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１．概要（注：結論を含めて下さい）  

 

Si-doped ultrananocrystalline diamond/amorphous carbon composite (UNCD/a-C) films were 

deposited on cemented carbide (WC-Co) substrates for cutting tools applications by coaxial arc 

plasma deposition (CAPD). The UNCD/a-C films exhibit a hardness of 50 GPa and a modulus 

of 520 GPa. To improve the mechanical and tribological properties of the UNCD/a-C films 

further, the effects of Si doping was studied. Si-doped films deposited on WC-Co substrates 

directly showed a degradation in the mechanical properties  due to graphitization induced by 

the diffusion of Co atoms from the substrates into the films.  On the other hand, the Si-doped 

films with a 1-m undoped UNCD/a-C buffer layers that block the diffusion of Co atoms into 

the films shows an enhancement in the hardness and modules. It was found that the amount of 

sp
3
 bonds is evidently increased by Si doping from X-ray photoelectron and near-edge X-ray 

absorption fine-structure spectroscopic measurements while the diffusion of Co into the films 

is facilitated by Si doping.  

 

 

２．背景と目的  

  

Protective hard coatings to the WC-Co cutting tools are required in a variety of applications. Diamond and 

related hard carbon coatings have attracted attention because they are effectively applicable to cutting 

non-ferrous and abrasive materials due to their unique features.
1
 The physical properties of carbon materials 

are strongly influenced by the ratio of sp
3
 (diamond-like) to sp

2
 (graphite-like) bonds

2
. The mechanical 

properties of ultrananocrystalline diamond (UNCD)/amorphous carbon (a-C) composite (UNCD/a-C) films 

comprising a large number of UNCD grains and an a-C matrix are expected to be strongly affected by the ratio 

between sp
3
 and sp

2
 bonds. In our previous study, we succeeded in the growth of 50 GPa hardness and 520 

GPa Young’s modules UNCD/a-C films with a thickness of more than 3 m by CAPD.
3
 They exhibited the  

sp
3
/(sp

3
+sp

2
) ratio of 69%, which was estimated from X-ray photoemission measurements.

4
 

   Si atoms do not form sp
2
 bonds but sp

3
 bonds in the chemical bonding. Thus, in the case of Si doping is 

applied to carbon materials, it is expected that sp
3
 bonds such as C-Si sp

3
 bonds is preferentially formed.

5
 In 

this work, the effects of Si doping on the deposition of UNCD/a-C films on WC-Co substrates was studied, and 

the chemical bonding structures of the films were investigated by X-ray photoelectron and near-edge X-ray 

absorption fine-structure spectroscopies. 
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３．実験内容（試料、実験方法、解析方法の説明）  
 

Si-doped UNCD/a-C films were deposited on WC-Co substrates with dimensions of 10 mm diameter and 4 

mm thickness at room temperature by CAPD with 1 at.% Si blended graphite targets. The inside of a 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 an applied voltage of 140 V. Three types of structural films 

as shown in Fig. 1 were prepared. Concretely, Undoped UNCD/a-C films directly deposited on WC-Co 

substrate, Si-doped UNCD/a-C films directly deposited on WC-Co substrates, and Si-doped UNCD/a-C films 

deposited on approximately 1 m undoped UNCD/a-C interlayers were prepared. The hardness and modulus 

of the deposited films were investigated by nano-indentation. The deposited films were characterized by 

nanoindentation, EDX, SEM, and soft X-ray spectroscopic at beamline 12 of Kyushu Synchrotron.  
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Fig.1 Schematic diagram of the deposited layers on WC-Co substrate  

 

４．実験結果と考察  
The undoped films (sample-1) deposited on WC-Co substrates 

exhibit a hardness of approximately 50 GPa and modulus of 520 

GPa. From X-ray photoemission spectra as shown in Fig. 2, the 

sp3 content was estimated to be 69%.  

   The Si-doped films (sample-2) directly deposited on the 

WC-Co substrates show a decrease in sp2 content. Since the 

energy dispersive X-ray (EDX) spectra of the film exhibited that 

Co atoms diffused into the films from the substrates, this is 

probably  because the Co atoms acts as catalysts that facilitate 

graphitization of sp3 bonds. The Si-doped films with the 

interlayers exhibited no Co peaks in the EDX spectra as shown in 

Fig. 3, which implies that the interlayer effectively block the 

diffusion of Co atoms from the substrate. The sp3 content was 

estimated to be 72% from the X-ray photoemission spectra, and 

the hardness and Young’s modules were 60 and 610 GPa, 

respectively. It was found that Si doping evidently enhances the 

formation of sp3 bonds, whereas it induces the diffusion of Co 

atoms from the WC-Co substrates, which results in degraded 

hardness and Young’s modules.. 

 

５．今後の課題  
In this work, we could confirm the increased sp3 content 

responsible for the enhanced hardness and Young’s modules of 

the Si-doped films deposited on the interlayers. From this, we are 

going to the effects of Si doping on the internal stress of the films 

that is a key factor that determine the adhesion of the films on the 

substrates. 
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Fig.2 XPS C1s spectrum of Si-doped 

UNCD/a-C films 
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Fig.3 Top view EDX examination of 

Si-doped UNCD/a-C film (sample-2) 
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