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Abstract A growing understanding of wear behavior of
various thermally sprayed ceramic—metallic matrix coat-
ings has occurred over recent years. This has resulted from
the continuous evolution in spraying methods as well as
material feedstock, and the corresponding new aspects of
the field that have been thoroughly explored. This paper
aims to review recent developments in thermally sprayed
tungsten carbide-based coatings, with specific emphasis on
evaluating alternative binders, processing routes and tri-
bological behavior of the coatings. A comprehensive
evaluation of various compositions as binders for WC-
based coatings, considering environmental concerns and
market requirements has been carried out. The properties
and performance of various potential alternatives for cobalt
as a conventional binder for these coatings have been
assessed. Moreover, different thermal spray methods have
been reviewed, particularly highlighting the role of pro-
cessing parameters, phase change and feedstock charac-
teristics in the high-velocity oxy-fuel (HVOF) and high-
velocity air fuel (HVAF) techniques. A comparison is
made between HVAF and HVOF coatings in terms of their
performance under different wear environments. Finally,
various scenarios of material removal in HVAF and HVOF
coatings, under various wear conditions, have also been
reviewed.
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Introduction

Tungsten carbide (WC)-based metal matrix composite
coatings are the most popular materials used as a thermally
sprayed wear-resistant layer (Ref 1, 2), thanks to their
excellent performance in severe wear environments (Ref
1, 3, 4). These coatings consist of two main phases: first,
WC grains as a hard phase to resist against wear and,
second, a metal matrix that acts as a ductile binder phase to
hold the carbide grains together and provide them physical
support (Ref 5). Embedded WC grains in a tough binder
offer a hard composite system that has a high overall
toughness (Ref 3). Cobalt is the most commonly used
binder in the cemented carbide coatings (Ref 6, 7). How-
ever, apart from supply risk and economic reasons, this
element is also not desired as it is known to be a car-
cinogenic material (Ref 8, 9). Consequently, during recent
years, there has been extensive research to find a suit-
able substitute for Co as a binder in WC-based wear-re-
sistant coatings. A comprehensive review is performed on
hardmetal compositions for thermal spray coatings in (Ref
7) discussing various binder chemistries used in their sys-
tems. In another review by Wood et al. (Ref 10),
mechanical properties (i.e., hardness and fracture tough-
ness) of Co and Ni as binder with various fraction ratios are
compared. Mechanical properties of WC-based hardmetals
with iron-based alloys as binder were reviewed by Ojo-
Kupoluyi et al. (Ref 11). However, an update on existing
potential candidates considering the processing route,
mechanical properties and how they perform when com-
paring to the reference Co binder seems essential.
Thermal spray technique is the most frequently used
processing route to deposit a WC-based coating on a sub-
strate. Thermal spray techniques can be categorized based
on the amount of thermal and kinetic energy transferred
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from the high-temperature, high-velocity gas stream to the
feedstock particles. These transport processes control the
particle temperature and velocity, having a huge effect on
the resulting coating microstructure and its performance. In
a thermal spray system, once the feedstock material (in its
powder form) is injected into the plasma flame (in case of
plasma spraying) or the combustion flame (in case of high-
velocity techniques), heat transfer takes place from the gas
stream to the surface of the feedstock particles through
convection and the inside of the particles heats up through
conduction. The final temperature of the particle at impact
depends on the temperature and heat transfer coefficient of
the flame, feedstock chemistry and morphology (which
determines particle’s thermal conductivity), and size dis-
tribution of the used feedstock particles. On the other hand,
depending on the flame stream velocity, the amount of
kinetic energy transferred to the particles can be different,
which can determine the impact velocity of the particle.
For a given feedstock composition, this velocity also
depends on the size distribution of feedstock particles
which governs mass of the particles. Atmospheric plasma
spray (APS), high-velocity oxy-fuel (HVOF) and high-
velocity air fuel (HVAF) are some of the most commonly
used process routes for applying WC-based coatings.
According to several reports, it is very well known that
APS-sprayed WC-based coatings suffer from severe
degradation (i.e., oxidation, decarburization, etc.) of the
feedstock material during the spraying process (Ref 12-14).
Among all thermal spray methods, high-velocity routes
(i.e., HVAF and HVOF) provide a suitable combination of
very high kinetic energy and adequate thermal energy to
deposit dense, well-adherent coatings ideal for wear and
corrosion applications. Due to velocity being high, the
resulting coating is highly dense, and the porosity is min-
imized (Ref 15, 16). However, utilizing these techniques to
build up a composite coating system demands a thorough
understanding of the influence of process parameters on
microstructure characteristics and, as a result, wear per-
formance of the resultant coating. A typical microstructure
image of HVOF- and APS-sprayed WC-Co coating is

Fig. 1 Typical cross section
SEM image of (a) WC-17Co
HVOF (Ref 19) and (b) WC-
18Co APS coatings (Ref 20)

shown in Fig. 1(a) and (b), respectively. The mean carbide
grain size of the feedstock powder used in APS coating was
17.5 &£ 7 pm, and carbide grains of fine size (~ 2 pm)
were used in the HVOF coating. It can be seen that, in the
HVOF coatings, even the small carbide grains were
retained while in plasma spray coatings they were not,
because of the considerably higher temperature encoun-
tered. Also, there are a large number of visible pores in the
plasma spray coating, whereas the coating deposited by
HVOF method exhibits a denser microstructure. Review
studies can be found in literature discussing how the
selected spraying route can influence in-flight state of
feedstock powders and consequently microstructure char-
acteristics as well as degradation in phase composition of
WC-based coatings (Ref 1, 14, 17, 18), by mainly focusing
on HVOF and APS as processing technique. Given the high
potential of HVAF technique in retaining phase constitu-
tion of feedstock powders, due to its practical lower flame
temperature, it seems vital to perform a review on its
capability, challenges and competitiveness in processing
this class of materials. Moreover, a detailed review is
crucial to evaluate effective factors during spraying process
by focusing on limitations and possibilities of HVOF and
HVAPF as the two processing routes for spraying WC-based
materials.

WC-based coatings are usually exposed to a variety of
wear environments, including two- and three-body abra-
sion, sliding, erosion and impact conditions. Sliding and
abrasion are the most frequently encountered wear modes,
with abrasion being reported to be the most common wear
mode accounting for more than 50% of wear problems in
the industry (Ref 21). Erosion and impact also can be
problematic wear phenomena for a variety of applications
such as turbine blades, pipelines, propulsors, etc. (Ref
22, 23). Generally, in a wear process, more than one wear
mode prevails, amplifying the complication of the phe-
nomenon. Besides, having WC-based composite coatings
comprising hard carbide grains with irregular shapes dis-
persed randomly throughout the coating as a wear coun-
terpart makes the wear process even more complicated (as
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compared to homogeneous material). There have been
several investigations conducted to evaluate tribological
behavior of WC-based coatings under various wear con-
ditions. Ahmed et al. (Ref 6) reviewed sliding wear per-
formance of thermal spray WC-12Co coatings with the
focus on coating microstructure, carbide and binder char-
acteristics, post-treatment and test environment. Also,
reviews have been performed to evaluate effect of feed-
stock characteristics (Ref 24, 25) on wear behavior of WC-
Co coatings as well as tribocorrosion performance of
thermal spray WC-based coatings (Ref 10). However, a
comprehensive assessment of wear performance of WC-
based coatings, taking processing route and wear condi-
tions into account, seems essential. Besides, a fundamental
understanding of different mechanisms of material removal
in each of the three wear conditions seems crucial to design
and develop an improved coating microstructure suit-
able for the desired application.

The emerging market pull for an alternative that meets
environmental concerns and supply challenges has also
contributed to the growing challenges to be addressed. In
response to the above, a large variety of different feedstock
materials have been introduced to act as a “green” binder
for WC coatings. However, the wear performance of the
proposed alternatives in comparison to the benchmark Co
is not fully reviewed yet. Also, since there have been
successive efforts in progress of deposition techniques,
reviewing the success of the recent processing routes such
as HVOF and HVAF, which are increasingly acknowl-
edged as being most promising for depositing cermet
coatings, seems meaningful at the moment. Moreover,
considering several contradicting reports regarding the
comparability of the performance of HVOF and HVAF
methods, conducting a review on the latest comparative
investigations seems vital. Finally, conducting a review on
wear mechanisms of thermally sprayed WC-based coatings
can provide a comprehensive understanding of the material
removal of WC-based coatings under different wear envi-
ronments. As discussed, it is acknowledged that there have
been several reviews performed (Ref
1,6,7,10, 11, 14, 17, 18, 24, 25) on the subject. However,
no comprehensive review exists to provide an overview of
these different factors (binder chemistry, spray process and
tribological behavior) in a single article. Considering these
different aspects together is often necessary to select and
achieve an optimal coating. In this paper, a comprehensive
review is done to identify the most recent investigations in
the field and to highlight the necessity of further attention
to the ground. In the next section, a review is provided on
binder selection and concerns in this regard. In “Processing
Routes” section, the deposition techniques and parameters
are provided with an emphasis on HVOF and HVAF
methods. In “Tribological Behavior” section, a comparison
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on the performance of HVOF versus HVAF coatings is
provided. Additionally, a discussion on different wear
mechanisms under sliding, abrasive and erosive wear
environments is reviewed, followed by “Summary and
Conclusions” section.

Binder Selection

Binder, in WC-based composite coatings, acts as “cement”
by firmly holding the hard carbide grains together. The
desired cemented carbide composite coatings should have a
combination of properties such as high strength, toughness
and hardness which are crucial for wear applications. These
performance parameters are necessary conditions but not
sufficient. There are other determining factors such as
supply risk, price and most important among them is
environmental considerations (Ref 9). So, the selection of
binder can critically influence the performance, sustain-
ability and environmental aspects of the WC-based coating.
In this section, different compositions as candidate binders
will be presented and discussed.

Cobalt as a Conventional Binder

Co is the most common element used as a binder in
cemented carbide coatings, deposited by different thermal
spray methods such as plasma spray and high-velocity
techniques, over the past decades (Ref 14, 26, 27). It shows
excellent wetting during the sintering process, and good
adhesion properties, leading to a strong carbide—binder
bonding in both hardmetals as well as coatings (Ref
28, 29). Its ability to impart excellent wear performance
when blended together with WC and outstanding
mechanical properties such as ductility, malleability and
strength makes Co the desirable choice as a matrix material
to derive the best performance from cemented carbide
coatings (Ref 30, 31). WC-Co feedstock deposited using
HVOF technique can result in a hard coating with Vickers
hardness number in the range of 1100 HV to 1600 HV and
fracture toughness of 4 MPam®> to 6 MPam®> which is a
desired combination for tribological applications (Ref
32, 33). HVOF-sprayed WC-Co coatings exhibit a very low
specific wear rate, typically in the order of 107® mm® -
N~!'m™! (Ref 34, 35) and in some cases even lower in the
range of 107 t0 107 mm* N~' m™! (Ref 36, 37), when
exposed to sliding wear testing. The sliding wear tests were
conducted at room temperature using ball-on-disk rigs with
alumina and tungsten-based balls as counter bodies, under
various loads ranging from 10 to 100 N, and for sliding
distances up to 5000 m. Also, it has been reported to show
promising performance under abrasion and erosion wear
(Ref 38, 39). Performance of WC-Co will be discussed in
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more detail in the following sections, and it is selected as
the reference coating for deliberations on alternate binder
chemistries in this paper.

Cr is typically added to Co in the binder when high
requirements for corrosion and oxidation resistance are
present, because of the relatively poor corrosion resistance
of the latter (Ref 6, 40). The two compositions of WC-
10Co4Cr and WC-6Co8Cr are commercially available for
thermal spray (Ref 41, 42). WC-10Co4Cer, in particular, is
nowadays extensively used in thermal spray coatings for
combined wear and corrosion resistance purposes (Ref
7, 43). However, there have been some environmental,
supply and economic concerns around Co for it to be fre-
quently labeled as a “critical raw material” or “conflict
element” by the European Commission (EC) and National
Environmental Research Council (NERC) (Ref 9, 44).

Environmental risk: Cobalt is classified as carcinogenic
and genotoxic by the International Agency for Research on
Cancer (IARC) (Ref 45) and by the Department of Health
and Human Services (Ref 46). It can lead to higher toxicity
when combined with WC (Ref 46, 47). It can also promote
some immune reactions such as inflammation in exposed
tissues (Ref 48). There is a particularly higher risk with Co
used in wear applications, because it potentially produces
particles in the nanosize dimension in the form of wear
debris, which can be disseminated systematically through
the lymph and vascular system (Ref 48-50).

Supply risk: Co is generally mined as a by-product of
other elements (Ref 9, 51). Most of the Co reserves are in
the seafloor, and not economically efficient to mine (Ref
52). According to Fig. 2, around 70% of Co produced
worldwide in 2018 was from Congo. Moreover, this
country accounts for more than 50% of the Co reserves

(Ref 53). This makes the role of other countries limited in
terms of planning against supply risk of this element.

Price: Although efficient recycling of the metal by
industries as well as using Co-free alternatives are two
strategies to reduce raw Co dependency and to keep Co
price relatively stable in the long run, there has been a
dramatic recent increase in its price. For example, the price
has risen by 36 and 54% during 2017 and 2018, respec-
tively (Ref 54).

It should be mentioned that the latter two considerations,
i.e., supply risk and price, are true for Tungsten too. This
motivates the assessment of other carbides as a suit-
able alternative (Ref 52, 53), although this particular
review only focuses on substituting Co in WC-based
coatings.

Substitution of Cobalt

Several reports can be found in the literature trying to find a
binder composition that is comparable to Co, in terms of
mechanical properties and tribological performance. In this
section, some of the recent investigations in this area are
provided.

Alternatives Produced by Powder Metallurgy Techniques

Although the material compositions discussed in this sec-
tion were prepared using conventional powder metallurgy
methods, the results can provide useful insight into the
performance of these compositions since they are all pos-
sible to be thermally sprayed. One short-term solution for
moving toward Co-free binders is to reduce Co content in
WC-Co cermets by partially replacing Co with other
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Fig. 2 Amount of Co production and estimated reserves in different countries around the world (based on data from (Ref 53))
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elements such as Ni. In WC-CoNi composite samples
produced by powder metallurgy method, with various
contents of Ni and Co, when Co content is between 0 and
10 wt.%, an increase in Ni content first leads to a decrease
in wear resistance, but further increase up to 20 wt.%
results in improvement in wear performance of the hard-
metal (Fig. 3). When Ni is at 20 wt.% in the binder phase,
the maximum wear resistance occurs at around 10 wt.% of
Co. Then, from this point, a continuous decrease in Ni with
simultaneous increase in Co results in better wear perfor-
mance (Ref 55). Tarrago et al. (Ref 56) studied fatigue
properties of WC-based hardmetal samples by using Ni
binder as a substitution for Co. It was shown that fatigue
sensitivity of WC-Ni was comparable to that of the Co
binder.

A systematic study on a Fe-based binder alloyed with
Ni, Mn and Co was performed by Schubert et al. (Ref 57)
by using powder metallurgy production technique. Their
results showed that the two compositions WC-8.5Fe1.5Ni,
with carbide size of 0.5 pm, and WC-7Fe2NilCo, with the
same carbide size, exhibited the best hardness—toughness
combination. Figure 4 shows a combination of wear per-
formance and Vickers hardness for samples with different
binder compositions. Several binder alternatives were
found to yield comparable wear performance as the refer-
ence WC-Co. It may further be noted from Fig. 4 that
despite similar hardness values, wear performance can
significantly vary and vice versa, i.e., several alternatives
exhibited comparable wear rate in spite of different hard-
ness values. There have also been attempts to “engineer”
the composition of binder materials by changing the per-
centage of various elements of the same compositions.

Liu et al. (Ref 58) used the calculation of phase diagram
(CALPHAD) method to investigate the best possible
composition of Fe-Ni-Co to act as an alternative to Co.
Four compositions including 72Fe28Ni, 50Fe25Co025Ni,

wear resistance [m / mm?]

10

wt. % Co 15 wt. % Ni

Fig. 3 Wear performance of WC with NiCo binder at different ratios
(Ref 55)
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70Fel12Co18Ni and 82Fel8Ni were selected because of
their increased hardness due to being close to the marten-
sitic transformation line (from austenite) in ternary dia-
gram. Also, 15Fe85Ni was chosen because of its large
carbon window (possibility to change the carbon content
over a wide range without precipitation of m-phase or
graphite). Since a combination of high hardness and frac-
ture toughness is desired for wear applications (Ref 11),
this was used as the criterion to rank different composi-
tions. 82Fel8Ni binder showed the best combination of
hardness and fracture toughness among all initially selected
compositions (see Fig. 5). Ni content being high, leading to
a softer binder, was found to be the explanation for worse
hardness and fracture toughness combination of 15Fe85Ni.
Based on results shown in Fig. 5, they suggested that, for
samples with a lower hardness range, fracture toughness of
the hardmetals strongly depends on binder composition,
while for hardness values above 1400 HV,, 3, the fracture
toughness is similar regardless of binder composition
(graphs b and c in Fig. 5). Other Fe-based (WC-40vol%(-
FeAl-B) and Ni-based (WC-40vol%(Ni3Al-B)) binders, as
potential substitution of Co, have also been reported to
show promising results (Ref 59).

Ni-Based Alternatives Processed by Thermal Spray

Ni as a stand-alone binder, with three main weight ratios of
WC-10Ni, WC-12Ni and WC-17Ni, is commercially
available in thermal spray grade WC-based feedstock (Ref
7, 60-62). While this element as binder can result in coating
systems with higher oxidation resistance compared to Co
(Ref 63), employing it in pure form does not provide
desired oxidation and corrosion resistance. Although lim-
ited reports are available on wear performance of thermal
spray WC-based coatings with pure Ni as binder (Ref
7, 61), several studies can be found on Ni-based compo-
sitions with some additional elements. For thermal spray,
because of poor oxidation resistance (Ref 64) and corrosion
resistance of pure Ni as binder (Ref 60, 65) as well as its
inferior wear performance compared to WC-CoCr (Ref
61, 66), it is used typically with addition of other elements
such as chromium or chromium carbides (Ref 67, 68). The
composition 73WC-20CrC7Ni is an example with high
chromium content in a way that the high content of Cr can
lead to the formation of (W, Cr),C phases (Ref 7, 63). The
feedstock powder with a composition of WC-(W, Cr),C-Ni
was one of the first to be thermally sprayed as a coating
with the general composition of 70WC24Cr3C,6Ni (Ref
7, 69). Although there could be slight variations in the
content of different constituents, commercial feedstock
powders of this composition are currently available with
designations of WC-CrCNi, WC-Cr;C,Ni or simply WC-
NiCr (Ref 70). Unlike WC-Co and WC-CoCr, high
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resistance against oxidation makes it possible to spray
these feedstocks at relatively higher temperatures (Ref 71).

Addition of 4 wt.% of Cr to HVOF-sprayed WC-Ni can
increase the Vickers hardness value by around 150 HV 3
(Ref 61). Although Cr can provide some benefits to the
coatings, i.e., improvement in corrosion performance (Ref
60) and enhancement mechanical properties such as hard-
ness, there is no known meaningful correlation between
addition of Cr and improvement in wear performance of
the coatings. As exhibited in Fig. 6, the performance can be

inferior or superior to that of WC-Ni and WC-Co (both
produced by agglomeration and sintering technique),
depending on the content of elements in the feedstock
composition. In Fig. 6, Cr content decreases from 4% in
“WC-NiCr-1” to 3.5% in “WC-NiCr-2” and its content is
1.5,4 and 8% in “WC-CoCr-1", “WC-CoCr-2” and “WC-
CoCr-3”, respectively (Ref 61). While WC-NiCr-1 showed
inferior wear performance, WC-NiCr-2 exhibited superior
performance compared to both WC-Ni and WC-Co. Al-
Hamed et al. (Ref 72) attempted to reduce the amount of
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Fig. 6 Specific wear rate of HVOF WC-Co and WC-Ni coatings with
various ratios of added Cr (WC-NiCr-1: 4%, WC-NiCr-2: 3.5%, WC-
CoCr-1: 1.5%, WC-CoCr-2: 4% and WC-CoCr-3: 8%) (Ref 61)

W N T
W

Co in HVOF-sprayed WC-based coatings by adding varied
proportions of Inconel 625 alloy. It was shown that a
composition of 75% WC-12Co (with nanosize WC grains)
and 25% Inconel 625 exhibited the best wear performance
followed by a blend of 12.5% WC-12Co (with nanosize
WC grains) and 12.5% WC-12Co (with micro-WC grains)
together with 75% Inconel 625.

Despite the addition of Cr to WC-based coatings with Ni
(or Co) as binder, corrosion performance is still not satis-
factory (Ref 7). To reach good corrosion resistance, more
complex binders such as NiMoCrFeCo and FeCrAl entered
the market (Ref 73, 74). The latter is categorized as Fe-
based binder and discussed in the next section. Hastelloy
C-type Ni-based NiMoCrFeCo binder has been shown to
exhibit promising performance compared to the reference
WC-CoCr (Ref 75, 76). HVOF-sprayed WC-NiMoCrFeCo
shows similar performance to WC-CoCr reference under
sliding wear conditions and comparable performance under
three-body abrasion wear environments with the reference.
This alternative is shown to outperform WC-CoCr in 3.5%
NaCl aqueous solution because of its better pseudo-passi-
vation ability (Ref 75).

Fe-Based Alternatives Processed by Thermal Spray

Fe-based binders, involving Fe alloyed with Al, Mn, Mo,
Ni, Cr, etc., such as FeCrAl and FeNiCrMoCu are the other
alternatives showing promising tribological performance.
Testa et al. (Ref 75) evaluated wear and corrosion perfor-
mance of HVOF-sprayed WC-FeNiCrMoCu in comparison
to WC-CoCr as the benchmark. Although it showed
slightly inferior corrosion resistance compared to WC-
CoCr in a 3.5% NaCl solution, it exhibited similar sliding
wear performance and comparable performance under
high-stress abrasion condition. Nahavi and Jafari (Ref 67)
studied microstructural and mechanical properties of WC-

@ Springer

based coatings with two alternative binders, Fe-based and
Ni-based, applied by HVOF technique. They employed Fe-
based FeCrAl and Ni-based NiMoCrFeCo as a binder and
compared their performance with Co. They found that the
WC-FeCrAl coating system accounts for the highest
microhardness among all the three with values approaching
1500 HV, 5. However, both proposed alternatives yielded a
substantially lower fracture toughness as compared to
conventional WC-Co. Considering that the WC phase
accounts for around 80-85 wt.% of WC-based coatings, it
is crucial to discuss how mechanical properties such as
microhardness and fracture toughness are influenced by
properties of the binder. Besides, the employed processing
routes and powder characteristics, like size range of carbide
grains, can also influence properties of the coating (Ref 6)
which is discussed in “Role of Feedstock Characteristics”
section. So, in spite of promising mechanical properties of
the alternatives, it is crucial to critically evaluate differ-
ences in performance attributable to use of alternative
binders. Bolelli et al. (Ref 77), in their study investigated
the mechanical and tribological behavior of WC-based
coating with Fe-based matrix as an alternative to WC-CoCr
by conducting sliding wear and cyclic impact tests. Also,
different oxygen-fuel ratios were used to apply the coatings
by HVOF spray technique. The most desirable combination
of as-sprayed compressive residual stresses in the coating,
its oxidation ratio and hardness—modulus ratio was set as
the criteria to judge the best combination of oxygen and
fuel. Sliding wear and impact resistance of the WC coating
with FeCrAl binder were comparable to those with a CoCr
binder, while abrasion resistance of the coatings with
FeCrAl binder was inferior due to increased brittleness of
the coating resulting from oxide inclusions. The hardness—
modulus ratio of WC-FeCrAl was higher, as desired for
wear applications, compared to WC-CoCr reference,
although the coatings were more oxidized.

A partial list of varied WC-based hardmetals produced
by powder metallurgy technique (PM) as well as WC-based
coatings deposited employing thermal spray methods (TS)
is provided in Table 1. As can be seen in the table, a fair
variety of different compositions have been evaluated.
However, a search for suitable alternatives to Co as a
binder demands a comprehensive evaluation of mechanical
and tribological properties. Mechanical and tribological
properties of most of the existing potential chemistries are
yet to be fully explored. Also, a vast majority of prior
studies involve coatings deposited using HVOF method
and hardmetals produced using powder metallurgy tech-
nique, and the employment of HVAF as an emergent
method for applying these potential substitutions has not
yet been fully evaluated.
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Processing Routes

An Overview of Thermal Spray Deposition of WC-
Based Coatings

Nowadays, cermet coatings can be deposited through a
variety of thermal spray routes. Plasma spraying, including
APS (Ref 79, 93), vacuum plasma spray (VPS) (Ref 79),
low-pressure plasma spray (LPPS) (Ref 94) and high-
power plasma spray (HPPS) (Ref 95), most recent emerg-
ing suspension plasma spraying (SPS) (Ref 96, 97), cold
spray (CS) (Ref 98, 99) and high-velocity spraying;
including HVOF (Ref 34, 79, 100), HVAF (Ref 101) and
denotation gun process (Ref 102, 103) are the techniques
applicable for fabrication of this class of materials.

Generally, the main difference between these spraying
techniques is the variable flame parameters, particularly the
temperature and velocity of the flame. Torches with dif-
ferent prevailing gas temperature and velocity substantially
influence the kinetic and thermal energy transfer to the
injected powder particles. As explained earlier particles
experiencing diverse driving forces for heat-up and accel-
eration in-flight end up with very distinct temperature and
velocity at impact and result in coatings with different
microstructure characteristics, which in turn govern coating
properties.

In plasma spray techniques, the flame velocity is rela-
tively low and the temperature is significantly high (up to
15000 °C). So, feedstock particles with the velocity of
around 50-100 (m/s) are exposed to a gas stream with a
high level of heat energy and because of the velocity being
low, the dwell time is relatively long (Ref 15, 104). This
situation leads to an excessive level of material degradation
in form of oxidation, decomposition and decarburization
which would affect the wear performance of the resulting
coating (Ref 20, 79). It has been reported that a large
portion of the WC phase can transform into W,C phase
during the plasma spray process (Ref 12, 105). Results
from a study by Al-Mutairi et al. (Ref 106) show that
excessive phase transformation and cobalt evaporation
occur during APS as compared to HVOF, which causes the
wear performance of WC-based coatings processed by APS
to be inferior compared to those sprayed using HVOF (Ref
107-110).

Suspension plasma and suspension HVOF spraying
methods have also been explored as processing routes to
deposit WC-based feedstock materials. In these methods,
typically submicron sized feedstock particles in forms of
suspension are directly injected into the plasma or HVOF
plume, thus preventing powder agglomeration in the
spraying nozzle (Ref 18, 111, 112). The particle’s velocity
can reach up to 800 m/s and the particle’s temperature up
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to 2500 °C in SPS technique (Ref 111). Although the
feedstock particle temperature and as a result degradation
of carbide grains is reduced in this method compared to
APS technique, excessive carbon loss is still reported in
literature (Ref 113-115) making it not the most desirable
technique for spraying WC-based wear-resistant coatings.

Cold spraying is another technique used to deposit WC-
based feedstock materials which relies on high-pressure
compressed air/gas accelerated by a de Laval type nozzle
to impart sufficient momentum to the injected powder
particles. The powder particles are accelerated to super-
sonic velocities and propelled onto the part to be coated.
With the thermal energy content being absent/negligible,
the process can potentially prevent excessive material
degradation resulting from high temperature in a plasma
flame and, to a reduced extent, in a combustion flame in
HVOF. Having a low gas temperature and high kinetic
energy makes this method well suited for depositing
materials that are predominantly comprised of a ductile
constituent. Therefore, deposition of WC-based feedstocks,
comprising hard carbide grains, using cold spraying faces
several challenges including low deposition efficiency.
More than a few investigations have been carried out to
study the deposition behavior and characteristics of WC-
based coatings by cold spraying technique (Ref 116-118).
While the much colder process temperature in this tech-
nique suppresses formation of brittle phases like W,C,
shattering of WC grains because of their brittle nature (Ref
119, 120), erosion of the surface because of the impact of
hard particles during spraying, and high levels of porosity
(Ref 99, 116, 119) remain the main challenges yet to be
addressed.

Therefore, plasma spray, suspension spray and cold
spray methods do not seem to be the most promising routes
to apply WC-based feedstock materials. Hence, this paper
would mostly focus on high-velocity spray methods of
HVOF and HVAF, which have shown great capability in
processing cermet materials. Detailed discussion of these
two techniques is provided in “High-Velocity Spraying
Methods” section.

High-Velocity Spraying Methods

In high-velocity techniques, the attempt is to enhance the
particle impact velocities by increasing flame velocity,
which further reduces particle dwell times. Moreover, in
these processes, the energy source is derived from com-
bustion which intrinsically gives much lower temperatures
as compared to the plasma arc. Having a flame with these
conditions would result in softened or partially molten
particles highly accelerated toward the substrate. This high
amount of kinetic energy transforms into heat as a result of
impact with the substrate. The amount of generated heat
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has a direct relation with the velocity to the power of two
which makes it more pronounced when the velocity is
higher than 400 m/s (Ref 104). Because of high kinetic
energy, the particles deform plastically (Ref 121, 122) as a
result of impact with the substrate or underlying coating
layers which yields nearly fully dense coating with better
mechanical and tribological properties (Ref 1, 123, 124).
So, the high-velocity route seems to be a promising
approach to develop durable wear-resistant coatings.
However, depending on the selected technique and process
parameters, results can vary substantially. In this section,
the high-velocity techniques (HVOF and HVAF) and the
effect of process parameters on the quality of the coating
are reviewed.

HVOF Method

The high-velocity oxy-fuel (HVOF) method can be iden-
tified as the most popular route employed to apply WC-
based coatings since the early 1980s (Ref 15, 26). In this
method, a mixture of fuel (gaseous: hydrogen, propane,
propylene, or liquid: kerosene) and oxygen is introduced
into the combustion chamber. The resulting flame issuing
from the nozzle can heat the particles from 1500 up to
3000 °C. Also, the transferred kinetic energy from the
stream of combustion gases can accelerate the particles to a
velocity of up to 1000 m/s (Ref 1, 15, 125). In the first
generation of HVOF system, a gaseous fuel is used for
combustion and the nozzle is straight and parallel sided
with a length of around 120 mm. In the second-generation
HVOF systems, a converging-diverging throat was added
between the combustion chamber and the nozzle leading to
a substantial increase in the flame velocity. Also, in some
of the second-generation systems, liquid fuel can be
employed. The flame velocity is higher in the second-
generation and it generates lower flame temperature which
can be specifically beneficial for diminishing material
degradation (Ref 14, 34, 126, 127). All these make the
HVOF technique a particularly suitable candidate for
applying cermet materials. Although the extent of material
degradation, resulting in the formation of undesirable
phases such as W,C, is much lower with the HVOF method
than with the plasma spray technique, HVOF-sprayed WC-
based coatings still can suffer from this phenomenon (Ref
15, 128). However, it is still possible to deposit cermet
coatings with promising performance employing this
technique by fine-tuning the process parameters.

Role of Process Parameters in the HVOF Tech-
nique Having several process parameters, some even
interrelated, makes the HVOF method an operation
dependent technique affecting coating microstructure sig-
nificantly with varying process parameters, requiring

mastery on the process-microstructure relationships. These
parameters can be connected to hardware system, e.g.,
nozzle configuration, injection system and its location, or
related to plume thermodynamics such as fuel type, fuel/
oxygen pressure. Also, there are other parameters associ-
ated with particle/flame interaction, e.g., feedstock particle
size distribution, the pressure of carrier gas, powder feed-
ing rate or connected to the substrate, e.g., standoff dis-
tance, spraying angle and substrate roughness and/or
temperature. A list of popular HVOF guns, classified with
respect to fuel type and manufacturer, is provided in
Table 2.

Some studies have tried to establish a correlation
between the in-flight state (temperature and velocity) of
particles, microstructure and properties of HVOF-sprayed
WC-based coatings (Ref 121, 133-135). Wang et al. (Ref
136) conducted an optimization study to evaluate the effect
of HVOF process parameters for spraying WC-Co powder.
The process parameters showed a significant influence on
the performance and mechanical properties of the fabri-
cated coatings such as hardness and fracture toughness. It
was found that hardness of the coating increased with fuel
(kerosene) and oxygen flux, but decreased with powder
feeding rate and standoff distance, while the fracture
toughness values tended to show an opposite trend.

Another way of achieving desired velocity and tem-
perature for the feedstock particles and, as a result, alter
coating’s properties is to regulate oxygen—fuel ratio to a
suitable stoichiometry. In a study by Picas et al. (Ref 137),
it was shown that by increasing the total oxygen flow rate,
while kerosene flow is constant, the initial temperature of
the feedstock particles increased and after reaching a cer-
tain point it started to decrease. This was because, after a
certain value for the oxygen/fuel ratio, when the amount of
oxygen goes beyond the amount needed for complete
combustion of kerosene, it can act as a cooling gas and as a
result promotes the decrease in flame temperature. This
was while the velocity of particles continuously increased
by increasing oxygen flow. This increase in particles
velocity can yield a considerable improvement in density
of the resultant coating. Stoichiometric combustion ratio,
(O/F)goich., can be theoretically estimated, however, to
reach highest possible temperature, for a given volume
flow rate, an optimum fuel rich combustion is required. For
this, normalized O/F can be defined as;

(O/F)act.
O/F) (Eq 1)

stoich.

)\‘ =

where A is normalized O/F, (O/F),.. is the actual ratio of
oxygen and fuel and (O/F)gyjcn. is the calculated stoichio-
metric ratio of oxygen and fuel. (O/F)gqich., by mass, are
calculated to be 7.14, 6.97 and 3.28 for hydrogen, propy-
lene and kerosene, respectively. In case of the hydrogen
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Table 2 HVOF spray guns (Ref

129-132) Spray gun Fuel type Manufacturer
Jet Kote or JK (e.g., Jet Kote II and III) Gas Deloro Stellite
Diamond Jet (e.g., DJ 2600 and 2700) Gas Oerlikon Metco
HV-2000 Gas TAFA Praxair
JP 5000/8000 Liquid TAFA Praxair
CIJS (e.g., CJS 4.2 and 5.2) Liquid Thermico
Wokalet and WokaStar Liquid Oerlikon Metco

gas-fueled DJ 2600 gun, it was shown that for various total
volume flows between 1100 SLPM and 1250 SLPM, the
maximum temperature occurs at the 4 of around 0.77 (Ref
17) and 0.74 in another study (Ref 137). Employing
numerical simulation, it has been revealed that for a
propylene gas-fueled HVOF gun a fuel rich 4 between 0.83
and 0.96 can generate the peak temperature inside the
nozzle. In the fuel rich combustion there is an additional
unburnt fuel in the nozzle and as a result of its combustion
with the ambient air along the spray plume, a higher
maximum temperature occurs in the stream outside of the
nozzle. It was also suggested that a lean mixture with the 4
of 1.16 can provide the maximum temperature at the nozzle
exit (Ref 138). For the liquid-fueled Wokalet-400 gun, a A
of 0.88-0.92 can provide the maximum flame temperature
in case of employing kerosene as the fuel (Ref 137, 139).
The intrinsic properties of the fuel type are another factor
influencing flame temperature and velocity. It is known
that, at a given temperature (of feedstock particles), kero-
sene can generate higher particle velocities compared to
hydrogen and propylene due to its intrinsic properties. On
the other hand, when keeping the velocities the same,
kerosene produces lower temperature of feedstock particles
as compared to hydrogen and propylene (Ref
125, 140, 141). In addition, gas-fueled torches exhibit a
wider range of processing parameters as compared to liq-
uid-fueled guns (Ref 142). This results in cermet coatings
with more extensive range of performance and mechanical
characteristics when deposited by a gas-fueled gun. After
discovering appropriate SCR, change in the total volume
flow can deliver different temperature values of the flame.
An increase in backpressure and as a result total volume
flow from 5.22 bar to 5.51 bar can increase particles tem-
perature from around 1630 to 1870 °C and velocity from
570 to 610 m/s (Ref 17). However, in the case of WC-
based coatings, reaching the maximum temperature is not
always desirable since it can result in an increase in the
molten fraction of feedstock particles which leads to an
increase in the extent of phase change such as the forma-
tion of brittle W,C phase which is discussed in “Phase
Change During HVOF Spraying” section.

Deposition efficiency is another factor that can be
influenced depending on the employed process parameters.
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It has been shown that, for a CJS liquid fuel HVOF gun, by
keeping particles velocity the same (by reaching the same
combustion chamber pressure), but increasing the particle
temperature (by increasing the O/F . ratio from 5 to 3.45),
deposition efficiency can be improved by about 5%, from
41.6 to 46.7%. Also, it was shown that with the same
temperature (~ 1780 °C), an increase in particles velocity
from 780 to 850 m/s can lead to a drop in deposition
efficiency from 46.7 to 39.4% (Ref 100). For an internal
diameter HVOF (HVOF-ID) system it has been found that
a change in the fuel/oxygen ratio can dramatically affect
the deposition efficiency within the range of 27-52%. Also,
spraying angle can considerably influence deposition effi-
ciency of feedstock powders. It is well-known that the
highest deposition efficiency can be obtained by spraying
at 90° angle in a way that large deviations from this angle
can lead to a significant drop in deposition efficiency (Ref
143-145). For instance, it has been shown by Houdkova
et al. (Ref 146) that by decreasing spraying angle from 90°
to 30° deposition efficiency can be halved (from 40 to
20%). Powder characteristics are other factors which can
greatly influence the deposition efficiency (discussed in
“Role of Feedstock Characteristics” section). The deposi-
tion behavior of feedstock particles can directly influence
the chemical composition of resultant coatings since the
hard carbide grains are more susceptible to rebound and as
a result a loss in carbide content can occur. This is
explained in “Phase Change During HVOF Spraying” and
“Phase Change During HVAF Spraying: A Comparison
with APS and HVOF” sections. A list of the deposition
efficiency values obtained by various HVOF equipment is
provided in Table 4.

Phase Change During HVOF Spraying As explained in
the previous section, exposing the feedstock powder to
high temperatures can lead to the formation of brittle
phases such as W,C which is a result of WC transformation
due to decarburization during spraying. Although the
amount of decarburization reported for HVOF coatings is
significantly lower than that of plasma spray coatings, it is
still documented as one of the shortcomings of this method
(Ref 1, 13, 147). The process of dissolution of WC grains
in the molten metallic binder (Co) and, ultimately,
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decarburization initiates at temperatures above the eutectic
temperature (~ 1350 °C for WC-CoCr) (Ref 148, 149).
During this process, carbon diffuses through the liquid
binder and oxidizes at the surface in form of CO and/or
CO,, leading to a reduction in the C and WC contents in
the coating (Ref 150-152). By subsequent cooling down of
the liquid binder, it becomes supersaturated, leading to the
formation of W,C and W phases, depending upon the
extent of carbon loss (Ref 148, 151). By further cooling
down below the eutectic temperature, due to a reduction in
solubility, precipitation of mn-carbide phases of Co-W-C
(MgC: e.g., Co3W3C or M;C: e.g., CogW¢C), in the form
of solid solution, may occur (Ref 148, 150). WO, WO,,
WO3, W,,04 and W30y are other possible gaseous products
as a result of reaction with oxygen (Ref 153). Another
mechanism of carbon loss can be direct oxidation of WC
grains in reaction with other combustion products such as
water vapor and carbon dioxide. W,C and W can be con-
sidered as the main products of these reactions (Ref
19, 153). It is broadly reported that thermal dissolution and
decarburization of feedstock powder can significantly
affect the wear performance of thermally sprayed WC-
based coatings (Ref 1, 80, 154, 155). This influence can be
attributed to various factors such as decohesion of the
carbide grains (Ref 155), increase in brittleness of the
coating and decrease in the carbide content (Ref 156).
While the ratio of W,C/WC (using x-ray diffraction tech-
nique) is a common criterion to judge the extent of
decarburization (see Table 5), it may not provide a fair
view of the amount of WC loss since it might partially
occur due to carbide rebounding during the process.
Although very few investigations (Ref 157-159) have
employed direct measurement of elemental content through
LECO technique, it can potentially provide a good insight
in this regard. In a study by Agiiero et al. (Ref 160),
employing a LECO GDS analyzer, it was shown that
during HVOF spraying of WC-CoCr, the content of W and
C is decreased from 80 and 5.5% to 64.2 and 4.63%,
respectively. This was attributed to rebounding of the hard
WC grains during the spraying.

Thermal degradation of WC grains becomes even more
pronounced when the attempt is to fabricate a fine-struc-
tured coating using finer (submicron) carbide grains and/or
feedstock powder, due to higher specific surface area of the
finer carbide grains or feedstock particles (Ref 25, 161).
This is where the HVAF method has the potential to pro-
vide a considerable advantage by mitigating the extent of
material degradation.

HVAF Method

HVAF not only has the potential to produce high-quality
coatings but also is economically attractive and demands

more attention to be well established in industry. In this
method, by using compressed air (instead of pure oxygen
as compared to the HVOF technique), the idea is to reduce
the flame temperature and compensate for it by increasing
the stream’s velocity. The velocity of feedstock particles in
HVAF can reach up to 1200 m/s while the temperature is
typically under 1500 °C, just under the melting temperature
of most of the metals used as binder in WC-based coatings
(Ref 162-164). Propane, propylene and natural gas are
usually used as fuel in this method (Ref 165). In this
technique, oxidation and material degradation due to high-
temperature reactions are significantly reduced (Ref
157, 166-168). Figure 7(a) and (b) shows SEM images of
HVOF-sprayed WC-12Co and HVAF-sprayed WC-
10Co4Cr coatings, respectively. Light gray areas in
Fig. 7(a) demonstrate tungsten-rich phases (shown by
arrows) as a result of thermal dissolution reactions. It can
be identified that in some areas the carbide grains are
completely vanished as a result of these reactions. The
HVAF coating, on the other hand, does not show any sign
of formation of tungsten-rich phases in a way that the
carbide grains retain their original shape, homogeneously
distributed throughout the coating (Ref 2, 152, 167). Like
HVOF technique, there are various process parameters that
need to be fine-tuned in HVAF method.

Role of Process Parameters in the HVAF Technique It
has been reported that, because of the limited temperature
range in the HVAF method, the properties of the resultant
coatings are not extremely affected as a result of changes in
processing parameters (Ref 104, 163, 169). Although the
HVAF technique does not seem to be as sensitive as HVOF
is, this method still is a process parameter dependent
technique and demands extensive expertise. Hence, most of
the process parameters highlighted for the HVOF method
in the previous section, are the case here as well. However,
the difference here is that in the HVAF method, gun con-
figuration is another parameter of high importance. The
particle temperature and dwell time can be altered using
nozzles with different total length and varying convergent-
divergent section designs. A list of popular HVAF guns
and corresponding powder size range is provided in
Table 3.

There have been investigations exploring the effect of
processing parameters in the HVAF method. Consistently
noting compressive stresses in WC-based coatings is a
feature of HVAF spraying and this results from the peening
effect associated with high-velocity impact of feedstock
particles inherent in this method (Ref 7, 21, 173). Having
high kinetic energy coupled with low temperature allows
the particles to induce peening effect on the impacting
surface. Lyphout et al. (Ref 174) investigated the correla-
tion between coatings characteristics and process variables
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Fig. 7 A comparison of
microstructures of (a) HVOF
WC-12Co (Ref 152) and

(b) HVAF WC-10Co04Cr (Ref 2)
coatings

Table 3 Specifications for

popular HVAF guns (Ref 170- Spray gun Powder size distribution, pm Manufacturer

172) M3 5-25 to 15-45 Uniquecoat Technologies LLC
M2* 5-10 to 10-30 Uniquecoat Technologies LLC
AK7 5-20 to 20-45 Kermetico, Inc.
AK6 5-20 to 10-38 Kermetico, Inc.
AKS5 3-15 to 5-30 Kermetico, Inc.

*Utilizes a variety of xLy; x: the length of nozzle and y: convergent-divergent configuration of the nozzle

including nozzle design, standoff distance, the pressure of
fuel 1, fuel 2 and carrier gas, and powder feeding rate,
employing design of experiment methods. It was shown
that increasing the length of nozzle can improve the
microhardness of the resultant coating as well as its abra-
sion wear resistance. Also, higher powder feed rate and
shorter standoff distance resulted in higher deposition
efficiency. Increase in fuel 1 and fuel 2 pressure did not
have a significant influence either on the quality of coating
(i.e., porosity, decarburization), or on the abrasive wear
performance of the coating. The average hardness value
reportedly increased by increasing length and/or exit
diameter of the nozzle, when spraying WC-CoCr feedstock
of 5-20, 5-30 and 15-45 pm size distribution using the M3
HVAF gun. Also, the specific wear rate experienced a
threefold improvement (from 23 x 107° to 8 x 1077 -
mm® N™' m™") when using longer nozzle with larger exit
diameter to spray WC-CoCr feedstock with 5-20 um par-
ticle size. Using the same two nozzles, negligible devia-
tions were observed for processing the same feedstock with
5-30 pm particle size (Ref 169). Although other studies
(Ref 172, 175) can be found suggesting the possibility of
improving the properties of the coating by engineering the
configuration of the HVAF gun, the extent of variation in
the achieved properties is not well understood yet.

Lower temperature of in-flight particles in the HVAF
technique can potentially raise some concerns around the
deposition efficiency with this method. However, there
have not been many rigorous studies investigating the

@ Springer

deposition efficiency and the relevant determining factors
in this technique which can be considered as a research gap
in the field. Nevertheless, comparable or even higher
deposition efficiencies than are obtained with the HVOF
process, namely 46-62% for the M3-HVAF gun (Ref 170)
and 36-70% for the AK-HVAF gun (Ref 171), were
claimed by the respective manufacturers when spraying
WC-based coatings. A change in gas type from propane to
propylene can produce an improvement in deposition
efficiency from 52 to 63% when spraying WC-CoCr by a
HVAF gun. In a study by Myalska et al. the deposition
efficiency of WC-Co and 5 wt.% of TiC was similar when
spraying by HVAF and HVOF (Ref 176). In a direct
comparison between HVOF and HVAF technique, it was
shown that for a WC-based feedstock, a deposition effi-
ciency of around 60% is obtained when using DJ2700
HVOF gun while the value is only around 42% when
employing the K2 HVOF gun or M3 HVAF gun. The
characteristics of the feedstock powder constitute another
important parameter given the fact that different production
procedures can result in powders with varying densities.
For feedstock powders with the same particle size, depo-
sition efficiencies of 43, 60 and 64% have been reported for
fused/crushed, sintered/crushed and agglomerated/sintered
powders, respectively (Ref 165). Deposition efficiency
values reported in literature for the HVAF technique along
with values achieved from the HVOF method are listed in
Table 4.
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rTe?)lc))lr‘:eil iEeIPI(\);(I)tiS r;;(liﬁ;ll{c]r:;es Deposition method Deposition efficiency, % Chemistry Ref.

E;‘;ff:;“g of WC-based HVOF (JP 5000) 40 WC-17Co (Ref 146)
HVOF (JP 8000) 423 WC-10Co4Cr (Ref 177)
HVOF-ID (IDCoolFlow) 27-52 WC-10Co4Cr (Ref 178)
HVOF (CJS) 29.1-46.7 WC-10Co4Cr (Ref 100)
HVOF (K2) ~ 42 Cr;C,-37WC-18M (Ref 179)
HVOF (DJ2700) ~ 60 Cr;C,-37WC-18M (Ref 179)
HVAF (AK) ~ 42 Cr;C,-37WC-18M (Ref 179)
HVAF (M3) 46-62 WC-based (Ref 170)
HVAF (AK) 36-70 WC-CoCr (Ref 171)

Phase Change During HVAF Spraying: A Comparison
with APS and HVOF Studies show that HVAF has the
possibility to dramatically reduce decarburization to near
zero. It has been shown that carbon retention of WC-CoCr
coatings can increase from 0.84 when processing by HVOF
to 0.96 when HVAF technique is used for spraying (Ref
180). Wang et al. (Ref 156) using x-ray diffraction analysis
showed that ratio of W,C to WC can decrease from 0.7 in
HVOF to nearly 0 in HVAF method. These results confirm
the findings of a similar study from the same authors (Ref
181). However, carbon loss can also occur due to
rebounding of carbides upon impact. This can be especially
more pronounced in the HVAF technique depending on the
size of carbide grains and content of metallic matrix.
However, not many studies have been conducted on this for
WC-based coatings. Although the flame temperature of the
HVAF process is lower than that characteristic of the
HVOF technique, carbon loss can still occur during HVAF
spraying due to oxidation, because of the typically longer
dwell time (longer nozzle) as well as the finer particle size
of powders typically deployed in this method. 24.6% loss
in carbon content is reported when spraying Cr;C,-based
feedstock using HVAF technique (Ref 182). However,
contradictory findings can be observed in the literature. In a
study by Jacobs et al. (Ref 157), no change in carbon
content, measured using the LECO method, was observed
when spraying WC-Co and WC-CoCr employing the
HVAF technique.

In Table 5 the W,C/WC ratio is listed for different
deposition techniques based on prior studies. In the APS
method this ratio can reach 1. The amount of decarbur-
ization in the HVOF method is highly dependent on the
type of HVOF torch as well as the employed process
parameters. The W,C/WC ratio, for the HVOF technique,
can vary from 0.1 to up to 0.7. In contrast, negligible
decarburization is reported in the literature for HVAF
processed coatings which can be considered as a great
advantage of this technique. Also, spraying feedstock with
smaller carbide size, with the aim of producing refined
microstructures, seems feasible by employing the HVAF

route and needs more attention in future studies. By having
an improved coating’s properties, it may be possible to
reduce the coating thickness which can have some tech-
nical and economic benefits. Promising capabilities of
HVAF technique can make all these possible. However,
there are not enough investigations around this and hence it
demands much more attention of the community.

Role of Feedstock Characteristics

Employing different powder manufacturing methods such
as agglomeration and sintering; sintering and crushing;
casting, crushing and fusing, can affect the principal fea-
tures of the powders such as size distribution, morphology,
apparent density, etc., and consequently the microstructure
and performance of coatings (Ref 104, 187-190). It should
be noted that the influence of powder characteristics can
considerably differ when employing different processing
routes. In the rubber wheel abrasion test, HVOF (JP 5000)
coatings produced using cast-crushed powders showed
inferior resistance compared to those manufactured by
sintered-crushed and agglomerated-densified powders (Ref
189). However, in a comprehensive study by Schwetzke
et al. (Ref 191) on coatings fabricated from feedstock
produced by four different manufacturing routes, it was
shown that no major difference in performance can be seen
by employing powders with different morphologies.
Employing feedstock powder with finer particle size during
HVAF spraying, can result in higher in-flight temperature
and velocity which in turn can improve microstructural
characteristics of the coatings by resulting in higher density
and better homogeneity. The in-flight velocity of WC-CoCr
powders, sprayed by M3 HVAF gun, can be increased from
780 to 1050 m/s when decreasing the size from 15-45 to
5-20 pm. Also, the Vickers hardness of the coating expe-
rienced an improvement from 1300 to 1575 HV,3 when
employing finer powder. All these led to about a fourfold
decrease in the specific wear rate from 33 x107° to
81072 mm® N™' m™' (Ref 192).
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Table 5 Decarburization ratio

in WC-based coatings reported Deposition method Decarburization ratio (W,C/WC) Chemistry Ref.

for APS, HVOF and HVAF APS 02 WC-17Co (Ref 105)

processing routes
APS ~ 1 WC-17Co (Ref 110)
APS 0.46 WC-Ni (Ref 183)
HVOF (JK) 0.7 WC-10Co4Cr (Ref 156)
HVOF (JP 8000) 0.12 WC-10Co4Cr (Ref 156)
HVOF (JP 5000) 0.055 WC-10Co4Cr (Ref 184)
HVOF (DJ) 0.14-0.16 WC-10Co4Cr (Ref 185)
HVOF (JP 5000) 0.114 WC-12Co (Ref 184)
HVOF (DJ 2700) ~ 0.6 WC-12Co (Ref 186)
HVOF (DJ 2700) 0.13 WC-12Co (Ref 167)
HVOF (HV-2000) 0.25 WC-12Co (Ref 167)
HVAF (AK) ~ 0 WC-10Co4Cr (Ref 156)
HVAF (M2) ~ 0 WC-10Co4Cr (Ref 80)
HVAF (M3) ~ 0 WC-12Co (Ref 186)
HVAF(Aerospray) 0 WC-12Co (Ref 167)

The characteristics of the feedstock powder can influ-
ence deposition behavior of particles. Increase in size (Ref
193) and content (Ref 192) of WC grains can result in a
reduction of the deposition efficiency because of higher
chance of particles rebounding when spraying by HVOF
technique. Also, particles with higher density tend to resist
more against deformation and, ultimately, exhibit lower
flattening and higher chance of rebounding off the surface
upon impact. It has been shown that with the same particle
size, an increase in apparent density from 4.43 to
5.02 g cm ™ can result in a drop in deposition efficiency
from 43.6 to 38.7%, when using CJS HVOF gun (Ref 100).
It has been shown that a decrease in feedstock particle size
range (between 5 and 45 pm) can result in a significant
decrease in deposition rate when employing the M3 HVAF
gun. The deposition rate of WC-CoCr feedstock sprayed by
M3 HVAF gun has been reported to drop from around
25 pm/pass to 14 um/pass when decreasing the particle
size range from 15-45 to 5-20 um (Ref 169). The influence
of powder characteristics is also observed for the cold
spray technique, in a way that an increase in the WC
content (Ref 194), WC size (Ref 99) and feedstock particle
density (Ref 195) can result in a drop in deposition effi-
ciency. Rebounding of carbides can especially occur more
frequently when the content of the carbide is high and/or
the size of carbide grains is large (> 2 um) (Ref
159, 180, 182).

The relative size of feedstock particles and carbide
grains (equation 2) governs the flattening ability of the
particles upon impact (Ref 159, 169).

5 b

= (Eq 2)
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where dp and dc are particle and carbide size, respectively.
As this relative size approaches 1 (smaller feedstock par-
ticle and bigger carbide grains), the flattening behavior is
more governed by hard carbide grains which increases the
chance of rebounding. The role of carbide size, as one of
the key characteristics of the feedstock powders, is the
main focus in this section.

A reduction in carbide size can potentially improve the
mechanical properties such as hardness and toughness as
well as the tribological performance of the coatings (Ref
1, 16, 196). Wang et al. (Ref 197) studied the
microstructure and mechanical properties of HVOF-
sprayed cermet coatings from WC-Co feedstock powder
with the mean carbide size of 80 nm. The idea of using
nanosize carbides was to replace some of the WC/binder
interfaces by WC/WC interface. They suggested that a
clustered structure which comprises of small carbide grains
(increasing the number of carbide/carbide interfaces) can
enhance the wear performance of the coating compared to
the regular coatings containing singular large carbides. In
the case of a coating with regular carbide size once the
binder (Co) is removed, the single carbide grain is very
likely to be pulled out while in a clustered structure, there
are plenty of hard WC grains bonded together embedded in
the binder beneath, making the material difficult to be
removed. However, it has been reported in some studies
that a decrease in carbide size can result in a decrease in the
value of fracture toughness (Ref 32, 198). Also, there are
contradictory reports on the correlation between carbide
size and wear performance of a WC-based coating. While
some studies show that employing feedstocks with smaller
carbide size range result in superior wear resistance (Ref
16, 193, 199-202), other investigations report either no
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major difference or deterioration of wear performance by
reducing the size of carbides (Ref 25, 39, 203-205). The
employed spraying method in all the cited references (Ref
16, 39, 201, 202, 204, 205) is HVOF and the above con-
tradiction plausibly results from different spraying param-
eters used in each study. As the flame temperature, and as a
result the extent of decarburization, can be varied based on
the employed process parameters (mentioned in “Role of
Process Parameters in the HVOF Technique” section),
using smaller carbide grains brings even more sensitivity to
this due to the higher specific surface area (see “Phase
Change During HVOF Spraying” section). Those studies
that reported an improvement in performance (Ref
16, 201, 202) tried to reduce the flame temperature as much
as possible to reduce the decarburization effect.

In cermet coatings, besides the intrinsic properties of
reinforcing grains and metallic binders, the mean free path
(MFP) is the other parameter that governs the properties of
the coating. For a given volume fraction of carbides, the
MFP value depends on the size of carbides. The parameter
MFP or mean free interparticle distance is defined as (Ref
206, 207);
1=V,

NL

A= (Eq 3)
where A is MFP, V), is the volume fraction of the WC
grains, Ny is the number of carbide grains that intercept per
unit length a random test line. For a given carbide-binder
volume fraction, the MFP value decreases with a decrease
in the size of employed carbides.

In a study by Kumari et al. (Ref 3) it is shown that a
reduction in MFP can considerably improve the abrasion
wear performance of the coating with a linear correlation.
In this study the extend of decarburization, during HVOF
spraying of powders with finer carbides, was controlled by
keeping flame temperature to be as low as possible. Also,
similar linear relationship is suggested between relative
abrasive wear rate and relative carbide size by other studies
(Ref 16, 208, 209) confirming the improvement in abrasive
performance by decrease in carbide size. It has been reaf-
firmed for sliding wear conditions (Ref 198, 208), that
when the decarburization ratio is negligible, a decrease in
carbide size can lead to a substantial decline in specific
wear rate by a factor of two, which is attributed to an
increase in hardness and toughness of the coating.

In general, considering the decarburization ratio to be
negligible, larger MFP (bigger carbide size) means higher
local surface exposure of the binder and this results in a
tougher and softer composite system. So, by having a
composite system that has higher toughness, it is easier to
absorb more energy through plastic deformation, leading to
an improvement in resistance against fracture. If MFP is
considered to be representative of the binder width (Ref

210), in the configurations with larger carbide grains, the
thickness of the binder is bigger (more available space
between the carbide grains). As a result, under loading, the
configuration can accommodate the deformation within the
tough binder. On the other hand, by decreasing the MFP,
accommodation for deformation within the binder is lim-
ited (greater constraint against deformation). So, for further
deformation, such configuration requires more stresses to
be applied, resulting in improvement in strength. Also, in
the configurations with finer carbide grains, the carbides
will be more uniformly and homogeneously distributed
throughout the matrix. This can prevent the coatings from
being deeply penetrated in the case of two and three-body
abrasion wear and the resulting grooves would have shorter
length (higher number of hard carbide grains are in the
way). The other benefit is that by reducing particle size, a
lower surface roughness on the coatings will be achieved,
leading to improvement in wear performance and reduction
in finishing costs.

Tribological Behavior

After the selection of the proper deposition technique and
setting the desired spray parameters and assessing the
coating properties in terms of microstructure and
mechanical properties, the performance of the coating
when exposed to different application-relevant wear modes
needs to be evaluated. Wear-resistant coatings are sup-
posed to perform well under various tribological condi-
tions. There are several standard tests to examine the
behavior of a coating under these conditions, including
sliding wear (Ref 211), dry and wet abrasion (Ref
212, 213), erosion and slurry erosion (Ref 214, 215) con-
ditions. Each of these tests is distinct and subjects the
coating to entirely different wear environments, which
result in different mechanisms of material removal from
the coatings. In this section, the focus is on reviewing the
performance of HVAF- and HVOF-sprayed WC-based
coatings and also the mechanisms that are responsible for
coating degradation when exposed to different modes of
wear.

Performance Comparison of HVAF and HVOF
Coatings

As mentioned in “Phase Change During HVOF Spraying”
section, material degradation can occur in the case of using
HVOF as the deposition method. This leads to brittleness
of the coating resulting in rapid propagation of surface and
subsurface cracks, which can affect wear mechanisms and
tribological ~ performance of the coating (Ref
205, 216, 217). On the other hand, material degradation is
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minimized in coatings applied using the HVAF route.
However, since the temperature is relatively low and par-
ticles are scarcely heated, the method can lead to weak
inter-lamellar cohesion.

Since both methods are significantly influenced by
feedstock characteristics and spraying parameters, an
equitable comparison of the two processes in terms of
properties and performance is challenging. Still, results
ensuing from comparative studies involving HVOF and
HVAF can give a good picture of advantages and disad-
vantages of each. Making this comparison for various
coatings deposited using distinct feedstocks and employing
different spray parameters can make it more comprehen-
sive. In a comprehensive study by Bolelli et al. (Ref 2), the
wear performance of HVAF- and HVOF-sprayed WC-
CoCr coating was compared by conducting abrasion and
sliding wear tests. The selection of feedstocks with two
different particle sizes of 5/30 um (W1) and 15/45 pm
(W2) for both HVAF and HVOF method provides a well-
grounded comparison. Employing two different guns for
each technique, JP5000 (P2) and DJ2700 (P3) for HVOF
and M3 (P1) and M2 (P4) for the HVAF method, covers
diverse coating properties resulting from intrinsic differ-
ences in the employed equipment. Figure 8 shows the
specific wear rate and volume loss obtained from testing
samples in different wear environments.

According to Fig. 8(a), with the exception of coatings
deposited by HVOF DJ2700 (P3) and tested at high tem-
perature, the sliding wear performance of all the thermal
spray coatings is roughly the same with negligible differ-
ence in specific wear rates. In the two cases P3W1 and
P3W2, networks of through-thickness macrocracks were
reportedly visible to the naked eye across the surface of the
samples before starting the ball-on-disk test. The case with
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Fig. 8 (a) specific wear rates obtained from ball-on-disk test and,
(b) volume loss from sand rubber wheel test performed at room
temperature (RT) and 400 °C on WC-CoCr coatings from feedstock
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electrolytic hard chromium (EHC) was provided as a ref-
erence. Also, dry sand rubber wheel tests were conducted
to compare the abrasion resistance of the coatings fabri-
cated by the two high-velocity techniques. Although
according to Fig. 8(b), all the samples show comparable
wear performance under dry sand rubber wheel test, it can
be noticed that the feedstock powder particle size was a
more influencing factor in abrasive wear environment
rather than the process route. The coatings generated with
the powder with coarser particle size (W2-series) showed
larger volume losses than those of the finer powder cut size
(W1-series). The authors also confirmed similar behavior
for HVOF and HVAF coatings in the other study (Ref 80).

To compare the wear performance of the coatings from
the two methods at higher temperatures, a combination of
Fe-based feedstock of FeCrNiSiBC with 0, 20 and 40 wt.%
addition of WC-Co composite powder were examined.
Performing ball-on-disk tests at higher temperatures
revealed that an increase in temperature can lead to an
increase in wear rate for both HVOF and HVAF coatings
by roughly the same magnitude. For a given composition
and test temperature, the specific wear rate values of the
coatings deposited by the two processing techniques were
in the same range (Fig. 9). It can be seen in Fig. 9 that the
coatings with addition of Fe-based binder show a compa-
rable performance at higher temperatures as compared to
the reference WC-Co.

Comparable performance was suggested by other
researchers under sliding wear test (Ref 218, 219) as well
as under jet erosion test at 30°, 60° and 90° as well as slurry
erosion (Ref 220). However, other reports can be found
with contradictory conclusions which are discussed below.

Wang et al. (Ref 221) compared the slurry erosion
behavior of HVOF- and HVAF-sprayed WC-CoCr
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of two different particles sizes, 5/30 pm (W1) and 15/45 pm (W2),
processed by various spraying techniques, JP5000 (P2) and DJ2700
(P3) for HVOF and M3 (P1) and M2 (P4) for HVAF (Ref 2)
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coatings. AK 07 HVAF and DJ2700 HVOF gun were
employed to fabricate the coatings. The slurry erosion test
was performed by mixing 40-70 mesh SiO, sand in water.
The feed rate of sand was 150 g/min and the test was
performed at 30° and 60° impact angles. According to
Fig. 10, the erosion resistance of HVAF samples is slightly
superior compared to that of HVOF samples. This superior
performance can be attributed to the lower porosity, higher
hardness and fracture toughness for HVAF samples com-
pared to those deposited by HVOF method.

Hulka et al. (Ref 222) showed that HV AF-sprayed WC-
based coatings exhibit similar or better wear performance
compared to the coatings deposited by HVOF process,
under sliding and abrasive conditions. Weight loss under
abrasion wear for HVOF coatings was slightly higher than
that of HVAF coatings (65 mg for HVOF coatings vs. 57
mg for HVAF coatings). Also, the specific wear rate under
ball-on-disk test conditions for HVOF coatings with 2.62 x
1073 (mm3 N~! m_l) was higher than that of HVAF
coatings with 2.26 x 107 (mm®* N~' m™"). In another
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Fig. 9 Specific wear rate for various composition deposited by
HVAF and HVOF processes (Ref 80)
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Fig. 10 The slurry erosion volume loss of WC-CoCr coatings
sprayed using HVOF and HVAF methods; adapted based on (Ref
221)

study, Wang et al. (Ref 156) by conducting sliding and
abrasion tests concluded that HVAF coatings exhibited
better performance compared to HVOF-sprayed layers. For
the same abrasive test conditions, the average abrasive
wear rate for the HVAF samples sprayed using the AK 07
gun was 3.76 x 107® g/m while the wear rate values for
the other two HVOF coatings sprayed using JP8000 and Jet
Kote III were 6.05 and 18.72 g/m, respectively. They
attributed such results to lower decarburization in HVAF
coatings compared to that of HVOF, leading to higher
hardness and fracture toughness for the coating.

Recently, there have been some studies focused on the
wear behavior of high-velocity sprayed WC-based coatings
under erosive environments (Ref 223-226). Matikainen
et al. (Ref 180) conducted a comprehensive comparative
investigation to evaluate the wear performance of WC-
CoCr sprayed using HVOF and HVAF techniques under
various erosive environments, including dry, slurry and
cavitation erosion. The most substantial difference was
found in cavitation erosion rate for HVAF-sprayed samples
(0.4 pm/h) compared to HVOF coatings (1.5-3.7 pm/h).
There are other studies claiming that the process route can
have great influence on the performance of the resulting
coating (Ref 157, 167, 218, 227)

In general, as discussed in “High-Velocity Spraying
Methods” section, the quality of deposited coatings using
HVOF and HVAF methods in terms of mechanical prop-
erties and tribological performance can be highly influ-
enced by the process parameters as well as feedstock
characteristics. Sometimes, this can lead to contradictory
results when it comes to comparing coatings sprayed using
HVOF and HVAF methods (Ref 80, 156, 167, 228). It can
be found in the literature that HVAF WC-based coatings in
some cases show inferior and in some other cases superior
wear performance compared to HVOF-sprayed WC-based
coatings. For instance, in Fig. 11 it can be seen that HVAF
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Fig. 11 Mass loss in rubber wheel test for coatings applied using
HVAF and HVOF methods (Ref 229)
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WC-FeCrAl is ranked between two HVOF coatings
sprayed with different guns in terms of abrasive wear
performance.

Mechanisms of Material Removal Under Different
Wear Conditions

Wear is a complicated phenomenon and there is no unified
classification of wear mechanisms. This is not only because
it is intrinsically a complex process, but also because it is
greatly dependent on the material being worn, its properties
and the environment that it experiences. There are a great
number of studies devoted to description and classification
of wear mechanisms from various perspectives. The
delamination theory of wear was introduced by Suh in
1973 (Ref 230). This theory was established based on the
formation of subsurface microcracks and voids and their
propagation toward surface and detachment of material.
Wear mechanisms are mostly classified in four major
groups as adhesive, abrasive, fatigue and corrosive by
Furey (Ref 231), Rabinowicz (Ref 232) and Budinski (Ref
233). Budinski later considered four main modes of wear
considering material removal mechanisms including abra-
sion, nano-abrasive, rolling contact fatigue and impact.
Based on the type of wear test and test conditions a com-
bination of these modes can play a role. Also, the process
of material removal is greatly dependent on the material
texture and properties. In literature, the process of material
removal during different forms of wear is known by terms
like failure modes, degradation mechanisms, damage
mechanisms, etc. It includes post facto analysis of the worn
surface and corresponding subsurface microstructure. In
this paper the wear mechanisms are categorized based on
different types of wear conditions, so the prominent
material removal mechanisms in play during sliding,
abrasive and erosive forms of wear are briefly discussed
below for thermal spray coatings.

Sliding Wear

Several investigations can be found putting forward a
failure scenario for thermal spray WC-based coatings
under sliding wear conditions using ball-on-disk test
according to the standard ASTM G99 (Ref 211). Based on
literature studies (Ref 156, 234-236), the proposed failure
mechanisms fall mostly into one or a combination of these
categories: complete delamination, micro-chipping, crack
propagation along the carbide/binder interface, extrusion of
matrix and, as a result, carbide pulling out due to weak
binder support. Test conditions such as temperature, char-
acteristic of mating counterpart, load and duration can
highly affect the wear process and mechanism in the slid-
ing wear. Besides, characteristics of the feedstock such as
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employed production route, size distribution of the parti-
cles or of individual carbide grains, and intrinsic properties
of the binder can influence the process of material removal
(Ref 6, 14, 25, 169). According to several reports, it has
been revealed that performing tests at higher temperatures
expedites material removal and the formation of oxides
(Ref 80, 237, 238). Wesmann et al. (Ref 237) in their study
showed that the amount of WC measured on the surface
after a sliding test decreases from 92 to 47.8 at.% as a
result of increasing test temperature from room tempera-
ture to 200 °C. This led to an increase in the average value
of the specific wear rate from 0.4 x 1077 to 2.0 x 10~
“mm® N"' m~'. Generally, increasing the applied load
can lead to higher material removal. Generally, increasing
the applied load can lead to higher material removal. This
can be due to more severe damage of the coating accom-
panied with more complex removal mechanisms governed,
among other factors, by correspondingly higher tangential
force (Ref 236, 237, 239). In (Ref 236) it is shown that
specific wear rate can increase from 0.17 x 107> mm® -
N'm'at30Nt353 x 107 mm’ N""' m~" at 90 N.

In a study by Torkashvand et al. (Ref 240) on HVAF
WC-CoCr coatings, no significant change in specific wear
rate was observed on increasing normal loads up to 40 N in
sliding wear test. Wang et al. (Ref 236) conducted ball-on-
disk testing on WC-CoCr with the load varied from 15 to
90 N. They found that the rate of material removal
increases significantly once the load surpasses 45 N. The
dominant wear mode in the case of 15 N was individual
carbide pullouts (Fig. 12a). Removal of material in forms
of carbide pull-outs is reported to be a very common
mechanism in WC-based coatings (Ref 241-243). Carbide
pull-out can occur through various mechanisms; in some
cases, the carbide grains get fractured as a result of contact
with the counterpart and fragments get pulled out during
the test (Ref 169). Also, it can happen because of binder
removal around the carbide grain or even because of weak
cohesion with the binder. Increasing the load to 30 N
created several plowed grooves (Fig. 12b) and with further
increase to 45 N, macro-scale cracks emerged on the scar
region (Fig. 12c). Under 60 N of normal load, severe
fatigue delamination occurred due to plastic deformation
leading to a sharp increase in the removal rate (Fig. 12d).
For the cases 75 and 90 N, extensive material exfoliation
can be observed (labeled as massive exfoliation in
Fig. 12e) in the form of pits.

Therefore, the following scenario according to Fig. 13
was proposed as the mechanism of material removal in
case of sliding wear condition. First, small cracks nucleate
within the binder phase and the carbide/binder interface,
followed by plastic deformation, removal of small frag-
ments, and fatigue delamination as a result of large-scale
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Fig. 12 High-magnification
SEM micrographs of the HVOF
WC—-Co—Cr coating tested at
different loads of (a) 15 N,

(b) 30 N, (c) 45 N, (d) 60 N,
(e) 75 N and (f) 90 N (Ref 236)

cracks, and finally large scale of material removal and
formation of pits.

Excessive material removal in the form of pits happens
either because of very harsh test conditions (e.g., high load)
or when the coating does not have a great cohesion (Ref
167, 169, 244). Along with the intrinsic behavior of the
binder which provides the cohesion in WC-based coatings,
the spraying process seems to have a profound influence on
the microstructure characteristics and property retention of
the feedstock properties and, as a result, on cohesion. In a
study by Shipway et al. (Ref 205) on the performance of
HVOF-sprayed WC-Co coatings in the ball-on-disk test, it
was shown how degradation of feedstock material during
deposition can influence the wear process. The loss of
ductility in the Co-rich binder phase, because of carbide
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dissolution during spraying, can result in subsurface frac-
ture, leading to excessive material removal. Using a cross-
sectional analysis of the wear scar, deep subsurface cracks
parallel to the surface, across W,C-rich areas (bright
regions), were observed (Fig. 14). These cracks can prop-
agate through the binder phase and lead to material loss
once they reach the free surface.

In a study by Wang et al. (Ref 156), the influence of the
processing technique on wear mechanisms under sliding
conditions was evaluated. The wear behavior of three dif-
ferent WC-CoCr coatings applied by HVAF (using AK
gun) and HVOF (using JP and JK guns) methods was
investigated. It was concluded that the dominant wear
mechanism is different for coatings with various degrees of
decarburization. The HVAF coating exhibited the

@ Springer



362

J Therm Spray Tech (2022) 31:342-377

smoothest worn surface and the smallest scar width among
all the three. As shown in Fig. 15(a), no apparent cracks or
deep plows can be found in the AK coating which is
attributed to the coating’s high hardness and toughness. On
the other hand, significant amount of brittle phases (re-
sulting from decarburization) led to the nucleation and
propagation of a large number of cracks and pits on the
surface of the JK coating without any apparent plows. A
small number of cracks, pits and plows were visible within
the wear track of the JP coating compared to the JK
coating. This was attributed to the hardness and toughness
of the JK coating being low, resulting in the worst sliding
wear resistance of this coating.

The following three steps were proposed as wear
mechanism in the coatings: (1) severe deformation and
extrusion of binder, (2) formation and propagation of
fatigue cracks, leading to pull-out of carbides, spallation of
splats and as a result formation of wear debris, and (3)
entrapping of some debris between the two surfaces acting
as a third-body abrasive.
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Fig. 13 Evolution of material removal stages by increasing loading in
sliding test (Ref 236)

Generally, the wear process of thermal spray WC-based
coatings in sliding wear conditions is dependent on two
main factors: test conditions and inherent tribological
properties of the coating. It is expected that, by making the
test conditions harsher, the mechanism of material removal
changes from carbide pull-out to plowed grooves, cracking,
pitting and finally extensive separation of material.
Besides, having brittle phases in the coating can affect the
mechanism of wear as the brittle phases can facilitate the
initiation and propagation of cracks. Due to the tendency of
these phases to cracking, the removal mechanism in the
coatings with brittle phases initiates from the surface and/
or subsurface cracking through the brittle phase and, as a
result, material is detached. This brittleness can be due to
excessive decarburization during spraying. On the other
hand, decreasing the flame temperature by employing the
HVAF technique can resolve the brittleness problem.
Lacking the brittle phases can potentially limit the removal
process to carbide pull-outs, plowing and grooving, which
can substantially improve the performance of the coating.

Fig. 14 Horizontal subsurface cracks (indicated by arrows) across the
W,C rich regions as a result of ball-on-disk test (Ref 205)

Fig. 15 SEM images of the surface subjected to sliding wear test of the (a) AK, (b) JP and (c) JK coatings (Ref 156)
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Abrasive Wear

Another testing method which simulates a vast variety of
application conditions is abrasion wear. There are several
relevant standards such as abrasion resistance of hard
materials, ASTM B611 (Ref 245) and dry sand rubber
wheel test, ASTM G65 (Ref 212) for the evaluation of the
performance of the WC-based coatings under three-body
wear conditions. The analysis of the wear mechanism
under various three-body abrasive conditions is crucial
since it can be employed to have a good understanding of
how the amount of wear can vary as the wear conditions
change. Having third-body particles in this condition can
induce high levels of shear stresses to the surface and as a
result expedite the wear process. There are several test
parameters that need to be set depending on the standard on
which the wear test is based. The characteristics of the
abrasive media, temperature, load, speed and test duration
are among the determining test conditions (Ref
10, 246, 247). In general, the abrasive wear mechanism of a
given WC-based coating is dominated by the following
steps (Ref 136, 197, 248-250): (1) removal of soft matrix
phase, (2) partial or complete fragmentation of unsupported
WC grains and (3) removal of fragments (Ref 248).
Depending on the characteristics of the coatings, which
are determined based on the process technique and the
corresponding parameters, the first two steps can be skip-
ped or occur very quickly in a way that the step three is the
prominent occurrence. This was affirmed in a study on the
abrasion behavior of HVAF (using AK gun) and HVOF
(using JP and JK guns) WC-CoCr coatings with diverse
mechanical properties (Ref 156). Typical SEM images of
abraded surfaces of the three coatings are provided in
Fig. 16. A large number of grooves and pits are visible on
the surface of the JK coating leading to a rougher surface of
this coating compared to JP and AK coatings. Also, the
degree of binder scratching and the number of fractured
carbides (yellow arrows) in the JK coating is higher than
the other two. Based on the morphology of the worn

surfaces, it can be concluded that the “micro-cutting” was
the dominant wear mechanism of the JK coating accom-
panied by spallation of the splats. This behavior was
attributed to the amount of brittle phases (W,C and W)
being higher in this coating as a result of decarburization. It
can be seen how the degree of decarburization can affect
the dominant wear mechanism.

The effect of decarburization can be further pronounced
and lead to crack formation throughout the coating. In a
study conducted by Stewart et al. (Ref 161), through a dry
sand rubber wheel test with alumina and silica sands and
through post wear analysis, they described the material
removal process of HVOF-sprayed WC-Co coatings. In the
case of using alumina as abrasive sand, besides horizontal
cracks (parallel to the surface) mentioned in the case of
“Sliding Wear” section, several vertical cracks were
formed as it can be seen in Fig. 17. These vertical cracks
were not observed in the case of using silica sand (with
more rounded morphology) leading to a wear rate ten times
lower than that with the alumina sand.

It was suggested that the vertical cracks initiated from
indentations of the abrasive particles into the surface of the
coating. They grow vertically through the coatings until
they reach W,C rich areas and continue to propagate across
a W-rich path until finding their way back to the surface.
For cases like these, involving a severely decarburized
coating, the first step out of the three (removal of soft
matrix phase) constituting the material removal mecha-
nisms during abrasion does not occur because of the very
brittle structure. Having extremely brittle phases (in
decarburized coatings) facilitates the propagation of cracks
through the whole system. Therefore, before any matrix
extrusion happens, degradation of the coating already
occurs. On the other hand, in coatings whose toughness is
not significantly altered as a result of decarburization, the
propagation of cracks occurs in a more controlled manner
and only to a limited extent. In this case all the three
mentioned steps occur in sequence and the coating exhibits
a superior performance.

Fig. 16 SEM images of abraded surface of the (a) AK, (b) JP and (c) JK coatings (Ref 156)
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As mentioned earlier, the properties and morphology of
the abradant sand can affect the material removal mecha-
nism. Ghabchi (Ref 17) studied the influence of abradant
sand on the wear mechanism of HVOF-sprayed WC-CoCr
using dry and wet abrasion test with fine and coarse sand
particles. A mix of 10 wt.% titania sand in water was used
for soft slurry abrasion test. In this case, besides the
removal of carbides and splats, it was revealed that another
fracture mechanism contributed to the interaction of sand
particles with WC grains (Fig. 18).

Employing an image analysis method, the effect of the
relative size of the abradant sand (220 nm) and WC grains
was investigated and the following material removal
mechanism were suggested: when the ratio of carbide grain
size to the abrasive particle is; (1) less than 0.5, the
removal of the binder containing carbide grains occurs
(Fig. 19a), and (2) between 0.7 and 1.3, fragmentation of
WC grains happens (Fig. 19b). In the latter case, when the
ratio is close to 0.7, complete fracture of WC grains hap-
pens and when it is close to the upper limit (1.3), partial
fracture happens. For the cases higher than 1.4, no seg-
mentation of carbides was observed. In another study,
fracture of carbides was reported as the dominant

Fig. 17 Vertical cracks initiated from the surface as a result of the
effect of abrasive sands (Ref 161)

mechanism, by increase in abradant size (Ref 246). The
influence of the abrasive particle size on the wear mecha-
nism of thermally sprayed WC-CoCr coatings was inves-
tigated. SiC abrasive media was employed with three
different particle sizes of 4.5, 17.5 and 180 pum in a rubber
wheel abrasion test. They observed a sharp increase from
an average value of around 1 x 1077 (SWR/
m® N™!' m™") for the two smaller particle sizes to around
3.3 x 107" (SWR/m” N™' m™") for the abrasive with the
particle size of 180 pm. They attributed this rapid increase
to change in wear mechanism from plastic deformation to a
more fracture-dominated removal mechanism.

To study the material removal mechanism in dry abra-
sion testing, coarse SiO, and SiC were used as soft and
hard abrasive particles, respectively. The test was stopped
at the very early stage and the surface was analyzed. For
the case with SiO,, as it can be seen in Fig. 20, it was
found that the scratches initiated from surface open
porosities and continued along the direction of rotation of
the rubber wheel. In this case, the penetration of the
abrasive particles into the hard surface of the coatings is
very limited.

In the case of using hard SiC abrasive sand, according to
Fig. 21, a penetration of particles into the hard surface of
the coating occurs. As can be seen unlike SiO,, the scratch
groove is not initiated from open porosity regions. It is
originated from the location that contact pressure is high
enough to trigger the penetration of abrasive particles to the
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grains
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Full
(a) (b) fragmentation
Fig. 19 Proposed mechanisms for material removal based on relative
size of carbides and abrasive particles in wet abrasion (Ref 17)
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Fig. 20 Scratch resulting from
abrasion test using relatively
soft SiO, particles (left) and
proposed mechanism for similar
test conditions (Ref 17)

Fig. 21 Scratch resulting from
abrasion test using relatively
hard SiC particles (left) and
proposed mechanism for similar
test conditions (Ref 17)
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Angular cracks Collapsing of material

Fig. 22 Damage evolution of WC-Co coatings in a typical scratch test—the test direction is from right to the left (Ref 252)

material. The scratch continues until the pressure is enough
and particles are not damaged and result in chipping of
material.

As it can be observed in Fig. 20 and 21, the abrasive
process can be considered as a combination of multiple
scratch tests (Ref 251). So, understanding the material
removal mechanism in a single scratch test can give a good
picture of the removal process in the abrasion test. Ghabchi
et al. (Ref 252) tried to draw a clear mechanism for the
damage process of WC-CoCr coatings employing con-
trolled scratch testing. The test was performed by using a
conical diamond indenter applying a progressive load from
5 N preload increasing to 100 N. According to Fig. 22,

they described the damage evolution to occur in four steps
(1) local material removal, (2) formation of angular cracks,
(3) formation of semi-circular cracks and (4) delamination
of splats.

In another study, Younis et al. (Ref 253) by performing
scratch tests, found similar removal mechanisms as those
shown in Fig. 22. In this study, two grade sizes of WC-Co
coatings, fine and coarse, were applied using the HVOF
method. Generally, in the scratch test performed on coat-
ings with fine feedstock particle size, higher load is
required to induce fracture on the surface. This is while the
wear mechanism in both coatings exhibits similar material
removal processes.
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In the abrasive wear environment, there are various
parameters affecting the process of material removal. The
characteristics of abradant particles as well as test condi-
tions and the intrinsic properties of the coating can influ-
ence the mechanisms of material removal. In general,
abrasion wear can be considered as a superposition of
numerous micro-scratching of the abradant particles on the
surface. It can lead to fracture of the carbides and/or
grooving of the surface resulting in the removal of mate-
rial. Also, depending on the brittleness of the coating,
cracking can happen and as a result expedite the removal of
the material.

Erosive Wear

There are several standard tests including ASTM G76 and
G73 to study the erosion behavior under dry and wet
conditions (Ref 214, 215). In erosive environments,
depending on abradant characteristics, mechanical proper-
ties of the target and test parameters, different material
removal mechanisms can be expected. One of the deter-
mining factors is the hardness ratio of abrasive sand and the
target. If the hardness of abrasive particles is higher than
that of the target, the dominant mechanisms are plastic
deformation, surface fatigue and micro-cutting. If the tar-
get’s hardness is higher than the erosive particles, in
addition to surface fatigue, direct fracture is the main
removal mechanism (Ref 254, 255). The other important
parameter is the toughness of the coating. In brittle mate-
rials, surface fatigue and direct fracture are the dominant
mechanisms, while in ductile materials, deformation with
micro-cutting is the case (Ref 255-257). For WC-based
coatings, the erosion mode is a combination of ductile and
brittle mechanisms. For the matrix, micro-cutting and
extrusion of the material are the dominant erosive wear
processes. This results in isolated uplift of carbide grains
that are prone to fracture due to excessive impacts of the
erosive particles (Ref 256, 257).

This different ductile and brittle removal mechanisms
can be seen in the paper by Ramesh et al. (Ref 258). Per-
forming erosion tests on HVOF-sprayed WC-based coat-
ings using silica sand with the size of 125-180 pm
impacted at 40 m/s, they found a combination of ductile
and brittle modes of erosion. Based on surface morphology
analysis, several grooves in the binder region and lips on
the surface were found which indicate plowing and cutting
mechanisms. The grooves in the matrix caused dislocation
of carbide grains such that small WC grains were pulled
out without any damage to individual carbide grains, while
the dominant failure mechanism for large grains is chip-
ping. Similar mechanisms of material removal were
reported by Kulu et al. (Ref 259) and Thakur et al. (Ref
260). Also, a similar mechanism was proposed by Ding
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et al. (Ref 135) investigating the failure mechanism of
HVOF-sprayed (gas and liquid fuel) WC-CoCr coatings
under erosion tests performed at 30° and 60° impact angles
on coatings with different WC sizes. Conventional WC-
CoCr coatings with a WC size of 1.5 pm and multimodal
WC-CoCr coatings comprising micrometric carbides of
2.5 pm size and 80-200 nm size were used as feedstock.
Formation of micro-damages followed by propagation of
micro-cracks, resulting in material removal from the sur-
face, were proposed as the dominant wear mechanism in all
the samples. Figure 23 shows schematic diagram of the
erosion wear mechanism at 30° for conventional and
multimodal coatings.

First, as a result of the collision of erodent particles on
their sharp corner, the binder phase with low hardness is
prone to be removed. The presence of hard WC grains can
prevent further removal of the binder phase (Fig. 23a).
Once the large WC grains fall off due to pull-out or frac-
ture, the erodent particles continue to exfoliate the matrix
phase and submicron WC grains, Fig. 23(b) and (c). The
presence of the nanosized carbide grains can slow the
process of material removal such that the binder in the
conventional coating is eroded more easily as shown in
Fig. 23(d).

In addition to the former mechanisms which are mainly
attributed to surface evolution of the coating, the formation
and interlinking of subsurface cracks resulting in material
removal is the other scenario for erosion wear proposed by
Li et al. (Ref 261). They performed erosion tests at dif-
ferent impact angles on conventional WC-CoCr coatings
with different porosities deposited using HVOF and HVAF
methods. Micro-cutting and coating spallation were pro-
posed to be the dominant mechanisms for material removal
under these test conditions. Figure 24 shows schematic
diagrams of the formation and growth of subsurface
microcracks in porous and dense coatings.

Crack nucleation and propagation behavior were sug-
gested to be different in porous and dense coatings. In
porous microstructures, cracks nucleate at pores and
propagate between the carbides while in dense coatings, the
cracks form in the weak areas and stress concentration
regions like splat boundaries. As a result of interlinking of
these cracks and propagation toward the surface, material
removal can occur. Small, flat plateaus and a rough surface
were formed in the case of dense and porous coatings,
respectively (see Fig. 24). A similar mechanism for mate-
rial removal is proposed by others (Ref 262-264). Despite
the comprehensive analysis on wear mechanisms in these
studies, the difference in removal mechanisms of HVAF
and HVOF coatings were not studied.

Feedstock characteristics like carbide size are a key
factor in determining the removal mechanism of WC-based
coatings under erosion conditions. Matikainen et al. (Ref
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Fig. 23 Schematic diagram for
erosion wear mechanisms, (a),
(b) and (c) multimodal coatings
and (d) conventional coating;
adapted based on (Ref 135)
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Fig. 24 Schematic diagrams of nucleation and propagation of
subsurface cracks in porous (left) and dense (right) coatings; adapted
based on (Ref 261)

180) showed this by employing feedstock powders with
two different carbide sizes of 0.8 pum (HIW1) and 0.4 pm
(H1W2) deposited by the HVAF method. Finer carbide
size resulted in carbide-rich areas in the HIW2 coating (red
circles) which naturally made it more resistant against
erosive wear, while more binder-rich areas were visible in
the HIW1 coating. Larger carbides led to higher amount of
carbide removal and as a result rougher surface (Fig. 25a),
while very limited fractures of carbides happened in the
case of the coating with fine carbide size. Hence, a

(@) Micron WC Bmder phase

reduction in carbide size can significantly enhance the wear
performance under erosion conditions. This is reaffirmed
by several other reports (Ref 208, 265).

The material removal mechanism of WC-based coatings
under erosive environment generally starts from the
removal of binder and consequently, the fracture and/or
pull-out of the carbide grains on the surface. In addition to
surface removal, as the porosity of the coating increases the
possibility of formation of subsurface cracking networks
increases under the impact of erodent particles, resulting in
excessive separation of material. Employing finer carbide
size, which is plausible employing HVAF technique, can
have a great influence on improving the erosion wear
performance by the microstructure more homogeneous,
along with less tendency to fracture as a result impact of
erodent particles.

Overview

As evident from the preceding discussion in the above
three parts (“Sliding Wear”, “Abrasive Wear” and “Ero-
sive Wear” sections), the wear mechanism can differ
depending on the wear condition. For the sliding condi-
tions, it is dominated by the propagation of fatigue cracks
and carbide pull-outs and fragmentations in form of pits.
For abrasion conditions, due to high stresses induced on the
surface, a severe fragmentation occurs as a result of either
extensive cracks propagation in the system or binder
removal and fragmentation of unsupported carbides. The
wear mechanism in erosion is even more different, it
comprises various mechanisms ranging from plastic
deformation, crack formation, fatigue and fracture to
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Fig. 25 Wear surfaces of
coatings fabricated from carbide
sizes of (a) 0.8 um and

(b) 0.4 pm (Ref 180)

micro-cutting. Therefore, it is challenging to make a direct
comparison or to draw a valid comparison between
mechanisms and the extent of material loss in the three
wear conditions especially since the wear performance is
mostly reported in terms of wear rate which is in different
units for each test (i.e., mm> N~'m™' for sliding,
mm?® g~! for erosion and usually mass loss or volume loss
in case of abrasion). In general, in the cases where decar-
burization of carbide increases the brittleness of the coating
(which is the case for some of the HVOF methods) the
removal process is faster as a result of accelerated crack
propagation. It has been reported by Testa et al. (Ref 75)
that the binder composition of HVOF WC-based coatings,
when changing from CoCr to NiMoCrFeCo or FeNiCr-
MoCu, does not greatly influence the wear mechanisms
under sliding and abrasive wear. However, in a very recent
study by Heinrichs et al. (Ref 266), performed on sintered
cemented carbide samples, it was shown that binder
chemistry can significantly influence wear initiation. Con-
ventional Co-based binder composition exhibited much
more resistance against damage initiation compared to Ni
and Fe binders. Although this is not a thermal spray
example, it indicates potential contradictions that demand
closer scrutiny. To the best of the authors’ knowledge,
there are rare comprehensive investigations studying the
effect of binder composition on the removal mechanisms of
thermal spray WC-based coatings.

Summary and Conclusions

In this paper, a comprehensive review on thermal spray
WC-based coatings has been presented with specific
emphasis on alternative binders, processing techniques and
tribological behavior of these coatings.

e The need for moving away from Co as a conventional
binder, due to several environmental and supply risk
concerns, seems obvious and there are several alterna-
tives studied in the literature in terms of mechanical
and tribological performance. Ni-based and Fe-based
compositions such as NiMoCrFeCo and FeCrAl,
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deposited using HVOF method, have been shown to
be promising alternatives. However, their tribological
behavior deserves further comprehensive assessment.
There are various other promising alternative Fe-based
matrix compositions such as FeCoNi that are processed
by means of powder metallurgy and it is plausible that
they can be tried employing thermal spray methods.
While HVOF is currently the most widely employed
process for applying WC-based coatings, HVAF has
emerged as a promising technique to tackle some of the
shortcomings of the HVOF method such as decarbur-
ization. In terms of wear performance, HVAF WC-
based coatings tend to exhibit promising results. Under
sliding and abrasive wear environments, the absence of
brittle phases (mainly W,C) can mitigate surface and
subsurface cracking, resulting in an improvement of the
wear performance. The HVAF technique appears to be
a more robust method in terms of the quality of the
deposited coating using different spraying parameters
compared to HVOF. Also, it can make the fabrication
of coatings with refined microstructures possible, by
employing smaller carbides, while this is not possible
by HVOF due to excessive decarburization.

There are several investigations on the wear behavior of
WC-based coatings trying to present a scenario on the
material removal under different environments includ-
ing sliding, abrasive and erosive wear conditions:
plowed grooves, cracking, pitting and finally extensive
separation of material. Plowing and grooving leading to
cracking and pitting of coating materials and subse-
quently extensive separation of the coating are found to
be the most common removal mechanism process
under sliding wear conditions. Under abrasion condi-
tions, the coating degradation usually starts with the
removal of the soft matrix phase and results in the
partial or complete fragmentation of weakened WC
grains and, subsequently, material removal. Under
erosive conditions, the wear process is a combination
of plastic deformation, subsurface crack initiation/
propagation and chipping, all of which subsequently
contribute to material removal. Although there have
been a number of good investigations on the material
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removal process for WC-based coatings applied by the
HVOF process, very limited studies deal with the
removal mechanisms of coatings applied using the
HVAF method. The removal mechanisms can differ for
HVAF and HVOF coatings, since the coatings applied
using HVAF method do not contain many brittle
phases, resulting in a possible change in removal
mechanisms.

Employing the experiences from powder metallurgy to
the thermal spray field regarding the use of alternative
binders should be considered in future studies. There are
few investigations on fabricating HVAF WC-based coat-
ings with refined structures by using fine carbides and this
demands more attention in future studies. Moreover, the
influence of feedstock characteristics such as carbide size
on the wear mechanism is not fully understood yet and this
also demands more attention in future studies. The material
removal behavior and mechanisms in coatings with alter-
native binders (to Co) are not well explored yet. Since in
most of the wear mechanisms the material removal initiates
from the binder, having different chemistries with distinct
material properties can potentially affect the process of
wear. Hence, further future works in these areas would be
beneficial to the thermal spray community.
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