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Abstract: SizN-based ceramic cutting tools are used nowadays for machining
cast iron, nickel-based alloys, etc. Austenitic stainiess steel AISI 321 is one of the
most difficult to cut materials. In order to investigate the wear behaviour of SizNy
ceramic when cutting the stainless steel, wear tests are carried out on a pin-on-
disc tribometer, which can simulate a realistic cutting process. The selected load
range is from 58.8 N to 235.2 N, the speed range is from 0.8 m/s to 3.2m/s. The
test results show that the wear of Si;N, ceramic increases with both load and
speed and the wear of the ceramic is mainly caused by adhesion between the
rubbing surfaces. Scanning electron microscope (SEM), electron probe microa-
nalyser (EPMA) and energy dispersive X-ray analyser (EDXS) were used for
examinations of the worn surfaces. The wear mechanisms of SizN4 ceramic slid-
ing against the stainless steel were discussed in detail. © 1997 Elsevier Science

Limited and Techna S.r.l.

1 INTRODUCTION

During the last 20 years, Si;Ns-based ceramics
have been increasingly used as wear resistant
materials. One of the most important applications
of these materials is for cutting tools, which are
applied nowadays in machining cast iron and
nickel-based alloys.'# Their performance on steels,
however, are known to be less than satisfactory.’
The wear rate of a silicon nitride cutting tool is two
orders of magnitude higher when maching AISI
1045 steel than when machining grey cast iron.%
The high cratering wear of sialon ceramics when
machining AISI 1045 steel is caused by the chemi-
cal dissolution of sialon grains, followed by pull-
out of sialon grains from the glassy intergranular
phase.”

Austenitic stainless steels are one of the most
widely used class of materials and they are very
different from carbon steel in many properties.
However, little knowledge about the wear beha-
viour of Si;N4-based ceramics is available when
they are used for cutting austenitic stainless steels.
The objectives of this study are to investigate the
wear behaviour of a Si;sNy-based ceramic on a pin-
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on-disc tribometer under dry conditions. Com-
pared with real machining tests, pin-on-disc tests
are simple, quick, and their conditions of solicita-
tion may be widely varied and well controlled, they
seem to be appropriate tests for tool life simula-
tion. Some work has been done in wear mechanism
analysis of ceramic tool materials and the compar-
ison of wear data from pin-on-disc tests and cut-
ting behaviour of ceramics.®® In this test, the worn
surfaces of the Si3N, ceramic were examined and
analysed by using scanning electron microscope
(SEM), electron probe microanalyser (EPMA),
energy dispersive X-ray analyser (EDXA), and X-
ray photoelectron spectroscopy (XPS).

2 EXPERIMENTAL PROCEDURE
2.1 Test machine and specimens

Wear tests are carried out on a pin-on-disc trib-
ometer. The pin specimen is fixed, the disc speci-
men, driven by a motor, can rotate at different
speeds. The schematic diagram of the tester is
shown in Fig. 1. Initial line contact is formed
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between the pin and the disc, which can simulate
well the contact form of a cutting tool and work-
piece in a realistic cutting practice. The pin is made
from hot-pressed Si3N, ceramic, having a size of
5x5%25mm; the disc was machined from AISI 321
stainless steel, 56 mm in diameter and 6mm in
thickness. The frictional surface roughness of the
pin and the disc is Ra=0.32 um and Ra=0.21 um,
respectively. Some properties of the Si;N4 ceramic
are listed in Table 1.

2.2 Test method

Friction and wear tests are operated under dry
conditions. The room temperature is about 20°C.
The sliding speeds between the rubbing surfaces
are from 0.8 m/s to 3.2 my/s, the selected load range
is from 58.8 N to 235.2N. Each pair had a 30 min
running time under selected speed and load and at
least two tests were performed. Before and after
testing, the specimens were ultrasonically cleaned
in an acetone bath for 15 min.

The wear scar width of the pin is measured under
a photo microscope, then the volume and wear rate
can be calculated. The friction force is transmitted
by a transducer to a recorder continuously during
the test, from which the friction coefficient can be
obtained. The worn surfaces are examined by using
scanning electron microscopy (SEM), energy dis-
persive X-ray spectroscopy analyser (EDXS), elec-
tron probe microanalyser (EPMA), and X-ray
photoelectron spectroscopy (XPS). During XPS
analysis, an Al ke line was used, the pass energy
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Fig. 1. The schematic diagram of the tester.

Table 1. The physical and mechanical properties of
the SizN4 ceramic

Properties Unit Value
Amount wit% >80
Density g.cm—3 35
Hardness Hv 1900
Bending strength MPa 750
Elastic modulus GPa 290
Fracture toughness MPa.m?/2 6.3
Grain size pum 1.3
Impurities TiC, Al,03
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was 35.75¢V, and the binding energy Cls
(284.6eV) was used as reference.

3 RESULTS AND DISCUSSION

3.1 Effects of load on friction coefficient and wear
rate

Figures 2 and 3 show the variation of friction
coefficient and wear rate with load, respectively. It
can be seen from the figures that the friction coef-
ficient and wear rate of the ceramic increase with
load. SEM examinations found that stainless steel
was transferred on the worn ceramic surfaces at
both low and high loads. The rapid increase of the
wear rate at higher load (235.2N) may be caused
by severe adhesion between the rubbing surfaces
and the increase of the microfracture of the cera-
mic, which was confirmed by the SEM examina-
tions of the worn SizN, ceramic surface and the
wear debris [see Fig. 4(a) and (b) (the arrow in
Fig. 4(a) points to the microfracture pit) and Fig. 5
(microfracture fragments)]. The EDXS spectrum of
point A in Fig. 5 is shown in Fig. 6, the element
compositions indicate that the particle came from
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Fig. 2. Variation of friction coefficient with load.
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Fig. 3. Variation of wear rate of the ceramic with load.
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Si3N, ceramic. For comparison, the SEM mor-
phology of the worn Si3N, surface of lower load is
shown in Fig. 7.

3.2 Effects of speed on friction coefficient and wear
rate

The variations of friction coefficient and wear rate
with speed are shown in Figs 8 and 9. Similar to
the effects of load, the friction coeflicient and wear

Fig. 4. SEM morphologies of the worn ceramic surfaces (dry,
235.2N, 1.6 m/s).

Fig. 5. SEM examination of the wear debris (dry, 235.2N,

1.6 m/s).
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Fig. 6. EDXA spectrum of the point A in Fig. 5.
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rate increase with speed. However, the friction
coefficient increases more rapidly and reaches a
much higher value compared with the effect of
load. High speed brings about a large amount of
friction heat, which will aggravate the adhesion
between the rubbing surfaces, so both the friction
coefficient and wear rate increase with speed. In
general, the SEM morphologies of the worn Si;Ny
surfaces obtained at different speeds are similar to
Figs 4 and 7 (stainless steel transfer on the worn

Fig. 7. SEM morphology of the worn ceramic surface (dry,
117.6 N, 1.6 m/s).
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Fig. 8. Variation of friction coefficient with speed.
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Fig. 10. (a) SEM morphology of the wear debris (dry, 117.6 N, 1.6 m/s). (b) EDXA spectrum of the marked point in (a).

ceramic surfaces also occurs at different speeds),
but at high speed (3.2m/s in this test), it can be
found that some ceramic grains melt on the worn
ceramic surfaces (see Section 3.4 for details).

3.3 Wear mechanisms of SisN 4 ceramic

It can be seen from Figs 4 and 7 that stainless steel
transfers on the ceramic surfaces because of adhe-
sion between the rubbing surfaces. It can also be
found by comparing Figs 4 and 7 that the amount
of the transferred stainless steel increases with load,
and many larger transferred stainless steel flats
formed on the worn ceramic surface at higher load
(235.2N), while only smaller stainless steel flats
formed at lower load (117.6 N).

From the SEM examinations, it is not difficult to
deduce the wear process of the ceramic. There is a
high chemical affinity between iron and silicon
nitride,'%!! and strong adhesion will ocurr when
Si;N,4 and stainless steel are put into sliding contact.
With the relative movement of the rubbing surfaces,
the adhesion junctions will be torn off, resulting in
the transfer of stainless steel on the rubbing cera-
mic surface (the adhesive points or areas will be
broken more frequently in stainless steel surface
because of its relatively low shear strength).

The transferred stainless steel on the ceramic
surface will be subjected to shear and compressive
stresses repeatedly with the rubbing movement,
which will cause microcracks and microfractures in
the ceramic surface or its subsurface. Meanwhile,
the transferred stainless steel is also subjected to
adhesive force coming from the rubbing stainless
steel surface, which will peel off the transferred
stainless steel flats. Ceramic microfracture pieces or

SizN, grains will also be peeled off or pull-out and
quit the ceramic surface with the peeled off stainless
steel flats, which gives rise to the wear of the ceramic.
The adhesion—peeling off mechanism of the
ceramic wear can be confirmed by the EDXS ana-
lysis result of the wear debris [see Fig. 10(a) and
(b)]. The intense Si peak in Fig. 10(b) shows the
wear debris is not only the stainless steel, it is
combined particles of SizN; and stainless steel
(caused by adhesion). It is clear in Fig. 11 that the
stainless steel wear piece contains the ceramic par-
ticles (the arrow points to the ceramic particles
which are embedded in a stainless steel piece).

3.4 Chemical wear and element diffusion

In addition to the adhesion—peeling off mechanism
meantioned above, the wear of the ceramic is also
attributed to chemical wear—oxidation of the Si;Ny
grains and the element interdiffusion between the
rubbing surfaces. XPS spectrum of the worn

Fig. 11. SEM examinations of the wear debris (dry, 117.6 N,
1.6 m/s).
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ceramic surface shows that SiO, was produced on
the worn surface, the binding energy of Si,p was
103.3eV (see Fig. 12). EPMA examinations found
some microballs on the worn Si;Ny surfaces [see
Fig. 12(a)]. Composition distribution analyses cor-
responding to Fig. 12(a) are shown in Fig. 12(b)-
(d), which indicate that the microballs come from
ceramic grains and stainless steel, respectively.
SisNy grains may be oxidized to produce SiO, at
high temperature (caused by high speed), then the
SiO, grains, TiC grains (contained in the ceramic)
and some stainless steel debris were molten under
the severe frictional conditions to form the micro-
balls. Although SiO, and TiC have high melting
points, the ceramic grains could still melt due to
the following factors. First, the ceramic is not
composed of only SisN, or TiC, it contains a lot of
additives, such as Al,O;, CaO and Y,0O;, which
would reduce the melting points of the SiO, and
TiC grains. Second, the heat conductivity of the
ceramic is rather low. Third, large amounts of
deformation heat and friction heat will be pro-
duced in the rubbing process because of the very
high toughness of the stainless steel and the rela-
tively low heat conductivity (compared with car-
bon steel). Fourth, as the small contact area of the
ceramic sample maintains contact state throughout
the whole rubbing process, the temperature of its
contact surface could be much higher than that of

(b) Si distribution

(a) molten microballs

#

(c) Ti distribution (d) Fe distribution

Fig. 12. EPMA examinations of the worn ceramic surfaces
(dry, 117.6 N, 3.2m/s).
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Fig. 13. Element Si diffusion in stainless steel.

the stainless steel surface. All these factors result in
very high temperatures on the rubbing surfaces,
especially on the rubbing ceramic surface, which
causes the ceramic grains to melt. Moreover,
according to Ref. 8, the chemical dissolution of
Si3N4 grains in wear chip should be more severe
considering that the stainless steel has higher
toughness and lower heat conductivity than AISI
1045 steel, which also accelerates the melting of the
ceramic grains.

The EDXS analysis of the cross-section of the
worn ceramic surface showed that element diffu-
sion occurs between the worn ceramic surface and
the transferred stainless steel flats (see Fig. 13). The
Si element diffusion in stainless steel will also result
in the structural destruction and strength decrease
of the ceramic surface, which will accelerate the
wear of the ceramic.

Adhesion, melting and element diffusion are not
isolated, they are relative to each other. With load
and speed increasing, real contact area and friction
heat increase, which will accelerate the melting of
the ceramic grains and element diffusion, resulting
in heavy adhesive wear.

4 CONCLUSIONS

From the above test results and surface examina-
tions, the following conclusions can be summarized.

1. In SisN4 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 to the ceramic surface,
then the transferred stainless steel flats will be
subjected to repeated shear and compressive
stresses untill 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 grains are
also pulled out and taken away.
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2. The wear of the ceramic is also attributed to

the oxidation of Si;N, grains and the Si ele-
ment diffusion in the stainless steel. The ele-
ment diffusion destroys the microstructure of
the ceramic surface and decreases its strength.
Moreover, element interdiffusion will aggra-
vate the adhesion between the rubbing surfa-
ces, and then result in more severe adhesive
wear of the ceramic,

. With load and speed increasing, the friction

heat of the rubbing surfaces increase rapidly,
which will accelerate the oxidation of the
ceramic grains, element diffusion and adhe-
sion between the rubbing surfaces, so the wear
of the ceramic increases with load and speed.
In addition, higher load also brings about
more severe microfracture wear of the ceramic.
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