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Abstract A kind of Ti(C, N)/Al,O3 composite cermet tool
was prepared by microwave sintering. The cutting perfor-
mance and wear mechanisms were investigated via high speed
dry cutting of hardened steel 40Cr (AISI 5140) in comparison
with those of two kinds of conventional cemented carbide
tools YS8 and YT15. The optimal cutting parameters were
obtained by orthogonal array and range analysis, in which
the optimum objectives were material removal, surface rough-
ness, and tool life. The results indicated that the optimal cut-
ting parameters of the cermet tool were the cutting speed of
120 m/min, the depth of cut of 0.3 mm, and the feed rate of
0.1 mm/rev. Compared to the cemented carbide tools, the tool
life of the cermet tool is 64.5 min, which is about 115.0%
higher than YS8 and 168.8% than YT15. The average surface
roughness is 1.27 um, which is about 15.9% lower than that of
the cemented carbide tools. The cermet tool shows much bet-
ter cutting performance than those of cemented carbide tools.
The failure mode of the microwave sintered Ti(C,N)/Al,O5
cermet tool was micro-chipping, and the wear mechanisms
were mainly abrasion wear and adhesive abrasion.
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1 Introduction

In recent years, turning of hardened steels with high ef-
ficiency and quality is a topic of great interest in indus-
trial production and scientific research. Hardened steels
are widely used in the automotive, gear, bearing, tool,
and die industry for their high hardness and wear resis-
tance [1, 2]. Generally, hardened steels are processed by
grinding, but grinding has the shortcomings of low effi-
ciency, environment pollution, and the long processing
cycle [3]. With the development of cutting technology,
high-speed dry cutting gradually becomes one of the pro-
cess techniques in finishing due to the advantages of high
efficiency and nonpollution [4, 5]. However, high-speed
dry cutting leads to high cutting temperature, which ac-
celerate the tool wear. So, the performances of tool ma-
terial are vital to the application of this production
method.

Various cutting tools have been used in dry cutting of
hardened steel. Polycrystalline cubic boron nitride (PCBN)
[6-8] and ceramic tools [9, 10] are commonly used in to-
day’s industrial production. PCBN tools have high hard-
ness and excellent thermal conductivity, but the high cost
of PCBN tools has shifted the challenge for dry cutting
from economic viability. The mechanical properties of ce-
ramic tools are similar to PCBN, but the wide application
of ceramic tools has been limited due to their low tough-
ness. Ti(C, N)-based cermet, which is made of ceramic
phase (Ti(C,N) or a mixture of TiC and TiN) and metal
binder phase (Ni or a mixture of Co and Ni), possesses
several attractive properties, such as high-temperature
hardness, excellent wear resistance, plastic deformation re-
sistance, chemical stability, and low friction coefficient
against metals [11-14]. It is considered to be a potential
tool for dry cutting of hardened steels [15—17].
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Table 1 Characteristics and

composition ratios of the starting Power Grain size(pm) Purity (wt.%) Manufacturer Composition ratios (wt.%)
powders for cermet tool materials
Ti(C N)(C:N = 7:3) 0.2 99.9 Shanghai 44
wC 2 99.9 Shanghai 10
Mo,C 2.5 99 Shanghai 10
Co 2 99.5 Shanghai 7.5
Ni 2 99.5 Shanghai 7.5
«-AlO5 0.6 99.9 Shanghai 21

However, as the workpiece becomes harder and
tougher, the cutting temperature at chip-tool interfacing
can reach above 1000 °C during dry machining, and high
temperature mechanical properties of tools are becoming
more important. Consequently, it is necessary to improve
the hardness and abrasion of Ti(C, N)-based cermet tools.
Some researches have suggested that incorporating Al,O3
particles into Ti(C, N)-based cermet can obviously en-
hance the hardness and high-temperature mechanical
properties, leading to the improvement of the wear resis-
tance. Xu et al. [18] studied the effects of Al,O5 particles
on the mechanical properties of Ti(C, N)-based cermet
tool materials which were densified using hot-pressed
sintering. The optimal mechanical properties were gained
with 12 wt.% Al,0s3; the bending strength, hardness, and
fracture toughness were 900 MPa, 17.4 GPa, and
9.95 MPa'm'?; and the Al,O; particles can cause the
grain fining effect and improve the mechanical proper-
ties. Meng et al. [19] investigated the high-temperature
tribological behaviors of two hot pressing TiCN-based
cermets, namely TiCN-Ni-Mo and TiCN-Al,0O5-Ni-Mo;
the results showed that TiCN-Al,O3-Ni-Mo with
10 wt.% Al,O3 exhibited higher hardness and wear resis-
tance than TiCN-Ni-Mo.

It is well known that hot pressed sintering technology is the
main method of preparing Ti(C, N)-based cermet [16, 20, 21].
However, the heat is generated by heating element, and then
transferred to the specimen from the surfaces to the inside
though heat conduction and thermal stress can be induced
due to the temperature gradient during the heat transfer pro-
cess, which influence the mechanical properties of ceramic
material. In comparison with traditional sintering technology,
microwave sintering is a process in which heat is produced as

Fig. 1 The cermet tool and the
insert with tool holder
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a result of coupling reaction between the whole specimen and
electromagnetic wave [22—24]. Therefore, heating is more
rapid with energy saved, and a homogeneous temperature dis-
tribution within the materials is achievable. Additionally, mi-
crowave electromagnetic can decrease sintering activation en-
ergy of the material, increase the grain-boundary diffusion,
and accelerate the sintering process; so, the crystalline struc-
ture can be refined and properties have been efficiently im-
proved [25, 26].

In our previous research, Ti(C, N)-based cermet tool mate-
rials have been successfully fabricated by microwave
sintering, and their mechanical properties were discussed,
but the hardness is only 15.49 GPa, which is not effective
for high-speed cutting hardened steel [27]. In this study, the
Ti(C, N)/AlL,O5 cermet tool strengthened by Al,O5 particles
was firstly fabricated by microwave sintering. The cutting
performance and wear mechanisms of the microwave sintered
Ti(C, N)/Al,O5 cermet tool were investigated via high-speed
dry cutting of hardened steel, with the conventional cemented
carbide tools YS8 and YT15 used as competitors.

2 Experimental procedures

2.1 Preparation of Ti(C, N)/Al,O; cermet tools

Characteristics and composition ratios of the starting powders
for Ti(C, N)/Al,O5 cermet tool materials are listed in Table 1.
The mixed powders were ball milled with alumina grinding
media in planetary ball mill (Model QM-3SP2, Nanjing,
China) for 24 h, and then, 3 wt.% PVA with a concentration
of 5 wt.% was added to the mixed powders as binder for 2 h.
Subsequently, the mixed powders were dried in a vacuum
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Table2 Physical and mechanical

properties of the tools Tools Density (g/cm®) Vickers hardness (GPa) Facture toughness (MPa/m'?)
Cermet 5.704 17.78 £0.2 8.65 £ 0.55
YS8 12.87 153 +£0.7 13.12 £ 0.21
YTI15 11.6 149+ 04 11.71 £ 0.32
Table 3 Tool geometries of the
cermet, YS8, and YT15 Tools Rake angle  Flank angle = Cutting edge angle  Inclination angle ~ Tool nose radius (mm)
Yo %o Kr Ao Ye (mm)
Cermet  —5° 5° 45° —5° 0.1
YS8 —5° 10° 45° —2°
YTI5 —5° 10° 45° —2° 1

drying oven (Model DZF-1, Shanghai, China), and then
sieved through a 100 mesh for further use.

The dried powders were placed in a cold steel die, and then
pressed uniaxially at 280~320 MPa for 2 min. Then, the com-
pacts were sintered in a 2.45-GHz microwave furnace (Model
NJZ-1, Nanjing, China) at 1550 °C with the holding time of
10 min under N, atmosphere. The microwave generators were
operated with power output in the range 0—6 KW, and the
average heating rate was about 50-80 °C/min. After that, the
compacts were milled on a tool grinder until they met the
needs of cutters. The cermet tool and the insert with tool hold-
er are shown in Fig. 1.

2.2 Cutting experiments

In this paper, cutting performance of the cermet tool was test-
ed in comparison with commercial cemented carbide tools
YS8 (94%WC—-6%Co) and YT15 (15%TiC-79%WC—
6%Co) which was provided by Zhuzhou Cemented Carbide
Works. Cemented carbide tools with ISO designation of 513-
2004 and YS8 meet the ISO M05 and YT15 meets the ISO
P10. Physical and mechanical properties of the three tool ma-
terials are listed in Table 2, and the geometries are compiled to
Table 3. As the compressive stress strength of the cermet tool
is higher than that of bending strength, using negative rake
angle is preferred, for negative angle can translate the tensile
stress to pressure stress and breakage of the tool could be
avoided during cutting.

A hardened steel 40Cr (AISI 5140) with a diameter of
110 mm and a length of 400 mm was chosen as the workpiece
at the present experimentation. This material was selected on
account of its application in crank shafts, transmission shaft,

gear and worm requiring high hardness and wear resistance. It
was hardened and tempered to 50 + 2 HRC. The chemical
compositions (wt.%) of the workpiece are given in Table 4.

Orthogonal array was taken to evaluate the cutting perfor-
mance. The optimum objectives were material removal (V),
surface roughness (Ra), and tool life (T). The cutting param-
eters and parameter levels are listed in Table 5. The optimum
cutting parameters of the cermet tool were determined by
range analysis. The wear mechanisms of the tools were ana-
lyzed, and the tool life was compared.

The cutting experiments were performed under dry condi-
tion on a CK6140 lathe. The flank wear (VB) of cutting tool
was measured by Dino-Lite stereomicroscope (AM3113T, Tai
wan). The average surface roughness (Ra) of machined work-
piece was measured by roughmeter (Taylor, Surtronic 25,
UK). The wear micrographs of the worn out tools were exam-
ined using scanning electron microscopy (SEM, Quant
250FEG, USA). Dispersive X-ray spectroscopy (EDS) analy-
sis has been carried out to make the chemical analysis of the
cutting tool. Flank wear was measured at intervals, and the
value of 0.3 mm was used as tool life criterion.

3 Results and discussion
3.1 Cutting performance in turning steel

The experimental results for continuous dry turning of hard-
ened steel 40Cr (AISI 5140) with the cermet tool are illustrat-
ed in Table 6. With the metal removal as the optimum objec-
tive, maximum metal removal can be obtained under the cut-
ting condition of v = 120 m/min, f = 0.125 mm/rev,

Table 4 Chemical compositions

(Wt.%) of workpiece material Chemical element C

Si Mn Cr S P Fe

Content (wt.%) 0.38~0.43

0.15~0.35 0.7~0.9 0.7~0.9 <0.040 <0.035 Bal.
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Table 5 Cutting parameters and their levels

Parameters Symbol Unit Levels
1 2 3
Cutting speed v m/min 120 180 240
Feed rate f mm/r 0.1 0.125 0.15
Depth of cut a, mm 0.1 0.2 0.3

a, = 0.3 mm. The relation of range analysis for cutting param-
eters is R(a,) > R(f) = R(v), and the depth of cut has a signif-
icant effect on metal removal. However, when cutting at
v =120 m/min, /= 0.125 mm/rev, a, = 0.3 mm, the average
surface roughness is 2.443 pum, which cannot meet the re-
quirement of finishing. For the surface roughness, the relation
of range analysis is R(f) > R(v) > R(q,,) from Table 6, and the
feed rate is the main factor, which has significant effect on the
surface roughness. Figure 2 shows the effect of single factor
for cutting parameters on surface roughness and tool life. It is

Table 6 Results for orthogonal experiment and range analysis

observed that the tool life had a sharp decrease with an in-
crease of cutting speed as shown in Fig. 2a. The tool life
decreased from 81.77 to 39.47 min, while cutting speed in-
creased from 120 to 240 m/min. This is mainly attributed to
the high cutting force and cutting heat caused by high cutting
speed. It is noticed that the surface roughness increased rap-
idly with the increase of feed rate from Fig. 2c. The high
scallop machine may be the reason for the phenomenon. In
Fig. 2b, surface roughness maintained similar with the in-
crease of the depth of cut. Therefore, big depth of cut, low
cutting speed, and feed rate should be chosen to ensure ma-
chining quality and high turning efficiency. As a result, the
optimal cutting parameters are selected as v = 120 m/min,
a,=0.3 mm, and /= 0.1 mm/rev.

Experimental results of the three tools after dry turning of
hardened steel 40Cr (AISI 5140) under the optimal cutting
parameters are listed in Table 7. Compared to cemented car-
bide tools YS8 and YT15, the cutting time of the cermet tool is
64.5 min, which is about 115.0% higher than YS8 and 168.8%
than YT15. Moreover, the metal removal is 1,326,383 mm°,

Test.no v(m/min) a,(mm) Almm/r) Metal Surface Cutting time
removal roughness
A B C V (mm?®) R, (um) T (min)
1 120 0.1 0.1 503,311 1.027 101.5
2 120 0.2 0.125 904,320 1.548 76.9
3 120 0.3 0.15 1,215,270 2.443 66.9
4 180 0.1 0.125 635,741 1.841 75.5
5 180 0.2 0.15 835,569 2.545 44
6 180 0.3 0.1 968,708 1.103 49.9
7 240 0.1 0.15 580,257 3.568 432
8 240 0.2 0.1 836,647 1.118 50
9 240 0.3 0.125 857,838 1.744 252
A% K; 2,622,901 1,719,309 2,308,666 > =17,337,661
K> 2,440,018 2,576,536 2,397,899
K3 2,274,742 3,041,816 2,631,096
7 874,300 573,103 769,555
1
_ 813,339 858,845 799,300
K>
_ 758,247 1,013,939 877,032
3
R 116,053 440,839 107,477
Ra K; 5.018 6.436 3.248 > =16.937
K, 5.489 5.211 5.133
K; 6.43 5.29 8.556
_ 1.673 2.145 1.083
K
_ 1.83 1.737 1.711
2
_ 2.413 1.763 2.852
K3
R 0.74 0.408 1.749
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Fig. 2 Effect of a cutting speed, b depth of cut, ¢ feed rate on surface
roughness and tool life

and average surface roughness is 1.27 um, which is about
15.9% lower than cemented carbide tools YS8 and YT15.
The cermet tool showed much better cutting performance than

Table 7  Experimental results of the tools under the optimal cutting
parameters

Tools V (mm?®) Ra (um) T (min)

Cermet 1,326,383 1.27 64.5
YS8 416,612 1.51 30.0
YTI5 316,102 1.51 24.0

cemented carbide tools. On one hand, the high temperature of
such cermet tools has been improved due to the incorporation
of Al,O; particle, which is higher than that of the cemented
carbide tools. Although the fracture toughness is lower than
that of YS8 and YT135, it s still acceptable. Al,O5 particles are
useful to enhance the wear resistance of the Ti(C, N)/Al,O3
composite cermet tool. On the other hand, the surface friction-
al forces for the cermet tool are lower than those of cemented
carbide tools. WC which is the main composition of cemented
carbide tools has good affinity with Fe. Moreover, Ti(C, N)
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Fig. 3 Curves of a flank wear (VB) and b surface roughness (Ra) vary
with the cutting time
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Fig. 4 SEM micrographs of tool
nose for a cermet, b YS8, ¢ YT15

has high thermal conductivity, and TiO, can be formed over
the cutting surface and prevent the matrix material from adhe-
sive abrasion in some degree [15]; so, the finish quality of the
steel is high.

The curves of flank wear (VB) and surface roughness (Ra)
that vary with the cutting time are grouped in Fig. 3. It is
observed that the cermet tool shows much longer endurance
than YS8 and YT15 from Fig. 3a, and the endurance of YSS8
and YT15 is similar under this cutting condition. Apparently,
the curve of the cermet tool is relatively smooth, and the flank
wear is only 0.294 mm until 64.5 min. Some studies have
shown that abrasion resistance of tool material not only has
effect on the grain size but also has relationship with the me-
chanical properties of tool material [19]. The incorporation of
Al,0O5 has improved the mechanical properties and wear re-
sistance of the cermet tool. The Fig. 3b shows that surface
roughness of the cermet tool is lower than YS8 and YTI15,
for the hard phase in cemented carbide has high friction

Fig.5 SEM images of flank wear (a)
for a cermet and b YS8

@ Springer

coefficient with the workpiece, and that is not conducive to
the surface quality. It is worth noting that the surface rough-
ness of the cermet tool changed slightly before 57 min but
increased rapidly in the later period. That may be attributed
to the micro-chipping on the flank of tool.

3.2 Wear mechanisms

The SEM micrographs of tool nose for the three tools after dry
turning of hardened steel 40Cr (AISI 5140) are shown in
Fig. 4. The wear area of cemented carbide tools YS8
(Fig. 4b) and YT15 (Fig. 4c) is larger than that of the cermet
tool (Fig. 4a). However, surface spalling can be seen from
Fig. 4a. In contrast, a large-scale pit occurred on the tool nose
of YT15 as shown in Fig. 4c (marked by black circle). The
high stress concentration of tool nose may be the reason for
the phenomenon.

3/18/2016

b4 ik
| 11:2041AM 2000k
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Fig. 6 SEM micrographs of
worn area for a cermet and b
magnification of area A

@',

/"

Fig. 7 EDS analysis of zone A

The SEM images of flank wear for the cermet tool and Y S8
after dry turning of hardened steel 40Cr (AISI 5140) at the
optimal cutting parameters are shown in Fig. 5a, b. It is clearly
seen that micro-chipping occurred on the flank face of the
cermet tool from Fig. 5a, and chipping took place in the wear
land near the tool nose. This is due to the micro-plastic defor-
mation of the tool face repeatedly effected by polytropic con-
tact pressure and shear stress during turning; the cutting heat
on the tool nose could hardly be eliminated, and thermal stress
concentration will generate on the tool face. Finally, thermal
stress together with cutting force induces the interior crack
growth and the micro-chipping happened. The micro-
chipping is also responsible for the sudden decline of surface
roughness after 50 min as shown in Fig. 3b. The failure mode

Fig. 8 SEM micrographs of rake (a)
face for a cermet and b YT15.
The black circle indicates crater
wear

of the YS8 is wear, the wear band is rather long, and plowing
groove has generated on the flank face (Fig. Sb) for its low
thermostability, poor hardness, and wear resistance.

Figure 6 shows the SEM micrographs of flank face for the
cermet tool. Crack in the material is observed (black mark in
Fig. 6a), and the crack under the sustained action of applied
load would degrade the bond strength between the particles,
which can also accelerate tool failure. Figure 5b shows the
magnified part of area A on Fig. 6a. It can be seen that there
are some adhesive coating that took place on the worn area.
EDS analysis of the adhesive coating (zone A) is shown in
Fig. 7. As the element of Fe content reached up to 85.52%, it
can be concluded that the adhesive coating is from smear
metal, which can be considered as an indication of adhesive

@ Springer
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Fig. 9 EDS analysis of zone B
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wear. Moreover, scratch can be clearly seen on the built up
layers, which suggests that the abrasive wear occurred during
the turning. The reason for the scratch should be the abrasion
of the soft phase from the tool and hard particles from the
workpiece and flowing chips during the turning.

The SEM micrographs of rake face for the cermet tool and
YT15 are shown in Fig. 8. There is no distinct scratch on the
rake face of the cermet tool from Fig. 8a, whereas evident
crater wear is on the rake face of YT15 as shown in Fig. 8b.
Based on the EDS analysis of zone B (Fig. 9), the content of
Fe was 0.5% merely and the vast majority is matrix element.
The fact suggested that no adhesive wear occurred on the rack
face of the cermet tool.

4 Conclusions

The cutting performance and wear mechanisms of microwave
sintered Ti(C,N)/Al,O3 cermet tool were investigated via the
dry turning of hardened steel 40Cr (AISI 5140). Several con-
clusions were drawn based on the experimental results:

(1) Microwave sintered Ti(C, N)/Al,O5 cermet tool is appro-
priate for dry turning of hardened steel 40Cr (AISI
5140). When setting the metal removal, surface rough-
ness of workpiece, and tool life as the optimization ob-
jective, the optimal cutting parameters are v = 120 m/
min, @, = 0.3 mm, and /= 0.1 mm/rev.

(2) At the optimal cutting parameters, tool life of the cermet
tool was 64.5 min, which is about 115.0% higher than
YS8 and 168.8% than YT15, the cermet tool shows
much higher endurance and well machinability than
YS8 and YT15. Moreover, average surface roughness
of the workpiece for the cermet tool is 1.27 pum; turning
instead of grinding can be achieved.

(3) The cermet tool shows higher wear resistance than YS8
and YT15. The failure mode of the cermet tool is micro-
chipping in turning hardened steel 40Cr (AISI 5140), and

@ Springer
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the wear mechanisms are abrasion wear and adhesive
abrasion.
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