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Abstract — In this paper we assess the wear properties of three different materials by friction and wear experiments. The friction 
coefficient between bearing steel and balls made from bearing steel and ceramics is accurately measured under different 
conditions. The friction coefficient which is influenced by pressure, speed, abrasive particle size, abrasive concentration and ball 
material is analyzed by single factor analysis method. The friction and wear properties of different material of the original balls is 
studied by weighing method and SEM surface observation. As a result, the friction and wear properties of ball surface under oil-
based lapping slurry is studied. This study should provide a valuable guidance in determining the minimum loading of single ball 
during service and thus can improve the performance of loading system. 
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I. INTRODUCTION 

With the rapid development of economy and society, 
more and more tunnels are constructed in mountainous area 
[1]. But for the complexity of mountainous terrain, it is 
difficult to avoid building bias tunnel, especially in portal 
section, along the river area, along the mountain area, etc. 
Because the unsymmetrical load of bias tunnel, it is  

In the process of precision ball manufacturing, the 
minimum loading of compression system was concerned 
with the contact friction coefficient and rotating speed of the 
lapping plate. The minimum loading of the ball should be 
calculated because the rotate of lapping plate was controlled 
by person. At the same time, the friction coefficient between 
grinding fluid and the contact point of the grinding plate 
should be measured accurately. Many research of the friction 
and wear experiment were carried out[1-10], especially 
mechanical model, theoretical analysis [11-15],etc, but  the 
result were not satisfied. 

The friction and wear experiment was carried by oil-
based grinding fluid. The friction coefficient between balls 
and grinding plate is measured. The influencing parameter 
was analysed. Meanwhile the wearing capacity and wear 
pattern were studied. 

II. EXPERIMENTAL MODEL 

The experiments were carried by four balls test method. 
The principle of the testing machine was showed in Fig.1 
that the friction pair is comprised of four balls (one upper 
ball and three below balls). The upper ball was installed in 
the fixture, meanwhile the below balls were fixed. The upper 
ball was rotated by the spindle and the below balls were 
compressed by the compression system. The SH-T 0762-
2005 lube oil friction coefficient testing (The four balls) 
standard was referred to carry out the experiment [16]. The 
influence of the friction factor of pressure, rotating speed, 
concentration and material of the ball were analyzed by 

means of single factor experiment. Meanwhile the friction 
and wear property of different material ball was analysed by 
weighing and SEM. 
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Fig.1  The principle of the testing machine 
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Fig.2 The force analysis of the testing machine 
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The principle of the testing machine was showed in Fig.1. 
According to the force analysis in Fig.2, the friction 
coefficient was deduced: 

Nf   (1) 

 / cos35.2644 0.0044902T fL P L P     (2) 

P

T
97985.222   (3) 

Where: 
µ—friction coefficient T—friction torque（N∙m） 
L—length arm of force（m） 
P—experimental loading（N） 
N—contact force（N） 
f—overall friction（N） 
According to standard  SH-T 0762-2005,  the value of  L 

is 0.003662m.. 

III. FRICTION AND WEAR EXPERIMENT 

A. The experimental equipment 

The friction and wear testing machine of CETR was 
carried out. The forcing scope is 0~1000N， the forcing 
precision is 0.01N，the range of torque sensor is 0~22 N∙m，
the measurement accuracy is 0.001 N∙m. The wear capacity 
is measured based on the quality difference by means of the 
precise analysis balance SI-234. The microstructure of 
abrasion was observed by SEM. It was used to estimate the 
wear form and the wear-resisting property of different 
material balls. 

B. Experimental material 

The G10 bearing steel ball of 12.7mm was used to 
below balls in the experiment. The G10 grade requires a 
sphericity of less than 0.25 μm and a surface roughness of 
less than 0.02 μm. The three different balls were used to the 
upper balls, which were G10 bearing steel ball, Si3N4 

Ceramic ball and ZrO2 Ceramic ball. The original parameters 
are showed in Table.1. 

TABLE 1. THE ORIGINAL PARAMETERS OF THE BALLS 

Ball 
Roundness 
（μm） 

Roughness 
（nm） 

Ball diameter 
variation 
（μm） 

bearing steel 0.17 18 0.2 

Si3N4 0.18 17 0.2 

ZrO2 0.23 19 0.3 

C. Experimental Condition 

The experimental conditions are listed in Table.2. The 
influence factor, including four rotate speed, abrasive grain, 
concentration, material of ball , were carried out by single 
factor experiment. The four groups were shown below： 

The first group: In order to analyze the  influence of 
rotate speed , the condition is followed: the rotate speed is 

280 rpm, 630 rpm,950 rpm,100 rpm and 1200 rpm， the 
particle size of diamond paste is W5, abrasive concentration 
is 4%wt,  the material is Si3N4. 

The second group: In order to analyze abrasive 
concentration, the particle size of diamond paste is W2.5, the 
abrasive concentration is 1%wt, 4%wt, 7%wt and 10%wt，
the rotate speed is 630 rpm, the friction coefficient is 
compared between the pure kerosene and dry friction, the 
material is ZrO2. 

The third group: In order to analyze abrasive grain, the 
particle size of diamond paste is W0.5, W2.5 and W5, the 
abrasive concentration is 4%wt, the rotate speed is 630rpm, 
the material is ZrO2. 

The fourth group: In order to analyze material, the 
material of balls is bearing steel ball, Si3N4 Ceramic ball and 
ZrO2 Ceramic ball, the particle size of diamond paste is W5, 
the abrasive concentration is 4%wt, the rotate speed is 
630rpm. 

TABLE 2  EXPERIMENTAL PARAMETERS 

Parameter Value 

Workpiece material Bearing steel, Si3N4, ZrO2 

Diameter (mm) 12.7 

Precision grade G10 

Abrasive (μm) Diamond (W0.5, W2.5, W5) 

Base fluid Aviation kerosene 

Abrasive concentration  (%wt) 1%wt~10%wt 

Load (N) 20~500 

Rotating speed (rpm) 100~1200 

IV. RESULTS AND DISCUSSION 

A. Single Factor Analysis 

Influence of rotating speed on the fiction coefficient is 
shown in Fig. 3. According to the adhesion fiction theory by 
Bowden and Tabor[17], it is found that the optimal range of 
rotating speed is between 280 rpm and 950 rpm, which 
means the corresponding machining speed range of ultra-
precision ball processing machine is between 5 rpm and 15 
rpm. 

Influence of abrasive concentration on the fiction 
coefficient is shown in Fig. 4, which indicates that there is 
little influence of abrasive concentration on the fiction 
coefficient. Reason of this result is as follows: movement of 
abrasives in contact area is mainly rolling, which generate 
little friction. Increase of abrasive concentration will let more 
abrasives get into contact area, but increase of abrasives will 
reduce the actually contact area between balls, which will 
reduce the friction between balls. 

Influence of abrasive size on the fiction coefficient is 
shown in Fig. 5, from which we can see that larger abrasive 
size means larger friction coefficient. It is because abrasives 
have larger size will have larger volume, which can bring 
larger extra friction in contact area, but has little influence on 
the size of contact area. 

Influence of workpiece material on the fiction coefficient 
is shown in Fig. 6. It is found that friction coefficient of ZrO2 
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and bearing steel will decrease as the load increasing in the 
range of 100N~500N. Friction coefficient of Si3N4 has 
increased slightly when load increasing, it is because the 
wear of Si3N4 under large load is mainly brittle caving, 
which decreases its surface quality thus increases the friction 
coefficient. 

Si3N4 

Fr
ic

tio
n 

co
ef

fi
ci

en
t 

Load (N)  

Fig.3 Influence of rotating speed on the fiction coefficient 
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Fig. 4 Influence of abrasive concentration on the fiction coefficient 
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Fig. 5 Influence of abrasive size on the fiction coefficient 
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Fig .6  Influence of Work-piece Material on the Fiction Coefficient. 

 

B.  Friction and Wear Analysis 

Friction property of material is analyzed by observing 
and analyzing the worn surface of upper balls using SEM, 
while the wear resistance is evaluated by wear loss of balls 
made of different materials. The wear loss is got by 
comparing the quality of upper balls before and after friction 
experiments using precision analytical balance. 

(1) Adhesion Wear: During the experiment, adhesion 
wear is mainly exists under conditions of pure kerosene, dry 
friction and abrasive concentration of 1%wt. The macro and 
micro surface texture of ZrO2 after dry friction with a 
rotating speed of 630rpm is shown in Fig. 7. It can be seen 
that due to the adhesion effect in contact area under large 
load, cracks on ceramic ball surface is filled with granular 
substances which originally belong to bearing steel. The 
yellow color of contact area is caused by oxidation reaction 
of iron as the temperature in contact area is rather high. 

  

a. Marco observation                b. SEM image (5000×) 

Fig. 7 Surface texture of adhesion wear. 

 

(2) Abrasive Abrasion 
The micro surface textures of Si3N4 and bearing steel 

after abrasion are shown in Fig. 8(a) and Fig. 8(b) 
correspondingly . The abrasive is W5 diamond with 
concentration of 4%wt (in the form of lapping paste), and the 
rotating speed is 630rpm. Both surface can be found with 
dense distribution of ploughed texture caused by carving of 
diamond. 
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a. SEM image of Si3N4 surface (1000×) 
b. SEM image of bearing steel surface (1000×) 

Fig. 8 Presentation of abrasive abrasion 

(3) Fatigue Wear 
As shown in Fig. 9, the fatigue wear of Si3N4 surface is 

mainly fatigue caving. And for ZrO2 surface, the fatigue 
wear is mainly fatigue caving and cracks, which can be seen 
in Fig. 10. 

  

a. Macro image of Si3N4 surface   

b. SEM image of Si3N4 surface (1000×) 
Fig. 9 Fatigue wear of Si3N4 surface 

  

a. Fatigue caving of ZrO2 surface (200×) 
b. crack on ZrO2 surface (1000×) 

Fig. 10 Fatigue wear of ZrO2 surface 

C.  Analysis of Wear Resistance 

Wear resistance is evaluated by wear loss of balls before 
and after friction experiment. During experiment, the 
rotating speed is 630 rpm, and the abrasive is W5 diamond. 
Experimental results are shown in Fig. 11. 

From Fig.11 it can be seen that Si3N4 has the largest wear 
loss, then is ZrO2. Bearing steel presents the best wear 
resistance, which is because the wear of bearing steel is 
mainly abrasive abrasion, while the Si3N4 and ZrO2 always 
suffer from fatigue caving. The carbon content of bearing 
steel is fairly high, which brings a self-lubrication effect that 
is also benefit to the wear resistance. When applying high 
load, part of ZrO2 will generate martensitic transformation 
that can effectively inhibit the generating of fatigue caving[18], 
while the Si3N4 is observed with lager area of fatigue caving 
(as shown in Fig. 9(b)), this is why the wear loss of ZrO2 is 
smaller than Si3N4. From Fig. 11 it can also be found that the 
wear loss of balls will increase as the abrasive concentration 
increasing. It is obvious as more abrasives will cause more 
abrasion. 
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Fig. 11.  Wear Loss of Different Materials 

V. CONCLUSION 

Based on four balls test method, friction experiment of 
three different materials is carried out, and the friction 
properties between different materials under different 
experimental conditions are studied. Conclusions can be 
drawn as follows: 

1) Among the single factors affecting the friction 
coefficient, the machining load and workpiece material   
have little influence on friction. For rotating speed of the ball 
machining equipment, there exist an optimal range between 
5~15rpm. The friction coefficient will increase when the 
concentration and size of the abrasives become larger. 

2) The wear on bearing steel  surface is mainly abrasive 
abrasion,  and for Si3N4 and ZrO2 surface, the wear is 
always accompanied with fatigue wear. Adhensive wear 
mainly appeares under conditions including dry friction, pure 
kerosene and abrasives with a concentration of 1%wt. 

3) Bearing steel present the best wear-resistant property, 
then is ZrO2, and Si3O4 has the poorest performance. Wear 
loss of all these three materials will increase as the abrasive 
concentration increasing.  
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