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Abstract: Ultrahigh-molecular-weight polyethylene (UHMWPE) and nitrogen-doped graphene 
/Ultrahigh-molecular-weight polyethylene composite (NG/UHMWPE) samples were successfully 
fabricated through an optimized hot-pressing molding method. Friction and wear behavior of 
UHMWPE and NG/UHMWPE samples sliding against ZrO2 ceramic ball were investigated with a 
high-speed reciprocating friction tester. The mechanical property and wear volume of pure 
UHMWPE and NG/UHMWPE samples were characterized with micro-hardness tester and 
Micro-XAM 3D non-contact surface profiler. The worn morphology of pure UHMWPE and 
NG/UHMWPE samples were observed by scanning electron microscope (SEM). The results 
showed that, adding NG could not only improve the micro-hardness and wear resistance of 
UHMWPE and but also reduce the wear rate of UHMWPE significantly. 

Introduction 
Artificial joint replacement has become the main therapeutic method for osteoarthritis of hip 

and knee joint. The mechanical and biomedical properties of artificial joint material are crucial 
factors to promote the development of artificial joint replacement surgery [1] [2]. With the 
development of artificial joint replacement, postoperative complications ususlly occurs with the 
prolonged time of use, which causes operation failure. In these complications, the aseptic loosening 
of prosthesis commonly happenes. When the artificial joint functionating in the human body, a 
series of biochemical reactions was induced by the wear debris in vivo, which could lead to 
periprosthetic osteolysis and loosening of the prosthesis[3][4]. Therefore, the term survival of total 
joint replacements is dependent on the prevention of aseptic loosening. Ultra high molecular weight 
polyethylene (UHMWPE) is widely as artificial joint replacement materials for its good biological 
compatibility, stable physical and chemical properties, low friction, and high impact strength [5]. 
However, researchers have found that UHMWPE material of artificial joint implanted in the body 
begun to produce debris after used in body for 10-15 years, these debris induced periprosthetic 
osteolysis, resulting in aseptic loosening of the prosthesis[6] [7]. Therefore, the aim of our research 
is to modify the UHMWPE material, enhance its wear resistance and hardness and reduce the wear 
debris caused by the wear of the prosthesis in the joint cavity. 

Nitrogen doped graphene(NG) is a kind of functional graphene with nitrogen functional groups, 
which has excellent physical and chemical properties, good mechanical properties, and optical 
properties[8]. In recently works, academics compared its cytocompatibility and hemocompatibility 
with pristine graphene, and the results indicated NG shows a better biocompatibility than pristine 
graphene [9]. At the same time, the study of mechanical properties of NG shows that, the 
stress-strain curve of NG analogous to many biological connective tissues, for example, articular 
cartilage, ligaments [10]. It also shows the good potential and advantages of NG which as an 
alternative biological material [11]. 

In our research, to explore the potential application of NG/UHMWPE composites as a material 
in the field of artificial joint, UHMWPE composites reinforced with NG were successfully 
fabricated through an optimized hot-pressing molding technology. 
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Experimental 
Materials. Powdered UHMWPE (M-II), Molecular weight was 2000000, purchased from 

Shanghai Lianle Chemical Technology Co., Ltd. Graphene oxide was purchased from Nanjing 
Xianfeng Nano Material Technology Co., Ltd. Zirconia ceramic ball (diameter 5 mm, roughness 
0.04 μm) was purchased from Shanghai Xinmaojing Ceramics Technology Co., Ltd. Analytically 
pure ethanol and melamine was purchased from Sinopharm Chemicals Co., Ltd. 

Synthesis of Nitrogen-Doped Grapheme. A catalyst-free approach was used to synthesize NG 
by thermal annealing graphite oxide (GO) mixed with low-cost industrial material melamine. 
Annealing of GO was carried out in a tube furnace. High purity argon was used as protective 
ambient to anneal a mixture of GO and melamine (NG prepared with GO/melamine mass ratio of 
1:5) [12]. 

Fabrication of the GO/UHMWPE Composites. Powdery NG and UHMWPE were firstly 
added into anhydrous ethanol. After ultrasonic treatment using an ultrasonic pole at 600 W for 1 h, 
and then the homogeneous mixture was placed into a bottomed flask in an oil bath, heated up to 
60 °C, and kept at this temperature for 3 h under stirring. Then, the mixture was dried at 70 °C in 
vacuum for 12 h to get dried mixture. Finally, the mixture was hot pressed at 195 °C and 10 MPa for 
20 min to form NG/UHMWPE composites coupons with diameter of 22 mm and thickness of 1 mm. 
NG/UNMWPE composite samples with the NG content of 0 wt. %, 0.1 wt. %, 0.3 wt. %, 0.5 wt. % 
and 1 wt. % were prepared respectively. 

Characterization. Worn morphology and microhardness of the NG/UNMWPE composite 
samples were characterized with scanning electron microscope (HR-SEM, JSM-6701) and 
microhardness detector (MH-5-VM, Shanghai Hengyi Precision Instrument Co., Ltd.). At least 15 
spots were tested for each sample with the loading force of 10 N, and took the average. Ball disc 
contacted UMT-3MT friction and wear tester was used to evaluation the friction and wear 
performance of NG/UNMWPE composite samples. It have been reported that zirconia ceramic 
materials can be widely used as the body of prosthesis materials for its lower friction coefficient, 
good biocompatibility, high mechanical strength and toughness. So zirconia ceramic ball was used 
as the couple. Friction test of each ample was carried out at least 3 times in the same test parameters: 
the loading force, test time, sliding speed, frequency and actual contact pressure of ceramic balls 
and samples are 5.0 N, 1 h, 10 mm/s, 3 Hz, and 6.56 MPa. The high-precision sensors of tester were 
used to detect the friction (F) and normal load force (L) in friction process. The coefficient of 
friction (COF) was calculated using the formula: μ=F/L. After the friction tests, the wear rate (WR) 
was evaluated with a micro-XAM three-dimensional (3D) surface profiler and calculated as follows: 
K= V/LD, where K is the wear rate; V is the volume of the amount of wear (mm3); L is the applied 
normal load (N); D is the total sliding distance (m). 

Results and Discussions: 

 
Fig. 1 N1s spectrum of nitrogen-doped graphene. 

Fig. 1 shows the N1s spectrum of the NG, and it clearly presents the incorporation of nitrogen 
in the graphene sheets. The peak of C=N and C-N appeared after annealing process, and the N 
content in NG was about 8.39 atm. %. 
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Fig. 2 Variations in the COF values of the NG/UHMWPE composite samples. The inset is the 

average COF values. 
Friction coefficient and wear rate were usually used to evaluate the tribological properties of 

materials. Fig. 2 shows the variation of friction coefficient of different NG/UHMWPE composite 
samples during the wear tests. It can be seen that the friction coefficient of pure UHMWPE was 
about 0.100. Although the friction coefficient of the NG/UHMWPE composite samples increased 
slightly as compared to pure UHMWPE, both pure UHMWPE and NG/UHMWPE composite 
samples showed very low friction coefficients (0.108-0.155). This trend was consistent with the 
previous research, where the friction coefficient was increased with the content of carbon nanotubes 
in the composites [13] [14]. The variations of friction coefficient of pure UHMWPE and 
NG/UHMWPE composite samples could be divided into two stages: the first eight hundred seconds 
is running-in period and the friction coefficient was not stable; and then the friction coefficient 
tended to be stable. 

   

  
Fig. 3 SEM images of worn morphology of NG/UHMWPE composite samples with NG content of 

0 wt. % (a), 0.1 wt. % (b), 0.3 wt. % (c), 0.5 wt. % (d) and 1 wt. % (e). 
Fig. 3 shows the worn morphology of different NG/UHMWPE composite samples. The wear of 

pure UHMWPE was quite serious, the main form of which is adhesion and abrasion. As NG was 
added, the wear of NG/UHMWPE composite samples decreased slowly with the increasing NG 
content. This was mainly because adding NG could improve the micro-hardness of UHMWPE. As 
the NG content is 1%, the surface of the NG/UHMWPE composites gets smoother than the other 
samples. 
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Fig. 4 The microhardness of NG/UHMWPE composite samples with the different NG contents 

For artificial joint materials, hardness and creep resistance are the main factors that affect the 
working life. As is shown in Fig. 4, adding NG could lead to the increase of micro-hardness of 
UHMWPE composite samples. The micro-hardness of NG/UHMWPE composite samples was 
increased along with the NG content increase. The micro-hardness value could increase to its 115% 
when adding 1 wt. % NG.  

  
Fig. 5 Variations of WR of the NG/UHMWPE composite samples as a function of NG contents. 

As is shown in Fig. 5, there was a tendency that the wear rate from the NG/UHMWPE 
composites decreased as the NG content increases. The wear rate of UHMWPE could be reduce to 
its 0.75 when the NG content is 1%. Adding NG as nano-filler could obviously improve the wear 
resistance of UHMWPE matrix. The similar result was obtained from the other polymers using NG 
as a reinforce filler, where the wear rate also decreased with the increases of its content [13] [14]. 

Conclusions 
Ultrahigh-molecular-weight polyethylene (UHMWPE) and nitrogen-doped graphene 

/Ultrahigh-molecular-weight polyethylene composite (NG/UHMWPE) samples were successfully 
fabricated through an optimized hot-pressing molding method. The results indicated both 
microhardness and wear resistance of the NG/UHMWPE composite samples increased along with 
the increase of NG content. As NG can improve the tribological behavior of UHMWPE, the 
NG/UHMWPE composites were expected to be a potential biomaterial in the field of artificial joint. 
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