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INTRODUCTION 
In order to overcome the issues of failure of machineries and energy loss between interacting tribo-
elements because of the friction, lubricants are broadly used in various mechanical units and 
operations [1]. Apart from reduction of friction and wear, lubricants can also improve heat transfer 
capacity, reduce vibration and noise and clean the dirt and contaminants. Some materials named as 
lubricant additives are commonly added to the conventional lubricants to adjust friction characteristics, 
prevent direct friction pairs contact and improve the lubricity [2]. Nowadays, with the rapid development 
of nanotechnology, nanoadditives are introduced as new additives to the lubricants such as metal [3,4], 
mental oxide [5-9], mental sulfide [10], organic material [11], silicate [12] and carbon materials [13-16] 
because of the advanced tribological properties of lubricants with nanoadditives. Graphene is 
considered to be a potential material for nanoadditives in lubricant owing to its unique mechanical 
performance, electrical conductivity, high thermal conductivity and low surface energy [17, 18]. It 
shows high chemical inertness, high strength and the atomically smooth surface, which expected to 
become potential solid lubricant for micro/nano mechanical systems [19, 20]. However, few other 
reports were found on the use of graphene or its derivatives as additives in water lubrication in 
tribology behaviors of steel contacts. 

 
1. Friction tests 
As shown in Fig. 1, the friction tests were carried out by CFT-type material surface performance tester 
with a ball-on-disk configuration. The ball was made by GCr15 bearing steel with the diameter of 3 mm. 
The fiction pairs were 201 stainless steel disk and GCr15 bearing steel ball, which were cleaned 
ultrasonically in turn with petroleum ether and ethanol for 10 min before friction tests. Each test was 
repeated three times. The coefficient of friction (COF) was obtained by a relative sliding test of fiction 
pairs with single reciprocating length of 3 mm for 30 min.  



 
Figure 1. Schematic presentation of friction test. 

 
2. Tribological characterization 
First, when the sliding frequency was 3 Hz and the applied load was 4 N, the friction experiments 
were carried out for water solution with different concentration of PEI-RGO. The concentration of 
PEI-RGO were 0 wt%, 0.03 wt%, 0.05 wt%, 0.07 wt%, 0.1 wt% respectively. The results were 
shown in Fig. 2a, the COF declined with the increase of the mass fraction of PEI-RGO from 0 wt% 
to 0.05 wt%. However, the COF changed slightly by the continue increasing concentration of PEI-
RGO. As shown in Fig. 2b, the maximum value of mean COF was 0.49392 when the lubricant was 
pure water. When the concentration of PEI-RGO was 0.05 wt%, the mean COF had an obvious 
reduction up to 52.3% compared with pure water. As shown in Fig. 8c, the trend of wear rate was 
roughly consistent with that of mean COF. But there is a difference that when the concentration of 
PEI-RGO was 0.1 wt%, the wear rate approaches to the minimum. 

 

                
Figure 2. Tribological properties of water solution with different PEI-RGO mass fraction 
lubricated at frequency 3 Hz under 4 N load at ambient environment. (a) COF; (b) mean COF 
and wear rate. 
 

 
3. Lubrication mechanisms of PEI-RGO 
The lubricant was mainly working in the boundary and mixed regime of lubrication based on the 
above results, there are not enough water lubricants in the contact area between the friction pairs 
leading to particularly high to friction and wear during the friction test with the pure water lubricant. 
When a small amount of PEI-RGO nanoadditive was added to pure water, because of the weak 
interlayer van der walls force of PEI-RGO, two adjacent layers were easily slipped and exfoliated 
into smaller nanosheets under a shear force during the sliding friction tests, thus entering to the 
contact area. The sliding movement of adjacent layer and small structure of PEI-RGO may o�er 
lower shear stress and prevent direct interaction between the surface of friction pairs, so PEI-RGO 

(a) (b) 



has a good friction and antiwear properties. Therefore, the mean COF and the wear rate decreased 
compared with pure water lubrication. With the concentration of PEI-RGO rising, the hydrophilic and 
lubricating PEI-RGO nanosheets entered the contact area of the friction pairs as more as possible to 
prevent the direct contact between steel surfaces by forming a carbonaceous lubricating and 
protective film, thereby, improved the lubricant behavior of the water-based lubricant. However, 
when the mass of PEI-RGO was more than 0.05 wt%, it is difficult for a large amount of PEI-RGO 
nanosheets to enter the contact area, therefore, the PEI-RGO nanosheets were accumulated in the 
outside of the contact area. Therefore, the depth of wear track in the contact area increased and the 
bathtub-shaped cross section of wear track was formed. 
 

ACKNOWLEDGMENTS 
This study is supported by the National Natural Science Foundation of China (No.51675534), the 
Science Foundation of China University of Petroleum, Beijing (No. 2462017BJB06). 

 

REFERENCES 
[1] S. Shahnazar, S. Bagheri, S. B. A. Hamid, Enhancing lubricant properties by nanoparticle additives. 
Int. J. Hydrogen Energy 41 (4) (2016) 3153-3170. 
[2] Z. Tang, S. Li, A review of recent developments of friction modifiers for liquid lubricants (2007-
present). Curr. Opin. Solid State Mater. Sci. 18 (3) (2014) 119-139. 
[3] J. Padgurskas, R. Rukuiza, I. Prosyčevas, R. Kreivaitis, Tribological properties of lubricant additives 
of Fe, Cu and Co nanoparticles. Tribol. Int. 60 (2013) 224-232. 
[4] Y. Meng, F. Su, Y. Chen, Effective lubricant additive of nano-Ag/MWCNTs nanocomposite 
produced by supercritical CO2 synthesis. Tribol. Int. 118 (2018) 180-188. 
[5] H. A. Battez, R. González, J. L. Viesca, J. E. Fernández, J. M. Díaz Fernández, A. Machado, R. 
Chou, J. Riba, CuO, ZrO2 and ZnO nanoparticles as antiwear additive in oil lubricants. Wear 265 (3-4) 
(2008) 422-428. 
[6] T. Luo, X. Wei, X. Huang, L. Huang, F. Yang, Tribological properties of Al2O3 nanoparticles as 
lubricating oil additives. Ceram. Int. 40 (5) (2014) 7143-7149. 
[7] H. Ghaednia, R. L. Jackson, J. M. Khodadadi, Experimental analysis of stable CuO nanoparticle 
enhanced lubricants. J. Exp. Nanosci. 10 (1) (2015) 1-18. 
[8] N. Salah, A. Alshahrie, M. S. Abdel-wahab, N. D. Alharbi, Z. H. Khan, Carbon nanotubes of oil fly 
ash integrated with ultrathin CuO nanosheets as effective lubricant additives. Diamond Relat. Mater. 78 
(2017) 97-104. 
[9] H. Wu, J. Zhao, X. Cheng, W. Xia, A. He, J. Yun, S. Huang, L. Wang, H. Huang, S. Jiao, Z. Jiang, 
Friction and wear characteristics of TiO2 nano-additive water-based lubricant on ferritic stainless steel. 
Tribol. Int. 117 (2018) 24-38. 
[10] X. Zheng, Y. Xu, J. Geng, Y. Peng, D. Olson, X. Hu, Tribological behavior of Fe3O4/MoS2 
nanocomposites additives in aqueous and oil phase media. Tribol. Int. 102 (2016) 79-87. 
[11] Z. Cao, Y. Xia, C. Chen, Fabrication of novel ionic liquids-doped polyaniline as lubricant additive 
for anti-corrosion and tribological properties. Tribol. Int. 120 (2018) 446-454. 
[12] K. Gao, Q. Chang, B. Wang, N. Zhou, T. Qing, The tribological performances of modified 
magnesium silicate hydroxide as lubricant additive. Tribol. Int. 121 (2018) 64-70. 
[13] S. Qiu, G. Liu, W. Li, H. Zhao, L. Wang, Noncovalent exfoliation of graphene and its multifunctional 
composite coating with enhanced anticorrosion and tribological performance. J. Alloys Compd. 747 
(2018) 60-70. 
[14] Y. Hu, Y. Wang, Z. Zeng, H. Zhao, X. Ge, K. Wang, L. Wang, Q. Xue, PEGlated graphene as 
nanoadditive for enhancing the tribological properties of water-based lubricants. Carbon 137 (2018) 41-
48. 
[15] B. Gupta, N. Kumar, K. Panda, S. Dash, A. K. Tyagi, Energy efficient reduced graphene oxide 
additives: mechanism of effective lubrication and antiwear properties. Sci. Rep. 6 (2016) 18372 
[16] Y. An, Z. Tai, Y. Qi, X. Yan, B. Liu, Q. Xue, J. Pei, Friction and wear properties of graphene 
oxide/ultrahigh-molecular-weight polyethylene composites under the lubrication of deionized water and 
normal saline solution. J. Appl. Polym. Sci. 131(1) (2014). 



[17] S. Liang, Z. Shen, M. Yi, L. Liu, X. Zhang, S. Ma, In-situ exfoliated graphene for high-performance 
water-based lubricants. Carbon 96 (2016) 1181-1190. 
[18] X. Dou, A. R. Koltonow, X. He, H. D. Jang, Q. Wang, Y. W. Chung, J. Huang, Self-dispersed 
crumpled graphene balls in oil for friction and wear reduction. Proc. Natl. Acad. Sci. USA 113 (6) 
(2016) 1528-1533. 
[19] D. Berman, A. Erdemir, A. V. Sumant, Graphene: a new emerging lubricant. Mater. Today 17 (1) 
(2014) 31-42. 
[20] D. Berman, A. Erdemir, A. V. Zinovev, A. V. Sumant, Nanoscale friction properties of graphene 
and graphene oxide. Diamond Relat. Mater. 54 (2015) 91-96. 

 
 
KEYWORDS 

             Antiwear Additives, Carbon, Lubricants Water-Based 


