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1. Introduction

Thermal sprayed WC-based cermet coatings have been suc-
cessful in applications against wear encountered by various engi-
neering components. Atmospheric plasma spray (APS), high-
velocity oxygen—fuel (HVOF) spray and detonation spray (DS) are
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It is well documented that thermal sprayed WC—Co coatings usu-
ally suffer from decomposition and decarburization of the carbide
during the spraying [1,2]. The decarburization reduces content of
WC in coatings, leading to formation of undesirable phases such as
W>C, W, and amorphous or nanocrystalline Co—W—C phase [3,4]. It
has been widely recognized that the overall performance of ther-
mal sprayed WC—Co coatings is significantly affected by the
decarburization experienced by the powder particles during spray
processing [3—7]. Controlling the decarburization of the carbide is
therefore crucial towards achieving the cermet coatings with super
mechanical properties. In-depth fundamental understanding of the
decarburization behavior during both in-flight and coating forma-
tion stages of individual particles is essentially important. Exten-
sive worldwide efforts have been devoted to investigating the
decarburization behavior during thermal spraying. It is known that
the extent of the decarburization of carbide is closely related to the
characteristics of the starting feedstock powders and the heating
exerted by the heating source. For example, the decarburization of
WC—Co particles was much pronounced when APS was used, in
contrast, in the cases of using HVOF or DS process which offers
moderate heating for the powders, the extent of the decarburiza-
tion was substantially lower [2,7,8]. Similarly, spray parameters that
play roles in deciding the heating source temperatures [9], e.g. ratio
of fuel to oxygen utilized for HVOF or DS, also exhibit remarkable
influence on the extent of decarburization of WC—Co depending on
the oxidizing nature of the gas [10,11]. In addition, enhanced
decarburization of WC—Co has been revealed for the coatings made
from WC-based cermet powders with finer WC grains [12,13], most
likely due to the overheating of the WC grains during the spraying
[10,13,14].

The decarburization mechanisms of WC in WC—Co coatings
have been investigated by numerous investigators [11,15—17]. It is
reported that the controlling factors for the decarburization in
HVOF nano-WC/Co coatings are heterogeneous melting and local-
ized superheating of the high specific surface area of WC in the
feeding powders during spraying [15]. A new model for WC—Co
decomposition and consequential formation of W, W,C and an
amorphous/nanocrystalline phase in the deposit during spraying
was proposed by Stewart et al. [13]. Even though some decarburi-
zation theories for thermal sprayed WC—Co coatings were pro-
posed, the knowledge about the decarburization and
decarburization-induced microstructural development in WC—Co
coatings is not sufficient yet. This study deals with controlling the
extent of the decarburization of WC—Co during plasma spraying by
altering spray parameters and cooling state of the particles/coat-
ings. The decarburization mechanism was further analyzed by both
characterization of the microstructure and chemistry and quanti-
tative detection of the phases in the as-sprayed powders/coatings.

2. Materials and experimental setup

The commercial agglomerated and sintered WC-12wt.% Co
powders (H.C. Starck, Germany) with the size range of —45 + 15 pm
were used in this study. The angular WC grains in the powder
particles had a mean size of ~1—5 um, which were embedded in
cobalt binder phase. The original weight percentage of carbon (C)
element was 5.38%. For comparison purpose, micron-sized com-
mercial WC powders (—40 + 20 pm, Zigong Carbides Co. Ltd.,
China) were also used as the feedstock. Coating deposition was
made by APS-2000K plasma spray system (AVIC Beijing Aero-
nautical Manufacturing Technology Research Institute, China) on
304L stainless steel plates (10 mm x 20 mm x 2 mm). The spray
parameters used in this research were listed in Table 1. The thick-
ness of the as-sprayed coatings was ~ 300 pm. Prior to the spraying,
the substrates were cleaned by sonication in acetone. The WC and

Table 1

Plasma spray parameters.
Primary gas, Ar 42 I min~!
Secondary gas, H; 11 I min~!
Powder carrier gas, Ar 41min~"!
Net energy 20 kW
Powder feed rate 46 g min~!
Spray distance 140 mm

W(C—Co powders were also sprayed directly into room-temperature
distilled water under the same spraying parameters (at a spraying
power of 20 kW).

X-ray diffraction (XRD, Bruker AXS, Germany) was employed to
detect the phases of the samples at a scanning rate of 0.1° s~ ! using
monochromatic Cu-Ka radiation operated at 40 kV. Contents of the
phases in the samples were quantified from their XRD spectra using
the Rietveld method, a publicly shared software developed by
Lutterotti [18]. For the purpose of disclosing the stage at which the
decarburization mostly takes place and the extent of the carbon
loss at each stage, the as-sprayed WC—Co powders were collected
through spraying them into distilled water. The collected powders
were dried in a furnace at 50 °C for further analysis. They were
analyzed by X-ray photoelectron spectroscope (XPS, AXIS UTL-
TRADLD, Shimadzu, Japan) operated at 15 kV and 300 mA. In view
of possible contamination of carbon and oxygen on their surfaces,
the powders underwent argon etching (Art, 2 kV, 4 pA, 0.3 nm s~ 1)
for 30 s before the XPS detection. The microstructural features of
the powders and coatings were characterized using field emission
scanning electron microscope (FESEM, FEI Quanta FEG250, the
Netherlands). Both the surfaces and the cross-sections of the
samples were examined using secondary electron and back-
scattered electron signals as well. Element analysis was also per-
formed using the energy dispersive system (EDS) equipped with
the FESEM. Microhardness of the as-sprayed coatings was assessed
by indentation test conducted on their polished cross-sections
using a Vickers hardness tester (FLC-50V, Shanghai) under a load
of 300 g for 15 s. At least 10 readings were taken for an average
value.

3. Results and discussion

In this study, the decarburization of WC at both in-flight stage
and coating formation stage of the WC—Co powders was examined
separately. For the coating formation stage, the cooling rate is
certainly a key factor determining the decarburization extent
[15,19]. For thermal sprayed coatings, the splats at different loca-
tions in the coatings along through-thickness direction experience
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Fig. 1. XRD spectra of the as-sprayed WC—Co coating detected from its bottom side (a)
and top side (b).
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Fig. 2. XRD curve of the plasma-sprayed WC powders collected in room-temperature
distilled water.

different cooling rate [20,21]. In this study, the phases at both sides
of the WC—Co coatings, top side and bottom side that are in inti-
mate contact with the polished substrate surface, were therefore
characterized. XRD detection (Fig. 1a) shows that for the bottom
side WC—Co coating, the peaks referring to the phases WC and W,C
are strong, indicating minor decarburization of WC. In addition,
there are two broad diffraction peaks, which are located at ~34°—
36° and ~39°—41° of 26, most likely referring to amorphous or
nanocrystalline phases in the coating at its bottom side. The high
temperature APS processing favors the reaction between Co and
WG, leading to the formation of Co—W—C solid solution phases. In
this case, crystalline Co phase was hardly detected in the coating.
For the top side coating, however, some sharp diffraction peaks are
observed (Fig. 1b), suggesting markedly presence of W,C, W and
Co(W,C). The top side WC—Co coating has a better crystal structure
than the bottom side. Appearance of W suggests deteriorated car-
bon loss of WC at the top side of the coating, which should be
directly associated with the relatively lower cooling rate at the top
side of the coating. The bottom layer was deposited on room-
temperature substrate (no preheating for the polished substrate),
while the top layer is composed of the individual splats

accumulated on pre-coating with relatively high temperatures due
to accumulation of heat flux from the droplets. This phenomenon
has been confirmed by Sobolev et al. [22] who observed that the
temperature of top side coating was the highest. It was well
acknowledged that the process of flattening and solidification of
thermal sprayed droplets has completed entirely before impinge-
ment of subsequent droplets and each droplet exhibits indepen-
dent flattening and solidification behavior [23]. The XRD detection
results show that the decarburization of WC continued after the
impingement of WC—Co droplet on the substrate/pre-coating,
extent of which is closely related to its cooling conditions.
Further carbon loss of WC to W has been evidenced at the top layer
of the coating and this is confirmed to solely happen during the
coating formation stage. Previous study has shown that crystalline
transition in WC—Co coating occurred at 873 K and CogWgC grew
from the coating [24]. It is noted in this study that the CogWgC
phase was not detected in the coatings.

The decarburization behavior of the WC—Co powders during the
sole in-flight stage was further assessed by analyzing the powders
directly sprayed into liquid nitrogen (—196 °C). Due to the
extremely low temperature, we speculate here that the phase
transformation encountered by WC—Co has been terminated upon
its immersion into liquid nitrogen. This in turn offers possibility of
acquiring the decarburization data of the WC—Co powders during
in-flight stage. It was found that ~71.03% of the WC particles lost
their carbon and transformed to W-,C during the in-flight stage,
while little amount of W and n phases was detected. To further
investigate the effect of binder Co on the decarburization behavior
of WC—Co during the spraying, WC particles with the size
of —40 + 20 pm were sprayed using the same spray parameters as
those employed for WC—Co coating deposition. The as-sprayed WC
particles collected in room-temperature distilled water were
analyzed and the XRD spectrum is shown in Fig. 2. The prominent
peaks for W,C, W and W,(C,0) are clear, indicating significant
carbon loss of WC. This result is consistent with the observations
reported by Khan et al. [25] that WC particles decomposed signif-
icantly and almost disappeared after APS. Since the melting point of
Co (1495 °C) is much lower than that of WC (2870 °C), Co prefer-
entially melts during APS. Furthermore, the specific heat value of Co
(0.42] g~ 1K1 is higher than that of WC (0.05 ] g~' K1), so melting
of Co consumes more latent heat [26]. The kinetics of decarburi-
zation of WC as described above should be largely dependent on
the extent of the heating of the WC particles [27]. It is not surprising
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Fig. 3. XPS spectra of the as-sprayed WC—Co powders collected in room-temperature distilled water showing (a) W 4f, (b) C 1s, and (c) O 1s.
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that Co protects WC in the WC—Co powders from intensified
heating and consequently alleviates further decarburization.

Changes in valences of W are expected during decarburization of
WC—Co particles, it is therefore feasible to estimate the extent of
the decarburization by using XPS analysis which can directly detect
the valences of W. The XPS spectra of the as-sprayed WC—Co
powders collected in distilled water are shown in Fig. 3. According
to NIST X-ray Photoelectron Spectroscopy Database [28], coinciding
with the detected binding energy peak at 283.3 eV for C, the
binding energy peaks of W at 31.5 eV and 33.7 eV are assigned to
the phases WC and W,C respectively. The binding energy peak at
33.4 eV is attributed to alloy W, suggesting severe decarburization
of WC to W during the plasma spraying. Furthermore, the binding
energy peaks of W at 36.6 and 38.1 eV (which can be deduced to be
WO3 and WOy [29,30]) and that of O at 531.1 eV (Fig. 3) unambig-
uously suggest vigorous oxidation of C and W (products of decar-
burization of WC) during APS.

It has been clear that the decarburization of WC—Co leads to
formation of W,C, W, and Co—W—C, etc, during APS. However, the
morphology and distribution of the decarburization products in
W(C—Co coatings are not clear yet. Microstructure characterization
in terms of microstructure evolution might give further insight into
decarburization mechanism of WC—Co during APS. BSE image of
the as-sprayed WC—Co coatings clearly shows random distribution
of the WC particles within the binder phase (Fig. 4). The major
element for the bright region shown in Fig. 4a is proven to be W as
determined by EDS detection. It is known that in BSE images, the
regions with bright and dark color are composed of the elements
with higher and lower mean atomic number respectively. It can
therefore be concluded that the major component for the bright
regions in the WC—Co coating is W. A closer view of the WC—Co
coating (Fig. 4b) shows a nearly complete shell around WC parti-
cles. The color of the shell is lighter than that of the WC particles.
The energy spectrum analysis disclosed the main chemical
component of the shell to be ~71 at.3W—29 at.%C, being qualita-
tively in good agreement with stoichiometry of W,C. It is very likely
that the outer shell around WC particles is W,C developed directly
from the decarburization of WC. The primary carbon loss of WC in
terms of formation of W>C results in formation and growth of the
columnar W>C grains along the direction perpendicular to WC
grains. Furthermore, it is clear that the WC particles independently
exist in individual splats and were well separated from possible
contact with oxygen during the spraying. The decarburization
process is usually believed to comprise the following three major
reversible reactions [27]:

2WC+ 0, W,C+ CO, (1)
2W,C + 05 < 2W,(C,0) (2)
W,(C,0)=2W + CO (3)

However, as revealed in this study, the oxidation might not be
the leading reason for the carbon loss of WC to form W,C. Instead,
diffusion of W and C into the binder phase might account mainly for
the formation of W,C. It is well known that WC particles are
embedded within the continuous liquid phase during APS. The el-
ements W and C of WC particles diffuse into the liquid phase at high
temperatures [2,15]. Due to its higher atomic weight, W diffuses
slower than C. Consequently, the concentration of W becomes
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Fig. 5. Weight percentages of WC and C retained in the original WC—Co powders and
the as-plasma-sprayed WC—Co and WC powders collected in room-temperature
distilled water.

higher than that of C at the boundary between WC grain and the
liquid phase in a short period of time. As soon as the atomic ratio of
W/C reaches ~2:1, W,C is readily formed at this region. At the
same time, the interfaces between WC particles and the liquid
phase might serve as preferential nucleation sites for W-C. It is in
turn not surprising that W-C epitaxially grows on the surfaces of
WC particles and forms a wrapping structure around WC. Similar
morphology and distribution of W5C in APS WC—Co coatings was
also observed by Stewart et al. [13]. In this regard, chemical bond
between WC and W,C grains is possible, while the W5C grains have
irregular shape with a slightly serrated outside border. Further
carbon loss already resulted in formation of W, as shown in Fig. 4a
(the small white region). Faster dissolution of W into the binder
phase is responsible for the “running-away” of W from WC matrix.
This study suggests diffusion-controlled carbon loss of WC.
Nevertheless, there is still possibility of the oxidation-driven
decarburization of WC.

It is well known that Co—W—C solid solution phases such as 1 or
v phase are brittle in nature and are also detrimental to coating
structure due to the decrease in effective metallic binder [31]. Even
though formation of n or y phase is usually unavoidable during
coating deposition, few reports on characterization of n or y phase
are available. SEM morphology of the as-sprayed WC—Co particles
collected in room-temperature distilled water (Fig. 4c) showed the
dense particle with spherical shape, indicating well molten state of
the particles during the APS. Cross-shaped crystals with bright
contrast are clearly seen (Fig. 4d). Energy spectrum analysis sug-
gests that main chemical components of the cross-shaped crystals
are Co, W and C with the Co/W/C atomic ratio of 6:6:1, a compo-
sition of m phase [24]. In addition, y phase in nano size were also
visualized in the as-sprayed WC—Co coatings (Fig. 4e and f). As
clearly shown in Fig. 4e, there are some rod-like particles with a
size of dozens of nanometers being embedded within the binder
phase in the WC—Co coating. Closer view of the rod-like particles
(Fig. 4f) together with EDS analysis suggests that those nano-
structured grains adhering to WC grains are comprised of three
elements, namely Co, W and C, with an atomic ratio close to that of
Co(W,C) (y phase). XRD detection shown as per Fig. 1 has already
evidenced the existence of the y phase in the WC—Co coating.

Fig. 4. FESEM images of the powders and coatings, (a, b) cross-sectional morphology of the WC—Co coatings showing island-like W and nearly complete W-C shell around the WC
particles, (c, d) FESEM images of the spherical WC—12Co particles as-sprayed in room-temperature distilled water, the closer view shows the cross-shaped n phase crystals, and (e, f)
BSE images of the WC—Co coating deposited by APS at 20 kW showing rod-like shaped y phase with a size of ~200 nm in length and ~50 nm in diameter (the white arrows point

to the y phase).
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Interestingly, the y phase shows nano-rods shape (Fig. 4f) with the
size of about 50 nm in diameter and 200 nm in length. Further
research efforts are yet needed to elucidate these phenomena.

For thermal sprayed WC—Co coatings, decarburization of WC
always deteriorates their mechanical properties [6,11]. The extent
of the decarburization would significantly affect the performances
of the coatings. The coatings showed the average microhardness
value (Hvsgp) of 1145 £ 238 at their top layers and 954 + 178 at
their bottom layers. These values are lower than that of HVOF WC—
Co coatings [3], which is not surprising since severe

(@)

angular WC Co

Y phase

diffusion of W

n phase

decarburization was shown by the present APS coatings. The less
decarburization at the top layer (Fig. 1) accounts for the higher
microhardness value. In this work, the weight percentages of WC
and C in the starting WC—Co powders and retained in the as-
sprayed WC—Co and WC particles collected in distilled water
were measured and calculated using the Rietveld approach from
their XRD spectra, which are shown in Fig. 5. It is clear that both the
WC—Co and WC particles experienced predominant decarburiza-
tion during the high temperature spraying. Only 3.07wt.% WC is
retained in the as-sprayed WC powders (from 100wt.% WC pow-
ders), while the percentage of WC is 14.10wt.% in the as-sprayed
WC—Co powders, showing a drop of 73.90wt.% from the starting
powders (14.10wt.% vs. 88.0wt.%). The content of C retained in the
as-sprayed WC—Co and WC powders is 2.23% and 2.80% respec-
tively. These nevertheless indicate the protection effect by Co on
preventing decarburization of WC during the spraying. On one
hand, presence of Co could alleviate the heating of WC, on the other
hand, Co outer layer is capable of preventing WC from exposure to
oxygen and minimizes the decarburization [32,33]. It was evi-
denced previously that C in the WC—Co particles diffused to their
surface and got oxidized during APS. The extent of the diffusion-
oxidation induced carbon loss is almost the same for both the as-
sprayed WC—Co and WC particles (60.5wt.% vs. 55.2wt.% in the
present study). It suggests that the advantage of Co for preventing
decarburization in WC—Co particles is not associated with oxida-
tion, but instead the diffusion-controlled carbon loss.

The formation of W-C, W and hard phase like n, ¥ can be well
explained by the mutual behaviors among the components during
the high-temperature plasma spraying. Fig. 6 shows the phase
changes in WC—Co at the temperature 1425 °C [34]. The content of
Co in the powders used in the present study is 12wt.%. According to
the diagram, it is reasonable that reprecipitation and decarburiza-
tion of WC result in recrystallization into the phases n and v in the
present case. Based on the above microstructural features and
elucidation, a model illustrating the decarburization of WC—Co

decarburization caused
by oxidation

(b)

diffusion of C
rounded WC molten Co

w,c W

Fig. 7. Schematic depiction illustrating the decarburization behavior of WC—Co powders, (a) starting WC—Co particle showing irregular WC grains embedded in Co, (b) the particle
after in-flight stage showing diffusion-controlled carbon loss, and (c) the splat after the coating formation stage showing distribution of the decarburization-induced phases.
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during both in-flight and coating formation stages is schematically
depicted (Fig. 7). In the original WC—Co powders, a large number of
angular WC grains are bond together by binder Co (Fig. 7a). During
the spraying, Co melts in the first place, followed by diffusion of W
and C atoms into the liquid cobalt. As a result, the retained WC
grains become smaller. At the same time, part of carbon rapidly
diffuses through the liquid and gets gasified at the particle surface
by, e.g., the oxidative reaction 2C + O, — 2CO (Fig. 7b). Inhomo-
geneous distribution of the elements within the particle is ex-
pected, due to the different diffusion rates experienced by the
atoms and the removal of carbon by oxidization. It is apparent that
upon impingement of the droplet on substrate/pre-coating and
subsequent flattening, the Co liquid becomes supersaturated,
resulting in the formation of W,C, W, n and y phases, depending on
the local atomic ratio (Fig. 7c). It has been well established that the
decarburization extent plays important roles in determining the
mechanical properties of the WC—Co coatings. The results revealed
in this study shed light on further understanding the decarburi-
zation behaviors of thermal sprayed WC—Co, in turn facilitates
fabrication of the coatings with super mechanical properties.

4. Conclusions

The mechanism of decarburization in plasma sprayed WC—Co
coatings has been investigated. The W>C exhibits epitaxial growth
on WC grains and forms nearly complete shell around the WC
particles. The m phase with its crystals being in cross shape is
distributed at the surrounding part of WC—Co splats. The rod-like y
phase with a size of approximate dozens of nanometers embeds
within the binder phase and is clearly well separated from WC
grains. The W formed by vigorous decarburization is detected
mainly in Co binder, being separated entirely away from WC grains.
The controlling factor of the formation of decarburization products
is un-uniform diffusion and localized precipitation. Diffusion-
controlled carbon loss is presumably the predominate regime for
the formation of WC in the coatings.
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