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Abstract - As these difficult-to-cut materials have to be machined efficiently to improve productivity, the tool materials 
must be wear resistant. To clarify the influence of negative substrate bias voltage on both the mechanical properties of 
TaWSiN coating films, this study measured the hardness and the scratch strength (critical load measured by scratch tester) of 
the TaWSiN coating film formed on the surface of a substrate of cemented carbide ISO K10 by the magnetron sputter ion 
plating process. The hardened steel AISI D2 was turned with the TaWSiN-coated cemented carbide tools.  The tool wear of 
the TaWSiN-coated cemented carbide was experimentally investigated and compared with that of the TaWN-coated 
cemented carbide. The following results were obtained: (1) The microhardness of the TaWSiN coating film was slightly less 
hard with the decrease of the negative substrate bias voltage. (2) The critical scratch load of the TaWSiN coating film 
increased with the decrease of the negative substrate bias voltage. (3) In cutting hardened steel at a cutting speed of 1.00 m/s, 
the wear progress of all types of TaWSiN-coated tools was lower than that of the TaWN-coated tool. (4) Within the range of 
most cutting speeds from 0.67 m/s to 1.50 m/s, the tool life of the coated tool deposited using the negative substrate bias 
voltage of 105 V was the longest among the four types of TaWSiN-coated tools. It was thus confirmed that the TaWSiN 
coating film, which decreases the negative substrate bias voltage of 105 V, has both high hardness (microhardness of 2690 
HV0.25N), and good adhesive strength (critical load of 90N), and can be used as a coating film of WC-Co cemented carbide 
cutting tools. 
 
Keywords: Cutting, Coating Technology, Physical Vapor Deposition Coating Film (PVDCoating Film), 
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I. INTRODUCTION 
 
Many difficult-to-cut materials such as hardened 
steels, titanium- or nickel-based alloys, etc., are 
widely used today. For dimensional accuracy, these 
difficult-to-cut materials have to be machined by the 
metal removal process. As these difficult-to-cut 
materials must be machined under high efficiency to 
improve productivity, the tool materials should be 
wear resistant. Polycrystalline cubic boron nitride 
compact (cBN), or poly crystalline diamond (PCD) 
are effective tool materials because they are heat 
resistant and hard. However, in cutting, e.g. turning at 
a high feed or a large cutting depth, milling, drilling 
and tapping, a major tool failure of cBN or PCD 
readily occurs by fracture because cBN and PCD 
have poor fracture toughness. In this case, coated 
cemented carbide tools, which have good fracture 
toughness and wear resistance, are effective tool 
materials. Conventionally, titanium based coating 
films (e. g. TiN and TiAlN [e.g., 1, 2]) have been 
widely used as coating films. 
Studies on Ta-based coating films as new coating 
films are also being conducted [3-5]. Furthermore, M. 
Nordin et al. [6] reported that when milling austenitic 
stainless steel, a multilayered TiN/TaN coating 
outperformed single-layered TiN and TaN due to its 
lower chip/tool interaction, which resulted in a lower 
comb crack density, and superior toughness. Wada et 
al. [7] reported that the TaN coating film has both 

high hardness and good adhesive strength, and can be 
used as a coating film of WC-Co cemented carbide 
cutting tools.  
Adding Si (silicon), V (vanadium), C (carbon), etc. to 
the coating film is also effective for improving the 
performance of the coating film and improving the 
cutting performance. K. Kutschej et al. [8] reported 
that the formation of lubricious oxides due to alloying 
Ti1-xAlxN coatings with V is responsible for the 
improvement of their tribological properties 
especially at elevated temperatures. J.W. Nah et al. 
[9] reported that the chemical state of (Ta,Si)N 
coating reactively sputtered on a high-speed steel 
substrate was studied by XRD, AES and XPS. M. 
Kathrein et al. [10] reported the remarkable influence 
of additional elements on the properties of 
Ti1−xAlxN based coatings. Alloying with elements 
such as V, Ta, and B resulted in a significantly 
increased lifetime in various cutting applications. 
Yun Chena et al. [11] reported that AlCrSiCN is 
harder than AlCrN. Wada et al. [12] reported the 
coating film performance and cutting performance of 
the TiWSiN coating film with W added to the TiWN 
coating film. The results revealed that the TiWSiN 
coating film in which Si is added to the TiWN 
coating film is effective for improving the 
microhardness of the coating film.  
The properties of the coating film depend on the 
negative substrate bias voltage [13-15].  Sung Ryong 
Choi et al. [15] investigated the influence of substrate 
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bias voltage on deposition behaviors such as the 
deposition rate, film composition, macro particles and 
surface roughness for the TiSiN coatings deposited 
on WC-Co substrates by a hybrid coating system of 
arc ion plating and sputtering techniques. Also, the 
hardness and Young’s modulus of TiSiN coatings by 
nanoindentation tests were investigated with the 
substrate bias voltage. As a result, the micro-
indentation hardness largely increased with the 
increase of the substrate bias voltage, and reached the 
maximum value of 60 GPa at the substrate bias 
voltage of -100 V. The micro-indentation hardness 
and Young’s modulus values, however, gradually 
decreased with the further increase of the substrate 
bias voltage above -100 V.  
There are few studies on the coating film 
performance and cutting performance of the TaWSiN 
coating film with Si added to the TaWN coating film. 
The influence of negative substrate bias voltage on 
both the mechanical properties and the cutting 
performance of TaWSiN coating films remains 
unclear. 
To clarify the influence of negative substrate bias 
voltage on both the mechanical properties of TaWSiN 
coating films, this study measured the hardness and 
the scratch strength of the TaWSiN coating film 
formed by the magnetron sputter ion plating process 
with different negative substrate bias voltages. The 
hardened steel AISI D2 was turned with the TaWSiN-
coated cemented carbide tools.  The tool wear of the 
TaWSiN-coated cemented carbide was 
experimentally investigated and compared with that 
of the TaWN-coated cemented carbide. The substrate 
base metal of the coated carbide tools is WC-Co 
cemented carbides ISO K10. 
 
II. EXPERIMENTAL PROCEDURES 
 
Table 1 shows the experimental conditions for the 
deposition of TaWN and TaWSiN coating films. 
Coating deposition was performed by a magnetron 
sputtering coating unit (CemeCon CC800/9 ML), and 
the sputter cathode used was TaW and TaWSi. The 
tool material of the substrate was WC-Co cemented 
carbide ISO K10, and four types of TaWSiN-coated 
cemented carbides were used. Namely, four types of 
TaWSiN coating films were deposited with different 
negative substrate bias voltages of 105 V, 150 V, 200 
V and 250 V. In the four types of TaWSiN-coated 
cemented carbides, their film thickness was 1.3± 0.3 
µm. Furthermore, a TaWN film deposited with the 
negative substrate bias voltage of 105 V was also 
used to investigate the influence of Si contained in 
the TaWSiN film. Here, the thickness of the TaWN 
coating film was 2.0 μm. 
We measured the hardness and the scratch strength 
(critical load measured by scratch tester) of the 
TaWSiN coating film formed on the surface of the 
substrate. 

The work material used was hardened steel (AISI D2, 
JIS SKD11, 60HRC). The chemical composition of 
the hardened steel is shown in Table 2.  
Hardened steel was turned under the cutting 
conditions shown in Table 3. The configurations of 
the tool inserts were ISO TNGA160408. The insert 
was attached to a tool holder MTGNR2525M16. In 
this case, the tool geometry was (-6, -6, 6, 6, 29, -1, 
0.8 mm). The turning tests were conducted on a 
precision lathe (Type ST5, SHOUN MACHINE 
TOOL Co., Ltd.) by adding a variable-speed drive. 
The driving power of this lathe is 7.5/11 kW and the 
maximum rotational speed is 2500 min-1. Hardened 
steel was turned under the cutting conditions shown 
in Table III. The tool wear was investigated. 
 

Current 8.6A (460V) 

N. S. B. V 
TaWSiN: 105, 150, 200, 250 

V 
TaWN: 105 V 

Substrate 
temperature 473 K 

Pressure 5.4×10-3 Torr 
Cathode materials TaWSi, TaW 

Substrate Cemented carbide ISO K10 
N. S. B. V.: Negative substrate bias voltage 

Table1: Experimental conditions for deposition of TaWN and 
TaWSiN coating films 

 
    [mass%] 
C Cr Mo Mn Si V Ni 
1.45 11.6 0.81 0.36 0.23 0.22 0.12 

Table2: Chemical composition of work piece (AISI D2) 
 
 

Cutting speed Vc=0.67, 1.00, 1.25, 1.50 m/s 
Feed rate f=0.2 mm/rev 

Cutting depth ap=0.1 mm 
Cutting method Dry 

Table3: Cutting conditions 
 
III. RESULTS AND DISCUSSION 
 
In order to evaluate the adhesion between the 
substrate and the TaWSiN film, a scratch test, which 
is typically used to evaluate the adhesion force of thin 
films, was conducted for four types of coated 
cemented carbide tools. Figure 1 shows microscopic 
photographs of the wear track in the scratch test. This 
figure shows the negative substrate bias voltage of 
105 V and 250 V. The pattern of progressive scratch 
load is where cracks on the coating surface form and 
flaking of the coating layer arises. First, the first 
cracking occurs on the surface of the coating film 
indicated by the arrow in Fig. 1(i)(a). Next, the 
catastrophic failure occurs on the surface of the 
coating film indicated by the arrow in Fig. 1(ii)(a). 
Finally, the film is peeled off over the entire surface 
of the substrate indicated by the arrow in Fig.  
1(ii)(a). However, in the case of the negative 
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substrate bias voltage of 105 V as shown in Fig. 
(i)(b), peeling off of the film over the entire surface 
of the substrate at a scratch load of 130 N was not 
observed. 

 

 
Fig.1. Microscopic photographs of the scratch track by a 

scratch tester on TaWSiN-coated cemented carbide deposited 
the negative substrate bias voltage of (i) 105 V and (ii) 250 V. 

 
Figure 2 shows the influence of the negative substrate 
bias voltage on the microhardness and the critical 
scratch load of the TaWSiN coating films deposited 
with different negative substrate bias voltages. The 
microhardness of the TaWSiN coating film is slightly 
less hard with the decrease of the negative substrate 
bias voltage as shown in Fig. 2(a). Comparing the 
four types of TiWSiN coating films, the 
microhardness of the TaWSiN coating film deposited 
using the negative substrate bias voltage of 105 V is 
2690 HV0.25N, and it is smallest among the four 
types of TiWSiN coating films. However, comparing 
this TiWSiN coating film and the TaWN coating film 
which was deposited using the same negative 
substrate bias voltage of 105 V, the microhardness of 
this TaWSiN coating film is higher than that of the 
TaWN coating film, 2340 HV0.25N. Therefore, 
adding Si (silicon) to the TaWN coating film is 
effective for improving the microhardness of the 
coating film.  
The critical scratch load of the TaWSiN coating film 
increases with the decrease in the negative substrate 
bias voltage as shown in Fig. 2(b). When comparing 
the hardness of the TaWSiN coating film and the 
TaWN coating film having the same negative 
substrate bias voltage of 105 V, the critical scratch 
load of the TaWSiN coating film, 90 N, is lower than 
that of the TaWN coating film, over 130 N. The 
reason for this is that adding W to the TiN coating 
film is effective for improving the critical scratch 
load of the coating film [16]. However, adding Si to 

the TiWN coating film decreases the critical scratch 
load of the coating film [17]. The adhesion strength is 
considered to be related to W,  which is the element 
of the coating film and WC (tungusten carbide),  
which is the main elementof the substrate. 
Comparing the W content of the TaWSiN coating 
film, 39atm%, and that of the TaWN coating film, 44 
atm%, the W content of the TaWSiN coating film is 
less than that of the TaWN coating film. Therefore, 
the critical scratch load of the TaWSiN coating film 
becomes lower than that of the TaWN coating film. 

 
(a) Microhardness of TaWSiN coating film 

 
(b) Critical scratch load of TaWSiN coating film 

 
Fig.2. Influence of negative substrate bias voltage on 

microhardness and critical scratch load of TaWSiN coating 
films. 

 
Figure 3 shows the tool wear in turning hardened 
steel with the TaWSiN-coated tool deposited using 
the negative substrate bias voltage of 105 V at a 
cutting speed of 0.67, 1.00, 1.25 and 1.50 m/s, feed 
rate of 0.1 mm/rev and cutting depth of 0.1 mm. In 
the case of a cutting speed of 0.67 m/s as shown in 
Fig. 3(a), the main failure mechanism of this tool is 
observed to be notch wear on both the rake face and 
the flank at the boundary of the cutting depth and the 
feed rate. Flank wear and craters are also observed on 
the rake face. 
Notch wear occurs due to the following factors. Kejia 
Zhuang et al. [18] reported that the work hardened 
layer generated by the previous cutting process has an 
important effect on the next cutting operation. The 
most severe tool wear (notch wear) occurs in the cut-
in area of the cutting depth in which the hardening 
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layer is located [18]. This hardened steel used as a 
workpiece is one of the materials that causes work 
hardening. Notch wear is not observed at a cutting 
speed of 1.00 m / s or more. 
 

 
Fig.3. Tool wear observed after turning SKD11 with TaWSiN-
coated cemented carbide deposited using the negative substrate 

bias voltage of 105 V at a feed rate of 0.1 mm/rev and cutting 
depth of 0.1 mm. 

 
The above results indicate that the main tool failure 
of the coated tools was flank wear within the 
maximum value of a flank wear width of 0.2 mm. 
Therefore, the maximum value of the flank wear 
width (VBmax) was measured with a microscope. 
 In cutting hardened steel using the four types of 
TaWSiN-coated tools, which were deposited with the 
negative substrate bias voltage of 105 V, 150 V, 200 
V and 250 V, and the TaWN-coated tool, which was 
deposited with the negative substrate bias voltage of 
105 V, the wear progress was investigated. The wear 
progress is shown in Fig. 4. The wear progress of all 
the TaWSiN-coated tools is slower than that of the 
TaWN-coated tool. Comparing the four types of 
TaWSiN-coated tools, the wear progress of the 
TaWSiN-coated tool deposited using the negative 
substrate bias voltage of 105 V is the slowest. 
Therefore, the coating film deposited using the 
negative substrate bias voltage of 105 V is the best 
coating film among the four types of coated films in 
cutting hardened steel.  

Very high standards of systematic tool testing were 
set by F. W. Taylor [19]. Figure 5 shows the tool life 
curve. The tool life criterion is the maximum flank 
wear width of VBmax=0.2 mm. Within the range of 
most cutting speeds from 0.67 m / s to 1.50 m / s, the 
tool life of the coated tool deposited using the 
negative substrate bias voltage of 105 V is longer 
among the three types of coated tools. The inclination 
of the tool life curve changes at a cutting speed of 
1.00 m / s. The reason for this is that the mechanism 
of tool wear has changed as described above. 
The TaWSiN-coated cemented carbide  deposited 
using the various negative substrate bias voltage of 
105 V is thus considered to be an effective tool 
material in cutting hardened steel for a wide range of 
cutting speeds. 

 
Fig.4. Wear progress of TaWSiN- and TaWN-coated cemented 
carbide tool in turning hardened steel at a cutting speed of 1.00 

m/s, feed rate of 0.1 mm/rev and cutting depth of 0.1 mm. 
 

 
Fig.5. Tool life curve of TaWSiN-coated cemented carbide 

deposited using the various negative substrate bias voltage in 
turning hardened steel at a feed rate of 0.1 mm/rev and cutting 

depth of 0.1 mm when the tool life criterion is the maximal 
flank wear width of 0.2 mm. 

 
CONCLUSIONS 
 
In this study, we clarified the influence of negative 
substrate bias voltage on both the mechanical 
properties and the cutting performance of TaWSiN 
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coating films. The hardness and the scratch strength 
of TaWSiN coating film formed on the surface of a 
substrate of WC-Co cemented carbide ISO K10 by 
the magnetron sputter ion plating process were 
measured. Next, the hardened steel AISI D2 was 
turned with the TaWSiN-coated cemented carbide 
tools.  The tool wear of the TaWSiN-coated cemented 
carbide was experimentally investigated and 
compared with that of the TaWN-coated cemented 
carbide. 
 
The following results were obtained: 

1. In all cases, the initial cracks were initiated 
at the edge/corner of the square 
specimens.The microhardness of the 
TaWSiN coating film was slightly less hard 
with the decrease of the negative substrate 
bias voltage. 

2. The critical scratch load of the TaWSiN 
coating film increased with the decrease of 
the negative substrate bias voltage.  

3. In cutting hardened steel at a cutting speed 
of 1.00 m/s, the wear progress of all types of 
TaWSiN-coated tools was lower than that of 
the TaWN-coated tool. 

4. Within the range of most cutting speeds 
from 0.67 m/s to 1.50 m/s, the tool life of the 
coated tool deposited using the negative 
substrate bias voltage of 105 V was the 
longest among the four types of TaWSiN-
coated tools. 

The above results clarify that the TaWSiN coating 
film decreasing the negative substrate bias voltage of 
105 V has both high hardness (microhardness of 2690 
HV0.25N), and good adhesive strength (critical load of 
90N), and can be used as a coating film of WC-Co 
cemented carbide cutting tools. 
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