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Abstract An Al2O3-based micro-nano-composite ceramic
tool material reinforced with TiN micro-particles and TiC
nanoparticles was fabricated by using the hot-pressing tech-
nique. The wear behavior of the Al2O3/TiC/TiN micro-nano-
composite ceramic cutting tool (AT10N20) in high-speed
turning of ultra-high-strength steel 300 M was investigated
by comparison with the commercial Al2O3/TiC composite
ceramic tool CC650. Worn and fractured surfaces of ceramic
cutting tools were observed and analyzed via the scanning
electron microscopy (SEM) combined with the energy-
dispersive X-ray spectroscopy (EDS). The results showed that
the main wear modes of AT10N20 and CC650 were flank
wear and rake wear. The crater on the rake face of AT10N20
initially occurred at cutting speed of 400 m/min, while it oc-
curred at cutting speed of 200 m/min for CC650. In addition,
the rake wear and flank wear became more severe when the
cutting speed attained 400 m/min. The cutting speeds higher
than 400 m/min were unfavorable for turning of ultra-high-
strength steel 300 M. Wear mechanisms of AT10N20 and
CC650 in high-speed turning of the ultra-high-strength steel
were abrasion and adhesion.
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1 Introduction

Ultra-high-strength steels have been widely used in aerospace
industries for manufacturing the main structural material of
aircraft landing gear due to their attractive mechanical proper-
ties such as good stability, high strength, and ductility under
high temperature [1, 2]. However, ultra-high-strength steels
are known as difficult-to-machine materials, because of their
high temperature strength, poor thermal properties, high cut-
ting temperature, severe work hardening, and high tool-
workpiece affinity [3–5].

Cemented carbide tools are largely selected to machine
ultra-high-strength steels under the relatively low cutting
speeds [6–10]. Therefore, cemented carbide tools are unable
to meet the requirements of high material removal rate and
good surface quality. Ceramic tools are characterized by high
hardness, great heat resistance, good wear resistance, and
chemical stability [11–15]. They are one of the most important
ideal choices in machining ultra-high-strength steels.

Extensive efforts have been made to investigate the tool life,
failure modes, and wear mechanisms of mixed ceramic cutting
tools during machining of high-strength steels [6, 16–20].
Grzesik et al. [16] explored the wear mechanisms of Al2O3/
TiC mixed ceramic cutting tools against high-strength steel
5140 in turning operation. The abrasion, plastic flow and trans-
ferred layers, fracture, BUE, and tribochemical effects were
founded in their cutting experiments. Yan et al. [17] discussed
tool wear and chip formation in minimum quantity lubrication
milling of high-strength steel PCrNi3Mo. Long et al. [18] stud-
ied tribological properties of high-strength steel subjected to
HSMS surface modification. Their experiment results indicated
that the wear mechanisms of machined surface were grain-
abrasion wear, rheological wear, and fatigue wear. These ex-
periments are important for exploring the wear behavior of the
ceramic cutting tools in turning of high-strength steels.
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In the high-speed turning operation, it is essential to study
the tool wear behavior and the effects of cutting parameters on
the tool wear mechanisms. In this paper, the Al2O3/TiC/TiN
micro-nano-composite ceramic cutting tool materials were
fabricated by adding micro-scale particle TiN and nanoscale
particle TiC into the micro-scale Al2O3 matrix. Then, the
high-speed turning experiments of 300 M were carried out
to investigate the wear behavior of AT10N20 in comparison
with the commercial CC650 composite ceramic tools. Worn
and fractured surfaces of the ceramic cutting tools were inves-
tigated by SEM and EDS to reveal the wear mechanisms.

2 Experimental procedures

2.1 Preparation of Al2O3/TiC/TiN micro-nano-composite
ceramic tool materials

High-purity micro-scales α-Al2O3 particles (purity 99.99 %,
Shandong, China), micro-scale TiC particles (purity 99.99 %,
Shanghai, China), micro-scale TiN particles (purity 99.99 %,
Shanghai, China), and nanoscales TiC particles (purity
99.9 %, Shanghai, China) were used as the starting materials
with an average grain size of approximately 0.5, 0.5, 0.5, and
0.14 μm, respectively. The Al2O3/TiC/TiN micro-nano-
composite ceramic tool materials (AT10N20) were composed
of 60 vol% micro-scales α-Al2O3 particles, 20 vol% micro-
scale TiN particles, 10 vol% micro-scale TiC particles, and
10 vol% nanoscales TiC particles. Firstly, the nanoscale TiC
particles were prepared into suspension using alcohol as the
dispersing medium, and polyethylene glycol (PEG, Shanghai,
China) was used to prevent the aggregation of nanoscale TiC
particle after ultrasonic dispersion (with SB5200 ultrasonic
instrument and D-7401-III motor stirrer, China) for 15 min.
NH3·H2O was added into the suspension with a pH of 9.0
(with PHS- 25 dogmatic pH- meter, China), and the suspen-
sion was dispersed ultrasonically for 20 min. Then, the micro-
scale Al2O3, TiC, and TiN particles were mixed with the pre-
pared nanoscale TiC particles suspension. Finally, the
sintering additives of MgO and NiO powders (Shanghai,
China) were added for promoting the densification of the com-
pacts and preventing the grain growth of Al2O3 particles dur-
ing the sintering process. The mixed slurry was ball-milled for
48 h and then was dried in a vacuum dry-type evaporator
(Model ZK-82 A, China). After that, the dried powders were
sieved through a 200-mech sieve for further use. The dried
powders were placed into a graphite die and were hot-pressed
with an applied pressure of 32MPa at 1650 °C for 20 min in a
sintering furnace within vacuum atmosphere.

The dimensions of raw sintered ceramic bars were 42 mm
in diameter and 10 mm in height. Each sintered ceramics bar
was cut off and ground into specimens with the dimensions of
15 mm×15 mm×7 mm for the manufacture of cutting tools.

Then, the sintered ceramic bars were cut off and polished into
specimens with dimensions of 3 mm×4 mm×20 mm for the
flexural strength test. Flexural strength was measured by using
three-point bending method on an electronic universal mate-
rial testing machine (Model WDW-50E, China) at a loading
rate of 0.5 mm/min. Vickers hardness of AT10N20 was mea-
sured on the polished specimen surface using a Vickers hard-
ness tester (Model HV-120, China) with a load of 196 N and a
holding time of 15 s. The fracture toughness of AT10N20 was
calculated via the median crack. At least five specimens were
tested to obtain each mechanical property. The properties of
AT10N20 are given in Table 1 in comparison with those of
commercial CC650 composite ceramic tools, whose proper-
ties were obtained from the cutting tool supplier.

2.2 Cutting experiments

The workpiece used in machining tests is an ultra-high-
strength steel 300 M bar with 125-mm diameter× 400-mm
length. The chemical compositions of ultra-high-strength steel
300M are listed in Table 2. Two types of ceramic cutting tools
were used in experiments. One is Al2O3/TiC/TiN ceramic tool
AT10N20. Another is commercially available Al2O3/TiC ce-
ramic tool CC650 from Sandvik Coromant. Both of the ce-
ramic tools were square-shaped inserts (ISO designation
SNGN 120408) and were mounted in a tool holder to offer a
rake angle of −5°, clearance angle of 5°, inclination angle of
0°, and side cutting edge angle of 45°.

The high-speed machining tests were performed on a CNC
turning center (PUMA200MA) with a maximum spindle
speed of 6,000 rpm. All machining tests were implemented
with the following cutting parameters: depth-of-cut 0.1 mm,
feed rate of 0.1 mm/rev, and cutting speed of 100, 200, 300,
400, and 500 m/min, respectively. During the turning process,
the flank wear of the cutting tools was examined periodically
using an optical microscope. Mean flank wear value of
0.3 mm was used as the tool wear criterion. Under given
conditions, each test was replicated three times. The worn
and fractured surface of tools was examined using a SEM
(JSM-6380LA, Japan) equipped with an EDS after the
experiments.

Table 1 Cutting tool’s types, designation, and some properties

Tool material CC650 AT10N20

Composition Al2O3/TiC Al2O3/TiC/
TiN

Type SNGN120408T01020

Vickers hardness (GPa) 21.81 20.8

Flexural strength (MPa) 890 881.4

Fracture toughness (MPa m1/2) 5.64 7.8

Young’s modulus (GPa) 400 470
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3 Experimental results and discussions

3.1 Cutting life of wear in Al2O3/TiC/TiN
micro-nano-composite ceramic tools

Figure 1 shows the cutting lengths of CC650 and AT10N20 at
different cutting speeds with fixed feed rate (0.1 mm/r) and
depth of cut (0.1 mm) in turning of ultra-high-strength steel
300 M. As can be seen from it, as the cutting speed increases
from 100 m/min to 200 m/min, the cutting lengths of both
AT10N20 and CC650 become longer. But, with further in-
crease of the cutting speed to 500 m/min, the cutting lengths
of both tools decrease gradually. The cutting length reaches its
highest value at the cutting speed of 200 m/min; therefore, the
speed of 200 m/min is suitable for high-speed turning of ultra-
high-strength steel 300 M. The changing trend of cutting
length indicates that the ceramic cutting tools are not suitable
for cutting ultra-high-strength steel at the low cutting speed
(100 m/min). The ceramic tools are sensitive to mechanical
shock, and micro cracks and damages are prone to occur dur-
ing cutting process at relatively low cutting speeds which lead
to quick failure of the tool. With the increase of cutting speed,
the cutting temperature becomes higher accordingly. The
strength and hardness of the ceramic cutting tool could reduce
at high temperatures, so the tool life decreases gradually and
comes to its lowest value at cutting speed of 500 m/min. The
experiment results also show that when the cutting speeds are
below 300 m/min, the cutting length of AT10N20 is shorter
than that of CC650. CC650 shows better performance than
AT10N20. While when the cutting speed speeds are above
300 m/min, the difference of cutting performance between
CC650 and AT10N20 reduces. It indicates that AT10N20 is

also a good choice for high-speed cutting ultra-high-strength
steel 300 M as compared with CC650.

3.2 Types of wear in Al2O3/TiC/TiN
micro-nano-composite ceramic tools

Figure 2 shows the SEMmicrographs of the AT10N20 ceram-
ic tools in turning of ultra-high-strength steel 300 M at differ-
ent cutting speeds. The SEM micrographs indicate that the
typical types of wear of AT10N20 ceramic tools were flank
wear and rake wear. No obvious damages were found on both
flank faces and rake faces because of its high strength and
toughness. When the cutting speed was less than 300 m/min,
the dominant wear mode was flank wear and the slight
scratches were found on the rake faces. With the increased
cutting speed, the rake wears became serious. When the cut-
ting speed exceeded 300 m/min, the extensive crater wear on
the rake faces and nose wear was clearly found.

Figure 3 shows SEM micrographs of the CC650 ceramic
tools in turning of ultra-high-strength steel 300 M at different
cutting speeds. As shown in Fig. 2, the main wear modes of
CC650 ceramic tools were flank wear and rake wear which
were the same to those of AT10N20. When the cutting speed
was 100 m/min, the dominant wear mode was flank wear and
the slight scratches appeared on the rake faces. When the
cutting speed exceeded 100 m/min, the extensive wears oc-
curred on the rake face of tools. The crater wear on the rake
face became severe as the cutting speed increased.

It is observed from Figs. 2 and 3 that the crater wear on the
rake face of AT10N20 initially occurred at cutting speed of
400 m/min, while that of the CC650 occurred at cutting speed
of 200 m/min. This difference indicated that the wear resis-
tance of AT10N20 was superior to that of CC650. In addition,
the crater wear on the rake faces and flank wear was more
severe when cutting speed was 400 m/min which was unfa-
vorable for cutting of ultra-high-strength steel 300 M.

3.3 Wear mechanisms of Al2O3/TiC/TiN
micro-nano-composite ceramic tools

Ceramic tool wear is generally understood to be caused by
mechanical (thermo-dynamic wear, abrasion, and adhesion)
and chemical (thermo-chemical wear, diffusion, and
oxidation) interactions between the tool and workpiece.

Figure 4 shows SEM micrographs of wear morphology on
rake face and flank face of AT10N20 ceramic tools in turning
of ultra-high-strength steel 300 M at the cutting speed of
400 m/min. It is clearly seen from Fig. 4 that parallel grooves
were regarded as the characteristic of abrasive wear appeared
on the rake and flank faces. During turning of ultra-high-
strength steel 300 M, the hard inclusions contained in work-
piece scratched the flank race along the tool movement direc-
tion. The harder particles also scratched the rake face along the

Table 2 Chemical compositions of ultra-high-strength steel 300 M
(wt%)

Fe C Cr Ni Mo Si V S P Cu

Balance 0.39 0.91 1.82 0.42 1.61 0.07 0.001 0.009 0.06

Fig. 1 Cutting lengths of CC650 and AT10N20 at different cutting
speeds (f= 0.1 mm/r and ap= 0.1 mm)
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chip flow direction. The scratching action happened on the
tool-workpiece and tool-chip interfaces led to the abrasive
wear.

In addition, the adhering layers also generated at the rake
face and flank face as shown in Fig. 4. This wear morphology
is the typical characteristic of adhesive wear. The adhering
layers indicated that the seizure occurred on the interface be-
tween the tool and the workpiece. The plastic deformation
caused by the high pressure and temperature generated in
the high-speed cutting process leads the adhesive wear when
the grains of the actual contact area between the tool and the
workpiece were fallen off by tension or shear. In high-speed
turning of ultra-high-strength steel 300 M, the ceramic tool

bears the higher cutting force and thus substantial cutting heat
is generated on the region between the tool and the workpiece.
However, due to the poor thermal conductivity of ultra-high-
strength steel 300 M, the temperature and pressure in the re-
gion near the cutting edge will easily reach a high value, the
bonding strength between the tool and workpiece material
increases rapidly, together with the pore and local defect that
exist in the ceramic tool materials, and then the adhesive wear
will build and expand.

The wear morphologies on the rake face and flank face of
CC650 ceramic tools in turning of ultra-high-strength steel
300 M at the cutting speed of 400 m/min are shown in
Fig. 5. Abrasive grooves and adhering layer on the rake face

(a) v=100 m/min (b) v=200 m/min (c) v=300 m/min

(d) v=400 m/min (e) v=500 m/min

Fig. 2 SEM of the worn
AT10N20 ceramic tools in
turning of ultra-high-strength
steel 300 M at f= 0.1 mm/r and
ap= 0.1 mm

(a) v=100 m/min (b) v=200m/min (c) v=300 m/min

(d) v=400 m/min (e) v=500 m/min

Fig. 3 SEM of the worn CC650
ceramic tools in turning of ultra-
high-strength steel 300 M at
f= 0.1 mm/r and ap= 0.1 mm
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and flank face also can be observed. This wear morphology is
typical characteristic of abrasion and adhesion.

When turning ultra-high-strength steel 300 M at the lower
cutting speeds, the dominance of wear mechanism was abra-
sion. With the increase of cutting speed, the cutting tempera-
ture also raised gradually, and the adhesion and the abrasion
simultaneously occurred on both rake face and flank face. The
crater wear on the rake faces (see Figs. 2d and 3c) resulted
from interactions between the adhesion and the abrasion.With
the further raise of cutting temperature, the soften effect could
act on the workpiece due to the cutting heat generated in the
high cutting process and the main wear mechanism will
change to the adhesion gradually.

Figure 6 shows the EDS analyses of worn surfaces for the
AT10N20 and the CC650 ceramic cutting tools after machin-
ing at 300 m/min, respectively. It is seen from Fig. 4b that tool
face at point 3 is much enriched with O, C, Al, Ti, and Fe
elements. The O, C, Al, and Ti are mainly from Al2O3-based
ceramic tool materials, while the Fe is the main element of
ultra-high-strength steel 300 M. This analyses result showed
that the adhesive wear occurred on the flank face of the
AT10N20 ceramic tool. Point 1 in Fig. 5b is also much
enriched the Fe element from ultra-high-strength steel, which
is the evidence of adhesion of CC650 ceramic tool material.

At the initial and the steadywear stages, the adhering layers
covered on the rake face and flank face of cutting tools, and
reduced the deterioration of pits and grooves during machin-
ing process; hence the adhering layers protected ceramic tools
from scratching action from hard particles, which could im-
prove the tool life. At the rapid wear stage, some elements of
the workpiece materials which could diffuse into to the ceram-
ic tool caused the affinity between the workpiece materials
and tool materials, and finally accelerated the tool wear rate.
In addition, the low melting point of Fe element of workpiece
materials could reduce the surface hardness of the ceramic
tool. This could also accelerate the tool wear rate.

4 Conclusions

An Al2O3/TiC/TiN micro-nano-composite ceramic tool
material (denoted as AT10N20) was hot pressed by adding
10 vol% nanoscale TiC, 10 vol% micro-scale TiC, and
20 vol% micro-scale TiN particles into the micro-scale
Al2O3 matrix. The wear modes and wear mechanisms of
the Al2O3/TiC/TiN ceramic cutting tools were investigated
via turning of ultra-high-strength steel 300 M in compari-
son with those of Al2O3/TiC ceramic tool CC650. The
following conclusions can be deduced from the findings
of this study.

(a) Rake face (b) Flank face

Fig. 4 SEM micrographs of wear morphology on rake face and flank
face of AT10N20 ceramic tools at f = 0.1 mm/r, ap = 0.1 mm, and
v= 400 m/min

(a) Rake face (b) Flank face

Fig. 5 SEMmicrographs of wear morphology on rake face and flank face
of CC650 ceramic tools at f=0.1 mm/r, ap=0.1 mm, and v= 400 m/min

(a) Point 1 in Fig. 4b (b) Point 1 in Fig. 5b

Fig. 6 EDS analyses for worn
surface of AT10N20 and CC650
ceramic tools
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1. Wear modes of AT10N20 and CC650 ceramic tools in
turning of ultra-high-strength steel 300Mwere flank wear
and rake wear. At the lower cutting speeds, the dominant
wear mode was flank wear and the slight scratches were
found on the rake faces. With increase of the cutting
speed, the rake wears became serious; in addition, the
extensive crater wear on the rake faces and nose wear
were clearly found.

2. Owing to crater wear on the rake face of AT10N20 ini-
tially occurred at cutting speed of 400 m/min, while that
of the CC650 occurred at cutting speed of 200 m/min. In
addition, the crater wear on the rake faces and flank wear
was more severe when cutting speed was 400 m/min
which was unfavorable for cutting of ultra-high-strength
steel 300 M.

3. Wear mechanisms of AT10N20 and CC650 ceramic tools
sliding against the ultra-high-strength steels involved
abrasion, plastic flow, adhesion, and material transfer.
When at the lower cutting speed, the domain of wear
mechanism was abrasion. With the increase of cutting
speed, the adhesion and the abrasion simultaneously oc-
curred on both of rake face and flank face.With the further
raise of cutting temperature, the main wear mechanism
gradually changed to the adhesion.
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