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Abstract: To improve the wear resistance of polyimide (PI), surface modification was developed. In 
this study, the tribological properties of graphene (GN), graphene oxide (GO), and KH550-grafted 
graphene oxide (K5-GO) modified PI were evaluated by molecular dynamics (MD) at the atomic 
level. The findings indicated that the addition of nanomaterials can significantly enhance the friction 
performance of PI. The friction coefficient of PI composites decreased from 0.253 to 0.232, 0.136, and 
0.079 after coating GN, GO and K5-GO, respectively. Among them, the K5-GO/PI exhibited the best 
surface wear resistance. Importantly, the mechanism behind the modification of PI was thoroughly 
revealed by observing the wear state, analyzing the changes of interfacial interactions, interfacial 
temperature, and relative concentration. 
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1. Introduction 

Polyimide and its composites have advantages such as high mechanical strength, good stability, 
and excellent electrical insulation [1], so they are widely used in industrial production and daily life 
[2–6]. In the aerospace field, polyimides with good radiation resistance are ideal materials for 
ultrasonic motors [7]. However, the wear resistance of pure PI is relatively weak, which limits its 
wider application in the aerospace field. Therefore, many scholars are committed to improving the 
wear resistance, radiation resistance, and high-temperature resistance of polyimides to expand their 
range of use and service life. 

Many researchers have found that the wear resistance of polymer composites can be improved 
by filling modification agents, surface modification of polyimide molecular structure, surface 
coatings, and other methods [8–14]. Breki et al. improved the friction performance of polyimide-
based self-lubricating nanocomposites by using gas-phase synthesized tungsten diselenide (WSe2) 
nanoparticles as reinforcements. The results showed that the tribological properties of the 
nanoparticle-reinforced composite were significantly improved, and both the friction coefficient and 
adhesion coefficient decreased [15]. Cai et al. studied the effect of nanoscale silicon dioxide (SiO2) on 
the frictional performance of polyimide-based composites, and found that nanoscale SiO2 can 
significantly improve the wear and abrasion resistance of PI-based composites [16]. Currently, 
adding various fibers to the matrix is one of the most effective methods, such as carbon fibers, glass 
fibers, and aramid fibers, etc. Zhang et al. have studied the effect of short carbon fiber filling on 
polyimide and found that the addition of short carbon fibers significantly improves the tribological 
properties of the composite material [17]. Panin et al. also found that chopped carbon fiber (CCF) can 
enhance the mechanical properties and tribological properties of PI composites [18]. Wu et al. also 
studied the effect of carbon fiber length on enhancing polyimide-based materials, and found that 
polyimide with 100 μm carbon fiber exhibited lower friction coefficient and wear rate than other 
materials. Additionally, as the carbon fiber length increased, the interfacial bonding strength between 
the carbon fiber and matrix deteriorated [19]. Li et al. also used homogenous copper oxide (CuO) 
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nanowires to solve the problem of weak interfacial bonding between carbon fiber and polyimide. The 
results showed that CuO nanowires can effectively improve the interfacial compatibility with 
polyimide, and enhance the mechanical and tribological properties of the composite material [20]. 
Cai et al. have studied the effect of carbon nanotubes (CNTs) on the frictional properties of polyimide 
(PI). The results showed that CNT/PI composites had lower friction coefficient and wear rate 
compared to pure PI [21]. Chen et al. have also systematically studied the effects of several carbon 
systems, including graphite, carbon fiber, and carbon nanotubes, on the tribological properties of 
polyimide composites under seawater lubrication conditions. The results showed that the addition 
of any filler could improve the wear resistance of polyimide under seawater lubrication [22]. 
Graphene and graphene oxide are two-dimensional materials that have received considerable 
attention in recent years, and their addition in appropriate amounts can improve the mechanical 
properties of materials. Sekiguchi et al. investigated the effect of adding polytetrafluoroethylene 
(PTFE), graphite (Gra), and molybdenum sulfide (MoS2) on pure polyimide (PI). The results showed 
that the PI composites containing PTFE and Gra had lower friction coefficients and wear rates than 
pure PI [23]. Song et al. also investigated the effect of coupling agent treatment on glass fiber (GF) to 
improve the wear resistance of polyimide. The wear mechanism was analyzed using SEM. The study 
showed that the mechanical and wear properties of the composite filled with surface-treated GF were 
improved, and the treatment effect of KH550 was the best [24]. 

This study will explore the mechanism of graphene, graphene oxide, and KH550-grafted graphene 
oxide in improving the wear resistance of polyimide. The friction and wear properties of polyimide are 
compared by MD simulation to analyze their performance from a microscopic perspective. 

2. Model establishment and simulation process 

The modeling and simulation in this paper were conducted using the molecular dynamics 
software Material Studio 2019. Firstly, the original structure of the polyimide was determined, as 
shown in Figure 1a. Then, graphene, graphene oxide, and KH550-grafted graphene oxide with a size 
of 42.3 Å × 42.3 Å were respectively constructed, as shown in Figure 1b–d. The thickness of GO was 
6 Å, and the thickness of K5-GO was 13 Å. 

 

Figure 1. the molecular formula of (a) PI, (b) GN, (c) GO, (d) K5-GO. 

A cubic lattice with dimensions of 50×50×50 Å3 was firstly constructed, and then PI molecules with 
a degree of polymerization of 2 was filled with a density of 1.3 g/cm3 using Monte Carlo rules, as shown 
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in Figure 2. Figure 2a was pure PI model, while Figure 2b–d were PI composites modified by GN, GO, 
and K5-GO, respectively. To facilitate identification, GN, GO, and K5-GO were colored green. 

 

Figure 2. The periodical cell of (a) PI, (b) GN/PI, (c) GO/PI, (d) K5-GO/PI. 

In order to make the structure more reasonable, the original model was conducted geometry 
optimization. The detailed parameters during the optimization process are shown in Table 1. During 
annealing, 15 cycles were performed to allow the structure to fully relax and find the optimal 
structure. After annealing, the structure with the lowest total energy was selected from the 15 
structures for dynamic equilibrium to completely eliminate residual stress. All optimization 
processes were conducted using the Condensed-Phase Optimized Potentials for Atomistic 
Simulation Studies (COMPASSII) force field based on Ewald and atom-based methods for analyzing 
intermolecular interactions. 

Table 1. Optimization process. 

Optimization process Algorithm Convergence criterion Temperature Time 

Geometry optimization Smart 
1×10-4 kcal/mol 

0.005 kcal/mol/Å 
/  

Anneal Nose thermostat / 300-600 K  
NVT Nose thermostat / 300 K 300 ps 
NPT Berendsen barostat / 300 K 600 ps 

To investigate the rules and action mechanisms of GN, GO, and K5-GO on the frictional 
properties of PI composites, 50.6×50.6×7.2 Å3 Cu atomic layers were built on both the top and bottom 
for frictional pairs and substrate, as shown in Figure 3. During the friction process, a normal pressure 
of 10 MPa and a relative sliding speed of 0.1 Å/ps were applied to the upper Cu layer, and the 
simulation time was 600 ps. The temperature and time step of the friction process were set to 300 K 
and 1 fs, respectively. Frictional analysis of PI and its composites was conducted through the output 
trajectory files. 
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Figure 3. The friction models of (a) PI, (b) GN/PI, (c) GO/PI, (d) K5-GO/PI composites sliding against Cu. 

3. Results and discussion 

3.1. Mechanical properties of PI composites 

The tribological properties of PI composites depended on their mechanical performance. 
Therefore, the Young’s modulus and shear modulus of the PI composite were calculated by 
performing 12 tensile tests, with a strain rate of 0.01 along the X-axis and constant volume along the 
other axes. The results were shown in Figure 4. The Young’s modulus of pure PI was 3.54 GPa, and 
the addition of GN and GO increased the Young’s modulus of the composite material by 18% and 
72%, respectively. The addition of K5-GO increased the Young’s modulus of the composite material 
to 6.87 GPa, which was a 94% increase compared to pure PI. The trend of the shear modulus was 
similar to that of the Young’s modulus, with the K5-GO/PI composite having the highest shear 
modulus of 1.8 GPa, which was 1.16 times that of pure PI. The shear modulus of GN/PI and GO/PI 
also increased by 3% and 8%, respectively, compared to pure PI. Previous studies have suggested 
[25] that the interaction between the modifier and PI can contribute to the improvement of mechanical 
properties of the PI composite. Therefore, the interaction energy between the modifier and PI was 
extracted, as shown in Figure 5. The larger the interaction energy, the stronger adsorption effective 
between the modifier and the PI matrix, thus improving the mechanical properties of the composite. 
Among them, the interaction energy between K5-GO and PI was the largest with around 1050 
kcal/mol, because the silane coupling agent grafted on the surface of GO can form a mechanical 
interlocking effect with PI molecular. 
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Figure 4. The Young’s modulus and shear modulus of the PI composites. 

 

Figure 5. The interaction energy between the modifier and PI. 

3.2. Tribological properties of PI composites 

Firstly, the friction coefficient of pure PI and PI composites was calculated as a function of 
friction process time, as shown in Figure 6. It can be clearly seen that the friction coefficient begins to 
stabilize after approximately 180 ps. The average friction coefficient of pure PI in the stable stage is 
0.253, while that of the GN/PI composite is 0.232, a decrease of 8% compared to pure PI. The friction 
coefficients of GO/PI and K5-GO/PI composites are 0.136 and 0.079, respectively, which have a 
decrease of 46% and 68% compared to pure PI. This result indicated that graphene and graphene 
oxide had better lubrication which can reduce the interaction between polyimide molecules and Cu, 
resulting in a decrease in the friction coefficient. In addition, the silicon coupling agent-grafted 
modified graphene oxide with strong adsorption effect for PI molecular reduced the frictional force 
with Cu, which was consistent with mechanical performance improvement, shear modulus 
variations. It is also consistent with previous experimental results [26–28]. 
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Figure 6. Friction coefficient variations of PI composites with time. 

In addition, the dynamic evolution of the PI composites during friction process was also 
observed, as shown in the Figure 7. Under the same frictional conditions, pure PI had the largest 
shear deformation, while the addition of GN, GO, and K5-GO resulted in relatively smaller 
deformations. The K5-GO/PI composite shows the smallest deformation. Because GN and GO with 
high mechanical strength and excellent wear resistance can withstand larger external loads and shear 
stress, and thus protect the PI matrix. Moreover, K5-GO have strong mechanical interlocking force 
with PI, which have the best wear resistance. K5-GO/PI with the weakest effect with Cu have the 
smallest shear deformation as shown in Figure 7d. This further verified the improvement effect of 
K5-GO on the mechanical and tribological properties of PI matrix. 

 

Figure 7. Shear deformation of (a) Pure PI, (b) GN/PI, (c) GO/PI, (d) K5-GO/PI. 

In order to deeply explore the wear mechanisms, the interaction energy between the friction pair 
and the PI composites were calculated. The smaller the interaction energy between the Cu layer and 
the PI composite, the smaller the adsorption force between them, making it easy shear with lower 
friction force. Figure 8 shows the interaction energy between the Cu layer and PI composites. It can 
be clearly seen that interaction energy between PI matrix and Cu layer decreased from 2850 to 2800 

0 100 200 300 400 500 600
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

C
oe

ffi
ic

ie
nt

 o
f f

ri
ct

io
n

Time(ps)

 Pure PI
 GN/PI
 GO/PI
 K5-GO/PIRunning-in

Stable stage

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 May 2023                   doi:10.20944/preprints202305.0447.v1

https://doi.org/10.20944/preprints202305.0447.v1


 7 

 

kcal/mol after filling GN and GO. It continuously reduced to about 2770 kcal/mol after inserting K5-
GO. Among them, the interaction energy between K5-GO/PI and the Cu layer is the smallest. The 
occurrence of this phenomenon is due to the van der Waals adsorption between GN and PI, which 
weakens their interaction with Cu. In contrast, GO exhibits stronger adsorption ability due to its 
internal hydrogen bonding structure. Moreover, the addition of K5-GO, which possesses a 
mechanical interlocking structure, enhances the adsorption effect. Therefore, the interaction between 
the modified PI and Cu is weakened, which is consistent with the results of the friction experiments 
mentioned earlier. 

 
Figure 8. The interaction energy between PI composite and the Cu layer. 

Then, to further reveal the mechanism of the effect of the modifier addition on friction and wear, 
the variation of temperature and relative atomic concentration during the friction process was 
analyzed. Firstly, the temperature distribution of the polymer material in the thickness direction was 
extracted, as shown in Figure 9. From the temperature distribution of Pure PI, it can be seen that the 
highest temperature of 350 K is obtained near the contact of the friction pair. The addition of the 
modifying agents GN, GO, and K5-GO reduced the temperature of the composite material by 15%, 
14%, and 13%, respectively. According to the theory proposed by Hu [29], friction is actually a process 
of energy conversion. As can be seen from the variation of friction coefficient in Figure 7, the higher 
the friction coefficient, the higher the temperature. So, the pure PI shows the highest interface 
temperature 350 K, while K5-GO/PI have the lowest temperature with 299 K. 
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Figure 9. Temperature profiles of PI composites in the thickness direction. 

Finally, the relative concentration along the Z direction of the PI composites was extracted, as 
shown in Figure 10. It can be seen from the relative concentration curve that the relative concentration 
of Pure PI is higher at both sides than the middle place because of boundary effect, reaching 3.65 and 
3.67, respectively. So, the interaction effect between PI and the friction pair was analyzed in Figure 8, 
which had a strong effect on the progress of friction. After adding GN, GO, K5-GO, the relative 
concentration of the PI composite shows a peak value around 40 Å due to carbon atoms accumulation 
on the top of PI composites, which is much larger than the middle place. 

 

Figure 10. Relative concentration of PI composites in the thickness direction. 

4. Conclusion 

In this study, the reinforcement effect of graphene, graphene oxide, and KH550-grafted 
graphene oxide on the polyimide composites was investigated using molecular dynamics 
simulations. The main results were as follows: 
1. Adding graphene based nanomaterials can improve the mechanical properties of PI composites, 

in which K5-GO exhibits the best effect, increasing the Young’s modulus to 6.87 GPa and the 
shear modulus to 1.8 GPa, which are 94% and 16% higher than pure PI. Besides, the enhancement 
mechanism was revealed by analyzing the interaction energy between the modifiers and PI 
molecular. The higher the interaction energy, the stronger the adsorption effect, and resulting in 
the the better the mechanical performance. 

2. Compared with pure PI, the surface modified PI composites have smaller friction coefficients, 
among which K5-GO can reduce the friction coefficient to one-third of the original value. The 
K5-GO/PI also shows the smallest shear deformation. By analyzing the interfacial interaction 
energy between PI and the Cu layer, it was found that the interfacial interaction between PI and 
the friction pair would decrease after the addition of modifiers, further confirming the enhanced 
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effect of modifiers on the PI matrix. These results are helpful for a deeper understanding of the 
structure and properties of polymer-based composites, and provide important references for the 
design and manufacture of high-performance polymer composites. 
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