showed
that the coating was unaffected by any molten salt attack. The low value of porosity of coating
never permitted any penetration into the coating and the coatings maintained their shielding
capability. The coatings showed no solubility in the molten salt environment and thus excellent
corrosion resistance. Coatings seem to be completely immune to corrosion attack in molten salt
environment. Investigations revealed that corrosive species could not reach base material
through the coatings. The coatings have shown excellent cracking and spaliation resistance,
The composite coating exhibited excellent high temperature oxidation resistance and hot
corrosion resistance in molien sulfate salts at 900°C. The dense structure of D-gun sprayed
coatings could have effectively hinder the corrosion species from migrating into substrate, and

thereby remarkably improving the oxidation and hot corrosion resistance of the alloys.
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Fig. 6.85:  Schematic diagram showing probable mode of hot corrosion attack on Ni based
superalloy exposed to Na;S04-60%V20s environment at 900°C for 50 cycles.
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Chapter 7

EROSION CORROSION STUDIES IN ACTUAL
INDUSTRIAL ENVIRONMENT

This chapter focuses on the study of erosion corrosion behaviour of the D-gun sprayed
coated and uncoated alloys exposed to superheater zone of the coal fired boiler of Guru
Gobind Singh Super Thermal Plant, Ropar, Punjab (India). Super heater zone was selected,
since sevefe failure due to erosion-corrosion has been reported by the concerned power plant
in this zone. The specimens were kept in the zone of the boiler where the gas temperature
was 700°C+10°C. Experiments were performed for 15 cycles, each cycle consisting of 100
hours exposure followed by 1 hour cooling at ambient temperature. The specimens were
visually examined at the end of each cycle for any change in the colour, luster, spalling
tendency and other physical changes of the scale if any.

Weight change was measured at the end of each cycle. However in this environment
the weight change data could not be of much use for predicting hot corrosion behaviour
because of suspected spalling and ash deposition on the samples. Hence the extent of
erosion-corrosion has been evaluated by measuring the thickness of the unreacted portion
of the samples after the total exposure of 1500 hrs. The different phases and their
distribution in the eroded-corroded specimens were analyzed with the help of XRD,

SEM/EDX analysis,
7.1. RESULTS

7. 1.1 Uncoated Alloys
7.1.1.1 Visual Examination
The macrographs of T11, T22, Superni 600, Superni 718 and Superfer 800

substrate alloys before and after 1500 hours exposure in the superheater area of coal fired
boiler are shown in Fig.7.1. Grey coloured scale appeared on the surfaces of T11 and T22
steels which turned to grayish black afterwards while light brown coloured scale appeared
on the surfaces of superalloys during first cycle of 100 hours and turned to black colour
afterwards. In case of T11 and T22 steels, the scale was fragile and showed severe
spalling. While in all the superalloys no spalling of the scale was observed and it

remained intact throughout the study.
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7.1.1.2 Weight Change and Thickness loss data

Assessment of the weight change was carried out after exposure at 700°C in boiler
conditions on uncoated substrate alloys. The weight change consists of weight gain owing
to the formation of the oxide scale and weight loss due to solid particle erosion and the
suspected spalling and fluxing of the oxide scale. The net weight change of the substrate
alloys in the given environment represents the combined effect of erosion and corrosion.
Weight change per unit area expressed in mgjcm2 has been plotted as a function of time
expressed in hours for substrate alloys as shown in Fig.7.2. Due to severe spalling and
cracking boiler steels have shown decrease in weight. Initially the weight loss is very fast
due to cracking and peeling off of surface scale, then it remained almost constant for few
cycles and then again weight loss was steep. While all the superalloys have shown
increase in weight. The extent of erosion-corrosion has been measured in terms of metal
layer lost due to scaling after 1500 hours exposure. The thickness of metal lost is 2.0782
mm and 1.7117 mm in T11 and T22 steels respectively while in case of superalloys,
thickness loss is 0.2178, 0.2301 and 0.2588 mm for Superni 600, superni 718 and
Superfer 800 respectively as indicated in Fig.7.3. The weight gain of the samples owes to
the formation of oxide scale and deposition of fly ash and weight loss is due to continuous
erosion due to fly ash and cther erosive particles in the blast. Throughout the study, boiler
steels suffered a weight loss. The corresponding degradation rates expressed in mils per
year (mpy) and are found to be 478.13, 393.81, 50.11, 52.94 and 59.54 for T11, T 22,
Superni 600, Superni 718 and Superfer 800 respectively.

7.1.1.3 X-ray Diffraction Analysis

The X-ray diffractograms for T11, T22, Superni 600, Superni 718 and Superfer
800 substrate alloys after exposure to actual boiler environment for 1500 hours are shown
in Fig. 7.4-7.6 respectively. In the boiler environment, T11 and T22 steels have indicated
Fe;O; and Fe;O4 as the main constituent. FeS was also detected and minor peaks of AlLO;,
Si0;, ZnO and MnQ which is indicative of deposition of fly ash on the surface of exposed
steel as shown in Fig. 7.4. In case of superalloys shown in Fig. 7.5 and Fig. 7.6, Ni is
main constituent in the scale with peaks of Fe,O3, NiO, Al;0;, SiO; and NiFe. In case of

Superfer 800, Cr,O5 phase is also observed.
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7.1.1.4 SEM/EDX Analysis
(a) Surface Morphology
SEM/EDX analysis was used for the detection of presence of corrosion products
and corrosion-inhibiting species andl their concentrations. Scale development and the
effect of boiler conditions on the exposed surface was studied. The surface scale
morphology and the EDX analysis for substrate alloys exposed to superheater region of
coal fired boiler after 1500 hrs is shown in Fig.7.7-7.11. From SEM/EDX analysis of
boiler steels T11 and T22 it has been revealed that the main constituent of scale are Fe
Al, Si and O as shown in Fig. 7.7 and 7.8. The oxide scale formed was porous‘and less
adherent consisting mainly of iron oxide. On thin bands of the matrix phase, large
bulbous oxides formed, protruding well above the surface. The micrograph indicates
massive scale along with presence of embedded ash at some points and nodules are also
present. There is a presence of pits and cracks in scale and also hills and craters are
formed which is a clear indication of combined effect of erosion and corrosion caused by
combined action of flue gases along with impact of fly ash. Rapid growth of iron oxide in
the matrix region of the boiler steels led to much thicker scale formation. The EDX
analysis of surface scale revealed the presence of Si, Al, Fe, Na, Ca, Mg along with O
which are the constituents of fly ash. Some ash particles can be seen embedded in the
scale as white colour nodules. In case of boiler stecls steel exposed to boiler conditions
micrographs indicates a continuous granular scale consisting mainly of Fe, Si and Al
along with O. The appearance of scale in case of boiler steels is highly bulky, porous
with a continuous network of cracks along the scale.
The observed corrosion mechanism was characterized by the adverse features of
the corrosion behavior of the boiler steels, formation of thick oxide scales and spalling of

the scale. Frequent spalling was due to the fact that the scales consisted of multi-layered
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structure of oxide layers. The enhanced corrosion was mainly induced by the presence of
corrosion species in the combustion products,

In case of superalloys exposed to boiler conditions, a fine surface scale mainly
consisted of Al, Si, Ni, Fe and Cr along with O as shown in Fig. 7.9 -7.11. The scale on
the matrix regions was significantly flatter and no spallation of the scale has been seen.
At 700°C, a well adherent corrosion scale is formed which mainly consists of NiO. The
formation of NiQ oxide is evident in all the superalloys. There is presence of minor
cracks on the surface scale and also there is an indication of erosion with the formation
of hills and craters on the surface. In case of Superni 600, SEM /EDX analysis, indicates
a thin scale consisting of Ni (wt% 14.72), Al (wt% 12.98) and Si (wt% 20.96) along with
oxygen(37.21%) with some amount of Cr, Fe, Ca, Mn, Zn as shown in Fig. 7.9. The
scale was heterogeneous and it is inferred that the composition of the elements in the
scale is almost similar to ash composition along with other oxides formed from the
matrix. Higher percentage of Al and St in the scale is in indication of massive
embedment of ash in the scale. In Superni 718, (Fig. 7.10) minor cracks with high Cr
(wt% 24.29) content are seen with surface unevenness created by formation of hills and
craters. Like in superni 600, there is also a presence of massive amount of Al and Si in
the scale along with other ash constituents. Superfer 800 has shown (Fig. 7.11) some
cracks along with formation of craters and hills having higher %age of Fe and Ni and

some amounts of Cr Al, Si, Cr, Ca, Mn, Ti and K on the surface.

(b) Cross-Sectional Analysis and X ray mapping
The BSE image and the EDX analysis across the cross section of uncoated alloys
are shown in Fig.7.12 to Fig.7.16. In case of boiler steels, (Fig. 7.12 and 7.13) the scale

was quite fragile and porous and was continuously peeled off from the surface.
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Throughout the scale higher percentage of iron oxide is there and also chromium is
present along with oxygen is present throughout the scale thickness though in small
quantity. Mn and Si confirm the presence of ash embedment. Also in case of T22 steel
traces of Ca and Mo along with Mn and Si have been revealed.

The cross sectional morphology and the corresponding EDX analysis (Fig. 7.14
to Fig. 7.16) for Supemi 600, Superni 718 and Superfer 800 superalloys after 1500 hrs
exposure to actual environment of coal fired boiler has r;:vealed that the scale mainly
consisted of Ni and Fe along with oxygen. Oxygen along with chromium is present
throughout the scale in all the superalloys. Alsc minor percentage of Al and Si is
present throughout the scale in all superalloys.

Back Scattered Electron Image of cross-section of uncoated substrate alloys (T11,
T22, Superni 600, Superni 718 and Superfer 800) and corresponding X-ray mapping after
1500 hours exposure to boiler environment is shown in Fig.7.17 to 7.21 respectively.
There is presence of ash particles indicated by presence of Al and St with oxygen on the
top surface of the scale. In boiler steels, mainly iron oxide is formed. At the top of scale
Si is spread throughout the scale indicating ash embedment. Continuous spalling of scale
was observed during the cyclic exposure. In case of boiler steel T11 (Fig.7.17), iron oxide
remained the main constituent of the scale with presence of minor concentration of Mn,
Cr and Si. In elemental maps, a thick Silica particle could be seen embedded in the scale
and silica is also observed in the top of the scale. In boiler steel T22, (Fig. 7.18) main
constituent is iron oxide with presence of minor concentration of Cr and Si. There is very
thin Cr rich band just above the substrate scale interface.

While in all the superalloys exposed to boiler environment, a very thin scale was
observed. In Superni 600, (Fig. 7.19), there is thin Ni rich band in the substrate from

which Cr has depleted. This chromium is co existing with oxygen in the outer scale
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thereby indicating formation of chromium oxide. There is presence of embedded silica
particle which has deformed the metal. In Superni 718, (Fig. 7.20) attack is very
minimal and a thin scale was observed. From X-ray mapping, streaks of silica and
alumina are indicated on the top of the scale. Also Fe, Ni and Cr are coexisting with
oxygen as very thin layers at the top most scale. In Superfer 800, thick scale is formed
as shown in (Fig. 7.21). Ni rich layer is present in the substrate at the interface. Also Ni
and Cr are coexisting with oxygen at the top of the scale. The scale by itself mainly
consists of 1ron along with oxygen which indicates the formation of Fe,0s. Si, Mg and
Al particles can be seen coexisting with oxygen in the elemental maps thereby

indicating embedment of ash particles.
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Fig.7.7: Surface scale morphology and EDX analysis for boiler steel T11 exposed to

superheater of the coal fired boiler for 1500 hours at 700°C.

311



i
20.0 kV;

Element Wt %
O 28.70
Al 16.46
Si 29.28
K 00.53
Ca 00.79
Ti 01.23
Fe 21.97
Na 00.96
Mg 00.08

g | Det

31

"1 3118/2007 ) -
2400 ETD110.2 mmi11:26:00 AM

Element Wt %
O 31.48
Al 08.50
Si 0928
Ca 00.58
Mg 00.09
Ti 00.98
Fe 47.14
Zn 01.95

Fig. 7.8: Surface scale morphology and EDX analysis for boiler steel T22 exposed

to superheater of the coal fired boiler for 1500 hours at 700°C.
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Fig. 7.9: Surface scale morphology and EDX analysis for superalloy Superni 600
exposed to superheater of the coal fired boiler for 1500 hours at 700°C.
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Fig.7.10: Surface scale morphology and EDX analysis for superalloy Superni 718
exposed to superheater of the coal fired boiler for 1500 hours at 700°C.
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Fig.7.11: Surface scale morphology and EDX analysis for superalloy Superfer 800
exposed to superheater of the coal fired boiler for 1500 hours at 700°C.
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Fig. 7.13:  Oxide scale morphology and elemental composition variation across the cross-
section of T22 boiler steel exposed to superheater of the coal fired boiler for
1500 hours at 700°C.
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Fig. 7.14:  Oxide scale morphology and elemental composition variation across the
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fired boiler for 1500 hours at 700°C.
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Fig. 7.15:  Oxide scale morphology and elemental composition variation across the cross-
section of Superni 718 superalloy exposed to superheater of the coal fired
boiler for 1500 hours at 700°C
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Fig. 7.16:  Oxide scale morphology and elemental composition variation across the cross-
section of Superfer 800 superalloy exposed to superheater of the coal fired
boiler for 1500 hours at 700°C.
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7. 1.2 Al,O; - 3 wt% TiO; coated alloys
7.1.2.1 Visual Examination

The macrographs of Al,Os - 3 wt% TiO; coated T11, T22, Superni 600, Superni
718 and Superfer 800 substrate alloys before and after 1500 hours exposure in the
superheater area of coal fired boiler are shown in Fig.7.22. In the visual examination, it
was observed that after the first cycle (100 hrs exp;osure) to the boiler environment, in Al,Os-
3TiO; coated samples, the colour of the coatings changed from grey to cream as shown and
with further cycles no appreciable change was observed. Coating remained intact

throughout the study.

7.1.2.2 Weight Change and Thickness loss d ata

Weight change measurements were carried out after every cycle of 100 hrs
exposure at 700°C in boiler conditions on Al>Os - 3 wt% TiQ; coated substrate alloys. The
weight change consists of weight gain owing to the formation of the scale and weight loss
due to solid particle erosion because of the suspected spalling and fluxing of the scale.
The net weight change of the coated alloys in the given environment represents the
combined effect of erosion and corrosion. )

Weight change per unit area expressed in mg/cm? has been plotted as a function of
time expressed in hours for ALLO; - 3 wt% TiO; coated alloys and is shown in Fig. 7.23.
All the coated alloys have shown increase in weight. The extent of eroston-corrosion has
been measured in terms of thickness lost due to scaling and surface degradation after
1500 hours exposure. The thickness lost of the coating was 0.1548, 0.1279, 0.1319,
0.1361, 0.1981 mm in T11, T22, superni 600, superni 718 and superfer 800 respectively
as indicated in Fig.7.24. The thickness is lost due to continuous impact of fly ash and
other particles entrapped in the air blast. The corresponding degradation rates expressed
in mills per year (mpy) are found to be 35.61, 29.42, 30.35, 31.31 and 45.57 for Al,O3 - 3
wt% TiO,coated T11, T 22, Superni 600, Superni 718 and Supetfer 800 respectively.

7.1.2.3 X-ray Diffraction Analysis
The X-ray diffractograms for Al,O; - 3 wt% TiO; coated T11, T22, Supemi 600,
Supemi 718 and Superfer 800 substrate alloys after exposure to actual boiler environment for

1500 hours are shown in Fig. 725.-7.27 respectively. The main constituent of the coated
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samples are AbOs, Al TiOs, TiO;, Si0z CaO and small fraction of FeO; in few samples.

Peaks of SiO; and CaQ, is an indicative of fly ash on the surface of exposedalloys.

7.1.2.4 SEM/EDX Analysis
(a) Surface Morphology

Surface degradation and scale development and the effect of boiler conditions on
the surface were studied using SEM/EDX analysis. The surface scale morphology and
the EDX analysis for Al;03 - 3 wt% TiO; coated alloys exposed to superheater region of
coal fired boiler after 1500 hrs is shown in Fig.7.28 -7.32. From SEM/EDX analysis it
has been revealed that the main constituents of scale are Al, Ti and Si along with oxygen.
The presence of Si, Ca, Na, Mo and Fe along with oxygen, is an indication of embedded
ash. There is a presence of pits and cracks on the surface and also hills and craters are
formed which is a ciear indication of combined effect of erosion and corrosion caused by
combined action of flue gases and fly ash. There is no evidence of formation oxides
from the substrate alloys though there is a presence of minor cracks on the surface and
aiso there is an indication of erosion with the formation of hills and craters on the surface
but these could not expose the surface of the substrate alloys and coating has protected
the surface very well. This may be due to the fact that Al;O; probably hinders the grain
boundary diffusion of the elements. As a consequence, there is no oxide scale growth,
The compact and protective Al,O; layer separated the metal substrate from the boiler

environment. As a result, the coating improved the hot corrosion resistance.

(b) Cross-Sectional Analysis and X ray mapping

The BSE image and the EDX analysis across the cross section on ALO; - 3 wt%
Ti102 coated alloys is shown in Fig.7.33 to Fig. 7.37, In all the coated alloys the coating
was quite intact and there was no crack development in the coating. Throughout the
coating thickness, the composition is entirely of Alumina and Titania.
Back scattered electron image of cross-section of coated substrate alloys (T11, T22,
Superni 600, Superni 718 and Superfer 800) and corresponding X-ray mapping after
1500 hours exposure to boiler environment is shown in Fig.7.38 to 7.42 respectively. Ti

is present in the form of thin streaks. Alumina coating is intact with all substrate alloys.
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Fig. 7.17: Back scattered electron image and the corresponding x -ray mappings of cross
section of uncoated T11 steel after 1500 hours exposure in boiler.
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Fig. 7.18:  Back scattered electron image and the corresponding x -ray mappings of cross
section of uncoated T22 steel after 1500 hours exposure in boiler.
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Fig. 7.19: Back scattered electron image and the corresponding x -ray mappings of
cross section of uncoated superalloy Superni 600 after 1500 hours
exposure in boiler.
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Back scattered electron image and the corresponding x -ray mappings of cross
section of uncoated superalloy Superni 718 after 1500 hours exposure in boiler.




Fig. 7.21: Back scattered electron image and the corresponding x -ray mappings of
cross section of uncoated superalloy Superfer 800 after 1500 hours exposure
in boiler.
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Macrographs of Al;O3-3wt%TiO, coated substrate alloys before and after 1500
hours exposure to boiler environment:
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Fig.7.29: Surface scale morphology and EDX analysis for Al,03-3%TiO; coated boiler steel
T22 exposed to superheater of the coal fired boiler for 1500 hours at 700°C.
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Surface scale morphology and EDX analysis for Al,03-3%TiO; coated
superalloy Superni 600 exposed to superheater of the coal fired boiler for
1500 hours at 700°C.
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Fig.7.31: Surface scale morphology and EDX analysis for Al,03-3%TiO, coated
superalloy Superni 718 exposed to superheater of the coal fired boiler for
1500 hours at 700°C.
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Surface scale morphology and EDX analysis for Al,03-3%TiO; coated
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1500 hours at 700°C.

337




100 ] T
90 - ' "
- 50
80 -
2 70
— -
3] & 1
o a
i= 60 4 @
5 50 . + 30 ®
-] N —
2 40 A 2
5 Lg%
@
=

LY
HV |Mag| Det wD 4/17/2007 | ————————100 Opm
20.0 kV|800x! SSD[10.0 mm|2:56:48 PM IIT ROORKEE

Fig. 7.33:  Cross sectional morphology and elemental composition variation across the cross-
section of Al;O3-3 wt%TiO; coated T11 boiler steels exposed to superheater of
the coal fired boiler for 1500 hours at 700°C.
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Fig. 7.34:  Cross sectional morphology and elemental composition variation across the
cross-section of Al,O3-3 wt%TiO, coated T22 boiler steel exposed to
superheater of the coal fired boiler for 1500 hours at 700°C.
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Fig. 7.35:  Cross sectional morphology and elemental composition variation across the cross-
section of Al,O3-3wt%TiO, coated Superni 600 superalloy exposed to superheater
of the coal fired boiler for 1500 hours at 700°C.
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Fig. 7.38: Back scattered electron image and the corresponding x-ray mappings of cross
section of Al,O3 - 3 wt% TiO; coated T11 steel after 1500 hours exposure in
boiler.
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Fig. 7.39: Back scattered electron image and the corresponding x -ray mappings of
cross section of AlLO; - 3 wt% TiO, coated T22 steel after 1500 hours
exposure in boiler.
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Fig. 7.40: Back scattered electron image and the corresponding x -ray mappings of
cross section of Al,O; - 3 wt% TiO; coated superalloy Superni 600 steel
after 1500 hours exposure in boiler.
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Fig. 7.42:  Back scattered electron image and the corresponding x -ray mappings of cross
section of AL,O3 - 3 wt% TiO; coated superalloy superfer 800 after 1500 hours
exposure in boiler.




7.2 SUMMARY OF RESULTS
Results obtained after 1500 hours exposure of coated and bare alloys to the superheater

zone of the coal fired boiler at around 700+10°C are summarised in Table 7.1,

Table 7.1: Summary of the results for uncoated and coated alloys after 1500 hours of

exposure to superheater zone of the coal fired boiler at around 700°C.

Base Coating Weight Thickness Corr(?siun XRD Remarks
Alloy Change lost {mm) rate mils per analysis
(mglem?) year (mpy)
Fe 04, Massive scale along with
Uncosated -105.05 2.08 478.13 Fes04,FelS, | presence of embedded ash.
Al Q5. Scale was fragile and
Zn0O, MnO | intense spalling was
TI1 and Si0, abserved.
AlLO;, There is a presence of minor
AlLO;- 3wt%Ti0, 9.38 0.15 35.61 Al TiOs, cracks on the surface and
TiQ,, hills and craters are formed
Si0, Fe;Q; | on the coating surface. No
CaO spalling was observed.
Fe;0s, Scale was bulky and porous
Fei0aFeS, | with continuous network of
Uncoated -42 48 1.71 393.81 Al O,, cracks with presence of
Mn;04 and | embedded ash.  Massive
Si0, spalling was observed,
T22
ALO,, Fly ash deposits found to be
AlLTiOs, embedded on the scale. No
AlLO5- 3wt%TiO, 7.51 0.12 2942 TiOy, spalling and cracking but
Si03,Fe;0, | there is formation of craters,
Ca0 erooves and valleys on the
coating surface.
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Fes0s, The Bluish scale on the
AlOs Ni | matrix  regions  was
NiO, significantly flatter and
Uncoated 11.62 0.22 50.11 NitFe) and | spallation of the scale
302 Localised Cracks
developed in the scale
and indicated tendency
for spallation.
Superni
600 ALO,, Fly ash deposits tound to be
AlLTiOs, embedded on the scale, No
AlO;- 3w1%Ti0, 496 0.13 30035 Ti0,, 510, | spalling and cracking. There
CaQ is presence of pits and
craters and vellies on the
scale surface.
Very Thin scale formed
;0. with a tendency for
Uncoated 711 0.23 52.94 AlOs N | gpalling.  Scale  had
NI and Localised Cracks and
Ni(Fe) internal corrosion, with
surface Unevenness
created by formation of
Supemi hills and craters
718 AlO;, Fly ash deposits found to
Al TIO;, be embedded on the
ALOs- 3w1%TiO, 2.34 0.13 3131 TiOs, scale. No spalling and
Si03,Fer0 cracking
CaQ
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7.3 DISCUSSION
In this section the results of erosion corrosion studies on substrate alloys and
Al,0;3-3 wt% TiO; coated alloys exposed to superheater region of coal fired boiler after

1500 hrs at 700°C have been discussed.

7.3.1 Uncoated alloys

The XRD and EDX analysis has shown the presence of ash deposits on the surface
of the specimens. The interaction of ash with the oxide scales is further supported by X-
ray mapping analysis (Figs. 7.17, 7.18, 7.19, 7.20 and 7.21). The corrosion scale formed
on the boiler steels was made up only of iron oxide as revealed by XRD. Some fly ash
particles were also found embedded into the iron oxide layer. Cross section examination
by SEM of the tested samples for 1500 hours showed that the corrosion scale was only
made of iron oxide. Backscatter electron image of the corrosion scale showed presence of
oxygen throughout the scale. From the surface morphologies, it can also be seen that the
layer of the corrosion scale is generally porous. Porous and non adherent scale with
tendency to severe spalling and cracking has been observed for the boiler steels used in
present investigation. Wang (1988) has also observed severe scaling and spalling for
2.25Cr-1Mo steel during 1000 hours cyclic study at 740°C in medium-BTU coal fired
boiler. Iron, silicon and aluminium in substantial amount along with oxygen were the
detected elements in the surface laver suggesting interaction of ash with oxide layer.
Similar observations have been reported by Harb et al. (1990), Sidhu (2003), Sidhu
(2006) and Ramesh (2008). The fly ash particles embedded in the outer layer contained
silicon, aluminum, oxygen and in some particles there were also small amounts of
potassium, magnesium, calcium and manganese. In the study reported by Pan and Riley
(2003), it was disclosed that the SA-210 (A36) steel tested at the windows on the second
floor of the boiler suffered a high corrosion rate. Further during this study, use of a higher
chlorine containing coal resulted in higher SA-213T-22 corrosion in the superheater area,

In boiler conditions an oxide layer of Fe;O; and or FeyOs3 is formed on the

surface as shown in Fig. 7.43. This hard oxide layer protects the tube from metal
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wastage. However inefficient combustion at times creates localised reducing conditions
or allows direct contact of chlorine and carbon with the oxide layer. At high
temperature and high heat flux, complex chemical reactions takes place, leading to the
formation of iron sulphide (FeS), which owing to its higher molar volume may crack the
protective layer. Also low melting compounds may be formed, wasting the metal. If
chlorine is present in the flue gas, it diffuses through the oxide layer, making the
protective layer porous and therefore less protective (Basu et al, 2000). Also with the
deposition of ash, volatile alkali sulphates (Na;SO4) and sulphur trioxide (SO3)
produced during combustion diffuse through the ash to initiate corrosion. These
compounds and the iron oxide from the oxide scale from the tube wall or from ash
deposit itself react to form complex atkali metal trisulphates.

The scale formed on the steel mainly consisted of Fe;O; and Fe;O4 as is
indicated in XRD graphs. Oxide scale formed in these steels is continuously eaten away
by fluxing and particle impact. The oxide scale formed was porous and less adherent.
There was indication of massive scale along with presence of embedded ash at some
points. There is a presence of pits and hills in scale clearly indicating the combined
effect of erosion and corrosion caused by combined action of flue gases along with
impact of fly ash. When erodent impact an oxide-covered surface, any damage 1o the
oxide scale will result in an increase in the oxidation rate in the damaged region, and
the extent of the increase will depend on whether oxide is cracked, chipped, or
physically removed. As in present investigation, Alloys experience accelerated
degradation when their surfaces are coated by a thin film of fused salt in an oxidizing
environment and are continuously exposed impact of ash particles. The hot corrosion is
commonly accompanied by the formation of a porous and non-protective oxide scale,
which has been mostly attributed to the condensation of salts that attacks the protective

oxide scale (Elliott et al, 1988 and Lai et al, 1983).

351



Intergranular
attack Fe304/Fe204

FeS

Flue gas stream

Ash particlés

® in flue gas
P / stream
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The oxide scale growth occurs by diffusion of iron from the steel to the surface
of the scale to react with oxygen and oxygen diffusion through the oxide scale to the
metal scale interface to react with iron (French, 1983). The greater volume of iron
oxide scale in case of boiler steels has also been reported by Prakash et al. (2001) and
Srikanth et al (2003) in their study on failure analysis of superheater tubes of coal
fired boilers.

The growth of oxide scale occurs by the diffusion of iron from steel to the surface of scale
to' react with oxygen and oxygen diffusion through the oxide scale to the metal scale
interface to react with iron (French 1983). Sidhu et al 2001 also reported the greater
volume of iton oxide layer formation on boiler steels. Boiler steels indicated weight loss
instead of weight gain due to spalling. Identical results have also been reported by Wang
(1988). Compositional analysis of the boiler steels shown by SEM/EDS studies showed
the major elements were iron, silicon and aluminum, with small amounts of calcium,
potassium, magnesium, zinc and sodium.
EDX analysis depicted the build up of ash deposits on the surface of scale which is
unfavorable and thus leads to severe corrosion attack. Interaction of ash with the scale is
c¢vident from the presence of Si, Ca, Mn, P, S, Al and Fe along with oxygen. Iron oxide
phase was more loosely distributed in the scale. In the middle part of the slag piece fly
ash particles were observed. A gray phase containing a significant amount of calcium was
found at the outer part of ash deposit. As ash deposits build up, volatile alkali sulphates
like Na;SO4 and SO; (sulphur trioxide) produced during combustion starts diffusing
through the ash and starts corrosion reactions. These alkali sulphates, sulphur trioxide
along with iron oxide present in the oxide scale then further reacts to form complex alkali
metal trisulphates having low melting point are in the molten state at the operating
temperature of the boiler. These molten compounds react with the scale which leads to
corrosion. The appearance of scale formed on the steels is very porous and fragile. There
1s also a formation of chromium oxide. Similar observations were reported by Pan and
Riley (2003), it has been reported that corrosion scales on the T22 samples generally
consisted of two distinct layers: the inner layer of Fe (Cr) oxide, and the outer layer made
up of iron oxide and fly ash particles.

For the present investigation, superalloys under study have not shown any detectable
change on visual observation. These have shown small weight gain as compared to weight

gain by boiler steels as shown in Fig. 7.2. This small weight gain may be due to the oxid ation
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and deposition of ash particles on exposed surface surfaces during the 1500 hours testing.
This has been reported by Levy (1995) that surfaces of the specimen can add or subtract
weight from chemical reactions such as oxidation. In all the superalloys, thin oxidized layer
has been observed. Minor cracks on the surface scale have also been observed in some
cases. The thickness loss in case of superalloys is very small as compared to thickness loss in
case of boiler steels. -

In XRD analysis, mainly the peaks of Ni, Ni Fe and indicate presence of some oxides
like SiO», Fe;03 and Al,O3. Presence of oxides has been confirmed by EDX analysis of the
surface (Figs. 7.9 to 7.11). The main constituents on the exposed surface of superalloys
consists of S1,Al, Cr, Ni and Fe along with O and minor constituents like Ca, Zn, Ti, Mo etc.
From this it can be inferred that superalloys have been oxidized accompanied with erosion by
fly ash impact. Fly ash particles embedded on the surface can also be seen in X-ray mapping
of the cross section of the superalloys. In his study Sidhu (2006), also observed ash particle
embedment on Ni base superalloy when exposed to actual industrial environment of a
coal fired boiler. The presence of mixture of bed material constituents in the outer scale
deposits during erosion corrosion of tubing superalloys in combustion boiler environment has
also been observed by Levy (1993). Formation of hills and craters on the exposed surface
has been observed indicating erosion effect of fly ash particles. Similar results were
observed by Mishra 2006.

In cross sectional analysis, in case of Superni 600, there is thin Ni rich band in the
substrate from which Cr has depleted as shown in Fig. 7.19. Also there is presence of
embedded silica particle. While in case of Superni 718, (Fig. 7.20) a thin scale was
observed on the surface. From X-ray mapping, Fe, Ni and Cr are coexisting with oxygen
as very thin layers at the top most scale. Fig 7.44 shows the schematic diagram showing
probable erosion corrosion mechanism for the uncoated superalloy Superni 600 exposed
to actual boiler environment at 700°C for 1500 hours. As compared to other superalloys,
Superfer 800 has shown thick scale (Fig. 7.21) in which Si, Mg and Al particles can be
seen coexisting with oxygen in the elemental maps. Ni rich layer is present in the
substrate at the interface. Also Ni and Cr are coexisting with oxygen at the top of the
scale. The scale by itself mainly consists of iron along with oxygen which indicates the
formation of Fe,Os. Probable erosion corrosion mechanism for the uncoated superalloy
Superfer 800 exposed to actual boiler environment at 700°C for 1500 hour is shown in
Fig. 7.45. In his study Mishra 2006 has also reported the embedment of fly ash particles

on the top layer of the exposed surface.
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7.3.2 Coated alloys

The Al;0;-3 wt %TiO; coatings deposited on boiler steels and Ni-and Fe-based
superalloys behaved very well in the boiler environment at 700°C. Due to the very low
porosity of the developed coating, there was hardly any penetration of the corrosive
species into the coating. Coating was unaffected by any attack. The attack was limited to
edges only otherwise coating acted as a shicld between the corrosive environment and the
metallic substrate and effectively hindered the corrosive species from migrating into
substrate. The coating surface contained almost solely alumina with few streaks of
Titania. Alumina titania coated alloys have shown better spallation resistance. Coating
remained essentially adherent to the substrate. Continuous impact of fly ash and other
particles entrapped in the air blast resulted in thickness loss of the coatings. The thickness
lost of the coating was 0.1548, 0.1279, 0.1319, 0.1361, 0.1981 mm in T11, T22, Superni
600, superni 718 and superfer 800 respectively as indicated in Fig.7.24. The X-ray
diffraction analysis indicated main constituent of the coated samples as Al;0;, Al;TiOs,
TiQ,, Si03, CaO and small fraction of Fe;05 in few samples. Presence of SiO; and Ca0Q,
is an indicative of fly ash on the surface of exposed samples which was further verified by
EDX analysis. The detection of Si, Ca, Na, Mo, Fe along with O is an indication of
embedded ash. There is a presence hills and craters on the surface along with pits and
cracks which is a clear indication of combined effect of erosion and corrosion caused by
combined action of flue gases and fly ash. Minor micro cracks on the surface were
(-1f:tected but there was no evidence of formation of oxides from the substrate alloys. Hills
and craters were formed on the surface indicating effect of erosion which was limited to
the surface only. The coating has protected the surface very well by covering the surface
of the substrate alloys. This may be due to the fact that Al;O; probably hinders the grain
boundary diffusion of the elements. As a consequence, there 1 no oxide scale growth.
The compact and protective AlyO; layer separated the metal substrate from the boiler
environment. As a result, the coating improved the resistance. From weight gain and
thickness loss data it can be inferred that the protection to the base metals has been
provided by the coating. The minimum erosion corrosion loss in case of Al,03-3 wt %

TiO, coatings might be attributed to the compact and less porous structure. The more
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compact and less porous the coating, the higher is its erosion-corrosion resistance (Wang
et al, 1992). Main phases identified in all the coated specimens are Al,O3 Al;TiOs, TiQ,,
S$10,, CaO and Fe,Oj after 1500 hours exposure to the coal fired boiler environment. The
formation of iron oxide in the top scale of few coated alloys after exposure to boiler
environment might be due to ash deposition. The Al;03-3 wt%TiO; composite coating
was no longer oxidized and acted as an effective inert barrier to improve the isothermal
and cyclic oxidation resistance of alloys exposed to boiler environment for 1500 hours.
The composite coating possessed very dense structure, high thermal stability and

excellent cracking/spallation resistance.
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Chapter 8
COMPREHENSIVE DISCUSSION

—

The important results of the present investigations are discussed in this chapter. This
chapter describes the current investigation giving comparative performance of the uncoated
and D-gun coated alloys. The performance of these uncoated and coated alloys for ambient
and elevated temperature erosion, oxidation, molten salt corrosion in aggressive environment
of Na,S04-60%V,05 under cyclic conditions at an elevated temperature of 900°C and actual

working environment of the coal fired boiler has been discussed.

8.1 EROSION STUDIES

The room temperature as well as elevated temperature volumetric erosion rate at
30° and 90° impact angles for uncoated and coated alloys is shown in Fig. 8.1. The boiler
steels have shown very poor erosion resistance when compared with superalloys. While
among the superalloys, the Ni based superalloys have shown better erosion resistance
than iron based superalloy.

At room temperature testing, the boiier steels under study have shown higher
erosion rate while superalloys have shown low volume erosion rate. The erosion rates at
30° impact angle at room temperature can be arranged in following order:

T11>T22>Superfer 800 > Superni 718 > Superni 600
In boiler steels, the poor erosion resistance may be attributed to the small amount of alloying
elements in these steels while in case of superalloys, Superfer 800 has shown marginally
more volume erosion loss as compared to volume erosion loss in other superalloys. Mishra
(2006) also observed the similar trend in his study on superalloys. The difference in erosion
rate is marginal in case of superalloys and may be dependent on the grain size, thermo
mechanical factors, types of micro constituents of particular superalloy and their distribution,
presence of impurities etc. While at normal impact, the erosion volume loss is less as
compared to the erosion rate at 30° impact and the sequence of erosion rate of alloys based on
the data at normal impact angle is:

T22 > T11 > Superfer 800 > Superni 630 > Superni 718

The erosion rate has shown an increase when testing temperature was raised to

condition 2 i.e. substrate temperature 400°C and surrounding atmosphere to 900°C. Based
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on the present data the erosion rates in terms of volume loss per unit of erodent for the
substrate for 30° impact angle can be arranged in following order:

T11>T22>Superfer 800 > Superni 718 > Superni 600

At this temperature, the relative erosion resistance of Superfer 800 at 30° impact angle
is least among the superailoys under study, while Superni 600 has shown maximum erosion
resistance. Here at this temperature, erosion rate of all the alloys have increased substantially
except that of Superfer 800 superalloy where there is only marginal increase in erosion rate.
While at normal impact, the erosion rate is less as compared to the erosion rate at 30° impact
and the sequence of erosion rate is;

T22 > T11> Superter 800 > Superni 600 > Superni 718

At condition 2 also, the erosion rates of alloys were greatest at 30° impact angle, which
is the characteristic erosion behaviour of ductile material and erosion behavior is almost
similar to metallic erosion at room temperature. Superfer 800 has shown maximum erosion
loss among the superalloys, while Superni 718 has shown minimum erosion loss at normal
impact angle. At this temperature, there is no oxide scale formation and even if there is any
oxide scale, it will be very thin and thus will behave like metal and erosion will follow
metallic erosion mechanism.

On further increasing the testing temperature to 600°C of substrate and to 500°C
for surrounding atmosphere i.e. at condition 3, the erosion rate has shown further
increase. The volume erosion loss has increased almost double as that at room temperature.
The erosion rates for 30° impact angle at condition 3 can be arranged in following order:

T11>T22>Superfer 800 > Superni 718 > Superni 600

At oblique impact angle, here also Superfer 800 has followed the same trend as that at
condition 1 and condition 2 i.e. it has shown the maximum erosion loss among the superalloys
while Superni 600 has shown maximum erosion resistance. While at 90° impact, the erosion
rate is less as compared to the erosion rate at 30° impact and the sequence of erosion rate of
alloys based on the data at normal impact angle is:

T11>T22 >Superfer 800 > Superni 718 > Supernt 600

At this temperature erosion 1s affected by oxidation. The impact induces stresses in the
developed scale layer, reducing the critical thickness for spallation and thereby accelerating the
oxidative attack. At this temperature, erosion takes place from the thick oxide scale.

In case of AlbO3-3 wt% TiO, coated alloys, when erosion testing was performed at room
temperature i.e. at condition 1; the erosion rate of all the coated alloys is almost same with small

deviations. With increase in temperature, i.e. when the temperature of coated substrate was raised
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to 400°C and surrounding atmosphere to 900°C, there is substantial increase in volume erosion
rate of all the coated alloys under study at 90° impact. At oblique angle i.e. at 30°, the volume
erosion rate is less as compared to at 90°. On further increasing the substrate temperature to
600°C, volume erosion rate is also increased substantially The erosion rate is less at 30° impact
angle as compared to one at 90° impact angle. It has been observed that erosion rates of coated
alloys impacted at low angles do not increases rapidly as the temperature increases, suggesting
that alloys tends to show typically brittle behaviour at elevated temperatues. A tendency for
erosion rate to increase with temperature has been observed in coated alloys. At normal impact,
the rise in erosion rate is much higher for given increase in temperature. The effect of temperature
on the erosion rate has been studied by Zhou and Bahadur (1995} and they have reported that the
effect of temperature on erosion is significant above400°C and the rate of increase in erosion rate

is greater at higher temperatures.

8.2 OXIDATION ENVIRONMENT AND MOLTEN SALT ENVIRONMENT

The coatings have behaved well and provided the necessary protection to the base
metal during testing in air and molten salt environment, The weight change (mg/cm®) for
uncoated and detonation gun coated alloys subjected to cyclic oxidation for 50 cycles at
900°C indicated that weight gains for all the coated alloys are considerably lower than that of
uncoated alloys. Bulky and porous scale with continuous network of cracks was observed on
the uncoated boiler steels. The uncoated boiler steels suffered intense spalling of the scale.
The scale formed on the steel consisted of iron oxide mainly.

Among the boiler steels, T22 steel has shown poor oxidation as well as molten salt
resistance than T11 steel at 900°C during cyclic testing. Though T22 steel contained higher
amount of chromium (2.5%) relative to T11 steel having only 0.9 8% chromium. The reason
may be due to the presence of higher amount of Mo (1.08%). Further T11 steel showed
inferior resistance to Na S504-60%V;0s environment which may be attributed to rea ction of
molten salt with MoQ ; to form lower melting point phase like Na ;Mo004 which could have
led to acidic fluxing of the protective oxide scale as suggested by Fryburg et al (1984) and
Pettit and Meier (1984). In superalloys Superni 600 and Superni 718, rapid oxidation rate
has not been observed and very small weight gains have been observed and steady state
with the progress of exposure time, in spite of the fact that some minor deviations are
observed. The bar charts showing the overall weight gains in air and molten salt
environments after 50 cycles for the coated and uncoated alloys are presented in Figs. 8.2

and 8.3 respectively, From the bar charts, it can be inferred that among the alloys under
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study, boiler steels have shown poor resistance against the oxidation as well as molten salt
environment. In superalloys, Superfer 800 has indicated a minimum resistance to air
oxidation amongst the sup eralloys under study. Superni 600 has been found to be most
resistant to the air oxidation as well as molten salt corrosion among all the superalloys.
Superfer 800 suffered accelerated hot corrosion in the form of intense spalling and
sputtering of its scale. On the bare alloys, especially in boiler steels, the oxide scale formed
is fragile and irregular, and penetrates deeply into the substrates, thereby reducing the
thickness of sound metal. In molten salt environment, the scale formed on the bare
superalloys is fragile and irregular. The fluxing action of the molten salt on the surface of
the bare alloys is also clearly evident (Figs. 6.49 and 6.50). The EDX analysis and
elemental maps obtained after total 50 cycles of exposure to the molten salt environment
indicate that all the coatings have protected the base alloys against the penetration of

oxygen and other corrosive species, coatings are in good contact with the substrate .

8.4 INDUSTRIAL ENVIRONMENT

In actual industrial environment, when uncoated alloys as well as coated alloys were
exposed to supetrheater zone of coal fired boiler at 700°C for 1500 hors, these encountered
both erosion as well as corrosion phenomenon.The temperature in this zone was 700+ 10°C
and high velocity stream in this zone carried many undesirable elements. In uncoated
specimens, fouling was observed from the scanning electron micrographs due to condensed
phases of the ash. Coal ash carried by the flue gas in the form d small particles form sintered
and fused deposits on the superheater and reheater surfacesthereby providing the environment
in which complex sulphates are forned causing metal degradation. From EDX analysis, it has
been revealed that, higher amount ofSi, Al and Fe along with O was present on the surfaces in

the form of condensed ashwhich initiates the corrosion mechanism on the surfaces.

Al;03-3 wt% TiO; coatings, in general, have shown good resistance to the
industrial environment consisting of actual working condition of the coal fired boiler and
all the coated alloys performed better than the uncoated alloys. The bar chart indicating
the total extent of material thickness lost of uncoated and Al,O3-3wt%TiO; coated alloys
after 1500 hours exposure to superheater zone of coal fired boiler at around 700°C is
shown in Fig.8.4. From the bar chart it is clear that minimum thickness loss is shown by
Superni 600 superalloy among all the uncoated alloys tested while uncoated boiler

steels have shown massive thickness loss.
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Comparing the erosion corrosion loss of Al,03-3 wt% TiO; coating on different
substrate alloys, it can be inferred that the difference in thickness loss with respect to substrate
1s not much i.e. it is almost same in all the coated alloys irrespective of the substrate alloy.
When compared to uncoated alloys thickness loss is very less. There is no evidence of
formation of oxides from the substrate alloys though there is a presence of minor cracks
on the surface in few cases and also there is an indication of erosion with the formation of
hills and craters on the surface but these could not expose the surface of the substrate
alloys and coating has protected the surface very well. This may be due to the fact that
Al;Os3 probably hinders the grain boundary diffusion of the elements. As a consequence,
there is no oxide scale growth. The compact and protective Al,O3 layer separated the
metal substrate ffom the boiler environment. As a result, the coating improved the hot
corrosion resistance. X-ray mapping after 1500 hours exposure to boiler environment is
shown in Fig.7.38 to 7.42 respectively. The elemental maps of the coated alloys indicated
that the substrate alloys are safe from the oxygen and other corrosive species attack. Alumina-
titania coating is intact with all substrate alloys. Thus in boiler environment coating has
acted as barrier against erosion and corrosion of all the alloys under testing. Also the coating
remained intact even after 1500 hours of cyclic study so it can be concluded that the coating
will enhance the life of the components in the evaluated environment.

The relatively better resistance shown by the D-gun sprayed Al O3-3wt%TiO;
coatings may be attributed to formation of more compact and denser coating which might be
responsible for maximum erosion and corrosion resistance. Wang et al (1992) have also
suggested correlation between the erosion-corrosion resistance to compactness and the
density. More the compactness and lesser the porosity higher is the erosion-corrosion
resistance. Even after 1500 hours exposure in the actual boiler environment , there is very
little degradation shown by the coatings. AloO3-3wt%TiQ, coating remained integral with
respective substrates alloys throughout the exposure time in air, molten salt and actual
industrial environment. 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, inter diffusion, the effect of thermal cycling, resistance to

wear and cost should also be considered (Sidky and Hocking, 1999).
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Chapter 9
CONCLUSIONS

The conclusions from the present investigation on Al;O3-3 wi% TiO» coatings

obtained by Detonation Gun spray process on two types of boiler steels namely SA213-T11
(T11) and SA213-T22 (T22) and three type of superalloys namely Superni 600, Superni 718,

Superfer 800 The coated and uncoated alloys were subjected to oxidation in air, molten salt

(NaxS04-60%V205) and actual coal fired boiler environments. The salient conclusions

resulting from the present investigation can be summarised as follows:

1.

Alumina-titania coatings could be successfully obtained by detonation gun spray process.
All these coatings showed very less porosity (<1%). Dense coatings with the thickness in
the range of 200-250um were successfully obtained. Coating possessed distinct layered
structure, i.e, aluminum-rich regions separated from titanium rich regions,

As sprayed coatings revealed the presence of both original o Al,O5 phase and some v -
Al;O; phase. Some of a AlLO; got transferred to y -Al;O; phase during coating
formation.

The microhardness along the cross section of the coatings is found to vary with the
distance from the coating substrate interface. The coating has shown very high value

of hardness in the range of 862 to 1056 Hv.

EROSION STUDIES:

Substrate alloys

4.

At room temperature i.e. Condition 1, in all the uncoated alloys, boiler steels have
shown the inferior erosion resistance while among the superalloys, Fe- based
superalloy exhibited marginally higher erosion rate at both the impact angles.

At 30° impact, among the uncoated alloys boiler steels have shown the maximum
erosion volume loss while superalloys have given very low erosion rates. Erosion
rates can be arranged in following order:

T11>T22>Superfer 800 > Superni 718 > Superni 600

368



10.

In case of normal impact, the erosion rate is less as compared to the erosion rate at 30°
impact and the sequence of erosion rate of alloys can be arranged as :
T22>T11>Superfer 800 > Superni 600 > Superni 718

When erosion testing temperature was raised to 400°C and surrounding atmosphere to
900°C i.e. to condition 2, the erosion rate has shown an increase. The eroston rates for
30° impact angle can be arranged in foliowing order:

T11>T22>Superfer 800 > Superni 718 > Superni 600

In case of normal impact at condition 2, the erosion rate is less as compared to the
erosion rate at 30° impact and the sequence of erosion rate of alloys based on the data
at normal impact angle is:

T22>T11>Superfer 800 > Superni 600 > Superni 718

When erosion testing temperature was raised to 600°C and surrounding atmosphere to
900°C (condition 3), the erosion rate has shown further increase. The erosion rates for
30° impact angle at condition 3 can be arranged in following order:
T11>T22>Superfer 800 > Superni 718 > Superni 600

In case of normal impact at condition 3 , the erosion rate is less as compared to the
erosion rate at 30° impact and the sequence of erosion rate of alloys at normal impact
angle 1s:

T11>T22 >Superfer 800 > Supernt 718 > Superni 600

Coated alloys

11.

12,

For coated alloys, at room temperature testing, the erosion rate in terms of volume
ioss for the Al;03-3wi%TiQ, coated substrate alloys is between 0.883 to 1.041 X 107
mm’/ gm at 30° impact. While in case of normal impact, it lies between 1.447 to
1.550 X 10 mm®/ gm. The generalized behaviour of the all the coated alloys was
brittle in nature.

As the temperature of testing increased to 400°C of coated substrate and 900°C of
surrounding atmosphere, there is substantial increase in volume erosion rate of all the
coated alloys under testing at 90° impact while there is small increment in volume
erosion rate at 30° impact. It has been observed that erosion rates of coated alloys

impacted at low angles do not increases as rapidly as the temperature increases.
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13.

14.

At G0° impact, the rise in erosion rate is much higher for given increase in
temperature. At room temperature eroston rate lies between 1.447-1.35 X107 mm*/gm
and at condition 2, erosion rate lies between 1.653-1.858 X 10 mm’/gm and on further
increase in temperature i.e. at condition 3, erosion rate increases in the range of 2.108-
2.486 X10”°mm’/gm.

It has been observed that all the coatings have maintained adherence with the
substrates alloys under study during the erosion testing at all the temperatures.
Lower erosion losses observed for coatings might be attributed to relatively low

porosity and compact and dense microstructure of the coatings.

OXIDATION STUDIES IN AIR AND HOT CORROSION STUDIES IN Na;SO;-
60%V,0; MOLTEN SALT MIXTURE:

Substrate alloys

15.

16.

17,

The uncoated alloys subjected to cyclic oxidation in air and hot corrosion in Na;SQy-
60%V,0s molten salt, showed higher weight gains than that of coated alloys.
Especially in case of boiler steels there was formation of thick scale with multilayered
cracking.

The boiler steels suffered intense spalling of oxide scale in both the environments. In
case of superalloys, there was no spalling in oxidation testing but some internal
localized cracks were observed.

In hot corrosion testing, boiler steels suffered intensive spalling and cracking and also

in all the superalloys under .testing, there was formation of thin and fragile scale and

also spallation was observed.

Coated alloys

18.

Coated alloys subjected to cyclic oxidation in air, hot corrosion in NaxS804-60%V ;05
molten salt, showed lower weight gains than that of uncoated alloys. The coating
remained intact and there was no spalling or sputtering of the coating. The superior
performance of coating can be attributed to continuous and protective nature of the D-

gun sprayed coatings.
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EROSION CORROSION STUDIES IN SUPERHEATER OF COAL FIRED BOILER:

Substrate alloys

19.

20.

21.

22.

In Boiler steels T11 and T22, the scale was fragile and showed severe spalling
during the exposure in the superheater zone for 1500 hours in cycles of 100 hrs
each. Frequent spalling was due to the fact that the scales consisted of muiti-layered
structure of iron oxides. The enhanced corrosion was mainly induced by the presence
of corrosion species in the combustion products. In superalloys, the scale formed
was thin and there was negligible spalling of the scale and it remained intact
throughout the study. Superalloys exposed to boiler conditions have shown a fine
surface scale mainly consisting of Al;03, SiO3, NiO, Fe;O3 and Cr;03. The scale
was significantly flatter and no spallation of the scale has been seen. At 700°C, a
well adherent corrosion scale was formed which mainly consisted of NiO. There is
presence of minor cracks on the surface scale and also there was an indication of
erosion with the formation of hills and craters on the surface.

After testing in the boiler environment, ash deposits embedded on the surfaces of the
exposed samples were observed. T11 and T22 steels have indicated FezQO3 as the main
constituent of scale with minor peaks of AlLOs;, Si0Q;, ZnO and MnO which is
indicative of deposition of fly ash on the surface of exposed steel. In case of
superalloys Ni is main constituent in the scale with peaks of Fe;O3, NiO, Al2O3, 510,
and NiFe.

The thickness of metal lost is 2.0782 mm and 1.7117 mm in T11 and T22 steels
respectively while in case of superalloys, thickness loss is 0.2178, 0.2301 and
0.2588 mm for Superni 600, Superni 718 and Superfer 800 respectively.

Presence of erosion characteristics like hills and craters on the scale along with pits
and cracks has been observed which a clear indication of combined effect of erosion

and corrosion caused by combined action of flue gases along with impact of fly ash.

Coated alloys

23.

Al,O; - 3 wt% TiO32 coated T11, T22, Superni 600, Superni 718 and Superfer 800
substrate alloys showed better resistance to corrosion and erosion. Coating

remained intact throughout the study.
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24,

25.

26.

27.

There is no evidence of formation of oxides from the substrate alloys though there is
a presence of minor cracks on the surface and also there is an indication of erosion
with the formation of hills and craters on the surface but these could not expose the
surface of the substrate alloys and coating has protected the surface very well. This
may be due to the fact that Al O3 probably hinders the grain boundary diffusion of the
elements. As a consequence, there 1s no oxide scale growth.

The coatings were found beneficial in increasing the resistance to oxidation and hot
corrosion in air, molten salt and coal fired boiler environment for all the alloys under
study. The coatings have been very effective in improving the erosion and corrosion
resistance of the substrate alloys under study and will be very beneficial in this type of
environment. The compact and protective Al;O; coating has separated the metal
substrate from the environment. As a result, the coating has protected the alloys.

The temperature, at which the coatings have been found useful for the given sqlpétrate
alloys in reducing the corrosion, can enhance the productivity by a significant ffaction
particularly in case of boilers. '

Based on the findings of the present study, Al2Os - 3 wt% TiO; coating showed
superior performance in cyclic condition in laboratory as well as in real coal fired
boiler environment. Also this coating has been found to be successful in rnain*t‘aining
its integrity with its respective substrates throughout the exposure to both the erosion
and corrosion environments of the study, without any significant spalli.ng of its oxide
scales. This coating may prove suitable for boilers and other similar high temperature

applications for erosion and corrosion prevention.
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SUGGESTIONS FOR FUTURE WORK

In light of the significant results observed in the present study, some of the

recommendations for future work are as follows:

Splat-substrate interactions may be studied to see how the particle is altered during
the spray coating process, how they bond to the substrate. Detailed study of the
influence of process variables on the quality of detonation gun sprayed coatings can
be carried out.

The coating potential of Alumina-titania for other applications on metal substrates by
detonation gun spraying can be explored.

Mechanical characterization to evaluate the interface bond strength of the coatings.
Attempts can be made to estimate the useful life of the detonation gun sprayed Al,O;3-
3 wt % TiO; coatings by mathematical modeling.

Severe erosion condition testing can be explored by taking the erosion parameters viz.
particle velocity, exposure temperature to still higher values.

Erosion testing can be made at other angles so that if any difference in erosion rate
may be studied in more detail.

Studies may be conducted to investigate the erosion corrosion behavior of the thermal
sprayed coatings obtained by other processeé such as Cold spraying, Kinetic spraying
etc.

Nano powders along with conventional powders can be tried and investigated for

- better properties.

10.

Artificial neural network analysis for predicting the results can be explored. An
analytical modeling can be carried out for predicting erosion behavior of detonation

gun sprayed coatings,

The coatings behaviour can be studied in the actual running boiler for longer duration

may be for few years by providing these coatings on the actual boiler tubes.
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study, boiler steels have shown poor resistance against the oxidation as well as molten salt
environment. In superalloys, Superfer 800 has indicated 2 minimum resistance to air
oxidation amongst the sup eralloys under study. Superni 600 has been found to be most
resistant to the air oxidation as well as molten salt corrosien among all the superalloys.
Superfer 800 suffered accelerated hot corrosion in the form of intense spalling and
sputtering of its scale. On the bare alloys, especially in boiler steels, the oxide scale formed
is fragile and irregular, and penetrates deeply into the substrates, thereby reducing the
thickness of sound metal. In molten salt environment, the scale formed on the bare
superalloys is fragile and irregular. The fluxing action of the molten salt on the surface of
the bare alloys is also clearly evident (Figs. 6.49 and 6.50). The EDX analysis and
elemental maps obtained after total 50 cycles of exposure to the molien salt environment
indicate that all the coatings have protected the base alloys against the penetration of

oxygen and other corrosive species, coatings are in good contact with the substrate .

8.4 INDUSTRIAL ENVIRONMENT

In actual industrial environment, when uncoated alloys as well as coated alloys were
exposed to superheater zone of coal fired boiler at 700°C for 1500 hors, these encountered
both erosion as well as corrosion phenomenon.The temperature in this zone was 700+ 10°C
and high velocity stream in this zone carricd many undesirable elements. In uncoated
specimens, fouling was observed from the scanning electron micrographs due to condensed
phases of the ash. Coal ash carried by the flue gas in the form  small particles form sintered
and fused deposits on the superheater and reheater surfacesthereby providing the environment
in which complex sulphates are forned causing metal degradation. From EDX analysis, it has
been revealed that, higher amount ofSi, Al and Fe along with O was present on the surfaces in

the form of condensed ashwhich initiates the corrosion mechanism on the surfaces.

AlbOz-3 wt% TiO; coatings, in general, have shown good resistance to the
industrial environment consisting of actual working condition of the coal fired boiler and
all the coated alloys performed better than the uncoated alloys. The bar chart indicating
the total extent of material thickness lost of uncoated and Al,O5-3wt%Ti0, coated alloys
after 1500 hours exposure to superheater zone of coal fired boiler at around 700°C is
shown in Fig.8.4. From the bar chart it is clear that minimum thickness loss is shown by
Superni 600 superalloy among all the uncoated alloys tested while uncoated boiler

steecls have shown massive thickness loss.
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