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Thermally-sprayed tungsten carbide (WC)-based cermet coatings have been
widely used for a large variety of wear resistance applications. More recently,
these coatings are being used as an alternative to hard chrome plating,
especially in the aerospace and automotive industries. Utilizing the auto-
mated spray systems and the commercial availability of spray grade powders
with different compositions, the WC-based cermet coatings that are conven-
tionally used for wear protection are now being extended for simultaneous
corrosion protection. Therefore, the corrosion behavior of various WC-based
cermet coatings as a function of matrix composition, feedstock type and
deposition technique exposed to a variety of corrosion mediums has been
critically reviewed. The corrosion mechanisms of WC-based cermet coatings
studied using various analytical tools have also been comprehensively dis-
cussed. The interrelationship between the microstructural integrity and the
corrosion behavior has been critically assessed. Further, the influence of pre-
and post-treatments to improve the overall corrosion resistance of the coatings

has also been highlighted.

INTRODUCTION

In-service degradation of engineering compo-
nents, especially working under relatively harsh
wear and corrosion prone environments, typically
drives the development of tailored alloy chemistry
to meet the functional requirements of applications
pertaining to the petrochemical, chemical, energy,
automotive and aviation industries. However, the
overall cost of new alloy development together with
the need for complex manufacturing routes often
restricts the utility of such advanced materials.
Alternatively, deposition of coatings with such an
advanced material composition on components
made from conventional alloys is an interesting
approach that the present day industry relies
heavily upon. Accordingly, to cater for such needs,
several coating deposition techniques have been
developed. Thermal spray, with its special ability to
deposit a large spectrum of coatings with diverse
material chemistries including metals, alloys,
ceramics and cermets has todaiy become a well-
accepted technology by industry.'™
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Tunsten carbide (WC)-cobalt (Co) cermet coatings
deposited by thermal spray techniques have been
widely used in abrasion and erosion wear-resistant
applications and as a replacement for hard chro-
mium coatings in the aerospace and automobile
industries.*'* Various industrial components
coated with WC-based cermet coatings by high
velocity thermal spray techniques, namely detona-
tion spray coating (DSC) and high-velocity oxy-fuel
spray (HVOF) are shown in Fig. 1a, b, ¢, and d.
These coatings are mostly deposited by DSC and
HVOF rather than the atmospheric plasma spray
(APS) technique, because the HVOF and DSC
processes involve relatively higher particle veloci-
ties and optimum flame temperatures, contributing
to the formation of dense coatings.'”'” Interest-
ingly, the Co, despite being the most popular binder
(matrix) phase commonly employed in WC-based
cermet coatings, cannot contribute to any enhance-
ment in the overall corrosion resistance.'® There-
fore, as an alternative approach, tailoring the
chemistry of the matrix phase by partial or complete
replacement of Co by Ni, Cr and Ni-Cr alloys
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Fig. 1. Detonation-sprayed WC-Co coatings deposited on (a) thrust-bearing sleeves, (b) hydro-turbine guide vanes, (c) LPC Ill blade module for
aircraft and (d) HVOF-sprayed 0.6-m-long nose landing gear cylinder. (Open access Ref. 12).

resulted in enhanced corrosion and oxidation resis-
tance of WC-based cermet coatings, more impor-
tantly  without affecting the tribological
properties.’®?? In addition, a good number of
studies have been devoted to WC-based cermet
coatings with the addition of CrC or TiC.232%
Continued efforts have been made in recent years
to increase the quality of thermal spray grade WC-
based cermet powders for achieving the best possi-
ble combination of wear and corrosion resistance.?®
Accordingly, WC cermet powders with Ni-based
superalloy matrix composition with superior wear
and corrosion properties have been developed for
deposition of coatings.?®

It is to be noted that the microstructure of WC-
based cermet coating is unique as compared to any
other thermally sprayed coating, wherein its
microstructure is significantly influenced by the
spray parameters and feedstock characteristics (due
to decomposition of the WC phase) that eventually
influences the corrosion behavior. Therefore, ade-
quate attention is drawn in this article with regard
to the decarburization mechanisms. Furthermore,
because a variety of newer feedstock compositions,
such as WC-NiCr, WC-NiMoCr, WC-CrC-Ni, and

WC-(W,Cr)2C-Ni, manufactured through different
routes are commercially available and the resulting
coating properties and performances have been
evaluated by different researchers, the coating
properties are compared with the WC-Co, WC-Ni
and WC-Co-Cr coatings for developing a compre-
hensive understanding. In addition to the general
corrosion behavior and corresponding damage
mechanisms, the high-temperature corrosion and
thermal fatigue behavior of various WC-based
advanced cermet coatings have also been briefly
presented and are discussed on a relativistic scale.
Furthermore, recent trends in employing several
pre- and post-treatments for WC-based cermet
coatings aimed at enhancing the corrosion protec-
tion are also briefly discussed. A great deal of
research has been reported on understanding the
erosion—corrosion behavior of thermally sprayed
WC-based coatings as suitable candidates for vari-
ous industrial components experiencing harsh
working environments. However, the erosion—cor-
rosion behaviour was not considered within the
scope of present article.?” With such an exhaustive
scope of this article and critical analysis of results
presented by various researchers, a comprehensive
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understanding about various scientific aspects has
been presented and the critical gaps identified and
utilized to portray the future research directions in
this field.

THERMAL SPRAY IN A NUT SHELL

Thermal spray coatings are being extensively
employed to protect components from wear, corro-
sion, high-temperature oxidation, fatigue and com-
binations  thereof. @ The  surface-engineered
components are used in automotive, aerospace,
power and marine applications.”*?® The thermal
spray process involves accelerating the molten or
semi-molten feedstock (initial feedstock in the form
of powder, wires or rods) towards the target (sub-
strate) where it impacts to form a dense coating.
Further, several thermal spray techniques have
been developed by means of varying the feedstock
heating source and acceleration levels. The range of
temperature and velocities involved in various
thermal spray processes are provided else-
where.»?*?° Based on the temperature and veloci-
ties developed in the various thermal spray
processes, it is possible to select a suitable technique
for depositing metals, alloys, ceramics and cermets.
The process fundamentals are entirely different in
each thermal spray variant, and the relevant details
can be found in the literature.’*2%2

A typical thermal spray coating consists of a
layered structure (splats formed one over another)
with porosity, oxide inclusions and inter-splat
boundaries.*?%2° Therefore, optimization of the
process parameters is crucial for the development of
thick, dense and homogeneous coatings with the
required metallurgical phase combination. In addi-
tion, the melting point, hardness, thermal conduc-
tivity of the substrate and coating material
influence the interface bonding, porosity and lay-
ered structure. The deformation of particles and
substrate upon particle impact depends on their
relative hardness followed by the degree of particle
melting. Free oxygen availability in the process
significantly influences the final coating structure,
and therefore the oxygen-deficient environment is
ideal for the deposition of reactive material coatings.
Furthermore, the final microstructure of a thermal
spray coating depends on the gas mixture composi-
tion responsible for the heating and acceleration of
the particles, feedstock size, feedstock composition
and stand-off distance between the gun edge and
the component.'®1"3%31 The physico-chemical-ther-
mal interactions experienced by the WC-based
cermet particles resulting in the formation of a
typical microstructure and associated phase forma-
tion are discussed separately in the following
section.

WC PHASE DECOMPOSITION AND TYPICAL
MICROSTRUCTURE OF WC-Co COATINGS

The microstructure and phase constituents of
thermal spray WC-Co coatings appear to signifi-
cantly influence the wear and corrosion behavior.
Although the thermally sprayed WC-Co coating
microstructure is identical to that of any other
coating, having a layered structure, splat bound-
aries and isolated porosity, the distinctive feature is
the decomposition of the WC phase during the
coating formation. This behavior is commonly
observed among the coatings deposited by any
thermal spray variant, namely APS, HVOF and
DSC. However, the extent of decomposition strongly
depends on the deposition technique due to the
inherent variation in thermal and kinetic energies
associated with each of the processes. For example,
the plasma spray deposition process involves high
thermal energy and low kinetic energy, resulting in
excessive WC phase decomposition compared with
coatings deposited by the HVOF or DSC techniques.
Hence, WC-based coatings are more widely depos-
ited using HVOF and DSC than using the APS
technique. Optimization of the process parameters
in HVOF and DSC techniques is a key factor in
controlling the WC decomposition in the final
coating. Furthermore, the extent of decomposition
is also found to vary significantly with the manu-
facturing route adopted for the initial feedstock
powder. Accordingly, sintered and crushed powders
exhibit less decomposition of WC than agglomerated
and sintered powders.>?> Such a behavior is attrib-
uted to the dense structure in the sintered and
crushed powder compared with agglomerated and
sintered powders. Further, the WC cuboid size in
the initial feedstock also influences the extent of WC
decomposition. For example, the extent of WC
decomposition is greater for the WC phase in the
nano- and submicron-size ranges than when it is in
micron size, due to larger surface area of the nano-
WC particles. The decomposition WC phase has
been studied in detail, and Vinayo et al.> reported
the oxidation of WC in the plasma spray process as
follows:

I9WC — WyC + C (1)
W5C + 1/205 — W5(C,0) ()
W2(C,0) — 2W + CO (3)

Further modification to the reaction sequence was
carried out by Fincke et al.,>* who proposed that the
carbon diffuses from the WC into the metallic
matrix and concurrently Co diffuses from the
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Fig. 2. BSE SEM images of WC-Co coating cross-sections deposited by detonation spray technique at an oxy-fuel ratio of (a) 1.16 and (b) 2.0;
(¢, d) high-magnification SEM images of (b). (Reprinted with permission from Ref. 17).

matrix into the carbide and promotes the formation
of n phases as well as oxidation of C in the presence
of oxygen as per the following reaction mechanisms:

4Co + 4WC + Oy — 2C0,W4C +2CO  (4)
3Co + 3WC + Oy — CosWsC +2CO (5

12Co + 12WC + 509 — 2CosWgC + 10CO (6)

The WC-Co powder particles are heated as they
travel through the flame resulting in melting of the
Co matrix of the powder.'5~173%3¢ Subsequently, the
WC cuboid starts to dissolve in the liquid Co phase.
At the same time, carbon rapidly diffuses into the
Co liquid and eventually gasifies at the particle’s
surface through an oxidation reaction. Finally,
quenching of the particle upon impact with the
substrate results in the formation of an amor-
phous/nano-binder phase. The quantitative fraction
of the WoC and W phases depend on the extent of
WC decomposition as experienced by the WC-Co
particles.?® For example, the SEM images of WC-
12Co coatings deposited at different oxy-fuel ratios
by the DSC technique are shown in Fig. 2a, b, ¢, and
d. Larger degrees of WC decomposition are noticed
in the coatings deposited at a higher oxy-fuel ratio
than in the coatings deposited at a lower oxy-fuel
ratio. The final coating structure in general consists
of relatively lower volume fractions of the WC phase
and the carbon content as compared to the initial
powder, along with the additional phases such as
WoC, W and the Co(W,C). Due to the presence of
incoherent splat boundaries and the porosity in the
WC-Co coatings, the average hardness and elastic

modulus of the coatings is always significantly lower
than the bulk WC-Co cermets of the same compo-
sition and identical WC cuboid size.?”

CORROSION BEHAVIOR OF WC-BASED
CERMET COATINGS

As mentioned earlier, WC-based cermet coatings
are now being used in corrosion as well as the wear-
resistant applications. To merit such an approach,
the corrosion behavior of various WC-based coatings
deposited by thermal spray techniques, as evalu-
ated through different test methods, namely the
potentio-dynamic polarization (PDP), electrochemi-
cal impedance spectroscopy (EIS) and salt spray, are
highlighted in the following sections.

WC-Co, WC-Ni and WC-Co-Cr Coatings

In WC-based cermet coatings, Co is the most
widely used binder matrix. The corrosion behavior
of WC-Co coatings as a function of thermal spray
technique, spray parameters and feedstock compo-
sition has been well reported. It is noteworthy to
highlight that the coatings obtained in optimum
spraying conditions with low porosity and good
inter-splat bonding exhibit better corrosion resis-
tance irrespective of the coating deposition tech-
nique.®® However, remarkably improved corrosion
resistance was noticed in the HVOF- and DSC-
deposited WC-Co coatings than that of APS coat-
ings. Further, the corrosion resistance of WC-Co
coatings deposited by the recently developed low-
power plasma torch is comparable to HVOF and
DSC WC-Co coatings, which is understandable in
view of reduced thermal input and concurrently
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reduced WC decomposition compared with the
conventional APS technique.?® In general, a WC-
12 wt.% Co coating with WC cuboid in micron size is
regularly deposited on various industrial
components.

Although the Co matrix-based cermet coatings
have demonstrated superior wear resistance,
Cobalt’s vulnerable nature to corrosion substan-
tially limit their usage in marine, power and
petrochemical applications. For example, corrosion
resistance decreased with increased Co content in
WC-Co cermet coatings, as can be observed from
open circuit potential (OCP) and PDP test data
shown in Tables I and II. Furthermore, the corro-
sion resistance of WC-X (X = 10-25) wt.% Co coat-
ings decreases rapidly (2-3 orders of magnitude
increase in current density — 107% A/em? to 1072 A/
ecm?) with the rise in temperature from ~ 20 to
100°C and with the aggressive nature of the corro-
sion medium (hydrochloric acid, sulfuric acid and
the addition of 1000 ppm NaHCOj3; to 3.5 wt.%
NaCl) was clearly noticed from earlier studies as
compared to 3.5 wt.% NaCl corrosion medium, as
can be seen from the data provided in Tables I and
I1.422:3840-51 Therefore, the employment of an
alternative noble matrix such as nickel with com-
parable wear resistance has been considered."?
Furthermore, referring to Table I, WC-Ni coatings
exhibited better corrosion resistance in terms of
higher OCP than that of WC-Co with almost
identical wear properties, which is attributed to
the presence of relatively nobler Ni in the coating.

Another recently popular WC-based coating com-
position widely used for both wear and corrosion
resistance applications has been WC-10Co0-4Cr. The
corrosion resistance of WC-10Co0-4Cr coatings is
generally superior to WC-Co and WC-Ni coatings
due to the presence of Cr, which assists the forma-
tion of a beneficial tenacious oxide layer. It is
obvious from the data provided in Table II that
the WC-Co-Cr coating exhibits better corrosion

resistance than the WC-Co and WC-Ni coatings.
Furthermore, employing the optimized set of spray
parameters also enhances the corrosion resistance
as clearly reported in the case WC-Co-Cr coating.®®
WC-10Co-4Cr coatings are also being employed as a
safer alternative to hazardous hard chrome plating.
Accordingly, the salt spray/fog testing of WC-Co
coatings demonstrated the considerably improved
corrosion resistance over conventional and acceler-
ated hard chrome plating. Furthermore, the salt
spray performance of the WC-Co-Cr coating is
superior to that of WC-Co and WC-Ni coating, the
Cr03 layer being formed in the case of WC-Co-Cr
assisting in withstanding 1000 h of salt spray
exposure.'® Macroscopic images of the bare sub-
strate, hard chrome, WC-17Co and WC-10Co-4Cr
coatings after exposure to salt spray are shown in
Fig. 3a, b, ¢, and d. It is clear that the hard chrome
and WC-17Co coatings did not adequately protect
the substrate in the salt spray environment, as the
corrosion products appear on almost the entire
substrate surface while no visible sign of corrosion
was noticed on the WC-10Co-4Cr-coated
surface.'®"3

WC-Cr-Ni and WC-NiMoCr Coatings

The other thermally sprayed WC-based coating
(WC-(W,Cr),C-Ni) commercially available as WC-
CrC-Ni, WC-Cr3Cy-Ni, WC-CrNi and WC-27CrNi
with 18-21 wt.% Cr and 7 wt.% Ni (replacing the Co
matrix) exhibited substantially better corrosion
resistance in alkaline electrolytes and oxidation
resistance up to 750°C. Otherwise, the maximum
operation temperature of only 550°C for WC-Co
coatings should be noted.?®** In addition, many of
these cermet powders have two hard phases,
namely WC and (W,Cr);C, unlike the previously
discussed WC-based cermets having a single hard
phase embedded in a metallic binder phase. The
notable advantage of WC-(W,Cr);C-Ni coatings is
the excellent combination of corrosion and wear

Table I. Open circuit potential of WC-Co and WC-Ni coatings in artificial seawater medium

Feedstock Reported OCP (in V) Reference electrode Calculated OCP (in V) (NHE) References
WC-12Co? —0.32 AglAgCl —0.121 4
WC-12Co —0.42 AglAgCl, — —0.221 4,41
WC-17Co — 0.539 - —0.248 41
WC-25Co — 0.568 - - 0.327 40
WC-17Co — 0.528 SCE — 0.287 51
WC-17Ni — 0.392 SCE —0.151 51
WC-12Co” —0.387 - —0.146 41
WC-17Co® —0.394 - - 0.153 41
WC-25Co® —0.481 - —0.240 40

Ag | AgCl silver | silver chloride electrode, SCE saturated calomel electrode, NH normal hydrogen electrode.?Compacted powder feedstock.
PCoatings deposited using cold gas dynamic spray technique, otherwise HVOF technique.




Thermally-Sprayed WC-Based Cermet Coatings for Corrosion Resistance Applications

2641

Table II. Corrosion potential and corrosion current density values of various WC-based cermet coatings

measured through potentiodynamic polarization tests conducted in different electrolyte media

Reported Corrosion Calculated
corrosion current corrosion
Corrosion Feedstock potential, density, i..,.r Reference potential, E .,
medium composition Eiorr (V) (A/em?) electrode (V) (NHE) References
0.5 M NaOH WC-12Co — 0.558 8.659 x 1078 AglAgCl — 0.359 45
3.5 wt.% NaCl WC-12Co — 0.586 7.87 x 1078 SCE — 0.345 22
0.5 M HC1 WC-12Co — 0.441 0.105 x 1073 AglAgCl —0.242 45
0.5 M H,SO,4 WC-12Co —0.383 0.349 x 1072 AglAgCl - 0.184 45
3.5 wt.% NaCl WC-17Co — 0.621 to 1.647— SCE, — — 0.380 to — 0.215 42, 44
— 0.456 5.514 x 10°°
0.5 M H,SO4 WC-17Co — 0.362 0.048 x 1073 SCE —0.121 42
3.5 wt.% NaCl + WC-17Co — 0.450 0.440 x 1072 SCE — 0.209 43
1000 ppm NaH-
03
3.5 wt.% NaCl WC-10Co4Cr — 0.587 to 2.12— SCE — 0.346 to — 0.146 47
— 0.405 14.9 x 10°¢
3.5 wt.% NaCl WC-10Co4Cr — 0.346 to 1.08- SCE — 0.105 to — 0.061 38
- 0.302 10.6 x 10°°
3.5 wt.% NaCl WC-10Co4Cr — 0.42to — 0.31 3.12— . SCE — 0.129 to — 0.069 48
3.22 x 10~
1 M NaCl WC-Co-Cr — 0.682 5.61 x 107° SCE —0.441 50
1 M NaCl WC-CrC-Ni — 0.840 24.78 x 1078 SCE — 0.559 50
0.1 N/M HC1 WC-10Co4Cr — 0.456 to 2.3-16 x 1078 SCE —0.215t0 0 49
- 0.241
3.5 wt.% NaCl WC- — 0.489 0.99 x 107¢ SCE —0.248 22
(W,Cr),C-Ni

Ag | AgCl silver | silver chloride electrode, SCE saturated calomel electrode, NHE normal hydrogen electrode.

Fig. 3. Macroscopic images of salt spray-tested 4340 steel: (a) uncoated substrate, (b) hard chrome plating, (c) WC-17Co coating and (d) WC-
10Co0-4Cr coating. (Reprinted with permission from Refs. 13 and 53).
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Fig. 4. Comparative potentiodynamic polarization behavior of various WC-based cermet coatings in (a) 5 wt.% NaCl, (b) 5 wt.% H»SOy, (c) and
(d) 3.5 wt.% NaCl solutions. Regions /and //in (b) indicate the potentials < 400 mV and > 400 mV, respectively; upward and downward arrows
indicate the forward and reverse scans, respectively, in (c); NC nanocrystalline, MC multidimensional in (d). (Reprinted with permission from

Refs. 18, 22, 48, and 57).

resistances. Therefore, it has the potential to fill the
gap between the high-wear-resistant WC-Co coating
and the high-corrosion-resistant Cr3Co-NiCr coating
for meeting the demands for many industrial appli-
cations.?® Furthermore, the WC-Co-Cr and WC-CrC-
Ni coatings exhibited better corrosion resistance
than the WC-Co and WC-Ni coatings. However, the
best corrosion resistance in 5% NaCl was exhibited by
the WC-NiMoCr coatings.?>?% The outstanding per-
formance of WC-CrC-Ni and WC-NiMoCr coatings
with wear resistance comparable to WC-Co coatings
indicate that these coatings have the potential to be
used in paper mills, hydraulic cylinders in marine
environments and water turbines.®®

Relative Corrosion Resistance of WC-Cermet
Coatings

The corrosion behavior of various WC-based cer-
met coatings has been studied comparatively and is
well documented.’®%* Figure 4a and b illustrates
the consistently superior corrosion resistance of
WC-Co-Cr coatings over WC-Co and WC-Ni coatings
in two different corrosion media, namely 5 wt.%
NaCl and 5 wt.% HySO, solutions. Furthermore,
WC/CrC-Ni coatings have also been found to exhibit

lower corrosion resistance than WC-Co-Cr coatings
due to the absence of free Cr as well as the low total
Cr content, which is critical for the formation of
impervious CryOj3 film. It is to be noted that the
tendency to form a protective CryO3 film is higher
for free Cr than a combined Cr (CrC) phase.'®?7
Furthermore, the region I in Fig. 4b corresponds to
the general corrosion (anodic reaction) due to the
dissolution of the binder matrix, while region II
corresponds to the trans-passive behavior observed
at the potential higher than 400 mV due to the
oxidation of the WC phase.?” The corrosion behavior
of detonation-sprayed WC-Co and WC-(W,Cr),C-Ni
coatings in 3.5 wt.% NaCl solution demonstrates
the approximately 8 times better corrosion resis-
tance of WC-(W,Cr);C-Ni coating compared with
WC-12Co coating due to the presence of Ni and Cr
and its associated phases in the WC-(W,Cr),C-Ni
coating, as clearly shown in Fig. 4¢.%?

Nano- and Multi-dimensional WC-Based Coat-
ings
Nano-structured feedstock, i.e., WC carbide par-

ticles in the nano-range and submicron range has
been of recent interest to further enhance the
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properties of WC-Co coatings. The increase in the
corrosion resistance of nano-WC-Co coating as
compared to conventional WC-Co coating depends
on the feedstock morphology and processing param-
eters. Accordingly, the superior corrosion properties
of nano-WC-Co coatings as compared to conven-
tional WC-Co coatings have been reported in the
literature. Guilemany et al.® observed the superior
corrosion resistance of WC-Co coatings with nano-
WC particles as compared to micron-sized WC
particles in the Co matrix, while this behavior was
attributed to the increased WC surface area and
dense microstructure with decreased WC particle
size. However, they have not investigated the extent
of WC decomposition which is predominantly more
in nano-WC-Co coatings than in the conventional
WC-Co coatings leading to the formation of mixed
carbide () phases which are more corrosion-resis-
tant than the pure Co matrix.%® It is worth noting
that the n phases might be advantageous for
protection against corrosion but appear to be detri-
mental to the wear resistance. The multi-dimen-
sional WC-Co-Cr coating (having WC particle sizes
of nano, sub-micron and micron sizes) deposited by
HVOF exhibited significantly improved density and
therefore resulted in superior electrochemical prop-
erties as compared to the conventional and nano-
WC-Co-Cr coatings (Fig. 4d).*® However, a given
coating performing better or worse than another
coating on a relative scale can be scientifically
explained only if the corresponding corrosion mech-
anisms are clearly understood. Therefore, the mech-
anistic aspects of corrosion are dealt separately in
the following section.

SPECIFIC CORROSION MECHANISMS

The corrosion behavior of WC-based cermet coat-
ings has been evaluated in a large variety of
corrosion media using different electrochemical
tests, molten baths and salt spray meth-
0ds.*2:5058:67-69 T general, it is largely agreed that,
in a NaCl medium, the corrosion damage occurs
mainly due to (1) dissolution of the Co matrix, (2)
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eventual release of WC cuboids due to the loss of
surrounding matrix support®® and (3) the galvanic
effect between the WC cuboid and the Co matrix
interface. Recently, based on a detailed analysis of
WC-Co coatings, it has been proposed that the
simultaneous dissolution of the WC phase along
with surrounding Co matrix leads to eventual loss of
the WC cuboid.®” The corrosion mechanisms of WC-
Co coatings as discussed are schematically shown in
Fig. 5a. In addition, as also mentioned before, the
mixed Co phases (the Co,W,C phase is generally
termed as the 5 phase) formed during coating
deposition exhibit better corrosion resistance than
the pure Co phase.*” In the case of WC-Co-Cr
coatings, the detailed corrosion mechanism pro-
posed by Souza and Neville.? illustrates the paral-
lel and sequential reactions at different locations on
the coating surface. The generalized corrosion
mechanism for WC-(W,Cr),C-Ni coatings was
schematically illustrated in Fig. 5b. The corrosion
of WC-Co-Cr coatings involves the dissolution and
oxidation of Co and W, the oxidation of Cr assisting
the formation of a thin layer on the coating surface.
In the WC-Co-Cr coating, a thin Cry0O3 layer forms
immediately on the surface of the coating after
immersion, suppresses the dissolution of the WC
and Co in the aqueous solution. In contrast, it has
been reported that the thin Cr,03 layer does not in
practice cover the entire coating surface, but is
mostly a porous CryO3 layer formed as islands. In
the regions where the Cr,03 layer is not formed,
selective corrosion attacks can be found at the hard
phase-matrix interface via pitting. Subsequent
exposure of the coating leads to the formation of
severe pitting which then eventually turns to
crevice corrosion. The reactions that take place
when the WC-Co-Cr coatings are immersed in sea
water are summarized by Souza and Neville.?%%°
The in situ atomic force microscopy technique
employed to determine the corrosion mechanism of
WC-Co and WC-Co-Cr coatings in artificial seawa-
ter is in clear support of the simple dissolution
mechanism in the case of WC-Co and the pitting at

(a)
Electrolyte: 3.5 wt% NaCl

Co,0
\3 42+

wC

WC-Co coatini

W(C-Co coatings

A'WO4=

\CO3O4 WO H+
2+

Co

(b) )
tWOzf Electrolyte: 3.5 wt% NaCl
m— - NiO -
0 Cr,0 WO,
Cr Ni

WC-(W,Cr),C-Ni coating

WC-(W,Cr)-Ni coatings

Fig. 5. Schematic illustration of corrosion degradation mechanisms for (a) WC-Co and (b) WC-(W,Cr),C-Ni coatings in 3.5 wt.% NaCl medium.
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50°C in 3.5 wt.% NaCl medium. (Reprinted with permission from Refs. 59 and 60).

the interface in the case of WC-Co-Cr coatings.®®
Accordingly, the SEM images of the coating surfaces
after corrosion tests are shown in Fig. 6a, b, ¢, and
d.??° In the WC-Co coatings (Fig. 6a), the dissolu-
tion of the Co matrix and removal of WC as well as
the free standing of WC cuboids are evident. On the
other hand, the SEM images of the WC-Co-Cr
coating after corrosion tests (Fig. 6b) clearly depict
the localized corrosion at Co-rich regions while the
corrosion attack is not noticed at regions where W
and Cr are present in the Co matrix. Furthermore,
in the case of WC-CrNi coatings (Fig. 6¢), the WC
phase was embedded in the dense Ni-Cr matrix. The
corrosion is noticed in the regions adjacent to the
inter-splat stringers and also at coating defects, i.e.,
porosity in the WC-CrNi coatings. However, no
dissolution is evident inside the splats due to the
presence of the WC, Ni-Cr and (W,Cr)sC phases. In
the WC/CrC-CoCr coatings, the corrosion attack
was severe at the carbide—matrix interface and
eventually caused the extensive removal of the hard
phase, as clearly depicted in Fig. 6d. Furthermore,
pitting at few regions were also observed in the case
of the WC/CrC-CoCr coating due to the presence of
susceptible Co content as well as lower free Cr
content. The results presented and discussed so far
clearly strengthen the argument that the presence

of both Ni and Cr in the matrix further improves the
corrosion resistance of WC coatings owing to the
relatively nobler nature of Ni and Cr than Co, as
postulated earlier in this article. However, detailed
corrosion mechanisms, as discussed in the case of
WC-Co and WC-Co-Cr coatings, are yet to be
investigated in the case of WC-(W,Cr),C-Ni- and
WC-NiMoCr-based coatings and which are expected
to pave the way for future R&D directions, such that
these coatings can be translated into industrial
applications.

HIGH-TEMPERATURE CORROSION
AND THERMAL FATIGUE RESISTANCE

Tool steels used as casting dies, and also in
manufacturing processes of Al extrusions, suffer
from wear and the formation of unfavorable inter-
metallic layers on the component surface, thereby
accelerating the liquid metal erosion and thermal
fatigue, resulting in degraded casting quality. Tool
steels coated with WC-17Co exhibited resistance to
the infiltration of molten aluminum after 24 h of
immersion, and the infiltration depth was limited to
only 15% of the total coating thickness. Moreover,
the thick WC-Co coating suppressed the formation
of Fe-Al inter-metallic layers at the substrate—
coating interface which otherwise could be clearly
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Fig. 7. SEM images of (a) uncoated steel with oxidized top layers, (b) WC-Co coating and (C) mass gain of uncoated and coated specimens after
thermal cycling tests at 700°C for 120 h. (Reprinted with permission from Ref. 70).

noticed in the case of an uncoated substrate.”® WC-
based coatings are also the candidate materials for
improving the thermal fatigue resistance of metallic
substrates that are subjected to thermal cycles
during their service.”® In the absence of any coating,
plain carbon steel exhibits the formation FeO,
Fey,03 and Fe,03 oxide layers with an average total
layer thickness of 25 yum being seen after 120 h of
thermal cycling at 520°C in air, as shown in Fig. 7a.
Subsequently, due to the differential coefficient of
thermal expansion, the oxide layer breaks down and
accelerates the further oxidation, as shown in
Fig. 7a. In contrast, in the WC-17Co-coated sub-
strate, the coating is intact with the substrate and
free of cracks as shown in Fig. 7b. In addition, the
formation of a thin hydrate oxide (WO3 H50) can be
seen on the coating surface after thermal cycling
tests, resulting in the surface color changing from
gray to green. The weight gain of the substrate due
to oxidation during thermal cycling is more than an
order of magnitude higher than the coated sub-
strate’s weight gain, as shown in Fig. 7c. Overall,
the WC-Co coating retained the integrity and
withstood the thermal stresses generated during
thermal cycling, and protected the steel substrate. A
detailed study investigating the thermal fatigue
behavior of WC-17Co coatings exposed up to 120
cycles indicated that neither spallation nor cracking
demonstrate their functional capability.”! A study
by Singh et al. on the composite Cr3zCs-25(NiCr)/

(WC-Co) coating deposited on ASTM SA 213-T22
boiler steel demonstrated superior erosion and
corrosion resistances to NasS04-82%Fey(S04)3 mol-
ten salt medium, as well as high-temperature
oxidation resistance in air at 700°C.”> The forma-
tion of stable oxides such as Cry03, NiCr,O4 dense
spinel phases and CrsC, phase restricted the diffu-
sion of oxygen and therefore limited the scaling rate
as against loose FeyO3 oxide layer formation on the
boiler steel, as shown schematically in Fig. 8.
Furthermore, WC-Co improves the coating hard-
ness and the erosion wear resistance, while NiCr
provides good corrosion resistance by the formation
of stable oxides and carbides in the CrsCy-25(NiCr)/
(WC-Co) coating deposited using a blend powder
feedstock consisting of 75% Cr3C»-25(NiCr) and 25%
WC-Co by HVOF technique, which is an interesting
phenomenon to be favorably utilized while design-
ing the coating for high-temperature applications.

EMERGING WAYS TO ENHANCE THE COR-
ROSION PROTECTION OF WC-BASED CER-
MET COATINGS

Tailoring the coating composition is one of the
most promising directions to enhance the overall
corrosion resistance of WC coatings, as achieved
through the addition of Ni and Cr to the matrix, as
discussed so far. Accordingly, the thicker coating
with least possible porosity, optimized Co content
and minimized decarburization enables the WC-Co
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1500 h exposure, respectively. (Reprinted with permission from Ref. 72).

coatings to achieve the best corrosion and wear
resistance. In addition, the corrosion resistance can
also be improved further through post-sealing, laser
treatment and heat treatment methods which are
briefly dealt in this section.

The corrosion resistance of WC-based cermet
coatings can be further enhanced by means of
providing an intermediate layer as a pretreatment
step, or sealing and heat treatments as post-treat-
ment steps or the combination thereof. The boron
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Fig. 9. Cross-sectional SEM images of (a) multilayered WC-12Co/Ni-Cr coating and (b) graded WC-12Co + Ni-Cr coating.

nitride sealing of WC-12Co improved the corrosion
resistance by reducing the corrosion current densit;fy
(icorr) t0 65% of the unsealed WC-12Co coating.*®
Armada et al. have demonstrated that the superior
barrier nature of the aluminum isopropoxide sea-
lant formed over a WC-Co-Cr coating,”® although
the polymeric sealing enhances the corrosion resis-
tance of WC-Co-Cr and WC-NiCrBSi coatings to a
moderate extent. The benefit of sealing is lost if the
immersion/exposure time is prolonged due to disso-
lution of the sealant.”’ Accordingly, the sealed
coating withstood up to 1000 h of immersion in
3.4% NaCl solution, whereas the unsealed coating
exhibited severe attack at the coating—substrate
interface after an immersion time of 600 h. How-
ever, since the sealant was able to clog the pores
open to the coating surface and therefore confine
itself to very shallow depths, the sealing wasn’t
found to be beneficial in the case of prolonged
exposure to the corrosion medium.”®

The idea of depositing a corrosion-resistant inter-
mediate NiCrAlY and Inconel 625 sandwich layer
between the substrate and the WC-based cermet top
coat has been verified to yield significantly
enhanced corrosion protection.®®” Furthermore,
the heat treatment of coatings in optimized condi-
tions of heating temperature and soaking time
enables the reduction in final porosity and the
formation of beneficial # phases (nobler than the
binder phase), imparting better corrosion resis-
tance. However, in contrast, the presence of the
heat treatment-derived » phases induces matrix
brittleness and therefore reduces the fracture
toughness, which is to be noted especially if the
wear resistance been a required property of the
application. Furthermore, laser heat treatment
densifies the coating (reduction in pore volume),
in situ repairs the inter-connected cracks and
defects present at inter-splat boundaries and
thereby improves the hardness, wear and corrosion
resistances.””"" The cross-sectional morphology of
typical layered and gradient coatings obtained
using computer-controlled multiple powder feeders
attached to a DSC system in the authors’ laboratory
are shown in Fig. 9a and b, respectively.”® Such

layered and gradient coatings are expected to
enhance the corrosion and oxidation resistances of
components without compromising the general tri-
bological performance. The formation of a thin and
protective oxide layer on the NiCrBSiFe overlay
acts as a reservoir and protects the component from
oxidation, while the wear resistance is provided by
the WC-Co underlay.”"® However, the full poten-
tial of layered and gradient coatings deposited by
the DSC technique is yet to be comprehensively
examined.

CONCLUSION

WC-Co cermet coatings are well known for their
superior wear resistance and moderately good cor-
rosion resistance. The HVOF and DSC techniques
are widely used for the deposition of WC-based
cermet coatings of diverse coating chemistry combi-
nations on various industrial components demand-
ing both wear and corrosion properties. WC-Co
coatings have also been conceptualized and used as
replacements for hard chrome plating in aircraft
landing gear actuators, and shafts and blades for
tidal power plants. The corrosion resistance of WC-
based cermet coatings can be significantly improved
simply by changing the matrix composition, i.e.,
replacing Co partially or fully by Ni, Cr, Ni-Cr,
NiCrMo, NiCrBSi and other superalloy matrix. The
corrosion resistance of WC-based coatings is further
improved by using nano-structured WC coatings
and multi-dimensional WC-Co coatings. Owing to
the improved wear and corrosion protection, WC-
based cermet coatings are also being used in
erosion—corrosion resistance applications.

The corrosion behavior of WC-based cermet coat-
ings is generally known to be complex due to the
presence of multi-component phases and accompa-
nying coating defects. Multiple reactions have been
found to be in simultaneous action in most corrosive
media, leading to complexities in generalizing the
corrosion mechanism. However, it is widely agreed
that the dissolution or selective leaching of the
matrix phase leading to eventual dislodgement of
WC cuboids being the predominant corrosion mech-
anism. In the presence of Cr, a thin Cr,O3 layer
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forms and protects the coating from corrosion
damage by way of limiting the dissolution of the
WC and Co phases present in the coating.

The corrosion resistance of WC-based cermet
coatings is further enhanced by sealing the pores
with nitrides or alumina sealants. The increase in
the density of the coating by post-heat treatments or
laser irradiation increases the corrosion protection.
An intermediate Ni-based alloy layer is also effec-
tive in reducing the corrosion rate of WC-based
cermet coatings. An alternative layer of WC-Co and
Ni-Cr and gradient coatings can be effectively used
in wear and corrosion resistance applications.

Finally, WC-based cermet coatings can be used in
various industries where wear and corrosion are of
prime importance and in the temperature range
between 25°C and 750°C. These coatings performed
well against a molten Al bath as compared with bare
die steel. By tailoring the process parameters and
matrix composition, the coating microstructure can
be suitably altered to create application-specific
properties. More focused research is yet to be
accomplished to understand the corrosion mecha-
nisms of WC-Cr-Ni, WC-Ni/Co and WC-Fe (green
powders)-based coatings so as to conceptualize and
extend these coatings for relevant industrial appli-
cations. Similarly, the development of functional
and gradient coatings for wear and corrosion resis-
tance applications is in the earky stages of investi-
gation and is expected to open up significant
opportunities for future research and development.
Thick and dense WC-based cermet coatings are also
possible to be deposited by cold spray techniques
permitting the retention of the original feedstock
structure in the final coating. At present, with
regard to the corrosion and oxidation aspects, the
WC-based cermets are generally inferior to CrsCs-
NiCr coatings, although the former composition has
demonstrated the outstanding combination of wear
and corrosion properties. Therefore, multi-direc-
tional efforts are in progress to develop WC-based
cermet coatings for achieving corrosion resistance
comparable to CrsCsy-NiCr coatings with signifi-
cantly better wear resistance.
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