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Abstract: The tribological properties of three Tic-based ceramics - HM 1, HM2 
and HM3 - against high speed steel were investigated by using a pin-on-disk 
tribometer at 25°C and 600°C. The results of the tests indicated that the friction 
coefficient and wear rate of HM2 were the lowest among the three ceramics. Its 
friction coefficient was 0.19, and its wear rate was 1.14x10-‘4m3/N.m. The 
examinations of wear scars for ceramics by means of scanning electron micro- 
scope (SEM), X-ray diffractometer (XRD) and electron probe analyser indicated 
that the composition and structure of oxide films formed on the sliding tracks of 
the ceramics exhibit an important effect on the high temperature self-lubricating 
behaviour. This investigation also proved that MO can improve the tribological 
properties of ceramics, while WC shows a negative effect on them. The different 
wear mechanisms of HMl and HM2 were also discussed in this study. 0 1997 
Elsevier Science Limited and Techna S.r.1 
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1 INTRODUCTION 

The high hardness, wear resistance and corrosion 
resistance, combined with relatively low specific 
gravity of modern ceramics, offer them substantial 
advantages over metallic materials. In many appli- 
cations, ceramics have been recognized as having 
great potential as substitutional materials for a 
series of rubbing-pairs, such as seal rings, valve 
seats, extrusion dies, cutting tools, bearings, cylin- 
der liners, etc.1,2 

Great progress in studying the tribological beha- 
viours of ceramics has been achieved in recent 
years. The friction coefficient and wear rate of 
ceramics depend greatly on the experimental con- 
ditions, such as sliding speed, load, contact models, 
temperature and environment situations.3-5 In an 
unlubricated sliding condition, the friction coeffi- 
cient for various ceramics is between 0.1 and 1.0. 

The effect of temperature on the friction coefficient 
of ceramics is more complicated. For example, the 
friction coefficient of an A120s/A1203 rubbing pair 
at 800°C was higher than that at room tempera- 
ture, but lower than that at 400”C,2 while the fric- 
tion coefficient decreased with the increase of 
temperature for an M-2 tool steel/A1203 rubbing 
pair.(j Generally, the friction coefficient of both 
ceramic/ceramic and ceramic/steel rubbing pairs in 
the unlubricated condition is very high for many 
applications, and the wear rate of ceramics is also 
several orders of magnitude greater than the per- 
missible value.7 So the lubrication problems of 
ceramics must be solved in order to use ceramics in 
a wider field, especially in high temperature envir- 
onments. Murray and Calabrese8 reported that 
some solid lubricants are very effective in reducing 
the wear of silicon nitride at temperatures up to 
800°C. However, they did not reduce friction. The 
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result of Longson’s test showed that a composite of 
CaFz/BaFz/Ni is an effective lubricant for silicon 
carbides and titanium carbides at room tempera- 
ture and at 600”C.9 The solid film and coating 
lubricants used for high temperature are usually 
limited because the lubricant films can not reform 
themselves when they are worn away. The conven- 
tional liquid lubricants usually show a poor oxida- 
tive and thermal stability. In this paper, the 
tribological and self-lubricating properties of three 
Tic-based ceramics were investigated. At high 
temperature, the lubricating film was formed on 
the ceramic surface, and it could reform immedi- 
ately when some part of it was worn away. This 
ability could solve the lubrication problem of the 
ceramics at high temperature. The self-lubricating 
mechanism of the ceramic was examined by using 
SEM and XRD. 

2 EXPERIMENTAL DETAILS 

The tests were carried out on a pin-on-disk trib- 
ometer at temperatures from 25 to 600°C. The 
schematic diagram of the tester is shown in Fig. 1. 
The pin was fixed, made from quenched high speed 
steel (HRC 62), 5 mm in diameter and 15 mm in 
length. The disk, made from three different hot- 
pressed Tic-based ceramics, represented as HM 1, 
HM2 and HM3, respectively, was rotating. Its size 
was #45 mmx 5 mm. The properties of the three 
ceramics are listed in Table 1. The original surface 
roughness of both the pins and the disks was 
Ra = 0.16 pm. Before the tests, the specimens were 
cleaned with acetone in an ultrasonic bath for 
15 min. The load was 39.2 N, the sliding speed was 
1 .O m/s, and the running time was 60min for each 
pair. At least two tests were performed for each 
condition, with the standard deviation being less 
than 5%. The friction force was recorded continu- 
ously. The wear volumes of specimens were calcu- 
lated from the weight loss data, which was 
measured by using a precision balance. In order to 
correct the weight increase caused by high tem- 
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Fig. 1. Schematic diagram of the tester. 

perature oxidation, a disk specimen was main- 
tained at the same high temperature for the same 
time as the friction tests usled, its weight increase 
could then be obtained and used as a reference for 
other disk specimens in frict:ion tests. 

3 RESULTS AND DISCUSSION 

3.1 Effect of temperature on diction and wear 

The friction and wear characteristics of the cera- 
mics were investigated at 25°C and in the range of 
300-600°C. The results are shown in Table 2. The 
mean friction coefficient of the three ceramics at 
25°C was 0.45-0.47. It decreased to 0.194.29 at 
600°C. The variation of the friction coefficient with 
temperature is shown in Fig. 2. In general, the 
friction coefficients of the three ceramics decreased 
slowly with the increase of temperature, but the 
decrease velocity was different for the three cera- 
mics. The friction coefficient of HM2 at 600°C was 
the lowest among them. The variation of the wear 
rate with temperature was #similar to that of the 
friction coefficient. Their wear rates at 600°C were 
much smaller than those at 25°C (see Table 2). 

The examinations on the worn ceramic surfaces 
by using SEM and XRD indicated that the 
decrease of friction and wear with temperature was 
attributed to the oxide films formed on the ceramic 
surfaces at high temperature. These oxide films 
were different in thickness, composition and lubri- 
city for different materials. So the three ceramics 
showed different friction and wear properties at 
high temperature. 

The variation of friction coefficients with sliding 
time at 600°C is shown in Fig. 3. At a constant 
temperature, the friction coefficients for all three 
ceramics were generally stable during the whole 
running time, a slight fluctuation could be caused 
by the partial breakdown and reforming of the 
oxide film on the rubbing surface. 
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Fig. 2. Variation of friction coefficient with temperature. 
Temperature increase 8”C/min, load 39.2 N, sliding speed 

l.Om/s. 
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Table 1. Composition and properties of the three Tic-based ceramics 

Materials Composition Density Hardness Impacting strength Compressive strength 

(w-t%) (g.cm-3) (HRA) (x104N.m/m2) (MPa) 

25°C 600°C 

HMI TIC, Ni(18) 5.67 69 0.86 680 610 
HM2 TIC, Ni(13), MO(~) 5.86 72 1.06 760 680 
HM3 TIC, WC(10). Ni + Mo(18) 7.26 78 1.33 900 870 

Materials 

Table 2. Friction and wear properties of the three ceramics at different temperatures 

Mean friction coefficient Wearrate(xlO-14m3/N.m) 

25°C 300-600” C 600°C 25°C 300-600” c 600°C 

HMI 0.47 0.38 0.29 19.60 13.70 10.60 
HM2 0.45 0.27 0.19 8.39 1.76 1.14 
HM3 0.47 0.33 0.21 7.47 2.16 1.38 

3.2 Effect of Mo on the friction and wear of the 
Tic-based ceramics 

The components MO and WC could not only affect 
the physical and mechanical properties of the TiC- 
based ceramics, but also cause the difference in the 
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Fig. 3. Variation of friction coefficient with running time. 
Temperature 6OO”C, load 39.2 N, sliding speed 1 .O m/s. 
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tribological characteristics. The friction coefficients 
of HMl at 25°C and 600°C were 0.47 and 0.29, 
respectively, which indicated that this ceramic 
shows a certain self-lubricity at high temperature. 
Generally, the reason for the self-lubricity of some 
materials at high temperature is considered to be 
the formation of an oxide film on the rubbing sur- 
face. The lower friction coefficient and wear rate of 
HMl at high temperature were just due to the for- 
mation of nickel oxide (NiO) film (see Fig. 4). 

Compared with the ceramic HM 1, HM2 showed 
a much lower friction coefficient and wear rate at 
600°C. The XRD spectrum of the worn HM2 sur- 
face is shown in Fig. 5. The formation of Moo3 on 
the rubbing surface made the friction coefficient 
and wear rate of HM2 much lower. 

Both NiO and Moo3 are good solid lubricants 
for high temperature application, Moo3 can be 
produced more easily than NiO at the same tem- 
perature. The differential thermal analysis curves 

--. 
21 42 

I- 1 

62 

Fig. 4. XRD spectrum of the worn HMI surface. 
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Fig. 5. XRD spectrum of the worn HM2 surface. 

of MO and Ni powders are shown in Fig. 6. The 
temperature at which MO begins to be oxidized 
intensely is about 100°C lower than the tempera- 
ture for Ni. The standard heats of formation of 

Moo3 and NiO are -745 kJ.molP1 and 
-240 kJ.mol-*, respectively,1° which also indicates 
that MO can be oxidized more easily than Ni. At 
high temperature, only a little NiO was produced 
on the HMl rubbing surface, the lubricating film 
of NiO was too thin to reduce the friction and 
wear. The film could not be self-mended right away 
when it was worn out, which led to the occurrence 
of intense adhesive and abrasive wear (caused by 
ceramic particles). Apart from NiO, quite a large 
amount of Moo3 was formed on the surface of 
HM2, and the oxide film was thick enough to 
separate the high speed steel and the ceramic sur- 
faces. In this case, the oxide film could be formed 
easily because of the existence of MO. So only oxi- 
dation wear occurred for the ceramic HM2 at 
600°C and the friction and wear were quite low. 
The SEM examination of the worn ceramic sur- 
faces proved the wear mechanisms clearly (see 
Fig. 7). The wear scar of HMl was much rougher 
than that of HM2. A complete oxide lubricating 
film could be found on the SEM micrograph of 
HM2. 

713°C 

(a) fi 

Fig. 6. The differential thermal analysis curves: (a) for MO 
powder and (b) for Ni powder. 

3.3 Effect of WC on the friction and wear of the 

Tic- based ceramics 

The ceramic HM3 was composed of TIC, WC, Ni 
and MO. The addition of WC brought about a 

Fig. 7. SEM morphologies of the worn ceramic surfaces (x 300): (a) HM 1 and (b) HM2. Temperature 6OO”C, sliding speed I .O m/s, 
load 39.2 N, running time 60 min. 
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3.OK 

Fig. 8. XRD spectrum of the worn HM3 surface. 

65 

harmful effect on its friction and wear. Its friction 
coefficient and wear rate at high temperature were 
a little higher than those of HM2. This effect of 
WC should be attributed to its high temperature 
oxidation. Figure 8 is the XRD spectrum of the 
worn HM3 surface. It can be seen that a large 
amount of W03 was produced on the rubbing sur- 
face. Reference 11 reported that the friction coef- 
ficient of W03 at 538°C was 0.55, while the friction 
coefficient of Moos was only 0.20. In addition, the 
large amount of WOs made the oxide film on the 
HM3 surface too thick and too loose. Conse- 
quently, the film could be broken and worn away 
easily. So the existence of WC in the Tic-based 
ceramics deteriorated the friction and wear prop- 
erties of the materials. 

4 CONCLUSION 

The following conclusions can be drawn from the 
results discussed above: 

(1) 

(2) 

(3) 

The three Tic-based ceramics showed dif- 
ferent self-lubricity at high temperature. 
Among them, HM2 exhibited the lowest 
friction coefficient and wear rate. 
The self-lubricating property of the ceramics 
was due to the formation of an oxide film on 
the rubbing surface. NiO was a very good 
high temperature lubricant, but the amount 
of NiO produced on the HMl surface was 
too little to lubricate the rubbing surface. 
The MO component of Tic-based ceramics 
could be oxidized more easily than Ni. A 
much thicker and denser oxide film was 

(4 

(5) 

formed on the HM2 rubbing surface at high 
temperature, which made the ceramic show 
good friction and wear properties. 
Because of the different compositions, the 
ceramics HMl and HM2 showed different 
wear mechanisms at high temperature. The 
former could be worn away mainly by 
adhesive and abrasive wear. However, the 
latter was worn away only by oxidation 
wear, so the wear rate was quite low. 
The formation of W03 on the HM3 rubbing 
surface deteriorated the friction and wear 
properties of the ceramic because WOs 
showed quite a high friction 
high temperature. In addition, 
was too thick and too loose, 
broken and worn away easily. 

coefficient at 
the oxide film 
and could be 
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