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Abstract

Decarburization of WC–Co is a common phenomenon during atmospheric plasma spray(APS) deposition, resulting in a large
amount of W C and other carbon-deficient phases in the coating. Consequently, the properties and performance of the coating2

may be inadequate and unreliable. In this study, spark plasma sintering(SPS) is applied as a post-spray heat treatment to reinstate
the WC phase in the APS WCyCo coating. Three sets of sample configurations have been employed, namely: direct contact of
graphite punch with APS WC–Co coating, packing the coating in WC–Co powder, and finally, packing APS WC–Co coatings
in yttria-stabilized zirconia(YSZ) powder. The treatment was carried out at 8008C for 5 min. Scanning electron microscopy
(SEM) and X-ray diffraction(XRD) are applied to investigate the microstructure and phase composition of APS WC–Co coatings
before and after SPS treatment. Rietveld refinement is utilized to quantitatively determine the coatings’ phase composition. Results
showed that SPS treatment with the graphite punch directly in contact with the coating surface could restore the WC phase in the
coating to approximately 52.3 wt.% of the overall phases in the coating, which is close to the amount of WC found in the original
WC–Co feedstock used in APS coating. Comparatively, the other sample configurations employing the packing of WC–Co or
YSZ powders yielded a maximum of 17.6 wt.% WC. It is believed that the direct carbon diffusion from the graphite punch
during SPS played a significant role in the enhanced WC content in the coating. A comparison with the effect brought about by
conventional inert atmospheric heat treatment was made by the Rietveld-refining of the XRD data from available literature, and
it showed that the conventional inert atmospheric heat treatment could only cause the recrystalization of the Co W C phase and3 3

the transformation of W C into Co W C phase. The present study showed that the SPS working as the post-spray process, which2 3 3

has promising effect on reverting W C or other related metastable phases to the original WC in APS WC–Co coatings.2

Furthermore, the microhardness of the WC coating improved significantly after the SPS post-spray heat treatment.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Tungsten carbides are used extensively throughout
industry for high wear, abrasive applications as a result
of their extreme hardness. There are three binary phases
in the tungsten–carbon phase diagrams, namely:b-
W C, g-WC andd-WC w1x. Theg-WC is thermal2 1yx 1yx

dynamically stable above 25358C, and can only be
obtained at room temperature by extremely rapid cool-
ing, e.g. in plasma sprayed layers. Theb-W C is stable2
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above 12508C andd-WC is the only tungsten carbide
phase that is stable at room temperature. The microhard-
ness(kgymm ) of WC is 2400 while that of W C is2

2

near 3000w2x. Despite the superior hardness of W C,2

WC is typically preferred because it is less brittle than
W C. Therefore, most commercially available tungsten2

carbide powders are generally composed of WC. Apart
from the high hardness, WC has other unique properties
such as high melting point, high wear resistance, good
thermal shock resistance, thermal conductivity and good
oxidation resistancew3x. WC with ductile metals such
as cobalt as a binding medium that aids the cementing
together of the fine WC particles is used either in bulk
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Fig. 1. Heated-up die set during SPS process.

sintered forms, e.g. cutting tools and dies or as surface
coatings deposited by thermal spray techniques such as
plasma spraying or high velocity oxy-fuel(HVOF)
spray. Here, cobalt is introduced to improve their tough-
ness so that brittle fracture among the ceramic phases
can be avoided.
WC–Co coatings are widely used as protective bar-

riers owing to their high hardness and wear-resistant
characteristics. Plasma spraying in air is an easy and
economical way to prepare such coatingsw4–6x. More
recently, high velocity oxy-fuel(HVOF) spraying was
applied to deposit WC–Co coatings on metal substrate
w7–9x. Due to the complex interaction among constituent
elements and the reaction with the oxygen in air during
the thermal spraying process, thermal sprayed WC–Co
coatings exhibit complex, and multi-phase microstruc-
turesw10–14x. Phases such as WC, W C, W, Co amor-2

phousynanocrystalline binder phase and W(C, O) or2

Co W C are present in the coating. In all types of3 3

reactions, the decarburization of WC is one of the main
factors that reduce the hardness and wear resistance of
the coatings. Recent investigations suggest that the
decarburization process is as followsw11,14x. The WC
will dissolve into the liquid Co phase at high temperature
during spraying. Subsequently, carbon will be removed
from the melt either by reaction with oxygen at the
meltygas interface or through oxygen diffusion into the
rim of the molten particle, leading to CO formation.
During the rapid solidification process, W C, W and2

Co(W, C) nanocrystallineyamorphous phase will form.
As the decarburization of WC strongly affects the

properties of WC coatings, post-spray treatment should
be employed to mitigate the effect of decarburization.
Stewart et al.w12x studied the influence of conventional
inert gas atmosphere heat treatment on the abrasive wear
behavior of HVOF sprayed WC–Co coatings. They
found that heat treatment above 6008C results in
significant phase changes within the coatings, especially
the recrystallisation of the amorphous phase into one of
the eta carbides(M C or M C). Heat treatment can6 12

also alter the residual stress state of the WC coating
from tensile to compressive, due to the mismatch of
coefficient of thermal expansion between the coating
and substrate. Also, the wear behavior was improved
after heat treatment. Yet, heat treatment in inert gas
cannot restore the WC phase in the coating, and the
recrystallized eta carbide is still more brittle than WC.
Therefore, in order to further improve the properties of
WC coatings, a new post-spray treatment should be
applied to restore the WC phase of the coating. Spark
plasma sintering(SPS) was selected as a suitable
approach for such processing in this study.
SPS is a relatively new sintering techniquew15–28x.

In comparison to conventional sintering, SPS features
the capability of sintering metal and ceramic powders
quickly to full density at a fairly low temperature.
Typically, the heating rate in SPS is 100–200 Kymin.

The basic configuration of the SPS system can be found
elsewherew15–28x. Fig. 1 shows the heated-up die set
in a SPS process. In the SPS system, a graphite die set
is filled with the raw material powders, and is placed
between the lower and upper electrodes. An external
power source provides pulsed discharge to activate the
surface of the contacting particles. The upper and lower
electrodes apply pressure to the punches at the same
time. Through charging and discharging the spaces
between powder particles with electrical energy, high
temperature spark dischargeyplasma is effectively gen-
erated momentarily. The SPS features a very high
thermal efficiency because of the direct heating of the
sintering graphite mold and stacked powder materials
by the large spark pulse current. SPS can readily
consolidate a homogeneous, high-quality compact owing
to the uniform heating, surface purification and activa-
tion made by dispersing the spark points. Due to its
unique features, SPS can also be used as an effective
post-spray heat treatment method for plasma sprayed
coatingsw29–31x. As the SPS set-up provides a reducing
atmosphere, which can provide the carbon atoms needed
by the restoration of WC phase in the plasma sprayed
WC–Co coating, and the plasma generated in the SPS
process can activate the C atoms and help the reaction-
diffusion of C into the decarburized coating, the intro-
duction of plasma can certainly enhance the carbide
restoration process. There are several anticipated merits
of SPS if it is introduced to the carbide restoration
process.(1) The carbon-rich reduction atmosphere pro-
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Table 1
Plasma spraying parameters

Primary gas, Ar(m yh)3 2.32
Secondary gas, He(m yh)3 1.13
Powder carrier gas, Ar(m yh)3 0.40
Net energy(kW) 14.0
Powder feed rate(gymin) 25
Water flow minimum GPM 8
Stand off distance(mm) 80 100 120

Fig. 2. SEM topographic morphology micrograph of(a) WC–Co powders and(b) As as-sprayed WC–Co coating.

vides the carbon atoms.(2) The generation of spark
plasma can highly activate carbon atoms.(3) The
presence of the electrical field can cause high-speed
diffusion of carbon due to the high-speed migration of
ions. (4) The high level electric current enhances the
carbon diffusion into the workpiece.(5) Rapid Joule
heating can provide and maintain a homogeneous heat
treatment temperature.
In this work, WC–Co coatings were prepared through

atmospheric plasma spray(APS), and the SPS treatment
was conducted on the coatings to reveal its effect on
restoring WC within the coatings. The microstructure
and phase composition were inspected with SEM and
XRD. Quantitative XRD analysis was carried out using
the Rietveld refinement. The effect of SPS on the WC
phase recovery was discussed. The effect of SPS on the
microhardness of the WC–Co coating was also
investigated.

2. Experimental procedure

2.1. Plasma spraying of WC–Co coating

Commercial WC–12Co powders(Praxair, USA) were
used as the raw material for plasma spray. Fig. 2a shows
the particle morphologies of the powders, it can be seen
that the typical WC–12Co particle has an irregular
angular blocky grain shape. Stainless steel rods(SS316)
(10 and 25.4 mm in diameter) were cut into 10 mm
length discs, ground with 800 grit sand paper and grit
blasted using SiC(y2000 mm;q600 mm) grits fol-
lowed by ultrasonically cleaning for 15 min prior to
plasma spraying. A computerized plasma spraying sys-
tem, SG-100(Praxair Thermal, USA) was utilized to
produce the coating. All substrates were preheated
before the actual spraying starts. The plasma spraying
process parameters are listed in Table 1. The typical
surface morphology of as-sprayed WC–Co coating is
shown in Fig. 2b.

2.2. The SPS post-spray treatment

The post-spray treatment of tungsten–carbide coating
was carried out using the SPS process with a temperature
of 800 8C and duration of 5 min. The Sumitomo Coal
Mining (SCM) SPS system Dr Sinter Model 1050 was�

used for the post-spray treatment. The plasma sprayed
WC coating sample is put inside a graphite die and
pressed by a pair of graphite punches. Three methods
were used to effect the SPS treatment of the WC coating.
The first one is direct contact of WC coating with
graphite die (Method A), the second method(B)
involved packing the plasma sprayed coating in the
original WC–Co powder, and the third method(C) is
packing the coating in ZrO –Y O powders. The com-2 2 3

plete preparation of the sample die is illustrated in Fig.
3. The die set was placed in the sintering chamber with
the consolidation assembly being positioned between
the hydraulic rams. The measurement of the die temper-
ature is by an optical pyrometer.
The JEOL 5600 scanning electron microscope(SEM)

was used to study the microstructure of the coating
systems before and after SPS. X-Ray diffraction(XRD)
analysis was carried out using the Philips MPD 1880
XRD equipment to determine the phases present in the
coating before and after SPS treatment. Microhardness
of the coatings was also measured to evaluate the effect
of SPS on the mechanical property of the WCyCo
coatings.
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Fig. 3. Preparation of sample die set.

Fig. 4. SEM picture for:(a) As as-received;(b) SPS with graphite punch directly contacting with coating surface;(c) SPS with WC powder put
on the top of WC coating; and(d) SPS with YSZ powder put on the top of WC coating.

3. Results and discussion

3.1. SEM inspection

Fig. 4 shows the cross-sectional morphologies of as-
sprayed and SPS post-treated WC–Co coatings. It can
be seen that the pore density and pore size of the WC–
Co coatings after SPS become smaller than that of the

as-sprayed WC–Co coating, indicating coating densifi-
cation occurs during SPS post-spray treatment.

3.2. X-Ray diffraction analysis

Fig. 5 shows the XRD pattern of the starting WC–
Co powders with a comparison to that of the plasma
sprayed WC coatings. The radiation used is Cu Ka. The
raw WC–Co powder contains large amount of Co W C3 3
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Fig. 5. XRD results for WC–Co powder and As-sprayed WC–Co coating(a) WC–Co powder(b) As-received WC–Co coating.

phase. In the XRD pattern of the as-sprayed WC–Co
coating, the peaks for WC vanished, and there are
evident W C peaks, indicating that the WC has been2

decarburised into W C under the present APS2

conditions.
In order to quantitatively investigate the phase com-

position in the WC–Co raw powders and that in the
plasma sprayed coating, the Rietveld refinement was
applied to obtain the phase composition. It is worth
noting that in the as-received WCyCo coatings amor-
phous binder phase is always present due to the rapid
solidification. As Rietveld refinement only take account
for the crystalline phases, it is difficult to analyse the
large amorphous hump in the XRD spectra. Yet, this
problem can be partially settled by treating the short-
range order in the amorphous phase as nanocrystal and
refining the XRD spectra with associated crystalsw32x.
Fig. 6 shows the Rietveld refinement XRD curves of
(a) WC–Co powders; and(b) as-sprayed WC coating.
The quantitative contents of the phases obtained from
the refinement are listed in Table 2. It is obvious that
decarburization occurred during plasma spraying, result-
ing in a significant content of W C phase(approx. 602

wt.%) within the coating.
Fig. 7 shows the XRD results of WC–Co coatings

after SPS treatment at 8008C. All of the three XRD
patterns corresponding to the three different SPS con-
ditions show the peaks of WC, indicating the recovery
of WC phase brought about by the SPS post-spray
treatment. It shows that direct contact of the WC–Co
coating with carbon punch(Method ‘A’) brought about
the best reversion of carbon-deficient phases to WC.
The Rietveld refinement result for the three XRD

patterns(Fig. 7) is shown in Fig. 8. The quantitative
result is also listed in Table 2. The results confirm that
the direct contact of graphite punch with WC–Co

coating surface gives the highest WC phase recovery in
the coating after the SPS treatment at 8008C, which
gives an increase in WC phase composition of 52.3%.
The other two SPS conditions can also induce WC phase
recovery with 15.8% and 17.6%, respectively. This result
highlights the principal difference in the sample packing
arrangement employed in this study. In Method ‘A’, the
restoration of WC can be attributed to concomitant C
diffusion and thermal effect of the SPS treatment, while
for Methods ‘B’ and ‘C’, there was only the thermal
effect at work in the samples. Thus, it can be argued
that the apparent diffusion of C into the plasma sprayed
coating during SPS treatment when Method ‘A’ was
employed provided a greater contribution towards the
restoration of WC.
During the SPS process, a high-pulsed electrical

current was applied between the upper and lower punch-
es of the die set. Charging and discharging the spaces
between the powder particles, generated spark plasma
at the particle contacting point. This spark plasma can
evaporate carbon atoms from the graphite punch with
high activity, and deposit them on the surface of WC–
Co coating, as it is believed to be the case in Method
‘A’. The electrical field enhances the reaction-diffusion
of carbon atoms into WC–Co coating, causing the
recovery of WC phase from the W C phase and other2

carbon-deficient phases in the as-sprayed coating. It
therefore, indicates that a better restoration from C-
deficient phase to WC would be achieved than those
areas far from coating surface. It is practically beneficial
since the coating surface always plays the dominant role
during its service. The restoration of WC phase on the
other samples(Method ‘B’ and ‘C’) is due predomi-
nantly to thermal effect of the SPS and there would be
generally, an absence of the C diffusion observed in
Method ‘A’ since the samples have YSZ and WC–Co
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Table 2
Phase composition in the WC–Co powder and the WC coating before
and after SPS

Sample Phase

WC W C2 Co W C3 3

(X) WC–Co powder 0.624 0.0007 0.375
(S) As-sprayed coating 0 0.600 0.400
(B) WC 800 0.158 0.380 0.462
(A) Graphite 800 0.523 0.092 0.385
(C) YSZ 800 0.176 0.381 0.443

As-received(Stewart) w11x 0.375 0.155 0.470
Heat treated(Stewart) w11x 0.360 0.008 0.631

Fig. 6. Rietveld refinement for WC–Co powder and as-sprayed coating.

as packing materials on top of the plasma sprayed
coating.
In order to compare the effect of SPS treatment on

the WC-restoration process, the XRD patterns of con-
ventional inert atmosphere heat-treated WC–Co coatings
w12x were also refined using the Rietveld method. The
results are shown in Fig. 9. The quantitative result is
listed in Table 2 as ‘As-received(Stewart)’ and ‘Heat-
treated(Stewart)’. The results show that the content of
WC phase in the WCyCo coating before and after heat
treatment is almost the same. This is because conven-
tional inert atmospheric heat treatment can only result
in the recrystalization of Co W C phase, and the trans-3 3

formation of W C phase into another C-deficient phase,2

the Co W C (h) phase, but cannot reinstate the WC3 3
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Fig. 7. XRD pattern for WC–Co coating SPS treatment at 8008C. (a) Rietveld refinement for WC–Co coating SPS with direct graphite punch
contact with coating surface.(b) Rietveld refinement for WC–Co coating SPS with WC–Co powder put on coating surface.(c) Rietveld refinement
for WC–Co coating SPS with YSZ powder put on coating surface.

phase when it is turned into C-deficient W C phase2

during the plasma spray process.
From the comparison between the Rietveld result for

samples after SPS treatment and that for samples after
conventional inert gas heat-treatment, one can see that
there is different mechanisms involved in the diminish-
ingydisappearance of the metastable W C phase in the2

two processes. For the conventional inert gas heat-
treated WCyCo coatings, the W C phase is transformed2

into another C-deficient phase, the Co W C(h) phase.3 3

For SPS treated WCyCo coatings, because of the pres-
ents of plasma activated free carbon, the diminish of
W C phase is followed by the diffusion-reaction of2

carbon with all kinds of carbon-deficient phases such as
W C and amorphous binding phase in the coating to2

form the WC phase, and the WC phase is reinstated in
this way.

3.3. Microhardness investigation

The microhardness values taken from the polished
cross-sections of the WC–Co coatings before and after
SPS post-treatment are shown in Fig. 10. A remarkable
improvement of the coating hardness is demonstrated
after the SPS treatment. In fact an increase of over
200% on the as-sprayed microhardness was found in the
SPS samples. This is believed to be due to the dual
achievements of the SPS process, namely, the densifi-
cation of the coating and the recovery of the WC phase
in the coating. The values recorded were found to have
corresponded well with the phases observed in the XRD
spectra of the SPS samples. The coating that was treated
through direct contact with graphite punch(Method A)

demonstrated the highest microhardness value followed
by the coating embedded in WC–Co powders(Method
B) and finally, coating packed in YSZ powders(Method
C).

4. Conclusions

APS WC–Co coating was heat-treated by spark plas-
ma sintering at 8008C with a soak time of 5 min. SEM
and XRD investigation revealed the changes in the
microstructure and phase compositions in the WC–Co
coating before and after the SPS treatment. The XRD
patterns before and after SPS was refined by the Rietveld
method. The following results are concluded:

1. The post-spray SPS treatment can modify the micro-
structure of the plasma sprayed WC–Co coatings by
aiding the restoration of the WC phase in the coating
and closure of the majority of pores and crack
networks in the plasma sprayed coating;

2. SPS is capable of effectively recovering the WC
phase from W C and other ancillary phases in the2

WC–Co coating. Method A(direct contact of graph-
ite punch to coating surface during the SPS treatment)
was found to provide the highest WC phase recovery
rate of up to 52.3%. This is attributed to the diffusion
of C into the plasma sprayed coating surface and
effectively enforcing the conversion of the phases
therein to WC. This is reflected in Method ‘A’
yielding 52.3% WC as compared to 17.6% WC in
Method ‘C’ (when YSZ was used as packing mate-
rial). Other sample packing configurations in SPS
such as packing with WC–Co or YSZ were found to
be less effective. Nonetheless, enhancement of the
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Fig. 8. Rietveld refinement for WC–Co coating after SPS post-treatment(a) As-received HVOF WC–Co coating(WC- 17wt.% Co). (b) After
inert atmospheric heat treatment at 8008C for 0.8 h, showing the recrystalization of Co W C phase and the transformation of W C to Co W C.3 3 2 3 3

Fig. 9. Rietveld refinement for the XRD results in literaturew12x.
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Fig. 10. Microhardness of WC–Co coatings before and after SPS post spray treatment.

coatings’ properties was evident, and was attributed
to solely the thermal effect of the SPS treatment. It
can also be seen that the C diffusion was more
efficacious in the restoration of WC, where the
amount of WC found is approximately three-fold of
the amount found when there was an absence of C
diffusion;

3. The microhardness of the WC–Co coating is
increased after SPS post-spray heat treatment, indi-
cating SPS enhances the mechanical property of the
coatings. The increase in hardness values correspond-
ed with the amount of WC in the SPS samples.
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