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Wear mechanisms of Ti(C, N) ceramic in
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Austenic stainless steel AISI 321 is one of the most difficult materials to cut. In order to
investigate the wear behaviour of Ti(C, N) ceramic when cutting the stainless steel, wear
tests were carried out on a pin-on-disc tribometer, which could simulate a real cutting
process. The selected load range is 58.8-235.2 N; the selected speed range is 0.8-3.2ms .
The test results show that the wear of Ti(C, N) ceramic is mainly caused by adhesion
between the rubbing surfaces; the wear increases with increasing load and increasing speed.
When oil is used for lubrication, the friction coefficient of the sliding pairs and the wear rate
of the ceramic are reduced. Scanning electron microscopy, energy-dispersive X-ray analysis
and X-ray diffraction analysis are used to examine the worn surfaces. The wear mechanisms
of Ti(C, N) ceramic sliding against the stainless steel are discussed in detail.

1. Introduction

Because of their excellent thermal and mechanical
properties, ceramics have attracted much attention as
structural materials. One of the most important uses
of ceramics is for cutting tools, which are applied
nowadays in turning cast iron and nickel-based alloys
at high speeds [1, 2]. However, ceramic cutting tools
are not universal for machining all metallic materials;
for example, some reports show that Si;N,-based
ceramics are suitable for machining cast iron, but
unsuitable for machining steel, and one of the factors
influencing this difference in behaviour is thought to
be chemical dissolution of the ceramics in the chip at
the high temperatures reached at the cutting edge [3].
The wear rate of a silicon nitride cutting tool is two
orders of magnitude higher when machining AISI
1045 steel than when machining grey cast iron [4, 5].
Ti(C, N)-based ceramics are also important cutting
tool materials; however, little knowledge about the
wear behaviour of Ti(C, N)-based ceramics is avail-
able when they are used for cutting austenic stainless
steels.

The objective of this study is to investigate the wear
behaviours of a Ti(C, N)-based ceramic on a pin-on-
disc tribometer under dry and lubricated conditions.
In comparison with real machine tests, pin-on-disc
tests are simple and quick and the conditions in which
they can be employed may be widely varied and well
controlled; they seem to be appropriate tests for tool
life simulation. Some work has been done on the wear
mechanism analysis of ceramic tool materials and the
comparison of wear data from pin-on-disc tests and
cutting behaviours of ceramics [6, 7]. In this study, the
worn surfaces of the Ti(C, N) ceramics were examined
and analysed using scanning electron microscopy
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(SEM), electron probe microanalysis (EPMA) and
energy-dispersive X-ray analysis (EDXA).

2. Experimental procedure

2.1. Test machine and specimens

Wear tests are carried out on a pin-on-disc tribometer.
The pin specimen is fixed; the disk specimen, driven by
a motor, can rotate at different speeds. A schematic
diagram of the tester is shown in Fig. 1. The initial line
contact model was formed between the pin and the
disc, which can simulate the contact form of cutting
tool and workpiece in real cutting practice. The angle
of inclination of the pin is 80°; so the wear volume can
be calculated from the following formula:

wear volume = 0.5LB? sin 10° cos 10°

In this formula, L is the length of the ceramic wear
scar (5 mm in this test) and B (mm) is the width of the
wear scar. The above formula can be simplified to
Vi = 0.427B* (mm?).

The pin is made from hot-pressed Ti(C, N) ceramic,
having a size of 5 mm x 5 mm x 25 mm; the disc was
machined from AISI 321 stainless steel, 56 mm in
diameter and 6 mm in thickness. The roughnesses, as
measured by stylus profilometry, of the pin and the
disc are R, = 0.32 um and R, = 0.21 pum, respectively.
Some properties of the Ti(C, N) ceramic are listed in
Table L.

2.2. Test method

Friction and wear tests are operated under dry and
lubricated conditions. The room temperature is about
20°C. Liquid paraffin containing 2 wt% of zinc
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Figure 1 The schematic diagram of the tester.

TABLE I Physical and mechanical properties of the Ti(C, N)
ceramic

Property Units Value
Amount wt % Ti(C,N) > 80
Grain size pm <1

Density gem 3 4.88

Vicker’s hardness HV 1850
Bending strength MPa 750

Fracture toughness MPa m!/? 4.7
Impurities Al, O3, ZrO,

dialkyl dithiophosphate (ZDDP) additive is used for
lubrication; its kinematic viscosity at 25°C is
30 mm?s~!. During the operating process, the lubri-
cating oils are fed into the contact point between the
pin and the disc by natural falling flow from a
reservoir. The average rate of the flow is about
0.01 1min~'. The sliding speeds between the rubbing
surfaces are 0.8-3.2 ms™'; the selected load range is
from 58.8 to 235.2 N. Each pair of the samples has
a 30 min running time under a selected speed and
load. At least two tests were performed, controlling
the standard deviation of the results to less than
+ 6%. Before and after testing, the specimens were
ultrasonically cleaned in an acetone bath for 15 min
and then in a hexane bath for 2 min.

The wear scar width of the pin is measured under
a photo microscope; then the volume and wear rate
can be calculated. (When severe metal transfer occurs,
the transfer layer is firstly etched away; then the wear
scar width of the ceramic pin is measured.) The fric-
tional force is transmitted by a transducer to a re-
corder continuously during the test, from which the
friction coefficient can be obtained. The worn surfaces
are examined by using SEM, EDXA and X-ray dif-
fraction (XRD).

3. Results and discussion
3.1. Effects of load on friction coefficient
and wear rate

Figs 2 and 3 show the variations in friction coefficient
and wear rate with load, respectively. It can be seen
from the figures that the friction coefficient and wear
rate of the ceramic increase with increasing load in dry
conditions. In oil-lubricated conditions, the friction
coefficient and the wear rate obviously decrease but
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Figure 2 Variation in friction coefficient with load. (&), dry; (N)
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Figure 3 Variation in wear rate of the ceramic with load. (&), dry;
(N), oil lubricated.

both still increase with increasing load. In dry condi-
tions, stainless steel transfers on the worn ceramic
surfaces at both low and high loads (Fig. 4). The rapid
increase in the wear rate under dry conditions in the
higher load range (176.4—235.2 N) may be caused by
severe adhesion between the rubbing surfaces and the
increase in the microfracture of the ceramic; the latter
is confirmed by the SEM examinations of the worn
Ti(C, N) ceramic surface and the wear debris (Figs 5
and 6). The arrow in Fig. 5 points to the microfracture
pit. Fig. 6a shows a microfracture fragment of the
ceramic; its EDXA spectrum is shown in Fig. 6b,
which further indicates that the particle comes from
the Ti(C, N) ceramic. The use of the lubricating oils
reduced the friction traction on the rubbing surfaces
[8] and hence the stresses transmitted to the ceramic
from the stainless steel; this also reduced operating
stresses below the limit for fracture of the ceramic.
Furthermore, as the friction coefficient is reduced, the
maximum shear stress will move from the surface into
the bulk of the material. Since most microfracture is
surface dominated, this will have the effect of reducing
fracture of the ceramic. So the wear rate of Ti(C, N)



Figure 4 SEM morphologies of the worn ceramic surfaces; (a) dry,
117.6 N, 1.6ms~%; (b) dry, 2352 N, 1.6 ms~ 1.

Transferred stainless steel

Figure 5 SEM morphology of the worn ceramic surface (dry;
2352 N; 1.6 ms™?).

ceramic is reduced much more in the higher load
range compared with dry friction conditions.

3.2. Effects of speed on friction coefficient
and wear rate

The variations in friction coefficient and wear rate
with speed are shown in Figs 7 and 8. Under dry condi-
tions, the friction coefficient increases with increasing
speed in the lower speed range (0.8-1.6ms™!) and
reaches its maximum at 1.6 ms~ ! and then decreases
slightly with increasing speed. The wear rate of the
ceramic has a minimum value at the speed of
2.4ms~ ! The lower friction coefficient and higher

(b)

Figure 6 SEM examinations of the wear debris; (a) microfracture
fragments; (b) EDXA spectrum of the point indicated in (a).
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Figure 7 Variation in friction coefficient with speed. (&), dry; (N),
oil lubricated.

wear rate at the high speed (3.2ms™ ') may be at-
tributed to the melting of some ceramic grains on the
rubbing surfaces, which is confirmed by the SEM and
EDXA examinations (Figs 9 and 10). The morphology
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Figure 8 Variation in wear rate of the ceramic with speed, (&), dry;
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Figure 9 SEM morphologies of the worn ceramic surfaces; (a) dry,
117.6 N, 24 ms™%; (b), (c) dry, 117.6 N, 3.2 ms 1.
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Figure 10 EDXA spectrum of the point indicated in Fig. 9c.

in Fig. 9 suggests the presence of a liquid phase during
the rubbing operation. The EDXA spectrum of the
marked point in Fig. 9¢ is shown in Fig. 10, which
indicates that the molten material comes only from
the ceramic because no Fe element appears in the
spectrum. It seems hard to understand the ceramic
melting, but the following facts can explain the possi-
bility to some extent. First, the ceramic is composed of
not only TiN or TiC, but also many additives, such as
Al,03,Zr0O,, MgO, Ni and Mo, which may combine
with TiC or TiN to form low-melting point eutectics
and reduce the melting point of the ceramic. In [9],
when a ceramic cutting tool containing ZrO,, TiC
and TiN inclusions was used to cut AISI 1040 steel, it
was also found that a liquid phase formed on the flank
of the ceramic tool during cutting process, which is
consistent with the presence of two eutectics at 1085
and 1289 °C, respectively, in the Fe—Ti phase diagram
[10]. Second, the heat conductivity of the ceramic is
rather poor. Third, a large amount of deformation
heat and friction heat will be produced in the rubbing
process because of the very high toughness of the
stainless steel and the relatively low heat conductivity
(compared with carbon steel). Fourth, the small con-
tact area of the ceramic sample maintains the contact
state during the whole rubbing process; the temper-
ature of its contact surface could be much higher than
that of the stainless steel surface. All these factors
result in very high temperatures on the rubbing surfa-
ces, especially on the rubbing ceramic surface, which
cause the ceramic grains to melt.

Compared with dry conditions, the friction coeffi-
cient and wear rate are reduced because of the lubri-
cating and cooling effects of the lubricating oil,
especially because of the tribochemical effects of the
additive ZDDP. This result is consistent with the
result of [11]. Under lubricated conditions, no molten
materials were found on the worn ceramic surfaces; in
addition, the amount of the transferred stainless steel
is reduced compared with dry conditions (Fig. 11). In
order to determine the tribochemical mechanism of



Figure 11 SEM morphology of the worn ceramic surface (oil lubri-
cated; 117.6 N; 24 ms™1).
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Figure 12 XRD spectrum of the worn ceramic surfaces (oil lubri-
cated; 117.6 N; 2.4 ms™1).

the antiwear additive ZDDP, XRD was used to exam-
ine the worn surfaces of the ceramic; the result is
shown in Fig. 12. The XRD spectrum indicates that
tribochemical reaction products are formed on the
worn ceramic surface, from which the tribochemical
reaction mechanisms may be described as follows.
Firstly, ZDDP decomposes thermally by B-hydrogen
elimination and nucleophilic substitution, forming
a series of products, e.g., olefin, H,S, RSR, RSH,
RSSR, (SR);PS, ZnO, zinc pyrothiophosphates and
polypyrothiophosphates [ 12]. The decomposed prod-
ucts then react with the transferred stainless steel,
forming FeS, FePO,, FeO, etc. TiO, may be the oxi-
dation product of TiC and/or TiN. The tribochemical
reaction processes can be represented as the following
formulae:

ZDDP — H,S, RSH, RSSR, ZnO, etc.
H.S, RSH or RSSR + Fe — FeS

Fe + polypyrothiophosphates - FePO,
TiC or TiN + O, - TiO,

where R is an alkyl group.

The tribochemical products are very effective in
reducing adhesive wear and microfracture wear of the
ceramic.

3.3. Wear mechanisms of Ti(C, N) ceramic
In order to reveal the wear mechanism of Ti(C, N)
ceramic, SEM was used for examination of the worn

surfaces. The SEM morphologies of the worn ceramic
surfaces at different loads are shown in Fig. 4. It can
be seen from the figures that stainless steel transfers on
the ceramic surfaces because of adhesion between the
rubbing surfaces. It can also be found by comparing
Fig. 4a and b that the amount of the transferred stain-
less steel increases with increasing load, and many
larger transferred stainless steel flats formed on the
worn ceramic surface at the higher load (235.2 N),
while only smaller stainless steel flats formed at the
lower load (117.6 N); this shows that the adhesion
between the rubbing surfaces became more severe
with increasing load; so both the friction coefficient
and the wear rate increased. This result could be
attributed to the effects of the native oxide on the
stainless steel. At low loads, the ceramic will slide
against the native oxide; the friction and adhesion will
be low. At a certain load the native oxide will crack,
exposing unoxidized steel during sliding which is high-
ly reactive and will adhere to the Ti(C, N) ceramic.
This will be a localized effect but, as the load increases,
the number of regions of oxide breakdown and hence
the amount of adhesion and transfer will increase.

From the test results and the examinations, it is not
difficult to deduce the wear mechanisms of the
ceramic. In dry conditions (at a sliding speed less than
1.6 ms ™ 1), the wear of the ceramic is mainly caused by
the adhesion between the rubbing surfaces. Strong
adhesion occurs when the ceramic and stainless steel
are put into sliding contact (especially at higher loads).
With the relative movement of the rubbing surfaces,
the adhesive junctions or areas are torn off, resulting
in the transfer of stainless steel on the rubbing ceramic
surface. (The adhesive junctions or areas may be bro-
ken more frequently in stainless steel surface because
of its relatively low shearing strength.)

The transferred stainless steel on the ceramic sur-
face is subjected to shear and compressive stresses
repeatedly with the rubbing movement, which may
cause microcracks and microfractures in the ceramic
surface or its subsurface. Meanwhile, the transferred
stainless steel is also subjected to an adhesive force
from the rubbing stainless steel surface, which will peel
off the transferred stainless steel flats. Ceramic micro-
fracture pieces or ceramic grains will also be peeled off
or pull out and leave the ceramic surface with the
peeled-off stainless steel flats, which gives rise to the
wear of the ceramic. With increasing load, adhesive
wear gradually occurs. In addition, microfracture
wear of the ceramic becomes very severe when the
load is increased over a certain value (176.4 N in this
test). Microfracture brings about a much higher wear
rate of the ceramic than does adhesion. In addition, it
is also possible that the microfracture ceramic par-
ticles embedded in the transfer layer cause three-body
abrasion to the ceramic, leading to increased ceramic
wear rates [13].

The lubricating oil, especially containing the anti-
wear additive ZDDP, prevents adhesion between the
rubbing surfaces; moreover, it reduces operating
stresses below the limit for fracture of the ceramic; so
the friction coefficient and wear rate are reduced in
lubricated conditions.
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Figure 13 Element diffusion between ceramic and stainless steel;
(a) Ti diffusion in stainless steel; (b) Fe diffusion in ceramic.

3.4. Melting of Ti(C, N) ceramic grains
and element diffusion

In addition to the adhesion—peeling-off and microfrac-
ture wear mechanisms mentioned above, wear of the
ceramic is also attributed to the melting of the ceramic
grains and the element interdiffusion between the
rubbing surfaces. At the high sliding speed (3.2 ms™ ! in
this test), the ceramic grains melt (see Figs 9 and 10).
The molten regions were scattered on the worn ceramic
surface. So, in this condition, the wear of the ceramic is
also caused by melting of the ceramic in addition to
adhesion. In the rubbing process, the molten ceramic
is extruded away, resulting in wear of the ceramic.

In order to clarify the element interdiffusion be-
tween the rubbing surfaces, the transverse section of
the worn ceramic surface was examined using SEM
and EDXA. Fig. 13 shows that element interdiffusion
occurs between the worn ceramic surface and the
transferred stainless steel flats. The interdiffusion of Ti
and Fe elements will make the adhesion between the
rubbing surfaces more severe. In addition, the diffu-
sion of Ti element in stainless steel will also result in
destruction of the structure and a decrease in the
strength of the ceramic surface, which will accelerate
wear of the ceramic. The lubricating oil and the addi-
tive decrease the adhesion, the temperature of the
rubbing surfaces and the element interdiffusion; so the
friction coefficient and wear rate are reduced.

4. Conclusions
From the above test results and surface examinations,
the following conclusions can be summarized.
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1. In Ti(C, N) ceramic—stainless steel sliding con-
tacts, the wear of the ceramic is mainly caused by the
adhesion—peeling-off process. Stainless steel firstly
transfers on the ceramic surface; then the transferred
stainless steel flats are subjected to repeated shearing
and compressive stresses until they are peeled off the
rubbing ceramic surface. When the transferred stain-
less steel flats are peeled off the ceramic surface, some
ceramic fragments or its grains also pull out and are
moved away. A higher load causes more severe adhes-
ive wear and microfracture wear of the ceramic.

2. At high sliding speeds, more friction heat and
element interdiffusion (compared with low sliding
speeds) make the adhesive wear of the rubbing ceramic
surfaces more severe. In addition, the melting of the
ceramic grains also causes severe wear of the ceramic.

3. With increasing load and increasing speed, the
friction heat of the rubbing surfaces increases rapidly,
which will accelerate the melting of the ceramic grains
and adhesion between the rubbing surfaces; so the
wear of the ceramic increases with increasing load and
increasing speed.

4. Because of its lubricating and cooling actions, the
oil reduced the friction coefficient and wear rate of the
Ti(C, N) ceramic—stainless steel sliding pairs, which
suggests that appropriate lubrication and cooling are
useful and helpful for reduction in wear of ceramic
cutting tools in real cutting processes, and certainly,
more research work on this should be done in the future.
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