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In this paper, diamond film was deposited on WC–Co coated steel substrate by hot filament chemical
vapor deposition (HFCVD). This method can not only prepare diamond film on the sample, but also
can be used as a new way of WC–Co coating heat treatment. Brittle phases, such as g phase, which were
produced during ordinary heat treatment process, will be suppressed in HFCVD at high temperature. This
paper systematically studied the microstructure (defects and phase) transition of WC–Co interlayer in the
process of depositing diamond film. The mechanism of phase transition was discussed. The results
showed that at high deposition temperature (e.g. 800 �C), the transition of binder phase was fast. After
5 h of deposition, the phase composition of WC–Co coating was almost the same as sintered WC–Co
block. At low deposition temperature (e.g. 700 �C), the phase transition of interlayer slowed down and
there was a large amount of nano-phases in the interlayer even after 12 h of deposition.

Another notable feature is that phase transition of the surface part of interlayer was the fastest, fol-
lowed by the inner part and the middle part was the slowest. The phase transition rate of the interlayer
and the binder phase is closely related to the depth of the coating. In the surface part of the coating, Co
will evaporate and diffuse into diamond film. Also, activated carbon atoms will diffuse into the interlayer,
but the depth of diffusion layer was limited. Fe and Co will diffuse into each other at the interface
between interlayer and steel substrate. In contrast, the middle part of interlayer was not affected by
diffusion of elements.

In sum, the results suggest that the change in element content (i.e. concentration diffusion) is the main
driving force of the phase transition, while temperature mainly affects phase transition rate (i.e. the rate
of diffusion).

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

In the early 1990s, some scholars put forward ideas in preparing
diamond coating on steel surface, but there was no significant
breakthrough [1,2]. This is because the thermal expansion coeffi-
cient mismatch between steel and diamond is too large [2,3].
Temperature variation will generate large thermal stress [4,5].
Furthermore, iron is a catalyst for graphite and the solubility and
diffusion rate of carbon in iron is high. During HFCVD process, a
large number of carbon atoms will diffuse into steel substrate,
which prolong the nucleation period. Also, graphite, amorphous
carbon and other non-diamond phase will be produced on steel
surface [6]. So the quality of diamond film is low.
From previous reports, the most effective approach is preparing
high quality interlayers on steel surface. The interlayer will shield
the adverse effects of substrate. By selecting suitable interlayers,
the adverse effect of Fe can be avoided and the adhesion of dia-
mond film will be stronger. There were dozens of interlayers
reported [7–11]. But none of them was used in industrial scale pro-
duction [12] because these interlayers cannot achieve effective
mechanical and thermal transition between diamond and steel
[13]. Metal interlayers can increase the nucleation density after
seeding process [14–16] and the thermal expansion coefficient is
close to steel, but it is much larger than diamond. So they cannot
release thermal stress. Besides, metal interlayers will react with
carbon atoms at high temperature, forming brittle carbides
[17,18]. When it comes to ceramic interlayers, whose thermal
expansion coefficient is larger than diamond and small than steel
[17,19], they easily crack during HFCVD process due to poor
toughness [20].
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In order to prepare abrasion-resistant diamond film on inter-
layer, WC–Co interlayer is prepared on steel using High-velocity
Oxy-fuel thermal spraying technology (HVOF). However, com-
pared with sintered WC–Co, the toughness, wear-resistance and
erosion-resistance of WC–Co coating is much lower. This is
because there are many kinds of defects in as-sprayed WC–Co
coating, such as tiny pores, island boundaries, tungsten semi-car-
bide, c phase and g phase. These defects and thermal dynamically
unstable phases are produced during the thermal-spraying pro-
cess, in which melted WC–Co drops were quenched when they
reached the substrate. These defects and thermal dynamically
unstable phases will deteriorate the performance of the coating.
The phase distribution in the coating was not uniform, leading
to large difference in mechanical and corrosion-resistant proper-
ties in different areas [21]. Many researchers found that W2C will
reduce the fracture toughness of the coating and decarbonized
carbide phases is preferentially etched. For example, thermal-
sprayed coatings normally contain non-uniform distributions of
carbide and cobalt ‘‘lakes’’. The tribological behavior, abrasion
and corrosion resistance of WC–Co coatings are generally poorer
than sintered WC–Co. This indicates that the inhomogeneous
microstructure and the phase transformations of the starting
material, which can lead to wide variations in mechanical proper-
ties and in corrosion resistance [22]. Thakare et al. found that
wear occurs by preferential removal of binder around the carbide
grains exposing them to the abrasives which subsequently leads
to their cracking and pull-out [23]. Lima et al. found that W2C
fraction seems to be the decisive element in the fracture tough-
ness of WC–Co coatings and appropriate post-heat treatments
can improve the indentation toughness of thermally sprayed
WC–Co coatings [24].

Post-heat treatment under inert atmosphere can partially
eliminate these defects and improve the mechanical performance
of the coating [24,25]. Adequate post-heat treatments can lead to
an increase in coating toughness. Under inert atmosphere, heat
treatment above 600 �C results in significant phase changes
within the coating. Heat treatment changed the integrity and
residual stress state of the coating and heat treatment could
improve the wear behavior. However, the temperature of the
ordinary heat treatment process cannot be too high. Stewart
found that heat treatment under high temperature produced
large-scale cracks while heat treatment under low temperature
created microcracks, which is beneficial to the abrasive wear
resistance of the coating [25]. Kim found that the performance
of the sample will be greatly deteriorated after inert atmospheric
heat treatment above 800 �C. This is because g phase will precipi-
tate in the coating during the treatment process [26]. Ghadami
et al. studied the structural and oxidation behavior of WC–Co
coatings in air atmosphere. Their results demonstrated that
higher temperature will result in acceleration of oxidation, pro-
ducing WO3, CoWO4, etc. Above 1100 �C, the coating later will
detach from the substrate [27].

Previously, Wei found in their XRD results that poor-carbon
phase in WC–Co coating will transform into WC during HFCVD
process. Eventually, the phase composition of thermal-sprayed
WC–Co interlayer will develop into sintered WC–Co [31,32]. They
demonstrates that WC–Co coatings can be the most effective inter-
layer, simultaneously guaranteeing diamond film quality and good
adhesion at both the substrate/interlayer and the interlayer/dia-
mond film interfaces [31,32]. But they did not know why and over-
looked the microstructure transition in the WC–Co coating. In this
paper, diamond/WC–Co/steel composite coating system was inves-
tigated in detail. By adjusting CVD parameters, phase evolution of
the interlayer under different temperature was systematically
studied.
2. Experiment

The diamond films were grown on AISI 1085 carbon steel plates and a WC–Co
coating was used as an interlayer to improve the nucleation, quality and adhesion of
the diamond film. The flat specimens used in this study were 50 � 30 � 5 mm3 AISI
1085 carbon steel plates coated with a WC–Co interlayer (200 lm in thickness) by
HVOF. WC powder and Co powder was bought from Zhuzhou Cemented Carbide
Group Co., Ltd. The size distribution of WC and Co powder was 2–3 lm and
2–5 lm, respectively. WC powder and Co powder was agglomerated and sintered
together into large sprayable granules. The WC–Co granule used here typically com-
prised 83% WC and 17% Co powder. The HVOF torch is made by Sulzer Metco and
the model is wokastar-600. Kerosene is used as fuel. The spraying parameters were:
oxygen flow 56.64 m3/h; spray distance 30 cm; fuel rate 0.0227 m3/h; traverse
speed 2 m/s. The substrates were machined into smaller plates of dimension
7 � 7 � 5 mm3 by spark machining. The specimens were polished with diamond
polishing agent. The final interlayer thickness after polishing was 100 lm and the
Ra value was about 0.3 lm.

Next, the samples were treated by two-step chemical pretreatment to remove
Co. The samples were etched by (I) Murakami reagent (10 g K3[Fe(CN)6] + 10 g
KOH + 100 mL H2O) in ultrasonic bath for 3mins (II) Mixed acid (2 mL
96 wt.%H2SO4 + 2 mL 68 wt.%HNO3 + 20 mL 40% H2O2 + 40 mL H2O) in ultrasonic
vessel for 2mins. All samples were submerged in nano-diamond ultrasonic bath
for 15mins before they were sent into the HFCVD equipment, designed and
constructed in the Department of Physics at the Royal Institute of Technology,
Stockholm (Sweden).

Then, the samples were divided into two groups, A and B. Samples in group A
were deposited at 800 �C for 5 h and 12 h. Samples in group B were deposited at
700 �C for 5 h, 12 h and 48 h. Other deposition parameters were the same: chamber
pressure 3 kPa, CH4 1.5 sccm, H2 48.5 sccm. Specimens were characterized by a vari-
ety of techniques, including scanning electron microscopy (FEI, Quanta200
Environmental SEM and FEI NovaSEM 230), Electron Microprobe Analysis (JEOL,
JXA-8230), X-ray diffraction (Dmax-2500 VBX using Cu Ka radiation at a wavelength
of 0.154 nm, scan speed: 8 deg/min), energy dispersive X-ray analysis (EDS: EDAX
model) and Raman spectroscopy (LabRAMHR800). Raman spectra were measured
with an argon ion laser operating at 488 nm with an output power of 10 mW.

3. Result

3.1. Surface morphology of diamond film

Fig. 1 is the surface morphology of diamond film deposited at
800 �C. As can be seen from the figure, the samples have cauli-
flower-like surface, which is induced by the diffusion of cobalt.
With the extension of deposition time, the cauliflower-like mor-
phology tended to disappear and the diamond grains were bigger.
Another notable feature is that there are some nanoparticles on the
surface of diamond grain. From EDS results (see in supplementary
data Fig. S1), these nanoparticles were comprised of Co. As growth
time increases, these nanoparticles became smaller and graphite
wrapped on the surface of diamond grain was reduced.

Fig. 2 is the surface morphology of diamond film deposited at
700 �C. As growth time increases, the surface morphology was
similar to 800 �C. However, in magnified figures, no Co nanoparti-
cles (NP) can be seen on the surface of diamond grains. In addition,
the size of diamond grain was much smaller compared with sam-
ples processed at 800 �C within 5 h and 12 h. After 5 h growth, the
size of most diamond grains was under 0.5 lm. When deposition
time was extended to 12 h, the average size of diamond grains
increased to 2 lm. As time increased to 48 h, the size can reach
20 lm.

3.2. Raman spectra of diamond film

Fig. 3 is Raman spectrum of samples after diamond deposition.
In figure (a and b), the main peaks were located at 1332 cm�1 (dia-
mond) and 1500 cm�1 (non-sp3). Obviously, as time increased,
non-sp3 carbon was reduced significantly. Figure (c, d and e)
demonstrate the Raman spectrum of diamond film deposited at
700 �C. The main peaks were located at 1332 cm�1 (diamond),
1500 cm�1 (non-sp3) and 1600 cm�1 (non-sp3). The deposition
time was 5 h, the intensity of non-sp3 peak of samples deposited
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Fig. 1. Surface morphology of samples deposited at 800 �C in (a, c) 5 h; and (b, d) 12 h.
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Fig. 2. Surface morphology of samples deposited at 700 �C in (a, d) 5 h; (b, e) 12 h; and (c, f) 48 h.
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Fig. 3. Raman spectroscopy of samples deposited at 800 �C and 700 �C for 5 h, 12 h
and 48 h.
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at 700 �C and 800 �C was almost the same. Non-sp3 carbon will also
be reduced as growth time increases. When deposition time was
extended to 12 h, the non-sp3 peak of the sample deposited
800 �C is smaller. Overall, diamond film deposited at 800 �C has
less non-sp3 carbon and the quality is better.
3.3. XRD analysis

As can be seen from Fig. 4(a), the coating contained a large
amount of amorphous phase because there is a broad peak located
at 37–47� [28] and the intensity of XRD peak was not strong. The
coating contained WC, W2C, Co2W4C and Co3W9C4.

After depositing diamond film at 700 �C and 800 �C for 5 h,
notable changes appeared in the XRD pattern. Broad peaks located
at 2h = 40� and 2h = 72� almost disappeared, except that there were
low-intensity broad peaks in XRD of samples deposited at 700 �C.
According to literature, these broad peaks represented amorphous
phase containing W and Co [29]. After diamond deposition, most of
nano phases and amorphous phases were crystallized. The varia-
tion of XRD pattern was concluded as follows: (1) The intensity
of XRD peaks was much stronger and the noise in the patterns
was much weaker (2) Amorphous broad peaks could not be
observed (3) The amount of W2C decreased rapidly. At 800 �C,
Co3W3C peaks were found while at 700 �C the surface part of inter-
layer only contained small amount of W2C and Co2W4C.

When deposition time was extended to 12 h and temperature
remained at 800 �C, the XRD pattern is similar to the pattern of
samples subjected to the 5 h deposition process, except that the
intensity of XRD peaks is stronger. The intensity of the diamond
peaks in the XRD pattern of the sample deposited at 700 �C for
12 h are also stronger than those seen after 5 h, but compared with
samples deposited at 800 �C, the peaks are less intense because of
lower thickness of the diamond film in the former case. The phase
in the interlayer still contained W2C and Co2W4C. At the same time,
Co3W3C precipitated in the binder phase. This elucidates that high
temperature will make it easier for the amorphous phase in the
binder to crystallize. At 800 �C, after 5 h deposition, most of W2C
transformed into WC (will be proved in Section 3.5), while at
700 �C, there were still some amorphous phase in the interlayer
after 12 h deposition.

After deposition at 700 �C for 48 h, in XRD pattern, the intensity
of diamond peak exceeds WC peaks. There is no decarbonized
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phase or Co-containing phase in the coating, which means that
most of Co dissolved in nano-crystalline binder phases. According
to previous reports, dendrite Co phase was found in specific areas
in the coating, which was confirmed in the BSE images.
3.4. Microstructure analysis of as-sprayed WC–Co interlayer

Generally (Fig. 5a1), the brighter part is tungsten carbides and
the darker part is binder containing Co. The size of tungsten car-
bides varies largely. Some of them can reach several microme-
ters and some can only reach a few hundred of nanometers.
Most of grains have irregular shape and lose their edges during
thermal spraying. Most of WC grains have no direct contact with
each other and the volume of binder phase increases greatly
compared with feedstock powder. In addition, there are a small
number of pores in the coating, which were formed during ther-
mal spraying.

Fig. 5(a2) is a magnified picture of Fig. 5(a1). From this picture,
it can be seen that beside some of WC grains, some brighter phases
appear. Some of them were dendrites and others were wrapped
around WC grain. These phases are W2C, which transformed from
WC during HVOF thermal spraying. There were some dark, dis-
persed nanoparticles in the figure, which might be oxide inclu-
sions. As can be seen from Fig. 5(a3), some parts of the coating
were darker than the binder phase. In these areas, WC grains have
regular shape and no W2C can be found around WC grain. This elu-
cidates that during thermal spraying powder is not heated evenly.
The heating temperature of a small amount of powder is so low
that WC cannot dissolve in Co binder phase, resulting in low W
content in certain parts of the coating.
10μm 3μm 
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Fig. 5. (a) Back Scattering Electron (BSE) images. The numbers represent 1: oxide inclusio
In Fig. 5(a2–a4), there were dispersed nanoparticles which were
even brighter than W2C. These were tungsten nanoparticles.
Several dark lines can be found in these figures and nano-phases
were distributed along these lines, which is called island boundary.
According to Verdon’s report [29], the content of W, C and O along
island boundary is higher than binder phase and nano-sized W can
be observed near island boundary. This is because the surface of
powder particle has the highest temperature and oxygen density.
Some WC was decarbonized into W, which is brighter. Island
boundaries have negative influence on the mechanical perfor-
mance of the coating. Therefore, island boundaries should be elimi-
nated in order to improve the corrosion and wear resistance of the
coating. The formation mechanism of island boundary is that
WC–Co particles were heated during thermal spraying and Co
can be heated to molten state. When heated particles reached
the steel substrate, they were cooled rapidly and solidified on the
surface of the substrate. Due to the uneven heat distribution during
thermal spraying process, the temperature of some of molten par-
ticles is sufficient to melt the surface part of particles which
already solidified. In this case, no island boundary can be found
in the coating. If the temperature of molten particles cannot melt
the surface of solidified particles, there will be island boundary
between these particles.

In Fig. S2, EMPA analyzed four elements, i.e. C, W, Co, Fe. The
analyzed section is WC–Co coating near steel substrate. As can
be seen from the figure, C in binder phase is lower than WC grain.
In areas where Co is high, content of carbon and tungsten is the
lowest. Tungsten did not uniformly distribute inside WC grain.
Before diamond deposition, the content of Fe in interlayer is as
low as 0.835%.
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3.5. WC–Co interlayer microstructure and element distribution after
HFCVD

Figs. 6 and 7 are BSE images of samples after diamond deposi-
tion under different deposition parameters.

When parameters were set to 700 �C and 5 h (Fig. 6b), there
were many similarities between the sample after diamond deposi-
tion and as-sprayed WC–Co interlayer. (1) Island boundaries in the
middle part of interlayer; (2) a large number of nano-sized phases;
(3) W2C wrapped around the rim of WC grain; (4) Co aggregated in
certain regions in the interlayer. Still there were some differences
before and after diamond deposition. First, after diamond deposi-
tion, in the middle part of interlayer, W2C around the rim of WC
grain grew larger. Second, there was no obvious island boundary
near the surface of interlayer and the average distance between
each WC grains was smaller. In this region, nano-sized second
phases with brighter contrast appeared in the binder. These phases
were probably mixtures of W, W2C and other W/Co/C phases.

When deposition parameters were set to 800 �C and 5 h
(Fig. 6a), the most distinguishable difference was no island bound-
aries and Co-aggregated areas can be seen. Near the steel substrate,
the number of pores in the coating increased and crevices can be
found between WC grains and the binder phase. The distance
between adjacent WC grains was even smaller and some of them
grew into a large grain. Most of W2C that wrapped around the
WC grains disappeared. Inside WC grains, defects such as pores
and cracks can be observed. In figure (a3, A3) which represented
near-surface part of WC–Co coating, several WC grains aggregated
into a larger grain. In addition, a large number of nanoparticles
were distributed in certain regions in the binder phases. The aggre-
gation of nanoparticles, according to existing literature [30], is c
phase. This phase is brittle. Due to the decrease in effective metal-
lic binder, the existence of the c phase in the coating is detrimental
to the structure of the coating.

After HFCVD treatment at 700 �C for 48 h (Fig. 6c), inside the
interlayer, island boundary disappeared. The contrast of binder
phase was the same, meaning that the distribution of elements
in the binder was uniform. Near the steel substrate, W2C nanopar-
ticles can be found around the rim of WC grains. Only a small frac-
tion of W2C can be observed in binder phase. In addition, there was
large size difference between each WC grain. In the middle part of
the interlayer, the content of W2C was higher than other part of the
interlayer. In this area, the distance between different grains was
relatively large. In figure (c3, C3), near diamond film, there was
no binder phase in the coating and average WC grain size was
much larger.

After HFCVD of diamond film at 700 �C for 12 h (Fig. 7b), elon-
gated splats (the molten or semi-molten particles impact on the
substrate and form a laminar coating composed of many layers)
and island boundary was found. Along island boundary, nano-sized
particle phases were observed, which might be mixture of W, WC
and W2C. Similar to sample processed at 700 �C for 5 h, there were
certain areas where the contrast was darker. Comparatively, near
the surface, WC grains had tendency to aggregate. The distance
between each grain was smaller and the amount of nanoparticles
in the binder phase increased. Near the substrate, there were pores
distributed in the WC–Co coating and creaks began to appear
between grains and binder phase. In the middle part of the coating,
there were some large WC grains, around which dendrite W2C was
found.

After diamond deposition at 800 �C for 12 h (Fig. 7a), similar to
the sample deposited at 800 �C for 5 h, island boundary disap-
peared. There were tiny pores inside the binder phase and many
WC grains. The distance between each WC grain was reduced.
Nevertheless, c phase were observed in the binder phase near steel
substrate and in the middle of the coating. In the middle part of the
coating, W2C was found around the rim of WC grain. In the near-
surface part of the coating, the aggregation of WC grains was even
obvious. The shape of WC grains was regular and sharp corner
appeared. But the binder phase between each WC grains was trans-
formed, leaving large pores in the coating. This evolution will
greatly reduce the toughness of the coating.

Fig. 8 presents EPMA images of HFCVD-processed samples,
showing the element distribution of the cross-section of the coat-
ing. Fig. 8 showed element distribution of samples deposited at
700 �C for 5 h and 48 h. The analyzed areas were near the steel sub-
strates. In Fig. 8(a4), Co aggregated in some regions. In Fig. 8(b2),
near steel substrate, the concentration of C was higher compared
with Fig. 8(a3). This is because near the substrate, there were many
WC grains and the content of binder phase was low. Fe did not uni-
formly distribute in the interlayer and the average Fe mass ratio in
the interlayer increased to 0.952%. As deposition time increased to
48 h, the mass ratio of Fe increased to 1.19%. This is because Fe in
steel substrate diffused into WC–Co coating during HFCVD treat-
ment. The mass ratio of C in the interlayer dropped from 1.54%
to 1.3%, showing that C diffused into the steel substrate. After
48 h HFCVD, mass ratio of Co in the coating dropped from 16.22%
to 15.59%. This means Co also diffused into the steel substrate dur-
ing deposition process. There was no alteration in W mass ratio,
meaning that at 700 �C, neither W in WC grain nor W in binder
phase will diffuse into steel substrate.
4. Discussion

HFCVD process is very different from ordinary atmospheric heat
treatment. In the reaction chamber of HFCVD, methane is decom-
posed and activated into active carbon atoms, which will diffuse
into the surface of the substrate and encourage the formation of
WC. Another notable feature of this process is that the temperature
gradient in the reaction chamber is very large. Using HFCVD as a
heat treatment approach can inhibit the formation of g phase in
WC–Co coating and diamond film will grow on the surface of coat-
ing, which will greatly improve the wear-resistance and corrosion-
resistance [33]. In addition, the island boundary in the coating will
be eliminated under suitable deposition condition. Therefore, the
attachment and toughness of the WC–Co layer will be greatly
enhanced, as reported by Kim [26]. Moreover, W2C around the
rim of WC grain will be transformed into WC and the dissolved
W will precipitate in the coating during HFCVD, forming W nano-
particles in the binder phase. Some W will transform into WC,
which epitaxially grow around the WC grains, creating larger WC
grains. The phase transition and microstructure evolution of
WC–Co interlayer after HFCVD were discussed below.
4.1. Effect of temperature on phase transition of WC–Co coating

According to experimental results, temperature has great influ-
ence on evolution of island boundary and phase in WC–Co inter-
layer. After HFCVD at 800 �C for 5 h, the island boundary in the
coating was blurring. Near steel substrate and diamond film, WC
grains tended to aggregate. Only a small number of WC grains were
wrapped by W2C. After 12 h deposition, island boundary in the
interlayer disappeared. This phenomenon is caused by the diffu-
sion and crystallization of binder phase under elevated tempera-
ture. WC grains aggregation was more obvious near steel
substrate and diamond film. W2C can only be found in the middle
part of the interlayer. By contrast, when substrate temperature was
set to 700 �C, the evolution of coating was much slower. After 12 h
deposition, Co still aggregated in certain parts of the coating and
island boundaries were found. Near WC grains and island bound-
ary, nano-sized phases were observed, which consisted of W,
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W2C and WxCoyCz. Even after 48 h deposition, these nano-sized
phases distributed in the binder in the inner part of the coating.
However, in the outer part of the interlayer, binder phases were
transformed into WC completely. Overall, higher temperature is
beneficial to the phase transformation of binder phase as well as
carbon-poor phases in the coating. This conclusion is in accordance
with the results reported by Kim [26], in which samples were pro-
cessed by inert atmospheric heat treatment. But ordinary atmo-
spheric heat treatment at high temperature (800 �C) will produce
large-scale cracks [34] while they cannot be found when samples
were treated using HFCVD.

Co3W9C4 and Co2W4C will first transform into Co3W3C and W2C.
Then both Co3W3C and W2C will react with the diffused carbon and
produce WC. The reactions happened in the WC–Co coating during
diamond deposition can be concluded as follows:

W2Cþ C ! WC ð1Þ
Co3W9C4 ! 3W2Cþ Co3W3C ð2Þ
3Co2W4Cþ 2C ! 3W2Cþ 2Co3W3C ð3Þ
Co3W3Cþ 2C ! WCþ 3Co ð4Þ
4.2. Effect of depth on phase transition of WC–Co coating

As can be seen from the experimental results, the phase transi-
tion of coating not only related to temperature, but also closely
connected to the depth of coating. After HFCVD, the WC–Co inter-
layer can be divided into three sections (i.e. near surface, near steel
substrate and the middle part) because of the difference in phase
evolution rate among these sections.
4.2.1. Near surface
From surface morphology of the samples (Figs. 1 and 2), Co

nanoparticles were found on the surface diamond film. This is
because Co in WC–Co interlayer evaporated under high tempera-
ture and low pressure condition. At high deposition temperatures,
ball-shaped cobalt particles will form on the surface of the sample
and can move during diamond deposition [35]. Also, when dia-
mond film was depositing, a small fraction of Co on the surface
of interlayer diffused to the surface of diamond through defects
such as grain boundaries and cracks. The higher temperature will
result in greater loss of Co because evaporation and diffusion pro-
cess will be accelerated when temperature is high. As a result, the
amount of binder phase dwindled and the distance between WC
grains was reduced and the size of WC grain increased. The binder
of outer part of interlayer has the fastest phase transition rate. On
one hand, the evaporation of Co boosted the transformation of bin-
der phase to WC. On the other hand, activated carbon atoms dif-
fused into WC–Co coating, further facilitating the formation of WC.

The diffusion of cobalt increases the constraints in diamond
coatings and decreases the quality of it. Therefore, the deposition
temperature should be controlled in order to limit the diffusion
and evaporation of cobalt during HFCVD. In addition, deposition
time should not be too long. Otherwise, even under relatively
low deposition temperature, the WC–Co interlayer will become
brittle. For instance, near the surface of sample deposited at
700 �C for 48 h (Fig. 6(c3) and (C3)), the binder phase between each
WC grain disappeared. Even though the surface hardness of the
sample is large, other mechanical performances could be compro-
mised because of the absence of binder phase.

4.2.2. Near steel substrate
The diffusion rate of Fe and Co is very large. Therefore, near

steel substrate, Co in the binder phase will diffuse into steel
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substrate rapidly. Fe in steel substrate will also diffuse into WC–Co
interlayer. Besides, the diffusion of Co boosted the transition of
binder phase to WC. Therefore, we can find that near the substrate,
the size of WC grain was larger and distance between WC grains
was smaller. Compared with the outer part of the coating, the
phase transition rate of binder phase was slower. The diffusion
between Fe and Co can enhance the adhesion between WC–Co
interlayer and steel substrate because of the chemical-bonded
Co-Fe diffusion layer.

4.2.3. In the middle part
For the middle part of the interlayer, the diffusion and evap-

oration of Co was rather slow. Therefore, the phase transition rate
of binder was the slowest and the average WC grain size was the
smallest. The amount of W2C was the largest. Therefore, the varia-
tion of elements in the coating was the main driving force of phase
transition, while temperature plays an important role in the rate of
element variation.
5. Conclusion

This paper investigated the effect of temperature on phase evo-
lution of HVOF thermal spraying WC–Co coating during HFCVD
and proposed a mechanism for phase transition. At high tempera-
ture, phase transition of binder phase was accelerated. After 5 h
deposition, there is no amorphous phase and only small amount
of W2C remains in the coating. W2C grains mainly distribute in
the middle part of interlayer, on the rim of WC grain. WC grains
in the surface and internal part of coating tend to aggregate and
the grain size will be larger. Under lower temperature, phase tran-
sition becomes slower and a large amount of nano-phases will pre-
cipitate from the binder phase. In addition, it can be found that
phase transition rate of binder is closely related to depth. Near
the surface of WC–Co coating, Co will evaporate under high tem-
perature and low-pressure condition and diffuse into diamond
film. At the same time, activated carbon atoms will diffuse into
the interlayer, but the diffusion depth is limited. At the interface
between steel substrate and WC–Co coating, Fe and Co will diffuse
into each other. However, diffusion will not occur in the middle
part of WC–Co coating. Therefore, under the same deposition con-
dition, the surface part of coating has the fastest phase transition
rate, followed by the internal part of coating, while the middle part
is the slowest. This demonstrates that near 700 �C and 800 �C, the
main drive force of phase transition is the variation of elements in
the coating, while temperature plays an important role in deter-
mining the rate of diffusion or evaporation.

Suitable substrate temperature and deposition time should be
chosen before depositing diamond film on WC–Co coating. The
deposition time should be controlled. If the deposition time is
too long, the binder phase in the surface part of the WC–Co inter-
layer will vanish and the mechanical performance of the interlayer
will be compromised. Temperature has great influence on the size
and distribution of phases and grains. If substrate temperature is
too high, the quality of diamond film will be reduced and the sur-
face part of WC–Co interlayer will be brittle. Nevertheless, if tem-
perature is too low, island boundaries in the coating will not
disappear and there will be a large amount of nano-phase contain-
ing W, Co and C, which undermines the mechanical property of the
coating.
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