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Our investigation on diamond deposition using cemented tungsten carbide (WC-Co) has shown
that diamond particles deposit at different rates onto micrograin and coarse-grain WC-Co
substrates. Diamond deposition was carried out using a parallel-plate plasma-enhanced chemi-
cal vapor deposition system, which utilized the bias-enhanced growth (BEG) process. BEG was
performed at four different times: 15, 20, 25, and 30 min. The resultant diamond-based deposits
were characterized for morphology, microstructure, and crystallinity using scanning electron
microscopy. It was found that diamond nucleation initiated at the grain boundaries of the
substrates. The present article discusses the possible reasons that can potentially explain our key
findings. In particular, the CO diffusion from the bulk material through the grain boundaries
and onto the substrate surface using a theoretical approach.

1. Introduction

Cemented WC-Co hard metals containing WC grains in
the submicron (i.e., 0.5-0.8 �m) to ultrafine (i.e., 0.2-0.5
�m) range and also containing 6 to 16 mass% of cobalt (Co)
generally find use in micromachining applications, dental
burs, surgical tools, microdrills, and punches used in the
pharmaceutical industry.[1] The performance of such hard-
metals during service and their lifetime is not ideal for many
of the applications. Improvements in such areas can be
achieved by the application of an ultrahard coating onto the
component. Diamond films display an extraordinary com-
bination of properties that enable them to be used in many
different applications.[2-6] The task of direct diamond depo-
sition onto grades of cemented WC-Co, consisting of sub-
micron or ultrafine grains of WC and/or high content of Co
(i.e., >8 wt.%) becomes an even more difficult endeavor.
Because diamond deposition onto cemented WC-Co con-
sisting of fine-sized WC grains and content with a high
percentage of Co is difficult, relatively less work has been
done on these grades of material.[7-9] However, many ar-
ticles can be found in the open literature reporting diamond
deposition onto coarse-grain WC-Co substrates with Co
contents of <8%.[1-15] The major cause of concern that pre-
vents the successful deposition of diamond onto WC-Co is
the negative influence of Co on diamond sp3 carbon (C)
formation.[16,17] Generally, the surface pretreatment meth-
ods used to remove the Co from the substrate surface and
suppress its negative effects on film growth can be classed

into three groups: (1) chemical treatments[12]; (2) stable CO
compounds[18]; and (3) intermediate metallic-ceramic lay-
ers.[19]

In this investigation, chemical methods were used to pre-
treat the substrates, and the recently introduced process by
Sharda et al.,[20,21] called bias-enhanced growth (BEG), to
deposit diamond onto micrograin and coarse-grain WC-Co
substrates using 15, 20, 25, and 30 min of BEG time.

2. Experimental

The substrates of WC-Co used in this investigation were
6 mm in diameter by 3 mm in thickness. The grade of
substrate material used was K10: WC-6mass%Co with av-
erage WC grain sizes of 0.8 �m (micrograin) and 4 �m
(coarse-grain). All of the samples were polished with dia-
mond paste (containing diamond particle sizes of 15, 7, 3,
and 0.25 �m) prior to BEG to achieve similar surface
roughness/smoothness. Surface profilometry was used to
measure the surface roughness (Ra values) of the cemented
WC-Co substrates. Following each polishing step, the sub-
strates were washed with deionized water, and subsequently
were chemically cleaned in acetone and ethanol using ul-
trasonic vibrations. To increase the roughness of WC grains,
the samples were etched using Murakami’s reagent (10 g of
K3[Fe(CN)6] + 10 g of KOH + 10 mL of water) for 2 min.
Subsequently, the samples were treated for 1 min with acid
etching (HNO3 + H2O2 9:1) to remove surface CO. Follow-
ing each etching step, the substrates were washed with de-
ionized water, acetone, and ethanol in an ultrasonic vessel.

A conventional direct current parallel-plate plasma
chemical vapor deposition (CVD) system was used to de-
posit diamond particles/film onto the two types of WC-Co
substrates. The conditions used during the BEG experi-
ments were: methane flow, 5 standard cubic centimeters
per minute (sccm); hydrogen flow, 150 sccm; argon flow,
11.7 sccm; pressure, 30 Torr; substrate temperature, 800 to
900 °C; deposition time, 15, 20, 25, and 30 min; emission
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current, 20 mA; and voltage of plates, 400 V. The samples
were characterized using scanning electron microscopy
(SEM) (model 4100 microscope; Hitachi, Tokyo, Japan).

3. Results and Discussion

3.1 Scanning Electron Microscopy Analysis

The deposits produced during the BEG process were
confirmed for sp3 diamond-C phase presence by Raman
spectroscopy studies (results not shown). Raman peaks cen-
tered at around 1332 cm−1 wavenumbers were found on the
spectra for all the samples. Raman spectroscopy is a widely
used technique for the characterization of diamond films for
C-phase purity. Figure 1 displays SEM micrographs show-
ing the densities of diamond particles deposited on coarse-
grain (Fig. 1a-d) and micrograin (Fig. 1e-h) WC-Co sub-
strates after 15, 20, 25, and 30 min of BEG time. It is clear
that the density of diamond particles deposited on both
grades of substrates generally increased with BEG time.
This can be expected because with BEG the diamond par-
ticles develop and transform into crystals before coalescing
to form a continuous layer of diamond film. The results
showed that the minimum time required to form the first
continuous, homogeneous diamond film layer on the mi-
crograin WC-Co substrate was within the range of 25 to 30
min. However, using the coarse-grain substrate the continu-
ous diamond film did not form even after 30 min of BEG.

Figure 2 displays the SEM micrograph showing the film
morphology of the as-deposited diamond film grown on the
micrograin WC-Co substrate after 30 min of BEG time. The
average diamond crystallite size of the film shown in Fig. 3
was calculated to be ∼10 nm. It was noted in both cases that
diamond clusters were formed on the substrate surfaces, and
each cluster consisted of nano-sized diamond crystallites.
Typically, this type of structure is generated when diamond
is deposited under a higher concentration of methane in the
vacuum reactor, which results in the formation of a ballas-
like morphological structure consisting of nano-sized dia-
mond grains.[22] Figure 3 indicates that diamond nucleation
was initiated at the boundaries of the WC grains and sub-
sequently the diamond particles grew to form clusters con-
sisting of many nano-sized diamond grains. The initiation of
diamond nucleation at the grain boundaries, in between and
underneath the WC grains, and the production of nano-sized
diamond grains by the BEG process are advantageous in
producing adherent diamond coatings on WC-Co tools by
improving the mechanical interlock at the substrate-film in-
terface. It is obvious that there is a greater network of grain
boundaries present in the micrograin WC-Co substrate than
in the coarse-grain substrate. These sites (grain boundaries)
provide suitable centers for the adsorption of gaseous pre-
cursors and the formation of sp3-C clusters. Therefore, with
micrograin WC-Co substrates the density of the diamond
cluster formation is expected to be higher than in coarse-
grain substrates.

In explaining the authors’ findings, it should be noted
that the differences in the diamond deposits produced on
micrograin and coarse-grain WC-Co substrates at different
BEG times are due to the “substrate effects.” The fact that

identical BEG conditions were used during deposition on
micrograin and coarse-grain WC-Co substrates ruled out the
influence of any contributions from the growth process re-
sults of this study. The four main and influential factors
contributing to the substrate effects are: (1) substrate grain
size; (2) CO diffusion from the bulk material to the substrate
surface during diamond BEG; (3) substrate roughness; and
(4) substrate residual stresses. Factors 1 and 2 will be dis-
cussed in section 3.2. The substrates used in this study were
prepared such that the surface roughness was kept approxi-
mately equal in both cases prior to loading the substrates in
the CVD chamber by using different grades of polishing
abrasives. Concerning the substrate residual stress, Hegeman
et al.[23] reported that the substrate residual stress increased
after grinding the substrate surfaces with a diamond wheel.
In this work, the grinding residual stress was quantified by
x-ray measurements, and their findings indicated the exis-
tence of a detached surface layer with a thickness of 1.5 �m.
More recently, Polini et al.[24] showed that the grinding
process induces a concentration gradient of defects in the
substrate, which can act as suitable nucleation sites for dia-
mond deposition. However, when a layer of 5 �m was
removed from the substrate surface by Murakami’s reagent,
this influence became very small or even nonexistent.
Therefore, in this case, because the investigation focused on
a comparative study, it was necessary to reduce the grinding
residual stresses in both substrates to similar values. During
sample preparation, 3 �m of the layer were removed from
the surface of the substrates using diamond paste polishing
followed by the removal of a further 3 �m of WC during the
chemical pretreatment involving the Murakami’s reagent.

3.2 Cobalt Diffusion

It is commonly believed that the binder material, Co, in
WC-Co diffuses from the bulk material to the substrate
surface during diamond CVD. Although the chemical com-
positions of the two types of substrates used were similar,
the average WC grain size values for micrograin and coarse-
grain substrates used were 0.8 and 4 �m, respectively. It is
anticipated that the rates of outward Co diffusion from the
bulk material to the substrate surface during film deposition
is different for micrograin and coarse-grain WC-Co sub-
strates. In this section, we attempt to explain theoretically
the diffusion of Co from the bulk material during diamond
CVD.

During sample characterization using SEM, the authors
observed the presence of drops on the substrate surfaces
(see Fig. 4 for micrograin; and Fig. 5 for coarse grain). The
images in Fig. 4 and 5 represent the micrograin and coarse-
grain substrates, respectively, after 15 min of BEG time.
This observation has been frequently reported by other
workers.[25-27] Despite the Co fraction volume, with both
types of substrates being the same the coarse-grain substrate
showed greater density of such drops. Because the tempera-
ture of the coatings is below the liquid phase formation during
cemented carbide sintering, it is expected that the drop for-
mation (Fig. 4, 5) is related to Co diffusion from the bulk
material and the diffusion through the vapor phase is due to
the relatively higher vapor pressure of the binder material,
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combined with the surface forces. This behavior can be
attributed to two causes. First, the presence of a higher
number of Co droplets observed on the WC surfaces can be

held responsible for suppressing the diamond nucleation on
such sites and for favoring the catalyzed formation of sp2 C.
Figures 4 and 5 indicate that Co out-diffusion is faster in the

Fig. 1 SEM images showing the diamond deposits produced after BEG times of 15 min (a and e), 20 min (b and f), 25 min (c and g),
and 30 min (d and h). (a-d) deposits on coarse-grain substrates; (e-h) deposits on micrograin substrates
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coarse-grain substrate compared with micrograin WC-Co
material under CVD processing conditions.

From a thermodynamic and kinetic point of view, it is
expected that Co diffusion in WC-Co, DCo, has a tempera-
ture-dependent Arrhenius expression[28]:

DCo � exp�−
Q

RT� (Eq 1)

where Q and T represent the activation energy and tempera-
ture, respectively. Because of the presence of dispersed
phases of WC in the Co matrix, the diffusion paths are
partially blocked. This effect can be overcome by consid-
ering the effective diffusivities created by introducing the
term labyrinth factor, �, which leads to the reduction of the
diffusivity:

DCo_eff
WC = � � DCo (Eq 2)

The value for � increases with smaller sized WC grains
in the micrograin substrate, according to the following re-
lationship:

� �
1

GWC
(Eq 3)

The microstructure of metal matrix materials is often de-
scribed in terms of (a) the average grain size of the hard
particles, GWC, (b) the mean free path (MFP) in the binder,
�, and (c) the volume fraction of the binder phase, �Co.
Usually GWC and � are measured by the line-intercept
method. These parameters can be related to the Co volume
fraction according to the following equation, which was
used by Underwood[29]:

Fig. 2 As-deposited nanocrystalline diamond coating deposited
after 30 min of BEG on micrograin WC-Co grade hardmetal. The
average grain size is ∼10 nm.

Fig. 3 SEM micrograph showing diamond nucleation occurring
at the WC-WC grain boundaries after 15 min of BEG on coarse-
grain substrate

Fig. 4 SEM micrograph showing the surface of the micrograin
substrate after 15 min of BEG

Fig. 5 SEM micrograph showing the surface of the coarse-grain
substrate after 15 min of BEG
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�Co =
�

�GWC + ��
(Eq 4)

From Eq 2, 3, and 4, we arrive at Eq 5, which indicates
that the effective diffusivity of Co increases with Co content
and smaller values of MFP for the microstructure.

DCo_eff
WC �

�Co

� � �1 − �Co�
� exp�−

Q

RT� (Eq 5)

The flux of Co diffusing through a cross section of the
material can be expressed by the multicomponent extension
of Fick’s law multiplied by the volume fraction of the
binder:

JCo_eff � −
�Co

� � �1 − �Co�
� exp�−

Q

RT� �
�cCo �z,t�

�z
(Eq 6)

In this case, it is very likely that the flow of Co through
the WC-Co substrate is higher for substrate grades with
higher volume fractions of the binder phase and/or higher
MFP (i.e., larger grain size substrates). Polini et al.[26]

showed that the nucleation of diamond on WC-Co sub-
strates, which were pretreated in a way that was similar to
the pretreatments used in this investigation, was indepen-
dent of substrate grain size. However, in their study they
used a conventional hot-filament CVD system to deposit the
diamond films. In this case, the authors used a different type
of CVD setup, in which a glow discharge is generated be-
tween the two molybdenum parallel plates during the BEG
process. Therefore, in this system, the plasma chemistry
involved during the BEG of diamond in the reactor is ex-
pected to be significantly different from the conditions
generated in a conventional hot-filament CVD reactor. Un-
fortunately, at this stage of the investigation, there is insuf-
ficient experimental evidence that gives detailed informa-
tion about the mechanisms involved at the energetic sites on
the grain boundaries during the BEG of diamond deposits
onto different grades of WC-Co. However, the authors are
currently investigating further to gain a detailed understand-
ing about the mechanisms involved during the BEG of dia-
mond deposits, and the key findings will be reported in our
forthcoming publications.

4. Conclusions

Diamond deposits were produced on micrograin and
coarse-grain WC-Co substrates, at 15, 20, 25, and 30 min of
BEG time, using a plasma-enhanced CVD system consist-
ing of two molybdenum parallel plates. It was found in both
cases that diamond nucleation occurred primarily at the WC
grain boundaries. Diamond particles nucleated mainly at the
grain boundaries of the WC-Co substrates and continued to
grow forming clusters, each of which consisted of nano-
sized diamond grains. A continuous diamond film was
formed after 30 min of BEG on the micrograin WC-Co
substrate; whereas, the diamond clusters were isolated from

one another in the coarse-grain substrate even after 30 min
of BEG. Generally, both the average cluster size and the
cluster densities increased with BEG time. However, the
increase in both of these factors was higher for the mi-
crograin WC-Co substrate. Because the MFP for the mi-
crograin substrate was small, compared with the coarse-
grain substrate, more diamond nucleation reactions are
expected to occur at the network of WC grain boundaries.
Finally, we have discussed, using equations, the possibili-
ties of Co diffusion from the bulk of the micrograin and
coarse-grain WC-Co substrates during BEG to explain our
findings. It was observed from SEM studies that a greater
number of Co drops appeared on the surface of the coarse-
grain substrate than on the micrograin WC-Co substrate.
This is proof that there is a greater degree of Co diffusion
through coarse-grain WC-Co than through micrograin WC-
Co substrates during CVD.
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