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Abstract Thermal spray techniques have been extensively
used to deposit coatings of varying compositions on a
variety of industrial components for life enhancement
under wear and corrosion prone environments at ambient
and high temperatures. A number of components used in
power generation systems most commonly encounter high-
temperature erosion—corrosion. This review article briefly
summarizes various thermal spray techniques and coating
characteristics that are relevant to erosion—corrosion
applications followed by detailed discussion on the ero-
sion—corrosion fundamentals and testing methods. Further,
ambient and high-temperature erosion—corrosion behavior
of WC- and CrC-based cermet coatings and oxide coatings
have been investigated, compared, analyzed and presented.
Based on the analysis of results reported so far, the
methodologies to enhance the erosion—corrosion resistance
of coatings have been proposed both for ambient and high
temperature applications. The future scope of work that
needs to be explored to contribute further developments
has also been identified and presented.
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1 Introduction

The industrial components such as pipes used for trans-
porting the petrochemical products, superheater tubes and
re-heater tubes, heat exchangers, propellers, impellers,
orifices and turbine blades in power generation are sus-
ceptible to erosion—corrosion damage, especially because
they encounter suspended particles in the corrosive gaseous
or liquid medium [1-3]. In erosion, the material loss is
purely by mechanical action generated by the suspended
particles impacting the surface of a component. For
instance, the material removal mechanism associated with
sand or grit blasting is the simplistic example to understand
the erosion process [4, 5], whereas in the erosion—corrosion
process, the surface undergoes a chemical change due to
interaction with the corrosive environment and the corro-
sion product may eventually get detached from its location
due to mechanical action of impinged particles [6-8].
Therefore, in the presence of corrosion medium, the overall
material loss due to combined erosion and corrosion will be
higher than the material loss due to erosion alone.

Nevertheless, the total wear loss of material depends on
the environmental conditions, where the oxide layer
formed on the material surface acts as a protective layer
and may sometimes reduce the overall loss [9, 10]. How-
ever, the erosion—corrosion mechanisms are not completely
understood due to complexity involved in material loss due
to synergetic action of corrosion on erosion and vice versa.
At the same time, it is also interesting to note that the metal
ions that are formed due to corrosion are swept away by the
surrounding fluid flow before a well-defined corrosion
product is formed, thus contributing to the additional
complications in understanding the mechanistic aspects of
surface damage.
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It is to be noted that the critical components that are
subjected to severe wear conditions demand their frequent
replacement affecting the operational continuity. There-
fore, the efficiency of protective coatings to extend the
service life of components in the power generation systems
has been explored worldwide [11]. The typical environ-
ment in power generation system that includes corrosive
chloride/sulfate gases assisted by the prevailed high tem-
perature drives the continuous degradation of critical
components. Further, the fly ash generated in the coal-fired
boilers resulting in an eventual component damage has
been a long-standing aspect that needs focused attention of
both design engineers and operational teams [12-15].
Similarly, efforts have been made in petrochemical
industries to enhance the service life of various compo-
nents subjected to erosion—corrosion by deploying the
coated components. In order to enhance the life of such
components, the chosen coating is expected to act as a
barrier between component surface and damage-prone
surrounding environment [16, 17].

Towards catering the solutions for such industrial
requirements, many coating materials as well as coating
technologies and their combinations have been attempted
extensively during the last two decades [10, 18]. Among
various coating deposition methods such as thermal spray,
electrodeposition, vapor deposition and laser deposition,
the thermal spray processes are widely accepted by aero-
space, power generation, textile, automotive, petrochemi-
cal and other industries. The technological advantages,
namely the high productivity (deposition rate), flexibility to
deposit a wide range of materials, availability of well-au-
tomated and portable spray systems together with the
ability to refurbish the damaged components through
localized repairs, make the thermal spray as a most pre-
ferred alternative than the other techniques [11]. In the
context that the deployment of thermally sprayed coatings
to combat erosion—corrosion and erosion—oxidation has
been constantly increasing, the present review article is
expected to provide a leap momentum to comprehensively
understand this interesting field and therefore drives the
focused industrial adaptability [10].

An analysis of the literature indicates the availability of
exhaustive reports detailing the influence of coating com-
position and the feedstock size (nanocrystalline) on the
individual corrosion and erosion behavior of a variety of
coatings [8, 19, 20]. In addition, although a few review
articles are also available on the erosion—corrosion per-
formance of thermally sprayed cermet coatings, the specific
erosion—corrosion response of ceramic, cermet and alloy
coatings on relativistic platform, erosion—corrosion per-
formance assessment techniques available and associated
damage mechanisms as a function of operating temperature
were not comprehended yet. Such a report, if made
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available, is expected to serve as a ready reckoner to the
researchers and practicing engineers engaged in handling
the erosion—corrosion phenomenon.

In the above backdrop, various thermal spray tech-
niques, associated process fundamentals and their capa-
bilities were briefly presented in this article. The erosion—
corrosion phenomenon and synergism to understand the
erosion—corrosion interaction at microscopic level have
been discussed in detail. Further, the simulation and
modeling approaches available to understand the erosion—
corrosion were crisply presented. The typical erosion—
corrosion testing apparatus developed by different research
groups and associated ASTM standards to measure the
erosion in the presence of corrosion, corrosion alone and
synergisms at ambient as well as high temperatures have
been relevantly summarized.

Various coatings, namely WC, CrzC,, NiCr, nanos-
tructured, stellite and oxide-based coatings deposited by
plasma, HVOF and DSC for erosion—corrosion/oxidation
resistance applications, have been comprehensively
reviewed; associated wear mechanisms and wear maps are
presented. As an outcome of analysis of the literature, the
available methodologies to enhance the overall erosion—
corrosion/oxidation resistance of coatings at a range of
temperatures through different post-coating treatments,
layered coatings and resultant optimization of environment
in the power generation boiler were also presented. Such an
understanding thereby generated was utilized to (a) sum-
marize the erosion—corrosion behavior as a function of
operational temperature, (b) identify relevant strategies for
functional performance enhancement and (c) portray the
future scope of R&D in this field.

2 Thermal Spray

In thermal spray process, the material to be coated (feed-
stock) in the form of wire, rod or powder is passed through
the high-temperature zone where the feedstock gets heated,
and then, the molten/semi-molten droplets formed are
propelled onto the target substrate with the help of high-
speed gas jet to form a coating [21-24]. Based on this
phenomenon, several thermal spray variants have been
evolved based on the source of feedstock heating and
particle acceleration levels as shown in Fig. 1. By and
large, the source of thermal energy can be the combustion
of air—fuel mixture or electrical discharge. The thermal
energy produced through combustion of fuels has become
the basis for development of flame spray, high velocity
oxy-fuel (HVOF), high velocity air fuel (HVAF) and det-
onation spray coating (DSC) techniques while the electrical
discharge results in evolving wire-arc spray (WAS),
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Fig. 1 Classification of thermal spray variants based on thermal energy source and corresponding kinetic energy levels

plasma transferred arc (PTA) and air plasma spray (APS)
techniques.

Kinetic spray (KS) or cold gas dynamic spray (CGDS)
or simply the cold spray (CS) is a recent spin-off thermal
spray variant wherein the process involves significantly
lower thermal energy (less than 500 °C) and higher kinetic
energy (up to 1200 m/s) of particles being sprayed [21-24].
In cold spray, the gas (air, argon, helium or nitrogen)
passes through a converging—diverging nozzle, resulting in
the generation of high velocity carrier gas. The particles
entrained in the gas are simultaneously accelerated by the
high velocity gas where they impact on the substrate and
eventually form adherent deposits. More details of cold
spray process can be found elsewhere [25, 26]. The process
fundamental of APS, HVOF and DSC, which are more
relevant in the present context, has been briefly discussed
in the following section along with its characteristic coat-
ing structure.

2.1 Atmospheric Plasma Spray (APS)

In plasma generated system, the argon gas is passed
through a water-cooled tungsten cathode and concentric
copper anode. The electrical discharge generated by pass-
ing the direct current (DC) drives the ionization of argon
gas, producing a plasma [21]. The resultant plasma acts as
a reservoir of thermal energy source for heating the powder
feedstock; heated particles are then directed onto the sub-
strate by purged inert carrier gas (N,, Ar). The typical
temperatures developed in the core of the plasma can be as
high as 10,000 °C. Depending upon the residence time of
the particle in the plasma plume, most particles will be in
molten state and can attain velocities up to 200-300 m/s.
This technique is predominantly used for depositing high
melting materials such as ceramics and non-reactive
materials. Several variants of plasma spray systems,
namely vacuum, low pressure and high pressure as shown
in Fig. 1, are commercially available. The selection of each
system depends upon the material to be coated and appli-
cation specific properties of the resultant coatings. In
addition, the solution precursor plasma spray (SPPS),
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suspension plasma spray (SPS) and axial plasma spray
(Axial PS) are the emerging techniques in the plasma spray
family [27-29].

2.2 High Velocity Oxy/Air-Fuel Spray (HVOF/
HVAF)

High velocity oxy-fuel spray technique has become most
popular in the last three decades to deposit a variety of
wear and corrosion-resistant coatings. In HVOF process,
the fuel reacts with oxygen in the hypersonic combustion
gun in which a high energy thermal flux is continuously
produced through high pressure combustion reaction; the
feedstock loaded in a pressurized powder feeder is then
traversed through the combustion chamber where the
powder particles are heated up and then accelerated by the
converging—diverging nozzle onto the substrate resulting in
the formation of a dense coating layer [21, 30]. Like in the
case of APS system, various types of HVOF spray systems
such as gaseous fuel based (HV-2000, JetKote and Dia-
mond Jet) and liquid fuel based (JP-5000, JP-8000,
WokalJet-410, WokaStar-610) are commercially available
in the market and more details are available elsewhere
[21, 31].

The particles typically attain a temperature up to
2000-2500 °C depending on the material composition and
can be accelerated up to 750 m/s. As particle attains higher
velocity and significantly lower temperature as compared
to the plasma spray technique, HVOF is widely used for
depositing cermet (WC and Cr;C,-based) coatings for
wear-resistant applications. It is also noteworthy to say that
the carbide phase retention (minimized decomposition) is
substantially better in HVOF than the plasma sprayed
equivalent coatings [32]. Along with the notable extent of
carbide phase, decomposition and porous microstructures
in plasma sprayed coatings are known to reduce the wear
resistance. Similar to HVOF, high velocity air fuel (HVAF)
system has recently gained attention and is used to deposit
cermet and alloy coatings with further reduced thermal
energy than the HVOF. Further, owing to the significantly
higher deposition rates and deposition efficiencies, the cost
of spraying is substantially reduced in HVAF over the
HVOF process that becomes an added advantage [33-35].

2.3 Detonation Spray (DSC)

In contrast to the other thermal spray variants, detonation
spray coating is a pulsed/cyclic process in which pre-
measured quantities of oxy-fuel gas mixture fill the com-
bustion chamber located near the closed end of a
1500-mm-long barrel. The oxy-fuel mixture in the com-
bustion chamber is ignited with a spark plug. The shock
waves generated will propagate through the barrel,
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eventually forming a detonation wave front that travels
typically at a velocity of around 1200 m/s with its tem-
perature around 3800 °C. The powder charged in the det-
onation wave gets accelerated toward the open end of
barrel and eventually impinges on the substrate to form a
coating [36]. Immediately, entire barrel is purged with the
nitrogen gas to drive away all the residual combustion
products in the barrel. Then, the system is ready for next
cycle to continue the coating deposition to form thicker
coatings.

Some of the advanced detonation spray coating system
can be operated up to 20 shots/s (Hz) through computer
control module while the conventional systems operate
typically at 3 Hz frequency. Due to its inherent higher
kinetic energy offered to the feedstock particles, dense
coatings with superior wear and corrosion properties can be
achieved using detonation spray system. The particle
velocity and temperature ranges attained in DSC are
identical to that of HVOF spray system, and therefore, both
DSC and HVOF are popularly used for depositing WC,
Cr3C, cermet coatings. In addition, the specific ability of
DSC process to accommodate oxidizing, reducing and
neutral environments by way of adjusting its oxy/fuel ratios
enables depositing alloy coatings, metallic coatings, many
ceramic oxides like Al,O3, Al,05-TiO,, Cr,03-Al,0s3,
Y,0;5 coatings as well [37-39].

2.4 Coating Characteristics

The typical thermal spray coating exhibits a lamellar
structure with one particle flattened over the other wherein
each flattened powder particle is usually referred to as
“Splat.” Accordingly, a typical thermal spray coating cross
section as shown in Fig. 2 consists of multiple stacked
molten splats with inter-splat boundaries. The microstruc-
ture of thermal spray coating is characterized by the
porosity at the splat boundaries, un-melted particles, oxides
formed during exposure to flame [23]. Therefore, the
properties of thermal spray coatings are certainly inferior
as compared to the corresponding bulk material of identical
composition. However, a dense coating with less porosity
and good inter-splat bonding significantly reduces the
extent of such a degradation [40].

In order to achieve such a dense coating, the process
parameters have to be optimized for each coating composition
to be deposited. Heat flux/oxy-fuel volume/ratio, standoff
distance (distance between component to be coated and gun
exit), powder feed rate are the major parameters to influence
the coating properties [41]. In addition, powder manufactur-
ing route and powder size range also influence the quality of
thermal spray coatings [42, 43]. Further, the properties such
as hardness, elastic modulus, coefficient of thermal expan-
sion, melting point of coating material in relation to the
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Fig. 2 Schematic of typical
cross section of thermal spray
coating with various
characteristic features

Oxide
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corresponding substrate material become an important con-
sideration. Therefore, proper optimization of process param-
eters to obtain dense coating is very essential for depositing
coatings by thermal spray techniques. Further, understanding
the coating microstructure is also crucial in adjudging its
properties and performance as suggested by Wright [9].
Despite having various characteristic inhomogeneous features
in a typical coating microstructure, deposition parameters
should be carefully chosen beforehand such that the proper-
ties and performance of thermal spray coatings become
properly correlated with their microstructure.

Since the interface bonding being provided by
mechanical interlocking, cleaning of the component sur-
face from oil, dirt and roughening of surface by grit
blasting before coating deposition is the key to produce
well-adherent coatings [44]. The grit type and blast pres-
sure will also influence the coating’s surface roughness and
the overall quality of interface bonding (coating/compo-
nent interface) [23]. An optimum grit blasting conditions
that result in 4-8 pum surface roughness (R,) is generally
regarded as an essential condition to achieve good interface
bonding in thermal spray coatings. Hence, a suitable com-
bination of material, process, and optimized spray condi-
tions and external parameters are essential to achieve high
performance coatings. Therefore, based on the above
results, it is understandable that the coatings with a
homogeneous microstructure exhibiting a better combina-
tion of hardness, toughness, reduced porosity and improved
inter-splat bonding tend to exhibit superior erosion
resistance.

With regard to the coating composition, improved cor-
rosion resistance can be tailored by the addition of selective
elements that drives the formation of a well-adherent,
protective surface layer. Therefore, an integrated approach
encompassing the aforementioned microstructural aspects
on the one hand and the compositional effects on the other
is a quite useful direction. Under the umbrella of such an

Un melted particle
Splat
Interface

Porosity
Substrate

integrated approach, judicial selection of deposition tech-
nique, processing parameters, feedstock powder and
therefore the coating composition along with the resulting
microstructure are the key variables to be explored for the
successful design and development of erosion—corrosion-
resistant surfaces [8, 19, 20, 45].

3 Erosion—Corrosion

Erosion—corrosion phenomenon has become an important
performance benchmark due to its severity in causing
damages to the typical high-temperature industrial com-
ponents such as turbine blades, coal-based fluidized bed
combustors, heat exchanger tubes, evaporator tubes, etc.
Under the corrosion environment alone, a material can
undergo either an active corrosion or exhibit passivity,
while under normal erosion conditions, the surface damage
is driven by the continuous impingement of solid erodent
particles. In contrast, some of the components suffer from
severe material loss due to simultaneous action of both
corrosion and erosion referred as “erosion—corrosion (E—
C).” The higher magnitude of E-C rate/loss as compared to
the sum of material loss due to erosion alone and corrosion
alone in many situations can be attributed to synergistic
effect of erosion on corrosion and vice versa [7, 8]. Such an
unusual behavior can be rationalized based on the fact that,
under the action of erosion—corrosion, the protective oxide
layer even if formed due to corrosion can quickly get
damaged because of continuous bombardment of erosion
particles. In addition, the active corrosion phenomenon as
triggered by the subsequent loss of protective layer in
combination with the availability of rough and damaged/
eroded area can significantly increase the E-C rate [8].
Therefore, a systematic approach that is needed to under-
stand the synergistic effect of erosion and corrosion is
provided in the following section.
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3.1 Erosion—Corrosion Material Loss Analysis

Material loss due to erosion—corrosion is a complex phe-
nomenon, which involves synergism of erosion—corrosion
along with pure erosion and corrosion affect. The quan-
tification of erosion—corrosion data and their synergy has
been carried out based on ASTM G119 [46-48] by the
following equations along with their constituent parts:

Wec = Wgo + Weo + Ws (3.1)

where W indicates the wear loss and subscript EC is the
total material loss due to erosion—corrosion, EQ is the pure
erosion, CO is the pure corrosion, S is the synergic wear
due to effect of corrosion on erosion and erosion on
corrosion as further defined below:

Ws = AWcg + AWgc (3.2)

where AWcg is the effect of corrosion on erosion rate
(synergistic effect) implying the increase in mechanical
wear due to corrosion and AWk is the effect of erosion on
corrosion rate (additive effect) referring to corrosion of
material due to concurrent erosion. Although the above
approach is used for many applications, it becomes more
challenging under high-temperature conditions due to the
oxide formation on non-exposed surfaces; possibility of
embedded erodent leading to weight gain hence requires a
new methodology to assess the wear loss, corrosion and
synergism. Therefore, material loss calculations based on
the metallographic analysis of cross sections eliminate the
overestimation of coating thickness due to the presence of
residual oxides that appear to be more sensible. At the
same time, such a metallographic analysis can be very
tedious, as the overall accuracy of wear loss measurements
is proportional to the number of sectioned areas examined
to obtain a statistically acceptable erosion loss data. In
order to measure the individual contributions to the overall
material loss, various erosion—corrosion test rigs working
under jet impingement, fluidized bed, whirling arm designs
coupled with in situ electrochemical measurements were
developed [4, 6, 49] and the following section provides
such details.

3.2 Test Setup

Due to complex nature of erosion—corrosion material loss
as discussed before, different test equipments are designed
to measure the material loss due to combined and indi-
vidual contributing factors during erosion—corrosion
[6, 47, 50]. Typical erosion—corrosion (E-C) testing
involves directing the solid particle erodent at a particular
velocity and feed rate to impact onto the sample that is held
in the corrosion environment and positioned at specified
standoff distance and at an angle. It may be noted that, in
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the case of erosion—corrosion, the solid abrasive particles
are mixed with the aqueous corrosion medium and then
accelerated to impinge the sample surface, whereas in the
case of erosion—oxidation, the sample will be exposed to
high temperature in a chamber that circulates the flue gases
while being impacted by the solid particles. Several sim-
ulated erosion—corrosion test rigs are designed to facilitate
the conditions that replicate the real-time application
environment such as the conditions that are prone in a
typical power plant [51-53]. The details about various test
rigs reported in the literature have been discussed in this
section.

The most popular test rigs for erosion—corrosion mea-
surement are categorized broadly into two types [6]. In the
jet impingement type, E-C testing apparatus consists of a
nozzle through which the erodent particles with a prede-
fined velocity are directed onto the sample surface. For
carrying the solid particles, a jet/stream of gas or liquid is
used to impart the predefined velocities. In addition, the
erodent should be discharged at specified rate (loading rate)
through the erosion-resistant nozzle. The sample is fixed in
the holder and then positioned at a particular distance from
the nozzle exit and at a given angle of impingement. The
other popular design involves a rotary nozzle driving an
impinging fluid jet on the sample surface due to centrifugal
force [4]. The major test parameters that influence the
overall erosion—corrosion rate include velocity, impinge-
ment angle, flow regime, standoff distance, corrosion
medium and its concentration (pH), temperature, nozzle
diameter, test duration, erodent discharge/loading rate,
erodent-material and its shape, size distribution and the
relative hardness [6, 14, 54-56].

It is to be noted that the erosion—corrosion test rig should
consist of three-electrode potentiodynamic polarization
setup within the erosion test chamber itself to measure the
material loss due to corrosion alone. A 3-electrode system
which consists of working electrode (material under study),
standard electrode (SCE) and counterelectrode (platinum)
is used for measuring the corrosion rate. In order to mea-
sure the pure mechanical wear loss of sample in the pres-
ence of corrosion medium, it is recommended to polarize
the specimen at 1.0 V cathodic potential with respect to
Ecor to avoid any active corrosion of the sample [57].
However, such a value of cathodic potential depends pri-
marily on the nature of the material to be tested. For
instance, in the case of WC—Co coating tested in 3.5 wt%
NaCl solution, a cathodic potential of 0.8 V is reported as a
suitable condition to arrest the corrosion instead of 1.0 V as
recommended by ASTM G119 standard [47, 57]. Hence, a
simple and best-designed test rig is required to measure the
erosion and corrosion loss of material as well as loss due
erosion—corrosion synergism. Further, due to complex
nature of erosion—corrosion phenomenon, modeling and
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simulation studies (empirical, mathematical and numerical)
are also actively performed to understand the material loss
mechanisms at both microscopic and macroscopic levels,
and then, corresponding results are compared through
experimental design and analysis [7].

Similar to erosion—corrosion measurement at room
temperature as presented so far, different test rigs are
employed to study the erosion—oxidation behavior of bulk
as well as coatings at high temperatures. Three types of test
rigs have been reported to study the erosion—oxidation
behavior, viz. fluidized bed (FB) rig, jet impingement rig
and rotating rig. The schematic of these test rigs is pro-
vided in Fig. 3 [4]. FB rigs are designed to simulate the
fluidized bed combustion chamber, whereas jet impinge-
ment rigs are designed to simulate the coal-fired boiler or
gas turbine engines. As a common feature to all the test
rigs, heating of gas by either fuel or electrical means results
in injection on particles in the hot gas steam which
accelerates and impacts the substrate surface. It is note-
worthy that each test has its own merits and demerits. For
instance, it is easy to pass gases in the FB test rig as
compared to the other two test rigs. However, the velocity
attained by the particles is limited in FB test rig, i.e., up to
15 m/s. Further, each test rig is having different modules,
namely a rotating or reciprocating sample module of FB
test rigs, whirling arm and centrifugal module in case of
rotating rigs. The advantage with centrifugal test rig has
been its ability to host a number of samples at different
impact angles in a single test itself and therefore is widely
used to study the erosion—oxidation of bulk materials and
coatings. More details about the basic operational features
and associated principles are found elsewhere [4].

4 Erosion—Corrosion Resistant Coatings

Thermally sprayed WC and Cr3zC,-based (cermet) coatings
have been widely investigated for their wear and corrosion
resistance. The specific erosion—corrosion behavior of
these cermet coatings has been detailed in this sec-
tion. Accordingly, the influence of coating type and matrix
composition on the erosion—corrosion behavior has been
discussed. Further, the choice of materials and coating
combinations have been selected in a way that their ero-
sion—corrosion/oxidation behavior has a direct relevance
for boiler materials in power plants. More importantly, the
associated material removal mechanisms during the
ambient, high-temperature erosion—corrosion/oxidation
and corresponding wear maps have been presented and
analyzed to portray the future direction of R&D in the
following subsections.

a
Motor
Fiuidized bed
Sample Sample
b Erodent feeder
o O o o <« — ° O J
Sample Sample
High pressure gas to
accelerate the erodent
<—  Erodent feeder
Acceleration
tube
L ]
L ]
Sample (at

variable angle)
Fig. 3 Schematics of high-temperature erosion—corrosion/oxidation
test rigs, namely a fluidized bed—FB type, b rotating centrifugal type

and c jet impingement rig [4]
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4.1 Ambient Temperature Erosion—Corrosion

WC-based cermet coatings deposited through HVOF and
DSC are employed for the components such as ball valves,
gas turbine blades, pump impellers and others those usually
encounter erosion—corrosion damage. For example,
Fig. 4a, b illustrates the uncoated and WC-Co-coated
superduplex stainless steel impeller after its service in
water. The coated impeller exhibits negligible damage at
the eye wear ring after 92 months of service illustrating
the efficacy of WC—Co coatings to protect the components
from erosion—corrosion damage [58].

The erosion—corrosion behavior of WC coatings as a
function of hard phase size, matrix composition, feedstock
size distribution, erodent proportion, rotation/peripheral
velocity and corrosive medium has been studied in detail
[57-60]. The erosion—corrosion tested WC—-17Co coatings
typically demonstrate a 22% reduction in the material loss
as compared to the uncoated AISI 1018 steel under the
simulated test conditions of 3.5 wt% NaCl + 1000 ppm
NaHCO3; + 1 wt% silica (100 um). However, the

Fig. 4 Superduplex stainless steel (UNS S32760) impeller a uncoated
and in service for 7 months and b WC—-Co coated and in service for
9'2 months [58]
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corrosion resistance of WC—Co coatings is not up to the
mark, as limited by the presence of corrosion-prone Co
matrix. A near-nanocrystalline duplex WC-17Co feedstock
is prepared through a special route comprising of
mechanical milling + spray drying 4+ chemical vapor
deposition (CVD). Such a duplex feedstock when sprayed
using HVOF process results in further decrement in the
erosion—corrosion rate to ~ 70% and ~ 30% than the
corresponding bare steel substrate and conventional (mi-
crocrystalline) WC-17%Co coating, respectively. Such an
enhancement in E-C resistance of near-nanocrystalline
coating is due to more compact structure with less inter-
splat porosity and reduced micro-cracks which is otherwise
noticed on the microcrystalline coatings. In addition,
higher hardness (HV1440) as compared microcrystalline
WC-17Co coating (HV1048) has also contributed to the
considerably reduced E-C damage [61]. Furthermore, the
WC size also influences the erosion—corrosion rate of WC—
Co—Cr-based coatings. The finer the WC grain in WC—-Co—
Cr coatings (WC around 1 pm), the better is the erosion—
corrosion resistance. The presence of such finer WC grains
in the coating, as compared to the coarser grain WC-Co—
Cr coatings (WC around 5 pm), perform better under E-C
conditions primarily due to uniform distribution of WC in
metal matrix causing lesser dislodgement of WC grains
during erosion [60].

Further, Co replaced with Ni in WC-based cermet
coating exhibits better electrochemical corrosion resistance
than WC—-Co coating. However, the erosion resistance of
WC-Ni coating is notably inferior to that of WC-Co
coating [60]. Although the WC-Ni coating possesses rel-
atively poor erosion resistance as compared to the WC—-Co
coating, the erosion—corrosion resistance of WC-Ni coat-
ing is surprisingly found to be superior to WC—Co coating
due to Ni, which is relatively nobler than Co [60]. Further,
the WC-Ni coatings also exhibit better E-C resistance than
the Cr3C,-NiCr coatings that are well known for their
superior corrosion resistance in 3.5 wt% NaCl solution
[45, 60]. The surface morphologies of erosion—corrosion-
tested Cr3C,—NiCr and WC-Ni coatings are illustrated in
Fig. 5a, b. As can be expected based on uniform material
loss in the case of WC—Ni coating (Fig. 5b), it shows
superior E-C resistance than the Cr;C,—NiCr coating. The
inherent high hardness of WC-Ni as compared to Cr3C,—
NiCr coating is responsible for its superior E-C perfor-
mance. Therefore, it is noteworthy that the material that
performs better under static corrosion conditions need not
perform similarly under erosion—corrosion conditions.

Moreover, the matrix composition in WC-based coat-
ings should be carefully selected such that it should be
compatible with the surrounding material systems. For
instance, when the coated component is surrounded with
more passive materials like stainless steel, the coating
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Fig. 5 SEM images illustrating the erosion—corrosion damage mor-
phology of a Cr3C,—NiCr and b WC-Ni coating surfaces tested in
3.5 wt% NaCl solution and silica as an erodent [60]

becomes relatively anodic and forms a galvanic couple
between coating and the surrounding material and therefore
increases the corrosion damage. Such a scenario can be
found in the case of pumps, pipes and valves coated with
WC-based cermet coatings [8, 60, 62]. Therefore, in order
to address this issue, Cr is to be added to either Co or Ni
binder such that the resultant coatings become cathodic and
continue to enhance the erosion—corrosion resistance and
protect the stainless steel substrate.

In this direction, the WC coatings with either CoCr or
NiCr matrix perform better under erosion—corrosion con-
ditions in aqueous solution than WC-Co coatings
[59, 61, 63, 64]. To further probe the influence of Cr
content in the feedstock and the corresponding powder
particle size distribution on the E-C resistance, the HVOF
sprayed WC—Co—Cr coatings are systematically assessed in
sea water medium [59]. It confirms that the Cr-containing
WC—Co feedstock (WC-10Co-5Cr and WC-6.5Co-8.5Cr)
with narrow particle size distribution (36-45 um) exhibits
lower erosion—corrosion damage owing to the uniform

heating of the in-flight particles and better retention of WC
phase in the coating, as clearly illustrated in Fig. 6a, b [59].
At the same time, although the Cr content is beneficial for
better E—-C resistance, a higher Cr content in the binder
matrix will be beneficial under less aggressive erosive
conditions (at 14.3 m/s rotational velocity of fluid con-
taining 3.4 wt% NaCl and 0.25 wt% silica sand) where the
corrosion rate controls the overall mass loss. In contrast,
under more aggressive erosive conditions (22.9 m/s rota-
tional velocity), the erosion wear resistance of the coating
plays a significant role in adjudging the erosion—corrosion
resistance of WC—Co-Cr coatings [59]. This clearly high-
lights the fact that the knowledge of component working
conditions is necessary to design and select an appropriate
composition.

The influence of erodent proportion and temperature of
the NaCl medium on the erosion—corrosion behavior of
WC-12Co-6Cr coatings deposited through HVOF and
Super D-Gun was investigated [57]. As one can expect, the
rate of erosion—corrosion increases with the increasing
erodent concentration, but the influence of temperature rise
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Fig. 6 Erosion—corrosion material loss of HVOF sprayed WC-Co—
Cr coatings as a function of feedstock powder size distribution and
matrix composition a 8SWC-10Co-5Cr and b 85WC-6.5Co-8.5Cr
wherein (i) and (ii) indicate two different spray distances, namely
230 mm and 180 mm, respectively [59]
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from 20 to 50 °C of NaCl solution on the erosion—corrosion
rate of WC-12Co-6Cr coating is relatively significant. An
increasing erosion—corrosion rate with increasing jet
velocity has been verified [59]. It may also be noted that
the test duration and type of corrosion medium strongly
influence the E-C behavior of cermet coatings. For
instance, irrespective of coating type (WC—Co or CeO;-
modified WC—Co), the E-C rate is significantly higher in
3.5 wt% NaCl than 1 mol/l H,SO, corrosion medium up to
4 h of test duration. In contrast, beyond 4 h test duration,
both the coatings demonstrate high E-C rate in 1 mol/l
H,SO, solution. Such an unusual behavior is explained
based on the absorption and osmosis nature of aggressive
SO, ions into the micro-cracks of the coating resulting in
inferior E-C resistance during prolonged test duration [65].

4.1.1 Erosion—Corrosion Maps

There is an increasing interest to understand the material
loss mechanisms in multi-dimensional space on the ero-
sion—corrosion behavior of thermal spray coatings whether
mechanical or electrochemical property to be improved is
based on the service environment. An attempt has been
made by V.A.D. Souza et al. to study the individual
damage mechanism (either erosion (E) or corrosion (C) and
synergy (S) dominance) by plotting the material loss
caused by pure erosion (E) against the material loss due to
combined corrosion and synergy (C + S). Under ambient
temperature (20 °C), the rate of material loss increases
significantly with the erodent concentration and eventually
degradation mechanism changes from pure erosion domi-
nance to erosion—corrosion interface regime as shown in
Fig. 7 [1, 58]. Interestingly, the material loss suffered due
to corrosion with increasing temperature from 20 to 50 °C
of NaCl solution shifts the wear loss from pure erosion
dominated to erosion—corrosion dominated regime for all
erodent concentrations studied. Similarly, Wood et al.
reported the E-C maps for HVOF sprayed nickel aluminum
bronze (NAB) coatings on carbon steel where the NAB
coatings clearly exhibit better erosion—corrosion resistance
than the carbon steel substrate [66].

Stack et al. studied the erosion—corrosion behavior of
HVOF sprayed WC-Co-Cr coatings as a function of
impact velocity, slurry concentration and applied potentials
in aqueous conditions [2, 67, 68]. The erosion wear loss
mechanisms, erosion—corrosion synergy, erosion—corrosion
additive synergy maps were developed for WC-Co-Cr
coatings. The erosion—corrosion performance maps of mild
steel and WC-Co-Cr coatings at 2 and 4 m/s impact
velocities are shown in Fig. 8. At 2 m/s impact velocity,
under cathodic conditions, the coating and the mild steel
can be used for all erodent concentrations (200 mg/l to
1000 mg/l). However, at higher potentials, WC—-Co-Cr
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Fig. 7 Influence of erodent concentration and temperature on the
erosion—corrosion of HVOF sprayed WC—Co—Cr coatings and UNS
$32750 steel [58]

coating performs significantly better than the mild steel at
both velocities and the range of erodent loading conditions
[2].

It may be noted that the aforementioned material
degradation maps are plotted based on the synergy concept
as discussed previously (Sect. 3.1). However, a wide range
of interaction is noticed within the erosion—corrosion test
parameters. Nevertheless, the major material loss is due to
the mechanical action than the corrosion observed in WC—
Co—Cr coating in aqueous solutions. The detailed syner-
gistic and antagonistic (negative synergistic effect) mech-
anisms in case of WC-based coatings have also been
reported recently [8, 66]. Various studies reported so far
clearly concludes that the erosion—corrosion phenomenon
is more complex as it is influenced by a number of test
parameters and of course the coating composition. Hence,
there is a need to develop such maps for variety of can-
didate coatings such that an effective selection of suit-
able coating material for a particular component material
and corresponding environment combination is possible.

4.1.2 Coating Removal Mechanisms

The coating removal mechanisms are mostly sensitive to
the coating microstructure. The microstructure of thermally
sprayed WC and Cr;C, coatings is more complex than
corresponding bulk material microstructure. For instance,
the microstructure of WC—Co coating deposited by DSC as
shown in Fig. 9 consists of WC carbides embedded in
cobalt matrix (bulk materials) along with mixed Co matrix
phases such as Co,W,C, W,C, partially amorphous matrix
phase, inter-splat boundaries and porosity [69]. The ero-
sion—corrosion mechanism in WC-Co coating involving
the loss of integrity between matrix and hard phase parti-
cles due to preferential dissolution/corrosion of matrix
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Fig. 8 Erosion—corrosion maps for HVOF sprayed WC—Co—Cr coatings

phase followed by the removal of hard phase eventually
causing the thinning of coating is schematically shown in
Fig. 10 [58, 61, 70]. Therefore, relatively higher erosion—
corrosion loss of WC-Co coating is understandable
[57-60]. Although the material removal mechanism in
WC-Co-Cr coatings is identical to WC—Co coatings, the
presence of Cr in WC—Co—Cr coatings promotes the for-
mation of a thin Cr,O5 passive layer on its surface that
enhances the overall erosion—corrosion resistance under
less aggressive erosion conditions. However, it is to be
noted that when the erosion—corrosion conditions promote
the material removal rate in excess of oxide formation rate,
i.e., under aggressive conditions, such a protection offered

Fig. 9 Surface morphologies of
thermally sprayed a WC—Co,
b WC-Co-Cr, ¢ WC-CrC-Ni
and d Cr3C,—NiCr coatings [69]
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by the presence of ‘‘Cr’’ in the coating becomes redundant
[45, 59, T1].

4.1.3 Strategies to Enhance the Erosion—Corrosion of WC-
Based Cermet Coatings

In general, E-C rate of a cermet coating is higher due to the
matrix’s preferential corrosion susceptibility. Therefore,
toward enhancing the E-C resistance without compromis-
ing the mechanical properties, the matrix compositions as
well as carbide-based ceramic hard phases are partially or
considerably modified/substituted with more corrosion-re-
sistant phase combinations. Accordingly, the addition of
about 4 wt% Cr to WC-10Co exhibit better erosion—
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Fig. 10 Schematic of material
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corrosion resistance. Further, HVOF sprayed WC—Co and
CeO,-modified WC-Co coatings erosion—corrosion per-
formance has been comparatively evaluated in two differ-
ent corrosion media, namely 3.5 wt% NaCl and 1 mol/l
H,SO, mixed with an erodent silica sand of 500 um size.
Owing to the reduced porosity, the CeO,-modified WC—-Co
coating exhibits lower corrosion rate and higher E-C
resistance than the conventional WC—Co coatings in both
the corrosion media. In contrast, the corrosion rate of WC—
Co coating as measured through polarization studies is
lower in H,SO4 medium as compared to CeO,-modified
WC—Co coating while it is identical in NaCl solution. This
behavior suggests that the simple (both immersion and
polarization) corrosion tests are not adequate to assess the
overall erosion—corrosion rate of a material/coating [65].
Similarly, addition of Inconel 625 to HVOF sprayed
nanostructured WC-12Co coating results in better E-C
resistance due to the formation of passive film derived out
of the constituents from Inconel 625 [17]. By resorting to
post-treatment methods such as boron nitride sealing,
polymer impregnation, furnace fusing, laser melting and
cathodic protection, enhancement in the overall E-C
resistance of thermal sprayed coatings is noticed [72-76].

4.1.4 Comparing the Erosion—Corrosion Behavior
of Cermet and Other Coatings

The comparative erosion—corrosion behavior of HVOF
sprayed WC—Co—Cr, Cr;C,—NiCr and Al,O5 coatings was
evaluated in 3.5 wt% NaCl solution as a corrosion medium
and 355 pm angular silica as an erodent [77]. Despite
having high corrosion resistance, the Cr;C,—NiCr coating
demonstrates poor E-C resistance due to its inherently
lower hardness and wear resistance as compared to WC—
Co—Cr and Al,O; coatings (Fig. 11). The carbide pull-outs
in the Cr;C,—NiCr coating eventually mixes with the ero-
dent and lead to an increase in the erosive nature resulting
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in inferior E-C resistance of Cr;C,—NiCr coating than the
bare EN steel substrate. Least erosion scar depth has been
identified for WC—-Co—Cr coatings than the other two
coatings. Among the carbide-based cermet (Cr;C,—NiCr
and WC-Cr;C,-Ni) and oxide-based ceramic (Cr,Os;—
Al,03-TiO, and Cr,0O3;) coatings evaluated in 0.1 M
NaOH + 100 g/1 silica medium at a velocity of 2.35 m/s
for 48 h, the Cr;C,—NiCr cermet coating demonstrates
superior E-C resistance, though its generic corrosion
resistance is lower as compared to the oxide-based ceramic
coatings. Furthermore, among WC-Cr;C,—Ni and Cr;Cy—
NiCr cermet coatings, WC—Cr;C,—Ni exhibits low corro-
sion and E-C resistance in alkaline (NaOH) medium due to
the deficiency of free Cr as well as the low hardness
compared to Cr3C,—NiCr coating. To summarize, the E-C
performance order of various coatings in terms of their
resistance to erosion—corrosion is WC-Co-Cr > Cr;C,—
NiCr > Cr203—A12O3—Ti02 > CI'203 > WC—Cr3C2—Ni

—e—Uncoated §355  ~e— WC-CoCr

CryC,eNiCr ALO,
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Fig. 11 Erosion—corrosion loss of different coatings in comparison
with the substrate as a function of erodent angle [77]
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(with silica as erodent in NaCl and NaOH corrosion media)
[63].

It is apparent that among WC and Cr;C,-based cermet
coatings, the coating composition must be chosen in such a
way that it should possess possible high hardness (wear
resistance) in combination with the free Cr availability in
the matrix (to promote the formation of protective oxide
layer) to improve its erosion—corrosion resistance. It can be
concluded that, under ambient temperatures, the WC-based
cermet coating (especially with CoCr as matrix) exhibits
high E-C resistance than the Cr;C,-based coatings while
the order of merit reverses at higher temperatures up to
900 °C [8]. In view of the above, it may be noted that the
erosion—corrosion resistance of thermally sprayed WC and
Cr3;C,-based cermet coatings can be enhanced by high
fraction of carbide phase, good bonding between matrix—
carbide interface and proper inter-splat bonding as well
[58].

Further, Fe-based amorphous coating sprayed by HVOF
exhibits better E-C properties than low-carbon nonmag-
netic steel in 3.5 wt% NaCl solution with 1 wt% SiO, at
15 m/s velocity. Such an enhanced E-C resistance together
with general wear and corrosion protection has been
accorded by the presence of amorphous Fe phase in the
coating. It is interesting to note that the E-C rate of Fe-
based amorphous coating is almost comparable to HVOF
sprayed WC—Co—Cr coatings and can use as an alternative
to WC—-Co—Cr coatings [78].

4.2 High-Temperature Erosion—-Corrosion/
Oxidation

The erosion in the presence of corrosive solution at lower
temperatures is generally termed as erosion—corrosion
while the similar phenomenon at higher temperatures is
more commonly referred as erosion—oxidation. However, a
clear temperature range delineating the erosion—corrosion
and erosion—oxidation window is not available in the lit-
erature probably because different material systems
respond to oxidation at different temperatures. At the same
time, while the erosion—oxidation is also synonymously
referred to as erosion—corrosion, the former terminology
(erosion—oxidation) is used in the present article for clear
distinction. In view of that, many components in power
plants, gas turbine and petrochemical industry are exposed
to simultaneous wear and corrosion or oxidation at high
temperature; therefore, the erosion—oxidation behavior is of
significant interest to the industry concerned [52, 79-81].
Similar to erosion—corrosion (at ambient temperatures),
erosion—oxidation (at high temperature) is also a complex
phenomenon. Therefore, to obtain the performance data,
most of the tests were carried out under simulated condi-
tions (similar to the service environment), or some times

the tests were carried out under real service conditions (by
welding the samples in the actual power plant) [54, 82].

Comprehensive understanding of E-C response of a
given material also demands studying the influence of
erosion parameters, namely the type of erodent medium, its
velocity and angle of impingement. In the erosion—oxida-
tion process, it is expected that the particle impacts on the
pre-formed oxide layer leading to either partial or complete
removal of oxide layer based on the velocity of the erodent
particle [1, 9]. Accordingly, the material loss is of an order
of magnitude higher when eroded at 52 m/s than 19 m/s
using alumina erodent at 871 °C (simulated condition of
gas entering the first cyclone separators in coal combustion
systems) in erosion—oxidation environments at 30° impact
angle on a variety of materials [9]. In addition, the removal
rate of pre-formed oxide layer is dependent on the erodent
velocity. Accordingly, once the oxide layer is completely
removed, then the residual coating exhibits a linear mass
loss rates.

Under such a scenario, it is imperative that the material
removal rate is proportional to the thickness of oxide layer
removed per impact [9]. Based on the residual thickness,
subsequent growth of oxide layer and concurrent removal
rate vary with the parabolic growth rate of oxide. Further,
the growth rate of oxide layer depends on the frequency of
impacts that decides the average time available for
regrowth of oxide layer between the two successive
impacts. Besides, the surface temperature controls the
oxidation kinetics. However, it is to be noted that the above
factors are valid based on the assumption that the oxide
layer is uniform; single oxide phase is formed.

A modeling approach was also attempted to quantify the
mass loss in erosion—oxidation conditions to assess the
erosion foot print. The model was based on Monte Carlo
simulation techniques. The methodology involved the fol-
lowing steps: (i) a statistical distribution to identify dif-
ferent erosion regimes, (ii) Monte Carlo method for
selecting discrete impact conditions and (iii) summing up
data for erosion—corrosion under simulated gas turbine
conditions. The results were found to be realistic and
therefore demonstrated the potential to describe the ero-
sion—corrosion mechanisms [7, 9]. However, the present
level of understanding of erosion—oxidation based on such
modeling tools is much limited; further studies are needed
to understand the mechanisms on a global scale [1, 7, 9].
For example, the data required to validate the erosion—
oxidation “erosion footprint model” are not completely
available. Moreover, model validation requires develop-
ment of complex relationships incorporating a number of
properties pertaining to a particular erodent—material
combination. Often, the input variables needed for
designing an effective model under the E-C mode may not
be independent and therefore raises the complexity further.
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In general, hardness is the most determining property in
adjudging the wear resistance of a coating. However,
hardness alone is not an indicative tool to decide the ero-
sion resistance as microstructure, which depends on the
coating deposition technique, and spray parameters col-
lectively influence the erosion rate. In addition to the
processing parameters, the heterogeneous nature of cermet
coatings turns the modeling much more difficult. Further,
the complexity will increase upon interaction of corrosion
or oxidation along with erosion process. Though the
development of models for erosion—corrosion/oxidation is
complex in nature, once they mature, it would be a lot
easier to investigate the real life service issues case by case
in an effective way.

In power plants, the typical components such as super-
heaters, re-heaters, heater boiler tubes and heat exchanger
tubes are made out of alloy steels (preferably fer-
ritic/martensitic or austenitic alloy steels) and superalloys.
Among alloy steels, T22 (0.05-0.15 C, 0.5 Si, 0.3-0.6 Mn,
0.025 P, 0.025 S, 1.9-2.6 Cr, 0.87-1.13 Mo, Balance-Fe)
and T91 (0.07-0.14 C, 0.2-0.5 Si, 0.3-0.6 Mn, 0.2 P, 0.2 S,
8-9.5 Cr, 0.85-1.05 Mo, 0.4 Ni, 0.18-0.25 V, 0.015 Al,
Balance-Fe) are quite popular and widely used as boiler
tube materials. Furthermore, T91 steel has got more Cr
content, high yield strength and creep strength as compared
to T22 steel [13, 82]. The influence of oxidation on erosion
behavior of various boiler steels at a higher temperature
under cyclical oxidation and protected atmospheres has
been investigated and it has been found that an adherent,
quick healing film forms on the austenitic steel [52].
However, it has also been noticed that, in majority of
the cases, the material loss in steels under erosion—corro-
sion environment is mostly controlled by the erosion pro-
cess than the corrosion/oxidation.

Having said that, it is to be noted that the surface oxide
layer formed contributes to enhance the overall erosion
resistance of a material especially at oblique angles. Due to
the inability to work at higher temperatures (can safely
operate at temperatures < 550 °C), generally these alloy
steels are subjected to thermal spray coating using suit-
able cermet or ceramic powders and have been explored
extensively in the recent years. It may be noted that only
the thermal sprayed coatings tested under high-temperature
gas jet erosion and in real boiler conditions are considered
within the scope of this article. K. Szymanski et al. have
summarized the activities on the development of erosion
and corrosion-resistant thermal sprayed coatings for power
plant boiler applications in Poland. Accordingly, the pro-
tective thermal sprayed coatings deposited on various
power plant components are shown in Figs. 12, 13 [11].

It is to be noted that the WC-based cermet coatings can
be applied for superior erosion and moderate-to-good
corrosion-resistant applications up to 550 °C, while the

@ Springer

Cr;C,-based cermet coatings possess good —erosion
resistance and superior corrosion resistance up to 850 °C
[45, 51, 83]. Upon comparing the erosion—oxidation (E-O)
behavior of HVOF sprayed Ni—20Cr alloy, WC-CrNi and
Cr3C,—NiCr cermet coatings as a function of temperature
(from 100 to 850 °C) under gas jet erosion testing at dif-
ferent velocities, the Cr3C,-based cermet coating is found
to exhibit superior erosion—oxidation resistance consis-
tently up to 850 °C. Further, the material loss suffered by
the WC-based cermet coating increases drastically beyond
550 °C, resulting in poor E-O resistance than Ni20Cr alloy
and Cr3C,—NiCr coatings [84-87]. Irrespective of coating
type and testing temperature, the significant increase in
material loss with increasing erodent velocity from 3.5 to
14.8 m/s is observed. Interestingly, the E-O resistance of
HVOF sprayed Cr3C,—NiCr coating can be further
enhanced by spraying the nanostructured feedstock [85].
The erosion—oxidation maps corresponding to HVOF
sprayed Ni—Cr, WC-20Cr—7Ni and Cr3C,—NiCr coatings
as a function of temperature and impact velocities evalu-
ated based on the mean surface roughness criteria can be
found elsewhere [86]. Accordingly, at lower velocities (2.5
to 4.5 m/s), material loss regime is surface dominated up to
600 °C. Between 600 °C and 700 °C, the material loss is

Fig. 12 Protective coatings deposited by thermal spray in fluidized
bed power boiler a after 1 year of operation, b coating regenerating
process above the lining and ¢ regenerated coating after 9 years of
service [11]
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Fig. 13 Protective thermal
spray coating deposited on the
rotor fan and the elements of
pulverized coal burner [11]

due to oxidation-modified erosion—oxidation or erosion
effected by oxidation. Beyond 700 °C temperature, the
material loss of three HVOF coatings is oxidation con-
trolled erosion or oxide-dominated erosion. Further, at
higher impact velocities (11-19 m/s), erosion—oxidation
loss of the three coatings is significantly higher indicating
that the oxide formed on the coatings can not impede the
material loss. Such observations are expected to serve as
guidelines for selection of proper coating material for a
given application [85].

The erosion—oxidation behavior of thermal sprayed Ni—
Cr, Cr;C,—NiCr and stellite-6 coatings as a function of
temperature and substrate materials under actual boiler
conditions have been summarized [13]. Further, such data
available in literature have been utilized to understand the
variation in erosion—corrosion rate (mpy) as a function of
temperature (°C) and coating deposition technique which is
shown in Fig. 14. Irrespective of substrate material, the
identically thick plasma sprayed Ni—20Cr coating with a
bond coat of NiCrAlY performs slightly better up to
540 °C than the NiCrAlY coating may be noted. Further,
the slightly thicker NiCrAlY coating alone perform better
than Ni—20Cr top coating with NiCrAlY bond coat at ~

750 °C temperature owing to the formation of well-ad-
herent protective oxide scale by the ‘“Y’’ content, which
uniformly covers the coated surface [13]. Further, at ~
750 °C in actual boiler environment, the plasma sprayed
Stellite-6 coating outperforms both the plasma sprayed Ni—
20Cr and NiCrAlY coatings.

However, detonation (D-Gun) sprayed or high velocity
oxy-fuel (HVOF) sprayed Cr;C,—NiCr and Ni—20Cr coat-
ings have 20 to 36 times higher erosion—corrosion resis-
tance than the plasma sprayed Ni—Cr and stellite-6 coatings
and retain their erosion—corrosion resistance properties up
to 750 °C. Among the typical high velocity deposition
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Fig. 14 E-C of various coatings in actual boiler conditions as a
function of temperature and coating deposition technique. [13]

processes while spraying CrzC,—NiCr on boiler steel sub-
strate, the DSC sprayed Cr;C,—NiCr coating possess 3
times better erosion—corrosion resistance than HVOF
sprayed coatings as shown in Fig. 15 [13]. Specific ability
of DSC technology to retain the carbide phase without
decomposition and to produce dense coatings as reported in
several studies has been the prime reason behind such a
better erosion—oxidation resistance than HVOF coatings
[37, 40, 43].

It is to be noted that the thermal spray grade CrzC,—NiCr
powders are commercially available with varying NiCr
proportions. Since Cr3C, is a hard phase embedded in NiCr
solid solution-based matrix phase, it will be interesting to
understand the individual contributions of these two phases
toward the overall erosion—oxidation resistance. In view of
this, the erosion—oxidation rate of HVOF sprayed Cr;C,—
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Fig. 15 E—-C rate of Crz;C,—NiCr coatings deposited by HVOF and
detonation spray in actual boiler conditions [13]

NiCr coating deposited on T91 substrate as a function NiCr
content/composition at 850 °C is illustrated in Fig. 16.
Among all, the 65Cr;C,-35NiCr exhibits the lowest E-O
rate due to the presence of compact, adherent, homoge-
neous and stable oxides of Ni and Cr with increasing NiCr
content in the matrix. On the other hand, higher amounts of
Cr;C, phase proportion promotes the quicker crack growth
through the weakly bonded oxidized regions and hence
reduces the E-O resistance. [13, 88].

Overall, the best erosion—oxidation resistance of the
thermal sprayed coatings significantly depends on the
environment, temperature and impact velocity of erodent.
At lower velocities and low temperatures, WC-based
coatings will perform better under erosion—oxidation

7- -

Erosion-corrosion rate, MPY

T T T T
65-35 75-25 80-20 90-10

Coating composition
Fig. 16 E-C rate of Crz3C,—NiCr coatings with varied NiCr con-

tent deposited by HVOF at 850 °C in actual boiler conditions.
[13, 87]
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conditions. On the other hand, with increasing temperature
beyond 550 °C, Ni—Cr-based alloy coatings exhibit better
performance than WC-based coatings up to 750 °C, while
Cr;C,-based coatings are preferred up to 850 °C [89-91].
Also, in general, the coatings deposited by high velocity
processes such as HVOF and DSC exhibit better erosion—
oxidation resistance than the plasma sprayed coatings.
Formation of a thin, adherent and homogeneous protective
oxide layer of Cr and Ni on the coated surface provides a
condition to withstand E-O damage.

4.2.1 High-Temperature Erosion—Oxidation/Corrosion
Prevention Methods

Based on the performance of various coatings under E-C/
E-O conditions and associated coating removal mecha-
nisms, one can believe that the coating hardness should be
the simplest criterion to scale the E-C/E-O resistance. Yet,
the relative carbide/metallic binder phase chemistry and its
composition appear to be a more meaningful parameter to
obtain E-C/E-O-resistant coatings. For instance, higher
proportion of harder Cr;C, content appears to promote easy
pathways of cracking and therefore reduce the E-O resis-
tance in Cr;C,—NiCr coatings and an optimum NiCr con-
tent is required for better erosion—corrosion resistance of
Cr;C,-based coatings [13, 88]. Formation of 1 (complex)
phases in WC—Co coatings can be hindered by adding TiC
to WC-Co feedstock so as to enhance its erosion—oxidation
resistance beyond 550 °C as well [92]. Hence, a careful
selection of coating material and deposition technique is
very essential to produce a microstructure that can signif-
icantly resist the E-C/E-O damage so that the components
working under such harsh environments are protected in a
better way.

Further, practical observation of the erosion—oxidation
phenomenon has led to the formation of useful guidelines
to enhance the erosion—oxidation performance of the
material-based design criteria. These include reduction in
the severity of erosive conditions by distribution of con-
centrated flow, reduction in the solid loading, shielding of
the components from the erodent flow by replacing the pipe
bends by T-junctions. A blocked tee arrangement has often
been found to be very useful [9, 11, 13].

S Summary and Future Work Scope

The vulnerability of materials to erosion—corrosion in
severe environments demands surface solution to enhance
the life of the components. Thermal spray techniques are
widely employed to deposit various coatings to combat
erosion and corrosion damages in aerospace and power
industries. Owing to the high-temperature oxidation and
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erosion resistance of advanced Cr;C, and WC-based cer-
met coatings deposited either by HVOF or DSC/D-Gun
techniques, these coatings have become the widely
accepted solution in the power generation plants.

The E-C resistance of thermal spray coatings strongly
depends on deposition technique, feedstock composition
and the resulting coating’s microstructure and phase con-
stituents. Addition of Cr, Ni and Ti to the binder matrix
enhances the E-C resistance of WC-based coatings due to
the increase in noble nature as well as the ability to form a
protective layer. In this regard, the WC-Co—Cr coatings are
effective up to 550 °C as compared to WC—Co and WC-Ni
coatings for E-C applications. Further, the addition of TiC
and rare earth oxides to WC-based cermet feedstock results
in a coating that exhibits better resistance even at higher
operating temperature (> 550 °C). Beyond 550°, Cr;Cy—
NiCr, Ni—Cr, NiCrAlY coatings become the candidate
materials for E-O-resistant applications and the Cr;C,—
NiCr coatings are effective up to 850 °C. It is to be noted
that the increasing NiCr content up to 35% in Cr3C,—NiCr
coatings has shown better properties in real boiler test
conditions than the coatings with lower NiCr content.

Oxide coatings like Al,O3, Al;03-TiO, and Cr,O3- Al,O5
are also the candidate materials for both high-temperature
E-O and ambient temperature E-C-resistant applications in
alkaline environments. In addition, the E-C resistance of Ni-
based and Fe-based intermetallic coatings has been explored
recently. The Fe—Al intermetallic coatings are used up to
600 °C under high corrosion- and less wear-prone applica-
tions [93, 94]. Owing to the presence of Al in the Fe—Al
coating, the aluminum oxide formed is found to protect the
component surface from oxidative erosion. Further, the Fe—
Al coatings are relatively a cost effective solution to replace
the expensive Ni/Co binders in WC-based coatings as well
as direct replacement of WC-based and Ni-based coatings
for specific applications [93, 94].

Owing to the presence of various defects such as
porosity, inter-splat boundaries, un-melted particles and
undesirable phases in the thermal spray coatings, the post-
coating treatments such as sealing of pores, laser melting
and heat treatment have been reported to yield positive
benefits by way of improved erosion—corrosion resistance
by protecting the coating from ingress of solution and
gaseous species through defective regions [72-76].

Although the erosion—corrosion behavior of WC-based
cermet coatings at ambient temperature is extensively
reported, only a few studies are reported so far to under-
stand the E-C performance and material removal mecha-
nism of Cr3C,-based coatings. Even though there are
studies on the E-C behavior of thermal sprayed coatings,
they are system specific and cannot be extended to compare
the same with the results of other coating material depo-
sition technique combinations. For example, erosion—

corrosion behavior of WC-Co-Cr coatings is widely
studied in NaCl solution. However, the knowledge
acquired in the case of WC—Co—Cr coatings cannot be
directly translated to WC—Co coatings.

In spite of employing the identical deposition technique,
such a translation of knowledge becomes difficult because
of varying feedstock morphologies and particle size ranges
that alter the final coating microstructure including the
porosity and phase composition. In this regard, there exists
a significant research scope where the E-C maps and
material removal mechanisms of various thermal sprayed
coating need out-and-out investigation which helps in
assessing the overall performance. The mapping based on
various parameters and their ranges to understand the
material loss mechanisms need to be standardized. In
particular, the maps generated by mean surface roughness
of coating may often be misleading [85-87]. In addition,
since the erosion—corrosion behavior of coatings is quite
complex and therefore demands an extensive modeling
coupled with experimental studies to comprehensively
understand the material loss, the suitable coating choice for
particular application becomes identifiable [95]. Last but
not least, a standard test system needs to be developed to
study the influence of all the test parameters at once in a
combined erosion—corrosion test rig.

There is a constant demand from the industry to find cost
effective solutions to design the components suitable to
work under harsher environments. In addition to the
available carbide coatings, Ni—Cr and oxide coatings have
been explored for various wear and corrosion resistance
applications; the recent developments have also shown that
the Fe-based amorphous coating appears to be a candidate
material for E—C-resistant applications, especially at
ambient temperatures [78]. More alloy compositions are
yet to be explored, and futuristic studies will be focused to
use them as protective coating alternatives for E-O resis-
tant application. For instance, oxide dispersion strength-
ened alloys of suitable chemistry may also serve as the
candidate coatings for erosion—oxidation resistance appli-
cations [9]. Oxide-dispersed Fe-based and Ni-based coat-
ings as well as intermetallic coatings demonstrate a
promise to replace the expensive coatings on various
industrial components subjected to erosion—corrosion.

With the advent of high velocity air fuel (HVAF) and
axially fed plasma spray systems now commercially
available with a promise to deliver coatings with signifi-
cantly reduced cost and improved deposition rates and
efficiencies, these techniques are yet to be fully explored
for depositing erosion—corrosion/oxidation resistant coat-
ings on industry scale.
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