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Lubrication of mechanical systems using water instead of conventional oil lubricants is extremely
attractive from the view of resource conservation and environmental protection. However,
insufficient film thickness of water due to low viscosity and chemical reaction of water with metallic
materials have been a great obstacle in utilization of water as an effective lubricant. Herein, the
friction between a 440C stainless steel (SS) ball and a 440C stainless steel (SS) plate in water
lubrication could be reduced by as much as 6-times by coating the ball with reduced graphene oxide
(rGO). The friction coefficient with rGO coated ball in water lubrication was comparable to the value
obtained with the uncoated ball in oil lubrication. Moreover, the wear rate of the SS plate slid against
the rGO coated ball in water lubrication was 3-times lower than that of the SS plate slid against
the uncoated ball in oil lubrication. These results clearly demonstrated that water can be effectively
utilized as a lubricant instead of oil to lower the friction and wear of SS components by coating
one side with rGO. Implementation of this technology in mechanical systems is expected to aid in
significant reduction of environmental pollution caused by the extensive use of oil lubricants.

Water lubrication has been gaining great interest over the recent years with the expectation that it may
provide a solution to environmental issues by replacing the use of oil lubricants in various sliding appli-
cations'~. The concept of lubricating machines with water has attracted the attention of numerous indus-
tries including manufacturing, automotive, ship building, food, and biomedical’. The economic impact
of realizing water lubrication technology in these industries is tremendous considering the savings that
can be derived from conservation of natural resources, reduction of transportation and disposal costs of
oil, and performance maximization of mechanical systems in clean environments where oil lubricants
cannot be used!'®. In this regard, water lubrication can be regarded as a highly desirable green technology
that is vital for sustainable future.

Given the enormous impact of water lubrication technology on the environmental and economic
issues, the intrinsic properties of water have strongly limited the use of water as a lubricant in practical
engineering applications. The limiting factors in using water as a lubricant have been reported in numer-
ous previous works. In particular, it was shown that low viscosity of water resulted in the lubrication film
thickness of only ~70 nm which was about 1/100 to 1/1000 of the thickness of conventional oil in hydro-
dynamic lubrication condition'®. Moreover, the use of water as a lubricant in metallic systems caused
severe chemical reactions that were detrimental to proper operation of the system!. In order to overcome
the limitations of water lubrication, various attempts have been made through modification of metal-
lic surfaces with hard coatings that can provide good lubricity in water environment®s. Nitride-based
metal coatings such as CrN, CrSiN, TiCN and TiAIN were reported to exhibit relatively low friction and
wear in water lubrication conditions®*-!!. Wang et al. demonstrated the friction and wear behaviors of
TiN(C) coatings with respect to various carbon content in water’. With an optimized content of C in
the coating, the friction coeflicient of 0.24 and the wear rate of 3.3 X 10~*mm?/N-m under water lubrica-
tion conditions could be attained. In addition to the nitride-based metal coatings, diamond-like carbon

School of Mechanical Engineering, Yonsei University, Seoul 120-749, Korea. Correspondence and requests for
materials should be addressed to D.-E.K. (email: kimde@yonsei.ac.kr)

SCIENTIFIC REPORTS | 5:17034 | DOI: 10.1038/srep17034 1


mailto:kimde@yonsei.ac.kr

www.nature.com/scientificreports/

(DLC) has also received much attention as a promising coating material to be used in water lubrication.
Ohana et al. investigated the tribological properties of DLC film sliding against a Cr-plated ball under
water lubrication conditions®. Compared to the friction coefficient of ~0.11 obtained by using a steel
ball as the counter surface of DLC film, the value could be reduced to ~0.09 by using the Cr-plated ball.
It was proposed that Cr promoted the stable formation of water lubricating film on the DLC surface.
Furthermore, doping DLC coatings with various materials such as Ti and hydrogen were also suggested
to improve the tribological properties of DLC film under water lubrication conditions*’. Despite these
methods, the use of DLC coatings under water lubrication conditions has a few inherent disadvantages
such as brittleness, high residual stress and poor adhesion to the substrate®*’.

In addition to utilizing hard coatings in water lubrication, use of additives in water to reduce fric-
tion and wear was also proposed. The purpose of using the additives was to overcome the limitations
associated with low viscosity of water. Thus, attempts were made to attain sufficient water film thickness
by exploiting soluble polymer and biomolecules or insoluble Cu nanoparticles, nanodiamonds (NDs)
and graphene as additives'?'%, Kinoshita ef al. investigated the effects of using monolayer GO sheets as
water-based lubricant additives'>. With an addition of 0.01 wt.% of GO in water, a low friction coefficient
of 0.05 could be maintained for 60000 sliding cycles. Also, Elomaa et al. investigated the effects of GO
content in water on the friction and wear properties of DLC coatings'. Experimental results revealed
that the friction coefficient of DLC coating could be significantly decreased to ~0.06 with an addition of
1wt.% of GO. However, in practical situations, the use of additives in the lubricating fluid may not be a
good solution since the additives themselves can be a source of pollution and the cost of the lubricant
rise significantly.

Over the past decade, graphene and its derivatives have demonstrated superior friction and wear
properties due to their extraordinary intrinsic properties such as high strength and toughness, low shear
strength between layers, and ease of functionalization as to lower the interfacial forces'’-2!. Recently,
a single layer graphene was used as a solid lubricant to achieve low friction and wear in silicon-based
NEMS/MEMS applications?>. Berman et al. demonstrated that friction and wear could be reduced by a
factor of ~5 with addition of graphene in ethanol®. These results indicate the great potential of graphene
and its derivatives to be utilized in lubrication applications.

Given the benefits and limitations of water lubrication technology described above, the motivation of
this work was to develop a low friction and wear sliding system using pure water as the lubricant. The
approach was to exploit the low frictional properties of graphene by coating this material on the surface
of the sliding part instead of using it as an additive in water. This concept was verified through assess-
ment of friction and wear properties of rGO coated stainless steel (SS) ball sliding against a stainless steel
(SS) plate under water lubrication conditions. The results were compared with those of a bare SS ball
sliding against a SS plate in water as well as in oil lubrication. In order to attain sufficient adhesion of the
GO coating on the SS ball, electrodynamic spraying process (ESP) was utilized. Regarding the adhesion
of the GO coating, Kim et al. investigated the frictional behavior of GO coating deposited on a silicon
substrate under dry sliding condition?. It was demonstrated that though low friction coefficient could be
attained, relatively poor adhesion between the GO coating and the silicon substrate was a major concern.

In this work, much effort was devoted to improve the adhesion properties of the GO coating to the
substrate. To this end, the substrate was charged during the GO deposition process to improve the affinity
between the coating material and the substrate. Also, ESP offered various advantages such as good film
uniformity and thickness control, minimization of solution consumption, large area deposition capabil-
ity, and cost effectiveness®*. Following the successful deposition of GO coating on the SS ball by using the
ESP, the GO coating was fully reduced through hydrazine treatment. A reduction process was employed
to overcome the delamination problem of the GO coating during the sliding test. Experiments conducted
with the rGO coated SS ball sliding against the SS plate in water lubrication resulted in a stable friction
coeflicient of ~0.1 for 100000 sliding cycles. The wear rate of the SS plate in water lubrication was meas-
ured to be even lower than that of the oil lubrication condition. This remarkable outcome represents the
best lubricating performance in water based on graphene coating up to date.

Results
Fabrication and characterization of rGO coating on SS ball.  Since aqueous solution is utilized in
the ESP deposition process, the degree of dispersion of graphene flakes in the solution is an important
factor that affects the quality of the coating?’. Also, since graphene is inherently hydrophobic due to the
absence of functional groups on the basal or edge plane, oxidation process is needed to attain hydrophilic
properties. As demonstrated by other works, the modified Hummer’s method followed by tip sonication
process was carried out to obtain chemically oxidized graphene that is well-dispersed in the aqueous
solution®. For the solvent, a mixture of EtOH and H,O was utilized to enable complete evaporation of
the solution during the flight of the droplet from the nozzle to the substrate. Further confirmation of the
stability and degree of graphene oxide (GO) dispersion in the aqueous solution was conducted through
the zeta potential measurement. The potential values obtained were in the range of —20 to —30mV
which demonstrated that a well dispersed solution of GO was successfully synthesized?.

To characterize the dimensions of GO particles dispersed in the solution, transmission electron micro-
scope (TEM) and atomic force microscope (AFM) images of the particles were obtained. As shown in the
TEM image of a GO particle in the shape of a sheet in Fig. 1a, the size of GO was measured to be ~1 pm.
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Figure 1. (a) TEM (up-left) and 2-D AFM (up-right) images of the graphene oxide sheet. Graph (bottom) is
the 2-D surface profile of position marked with yellow line presented in the 2-D AFM image. 1L and 2L in the
graph indicate one and two layers of graphene oxide, respectively. Inset scale bar is 200nm. (b) Schematic of
the electrodynamic spraying system composed of injection controller, power supply and 2-axis moving stage.
Rectangular dotted line indicate the location of the samples during the ESP. The schematic was drawn by H.-].
Kim using conventional 3D modeling software. (c) Photograph of multiple samples place on the 2-axis moving
stage after the ESP deposition with 100 mL injection volume of GO. Inset scale bar is 1 cm.
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The 2-D surface profile of the position indicated with a yellow line in the 2-D AFM image showed that
the thickness of GO single layer was ~1 nm. The height of the region indicated with green and red colors
in the 2-D AFM image was ~1 nm and ~2nm, respectively, which indicated that the single layer GO was
partially covered with another layer of GO. Also, it should be noted that the wrinkled morphology of the
GO surface shown in the TEM and AFM images is assumed to be due to the water diffusion between
GO and the substrate during the preparation of the samples as noted previously?.

GO was deposited by ESP on a pre-cleaned 1.6 mm diameter SS ball that was attached to a cantilever
specimen holder. The ball was attached to the cantilever using a silver paste to acquire conductivity of
the sample which is essential during the ESP. Droplets of the GO solution are deposited on the sample,
driven by the electric field applied between the nozzle (4+) and the grounded 2-axis moving stage (—)
to which the cantilever is mounted. Fig. 1b shows the schematic of the electrodynamic spraying system
that is composed of injection controller, power supply and 2-axis moving stage. In the deposition process,
multiple samples were placed in the center of the 2-axis moving stage. Fig. 1c shows the photograph of
multiple samples after the ESP deposition. The applied voltage to the nozzle was adjusted from 15 to
20kV until a parabolic shape of the spray could be achieved. The injection speed and volume of GO
dispersed solution was set to be 25pLmin~" and 100 mL, respectively. The thickness of the GO coating
on the SS ball was measured to be ~2pm by using a 3-D laser microscope.

In the preliminary tests, GO was deposited on the SS ball by using the ESP to achieve low friction
coefficient under water lubrication condition. However, premature delamination of the GO coating dur-
ing the sliding tests was found to be the major drawback for GO to be used as an effective lubricant in
water lubrication (see Supplementary Fig. S1). Furthermore, despite the effort to control the thickness
of the GO coating for prolonged lifetime, the coating was still readily delaminated from the SS ball. It
was presumed that relatively high compatibility of GO and water molecules resulted in poor adhesion
between the GO coating and the SS ball. Also, it should be mentioned that delamination of the GO
coating resulted in the rapid increase in the friction coefficient and high wear rate. Following numerous
efforts to increase the durability of the coating, reduction of the GO coating was found to be effective in
improving the adhesion of the coating to the SS ball. Thus, the reduction process was an essential fab-
rication process to overcome the delamination problem of the GO coating during the sliding test under
water lubrication condition.

Following the deposition of GO on the SS ball by ESP, reduction process of GO was carried out
to obtain reduced GO (rGO). All the samples were placed in an enclosed glass chamber containing
vaporized hydrazine for 24hours at 80°C. After the hydrazine treatment, all the samples were dried
in a vacuum chamber for another 24hours to remove the hydrazine residue. From the color change of
the samples from dark brown to black, it could be preliminarily confirmed that GO was successfully
transformed to rGO. Further investigation of the atomic structure and stretching vibration of rGO was
performed by using X-ray diffraction (XRD) and attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR). Fig. 2a shows the XRD spectrum of GO and rGO with respect to the incident
angle (20). The (002) plane peak of GO was at 9.2° which corresponded to the interlayer spacing distance
of 9.64 A between the GO layers. After the hydrazine reduction process, the (002) plane peak of rGO
was at 24.5° which indicated that the interlayer spacing distance between rGO layers was reduced to
3.62 A. This value corresponded well with the previously reported value of 3.34 A for graphite interlayer
spacing®.

The FTIR spectrum of the GO and rGO samples deposited on the glass substrate are shown in Fig. 2b.
The numerous peaks found in the FTIR spectrum indicated that various configurations of carbon and
oxygen bonding existed in the GO and rGO. As indicated with the blue line for both GO and rGO at the
wavelengths of 1030cm ™! and 3428 cm™!, bonding vibrations of carboxyl (COOH) and hydroxyl (C-OH)
groups could be obtained. The significant reduction in the peaks of the rGO compared to that of the GO
confirmed that the rGO was successfully obtained?®.

To investigate the chemical composition of the rGO coated SS ball with respect to the depth, the
depth profiling XPS analysis was conducted. As the etching rate was unknown for the rGO during the
XPS analysis, the detection point of Fe was considered to be the finishing point of the measurement. As
shown in the XPS data, the atomic percent values with respect to the etching time of Fe, C and O were
obtained. It could be determined from the XPS results that the increase of the Fe atomic percent occurred
at ~6000s etching time. Thus, 6000s of etching time was taken as the point to fully penetrate the rGO
coating thickness. It was interesting to note that almost no change in the atomic percent for both C and
O was found within 6000s. Thus, it was confirmed that the GO coating was fully reduced through its
entire thickness after the hydrazine treatment.

Friction and wear behavior of SS under water and oil lubrication conditions. The friction
and wear properties of the rGO coated 440 C SS ball sliding against the 440 C SS plate (10 x 10 mm) in
water lubrication was assessed by using a reciprocating type of a tribotester. Water was supplied to the
sliding interface continuously at the flow rate of 5p.Lmin~! using a fluid injector shown in the schematic
of Fig. 3a. During the sliding test, the frictional and normal forces measured by the load cells were
monitored in real-time using a data acquisition system. The rGO coated SS ball attached to the canti-
lever was fixed to the lateral force sensor as shown in the magnified schematic image of the test region
indicated with a blue dotted line in Fig. 3a. The normal load was set to be 50 mN which corresponded
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Figure 2. (a) XRD pattern of GO (black) and rGO (red). The marked shift of (002) peak from GO (9.2°)

to rGO (24.5°) was obtained with reduction process®. (b) ATR-FTIR spectra of GO (black) and rGO (red).
Blue lines indicate the location of C-O and —OH peaks at the wavelengths of 1030cm™! and 3428cm™,
respectively. (c) XPS depth profiles of the rGO coated SS ball after hydrazine treatment. The pink dotted line
indicates the depth at which full penetration of the coating has been reached. This point was determined by
noting the beginning of Fe element detection that was associated with the SS ball.

to a contact pressure of ~0.57 GPa between the SS ball and the SS plate, as calculated by the Hertzian
contact equation. The reciprocating speed and stroke were set to be 4mm/s (1 Hz) and 2mm, respec-
tively. Sliding tests conducted in both water and oil (mineral oil) lubrication conditions for comparison.
Considering the relatively high contact pressure and low sliding speed conditions of the sliding tests, it
was presumed that the lubrication state corresponded to that of a boundary lubrication®. The sliding
tests were performed 3 times for each experimental condition to assure repeatability in a Class 100 clean
booth at ambient conditions.
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Figure 3. (a) Schematic of the reciprocating type of a tribotester with fluid injector attached to provide
continuous supply of water or oil lubricant to the sliding system. Schematic indicated with blue dotted line
shows the magnified image of the test region. The schematic was drawn by H.-J. Kim using conventional 3D
modeling software. (b) Friction coefficient under different lubricant conditions with respect to the number
of sliding cycles. Inset red graph shows the friction coefficient of rGO-water lubrication condition for the
first 3000 cycles. (c) Steady-state friction coefficients with respect to different experimental conditions. Each
bar is represented by an average value with standard deviation for 3 tests. (d) Friction coefficient of rGO-
water lubrication condition with respect to different normal loads. (e) Friction coefficient of oil lubrication
condition with respect to different normal loads. Each data point is represented by an average value with
standard deviation of 3 tests.

Fig. 3b shows results of the friction coefficient with respect to the number of reciprocating sliding
cycles under different lubrication conditions. The water and oil data shown in the graph as black and
green lines, respectively, were obtained using the uncoated SS ball sliding against the SS plate. rGO-water
data indicated by red line was obtained using the rGO coated SS ball. The tests were conducted for
100000 cycles with a continuous supply of lubricant through the nozzle of the fluid injector. As for the
uncoated SS ball sliding against the SS plate under the water lubrication condition, the friction coeffi-
cient increased rapidly up to ~0.75 during the first 8000 cycles. The increase in the friction coefficient
at the early stage of sliding was attributed to abrasive and corrosive wear of the steel surfaces®*%. For
the next 42000 cycles, the friction coefficient decreased steadily to 0.6. This behavior in the friction
coefficient may be due to decrease in the contact pressure as wear progressed to create a larger contact
area. Following the decrease of friction coefficient, a steady-state friction coeflicient of ~0.55 could be
obtained for the remaining sliding cycles. As previously reported in cases where the wear rate of the sam-
ple decreased with increasing number of sliding cycles, it may be assumed that the contact pressure has
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Figure 4. Optical images of wear track (up) and surface profiles (down) of positions marked with red
dotted line presented in the optical images after the sliding tests under 50 mN normal load for (a) rGO-
water (b) oil and (c) water lubricant conditions. Inset scale bar is 200 um. (d) Wear rate of the steel
specimen under various lubrication conditions. Each bar is represented by an average value with standard
deviation of 3 tests. (e) Wear rate of the steel specimen under water and oil lubrication conditions with
respect to different normal loads. Each data point is represented by an average value with standard deviation
of 3 tests.

reached the steady state?>!-%3, It should be mentioned that the level of friction coefficient of steel-steel
surfaces in water lubrication was quite comparable to the previously reported works**. As for the rGO
coated SS ball sliding against the SS plate under the water lubrication condition, a rapid decrease of
friction coefficient from ~0.3 to 0.1 occurred for the first 3000 cycles as shown in the inset of Fig. 3b.
Following the decrease of friction coeflicient during the early stage of sliding, the friction coefficient
remained quite steady at ~0.12 for the rest of the sliding cycles. In the case of oil lubrication condition,
the friction coefficient was ~0.12 for the entire duration of the sliding test.

Fig. 3c shows the average steady-state friction coefficients with respect to the experimental conditions
of the tests that were conducted for 3 times. The average friction coefficients of rGO-water, oil, and water
lubrication conditions were 0.1240.03, 0.12+0.01 and 0.59 & 0.05, respectively. These results indicated
that the combination of rGO coating on the SS ball and water lubrication had comparable frictional
properties with that of oil lubrication. Also, compared to the friction between uncoated SS ball and the
stainless steel plate in water lubrication condition, the rGO coated SS ball with water lubrication showed
5 times lower frictional force. Thus, the remarkable ability of the rGO coating on SS ball in providing low
friction in water lubrication condition that is as low as that of the oil lubrication condition was attained.

Following the sliding tests conducted for 100000 cycles, the wear tracks generated on the SS plate
samples were analyzed using the 3-D laser microscope to quantify the amount of wear. Fig. 4 shows the
optical microscope images of wear tracks after the tests and the corresponding 2-D surface profile of the
position marked with a red dotted line in the microscope image. The largest amount of wear was found
on the SS plate that was slid against the uncoated SS ball in water lubrication.

The amount of wear was quantified from the profiles of the wear tracks formed on the SS plate. The
width and depth of the wear track of the SS plate slid against the rGO coated SS ball in water lubrica-
tion were measured to be ~80 pm and ~450 nm, respectively. In the case of the sliding test conducted
using the uncoated SS ball in oil lubrication, the width and depth of the wear track were measured to
be ~73pm and ~900nm, respectively. Finally, the width and depth of the wear track was measured to
be ~183pum and ~4.2pm, respectively, for the case of using the uncoated SS ball in water lubrication.
From the 2-D profiles of the wear track, the cross-sectional wear area was automatically calculated using
the software provided in the 3-D laser microscope. Then, the wear rate was obtained from the wear
volume which was calculated by multiplying the average cross-sectional wear area by the stroke. Fig. 4d
shows the wear rate of the SS plate after 100000 sliding cycles for different experimental conditions.
The wear rates of the SS plate for rGO-water, oil, and water lubrication conditions were calculated to
be 1.3440.25 % 10~° mm?/N-mm, 4.1 +0.68 X 10~° mm?3/N-mm and 46.5+2.54 X 10~° mm?3/N-mm,
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respectively. Surprisingly, the wear of the SS plate slid against the rGO coated SS ball in water lubrica-
tion was significantly lower than that of the uncoated SS ball in oil lubrication, by a factor of 3. Thus,
though the two cases showed similar frictional behavior significantly lower wear of the SS plate could be
attained with the rGO coated SS ball.

To investigate the effect of contact pressure on the lubricating performances of the rGO coating,
the sliding tests for the rGO-water and oil lubrication conditions under different normal loads were
conducted. The applied normal load was set to be 50, 100, 150 and 200 mN which result in a Hertzian
contact pressure of 0.57, 0.7, 0.8 and 0.9 GPa, respectively. All other experimental conditions were given
the same conditions as previously reported in the manuscript.

Fig. 3d,e show results of the friction coefficient with respect to the normal load under water and oil
lubrication conditions, respectively. As for the rGO-water lubrication condition, almost no change in
the averaged friction coeflicient with increasing normal load was found. The friction coefficient of the
sliding tests under 50, 100, 150 and 200 mN normal loads were 0.1240.03, 0.16 & 0.02, 0.15+£ 0.02 and
0.16 £ 0.01, respectively. In this regard, it was interesting to note that the lubrication performance of
the rGO coating under water lubrication condition could be preserved even at relatively higher contact
pressures up to ~0.9 GPa. As for the friction coefficient of the oil lubrication condition, almost constant
value of ~0.13 was obtained for all normal loads. The friction coefficient of the sliding tests under 50, 100,
150 and 200 mN normal loads were obtained to be 0.13 £ 0.001, 0.1340.01, 0.14 £ 0.01 and 0.14 £ 0.01,
respectively. Thus, it can be mentioned that the lubricating performance of the rGO coating in water
lubrication was comparable to that of the oil lubrication regardless of the contact pressure ranged from
0.57 to 0.9GPa. Overall, the rGO coatings on SS provided significant friction reduction and superior
protection of the SS counter surface under water lubrication conditions.

Wear characteristics of rGO coated SS ball in water lubrication. In order to understand the
wear behavior of the rGO coated SS ball sliding against the SS plate in water, X-ray photon spectroscopy
(XPS) analysis at the contact area (indicated by a red dot in Fig. 5) on the rGO coated SS ball were
performed. Fig. 5a shows the optical microscope image of the pristine rGO coated SS ball before the
sliding test. As confirmed by the XRD and FTIR results that showed the successful reduction of GO to
form the rGO, the relatively weak peaks of various oxygen configurations in the rGO such as C(O)O,
C=0, C-O-C and C-O could be found as shown in Fig. 5b. Relatively strong peaks of C-C and C=C
bonds were detected at the binding energies of 285.1eV and 284.6¢€V, respectively. It should be men-
tioned that the XPS spectra shown in Fig. 5a was in good agreement with the rGO spectrum shown in
previous reports?®*. Fig. 5¢,d are the optical microscope images and the corresponding XPS spectra
of the rGO coated SS ball after the sliding test conducted for 50000 cycles. As can be noticed from the
brighter part of the optical microscope image in Fig. 5¢, the asperities of the rGO coating were partially
removed which led to generation of a smoother surface. Also, the presence of slight scratches along the
horizontal sliding direction on the contact region of the rGO coated SS ball could be found. From the
XPS spectra shown in Fig. 5d, it was interesting to note that the peaks of oxygen configurations in the
rGO increased. In the meantime, the areal peak ratio of [C-C/C=C] also increased from 0.76 (Fig. 5b)
to 0.85 (Fig. 5d). It was presumed that breakage of the C=C bonds led to the increase in the C-O bonds.
From the XPS spectra shown in Fig. 5b,d the areal peak ratio of [C-O/C=C] were calculated to be 0.13
and 0.30, respectively. Fig. 5e is the optical microscope image of the rGO coated SS ball that was slid
against the SS plate for 100000 cycles. Compared to the case of 50000 sliding cycles, the bright contact
region was larger as expected. From the XPS spectra shown in Fig. 5f, it was found that the oxygen peaks
increased significantly compared to that of the pristine rGO coating. Considering that the areal ratio of
[C-O/C=C] was 0.57, significant oxidation of rGO may have occurred, probably due to the frictional
heat generated during the repetitive sliding process. Moreover, the use of water as a lubricant may have
accelerated the oxidation process of rGO.

In addition to the XPS analysis, 2-D surface profiles of the SS balls after the sliding tests were obtained
by using the 3-D laser microscope as shown in the inset graphs of Fig. 5a,c,e. Compared to the surface
profile of the pristine rGO coated SS ball, the surface profile of the ball after 50000 sliding cycles was
smoother at the contact region, which indicated that rGO coating was hardly worn during the 50000
sliding cycles. In other word, only asperity level burnishing wear was experienced by the rGO coated
SS ball. On the other hand, the 2-D surface profile of the ball after 100000 sliding cycles showed similar
smoothening effect of the contact region but with a slightly depressed contour. This suggested that the
coating experience some degree of wear. However, a certain amount of rGO coating still remained on
the contact region of the SS ball which aided in providing steady and low friction coefficient of ~0.12
up to 100000 sliding cycles.

Following the sliding tests under different normal loads, the degree of wear was quantified by using
the 3-D laser microscope. Fig. 4e shows the result of the wear rate with respect to the normal load under
water and oil lubrication conditions. As for the oil lubrication condition, the wear rate up to 150 mN load
considered to be similar with a value of ~3.7 x 10~ mm*/N-mm if the range of the error bars are taken
into consideration. However, a significant increase in the wear rate was observed for the 200 mN load
condition. In the case of the water lubrication condition, the wear rate was quite steady for loads equal
to 100mN and higher with a value of ~1.7 X 10~ mm?*/N-mm The lowest wear rate could be achieved
under the normal load of 50mN. Thus, even under varying load conditions, the wear rate of the steel
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Figure 5. XPS analysis of rGO coated SS ball after the sliding test under water lubrication condition.
Optical microscope image (left) and corresponding XPS spectrum of C 1s (right) of the position marked
with a red dot in the optical image of (a,b) pristine rGO coated SS ball. (c,d) rGO coated SS ball after 50000
cycles of sliding test. (e,f) rGO coated SS ball after 100000 cycles of sliding test. Inset graph in optical images
represent 2-D surface profile of the position marked with a magenta dotted line for (a) pristine rGO coated
SS ball (a) rGO coated SS ball after 50000 sliding cycles and (e) rGO coated SS ball after 100000 sliding
cycles.

specimen under rGO-water lubrication condition was lower than that of the steel specimen under the
oil lubrication condition.

Mechanism of low friction and low wear of rGO coated SS ball in water lubrication. As
described in the sliding test of rGO coated SS ball sliding against the SS plate in water lubrication, the
initial friction coeflicient was obtained to be ~0.3. The relatively high frictional force may be explained
by the poor compatibility between hydrophobic rGO and water. Peng et al. assessed the tribological
behaviors of rGO and GO layer with respect to the relative humidity (RH%) by using an AFM?*. As for
the rGO single layer, the friction force increased with increasing humidity from 30 RH% to 55 RH%. It
was mentioned that the increase in the friction force was a consequence of unstable formation of water
meniscus on the hydrophobic surface of rGO. On the contrary, hydrophilic GO showed stable formation
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of water meniscus on the surface at a relatively high humidity (55 RH%) which enabled effective lubrica-
tion of water during the sliding test. In this regard, it may be stated that a relatively high friction coefhi-
cient (~0.3) of rGO coating in water lubrication at the early stage of sliding was due to the incompatibility
between the water molecules and rGO.

The rapid drop in friction coefficient down to ~0.1 following the initial stage of relatively high friction
was attributed to oxidation of rGO. As shown in the XPS spectrum of the rGO coating after 50000 and
100000 sliding cycles, oxidation of rGO coating which led to the formation of GO at the contact region
progressed due to repetitive sliding in water under a high contact pressure of ~0.57 GPa between the
SS ball and the SS plate. Thus, it was determined that transformation of rGO to GO enabled the stable
formation of a lubricating water film during the sliding test.

In addition to the hydrophilic property of GO, the decrease in the interfacial strength within the oxi-
dized rGO (i.e. GO) layers may have also contributed to the significant reduction in friction and wear.
Numerous works have been conducted to investigate the mechanical properties of GO and rGO with
respect to various conformations of the functional group by using molecular dynamics (MD) simula-
tion*. Zhang et al. demonstrated that increase in the number of functional groups (epoxy and hydroxyl)
in the pristine graphene resulted in the degradation of the interlayer bond strength®. It was demonstrated
that the elastic modulus of pristine graphene was significantly reduced with respect to the increase in
the number of functional groups. In this regard, it may be stated that relatively low interfacial strength
within the GO layers was favorable for various functional groups to exist within the layers. This outlook
was consistent with the FTIR and XPS spectra shown in Figs. 2b and 5, respectively. Also, increase in
the interfacial spacing distance between the GO layers may have increased the possibility of water mole-
cules to be penetrated into the gap. According to previous reports regarding the penetration of the water
molecules in between GO layers, one-molecule-thick water layer could be readily placed in between the
GO layers with hydrogen bonds®**. Thus, it was postulated that the low interfacial strength of GO layers
and the water molecules in between the GO layers contributed to lowering the shear strength of the GO
coating. Owing to the low shear strength of GO layers during repetitive sliding in water, low friction of
0.1 for 100000 cycles and superior surface protection ability of SS plates could be achieved.

Conclusions

The concept of lubricating mechanical components using water instead of oil has received great atten-
tion in recent years due to its obvious benefits with respect to conservation of natural resources and
mitigation of environmental problems. In this regard, numerous studies have been conducted to exploit
water as a lubricant by using hard coatings or additives to overcome the inherently poor lubricity of
water. Herein, rGO coating was proposed as a method to realize the water lubrication technology for
stainless steel materials. A uniform GO coating was successfully deposited on a SS ball which was used
to slide against a SS plate in water and oil lubrication conditions. The GO coating could be reduced to
form rGO by the hydrazine reduction process. The friction and wear behavior of the rGO coated SS ball
was assessed under different sliding conditions. The friction coefficient of the rGO coated SS ball sliding
against the SS plate in water lubrication was ~0.12 over 100000 sliding cycles. This value was significantly
lower than the value of ~0.6 obtained by using the uncoated SS ball in water lubrication and similar to
the value obtained in oil lubrication using the uncoated SS ball. Following the sliding test, the wear track
was analyzed with a 3-D laser microscope to quantify the wear rate. It was revealed that wear of the SS
plate slid against the rGO coated SS ball in water lubrication was significantly lower than that of the
uncoated SS ball in oil lubrication, by a factor of 3.

The mechanism of low friction and wear characteristics of the rGO coating in water lubrication was
analyzed. XPS results showed that rGO was oxidized during the sliding test under the water lubrication
condition. It was confirmed from the XPS spectra that the C-O peak intensity increased with respect to
the increase in sliding cycles from 50000 to 100000, which indicated that rGO transformed to GO. Due
to the increased interlayer distance and hydrophilic property of GO, the penetration of water molecules
in between the GO layers could be achieved, which resulted in low shear strength of the layers®**?’. Also,
it was found that improved lubricity of rGO under water lubrication condition aided in lowering the
wear rate of the SS plate.

Considering the superior lubricating properties of the rGO coating under water lubrication condition,
the influence of water molecules on the friction and wear reduction effect was considered to be quite
significant. It was postulated that penetration of the water molecules in between the rGO layers may
have resulted in lowering the shear strength of the rGO layers. Numerous works regarding the pene-
tration of water molecules in between the GO layers have been conducted with the aim to comprehend
the underlying mechanism of this phenomenon. Nair et al. have conducted an interesting experiment
showing that the evaporation rate of water molecules through an open aperture was quite comparable
to that of water molecules evaporated through the aperture covered with GO*. This outcome suggested
that the water molecules were highly permeable through the GO layers. To verify the mechanism of water
permeation through GO, molecular dynamics (MD) simulation was employed. It was revealed from the
MD simulation results that the oxidized part of graphene played an important role in creating a space
between the graphene layers up to 7~ 10 A. It should be mentioned that this outcome was in good agree-
ment with the AFM results which showed that the thickness of the GO layer was ~1 nm (Fig. 1a). Also,
it was reported that the hydrogen bonding between the epoxy and the hydroxyl groups in graphene and
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Wear quantification
Total
sliding Friction Wear scar ‘Wear rate

No. Lubricant type distance coefficient diameter (mm?/N-mm)

Marginal
Ref [15] GO additives 300m ~0.05 (No numbers

indicated)
Ref [16] GO additives 36m ~0.06 - 7.5%x 1077
Ref [17] GO additives 1.9m ~0.1 230pm -
Ref [33] GO additives 18.8m ~0.2 220 pm -
Present work rGO coating 400m ~0.1 70 pm 1.34x 10~°

Table 1. Recent works on the graphene-based water lubrication techniques.

water molecules enabled the water molecules to be present within the GO layers. Furthermore, Rezania
et al. investigated the change in the interlayer distance of bi-layered GO layers by using the scanning
force microscopy (SFM) to demonstrate the hydration of bi-layered GO layers with respect to different
humidity levels as well as in water*!. It was revealed from the experiment that continuous expansion of
the GO interlayer distance occurred at humidity levels below ~80%. When the GO layers were immersed
in water, a monolayer of water molecules could be inserted between the hydrated GO layers leading to
further increase in the interlayer distance of 3 A (total interlayer GO distance up to ~12 A). Thus, it can
be stated that the oxidized part of graphene layers resulted in the ease of penetration of the water mol-
ecules in between the GO layers.

In regard to the reduction of shear strength of GO layers due to the penetration of the water mole-
cules in between the GO layers, it can be explained with the permeation process of the water molecules
in between the GO layers as demonstrated in a previous work. Raghav et al. investigated the mobility
of the water molecules that were initially present in between the GO layers by using the potential mean
force (PMF) calculation®?. It was found from the calculation that the water molecules first penetrated in
between the GO layers due to the presence of the epoxy and hydroxyl groups in graphene. With contin-
uous supply of water molecules, the water molecules accumulated in the GO layers. This accumulation
of water molecules in the oxidized part of graphene aided in swelling of the GO layers. Following the
swelling of GO layers, the GO layers separated due to the large internal force exerted on the GO layers.
Considering the fact that the GO layers were entirely immersed in water during the tests in the present
work, the separation of the GO layers due to the swelling of the GO layers could also be expected. As a
consequence, the relatively low friction coefficient obtained in this work was attributed to the reduction
of shear strength of the GO layers due to penetration of water molecules.

The overall friction and wear performance of the rGO coating in water lubrication was compared
with previous works on water lubrication techniques using graphene-based materials. The results of
these works were compared with respect to lubricant type, total sliding distance, friction coeflicient, and
wear amount. As can be confirmed from Table 1 that summarizes the main results of the other works
on graphene-based water lubrication techniques, friction coefficient in the range from 0.05 to 0.2 could
be achieved by using the graphene-based materials as additives in pure water. When the graphene-based
material was used as a coating as demonstrated in this work, adequate lubricating performance with a
friction coefficient of ~0.1 could be achieved. As for comparison of the wear amount, either the wear scar
diameter or the wear rate was used, depending on the information that was available from the reference
source. As shown in Table 1, the wear amount achieved in this work was the lowest among all the previ-
ous works. Considering the excellent wear resistance and low frictional behavior of rGO coated stainless
steel in water lubrication, the realization of practical water lubrication technology for stainless steel mate-
rials looks promising. The development of the rGO coatings for water lubrication applications is expected
aid in performance maximization of various mechanical systems with enormous economical benefits.

Experimental Procedure

Graphene oxide (GO) sheets were synthesized from graphite flakes (Sigma-Aldrich) of 20 pm in size by
using the modified Hummer’s method. After several repetitions of tip-sonication process, well dispersed
GO sheets in water was prepared. Exfoliated GO sheets were characterized by using a transmission
electron microscope (TEM, JEOL-2010) and an atomic force microscope (AFM, Park systems NX10).
The interlayer distance between the layers of GO and rGO was confirmed by using an XRD equipped
with a Cuy, radiation source (Rigaku-G2005304). The concentration of the GO dispersed solution was
0.2mgmLL. The stability of the solution was characterized by using a zeta-potential analyzer (Otsuka
electronics, ELSZ-1000). During the ESP, the solution was injected through a nozzle at a flow rate of
25pLmin~! with the total volume of 100 mL. The applied voltage to the nozzle was set in the range of 15
to 20kV until a stable parabolic shape of the spray could be achieved. The hydrazine reduction process
was conducted by placing GO coated SS ball in the enclosed chamber with vaporized hydrazine (N,H,
64-65%, reagent grade, 98%). The enclosed chamber was placed on the hot-plate at 150 °C for 24 hours.
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Following the GO reduction process, the coated SS samples were completely dried in the fume hood for
another 24 hours.

Sliding tests were conducted using a reciprocating type of a tribotester with a sliding speed and stroke
of 4mm/s and 2 mm, respectively. The sliding speed was considered to be constant within a single stroke
followed by the rapid reversal in the sliding direction at both ends of the stroke. The applied normal load
was set to be 50, 100, 150 and 200 mN which result in a Hertzian contact pressure of 0.57, 0.7, 0.8 and
0.9 GPa, respectively. The friction and normal forces were measured by using force sensors in both direc-
tions (Transduced Techniques, GS0-10). The data acquisition rate was set to be 10 Hz. The observation of
the wear track was performed by using a 3-D laser microscope (Keyence, VK-2000) equipped with the
software that can automatically calculate the cross-sectional wear area. The elemental compositions were
analyzed by using an XPS equipped with mono-chromated AI Ko (Thermo UK).

References
1. Wang, Q. J. & Chung, Y.-W. in Encyclopedia of Tribology 3816-3818 (Springer, 2013).
2. Ding, Q. et al. Improved tribological behavior of DLC films under water lubrication by surface texturing. Tribol. Lett. 41, 439-449
(2011).
3. Chen, C.-Y. et al. Low-friction characteristics of nanostructured surfaces on silicon carbide for water-lubricated seals. Tribol. Lett.
51, 127-133 (2013).
4. Wang, Q. et al. Influence of Ti content on the structure and tribological properties of Ti-DLC coatings in water lubrication. Diam.
Relat. Mater. 25, 163-175 (2012).
5. Wang, Q. et al. Influence of carbon content on the microstructure and tribological properties of TiN(C) coatings in water
lubrication. Surf. Coat. Technol. 206, 3777-3787 (2012).
6. Ohana, T., Wu, X,, Nakamura, T. & Tanaka, A. Formation of lubrication film of diamond-like carbon films in water and air
environments against stainless steel and Cr-plated balls. Diam. Relat. Mater. 16, 1336-1339 (2007).
7. Yamamoto, K. & Matsukado, K. Effect of hydrogenated DLC coating hardness on the tribological properties under water
lubrication. Tribol. Int. 39, 1609-1614 (2006).
8. Ohana, T, Suzuki, M., Nakamura, T., Tanaka, A. & Koga, Y. Low-friction behaviour of diamond-like carbon films in a water
environment. Diam. Relat. Mater. 15, 962-966 (2006).
9. Wang, Q. et al. Microstructure and water-lubricated friction and wear properties of CrN(C) coatings with different carbon
contents. Appl. Surf. Sci. 268, 579-587 (2013).
10. Yamamoto, K., Sato, T. & Takeda, M. Structural analysis of (Cr, ,Si,)N coatings and tribological property in water environment.
Surf. Coat. Technol. 193, 167-172 (2005).
11. Wang, Q., Zhou, E, Chen, K., Wang, M. & Qian, T. Friction and wear properties of TiCN coatings sliding against SiC and steel
balls in air and water. Thin Solid Films 519, 4830-4841 (2011).
12. Kato, T., Lin, W. & Osawa, E. Lubrication property of single-digit-nanodiamond in an aqueous colloid. J. Jpn. Soc. Tribologis. 54,
122-129 (2009).
13. Omotowa, B. A., Phillips, B. S., Zabinski, J. S. & Shreeve, J. n. M. Phosphazene-based ionic liquids: synthesis, temperature-
dependent viscosity, and effect as additives in water lubrication of silicon nitride ceramics. Inorg. Chem. 43, 5466-5471 (2004).
14. Zhang, C. et al. Preparation and tribological properties of water-soluble copper/silica nanocomposite as a water-based lubricant
additive. Appl. Surf Sci. 259, 824-830 (2012).
15. Kinoshita, H., Nishina, Y., Alias, A. A. & Fujii, M. Tribological properties of monolayer graphene oxide sheets as water-based
lubricant additives. Carbon 66, 720-723 (2014).
16. Elomaa, O., Singh, V. K,, Iyer, A., Hakala, T. ]. & Koskinen, J. Graphene oxide in water lubrication on diamond-like carbon vs.
stainless steel high-load contacts. Diam. Relat. Mater. 52, 43-48 (2015).
17. Berman, D., Erdemir, A. & Sumant, A. V. Graphene: a new emerging lubricant. Materials Today 17, 31-42 (2014).
18. Lin, L.-Y,, Kim, D.-E., Kim, W.-K. & Jun, S.-C. Friction and wear characteristics of multi-layer graphene films investigated by
atomic force microscopy. Surf. Coat. Technol. 205, 4864-4869 (2011).
19. Penkov, O., Kim, H.-J., Kim, H.-J. & Kim, D.-E. Tribology of graphene: a review. Int. J. Preci. Eng. Manuf. 15, 577-585 (2014).
20. Wang, L., Zhang, R., Jansson, U. & Nedfors, N. A near-wearless and extremely long lifetime amorphous carbon film under high
vacuum. Sci. Rep. 5, 11119; doi: 10.1038/srep11119 (2015).
21. Bahareh Yazdani, F X., Ahmad, I, X. Hou, Xia, Y. & Zhu, Y. Tribological performance of Graphene/Carbon nanotube hybrid
reinforced Al,O; composites. Sci. Rep. 5, 11579; doi: 10.1038/srep11579 (2015).
22. Kim, K.-S. et al. Chemical vapor deposition-grown graphene: the thinnest solid lubricant. ACS Nano 5, 5107-5114 (2011).
23. Berman, D., Erdemir, A. & Sumant, A. V. Few layer graphene to reduce wear and friction on sliding steel surfaces. Carbon 54,
454-459 (2013).
24. Kim, H.-J., Penkov, O. V. & Kim, D.-E. Tribological Properties of Graphene Oxide Nanosheet Coating Fabricated by Using
Electrodynamic Spraying Process. Tribol. Lett. 57, 1-10 (2015).
25. Li, D., Mueller, M. B,, Gilje, S., Kaner, R. B. & Wallace, G. G. Processable aqueous dispersions of graphene nanosheets. Nat.
Nanotechnol. 3, 101-105 (2008).
26. Liang, H., Bu, Y., Zhang, J., Cao, Z. & Liang, A. Graphene oxide film as solid lubricant. ACS Appl. Mater. Inter. 5, 6369-6375
(2013).
27. Lee, M. J. et al. Characteristics and effects of diffused water between graphene and a SiO, substrate. Nano Research 5, 710-717
(2012).
28. Some, S. et al. High-quality reduced graphene oxide by a dual-function chemical reduction and healing process. Sci. Rep. 3, 1929;
doi:10.1038/srep01929 (2013).
29. Kumar, N,, Das, S., Bernhard, C. & Varma, G. Effect of graphene oxide doping on superconducting properties of bulk MgB,.
Supercond. Sci. Technol. 26, 095008 (2013).
30. Yoo, S.-S. & Kim, D.-E. Minimum lubrication technique using silicone oil for friction reduction of stainless steel. Int. J. Preci.
Eng. Manuf. 14, 875-880 (2013).
31. Amanov, A,, Cho, L.-S. & Kim, D.-E. Effectiveness of high-frequency ultrasonic peening treatment on the tribological
characteristics of Cu-based sintered materials on steel substrate. Mater. & Design 45, 118-124 (2013).
32. shankar Dhandapani, V. et al. Effect of Ag content on the microstructure, tribological and corrosion properties of amorphous
carbon coatings on 316L SS. Surf. Coat. Technol. 240, 128-136 (2014).
33. Song, H.-J. & Li, N. Frictional behavior of oxide graphene nanosheets as water-base lubricant additive. Appl. Phys. A 105,
827-832 (2011).

SCIENTIFIC REPORTS | 5:17034 | DOI: 10.1038/srep17034 12



www.nature.com/scientificreports/

34. Han, N. et al. Improved heat dissipation in gallium nitride light-emitting diodes with embedded graphene oxide pattern. Nat.
Commun. 4, 1452 (2013).

35. Peng, Y., Wang, Z. & Zou, K. Friction and wear properties of different types of graphene nanosheets as effective solid lubricant.
Langmuir 31, 7782-7791 (2015).

36. Wang, L.-F,, Ma, T.-B., Hu, Y.-Z. & Wang, H. Atomic-scale friction in graphene oxide: an interfacial interaction perspective from
first-principles calculations. Phys. Rev. B 86, 125436 (2012).

37. Zhang, J. & Jiang, D. Molecular dynamics simulation of mechanical performance of graphene/graphene oxide paper based
polymer composites. Carbon 67, 784-791 (2014).

38. Dikin, D. A. et al. Preparation and characterization of graphene oxide paper. Nature 448, 457-460 (2007).

39. Lerf, A. et al. Hydration behavior and dynamics of water molecules in graphite oxide. J. Phys. Chem. Solids 67, 1106-1110 (2006).

40. Nair, R., Wu, H., Jayaram, P., Grigorieva, I. & Geim, A. Unimpeded permeation of water through helium-leak-tight graphene-
based membranes. Science 335, 442-444 (2012).

41. Rezania, B., Severin, N., Talyzin, A. V. & Rabe, J. r. P. Hydration of bilayered graphene oxide. Nano Lett. 14, 3993-3998 (2014).

42. Raghav, N., Chakraborty, S. & Maiti, P. K. Molecular mechanism of water permeation in a helium impermeable graphene and
graphene oxide membrane. Phys. Chem. Chem. Phys. 17, 20557-20562 (2015).

43. Cui, P, Lee, ], Hwang, E. & Lee, H. One-pot reduction of graphene oxide at subzero temperatures. Chem. Commun. 47,
12370-12372 (2011).

Acknowledgements
This work was supported by the National Research Foundation of Korea (NRF) grant funded by the
Korea government (MSIP) (No. 2010-0018289).

Author Contributions

H.-J.K. and D.-E.K. conceived of the project. H.-].K. performed the fabrication and characterization
of the samples. H.-JK. and D.-E.K. analyzed and discussed the tribological properties obtained from
experimental results. All authors contributed to the writing of the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Kim, H.-J. and Kim, D.-E. Water Lubrication of Stainless Steel using Reduced
Graphene Oxide Coating. Sci. Rep. 5, 17034; doi: 10.1038/srep17034 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

Tam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:17034 | DOI: 10.1038/srep17034 13


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Water Lubrication of Stainless Steel using Reduced Graphene Oxide Coating
	Introduction
	Results
	Fabrication and characterization of rGO coating on SS ball
	Friction and wear behavior of SS under water and oil lubrication conditions
	Wear characteristics of rGO coated SS ball in water lubrication
	Mechanism of low friction and low wear of rGO coated SS ball in water lubrication

	Conclusions
	Experimental Procedure
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Water Lubrication of Stainless Steel using Reduced Graphene Oxide Coating
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17034
            
         
          
             
                Hae-Jin Kim
                Dae-Eun Kim
            
         
          doi:10.1038/srep17034
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep17034
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep17034
            
         
      
       
          
          
          
             
                doi:10.1038/srep17034
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17034
            
         
          
          
      
       
       
          True
      
   




