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Abstract: The sliding wear tests were carried out under dry friction conditions at 
ambient temperature on a block-on-ring tribometer in order to simulate the real 
cutting practice of ceramic cutting tools. The investigated materials include a 
composite ceramic Al20s-TiCN, Al, Fe and a stainless steel (AISI 302) which 
were combined into three ceramic/metal sliding pairs. The load and speed ranged 
from 98 to 294 N and from 0.30 to 0.78 m/s, respectively. The test results indicate 
that the wear of the three metals was much higher than that of the ceramic and Al 
showed the highest wear rate among them. The wear scars and wear debris were 
examined by a scanning electron microscope with an energy-dispersive X-ray 
spectroscopy analyser. The results showed that the metals were easily transferred 
on to the ceramic surface in the rubbing process, and the ceramic microfracture 
fragments were also embedded into metal surfaces. The wear mechanisms of both 
the ceramic and the metals were discussed in detail. 0 1997 Elsevier Science 
Limited and Techna S.r.1. All rights reserved 

1 INTRODUCTION 

Ceramics, because of their excellent properties, 
such as high melting point, high hardness, good 
wear and corrosion resistance, antioxdation 
behaviour at high temperature, etc., have been 
widely used in many technical areas.ie3 The tribol- 
ogy of ceramics has developed rapidly in recent 
years and great progress has been achieved in this 
field.+* 

Most of the reported results in recent years are 
involved in ceramic/ceramic pairs. The wear and 
friction information about ceramic/metal pairs is 
still relatively insufficient, which may be one of the 
major restricting factors for much wider use of 
ceramics in many possible technical areas. In this 
paper, the wear and friction behaviours of A1203- 
TiCN ceramic sliding against three metallic mate- 
rials under unlubricated conditions were evaluated 
on a block-on-ring testing machine, which could 
simulate a real cutting practice and provide some 
useful data for wear control of ceramic cutting 
tools. The wear surfaces were examined by a scan- 
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ning electron microscope with an energy-dispersive 
X-ray spectroscopy analyser, and the wear 
mechanisms were discussed. 

2 EXPERIMENTAL METHOD 

2.1 Wear test equipment and samples 

The wear experiments were conducted on a block- 
on-ring testing machine. The contact model of the 
block and ring samples is shown in Fig. 1. The 
rotating speed of the machine could be adjusted 
from 0 to 400 rpm and the load could be changed 
from 0 to 1960 N. The ceramic block samples were 
produced by the Fine Ceramic Company of Tsin- 
ghua University. Their size was 5x 5x20 mm. The 
machined metallic ring samples were 40 mm in 
diameter and 10 mm in width. The frictional sur- 
face roughness of the blocks and the rings was 
R,=0.32 pm and R,=0.27 pm, respectively. The 
main properties of the ceramic and the metallic 
materials are listed in Table 1. 
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Table 1. Properties of the experimental ceramic and metallic materials 

Materials Ceramic Al Fe Stainless steel 

Hardness H RA94 HB45 HB177 HBlB7 
Tensile strength (N.mm-*) 110 300 520 
Density (g.cm-3) 5.12 2.73 7.80 7.90 
Compositions A1203,TiCN Al(>99.5%) Fe(CtO.O4%) Ni(S%),Cr(l8%) 

2.2 Experimental procedure 

Under unlubricated conditions and at ambient 
temperature, the wear behaviour of the ceramic/ 
metal pairs was tested as a function of load and 
speed, respectively. The load range was 98-294 N, 
and the speed range was 0.30-0.78 m/s. The sliding 
time was 10 min for each pair after a 2 min run- 
ning-in process. At least two tests were performed 
for every selected speed and load condition, and 
new specimens were used for each test. Before and 
after testing, the specimens were ultrasonically 
cleaned in an acetone bath for 15 min. The wear 
quantity of the block was calculated from its wear 
scar width, measured with an optical microscope. 

nramic 
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Fig. 1. Scheme of the contact model of block and ring. 
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The wear quantity of the ring samples was evaluated 
using a precision balance. The wear surface was 
examined by a scanning electron microscope with an 
energy-dispersive X-ray spectroscopy analyser. 

3 RESULTS AND DISCUSSIONS 

3.1 Effect of load on wear 

The relationship between wear and load at a con- 
stant speed (0.48 m/s) is shown in Fig. 2(a) for the 
metallic samples and Fig. 2(b) for the ceramic 
samples. It could be seen that the wear increased 
gradually with load from 98 to 196 N. The steep 
increase in wear may be related to the transition of 
wear mechanism. In the lower load range (from 98 
to 196 N), the main wear mechanisms of the metals 
may be abrasive wear and oxidation wear. In the 
high load range, the wear mechanisms of the 
metals may change into adhesive wear, and the 
ceramic wear was mainly caused by the adhesion of 
the rubbing surfaces and the microfracture of the 
ceramic. So the wear of both the metal and the 
ceramic was higher in the high load range. Figures 
3(a) and 3(b) show the typical morphologies of the 
worn surfaces of the aluminium rings at a load of 
98 N compared to that at 294 N. A lot of adhesive 
marks and scratching grooves can be seen on the 
worn surface formed at 294 N. 
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Fig. 2. The variation of wear with load (speed 0.48 m/s): (a) for metals, n - Al, 0 - Fe, 0 - stainless steel; and (b) for cera- 
mics, A - against Al, 0 - against Fe, 0 - against stainless steel. 
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Fig. 3. SEM morphologies of worn Al surfaces (x300): (a) 98 N, 0.48 m/s; (b) 294 N, 0.48 m/s. 

The wear quantity of the metals is more than 10 
times larger than that of the ceramics, which is 
obviously due to the high hardness of the latter. 
Among the three metallic materials, Al has the 
lowest hardness, and has a stronger tendency to be 
oxidized in comparision to Fe and stainless steel, 
which makes it easily adhered to the ceramic 
(AlzOs-TiCN) surface. The metal transfer on to 

the ceramic surface occurred for all three metals, 
but was different in magnitude due to the different 
properties of the metals. Figures 4(a) and 4(b) indi- 
cate the morphologies of the transfer films of Al 
and stainless steel under identical operating condi- 
tions. The lowest wear of the ceramic sliding 
against aluminium ring may be due to the follow- 
ing factors: (a) the transfer film of Al on the 

Fig. 4. SEM morphologies of metal transfer films on the ceramic surfaces (x300): (a) for Al, 196 N, 0.48 m/s; (b) for stainless 
steel, 196 N, 0.48 m/s. 
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Fig. 5. The variation of wear with speed (load 196 N): (a) for metals, A - Al, 0 - Fe, 0 - stainless steel; and (b) for 
mics, a - against Al, q - against Fe, 0 - against stainless steel. 
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Fig. 6. Comparison of wear rates of the three ceramic/metal 
pairs. 

ceramic surface is more complete than that of 
stainless steel, which can play a role in protecting 
the ceramic from wear to some extent; (b) Al is 
softer and causes lower stresses on the ceramic 
than the other metals do. Both these factors 
made the wear of the ceramic block rubbing 
against Al ring lower than against the other two 
metal rings. 

3.2 Effect of speed on wear 

Figure 5 shows the relationship between wear 
quantity and speed, at a load of 196 N. It indicates 
that the wear increased with the speed. At high 
speed, the intensive adhesion occurred between the 
ceramic and the metal, i.e. the adhesive wear pre- 
dominated at these conditions because of the ele- 
vated temperature of the rubbing surfaces. Al 
showed the largest wear quantity due to its low 
melting point. The mean wear rates of these mate- 
rials are shown in Fig. 6. The worn surfaces of Al 
at lower and higher speed are shown in Fig. 7. 

3.3 Materials transfer between rubbing surfaces 

The transfer film of metallic materials on the cera- 
mic surfaces could be found after all tests (see Fig. 

Fig. 8. SEM morphology of the worn stainless steel surface 
(x300), 196 N, 0.48 m/s. 

4). Under the same conditions, the transfer amount 
of Al on the ceramic surface was much larger than 
that of Fe and stainless steel. The difference may be 
caused by the different hardness and oxidation 
activity of the metallic materials. Bowden and 
Tabor have studied the relationship of adhesive 
coefficient and hardness of many metals. They 
considered that the adhesive coefficients of metals 
decrease with increasing hardness, i.e. for the 
metals of low hardness, the adhesion can occur 
more easily than for those of high hardness. In 
addition, McDonald and Eberhalt” thought that 
the adhesive tendency of metals to the surface of 
oxide ceramics (AlzOs, ZrOz, etc.) is directly rela- 
ted to their oxidation activities - the more easily 
the metals are oxidized, the greater the adhesive 
forces between them and the oxide ceramic sur- 
faces. The standard heats of formation of Fe304 
and Al203 are -1117.9 kJ/mol and -1676.8 kJ/ 
mol, respectively,* l which indicates that Al is oxi- 
dized more easily than Fe, and can explain why the 
wear quantity of Al is greater than that of Fe and 
stainless steel. 

Not only were the metallic materials transferred 
on to the ceramic surfaces in the rubbing process, 
but also the ceramic fracture fragments were 
embedded in the metal surfaces. The black points 
indicated by the arrows in Fig. 8 are ceramic frag- 
ments, and the X-ray energy dispersion spectrum is 

Fig. 7. SEM morphologies of worn Al surfaces (x300): (a) 196 N, 0.78 m/s; (b) 196 N, 0.30 m/s. 
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4 CONCLUSIONS 

The following conclusions can be drawn: 

Fig. 9. X-ray energy dispersion spectrum of the embedded 
ceramic fragment. 

1. 

2. 

3. 

Under dry conditions, the wear quantity of 
both the ceramic and the metals increases 
rapidly with the load and speed for the cera- 
mic/metal pairs. Adhesive wear predominates 
in the rubbing process. 
Among the three metallic materials, namely 
Al, Fe and stainless steel, Al shows the stron- 
gest adhesive tendency to the ceramic surface 
because of its low hardness and high oxida- 
tion activity. 
The wear quantity of the ceramic block is 
lowest when sliding against the Al ring. The 
relatively complete transfer film of Al on the 
ceramic surface plays a role in protecting the 
ceramic from wear, while the transfer films of 
Fe and stainless steel on the ceramic surfaces 
are not as complete as the Al film. 

shown in Fig. 9. The existence of Fe, Cr and Ni in 
Fig. 10(a) show the transfer of the stainless steel on 
the worn ceramic surface, while the Ti and Al 
peaks in Fig. IO(b) were brought about by the 
embedded ceramic fragments on the worn stainless 
steel surface. From the above, the wear mechanism 
of the ceramic could be described as Fig. 11. 
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Fig. 10. X-ray energy dispersion spectrum of the worn surfaces (a) for ceramic, and (b) for stainless steel. 
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Fig. 11. Schematic description of the ceramic wear mechanisms. 
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4. In the rubbing process, not only do the metals 
transfer on to the surfaces of the ceramics, but 
also microfracture fragments of the ceramics 
were embedded into the metal surfaces. 
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