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Abstract

Si3N4-based ceramic cutting tools have been used successfully for machining hard materials, like: cast irons, nickel based alloys
etc. Austenitic stainless steel AISI 321 is one of the most di�cult-to-cut materials. In order to investigate the wear behavior of Si3N4

ceramic when cutting the stainless steel the wear tests were carried out on a pin-on-disk tribometer, which can simulate a realistic
cutting process. The selected load range was from 58.8 N to 235.2 N, the speed range was from 0.8 m/s to 3.2 m/s. The experiment
results showed that the wear of Si3N4 ceramic increases with both load and speed. In dry conditions, the wear of ceramic is mainly
caused by adhesion between the rubbing surfaces. In water-lubricated conditions, microfracture of the ceramic may be increased

due to stress corrosion of water to the ceramic surface, in addition, the wear is also attributed to adhesion and chemical action of
water with the Si3N4 surface. Scanning electron microscopy (SEM), electron probe microanalyzer (EPMA), Auger electron spec-
troscopy (AES) and energy dispersive X-ray analyzer (EDX) were used for examining of the worn surfaces. The wear mechanisms

of Si3N4 ceramic sliding against the stainless steel were discussed in detail. # 1999 Published by Elsevier Science Limited and
Techna S.r.l. All rights reserved.
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1. Introduction

During the last 20 years, Si3N4-based ceramics have
been increasingly used as wear resistant materials. One
of the most important applications of these materials is
making cutting tools, which are applied successfully in
machining cast irons and nickel-based alloys [1±4],
However, their performance for cutting steels is less
than satisfactory [5]. The wear rate of a silicon nitride
cutting tool is two orders of magnitude higher when
machining AISI 1045 steel than machining grey cast
iron [6]. The high cratering wear of sialon ceramic when
machining AISI 1045 steel is caused by the chemical
dissolution of sialon grains, followed by pull out of sia-
lon grains from the glassy intergranular phase [7].

Austenitic stainless steels is a commonly used corro-
sion-resistant metallic material. However, a little knowl-
edge about the wear behavior of Si3N4 based ceramics
against austenitic stainless steel is available. The objec-
tive of this study is to investigate the wear behavior of a

Si3N4-based ceramic against stainless steel on a pin-on-
disk tribometer under dry and water-lubricated condi-
tions. Comparing with real machining test, the pin-on-
disk tests are simple, quick and the test conditions may
be widely varied and well controlled. Some works about
wear mechanism analysis of ceramic tool materials and
the comparison of wear data for pin-on-disk tests and
cutting behavior of ceramics have been published, some
correlation has been found between the wear resistance
of tool materials on a pin-on-disk machine and the life of
cutting tools [8,9]. In this research, the worn surfaces of
Si3N4 ceramic were examined and analyzed by using
scanning electron microscopy (SEM), electron probe
microanalyzer (EPMA), Auger electron spectroscopy
(AES) and energy dispersive X-ray analyzer (EDX).

2. Experimental procedure

2.1. Test machine and specimens

Wear tests were carried out on a pin-on-disk tri-
bometer. The pin specimen was ®xed, the disk specimen
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rotated at di�erent speeds. The contact model of pin
and disc, and the wear scar of the pin is shown in Fig. 1.
The line contact can simulate well the contact form of
cutting tool and workpiece in a realistic cutting practice.
The pin specimen was made from hot pressed Si3N4

ceramic, having a size of 5�5�25 mm; and the disk was
machined from AISI 321 stainless steel with 56 mm in
diameter and 6 mm in thickness. The surface rough-
nesses of pin and disk were Ra=0.32 mm and Ra=0.21
mm respectively. The composition and properties of the
Si3N4 ceramic are listed in Table 1.

2.2. Experimental Method

Friction and wear tests were conducted under dry and
water-lubricated conditions. The distilled water was fed
into the contact zone by drop ¯ow. The average rate of
¯ow was about 0.015 l/min. The sliding speeds were
varied from 0.8 m/s to 3.2 m/s, and the load range was
from 58.8 N to 235.2 N. Each new pair had a 30 min
running time under selected speed and load, and each
test was repeated 2±3 times. Before and after testing, the
specimens were ultrasonically cleaned in acetone bath
for 15 min.

The wear scar width of the pin was measured under a
light microscope, then the volume and wear rate could
be calculated. The friction force is transmitted by a
transducer to a recorder continuously during the test,
from which the friction coe�cient could be obtained.
The worn surfaces were analysed by SEM, EDX,
EPMA and X-ray di�raction spectroscopy (XRD).

3. Results and discussion

3.1. E�ect of load on friction and wear

Figs. 2 and 3 show the variation of friction coe�cient
and wear rate with load, respectively. It can be seen that
the friction coe�cient and wear rate of the ceramic
increase with load under both dry and lubricated con-
ditions. In dry condition, the stainless steel can adhere
on the ceramic surface at both low and high loads. The
rapid increase of the wear rate under dry conditions at
higher load (235.2 N) may be caused by the severe
adhesion and the adhesion-induced microfracture of the
ceramic, which was con®rmed by the SEM examina-
tions of the worn Si3N4 ceramic surface, see Fig. 4 (the
arrow in Fig. 4 indicates the microfracture pit) and
Fig. 5 (SEM morphology of Si3N4 surface at lower
load).

3.2. E�ect of sliding speed on friction and wear

The variations of friction coe�cient and wear rate
with speed are shown in Figs. 6 and 7. Similar to the
e�ect of load, the friction coe�cient and wear rate
increase with speed, under dry conditions, however, the
friction coe�cient increases more rapidly and reaches a
much higher value compared with the e�ect of load.
High speed brings about large amounts of friction heat,
which will cause more severe adhesion of the rubbing
surfaces, and in consequence, increase the friction coef-
®cient and wear rate. In general, the e�ect of sliding
speed is more obvious than load in producing the fric-
tion heat. The SEM morphologies of the worn Si3N4

surfaces obtained at di�erent speeds are similar to
Figs. 4 and 5.

3.3. Wear mechanisms of Si3N4 ceramic under dry
conditions

In order to reveal the wear mechanism of Si3N4 ce-
ramic, the SEM was employed to examine the worn
surfaces. From the observations (Figs. 4 and 5), it is not
di�cult to deduce the wear process of the Si3N4 ceramic

Fig. 1. The contact model of the pin and the disk.

Table 1

The composition and properties of the Si3N4 ceramic

Composition Si3N4(>80%),TiC,Al2O3

Density (g/cm3) 3.5

Hardness (Hv) 1900

Bending strength (MPa) 750

Elastic modulus (GPa) 290

Fracture toughness (MPa m1/2) 6.3

Grain size (mm) <1.3
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as follows: Due to the high chemical a�nity between
iron and silicon nitride [10,11], a strong adhesion will
occur when Si3N4 is sliding against stainless steel. The
adhesion spots will be torn o� with the relative move-
ment of the rubbing surfaces, resulting in the transfer of
stainless steel on the ceramic surface because the former
has relatively low shear strength.

The ceramic surface with transferred stainless steel is
always subjected to the shear and compressive stresses
repeatedly in the sliding process, which will cause the
formation of microcracks and microfractures on the
ceramic surface or its subsurface. Meanwhile, the trans-
ferred stainless steel layer is also subjected to the adhe-
sive force coming from the counterpart of stainless steel

Fig. 2. Variation of friction coe�cient with load.

Fig. 3. Variation of wear rate of the ceramic with load.

Fig. 4. SEM morphologies of the worn ceramic surfaces (dry, 235.2 N,

1.6 m/s).

Fig. 5. SEM morphology of the worn ceramic (dry, 117.6 N, 1.6 m/s).

Fig. 6. Variation of friction coe�cient with speed.

Fig. 7. Variation of wear rate of the ceramic with speed.
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which can peel o� the transferred stainless steel layer.
Some ceramic microfracture pieces or Si3N4 grains will
also be peeled o� or pull out and quit the ceramic sur-
face with the peeled o� stainless steel layer, which gives
rise to the wear of the ceramic.

The adhesion-peeling o� mechanism of the ceramic
wear can be con®rmed by the SEM examinations of the
worn ceramic surface and its transverse section, see
Figs. 8 and 9. Microcracks were formed in both the
worn ceramic surface and its subsurface.

3.4. In¯uence of water on friction and wear

Comparing with dry frictional conditions, the fric-
tion coe�cient decreased a little and the wear rate
increased in water-lubricated conditions, see Figs. 2 and
3. The amount of the transferred stainless steel was
reduced due to the existence of water, see Fig. 10.
However, the lubricity of water is rather poor, it cannot

e�ectively prevent the adhesion between the rubbing
surfaces. Moreover, water can cause stress corrosion
and crack growth, decreasing mechanical strength of
the ceramic [12]. In this test, the wear rate increase of
Si3N4 ceramic in water lubricated conditions may be
attributed to the following factor. Water has strong
penetrability, it can easily in®ltrate into the preexisting
surface ¯aws or microcracks produced in the rubbing
process, accelerating the growth of the microcracks by
stress corrosion. When the ceramic surface is subjected
to repeated shear and compressive stresses, the micro-
crack growth and stress corrosion become more severe,
resulting in microfracture or catastrophic failure of
the ceramic. So microfracture wear of the ceramic
occurs more frequently in water lubricated conditions.
Although the adhesion between the rubbing surfaces is
prevented to some extent the wear rate of the ceramic is
increased. The microfracture wear process caused by
water can be schematically described as Fig. 11.
Considering the poor thermal shock resistance of the
ceramic, it is possible that rapid cooling action of water
(because of its high heat-adsorption capacity) results in
more microcracks, especially at higher sliding speed,
which also increases the microfracture wear of the
ceramic.

In addition to the microfracture wear mechanism,
chemical wear of the ceramic also occurs in water-
lubricated conditions. SEM examinations of the worn
Si3N4 surfaces suggest that an amorphous layer was
formed on the ceramic surface, see Fig. 12, which could
be the result of corrosion by water. In order to reveal
the formation mechanism of the amorphous layer,
the worn ceramic surface and the original ceramic
surface were examined by AES. The results are shown
in Fig. 13 and Table 2, respectively, from which it can
be found that the atom concentration of nitrogen
element decreased and that of oxygen element increased
on the worn ceramic surface compared with the original

Fig. 8. SEM morphology of the worn ceramic surface (dry friction,

235.2 N, 1.6 m/s).

Fig. 9. SEM examination on the transverse section of the worn ce-

ramic surface (dry friction, 235.2 N, 1.6 m/s).

Fig. 10. SEM morphology of the worn ceramic surface (water-lubri-

cated, 117.6 N, 1.6 m/s).
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surface. In addition, the peak of carbon element also
decreased in the worn ceramic surface (in Fig. 13b),
showing the decrease of atom concentration of carbon
element. The XRD pattern of the worn ceramic sur-
face (see Fig. 14) shows the existence of FeSiO3 and
SiO2.

All these results indicate that the tribochemical reac-
tions may occur in the water-lubricated conditions. Refs.

[13±15] considered that Si3N4 can be oxidized by water
in the rubbing process and then its oxides can dissolve
in water to form silicic acid. In this paper, the possible
tribochemical reactions were proposed as follows:

Si3N4 � 6H2O! 3SiO2 � 4NH3

SiO2 �H2O! Si�OH�4
SiO2 or Si�OH�4 � FeO! FeSiO3

So the amorphous layer on the worn ceramic surface
may be mainly composed of FeSiO3 and SiO2. The holes
in the microstructure may be formed by the corrosion of
water to the ceramic. The corrosion ®rstly occurs
between Si3N4 grains and the glassy phase of the ce-
ramic because more SiO2 may be produced on the Si3N4

grain surface and it is an active area for chemical reac-
tions, then the Si3N4 grains can be easily pulled out,
thus a lot of microholes are produced. The worn ce-
ramic surface becomes porous, its microstructure is
destroyed and its strength is decreased. In this way,
water also gives rise to the ceramic wear increase. The
tribochemical products, on the one hand, prevent the
rubbing surfaces from adhesion, reducing the friction
coe�cient; on the other hand, they bring about the
chemical wear of the ceramic, increasing the wear rate.

In water-lubricated conditions, the adhesive wear also
occurs because of the poor lubricity of water. The tri-
bochemical products formed on the worn ceramic sur-
face prevent the adhesion to some extent, so the friction
coe�cient is reduced. In addition to the adhesive wear,

Fig. 11. Microfracture process of the ceramic caused by water.

Fig. 12. SEM morphology of the amorphous layer formed on the

worn ceramic surface.

Table 2

Atom concentration (%) examined by AES

Elements Original Si3N4 surface Worn Si3N4 surface

N 23.7 4.9

O 23.1 42.2

Ti 4.8 5.1

Al 18.8 11.6

Fe 6.8 13.5

Si 17.1 16.8

Zr 5.7 5.9
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the wear of the ceramic in this condition is also attrib-
uted to microfracture wear and chemical wear.

4. Conclusion

From the above test results and surface examinations,
the following conclusions can be summarized.

1. In Si3N4 ceramic/stainless steel sliding contacts,
the wear of the ceramic is mainly caused by
the adhesion-peeling o� process. Stainless steel
®rstly transfers on the ceramic surface, then

the transferred stainless steel ¯ats will be sub-
jected to repeated shear and compressive stresses
until they are peeled o� the rubbing ceramic sur-
face. When the transferred stainless steel ¯ats are
peeled o� the ceramic surface, some ceramic
fragments or grains are also pulled out and taken
away. Higher load brings about more severe
adhesive wear and microfracture wear of the
ceramic.

2. With load and speed increasing, the friction
heat of the rubbing surfaces increases rapidly,
which will accelerate adhesion between the rub-
bing surfaces, increasing adhesion wear and

Fig. 13. AES spectrum of the ceramic surface (a) original surface (b) worn surface water-lubricated.

314 Zhao Xingzhong et al./Ceramics International 25 (1999) 309±315



microfracture, so the wear of the ceramic in-
creases with load and speed.

3. In water-lubricated conditions, the friction coe�-
cient is slightly reduced because water prevents
the adhesion of the rubbing surfaces to some
extent, but water can accelerate the microcrack
growth, causing severe microfracture wear. In
addition, it also brings about chemical wear of the
ceramic.

4. The test results show that water or even water-
based cutting ¯uids may be unsuitable for lubri-
cating Si3N4-based ceramic cutting tools.
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