
Friction 8(1): 47–57 (2020) ISSN 2223-7690 
https://doi.org/10.1007/s40544-018-0237-3  CN 10-1237/TH 

RESEARCH ARTICLE  

 
 

Lubricating performances of graphene oxide and onion-like 
carbon as water-based lubricant additives for smooth and 
sand-blasted steel discs 

 

Fenghua SU*, Guofu CHEN, Ping HUANG 

School of Mechanical and Automotive Engineering, South China University of Technology, Guangzhou 510641, China 

Received: 07 March 2018 / Revised: 20 April 2018 / Accepted: 02 August 2018 

© The author(s) 2018. This article is published with open access at Springerlink.com 

 

Abstract: Graphene oxide (GO) nanosheets and onion-like carbon (OLC) nanoparticles were synthesized from 

natural graphite powder and candle soot, respectively, and characterized by transmission electron microscopy 

and Raman spectroscopy. The lubricating performances of GO and OLC as lubricant additives in water were 

comparatively evaluated using a ball-on-disc tribometer. The effects of sand blasting of a steel disc on its 

morphology and tribological property were evaluated. The results show that the two nanomaterials, GO and 

OLC, when used as lubricant additives in water effectively reduce the friction and wear of the sliding discs, 

which is independent of the disc surface treatment. On applying heavy loads, it is observed that GO exhibits 

superior friction-reducing and anti-wear abilities compared to those of OLC—a trace amount of GO can 

achieve a lubricating ability equivalent to that of an abundant amount of OLC. Furthermore, it is observed that 

sand blasting cannot improve the wear resistance of the treated steel disc, even though the hardness of the disc 

increased after the treatment. The possible anti-wear and friction-reducing mechanisms of the GO and OLC as 

lubricant additives in water are discussed based on results for the wear surfaces obtained by scanning electron 

microscopy, Raman spectroscopy, and X-ray photoelectron spectroscopy 
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1  Introduction 

Water is an environment-friendly lubricant with a 

high cooling capacity. However, its low viscosity and 

corrosive property make it unacceptable in most 

tribological applications. Therefore, studies have been 

performed to improve the lubricating performance 

of water-based lubricants [1–3]. A promising approach 

is to develop high-quality additives without environ-

mentally harmful compositions. Recently, various carbon 

nanomaterials, such as carbon nanotubes, graphene, 

graphite alkyne, diamond, and carbon black, were 

extensively employed as lubricant additives in water 

and exhibited superior anti-wear and friction-reducing 

properties [4–10]. Peng et al. [5] confirmed that 

SDS-functionalized multi-walled carbon nanotubes 

(MWCNTs) were an effective lubricant additive in 

water, which significantly reduced the friction coefficient 

and wear rate of friction pairs. Kinoshita et al. [6] 

reported that graphene oxide (GO) nanosheets were 

easily attached onto friction surfaces in water and 

formed a protective coating, leading to significant 

improvement in the friction-reducing and anti-wear 

performances. Elomaa et al. [7] reported enhancements 

in the friction-reduction and wear resistance properties 

of a water-based lubricant with a GO additive, as GO 

nanosheets were embedded into counterpart ball 

surfaces and thus absorbed more water molecules into 

the contact surfaces. 

In addition to the above carbon nanomaterials, 
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onion-like carbon (OLC) attracted significant attention 

in different fields, particularly in the field of energy 

storage [11–16]. OLC exhibited great potentials for 

applications in the field of tribology [17–23], mainly 

as it was considered a closed quasi-spherical form  

of graphite, which is a well-known solid lubricant. 

Matsumoto et al. [17] reported that OLC nanoparticles 

as an additive in oil exhibited a better friction- 

reducing ability than that of carbon nanotubes in 

the contact pressure range of 0.51 to 1.10 GPa [17]. 

Joly-Pottuz et al. [21] systematically compared the 

lubricating performances of carbon “nanoonions” and 

graphite powders as additives in a synthetic base oil. 

They confirmed that the formed tribofilm by carbon 

“onions” could trap large abrasive wear particles and 

convert them into ultrafine lubricious iron oxides, thus 

preventing the contact surfaces from further abrasive 

wear. In addition, OLC nanoparticles were verified by 

Wei et al. as an effective oil-based lubricant additive 

in water [23].  

The surface enhancement treatment was also 

important in the improvement in the friction and wear 

properties. The sand-blasting treatment was widely 

used for surface strengthening, surface modification, 

surface clearing, rust removal, etc. [24]. It was suitable 

for the treatment of hard and brittle materials, ductile 

metals, alloys, and nonmetallic materials, and could 

provide perfect surface treatments to all types of 

workpieces, from hull, steel structure, and container, 

to watchcase, button, and inject needle. Guan et al. [25] 

confirmed that sand blasting significantly improved 

the microhardness and wear resistance of an aluminum 

surface owing to the formation of a nanocrystalline 

layer.  

In this study, GO and OLC were prepared and 

employed as water-based lubricant additives. The 

tribological properties of the two carbon nanomaterials 

are comparatively investigated using a ball-on-disc 

tribometer. The effects of sand blasting of a stainless 

disc on the friction and wear behaviors were evaluated 

under different lubricating conditions. In addition, the 

anti-wear and friction-reducing mechanisms of GO 

and OLC as lubricant additives in water are discussed 

by analyzing the wear surfaces with scanning electron 

microscopy (SEM), X-ray photoelectron spectroscopy 

(XPS), and Raman spectroscopy. 

2 Materials and methods 

2.1 Synthesis of GO and OLC 

GO was synthesized from natural graphite powders 

(Qingdao Dongkai Co., Ltd., China) using a modified 

Hummers’ method [26, 27]. Details of the synthesis 

process are presented in our previous report [28]. OLC 

was synthesized from candle soot with an improved 

approach [23, 29]. First, candle soot was deposited on 

a thoroughly cleaned glass plate from the tip of  

the flame of a burning candle. The glass plate (4 cm ×   

6 cm) moved horizontally back and forth during the 

deposition process, so that more candle soot could be 

deposited on the substrate. The deposition process 

lasted 3 min, and then the candle soot was mechanically 

scraped from the glass substrate and collected in a 

glass bottle. Subsequently, the collected candle soot 

was annealed at 430 °C for 3 h in an air-atmosphere 

muffle furnace to completely oxidize the residual wax 

and organic compounds. The carbon nanomaterial 

OLC was obtained after the heat treatment. 

2.2 Characterizations 

The morphologies of GO and OLC were analyzed 

using high-resolution transmission electron microscopy 

(TEM, JEOL JEM-2010F). Structural informations of GO 

and OLC were obtained by a Raman spectroscopy 

measurement using a Dilor Labram-1B multichannel 

confocal microspectrometer with an excitation laser 

wavelength of 633 nm. The morphologies of the steel 

disc surfaces and wear scar surfaces were characterized 

using a Quanta 200 SEM. The surface roughness and 

topographies of the steel discs were measured using 

a Talysurf CLI 1000 surface profile measurement 

system. The microhardness was measured using a 

Vickers microhardness tester at a load of 300 g applied 

for 10 s. The average value from five replicates for 

each type of specimen was reported. 

2.3 Sand blasting of the steel disc 

Sand blasting was carried out by a sand-blasting 

machine (Ningbo XinOu Sand-blasting Machinery 

Co., Ltd., China) with silica particles with diameters 

of 100–300 μm. The treatment process lasted 20 s at a 

pressure of 0.4 MPa with a constant working distance 
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of 20 cm. After the sand-blasting treatment, the surface 

roughness (Ra) of the modified steel disc increased  

to approximately 0.2 μm. The polished steel disc with 

an Ra value of approximately 0.01 μm is denoted as 

the smooth sample. The disc treated by sand blasting 

is denoted as the sand-blasted sample.  

2.4 Friction and wear behaviors 

The lubricating performances of the GO nanosheets 

and OLC nanoparticles as lubricant additives in 

water were evaluated with a ball-on-disc tribometer 

(MS-T3000, Lanzhou Huahui Instrument Technology 

Co., Ltd., China) under room-temperature and humid 

conditions. The sliding between the frictional pairs 

was controlled by pressing the upper stationary ball 

against the lower rotating disc. Figure 1 shows a 

schematic of the tribo-test configuration. The disc used 

for tribo-tests was composed of 304 stainless steel 

with dimensions of 20 mm × 40 mm × 4 mm. The upper 

ball was made of GCr15 bearing steel with a diameter 

of 4 mm and hardness of approximately 61–65 HRC. 

The tribo-tests were performed at a constant rotation 

speed of 200 rpm and different loads of 2–10 N for  

20 min. Table 1 shows the corresponding Hertzian 

contact pressures calculated from the applied loads. 

The diameter of the wear track on the disc was 12 mm. 

The dry friction test was performed under ambient 

air, while the wet friction test was performed in pure 

water or water-based lubricant containing GO or OLC. 

The lubricant additive, GO or OLC, with a desired 

concentration was added in water and ultrasonically 

dispersed for 30 min to achieve a homogeneous 

dispersion. The ball-on-disc was entirely submerged 

into the as-prepared water-based lubricant during 

the rubbing process. After the tribo-test, the steel disc 

was ultrasonically cleaned with anhydrous ethanol, 

and then dried in air. The wear surface of the disc was 

studied by profilometry and SEM. The width and depth 

of the wear track on the disc were automatically 

converted into wear volume by the equipment software. 

The wear rate of the disc was calculated by: K = V/(SF), 

where V is the wear volume (mm3), S is the total sliding 

distance (m), and F is the normal load (N). The chemical 

composition of the wear scar surface was analyzed 

by Raman spectroscopy and XPS (Kratos Axis Ultra 

DLD).  

 
Fig. 1 Schematic of the tribo-test configuration. 

Table 1 Applied loads and corresponding Hertzian contact 
pressures for tribo-tests. 

Applied load (N) 2 4 6 8 10 

Corresponding 
Hertzian contact 
pressure (MPa) 

1039 1309 1498 1649 1776

3 Results and discussion 

3.1 Microstructures and morphologies of the GO 

and OLC 

Figure 2 shows the microstructures and morphologies 

of the GO and OLC. As shown in Figs. 2(a) and 2(b), 

the GO nanosheets were highly transparent with folds 

at the edges, suggesting the ultrasmall thicknesses 

of the nanosheets. As shown in Figs. 2(c) and 2(d), the 

OLC nanoparticles had spherical shapes and onion-like 

structures with diameters of 30 to 60 nm. The cores of 

the OLC nanoparticles were not hollow; they exhibited 

a continuation of the closed cage structure toward the 

center, similar with the result reported by Choucair 

et al. [29].  

Raman spectra of the OLC and GO are shown in 

Fig. 2(e). Graphite exhibits a strong G peak at 1,570 cm−1 

attributed to the first-order scattering of the E2g mode 

[30]. The D peak at 1,340 cm−1 is assigned to the vibration 

of carbon atoms with dangling bonds for the in-plane 

termination of the disordered graphite [23, 31]. For the 

OLC, the prominent peaks at 1,340 cm−1 and 1,593 cm−1 

corresponded to the D and G peaks, respectively. The 

shift in the G peak occurred owing to the larger size 

and visible defects [29]. In the case of the GO, the 

broadened D peak at 1,340 cm−1 was attributed to the 
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reduction in size of in-plane sp2 domains in graphite 

induced by the creation of defects, vacancies, and dis-

tortions of the sp2 domains after the complete oxidation 

[32, 33]. The shifted G peak to 1,580 cm−1 was attributed 

to the oxygenation of graphite [34]. 

3.2 Surface morphologies and hardness values of 

the sand-blasted discs 

The characterizations of the surface structures and 

morphologies of the smooth and sand-blasted discs 

are shown at Fig. 3. As shown in Fig. 3(a), the surface 

roughness increased from 0.01 μm for the smooth 

surface to 0.20 μm for the sand-blasted surface. 

Compared to the smooth surface (Fig. 3(b)), uneven- 

size pits and protuberances were observed on the 

modified surface after sand blasting (Figs. 3(c) and 3(e)). 

Figures 3(d) and 3(f) further confirmed that there were 

large numbers of sharp edges, ridges, and peaks on 

the surface of the sand-blasted sample, attributed to 

the surface plastic deformation occurred during the 

sand-blasting process [35]. The plastic deformation 

leads to strain hardening, which explains the increased 

hardness of the sand-blasted surface. As expected, 

the hardness increased from 336 HV for the smooth 

surface to 485 HV for the sand-blasted surface, as 

shown in Table 2. 

3.3 Friction and wear behaviors 

Typical friction-coefficient curves of the smooth and 

sand-blasted surfaces under different sliding conditions 

are shown in Figs. 4(a) and 4(b), respectively. As 

shown in Figs. 4(a) and 4(b), the friction coefficients 

significantly fluctuated under the dry sliding and 

 

Fig. 3 Surface roughness (a), SEM images of the smooth (b), 
the sand blasted (c and d) discs, and the surface topography of the 
sand blasted disc (e: 2D and f: 3D). 

Table 2 Hardness of the smooth and sand blasted discs. 

Samples Hardness (HV) 

Smooth disc 336 ± 8 

Sand blasted disc 485 ± 14 

 

were slightly stabilized when water was introduced 

for both smooth and sand-blasted surfaces. In contrast, 

the friction coefficient was very stable throughout the 

sliding process when the OLC or GO was added in 

water. Both OLC and GO were effective lubricant 

additives in water reducing the friction, independent 

on the treatment of the disc surface. The sand-blasted  

 

Fig. 2 High-resolution transmission electron microscopy (HR-TEM) images of GO (a, b) and OLC (c, d); Raman spectra of GO and 
OLC (e). 
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Fig. 4 Typical friction coefficient curves for the smooth surface 
(a) and the sand blasted surface (b) under the dry sliding and 
different lubricating conditions. Average friction coefficients 
and wear rates of the smooth surface (c) and sand blasted surface 
(d) under dry sliding and different lubricating conditions (load: 
2 N, additives concentration: 0.06 wt.%). 

surface exhibited slightly lower and more stable friction 

coefficients than those of the smooth surface when 

they were lubricated by pure, GO-, or OLC-dispersed 

water, as shown in Figs. 4(a) and 4(b). 

The average friction coefficients and wear rates of 

the smooth and sand-blasted surfaces under different 

sliding conditions are shown in Figs. 4(c) and 4(d). 

The average friction coefficients were approximately 

0.35 for both smooth and sand-blasted surfaces under 

the dry sliding; they were reduced to 0.25 when pure 

water was employed as the lubricant. The average 

friction coefficients remarkably decreased from 0.25 

to approximately 0.1 when the GO or OLC was added 

in the water, which revealed that the two nanomaterials 

were effective for friction reduction. Figures 4(c) and 

4(d) show significant differences in wear rate between 

the different rubbing surfaces. Unexpectedly, sand 

blasting increased the wear rates of the disc surfaces 

under all test conditions, which might be attributed 

to the increased abrasive wear induced by the rough 

steel surface after sand blasting. Although the hardness 

of the disc increased after sand blasting, it was still 

lower than that of the counterpart GCr15 ball (61-65 

HRC). Therefore, the rough surface of the sand-blasted 

disc was easily scuffed by the hard counterpart ball 

and formed abrasive grains during the rubbing process, 

leading to the increased wear rate of this surface. 

Simultaneously, Figs. 4(c) and 4(d) show that the 

water-based lubricants significantly reduced the wear 

rates of the discs, compared to those for the dry sliding. 

Although the water containing 0.06 wt.% GO or  

0.06 wt.% OLC did not yield a significant difference 

in lubricating ability at this sliding condition, it was 

more effective than the pure water as a lubricant. 

Figure 5 shows variations in friction coefficient and 

wear rate with the increase in the applied load for the 

smooth surface under different lubricating conditions. 

The OLC and GO as lubricant additives significantly 

reduced the friction coefficients under different applied 

loads, as shown in Fig. 5(a). The friction-reducing 

ability of the GO was superior to that of the OLC for 

all applied loads. The friction coefficients of these 

samples steadily increased with the load under the 

different lubricating conditions. Regarding the variations 

in wear rate with the increase in the applied load 

shown in Fig. 5(b), in the case of the GO-dispersed 

water, the wear rate slightly decreased with the increase 

in the applied load up to 8.0 N, and then increased 

with the further increase in the load. However,   

the wear rate for the sample lubricated by the OLC- 

dispersed water gradually increased with the applied 

load. Therefore, the OLC was more sensitive to the 

applied load than the GO for the wear rate reduction. 

When the applied load was over 4 N, the GO was 

significantly more effective than the OLC as a lubricant 

additive in water for wear reduction. Overall, the two 

nanomaterials, GO and OLC, as lubricant additives in 

water were effective for friction and wear reductions. 

The GO exhibited significantly better friction-reducing 

and anti-wear abilities than those of the OLC, 

particularly under high applied loads. 

The effects of the dispersion concentrations of GO 

and OLC in water on the friction coefficients and 

wear rates of the smooth surface are shown in Fig. 6. 

Both friction coefficients and wear rates exhibited 

similar “deep valley” shapes with the increase in the 

 

Fig. 5 Effect of applied load on the friction coefficients and wear 
rates of the smooth disc under different lubricating conditions 
(additive concentration: 0.06 wt.%). 



52 Friction 8(1): 47–57 (2020) 

 | https://mc03.manuscriptcentral.com/friction 

 

 

Fig. 6 Effect of the dispersion concentration of GO and OLC in 
water on the friction coefficients and wear rates of the smooth 
surface (load: 6 N). 

GO concentration in water. The optimal concentration 

of GO in water was approximately 0.02–0.06 wt.%. It 

is worth noting that both friction coefficient and wear 

rate slowly decreased with the increase in the OLC 

concentration in the water. This shows that more OLC 

should be used to achieve a lubricating performance 

equivalent to that achieved by a trace amount of GO. 

3.4 Analysis of the wear surfaces 

Figure 7 shows the wear surfaces of the smooth and 

sand-blasted discs under different sliding conditions. 

As shown in Figs. 7(a)–7(h), the wear scars on the 

sand-blasted surfaces were uneven with unstable wear 

widths, compared to those on the smooth surfaces, 

which might be attributed to the increased surface 

roughness and produced asperities by the sand blasting. 

As shown in Figs. 7(a) and 7(e), the wear surface had 

wide, deep, and rough wear scars with a large amount 

of wear debris and few delamination layers, indicating 

that a severe fatigue, abrasive, and adhesive wear 

occurred under the dry sliding condition. When the 

pure water was employed as the lubricant, the wear 

scar was narrower and smooth, and the wear surface 

exhibited a few signs of adhesion and fatigue wear 

(Figs. 7(b) and 7(f)). The widths of the wear scars 

lubricated with the GO (Figs. 7(c) and 7(g)) and OLC 

(Fig. 7(d) and 7(h)) dispersed waters were smaller and 

the surface was quite smooth, compared to those  

for the lubrication with pure water. Figures 7(k) and 

7(l) show deeper scratches and severe delamination 

of the surface layer on the wear surface of the 

sand-blasted disc, compared to those on the smooth 

surface (Figs. 7(i) and 7(j)). These results might be 

attributed to the severe abrasive wear that is a con-

sequence of the increased surface roughness caused 

by sand blasting [36]. 

In order to further investigate the anti-wear and 

friction-reducing mechanisms of the GO and OLC as 

lubricating additives in water, Fig. 8 shows SEM images 

of the wear surfaces of the smooth discs lubricated 

with the 0.06-wt.% GO- and OLC-dispersed water.  

 

Fig. 7 SEM images of the wear surfaces of the discs under dry sliding and different lubricating conditions. (a–d) the smooth surface; 
(e–h) the sand blasted surface; (i), (j), (k), (l) correspond to the magnification of (c), (d), (g), (h), respectively (load: 2 N, additives
concentration: 0.06 wt.%). 
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Fig. 8 SEM images of the wear scars on the smooth surfaces 
lubricated with the 0.06 wt.% GO (a, b) and the 0.06 wt.% OLC 
(c, d) dispersed water (load: 6 N). 

After the addition of GO, the wear surface was smooth 

without deep furrows and scratches (Figs. 8(a) and 

8(b)), and the wear scar was relatively narrow and 

shallow. In contrast, deeper scratches and fragments 

were observed on the wear surface lubricated by the 

OLC-dispersed water (Figs. 8(c) and 8(d)). The two- 

dimensional (2D) sheet shape of the GO might easily 

provide better shear and sliding to protect the surfaces 

against friction and wear [10], compared to those for 

the OLC nanoparticles. 

The corresponding 2D and three-dimensional (3D) 

images of the wear tracks are shown in Fig. 9. The 

wear scar lubricated by the GO-dispersed water  

(Figs. 9(a) and 9(c)) exhibited smaller wear depth 

and width than those for the lubrication by the OLC- 

dispersed water (Figs. 9(b) and 9(d)). In addition, 

Figs. 9(b) and 9(d) show deeper grooves at the bottom 

of the wear surface lubricated by the OLC-dispersed 

water, which might be attributed to the generation and 

accumulation of wear-related debris at the contact 

interfaces. 

Figure 10 shows Raman spectra of the wear scars 

on the smooth surfaces lubricated by the GO- and 

OLC-dispersed waters. The D and G peaks of the 

wear scar lubricated by the GO-dispersed water were 

consistent with the corresponding peaks of pure GO 

(Fig. 2(e)), indicating that GO possibly adsorbed on 

the wear surface and formed a protective film during 

the sliding process. Compared to the Raman spectrum 

of the pure GO (Fig. 2(e)), a decrease in density and 

broadening of the D and G peaks were observed   

in the spectrum for the wear scar, which might be 

attributed to the amorphization of the GO during the 

rubbing process [34]. The typical peaks at 1,339 cm−1 

and 1,600 cm−1 were also observed for the wear surface 

lubricated by the OLC-dispersed water, which indicated 

that a carbon film formed on the wear surface during 

the sliding process. Compared with the Raman  

 

Fig. 9 2D and 3D surface topographies of wear tracks on the smooth surfaces lubricated with the 0.06 wt. % GO (a, c) and the 0.06 wt.%
OLC (b, d) dispersed water. 
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Fig. 10 Raman spectra of the wear scars on the smooth surfaces 
lubricated with the 0.06 wt.% GO and the 0.06 wt.% OLC 
dispersed water. 

spectrum of the OLC (Fig. 2(e)), the intensities of the  

D and G peaks of the wear scar were increased, 

associated with the presence of more defects in the 

OLC after the sliding [37]. The narrower D and G peaks 

might be attributed to the shear action induced by the 

graphitization of the OLC during the sliding process 

[38]. The deposited OLC would be deformed and 

ruptured by the frictional force and heat during the 

rubbing process [21, 23]. 

Figure 11 shows C 1s and O 1s XPS spectra of the 

wear surfaces lubricated with the GO- (a, b) and OLC- 

(c, d) dispersed water. The mass fractions of the C, O, 

Fe, Cr, and Ni elements, determined by XPS, are 

presented in Table 3. The C 1s XPS spectrum of the 

wear surface lubricated with the GO-dispersed water 

(Fig. 11(a)) showed a main peak at 284.5 eV attributed 

to the graphitic carbon and other peaks associated 

with oxygen functional groups such as C=O bonds in 

carbonyl (287.8 eV) and C–O bonds in alkoxyl (285.7 eV) 

groups. Furthermore, the mass fraction (66.4%)    

of the C element for the wear surface (Table 3) was 

significantly higher than that in the 304 stainless steel 

(smaller than 0.08%). We can conclude that the GO 

nanosheets were deposited on the contact surfaces 

and formed a physical protective film between the two 

mating surfaces during the sliding process, which is 

consistent with the results obtained by the Raman 

spectrum (Fig. 10). As shown in Fig. 11(b), the Fe3O4 

(528.9 eV), Cr2O3 (529.8 eV), and NiO (530.2 eV) signals 

in the O 1s peak were attributed to the oxidation 

reactions. The C=O signature in the O 1s peak might 

originate from the GO lubricant additive. As shown 

in Fig. 11(c), the C 1s peak of the wear scar surface 

lubricated with the OLC-dispersed water consisted  

of three peaks of C–C (284.5 eV), C–O (285.6 eV),  

and C=O (288.1 eV) [11]. Similarly, the mass fraction 

(51.64%) of the C element on the wear scar surface 

(Table 3) was significantly higher than that in the 304 

stainless steel (smaller than 0.08%), demonstrating that 

a carbon film was formed on the wear scar during  

the tribo-test. C=O (530.6 eV), Fe3O4 (528.9 eV), Cr2O3 

(529.8 eV), and NiO (530.2 eV) signatures in the O 1s 

peak are observed in Fig. 11(d). The C=O signature  

in the O 1s peak originated from the OLC lubricant 

additive, while those of Fe3O4, Cr2O3, and NiO 

originated from the oxidation reactions. As shown in 

Figs. 11(b) and 11(d) and Table 3, the mass fractions 

of the O, Fe, and Cr elements on the wear surface 

lubricated with the OLC-dispersed water were 

significantly higher than those for the surface lubricated 

with the GO-dispersed water. This result confirmed 

that the oxidation reaction for the sample lubricated 

with the OLC additive was significantly stronger than 

that for the sample lubricated with the GO additive. 

The OLC particles were more easily destroyed by the  

 

Fig. 11 XPS spectra of C1s and O1s on the wear scars on the 
smooth surfaces lubricated with the 0.06 wt.% GO (a, b) and the 
0.06 wt.% OLC (c, d) dispersed water. 

Table 3 Relative mass fractions of typical elements on the wear 
scars of the smooth surfaces lubricated with the 0.06 wt.% GO 
and the 0.06 wt.% OLC dispersed water. 

Mass fraction (wt.%) Lubricant 
additive C O Fe Cr Ni 

GO 66.40 22.87 7.23 1.19 2.30

OLC 51.64 26.75 12.56 7.11 1.85
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frictional force than the GO nanosheets during the 

rubbing process. 

According to the tribo-test results and analyses of 

the wear scar surfaces, we can conclude that the OLC 

and GO were successfully employed as lubricant 

additives in water. For the OLC nanoparticles, the 

friction-reducing and anti-wear abilities might be 

attributed to their rolling action mechanism, owing 

to their onion-like structures and the formation of the 

lubricating film by the exfoliated graphite sheets 

during the sliding process. The OLC nanoparticles in 

water gradually penetrated the interface of the contact 

surfaces (Figs. 10 and 11) owing to the traction and 

compression by the contact pressure. The deposited 

OLC nanoparticles could roll as nanoscale ball bearings 

to avoid the direct contact of the asperities on the 

surface [23, 39, 40]. The lubrication mechanism of the 

GO water-based lubricant additive could be described 

as follows: The GO nanosheets entered the rubbing 

surface, as the contact pressure created stressed zones 

of traction and compression. The gradually accumulated 

GO nanosheets could fill up the hollows and smoothed 

the rubbing surface, forming a thin tribofilm with the 

increase in the sliding distance [8, 10]. The formed thin 

tribofilm had important functions, including separation 

of the two mating metal surfaces to avoid direct contact 

and bearing of the load from the steel balls. The 2D 

structure of the GO nanosheets provided better shear 

and sliding between the two mating surfaces than 

those in the case of the OLC nanoparticles. The OLC 

particles might be more easily destroyed by the 

frictional force than the GO nanosheets during the 

rubbing process. Consequently, the GO lubricant 

additive in water exhibited a better lubricating per-

formance than that of the OLC, particularly under a 

high applied load. 

4 Conclusions 

Thin GO nanosheets and OLC nanoparticles with 

diameters of 30–60 nm were successfully synthesized 

from natural graphite powder and candle soot, res-

pectively. The lubricating performances of the resulting 

GO and OLC as lubricant additives in water were 

evaluated under different sliding conditions. In addition, 

the effects of sand blasting on the morphologies and 

tribological properties of the treated disc were evaluated. 

As expected, the OLC and GO as lubricating additives 

in water significantly reduced the friction coefficients 

and wear rates of the sliding disc, which is independent 

of the disc surface treatment. Overall, GO is observed 

to exhibit superior friction-reducing and anti-wear 

abilities compared to those of the OLC as water-based 

lubricant additives—a trace amount of GO could 

achieve lubricating abilities equivalent to those for an 

abundant amount of OLC. Although sand blasting 

increased the hardness of the treated disc, its surface 

roughness significantly increased leading to its poor 

wear resistance under different sliding conditions. 

The friction-reduction and anti-wear abilities of OLC 

in water might be attributed to its onion-like structure 

that produces rolling action and the formation of the 

tribofilm during the sliding process. The excellent 

lubricating ability of the GO was attributed to the 

formation of thin protective films on the contact surfaces 

and its 2D structure providing better shear and sliding 

between the two mating wear surfaces.  
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