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Si and Cr doped ultrananocrystalline diamond/amorphous carbon composite films were 

deposited on cemented carbide (WC-Co) substrates by using coaxial arc plasma deposition with Si 
and Cr blended graphite targets. The undoped films deposited at room temperature and a repetition 
rate of arc discharges of 1 Hz have the maximum hardness of 51 GPa and Young’s modulus of 520 
GPa. With increasing substrate temperature and repetition rate, the hardness and modulus are 
degraded, which might be because the growth of sp2 bonds is thermally enhanced. The doping of Cr 
and Si degrades the hardness and modulus. From energy-dispersive X-ray spectroscopic 
measurements, the diffusion of Co atoms from the substrates into the films were observed for the Si-
doped films. Since the Co diffusion induce the graphitization due to the catalytic effects, the 
degraded hardness and modulus of the Si doped films should be attributable to the catalytic effects 
of Co. For the Cr-doped films, the degraded hardness and modulus might be because of the Co 
catalytic effects being enhanced by the bombardment of Cr atoms whose atomic weight is much 
larger than that of C and the formation of chromium carbide. It was found that the doping of Si and 
Cr for the deposition of UNCD/a-C films deposited on WC-Co by CAPD is not effective for the 
improvement of the hardness and modulus 

 
Keywords: Nanodiamond, Hard coating, Coaxial arc plasma deposition, CAPD, Nanoindenta- 

tion, Si doping, Cr doping 
 
1. Introduction 

 
Nanodiamond is a new candidate as carbon-based hard 

coating materials for machining nonferrous metals and al- 
loys, owing to the superior properties such as good ther- 
mal stability, low friction, and high wear resistance. Ul- 
trananocrystalline diamond (UNCD)/amorphous carbon 
(a-C) composite (UNCD/a-C) films are composed of a 
large number of diamond grains with diameters of less 
than 10 nm and an a-C matrix. The thermal stability and 
film surface smoothness are superior to those of hard a-C, 
so-called diamond like-carbon (DLC) 1, 2), and polycrys- 
talline diamond (PCD), respectively. The achievement of 
high hardness and modulus are important keys for the ap- 
plication of UNCD/a-C to hard coatings3). 

Nanodiamond films have been prepared mainly by 
chemical vapour deposition (CVD) thus far. On the other 

hand, there have been few studies employing physical va- 
pour deposition (PVD). Cathodic arc discharge, which is 
a kind of PVD, has ever been employed for the deposition 
of sp3-rich a-C films4), since highly energetic carbon ions, 
which are desirable for the formation of sp3 bonds, are 
provided onto substrates5, 6, 7). In addition to the specifics 
of cathodic arc discharge, coaxial arc plasma deposition 
(CAPD) has the following distinctive feature: a coaxial 
arc plasma gun is equipped with an anodic cylinder that 
can bunch ions ejected from a cathodic graphite rod lo- 
cated inside the cylinder. Owing to this structure, a super- 
saturated condition with highly energetic ions can be real- 
ized, which is desired for the growth of UNCD crystal- 
lites8). 

Cemented carbide (WC-Co) comprising WC and a Co 
binder is a typical cutting tool material 9). Since Co in WC- 
Co acts as a catalyst that facilitates graphitization10, 11), 
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 Sample 1 Sample 2 Sample 3 
 

Target 
undoped 
graphite 

undoped 
graphite 

undoped 
graphite 

Sub. Temp. [°C] 550 RT RT 
Rep. Rate [Hz] 5 5 1 
Thickness [µm] 4-6 2-3 2-3 

Hardness [GPa] 17.3 31.8 51.3 
Modulus [GPa] 169 294 520 

 

 
 
 

polycrystalline diamond coating by CVD is made after the 
preferential etching of Co chemically prior to the coat- 
ing12). The catalytic effects are enhanced with increasing 
substrate temperature. Therefore, deposition at low tem- 
peratures is preferable. 

Doping foreign elements such as Si and Cr have been 
applied to hard a-C films for improving mechanical prop- 
erties, stabilizing the chemical bonding structures of the 
films, and relaxing internal stresses in the films. However, 
the results of doping effects on the hardness are in disa- 
greement among research groups. For example, it was re- 
ported that Cr incorporation into carbon films enhances 
the hardness by 10%13) and 30%14), whereas there are re- 
ports that show opposite results15). For Si doping, it has 
been considered that Si atoms suppress the formation of 
sp2 bonds and facilitate the formation of sp3 bonds16). On 
the other hand, a contradictory result was reported17). 
There have been few reports on the doping effects of Cr 
and Si on UNCD/a-C films thus far. 

Previously, our group have reported the deposition of 
UNCD/a-C films on Si substrates at elevated substrate 
temperatures in a base pressure atmosphere by CAPD 
without the pretreatment of substrates with diamond pow- 
der18). In this study, the deposition of UNCD/a-C films by 
CAPD was applied to WC-Co substrates as hard coatings, 
and the doping effects of Si and Cr on the film growth and 
mechanical properties were investigated. 

 
2.   Experimental Procedures 

 
UNCD/a-C films were deposited on WC-Co substrates 

with dimensions of 10 mm diameter and 4 mm thickness 
by CAPD with graphite targets. The inside of the vacuum 
apparatus was evacuated to base pressures of less than 
10−4  Pa by a turbo molecular pump. An arc plasma gun 
equipped with a 720 µF capacitor was operated at a ap- 
plied voltage of 100 V. The film deposition was carried 
out at different substrate temperatures and repetition rates 
of arc discharge as shown in Table 1. 

The crystalline structures were examined by powder X- 
ray diffraction (XRD) using 12 keV X-rays from synchro- 
tron  radiation  at  beamline  15  of  Kyushu  Synchrotron 

 
 
 

Table 1: Comparison in mechanical properties among 
films deposited at different substrate temper- 
ature and repetition rate of arc discharge. 

Light Research Center/Saga Light Source. For its meas- 
urement, the film was peeled off from the substrate and 
powdered. The powder was filled in a borosilicate glass 
capillary with an inside diameter of 0.3 mm. The top-view 
and cross-sectional images were taken by scanning elec- 
tron microscopy (SEM). The chemical compositions of 
the films were estimated from the energy-dispersive X-ray 
spectroscopic (EDX) measurements. The hardness and 
modulus were measured by nanoindentation19). The ap- 
plied indentation load was 0.5 mN. Load-displacement 
curves of indentation were measured at ten points for each 
sample to confirm the reproducibility. 
 
3.   Results and Discussion 
 

To confirm the existence of diamond grains in the films, 
XRD measurements with synchrotron radiation were ex- 
amined. Figure 1 shows the typical XRD pattern trans- 
formed from Debye-Scherrer rings recorded on an imag- 
ing plate. Diffraction peaks due to diamond-111 and 220 
are observed. They are extremely broad, which indicates 
that the size of UNCD grains is extremely small. The grain 
size was estimated to be approximately 2.4 nm using the 
Scherrer equation20). There are no peaks due to graphite, 
which implies that graphite used as the carbon source is 
almost completely decomposed into atomic species by arc 
discharge. The graphitization of UNCD grains is negligi- 
ble on the non-seeded WC-Co substrate since the UNCD 
 
 

 
 

Fig. 1. XRD pattern of undoped UNCD/a-C film de- 
posited at room temperature. 

 
 

 
 

Fig. 2. SEM images of surface of (a) sample 1 and (b) 
sample 2. 
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Fig. 3. (a) Top-view and (b) cross-sectional SEM im- 
ages of undoped UNCD/a-C film. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.4. Change in hardness and Young’s modulus for 
(a) Cr and (b) Si contents. 

 

 
 

Fig. 5. Top-view SEM images of (a) 1 at.% Cr, (b) 20 
at.% Cr, (c) 1 at.% Si and (d) 20 at.% Si doped 
UNCD/a-C films. 

grain size is comparable to that of UNCD/a-C films de- 
posited on Si substrates. 

Whereas films deposited on Si at a substrate temperature 
of 550 °C exhibit a hardness of approximately 23 GPa21), a 
film (Sample 1) deposited on WC-Co substrate exhibit a 
hardness of 17.3 GPa, as shown in Table 1. The hardness is 
slightly degraded by employing WC-Co substrates. This is 
probably mainly attributable to the catalytic effects of Co 
in the WC-Co substrate.  

A film (Sample 2) deposited at room temperature 
exhibits a hardness of 31.8 GPa and Young’s modulus of 
294 GPa. The hardness and modulus are remarkably 
enhanced with decreasing substrate temperature. This 
indicates that the Co catalytic effects are suppressed by the 
low substrate-temperature deposition. As shown in Fig. 2, 
Sample 2 exhibits the larger size of particles comprising 
the films as compared with that of Sample 1. Although the 
formation process of the micron-sized particles is unknown, 
the size might be enlarged by the Co catalytic effects 
somehow. 

A film (sample 3) deposited at a repetition rate of 1 Hz 
shows 51.3 GPa hardness and 520 GPa modulus. These 
values are extremely large and comparable to the 
maximum values of hydrogen-free DLC22, 23, 24, 25, 26). The 
hardness and modulus are evidently enhanced with 
decreasing repetition rate from 5 to 1 Hz. This might be 
explained thermally also. The interval time between arc 
discharges increases from 200 ms to 1 s for the decrease in 
the repetition rate. The lengthened interval time seems to 
be effective on temporally cooling the film surface, which 
might result in the suppression of the Co catalytic effects. 
As shown in Fig. 3, the particle size of Sample 3 is 
evidently small as compared with those of Sample 1 and 2. 
The growth of particles are suppressed by the decrease of 
the repetition rate. 

For the film prepared at room temperature and 1 Hz, 
doping effects of Si and Cr were investigated. Si and Cr-
doped UNCD/a-C films were deposited with Si and Cr 
doped graphite targets. The dopant contents in the target 
were 1 and 20 at.%.  

As shown in Fig. 4, the hardness and modulus decrease 
with increasing Si and Cr contents. The hardness and 
modulus of the Cr-doped films are lower than those of the 
Si-doped films. As a reason for it, since the mass of Cr is 
much larger than that of Si, it is expected that the 
bombardment of negatively charged Cr ions on the 
substrate surface highly activates the catalytic effects of Co 
in the WC-Co substrate. As shown in Fig. 5, the Cr-doped 
films exhibited rough surfaces as compared with those of 
the Si-doped films. As another reason, the formation of 
chromium carbide might soften the films. Actually, Cr-
doped UNCD/a-C films prepared on different substrates at 
similar preparation conditions exhibited diffraction peaks 
due to the formation of chromium carbide. 

Figure 6 shows the EDX spectra of the undoped and Si- 
doped films. Whereas the undoped film shows no peak due 
to Co in the spectrum, both Si-doped films evidently 
exhibit Co peaks. This indicates that the diffusion of Co 
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Fig. 6. EDX spectra of (a) undoped, (b) 1 at.% Si-doped, and (c) 20 at.% Si-doped films. 
 
 

atoms from the substrate into the films during the deposi- 
tion is enhanced in the Si-doped films. Although it is 
known that the incorporation of Si atoms facilitates the 
formation of sp3  bonds27), the hardness and modulus are 
evidently decreased by the Si doping. This should be due 
to the catalytic effects of Co atoms that diffused into the 
films. The bonding length of C−Si is 1.89 Å, which is 
longer than that (1.54 Å) of C−C27), which might allow the 
diffusion of Co atoms into the films. 

4. Conclusion 
UNCD/a-C films were deposited on WC-Co substrates 

by CAPD, and the films were structurally and mechani- 
cally evaluated. The growth of UNCD/a-C films by CAPD 
without the pretreatment of WC-Co substrates with dia- 
mond powder was experimentally demonstrated. The dep- 
osition of the films at low temperatures is effective for 
suppressing graphitization due to the catalytic effects of 
Co atoms in WC-Co. For the Cr doping, the hardness and 
modulus were degraded, which might be because of the 
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Co catalytic effects being enhanced by the bombardment 
of Cr atoms whose atomic weight is much larger than that 
of C and the formation of chromium carbide. The doping 
of Si atoms enhances the diffusion of Co atoms from the 
substrates into the films, which results in degrading the 
hardness and modulus as compared with those of the un- 
doped films.  
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