
Citation: Yang, F.; Wu, Z.; Meng, D.;

Qin, W.; She, D. Tribological

Behaviors of Polycrystalline Cubic

Boron Nitride Sliding against Bearing

Steel in Vacuum Conditions. Coatings

2022, 12, 693. https://doi.org/

10.3390/coatings12050693

Academic Editor: Rubén González

Received: 24 April 2022

Accepted: 13 May 2022

Published: 18 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Article

Tribological Behaviors of Polycrystalline Cubic Boron Nitride
Sliding against Bearing Steel in Vacuum Conditions
Fan Yang 1, Zhe Wu 2, Dezhong Meng 3,4,* , Wenbo Qin 2,4 and Dingshun She 2,4

1 Sinounited Investment Group Corporation Limited, Beijing 101102, China; f.yang@sinowellking.com
2 School of Engineering and Technology, China University of Geosciences (Beijing), Beijing 100083, China;

mdz719@hotmail.com (Z.W.); qwb_strive@126.com (W.Q.); shedingshun@163.com (D.S.)
3 School of Science, China University of Geosciences (Beijing), Beijing 100083, China
4 Zhengzhou Institute, China University of Geosciences (Beijing), Zhengzhou 451283, China
* Correspondence: mdz604@163.com; Tel.: +86-10-8232-1062

Abstract: In order to understand the surface and interface conditions of polycrystalline cubic boron
nitride (PcBN) sliding against bearing steel in vacuum environments, the effects of different loads on
the tribological behaviors of PcBN and bearing steel AISI 52100 were studied deeply in a vacuum
tribometer. Furthermore, the wear tracks of PcBN and the wear scars of AISI 52100 were characterized
by scanning electron microscopy and energy dispersive X-ray spectroscopy. The results show that
the stable coefficient of friction (CoF) of the tribopair experiences a decrease first and then an
increase with the increase in loads from 2 N to 15 N. The adhesive layer increases with the increase
in loads, and the formation of adhesive layer contributes to the change of CoF and wear rate of
counterpart balls. The adhesive layer is formed due to the combination of high contact stress and high
temperature. Meanwhile, the exfoliated cubic boron nitride grains are embedded into the adhesive
layer as abrasive grains, resulting in abrasive wear. Thus, the main wear mechanisms are adhesive
wear and abrasive wear.

Keywords: PcBN; bearing steel; tribology; vacuum condition; wear mechanisms

1. Introduction

Polycrystalline cubic boron nitride (PcBN) is sintered with cBN and binders under
high pressure and high temperature. Usually, binders can be metals (Al, Co, Ti, and Ni) or
ceramics (AlN, TiN, TiC, and Al2O3). The PcBN tool shows the advantages of high hardness,
excellent wear resistance, high thermal conductivity, and chemical inertness [1–3]. It is a
typical green manufacturing high-speed cutting tool and has an important application
prospect in the field of space manufacturing technology [4–7]. It is proved that the friction
and wear behaviors of tools and metals can be affected by the complex vacuum environ-
ment, resulting in the elusive failure modes of materials [8–10]. However, the surface
and interface relationship between PcBN and metals in vacuum condition still remains
elusive. Up until now, the tribological behaviors of cubic boron nitride (cBN) and its
related PcBN are mainly focused on cBN films, which are famous for providing protective
coatings [11,12]. It is clarified that the effects of physical and mechanical properties of cBN
film with SUS 304 and TiC-coated SUS 304 on tribological behaviors are investigated in a
vacuum [12]. Furthermore, the surface and interface science of PcBN and Si3N4 are deeply
discussed. The coefficient of friction (CoF) and wear mechanisms of PcBN-Si3N4 tribopair
show great difference in vacuum and air [13]. The transfer film results in low CoF in air
while a change from sliding friction to rolling friction is presented in a vacuum. Although
the tribological research of the PcBN-Si3N4 tribopair can provide practical guidance, the
failure mode of metals still needs further investigation. Similarly to PcBN, the other famous
super-hard material, diamond, and its related polycrystalline diamond composite (PDC)
are well understood with respect to their tribology behaviors in vacuum and air. The CoF
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between diamond and diamond can reach as high as 1.0 in vacuum, while it shows a low
CoF between 0.05 and 0.15 in air [14,15]. Zhao found that the CoF of PDC in a vacuum was
much higher than that in air, which was mainly due to the adhesion effect caused by the
desorption of the adsorption film on the surface of the tribopair [16]. The wear mechanisms
of PDC in vacuum are also dominated by environmental conditions, such as temperature,
vacuum pressure, and so on [17–19]. It is well known that PcBN keeps chemical inert
with metals such as Fe and Ni under high temperature, which is an important advantage
compared with PDC. Therefore, taking the potential application of PcBN in the field of
orbit manufacturing into consideration, it is imperative to reveal the vacuum tribological
performances of PcBN sliding against metals. In the present study, we systematically
developed the inner relationship between the CoF and the wear mechanisms of PcBN-AISI
52100 tribopair, which is of great significance for understanding the surface and interface
relationship of PcBN and metals.

2. Materials and Methods

The PcBN produced by Zhengzhou Realy Superabrasives Co., Ltd. (Zhengzhou,
China) was selected in this research. In PcBN, the content of cBN was 80%, and the main
binders were AlN, CoN, and CoB. The AISI 52100 ball with a diameter of 6 mm was used in
this experiment. The surface roughnesses of PcBN and AISI 52100 ball were 100–120 nm and
20–30 nm, respectively. The tribological experiments were conducted in the multifunctional
space tribometer test system (MSTS-1), which was a ball-on-disk tribometer. MSTS-1 was
produced by Shenyang kejing automation equipment Co., Ltd. (Shenyang, China), as
shown in Figure S1 [13]. Taking the practical working conditions into consideration, the
loads were 2 N, 5 N, 10 N, and 15 N. The rotation speed was suitable for the medium
speed cutting range (30 mm/s), which was 100 rpm. A rotation radius of 3 mm was chosen
in the tribological test. The total sliding distance was 169.56 m with a total of 30 min.
PcBN and AISI 52100 balls were ultrasonicly cleaned in acetone and alcohol for 15 min
before the experiments. The tests were repeated three times and dates were obtained on
the basis of repeated experiments. The morphologies of wear scars and wear tracks were
analyzed by using a scanning electron microscope (SEM, FEI company, Hillsboro, OR,
USA) and optical microscope (OLYMPUS BX51 M) (OLYMPUS, Wuxi, China) with a Nikon
camera. The compositions of worn debris were characterized by an energy-dispersive X-ray
spectroscope (EDS) equipped in SEM. During SEM analysis, the accelerating voltage was
15.0 kV and the spot diameter was 4.5. The Archard wear equation was used to obtain the
wear rate of counter balls [20]:

h = R − (R2 − r2)1/2 (1)

V = πh(3r2 + h2)/6 (2)

where R (mm) is the radius of the AISI 52100 ball, r (mm) is the radius of the wear scar, and
h (mm) is the height of the spherical crown:

WR = V/(Fn ∗ L) (3)

where WR is the wear rate per unit load and per unit distance, Fn (N) was the applied load,
and L (mm) is the sliding distance.

3. Results and Discussion

Figure 1a shows the secondary electron SEM image of PcBN. It is clear that PcBN
shows dense microstructure without pores. The backscattered electron SEM image of PcBN
was investigated to understand the distribution of binder, as shown in Figure 1b. The darker
regions correspond to cBN grains and the lighter regions correspond to binder phases. The
XRD of the PcBN can be seen from reference [13], and the binder phases are AlN, CoN, and
CoB. It is seen that the binder phases of PcBN are distributed discontinuously, presenting



Coatings 2022, 12, 693 3 of 7

the formation of mutual penetrating skeletons. The results indicate that the original PcBN
is a homogeneous compact.

Coatings 2022, 12, x FOR PEER REVIEW  3  of  7 
 

 

AlN, CoN, and CoB. It is seen that the binder phases of PcBN are distributed discontinu‐

ously, presenting the formation of mutual penetrating skeletons. The results indicate that 

the original PcBN is a homogeneous compact. 

 

Figure 1. (a) Secondary electron SEM image of PcBN; (b) backscattered electron SEM image of PcBN. 

Figure 2a presents the effect of  time versus CoF during PcBN sliding against AISI 

52100. It is seen that the CoFs progressively increase at the first 7 min in all loads and the 

break‐in period  finishes at around 13 min. However,  the  trend of CoFs  in  the break‐in 

period show different in 2 N and 10 N. It may be affected by the wear mechanism of the 

tribopair. CoFs are mostly stable after 13 min, and they proceed to a steady‐state. Figure 

2b shows that the stable CoF of the tribopair decreases firstly and then increases with an 

increase in loads from 2 N to 15 N. The highest average CoF is 1.19 at 2 N. In addition, 

when the load is 10 N, the average CoF reaches the lowest value of 0.64, which is similar 

to CoF in air [5]. The wear rate of counterpart balls decreases with the increase in loads, 

showing 14.2 × 10−12 mm3/N mm at 2 N and 7.6 × 10−12 mm3/N mm at 15 N, as shown in 

Figure 2c. However, the wear volume of counterpart balls exhibit increases when adding 

loads. Hence, the loads exhibit an obvious influence on the friction and wear rate of PcBN‐

AISI 52100 tribopair. Furthermore, compared with the wear rate in air (10−8 mm3/N mm in 

order),  the wear rate  in vacuum  is much  lower  [5]. It may come from complex serious 

adhesion. 

   

Figure 2. (a) Time dependent of CoF; (b) average CoF under different loads; (c) wear rate of AISI 

52100 under different loads. 

Figure 3 presents  the wear morphologies of wear scars on AISI 52100 balls under 

different loads. Overall, it is observed that the adhesive layers are on the surface of AISI 

52100 balls. In order to characterize typical features of wear scars, highly magnified SEM 

images were investigated on red box regions. It is seen that the small grains are embedded 

on the surface of wear scars, as shown in the typical pictures of Figure 3a,c inserts. The 

appearance of small grains is caused by the Hertz contact stress. EDS results display the 

high content of element B and N, which  indicate  the existence of cBN grains. The cBN 

20 μm 

  

(a) 

20 μm 

(b) 

Figure 1. (a) Secondary electron SEM image of PcBN; (b) backscattered electron SEM image of PcBN.

Figure 2a presents the effect of time versus CoF during PcBN sliding against AISI
52100. It is seen that the CoFs progressively increase at the first 7 min in all loads and the
break-in period finishes at around 13 min. However, the trend of CoFs in the break-in
period show different in 2 N and 10 N. It may be affected by the wear mechanism of
the tribopair. CoFs are mostly stable after 13 min, and they proceed to a steady-state.
Figure 2b shows that the stable CoF of the tribopair decreases firstly and then increases
with an increase in loads from 2 N to 15 N. The highest average CoF is 1.19 at 2 N. In
addition, when the load is 10 N, the average CoF reaches the lowest value of 0.64, which is
similar to CoF in air [5]. The wear rate of counterpart balls decreases with the increase in
loads, showing 14.2 × 10−12 mm3/N mm at 2 N and 7.6 × 10−12 mm3/N mm at 15 N, as
shown in Figure 2c. However, the wear volume of counterpart balls exhibit increases when
adding loads. Hence, the loads exhibit an obvious influence on the friction and wear rate of
PcBN-AISI 52100 tribopair. Furthermore, compared with the wear rate in air (10−8 mm3/N
mm in order), the wear rate in vacuum is much lower [5]. It may come from complex
serious adhesion.
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Figure 2. (a) Time dependent of CoF; (b) average CoF under different loads; (c) wear rate of AISI
52100 under different loads.

Figure 3 presents the wear morphologies of wear scars on AISI 52100 balls under
different loads. Overall, it is observed that the adhesive layers are on the surface of AISI
52100 balls. In order to characterize typical features of wear scars, highly magnified SEM
images were investigated on red box regions. It is seen that the small grains are embedded
on the surface of wear scars, as shown in the typical pictures of Figure 3a,c inserts. The
appearance of small grains is caused by the Hertz contact stress. EDS results display
the high content of element B and N, which indicate the existence of cBN grains. The
cBN grains act as the three-body material between the tribopairs. Thus, the main wear
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mechanisms of AISI 52100 are adhesive wear and abrasive wear. Under the combination of
high contact stress and friction heat, AISI 52100 metal materials with soft hardness formed
an adhesive layer. In addition, the exfoliated cBN grains are embedded into the adhesive
layer of the contact surface as abrasive particles, resulting in abrasive wear. Furthermore,
the adhesive layer results in a downward trend of CoF and the wear rate of counterpart
balls. Thus, there is a strong mutual influence on CoF and wear mechanisms, which are
dominated by the loads.
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Figure 3. SEM wear morphologies of AISI 52100 under different loads: (a) 2 N; (b) 5 N; (c) 10 N;
(d) 15 N. The inserts on the left of (a–c) are the high magnification of the corresponding red box
positions. The EDS result on the right of (a–d) represents the elements on the black dashed box.

Figure 4 exhibits the wear morphologies of wear tracks under various loads. It can be
observed that the worn debris heaps up on the edge of the wear scar, which includes the
typical white adhesive layer. Furthermore, worn debris shows an increasing trend with
the increase in loads. The inserts on the left of each picture indicate typical adhesive worn
debris. EDS element analysis technology is used on the worn debris region to understand
wear mechanisms. It is seen from the EDS results that Fe appears on the surface of adhesive
layer, which comes from the counterpart ball. The adhesive layer forms due to the contact
stress and the high flash temperature. Thus, the main wear mechanism is adhesive wear.

Figure 5 presents the wear mechanisms of PCBN and AISI 52100. At the early stage of
sliding, the Hertz contact stress is higher than that in the final stage due to the contact area.
cBN grains and binders are exfoliated. During the sliding process, the heat cumulates on
the contact area since the heat transferring process is difficult in vacuum. Thus, the soft and
ductile metal adheres on the surface of PcBN. Compared with the tribological behaviors
in air, the adhesive wear in vacuum is more serious [5]. The results manifest that metal
materials are more likely to adhere to the PcBN in vacuum and high load conditions.



Coatings 2022, 12, 693 5 of 7
Coatings 2022, 12, x FOR PEER REVIEW  5  of  7 
 

 

 

Figure 4. SEM wear morphologies of PcBN under different loads: (a) 2 N; (b) 5 N; (c) 10 N; (d) 15 N. 

The inserts on the left of (a–d) are the high magnification of the corresponding red box positions. 

The EDS result on the right of (a–d) represent the elements on the black dashed box. 

 

Figure 5. Wear mechanisms of PcBN and AISI 52100. 

500 μm (d) 

100 μm 

500 μm 

(a) 

100 μm 

500 μm 

(b) 

100 μm 

500 μm 
(c) 

100 μm 

Spectrum 7 

Spectrum 5 

Spectrum 8 

Spectrum 6 

Figure 4. SEM wear morphologies of PcBN under different loads: (a) 2 N; (b) 5 N; (c) 10 N; (d) 15 N.
The inserts on the left of (a–d) are the high magnification of the corresponding red box positions. The
EDS result on the right of (a–d) represent the elements on the black dashed box.
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Figure 5. Wear mechanisms of PcBN and AISI 52100.
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4. Conclusions

In this paper, the tribological behaviors of PcBN and AISI 52100 in vacuum environ-
ment were fully investigated. The main conclusions are as follows.

(1) The tribological behaviors of PcBN and AISI 52100 tribopairs in vacuum environ-
ments are affected by loads. CoF and wear rate decrease with the increase in loads. The
appearance of the adhesive layer leads to a decrease in CoF and wear rate.

(2) The wear forms of PcBN-AISI 52100 tribopair are mainly adhesive wear and
abrasive wear. With the increase in loads, adhesive wear is dominated the surface and
interface conditions. The accumulation of friction heat and the high load are responsible
for the adhesive layer. The abrasive wear is ascribed to falling-off cBN particles, which act
as the hard phase on friction surfaces.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/coatings12050693/s1, Figure S1: The MSTS-1 Multifunctional Vacuum
Friction and Wear Testing Machine.
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