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In recent years, many difficult-to-cut materials such as 

hardened steels, sintered steels, cast irons, etc., are widely 
used. One of these difficult-to-cut materials, hardened steels, 
are quenched and tempered to improve their mechanical 
properties and wear resistance. For dimensional accuracy, 
hardened steels are required to be machined by the metal 
removal process. As these steels are required to be 
machined under high efficiency to improve productivity, it 
is necessary that the tool materials have good wear 
resistance. Polycrystalline cubic boron nitride compact 
(cBN) seems to be an effective tool material because it has 
better features as a tool material such as good heat 
resistance, high hardness, etc. So, concerning the cutting of 
hardened steel, there are many studies on the tool wear of 
cBN tools [1, 2]. However the cutting performance of cBN 
tools depends on the binding material, etc. [3, 4, 5]. 
Therefore, an effective binding material, etc. for cBN tools 
should be selected for the cutting of hardened steel. 
Furthermore, in a cBN tool, the cutting edge is often formed 
by chamfering plus honing so as to improve both the 
strength of the cutting edge and the chipping resistance. 
And the shape of the chamfered and honed cutting edge, 
namely the chamfer width and chamfer angle, influences the 
tool wear. 

In this study, in order to identify an effective cBN tool 
for the cutting of hardened steel, the influences of both the 
cBN content and the cBN particle size on tool wear at 
various cutting speeds was experimentally investigated. The 
hardened steel used was an ASTM D2 cold-worked die steel 
(JIS SKD11, 60HRC).  

The hardened steel was turned with three kinds of cBN 
tools, which had different contents ratios, different cBN 
particle sizes, and different binding materials. Furthermore, 
three kinds of chamfered and honed cutting edges were also 
used. This will contribute to improvement of productivity in 
the case of cutting hardened steels. 

The main results obtained are as follows: 

(1) In the case of the cBN tool with a cBN particle size of 
5.0 �m, the tool life of the cBN tool with a cBN content of 
75% was longer than that of the cBN tool with a cBN 
content of 45% at low cutting speed. However, at high 
cutting speed, the tool life of the cBN tool with a cBN 
content of 75% became shorter. 

(2) The tool life of the cBN tool with both a cBN content of 
55% and a cBN particle size of 0.5 �m was the longest. 

(3) The tool wear of cBN tools decreased with a decrease in 
chamfer width. 
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Aluminum alloy has a high strength-to-weight ratio, 

good corrosion resistance and easy recyclability. In finish 
cutting at a small feed rate, it has a negative influence on 
the cutting operation because of continuous chips. Usually, 
Pb and Bi are added in order to break the continuous chips. 
The chips become brittle because Pb or Bi, which have a 
low melting point, are dissolved by the cutting heat, and the 
chips are broken easily. Therefore, free-machining 
aluminum alloys such as 6262 aluminum alloy, containing 
0.4�0.7mass percent Pb and Bi, are widely used. However, 
the use of Pb will be prohibited to avoid environmental 
damage, and it is necessary to improve the chip breakability 
without adding Pb. In order to clarify the influence of the Si 
contents added to the 6061 aluminum alloy on the chip 
control performance, aluminum alloys that have different Si 
contents, namely 2 mass%, 4 mass%, 6 mass% Si, were 
drilled with a high speed steel drill. A previous study 
reported that Si addition increases the chip breaking 
performance [1]. Moreover, it was reported that Si addition 
increases the chip breaking performance in the case of 
turning with a high speed steel tool, too[2]. 

Aluminum alloys are used for mechanical parts, but the 
alloys have poor wear-resistance. To increase their wear 
resistance, a hard coating is applied to the surface of the 
alloys. Diamond-like carbon (DLC) is applied in surface 
modification technology due to its superior mechanical 
characteristics such as wear and abrasion resistance, low 
friction, high hardness, anti-reflectiveness, etc. In order to 
improve the wear resistance of 6061 aluminum alloy, a new 
surface modification method was presented [5]. In this 
method, the inner layer of anodic oxide coating, the 
intermediate layer of CrN layer and the outer layer of DLC 
layer was used. Moreover, this method is indicated for DLC 
coating of aluminum alloys having different Si contents. 
However, in this method, it is necessary to reduce 
production costs. In addition, adhesion between the 
substrate and the DLC is slightly inferior.  

In this study, in order to clarify an effective surface 
modification to improve the wear resistance of aluminum 
alloys, a new coatings-substrate system was developed. This 
new coating-substrate system consists of nitriding 
pretreatment of the substrate, the intermediate layer of the 
silicon-based film and the outer layer of the DLC film using 
plasma based ion implantation and deposition (PBIID). The 
DLC film was deposited on three kinds of aluminum alloys 
that have the different Si contents, by this coatings-system. 

In order to determine the influence of the Si contents on the 
mechanical properties of the DLC film, SEM observation of 
the cross section of the coating layer, the adhesion and the 
wear resistance of the coating layers were experimentally 
investigated.  

As a result, the increase of the Si contents showed no 
negative influence upon the mechanical properties of the 
DLC film. 

The main results obtained are as follows:  
(1) In the case of the DLC un-coated aluminum alloys, rapid 

progress of the friction coefficient in the case of the 10-N 
load was found at the short sliding distance. 

(2) The hardness of the DLC film was not decreased with 
the increase of Si contents. And the increase of Si contents 
did not have a negative influence upon the hardness of the 
DLC film. 

(3) The frictional coefficient of the Al-4%Si alloy was the 
smallest, the frictional coefficient of the DLC film was 
decreased with the increase of Si contents, and it was 
effective for improvement of the frictional coefficient to 
increase Si contents. 

As mentioned above, it is clear that the new 
coating-substrate system is effective for improving the 
adhesion between the substrate of the aluminum alloy and 
the DLC film. Moreover, the increase of the Si contents 
does not have a negative influence upon the mechanical 
properties of the DLC film, rather, the increase of Si 
contents was effective for decreasing the frictional 
coefficient. 
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As 6061 aluminum alloy has both a high 

strength-to-weight ratio and good corrosion resistance, it is 
used for automobile parts or motorbike parts. In finish 
cutting at a low feed rate, it has a negative influence on the 
cutting operation because of continuous chips. Usually, Pb 
and Bi are added in order to break these continuous chips. 
The chips become brittle because Pb or Bi, which has a low 
melting point, is dissolved by the cutting heat, and the chips 
are easily broken. Therefore, free-machining aluminum 
alloys such as 6262 aluminum alloy, containing 0.4� 0.7 
mass percent Pb and Bi, are widely used. However, from the 
standpoint of environmental protection, it is necessary to 
improve chip breakability without adding Pb. In order to 
clarify the influence of Si content added to 6061 aluminum 
alloy on chip control performance, aluminum alloys having 
different Si contents were drilled by a high-speed steel drill. 
As a result, it was found that Si addition increases chip 
breaking performance [1]. Next, 6061 aluminum alloy-based 
Al-Si alloys, which have different Si contents, were cut with 
a high-speed steel tool. The tool wear was investigated 
experimentally. The tool wear increased with an increase in 
Si content [2]. There are various methods of surface 
modification technology for giving wear resistance to the 
surface of a material. In surface modification technology, 
hard materials such as ceramics are coated onto the surface 
of another material. Diamond-like carbon (DLC) is coated 
onto the surface of high-speed steel tools to improve their 
wear resistance. So, aluminum alloys were turned by a 
DLC-coated cutting tool, and tool wear was investigated 
experimentally. As a result, in cutting Al-2%Si alloy, the 
wear progress of the DLC-coated tool is slower than that of 
the uncoated tool, and the effect of wear resistance of the 
diamond-like carbon is recognized. However, in cutting 
Al-4%Si alloy, there is little difference in the wear progress 
between the DLC-coated tool and the uncoated tool [3]. The 
multilayer coating system is designed to have both good 
substrate adhesion of the inner coating film and superior 
wear resistance of the outer coating film. However, in the 
concept of the design of a multilayer coating system, not 
much information is available in the open literature on 
"suitable" constituent materials to be chosen as the inner 

layer, intermediate layer(s), and outer layer [4]. Therefore,  
a Cr-based interlayer, namely (Al,Cr)N, was developed as 
an intermediate layer and it is effective for improving the 
wear resistance of DLC-coated tools.  

In this study, in order to clarify the influence of a 
diamond-like carbon (DLC) coating layer with a Cr-based 
interlayer, namely (Al,Cr)N, on cutting performance, 
aluminum alloys having different Si contents were turned. 
The substrate of the tool material was high-speed steel 
(1.4%C). Tool wear and surface roughness were 
experimentally investigated. 

The following results were obtained: 
(1) In cutting two kinds of Al-Si alloys, namely Al-2%Si 

alloy and Al-4%Si alloy, the wear progress of the 
DLC/(Al,Cr)N-coated tool was slower than that of the 
DLC-coated tool. Therefore, the (Al,Cr)N interlayer was 
effective for decreasing the tool wear of the DLC-coated 
tool.  

(2) The wear progress of the two kinds of the DLC-coated 
tools in cutting of Al-4%Si alloy was faster than that in 
cutting of Al-2%Si alloy.  

(3) In cutting of Al-2%Si alloy with a (Al,Cr)N/DLC-coated 
tool,  the surface roughness was almost constant in the 
range of a cutting distance from 0.1 km to 9.5 km. 
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Various methods of surface modification technology are 

available for yielding high function characteristics such as 
wear-resistance, lower or higher friction coefficient, 
corrosion-resistance and thermal-resistance on the surface 
of the material. Generally, the coating of a hard material 
like ceramic on the surface of a material is a popular 
surface modification technology. The physical vapor 
deposition (PVD) method, which is one of the coating 
technologies, is widely used because it can be coated at a 
lower treatment temperature of 470K – 870K [1]. 

In cutting, e.g. turning, milling, drilling and tapping, 
coated cemented carbide tools, which have good fracture 
toughness and wear resistance, seem to be effective tool 
materials. In this case, the titanium based films (e.g. TiN, 
(Ti,Al)N) are generally used as the coating film [e.g. 2, 3].  

On the other hand, in cutting carbon steel with 
WC(tungsten carbide)-Co cemented carbide tools at high 
cutting speed, the wear resistance (in particular 
crater-wear-resistance) can be improved by adding TiC and 
TaC to WC-Co cemented carbide [4]. The thermal stability 
of TiC and TaC is better than that of WC at high 
temperature, the affinity with Fe of TiC and TaC is lower 
than that of WC, and the oxidation resistance 
(anti-oxidation) of TiC and TaC is higher than that of WC. 
Furthermore, the strength of WC-Co cemented carbide at 
room temperature is decreased by adding TiC and TaC to 
WC-Co cemented carbide; however, both the strength at 
high temperature and the creep-resistance of WC-Co 
cemented carbide can be improved by adding TiC and TaC 
to WC-Co cemented carbide [5].  

On this account, in cutting carbon steel with WC-Co 
cemented carbide tools, adding TiC and TaC to WC-Co 
cemented carbide is effective for improvement of the wear 
resistance of WC-Co cemented carbide [4]. Therefore, the 
titanium based films are generally used widely as the 
coating films. However, the tantalum based films (e.g. TaN, 
TaC) are not applied as the coating film for cutting tools 
because the melting point of TaC is higher than that of TiC. 
Moreover, it is unclear whether TaN coating film can be 
used as a coating film of WC-Co cemented carbide cutting 
tools. 

In this study, in order to clarify the effectiveness of 
tantalum (TaN) coating film, TaN coating film was formed 

on the surface of the substrate which was a cemented 
carbide ISO K10 by the magnetron sputter ion plating 
process, and the thickness, the hardness and the scratch 
strength (critical load measured by scratch tester) of TaN 
coating film were measured. The hardened steel ASTM D2 
(JIS SKD11) was turned with two types of PVD coated 
cemented carbide tools, namely TaN and (Ti,Al)N coated 
cemented carbide tools. The tool wear of the TaN coated 
cemented carbide tool was experimentally investigated and 
compared with that of the (Ti,Al)N coated tool. The 
substrate base metal of the coated carbide tools is cemented 
carbides ISO K10. 

The following results were obtained: 
(1) Droplets on the surface of the TaN coating film, which 

has the K10 substrate, were negligible. 
(2) The micro-hardness of TaN coating film 2510HV was 

higher than that of TiN coating film 2090HV, and there 
was little difference in hardness between the TaN 2510HV 
and (Ti,Al)N 2710HV. 

(3) The critical scratch load of TaN coating film over 130N 
was higher than that of TiN coating film 68N or (Ti,Al)N 
coating film 73N. 

(4) In cutting the hardened steel using TaN and (Ti,Al)N 
coated tools, the wear progress of the TaN coated carbide 
tool was almost equivalent to that of the (Ti,Al)N coated 
carbide tool. 

The above results clarify that the TaN coating film, 
which is a new type of 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. 
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