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ABSTRACT 

Carbon nanotubes are usually filled into composite 
materials due to their inherently good elasticity, high 
chemical stability, strong surface adsorption properties 
and low density, which is expected to improve the 
mechanical strength and tribological properties of 
composites. Based on this, the carbon nanotubes were 
filled into the polyimide composite material, and a 
porous composite material for the bearing cage of the 
space mechanism was developed. Firstly, the hardness, 
pore structure, oil-bearing properties and tribological 
properties of the materials were studied. The results 
show that the addition of carbon nanotubes improves the 
immersed oil content and tribological properties of the 
materials. The materials have higher Shore hardness and 
good pore structure. The developed material was 
processed into a 7004C bearing cage, and the friction 
torque and micro vibration were tested in the bearing 
assembly. At last, the life test of the bearing assembly 
was carried out and the bearing assembly is running 
steady.  
 
1. BACKGROUND 

The space mechanism, such as flywheel and control 
moment gyro, has the characteristics of long life and 
high speed, for example, the rotational speed is 
generally from several thousand to tens of thousands of 
revolutions per minute, and the life should be more than 
15 years. Angular contact ball bearings are usually used 
in this kind of space mechanism for rotary support. In 
order to meet the long-life and high-speed working 
requirements, porous oil-containing cages were used in 
bearings of space high-speed mechanism.  
 
Porous materials could be made by cotton-based phenol 
and polyimide. This type of material has a micron-sized 
pore inside, which can be impregnated with a certain 
amount of lubricating oil in advance. However, space 
mechanism failures have occurred several times due to 
abnormal wear of the bearing cage in these years [1-3], 
which seriously affected the completion of aircraft 
mission and quality, so new porous composites with 
longer lubrication life is urgent to be developed. 
 
The tribological performance of the high-speed bearing 

cage material needs to be improved for reducing the on-
orbit failure of the space mechanism, and the 
tribological properties of the porous cage material are 
directly related to the oil-containing properties, 
mechanical properties and hardness of the material. 
Nanomaterials are commonly used additives to improve 
the tribological properties of composite materials. 
Carbon nanotubes are one-dimensional hollow structure 
nanomaterials, which not only have the unique surface 
effects of nanomaterials, but also have special structural 
forms and strong chemical stability. These properties 
could improve the tribological properties and 
mechanical strength of composites [4-6].  
 
Based on above, the carbon nanotubes were filled into 
porous polyimide composites, and a new type of porous 
composites was developed. Firstly, the mechanical 
properties, the pore structure, oil-holding performance 
and tribological properties of porous materials were 
tested. Then the porous material was processed into 
cages for the 7004C angular contact ball bearing. The 
friction torque and the micro vibration of the bearing in 
bearing assembly were studied. At last, the life test of 
the bearing assembly was carried out. The purpose of 
this research is to propose an ideal replacement for cage 
materials and provide a guarantee for the long-life 
realization of space agencies. 
 
2. PREPARATION OF MATERIAL 

The carbon nanotube-filled porous composite material is 
prepared by cold pressing and sintering process. The 
material was composed of carbon nanotubes, pore-
forming agents, PTFE and resin matrix. The carbon 
nanotubes are the large-inner thin-walled carbon 
nanotubes, see Fig.1. The large-inner thin-walled carbon 
nanotubes have an outer diameter of 30 to 60 nm, an 
inner diameter of 20 to 50 nm, a length of 1 to 10 μm, 
and the specific surface area (SSA) is above 200 m2/g. 
The pore-forming agent is made by our lab, and the 
resin matrix is thermoplastic polyimide.  
 
During the preparation of the porous composite material, 
the mixed powder should be thoroughly stirred several 
times to prevent the agglomeration of the carbon 
nanotubes in the material, which affect the performance 
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of the material. In addition, in order to study the 
influence of carbon nanotube content on the material, a 
variety of porous composite materials with different 
carbon nanotube contents were prepared as shown in 
Fig. 2. 
 

 
(a) TEM image of CNTs 

 
(b) SEM image of CNTs 

Figure 1. The large-inner thin-walled carbon nanotubes 
filled into the porous composite material 

 

 
Figure 2. The porous composite materials with different 

carbon nanotube contents 
 
3. PROPERTIES OF THE POROUS MATERIAL  

The properties of the porous material filled with carbon 
nanotubes were presented in this section. The properties 
included the mechanical properties, the porous structure, 
oil-holding performance and tribological properties. 
 
3.1. Mechanical Properties 

The hardness of the porous material was measured by a 
TH210 Shore hardness tester. The results are shown in 
Fig.3. It can be seen that the hardness of the material 
was above 75, and the hardness first increased and then 
decrease with the increase of CNT. The maximum 

hardness of the material was 81 when the content of 
CNT was 0.5 wt%. According to wear principle, the 
wear resistance is positively correlated with the 
hardness, so the porous material filled by 0.5 wt% of 
CNT was employed. 
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Figure 3. Change of hardness of porous material 

 with the CNT contents 
 
3.2. Pore Structure 

The pore size and distribution inside the porous 
composite filled with 0.5 wt% CNT were tested by YG-
97A mercury intrusion porosimeter. The results are 
shown in Fig. 4. It can be seen from the figure that the 
pore size of the material is mainly concentrated between 
0.4 um and 2.5 um, the pore size distribution of the 
material is relatively concentrated, and the average pore 
diameter of the material is 1.14um. In most conditions, 
the oil retention property of the material is better under 
this pore size. 
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Figure 4. Pore size and distribution of the 

 porous material 
 
The microstructure of the porous composite was 
observed by SEM, as shown in Fig. 5. The micro pores 
could be found in the surface of porous material. The 
micro pores could store the lubrication oil. It can be also 
found the size of the pores was on the order of 
micrometers, which is consistent with the results of the 
mercury intrusion test. 
 

_____________________________________________________________________________________________ 
Proc. 18. European Space Mechanisms and Tribology Symposium 2019, Munich, Germany, 18.-20. September 2019



 

 
(a) 500× 

 
(b) 2000× 

Figure 5. The SEM of the porous material filled  
with 0.5 wt% CNT  

 
3.3. Oil-holding Performance  

The oil-holding properties of porous polyimide 
composite were tested, and the test process is as follows: 
 
1)  The specimens were cleaned by an ultrasonic cleaner 

in the ethanol solution, and then dried in a vacuum 
oven. Then the weight of the material was measured 
by a precision analytical balance m0, which is the 
dry weight of the porous composite material. 

 
2) Put the cleaned material samples into space 

lubricating oil in a beaker, and then put the beaker in 
vacuum environment at a certain temperature. The 
density of the oil is 0.85 g/cm3 and the kinematic 
viscosity at 40 °C is about 60 mm2/s. 

 
3)  Put the samples in a centrifuge for oil centrifugation, 

the centrifugal acceleration was about 800 g, and the 
temperature was about 60 °C. After centrifuging the 
oil for 30 min, the material was taken out and 
weighed, the weight was marked as m1. 

 
The oil contained in the material was calculated using 

%100
0

01 



m

mm
r                         (1) 

Fig. 6 showed the changes of the immersed oil with the 

content of CNTs. It can be found that the amount of the 
immersed oil increased with the increase of CNT 
content filled in the composite. The amount of the oil 
immersed in the samples with 3.0 wt% CNT increased 
from 11.71% to 15.83%. The main reason is that CNT 
has a high specific surface area. The specific surface 
area of the selected CNTs in the paper exceeds 200 m2/g. 
The addition of CNT greatly improves the oil adsorption 
capacity of the inner surface in the porous material 
leading to the large increase in the amount of immersed 
oil. 
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Figure 6. Changes of the immersed oil with 

 the content of CNTs 
 
3.4. Tribological Properties  

After immersion in oil, the tribological properties of 
CNT-filled porous composite materials were tested 
using a ball-on-disc tribometer. The matching ball was 
440C stainless steel with the diameter of 6.35 mm. The 
grade of the ball is G5. The test load was set as 2 N, the 
rotation speed was set as 300 rpm and the test time was 
30 min. The average values of friction coefficient in 30 
min are shown in Fig. 7.  
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Figure 7. The friction coefficient of porous  

composite material 
 
It can be seen that the friction coefficient of the CNT-
filled porous composite material is lower than that of 
the CNT-free porous composite material. The lowest 
friction coefficient of the CNT-filled porous composite 
material is 0.096. The higher oil content led to lower 
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friction coefficient. In addition, CNT has the function of 
improving the lubricating property of oil and composite 
material [6, 7]. Therefore, CNT-filled porous composite 
material has lower friction coefficient.  
 
Fig. 8 was the SEM and EDS of the friction surface of 
the composite material filled with 0.5 wt% CNT. It 
could be seen that the structure of the friction surface 
was not damaged. So the composite material had good 
wear resistance.  The main elements in the friction 
surface were C, O, F, Fe, P and S. The element of F was 
from PTFE, the element of Fe was from the steel ball 
and the elements of P and S were from the additives of 
the immersed oil.   

 

 
(a) SEM of the friction surface  

 
(b) EDS analysis of the friction surface 

Figure 8. The SEM and XPS of the friction surface (the 
porous material filled with 0.5 wt% CNT)  

 
4. PERFORMANCES OF BEARING ASSEMBLY  

It can be seen from section 3 that the porous composite 
material filled with 0.5 wt% CNT had the maximum 
hardness. Since wear resistance of material is 
proportional to its hardness, the porous composite 
material filled with 0.5 wt% CNT was selected for 
application verification study. The porous composite 
material filled with 0.5 wt% CNT was prepared forφ38 
mm×28 mm bar and then processed into cages for the 
7004C angular contact ball bearing, as shown in Fig. 9. 
After the cleaning, immersing in oil and centrifuging 
process, the cages were mounted in the 7004C angular 
contact ball bearing.  

 

      
Figure 9. The composite bar and bearing cages made 

 by the porous composite 
 

A pair of 7004C angular contact ball bearings were 
mounted in the bearing assembly, and were preloaded 
60 N in axial. The outer ring of the bearing rotated and 
the inner ring was still during the test. The information 
of 7004C bearing and components are shown in Tab. 1. 
 

Table 1. The information of 7004C bearing and  
the assembly 

Items Parameters 
Size of bearing，mm Φ20×Φ42×12

Contact angle of bearing 15º 
Diameter of rolling ball，mm 6.0 

Pitch diameter, mm 31 
Number of ball，mm 12 
Preload of the bearing 

assembly，N 
60 

 
4.1. Friction torque characteristics  

The dynamic friction torque at low speed of the bearing 
assembly is an important index reflecting the running 
performance of the bearing assembly. The low-speed 
dynamic friction torque tester was used to test the 
starting friction torque and the low-speed dynamic 
friction torque of the bearing assembly before life test. 
The test results are shown in Fig. 10. The starting 
friction torque of the bearing assembly was 5.1 mNm, 
the maximum value was 5.5 mNm, and the minimum 
value was 4.4 mNm. The low-speed dynamic friction 
torque of the bearing assembly at 5 rpm had an average 
of 2.8 mNm, a maximum of 4.1 mNm, and a minimum 
of 1.8 mNm. 
 

 
(a) The starting friction torque 
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(b) The low-speed dynamic friction torque at 5rpm 

Figure 10. The friction torque of the bearing assembly 
before life test 

 
4.2. Micro-vibration characteristics  

Micro-vibration characteristics of the bearing assembly 
were studied to validate the nonlinear dynamic model. 
The bearing assembly was driven by a high-speed 
brushless DC motor. The rotating speed varies in the 
range of 0~4600rpm. The test diagram was shown in 
Fig. 11(a). The three-axis accelerometer was located at 
the free end of stationary spindle. Dynamic signal was 
amplified and acquired by data acquisition system by a 
sample frequency of 25.6 kHz, and then a high 
performance computer was utilized for post-analysis of 
the accelerometer signal. Fig. 11(b) was the physical 
picture of the whole experimental system. It consists of 
a accelerometer, a speed sensor, a brushless DC motor, 
the bearing assembly and data acquisition system. 

 

 
(a) Schematic diagram 

 
(b) Photograph of the experimental system  

Figure 11. The whole experimental system of micro-
vibration test for the bearing assembly 

 

Fig. 12 is the waveform of the bearing assembly. The 
root mean square in X, Y and Z direction are 1.292g, 
1.30g and 0.667g respectively, while the kurtosis in X、

Y、Z direction are 3.14, 3.20 and 3.04 respectively. 
The test results indicate that the vibration level of the 
bearing assembly with the new cage is similar to the 
bearing assembly with the traditional retainer, and the 
bearing assembly with the new cage was operating in a 
stable state. 
 

 
Figure 12. Acceleration waveform of the bearing 

assembly running at 4600rpm 
 
5. LIFE TEST 

Long-term ground life assessment tests are required 
before the new cage materials are used in space. In this 
paper, the bearing assembly was installed in the vacuum 
tank to carry out continuous life assessment test at 
ground. The ambient pressure was 1~10Pa, the ambient 
temperature was room temperature. The bearing 
assembly was running at 4600 rpm driven by a 
brushless DC motor. The running current of the 
brushless DC motor and temperature of the shaft of the 
bearing assembly were monitored during the test. 
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Figure 13. The photo of the life test installation 

 
5.1. The first stage 

After the test was carried out for 2 months, the life test 
was suspended. Firstly, the dynamic friction torque at 
low speed of the bearing assembly was measured, as 
shown in Fig. 14. At this stage, the starting friction 
torque of the bearing assembly was 3.4 mNm, the 
maximum value was 3.9 mNm, and the minimum value 
was 2.8. mNm; the dynamic friction torque at low speed 
(5 rpm) of the bearing assembly had an average value of 
1.7 mNm, a maximum value of 2.2 mNm, and a 
minimum value of 1.2 mNm. The friction torque was 
smaller than the friction torque at the beginning of the 
test, indicating that the bearing assembly had worked at 
a good operating state.  
 

 
(a) The starting friction torque 

 
(b) The low-speed dynamic friction torque at 5rpm 

Figure 14. The friction torque of the bearing assembly 
after running for two months 

 
Then, the bearing assembly was disassembled and 
observed. The photo of the disassembled bearing was 
shown in Fig. 15. No wear scar was found on the inner 
and outer ring channels of the bearing, the ball surface, 
or guide surface and the pocket surface of the cage.  
 

 
Figure 15. The disassembled bearing 

 
In order to further investigate the running-in state of the 
bearing, the inner and outer ring raceway of the bearing 
were observed with an optical microscope, and the 
results were shown in Fig. 16. It could be seen that the 
surfaces of running raceways on the inner and outer 
rings were smooth and no pitting, pits or scratches were 
found. The width of the raceway was about 0.48 mm, 
which is consistent with the calculated value 0.53mm of 
Hertz contact theory. This also indicated that balls and 
cage operated steadily in the bearing, otherwise the 
raceway width would become larger and irregular. 
 

 
(a) The inner ring 

 
(b) The outer ring 

Figure 16. The micrograph of raceways of the bearing 
 
5.2. The second stage (on going) 

The bearing was reassembled and installed into the 
bearing assembly after observation. The life running test 
was continued. Up to now, the bearing assembly life test 
has been carried out for about 11 months, and the 
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bearing assembly is running stably. The life test is still 
on going until abnormal running phenomenon occurs. 
 
6. CONCLUSIONS 

In this paper, a novel porous oil-containing cage 
material for space mechanism bearings was developed. 
The characteristics of the porous material and the 
bearing assembly with the cage made by the new 
material were studied. The life test of the bearing 
assembly was carried out. After the above systematic 
research, the main conclusions could be drawn as 
follows: 
 
1) The amount of the immersed oil increased with the 

increase of CNT content filled in the composite. The 
main reason is that CNT has a high specific surface 
area. The addition of CNT greatly improves the oil 
adsorption capacity of the inner surface in the 
porous material leading to the large increase in the 
amount of immersed oil. 

 
2) The friction coefficient of the CNT-filled porous 

composite material is lower than that of the CNT-
free porous composite material. The main reason is 
that the CNT-filled porous composite material had 
higher oil content. In addition, CNT has the function 
of improving the lubricating property of the 
composite material. Therefore, CNT-filled porous 
composite material has lower friction coefficient. 

 
3) The low-speed dynamic friction torque and micro-

vibration characteristics of the bearing assembly 
indicated that the cage processed with the new 
composite material filled with carbon nanotube has 
a good match with the bearing and runs stably in the 
bearing. 

 
4) The life test and disassembly analysis of the bearing 

assembly shown that the running of the bearing 
assembly is stable, and no wear scar was found on 
the inner and outer ring channels of the bearing, the 
ball surface, guide surface and the pocket surface of 
the cage. This kind of cage made by the novel 
porous composites could run for a long time in the 
bearing assembly. 

 
Up to now, the life test has been carried out for about 11 
months, and the bearing assembly is running stably. 
This study is expected to provide a higher performance 
bearing cage material for high-speed mechanisms used 
in space. 
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