
INTRODUCTION
　Many difficult-to-cut materials are widely used. For 
dimensional accuracy, these difficult-to-cut materials are 
required to be machined by the metal removal process (Tadahiro 
Wada et al., 2017). It is necessary that the tool materials have 
good wear-resistance. Polycrystalline cubic boron nitride 
compact (c-BN) seems to be an effective tool material (Tadahiro 
Wada et al., 2017).
　However, in turning at a high feed or a large depth of cut, 
a major tool failure of c-BN occurs by fracture. Coated tools 
seem to be effective tool materials (Tadahiro Wada et al., 2014). 
Titanium based films have been widely used as coating films 
(e.g., K. Sakagami et al., 1998, H. Nakagawa et al., 2002). 
R.Westergard, M. Bromark, M. Larsson, P. Hedenqvist, S. 
Hogmark, 1997, reported that tantalum nitride coatings were 
deposited onto high-speed steel using reactive DC magnetron 
sputtering. And, the coating abrasive wear resistance was 
assessed by dimple grinding, the abrasive wear rates of the 
tantalum nitride coatings were small compared with the wear 
rate of the TiN coating. Maria Nordin et al., 1999, reported that 
the highest abrasive wear resistance was found for single layered 
TaN and the lowest for TiN, too. The TaN has both high hardness 
and good adhesive strength, and can be used as a coating film 
of cutting tools (Tadahiro Wada et al., 2011). And, in cutting the 
hardened steel using TaN and (Ti, Al)N coated tools, the wear 
rate of the TaN coated tool was almost equivalent to that of the 
(Ti, Al)N coated tool (Tadahiro Wada et al., 2011). M. Nordin 
et al., 2000, reported that in milling AISI 316 stainless steel the 
tool life of the TaN coated tool was longer than that of the TiN 
coated tool.
　Adding Si (silicon), V (vanadium), C (carbon), etc. to the 
coating film is effective for improving the performance of the 
coating film and improving the cutting performance. M. Kathrein 
et al., 2005, reported the remarkable influence of additional 
elements on the properties of Ti1−xAlxN based coatings. 
And, alloying with elements such as V, Ta, and B resulted in a 
significantly increased lifetime in various cutting applications. 
Yun Chena et al., 2016, reported that AlCrSiCN is harder than 
AlCrN.
　It is considered that the TaWN coating film in which W 
(tungsten) is added to the TaN coating film is effective for 
improving the adhesion with WC, which is the main component 
of the substrate. However, no study has reported on the coating 
film performance and cutting performance of TaWN coating film 
with W added to TaN coating film.
　The performance of the coating film and improving the cutting 
performance can be extended by the use of a multi-layer coating 
system (Maria Nordin et al., 1999, M. Nordin et al., 2000, M. 
Kathrein et al., 2005, Yun Chena et al., 2016, J.H. Hsieh et al., 
1998, A.A. Vereschaka et al., 2014, Tsao Chung-Chen et al., 
2002, M. Nouari et al., 2006, Q. Yang et al., 2015). However, 
it is unclear whether TaN/TaWN coating film can be used as a 
coating film of WC-Co cemented carbide cutting tools in cutting 
hardened steel.
　In this study, the thickness, hardness and scratch strength 
of TaWN and TaN/TaWN coated tools were measured. The 
substrate used was a cemented carbide ISO K10. The work piece 
used was a hardened steel AISI D2. This work piece was turned 
with the TaWN and the TaN/TaWN coated tools. The tool wear 
of the TaWN and TaN/TaWN coated tools was investigated. 
Furthermore, the TaN coated tool was also used.

CONCLUSIONS
　In this study, the thickness, hardness and scratch strength 
of TaWN and TaN/TaWN coated tools were measured. The 
substrate used was a cemented carbide ISO K10. The work piece 
used was a hardened steel AISI D2. This work piece was turned 
with the TaWN and the TaN/TaWN coated tools. The tool wear 
of the TaWN and TaN/TaWN coated tools was investigated. 
Furthermore, the TaN coated tool was also used.
　(1)  Droplets on the surface of both the TaWN and TaN/TaWN 

coating films were negligible.
　(2)  The hardness of the TaWN and TaN/TaWN was 2340 

HV0.25N and 2630 HV0.25N, respectively.

　(3)  The critical load of both the TaWN and TaN/TaWN coated 
tools was over 130 N.

　(4)  The friction coefficient of the TaN/TaWN and TaN was 
0.44 and 0.53, respectively.

　(5)  The wear rate of the TaN/TaWN coated tool was slower 
than that of the TaN or TaWN coated tool.
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INTRODUCTION

　Ti1-xAlxN and Cr1-xAlxN alloys are among the most widely 
used physical and chemical vapor deposited hard coating 
materials due to their outstanding functional properties [1]. In 
order to improve the properties of the CrAlN-coating film, there 
is a method of forming a multilayered coating film [2, 3]. In 
another method, the properties of the CrAlN-coating film can be 
easily improved by adding silicon (Si)[4-9] to the target. Adding 
tungsten (W) to the film other than silicon is also affective for 
improving the properties of the CrAlN-coating film [10-14]. 
That is, in order to improve both the scratch strength and the 
micro-hardness of the (Al,Cr)N coating film, cathode material of 
an (Al,Cr,W)-target was used in adding tungsten to the cathode 
material of the (Al,Cr)-target [10]. In cutting hardened sintered 
steel, tool wear was experimentally investigated [10, 11]. 
Moreover, in cutting Sintered Steel [12] and hardened steel [13], 
tool wear was experimentally investigated. As a result, it was 
found that adding the tungsten composition to the (Al,Cr)-target 
has a considerable effect on the wear resistance of the cutting 
tool. However, the wear progress of the (Al,Cr,W)-based coated 
cemented carbide in cutting alloy steel have not been clarified. 
　In this study, to clarify of the effectiveness of the (Al,Cr,W) 
-coating film for cutting alloy steel, the tool wear was 
experimentally investigated.

CONCLUSIONS

　In this study, to clarify of the effectiveness of the (Al,Cr,W) 
-coating film for cutting alloy steel, the tool wear was 
experimentally investigated.
　The following results were obtained:
(1)  The wear progress of coated cemented carbide tool deposited 

using the (Al,Cr,W)-target was slower than that of the coated 
cemented carbide tool deposited using the (Al,Cr)-target.

(2)  The wear progress of the (Al64, Cr28,W8)N-coated tool was 
slower than that of the (Al60, Cr25,W15)N-coated tool.

(3)  In the case of the coated cemented carbide tool deposited 
using the (Al64,Cr28,W8)-target, although the adhesiveness 
of the (Al64,Cr28,W8)(C,N)-coated tool by adding carbon to 
the (Al64,Cr28,W8)N-coating film became higher, the wear 
progress of the (Al64,Cr28,W8)(C,N)-coated tool became 
faster than that of the (Al64,Cr28,W8)N-coated tool.

(4)  As compared to the wear progress of the (Al64,Cr28,W8)
C-coated and that of the (Al64,Cr28,W8)(C,N)-coated tool, 
the wear progress of the (Al64,Cr28,W8)C coated tool 
was slightly slower. For this reason, it was considered that 
although the micro-hardness of the (Al64,Cr28,W8)C-coating 
film was lower than that of the (Al64,Cr28,W8)(C,N)-coating 
film, the average value of the friction coefficient of the (Al64, 
Cr28,W8)N coating film, 0.26, was about half of that of the 
(Al64, Cr28,W8)(C,N) coating film, 0.53.
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INTRODUCTION

　A machine part having a complicated shape can be accurately 
mass-produced by powder metallurgy, while a sintered material 
can be produced because it has a large degree of freedom in 
terms of material design. For dimensional accuracy, it is often 
necessary for sintered steel machine parts to be machined by a 
mass production metal removal process. The tool life in cutting 
sintered steel is shorter than that in cutting molten steel such as 
carbon steel. Moreover, as sintered machine parts are often cut at 
high cutting speed for mass-production, the tool materials must 
have effective wear resistance. An aluminium-chromium based 
coating film has been developed. Comparing the performance 
of AlCrN coated tool inserts with that of TiN coated ones, the 
former can achieve approximately 33% more depth of cut and 
can attain higher cutting speed due to better thermal resistance 
of the coated inserts [1]. However, the results of our study 
indicate that the critical scratch load, which was the value 
measured by the scratch test, of the AlCrN coating film was 77 
N and the micro-hardness was 2760 HV0.25N. Therefore, in order 
to improve both the scratch strength and the micro-hardness of 
the AlCrN coating film, cathode material of an Al-Cr-W target 
was used in adding tungsten (W) to the cathode material of the 
Al-Cr target. As a result, the scratch strength and the micro-
hardness of the AlCrWN coating film increased to 81 N and 
3110 HV0.25N, respectively [2]. To improve the properties of the 
coating film, the cathode material of an Al-Cr-W-Si target was 
used [3-5]. For example, Yu-ping Feng et al. reported that the 
hardness of AlCrSiWN coating film is higher than that of AlCrN 
at temperatures below 700 degrees Celsius [3]. Many multi-layer 
coating materials to improve tool life have been developed [6-10]. 
The wear progress of the multi-layered AlCrWCN/AlCrWSiCN-
coated tool was slower than that of the mono-layer AlCrWSiCN-
coated tool in cutting hardened steel [11] or in milling hardened 
steel [12]. However, the properties of the multi-layer AlCrWN/
AlCrWSiN-coated coating film have not been elucidated, and 
the tool wear of the multi-layer AlCrWN/AlCrWSiN-coated tool 
has not been clarified in cutting sintered steel. 
　In this study, to clarify the effectiveness of the multi-layer 
AlCrWN/AlCrWSiN-coated cemented carbide tool, the wear 
progress was investigated in cutting sintered steel using three 
types of coated tools.

CONCLUSION

　In this study, to clarify the effectiveness of the multilayer 
AlCrWN/AlCrWSiN-coated cemented carbide tool, the wear 
progress was investigated in cutting sintered steel using three 
types of coated tools. Tool I had a mono-layer (Al60,Cr25,W15)
N-coating film, Tool II had a mono-layer (Al53,Cr23,W14,Si10)
Ncoating film and Tool III had a multi-layer (Al60,Cr25,W15)N/ 
(Al53,Cr23,W14,Si10)N-coating film.
　The following results were obtained:
(1)  The main tool failure of the three types of coated tools was 

flank wear within the maximum value of the flank wear width 
of 0.2 mm.

(2)  The wear progress of Type III, which was the multi-layer 
coating system, was the slowest in cutting sintered steel. 
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INTRODUCTION

　WC-Co hard metals or cemented carbides are used in 
applications where wear resistance is important [1]. For example, 
they are widely used for a variety of machining, cutting, drilling, 
and other applications [2] due to their very high hardness and 
excellent resistance to shock and wear [3].Sintered WC-Co 
components have to be machined in order to meet the demands 
of good surface quality and precision [4]. To achieve hard metal 
parts finishing, replacement of electro-discharge machining 
(EDM) and diamond wheel grinding is required. In fact, both 
are time consuming techniques, the former being very expensive 
due to the electrode cost, while the latter suffers from reduced 
lifespan of the tools, and the wheels requiring frequent dressing 
and sharpening [5]. Polycrystalline diamond (PCD) cutting 
WC-Co cemented carbide is described in the catalog of several 
cutting tool makers [6]. Katsuko Harano et al. [7] reported that 
in turning WC-7% mass Co cemented carbide (grain size: 2 μm) 
with the PCD tool, whose average grain size was 5 μm, under 
the condition of a cutting speed of 0.33 m/s, a depth of cut of 
0.05 mm and a feed rate of 0.1 mm/rev, the flank wear width is 
about 0.22 mm after cutting to 280 m. Therefore, when cutting 
cemented carbide at a high cutting speed, due to elevation of 
the cutting temperature, the tool life is remarkably shortened. 
For this reason, the recommended cutting speed is 0.17- 0.33 m/
s in cutting cemented carbide with a PCD tool [6]. On the other 
hand, a high-pressure coolant cutting which supplies cutting 
fluid to the rake face and the flank face is an effective way to 
lower the cutting temperature [8]-[12]. However, the influences 
of the cutting speed on the tool wear in higher speed cutting of 
WC-Co cemented carbide with high-pressure coolant supplied 
have not been reported. 
　In order to identify an effective PCD tool for the high-speed 
cutting of WC-16 mass% Co cemented carbide, the influences 
of the diamond content and the diamond particle size on the tool 
wear were experimentally investigated. As the WC-16 mass% 
Co cemented carbide was turned with high-pressure coolant 
supplied, the tool wear was experimentally investigated.

CONCLUSIONS

　To identify an effective PCD tool for the high-speed cutting 
of WC-16 mass% Co cemented carbide, the influences of the 
diamond content and the diamond particle size on the tool 
wear were experimentally investigated. As the WC-16 mass% 
Co cemented carbide was turned with high-pressure coolant 
supplied, the tool wear was experimentally investigated.
　The following results were obtained:
(1)  In turning WC-16 mass% Co cemented carbide with the PCD 

tool, the wear progress slowed down considerably by using 
the high-pressure coolant supplied method.

(2)  In the case of the cutting of high-pressure coolant supplied 
by the PCD tool, the tool wear of the PCD tool decreased 
with the increase in the diamond particle size.

(3)  In the case of the cutting of the high-pressure coolant 
supplied by the PCD tool, which has a large diamond particle 
size, WC-16 mass% Co cemented carbide could be cut at the 
higher cutting speed of 1.167 m/s.
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INTRODUCTION
　Engineering processes can be used to modify the surface 
properties of metallic materials in different types of industries. 
Thermal spraying is a technique commonly used for obtaining 
the metal matrix and deposited coatings due to easy process 
ability, reasonable material costs and good mechanical properties 
[1]. To increase the wear, erosion, and corrosion resistance of 
tribologically-stressed functional surfaces, the use of thermally-
sprayed coatings is increasing [2]. Many studies on thermal 
spraying have been reported [3-8].
　Ni-based materials alloyed with Cr or/and Al such as NiCr, 
NiAl or NiCrAlY are frequently employed as coatings to protect 
components against high-temperature corrosion [8]. A thermally-
sprayed coating such as NiCrBSi made by adding Cr, B, Si to 
a Ni-based thermally-sprayed coating, presents a high bonding 
strength and excellent resistance to adhesive and abrasive 
wear at elevated temperatures. So, typical applications are, for 
example, piston rings or rollers in steel making [3].
WC-Co coating is widely used for wear resistance applications. 
The addition of Cr to WC-Co improves binding of the metallic 
matrix with the WC grains and provides a better wear-resistant 
coating [9]. Stellite-21, WC-Co-Cr and Cr3C2-NiCr coating 
powders were deposited on high tensile steel being used for 
tiller blades by the pulsed detonation spraying technique and the 
wear behavior of these coatings was evaluated by the pin-on-
disc mechanism at an ambient temperature under dry conditions 
in accordance with the ASTM G-99 standard [10]. As a result, 
it was observed that the WC-Co-Cr coating on high tensile steel 
provided higher wear resistance in abrasion in comparison to 
Cr3C2-NiCr and Stellite-21 [10].
　Ball valves are widely used in the processing industry to 
control the flow rate and flow direction or cut off the flow of the 
pipeline system [11]. Stainless steel is renowned for its corrosion 
resistance, and it is widely used for applications such as ball 
valves in corrosive environments [12]. In order to
improve the wear resistance, a thermally-sprayed coating may 
be applied to the ball of the ball valve in some cases. To improve 
the dimensional accuracy or surface roughness, it is often 
necessary for thermally-sprayed machine parts to be machined 
by the removal process. As a thermally-sprayed coating often 
shows difficult-to-cut properties, a cutting [13], grinding [2, 9] 
or honing [14] process is usually employed. Replacement of the 
grinding process with a cutting process is an effective method of 
improving the productivity. Cutting is performed intermittently 
because there is a hole in the ball part. However, there are no 
studies on intermittent cutting of thermally-sprayed coatings.
　In this study, in order to obtain an effective tool material 
for intermittent cutting of two types of thermally-sprayed 
coatings, tool wear was investigated experimentally. The Ni-
based self-fluxing alloy coating (Ni67,Cr16,B4,Si4,Cu3,Mo
3,Fe2.5,C0.5) and the thermally-sprayed (WC-Cr-Ni) cermet 
coating (W70,Cr19,Ni5,C6) were used as the thermally-
sprayed coatings. AISI 304 stainless steel was used as a 
substrate material of thermally-sprayed coatings. In the case of 
the intermittent cutting of Ni-based self-fluxing alloy coating, 
conventional cutting materials, namely CVD-coated cemented 
carbide and ceramics, were used as cutting materials. In the case 
of the intermittent cutting of the thermally-sprayed (WC-Cr-
Ni) cermet coating, in addition to Si3N4 ceramics, three types 
of uncoated cBN and a coated cBN were also used as the tool 
materials. Intermittent cutting of these two types of thermally-
sprayed coatings was carried out with various cutting materials. 

CONCLUSIONS
　In this study, to obtain an effective tool material for the 
intermittent cutting of two types of the thermally-sprayed 
coating AISI 304, the tool wear was investigated experimentally.
　The results are as follows:
A. In the case of intermittent cutting of Ni-based self-fluxing 
alloy coating AISI 304:
(1) The Si3N4 ceramics are considered an effective tool material.
(2)  There was little difference in the maximum value of flank 

wear width “VBmax” of the Si3N4 ceramic among 0.50 m/s, 
1.00 m/s and 1.67 m/s.

B. In the case of intermittent cutting of thermally-sprayed    
      (WC-Cr-Ni) cermet-coated AISI 304:
(1)  The uncoated cBN is considered to be a suitable tool 

material.
(2)  The cBN having the large grain size of cBN and high 

contents rate was effective for wear resistance.
(3)  cBN having excellent hardness and the transverse-rupture 

strength was effective for wear resistance.
(4)  In the case of the cBN C, there was little difference in the 

VBmax between 0.50 m/s and 1.00 m/s.

ACKNOWLEDGMENT
　This work was carried out as part of the joint research 
system with Nippon Ball Valve Co., Ltd. (main office: 5-650 
Otoriminamimachi, Nishi-ku, Sakai-shi, Osaka, JAPAN). I am 
grateful to Mr. Kazuhiro Sugieda and Mr. Takumi Ogata from 
the National Institute of Technology, Nara College, for their help 
in the execution of the cutting experiment. I would also like to 
express our sincere thanks to the Tungaloy Corporation for their 
cooperation in the supply of cutting inserts.

REFERENCES
[1]  Chao Zheng, Yonghong Liu, Jie Qin, Cheng Chen, Renjie Ji, 

“Wear behavior of HVOF sprayed WC coating under water-
in-oil fracturing fluid condition”, Tribology International, 
115, pp. 28-34, 2017.

[2]  Sebastian Goeke, Tobias Brüggemann, and Dirk Biermann, 
“Development of Machining Processes for the Use of 
Multilayer High-Performance Coatings”, ISRN Tribology, 
vol. 2013, 6 pages, 2013.

[3]  J. Rodrıguez, A. Martın, R. Fernández, J.E. Fernández, “An 
experimental study of the wear performance of NiCrBSi 
thermal spray coatings”, Wear, 255, pp. 950-955, 2003.

[4]  G. Bolelli, L.-M. Berger, T. Börner, H. Koivuluoto, L. 
Lusvarghi, C. Lyphout, N.Markocsan, V. Matikainen, P. 
Nylén, P. Sassatelli, R. Trache, P. Vuoristo, “Tribology 
of HVOF- and HVAF-sprayed WC-10Co4Cr hardmetal 
coatings: A comparative assessment”, Surface and Coatings 
Technology, 265, pp. 125-144, 2015.

[5]  S. Sampath, X.Y. Jiang, J. Matejicek, L. Prchlik, A. Kulkarni, 
A. Vaidya, “Role of thermal spray processing method on the 
microstructure”, Materials Science and Engineering A, 364, 
pp.216-231, 2004.

[6]  Davide Fantozzi, Ville Matikainen, Mikko Uusitalo, 
Heli Koivuluoto, Petri Vuoristo, “Chlorine-induced high 
temperature corrosion of Inconel 625 sprayed coatings 
deposited with different thermal spray techniques”, Surface 
and Coatings Technology, 318, pp. 233-243, 2017.

[7]  P. Cavaliere, A. Silvello, N. Cinca, H. Canales, S. Dosta, I. 
Garcia Cano, J. M. Guilemany, “Microstructural and fatigue 
behavior of cold sprayed Ni-based superalloys coatings”, 
Surface and Coatings Technology, 324, pp. 390-402, 2017.

[8]  E. Sadeghimeresht, N. Markocsan, M. Huhtakangas, S. Joshi, 
“Isothermal oxidation of HVAF-sprayed Ni-based chromia, 
alumina and mixed-oxide scale forming coatings in ambient 
air”, Surface and Coatings Technology, 316, P. 10-21, 2017.

[9]  J.K.N. Murthy, D.S. Rao, B. Venkataraman, “Effect of 
grinding on the erosion behaviour of a WC-Co-Cr coating 
deposited by HVOF and detonation gun spray processes”, 
Wear, 249, pp. 592-600, 2001.

[10]  Amardeep S. Kanga, Jasmaninder S. Grewal, Gurmeet 
S. Cheema, “Effect of thermal spray coatings on wear 
behavior of high tensile steel applicable for tiller blades 
(5th International Conference on Materials Processing 
and Characterization (ICMPC 2016)”, Materials Today: 
Proceedings 4, pp. 95-103, 2017.

[11]  Baoling Cui, Zhe Lin, Zuchao Zhu, Huijie Wang, Guangfei 
Ma, “Influence of opening and closing process of ball valve 
on external performance and internal flow characteristics”, 
Experimental Thermal and Fluid Science, 80, pp. 193-202, 
2017.

[12]  J. Vetter, T. Michler, H. Steuernagel, Hard coatings on 
thermochemically pretreated soft steels: application 
potential for ball valves, Surface and Coatings Technology, 
111, pp. 210-219, 1999.

[13]  Z.W. Zhong, Z.F. Peng, N. Liu, “Surface roughness 
characterization of thermally sprayed and precision 
machined WC-Co and Alloy-625 coatings”, Materials 
Characterization, 58, pp. 997-1005, 2007.

[14]  Dirk Biermann, Sebastian Goeke, Wolfgang Tillmann, Jan 
Nebel, “Improvement of wear resistant thermally sprayed 
coatings by micro finishing”, CIRP Annals - Manufacturing 
Technology, 62, pp. 559-562, 2013.

Tool Wear in Intermittent Cutting of AISI 304 Stainless Steel by Thermally-Sprayed 
Coatings

Tadahiro WADA

Key Engineering Materials, Vol. 821, pp 287-293 (ISSN: 1662-9795, Submitted: 2019-04-19, Accepted: 
2019-05-23, Online: 2019-09-11).

Selected peer reviewed papers from 2019 The 9th International Conference on Key Engineering Materials, 
March 29-April 1, 2019, Oxford, United Kingdom.

46 Tool Wear in Intermittent Cutting of AISI 304 Stainless Steel by Thermally-Sprayed Coatings




