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With growing concern over environmental problems, green technologies associated with reducing pollution have been rapidly

progressing to attain a sustainable future. Among numerous green technologies currently under development, water lubrication

technology that can replace the use of conventional oil lubricants can be a promising technology that may lead to huge benefits with

respect to environmental and economic issues. In this work, good-lubricating performance was achieved by using reduced graphene

oxide (rGO) coating on AISI 440C stainless steel (SS) ball that was slid against a silicon (Si) specimen under water lubrication

condition. Compared to the sliding tests performed in dry condition, the friction coefficient of the rGO coated SS ball slid against

the Si specimen under water lubrication condition could be reduced by 12 times. Also, it was shown that friction coefficient of the

uncoated SS ball slid against the Si specimen in water and dry conditions were relatively higher than that of the sliding test conducted

with the rGO coated SS ball in water lubrication. The experimental results demonstrated that the rGO coating on SS can effectively

lower the friction in water lubrication conditions. This work are expected to aid in the development of environmental-friendly

lubrication technology for mechanical components.
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1. Introduction

Rising concern in environmental issues has strongly motivated the

development of green technology with the aim to provide practical

means to solve these problems.1-12 In this regard, water lubrication has

received much interest in recent years due to the non-polluting nature

of water.13-19 Though the use of water as a lubricant has received great

attention in various applications such as machining processes, the

technology has not been fully developed to be used at the industrial

scale.20-24 Nevertheless, given the huge impact of water lubrication on

economic benefits and environmental issues, various attempts have

been made to realize practical water lubrication technology for various

mechanical components.

It has been reported that nitride-based metallic coatings and

diamond-like carbon (DLC) coatings showed superior properties in

reducing friction and wear under water lubrication condition.25-27 Wang

et al. investigated the tribological properties of TiN(C) coatings with

respect to different carbon content under water lubrication condition

and showed that a relatively low friction and wear could be attained.28

Furthermore, Wang et al. demonstrated superior tribological properties

of CrN(C) coatings under water lubrication conditions by tuning the

content of carbon in the coating during the deposition process.29 In this

regard, it can be stated that the tribological properties of the coating

under water lubrication condition are highly dependent on the carbon

content in the nitride-based coatings. Furthermore, numerous works on

the tribological properties of various DLC based coatings under water

lubrication condition were performed. Yamamoto et al. investigated the

tribological properties of various hydrogenated DLC coatings with

different hardness values under water lubrication condition.30 It was

revealed from the experimental results that the friction and wear

properties of DLC coatings and counter surfaces were highly dependent

on the hardness of the DLC coating. Also, Wang et al. investigated

tribological properties of Ti-DLC coatings with different Ti content

under water lubrication condition.31 It was shown that an optimized

content of Ti in the Ti-DLC coating resulted in improved mechanical

and tribological properties in water lubrication.
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In addition to the realization of water lubrication technology by

using metallic hard coatings as mentioned above, inclusion of effective

additives such as polymers, biomolecules, metallic nanoparticles,

nanodiamonds (NDs) and carbon-based nanoparticles in water was also

considered to be a viable solution to acquire superior lubricating

performance.14,32,33 Song et al. demonstrated the reduced friction and

wear behaviors of stainless steel by using graphene oxide (GO) and

oxide multiwall carbon nanotubes (CNTs-COOH) as additives.34 It was

shown that GO additives in water were more effective in reducing

friction and wear compared to the CNTs-COOH additives. Also, it was

mentioned that the formation of GO tribofilm on the substrate aided in

acquiring superior tribological properties during the sliding tests.

Despite the rapid increase in the interest and high future prospects

of water lubrication, the development of efficient and cost effective

water lubrication technology is yet to be achieved. In this work, GO

coated SS ball fabricated by using the electrodynamic spraying process

(ESP) was slid against the Si specimen under water lubrication

conditions in order to investigate the lubrication capabilities of the GO

coating. Also, uncoated SS balls were slid against the Si specimen in

water and dry conditions for comparison. Following the sliding tests,

wear tracks formed on the specimen surface were observed by using a

scanning electron microscope (SEM, JEOL-6610). From these

investigations, the effectiveness of using GO coating on SS surface to

achieve low friction under water lubrication conditions was assessed.

The following sections describe the details of the experimental work.

2. Experimental Details and Results

2.1 Preparation of GO Coated SS Ball

Prior to the deposition process by using the ESP, graphene oxide

(GO) particles were well dispersed in a mixture of H2O/EtOH solution

by using the modified Hummer’s method.35-38 It should be noted that

the degree of dispersion in the solution could be considered as one of

the important factors in determining the quality of the coating during

the ESP.39 Following the dispersion process of GO in the solution, the

thickness and size of a single GO was characterized by using an atomic

force microscope (AFM, Park system NX10) as shown in Fig. 1(a).

The inset graph in the AFM image shows the surface profile of the

region indicated with dotted line. As can be obtained from the surface

profile, the size and the thickness of single GO were measured to be

about 200 nm and about 1 nm, respectively.

The experimental process was composed of the ESP, reduction

treatment and tribo-testing. As for the ESP, GO dispersed solution was

supplied to the nozzle by using an injection controller to control the

speed of the injection. The injection rate was set to be 5 µL/min. during

the ESP. Also, a relatively high voltage was applied to the nozzle by

using a power supply in order to generate fine droplets during the ESP.

In the ESP, a 2-axis moving stage enabled for the coating to be uniform

over a relatively large area. Finally, the GO coating was deposited on

the pre-cleaned 1.6 mm 440C SS balls. The GO coating thickness on

the SS ball was measured to be about 3 µm by using 3D laser

microscope image as shown in Fig. 1(b). Following the ESP, all the

samples were placed in the vaporized hydrazine contained glass

chamber for 24 hours at 100oC to reduce the GO coating that were

deposited on the SS balls.

The purpose of GO reduction to obtain a reduced graphene oxide

(rGO) was to improve the adhesion of the GO coating to the SS ball. 

Fig. 1(c) is the schematic showing the experimental set-up used to

investigate the friction and wear behaviors of the GO coated SS ball

slid against the Si specimen under water lubrication condition. The

friction and wear behaviors of the GO coated SS ball were investigated

by sliding the balls against the 1 cm × 1 cm2 Si specimen under water

lubrication conditions. In the sliding tests, a reciprocating type of a

tribotester was utilized as presented in the schematic of Fig. 1(b). Normal

and lateral force sensors (Transducer Techniques, GS0-10) with

resolution of 1 mV/V nominal rated output were used to monitor the

normal and frictional forces during the sliding tests, respectively. In order

to prevent evaporation of water during the sliding tests, water was

supplied by using the injection controller with the injection rate of 5 µL/

min. In the sliding tests, normal load, sliding stroke and sliding speed

Fig. 1 (a) AFM image of single graphene oxide layer with the 2D

surface profile of the region indicated with dotted line. (b) 3D laser

microscope image of GO coating on stainless steel ball with 2D

surface profile of the region indicated with dotted line (c) Schematic of

tribo-testing
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were set to be 20 mN, 2 mm and 4 mm/s (1 Hz), respectively. The 20 mN

normal load in the sliding test corresponded to a contact pressure of

about 0.28 GPa between SS ball and Si specimen that was calculated by

using Hertzian contact pressure equation. All the tests were repeated for

three times to assure repeatability of the results. All the tests were

performed in an ambient condition inside a Class 100 clean room.

2.2 Friction Behavior of Si in Water and Dry Conditions

Fig. 2(a) shows the friction coefficient with respect to the number

of sliding cycles under various sliding conditions. From here on, the

GO coating will be referred to as rGO since all the coatings were

reduced prior to the sliding tests. It should be noted that rGO-water and

rGO-dry sliding conditions represent the experiments in which the rGO

coated SS ball was slid against the Si specimen in water lubrication and

in dry condition, respectively. Also, SS-water and SS-dry sliding

conditions represent the experiments in which the uncoated SS ball was

slid against the Si specimen in water lubrication and in dry condition,

respectively. As can be confirmed from Fig. 2(a), relatively low friction

coefficient of about 0.04 could be obtained for rGO-water sliding

condition for 5000 sliding cycles. As for the rGO-dry sliding condition,

the friction coefficient was found to be about 0.48 for 5000 sliding

cycles. Thus, it can be stated that water had a significant role in reducing

the friction force between the rGO coated SS ball and the Si specimen.

As for the sliding test conducted under rGO-dry sliding condition, a

relatively high friction force was attained due to abrasive wear of the

rGO coating on the SS ball against the Si specimen. The particles

generated were expected to increase the three-body abrasive interaction

at the sliding interface.

In order to investigate the effect of rGO coating on the friction

behaviors of SS ball sliding against the Si specimen in water and dry

conditions, uncoated SS balls were slid against the Si specimen in

water and dry conditions for comparison. It was shown that the friction

coefficients of SS-water and SS-dry sliding conditions were about 0.3

and about 0.15, respectively. For the sliding tests conducted under

water lubrication condition with and without the rGO coating, it can be

concluded that the rGO coating contributed in reducing the friction

coefficient by as much as 7.5 times. As for the dry conditions, however,

the friction coefficient of the SS-dry sliding condition was shown to be

even lower compared to that of the rGO-dry sliding condition. This

outcome could be attributed to the generation of numerous abrasive GO

wear particles during the sliding test of rGO-dry sliding condition.

Moreover, it was observed with the SEM that no wear could be found

on the specimens for the SS-dry sliding condition.

It was interesting to note that the friction coefficient of the SS-dry

sliding condition was lower than that of the SS-water sliding condition.

This outcome implied that pure water cannot be used as a lubricant for

SS as previously reported in numerous works.15,26 Also, compared to

the stable friction coefficient for SS-dry sliding condition, relatively

unstable friction coefficient of SS-water sliding condition was

presumed to be due to the severe wear of the Si specimen. Fig. 2(b)

represents the summary of friction coefficient data obtained from the

sliding tests under different lubrication conditions. The average friction

coefficient for three repeated sliding tests conducted under rGO-water,

rGO-dry, SS-water and SS-dry sliding conditions were 0.04 ± 0.001,

0.48 ± 0.15, 0.29 ± 0.03 and 0.15 ± 0.02, respectively. It should be

mentioned that a relatively large deviation for rGO-dry sliding

condition was assumed to be due to the unsteady behavior of the

abrasive GO wear particles introduced between the SS ball and the Si

specimen during the sliding tests. Overall, it could be determined from

the experimental results that the use of rGO coating in water lubrication

was effective in reducing the friction force for Si.

2.3 Wear Behaviors of rGO Coated SS Balls in Water and Dry

Conditions

Fig. 3 shows the SEM images of the rGO coated and uncoated SS balls

after the sliding tests under different lubrication conditions (left) and the

magnified SEM images of the contact region (right) indicated with green

circle in the SEM images of the balls. Fig. 3(a) shows the SEM images

of the rGO coated SS ball after the sliding test under water lubrication

condition. It can be noticed from the SEM image of rGO coated SS ball

that the rGO coating was delaminated over a large area after the sliding

test. Considering that low friction coefficient of about 0.04 was

maintained for 5000 sliding cycles for rGO-water sliding condition, it can

be stated that the rGO coating was present on the contact region of the SS

ball during the sliding tests. Furthermore, since the friction coefficient of

the SS-water sliding condition was measured to be about 0.15, it was

presumed that the rGO coating was delaminated during the detachment of

Fig. 2 (a) Friction coefficient of the sliding tests conducted under

various sliding conditions. (b) Average friction coefficient of the 3

repeated sliding tests conducted under various sliding conditions. An

error bar indicates the standard deviation
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the ball after the sliding tests, probably due to the poor adhesion properties

between the rGO coating and the SS ball. Furthermore, in the magnified

SEM image of the contact region, it can be noticed that a slight amount

of rGO was embedded into the SS ball due to relatively high contact

pressure experienced during the sliding tests. Overall, it can be concluded

that the presence of rGO coating in water lubrication contributed in

significantly lowering the friction force between the SS ball and the Si

specimen. Fig. 3(b) shows the SEM images of the rGO coated SS ball and

the magnified SEM image of the contact region that was slid against the

Si specimen in dry condition. As can be seen in Fig. 3(b), the rough

surface of rGO coating and numerous rGO abrasive particles present on

the surface of the SS ball may have resulted in the relatively high friction

coefficient (about 0.48) with large deviations compared to other sliding

conditions.

Figs. 3(c) and 3(d) show the SEM images of the uncoated SS balls

that were slid against the Si specimen in water and dry conditions,

respectively. As for the SS-water sliding condition, it was confirmed

from the magnified SEM image of the contact region that a small

amount of SS wear particles were present on the surface of the SS ball.

It may be postulated that these wear particles were generated probably

due to the corrosive wear of the SS ball during the sliding tests which led

to a relatively high friction coefficient of about 0.29. Unlike the wear

particles embedded in the surface of the SS ball for the SS-water sliding

condition, relatively clean surface with no apparent wear was observed

for the SS ball used in the SS-dry sliding condition as shown in Fig. 3(d).

The wear tracks on the Si specimens were observed by using the

SEM as shown in Fig. 4. It should be noted that for the sliding tests

conducted with the rGO coated SS ball in water and dry conditions

wear tracks were not found and hence, they were not included in Fig.

4. Fig. 4(a) shows the SEM images with different magnifications of the

wear track formed on the Si specimen after the sliding test for rGO-dry

sliding condition. The SEM images show evidence of many dark

particles embedded in the wear track. Considering the fact that the

particles were randomly distributed in the wear track, they were

thought to be particles that were detached from the GO coating on the

SS ball. Thus, these particles were presumed to be GO particles

compressed into the wear track during the sliding test. Furthermore, it

may be stated that the generation of abrasive GO particles during the

sliding tests contributed in attaining a relatively high friction

coefficient. Fig. 4(b) shows the SEM images with different

magnifications of the wear track formed on the Si specimen after the

sliding test for SS-water sliding condition. It can be seen from the

magnified SEM image of the wear track (right) in Fig. 4(b) that a

number of wear particles were embedded on the wear track. The

formation of the wear particles observed on the wear track could also

be found on the counter surface (SS ball) as shown in Fig. 3(c). Thus,

Fig. 3 SEM images of the balls used as counter surface in the sliding

tests (left) with the magnified SEM images of the contact region

indicated with white circle (right) of (a) rGO coated SS ball slid

against Si specimen under water lubrication condition, (b) rGO coated

SS ball slid against Si specimen in dry condition, (c) uncoated SS ball

slid against Si specimen under water lubrication condition and (d)

uncoated SS ball slid against Si specimen in dry condition

Fig. 4 SEM images of Si specimen after (a) the sliding of rGO coated

SS ball against Si specimen in dry condition. (b) The sliding of

uncoated SS ball against Si specimen under water lubrication condition
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it may be concluded that abrasive wear particles on the wear track

resulted in relatively high friction coefficient as presented in Fig. 2(a).

2.4 Durability of the rGO Coated SS Ball

The rGO coated SS ball was slid against Si specimen under water

lubrication condition for 7000 sliding cycles to assess the durability of

the rGO coating. Fig. 5(a) shows the friction coefficient with respect to

the number of sliding cycles for the rGO-water sliding condition. It can

be noticed from the graph that the rapid increase in the friction

coefficient occurred at 6640 sliding cycles due to the removal of rGO

coating. It should be stated that the friction coefficient reached up to

about 0.3 due to the absence of the rGO coating between the SS ball

and Si specimen, which was consistent with the value obtained from

the SS-water sliding condition. Fig. 5(b) shows the SEM images of the

rGO coated SS ball after the sliding test (left) with a magnified SEM

image of the contact region. It could be observed that large amount of

the coating was removed with no evidence of wear on the surface of the

SS ball. Fig. 5(c) shows the SEM images with different magnifications

of the rGO residue found on the Si specimen after the sliding test.

Considering that the morphology of the rGO residues were quite similar

to the initial state of the rGO coating on the SS ball, it was reasonable

to presume that the coating was delaminated due to poor adhesion

between the SS ball and the Si specimen. It was reported in previous

works that the water contact angle of both stainless steel and GO coating

was -50o.40,41 As for the rGO coating, the water contact angle was

reported to be in the range of 80-90o, indicating relatively low surface

energy of the rGO coating.41 From these data, it may be presumed that

the delamination of the rGO coating during the sliding tests was due to

low surface energy of the rGO coating. Thus, an improvement of the

adhesion property of the rGO coating should be conducted for future

work to enhance the durability of the coating in water lubrication.

3. Conclusions

The feasibility of using a SS ball coated with GO to achieve low

friction against Si in water lubrication was assessed. The rGO coating was

successfully deposited on a SS ball using the ESP followed by the

reduction process. The friction and wear behaviors of the rGO coating

were assessed by using a reciprocating type of a tribotester in water and dry

sliding conditions. The friction coefficient of the rGO coated SS ball sliding

against the Si specimen in water lubrication was about 0.04 over 5000

cycles. This value was 12 times lower compared to the friction coefficient

(about 0.48) of the rGO coated SS ball sliding against the Si specimen in dry

condition. It was found that the friction coefficient of the uncoated SS ball

slid against the Si specimen in water and dry conditions were about 0.3 and

about 0.15, respectively. Thus, it may be stated that the rGO coating had a

significant role in reducing the friction between the SS ball and the Si

specimen. Furthermore, it was revealed from the SEM images that the wear

of the SS ball slid against the Si specimen under water lubrication condition

was significantly lower than that of uncoated SS ball slid against the Si

specimen under the same condition. The overall experimental results

revealed that that adequate lubricating performance could be derived by

using the rGO coated SS ball against Si in water lubrication.
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