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We report that solution-processed graphene layers reduce friction and wear on sliding steel

surfaces in air (relative humidity, 30%). In tests with sliding steel surfaces, small amounts

of graphene-containing ethanol solution decreased wear by almost 4 orders of magnitude

and friction coefficients by a factor of 6. A possible explanation for these results is that the

graphene layers act as a two-dimensional nanomaterial and form a conformal protective

coating on the sliding contact interfaces, and these factors facilitate shear and slow down

the tribo-corrosion, thus drastically reducing the wear.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Minimizing friction and wear-related mechanical failures

remains one of the greatest challenges for today’s moving

mechanical assemblies, and the search for new materials,

coatings, and lubricants that can potentially avoid such

failures continues around the globe. Many studies have

pointed out that the friction and wear mechanisms differ

for different materials operating under different thermal,

environmental, and tribological conditions [1]. Most tradi-

tional methods of controlling friction and wear involve the

use of solid and liquid lubricants. However, the quest for find-

ing the perfect lubricant, which not only provides the lowest

friction and wear, but also free of harmful additives or chem-

icals [2], still continues. An exciting new material that has

been investigated widely for its multitude of unusual

physical, mechanical, and electrical properties is graphene,

a crystallographically perfect film of graphitic carbon [3–5].

The tribological properties of graphene are relatively unex-

plored, and the few studies published in the open literature

have mainly focused on the nano- and micro-scale aspects

[6–8] in particular using the friction force microscopy
er Ltd. All rights reserved
mant).
technique [9,10]. Thus, very little information is available on

the macro-scale tribological properties of graphene.

In one of the macro-scale tribological studies, Kandanur

et al. have shown that graphene, when mixed with polymers,

imparts excellent wear resistance to the resultant composite

material [11]. Graphitic layers (which help in reducing friction

and wear in artificial joints) have also been detected in metal-

on-metal hip replacements [12]. Moreover, graphene platelets

have been used as an oil additive for improved lubricity and

wear resistance [13]. More importantly, graphene acts as an

excellent corrosion protection layer on refined metals, such

as copper and nickel [14,15], employed in reactive environ-

ments for many industrial applications. This protection,

which is due to graphene’s impermeability to gas molecules

[16], is expected to work for steel interfaces studied in this pa-

per. Graphene and other carbon-based nanomaterials are

used to enhance protective properties of different lubricants

[17–19]. Previous tribological studies using graphite flakes

indicated formation of graphite scrolls at the tribological

interface [20]. These scrolls are favorable for decreasing sur-

face energy [21,22], and reducing friction in the sliding inter-

faces. All of these findings indicate that graphene has high

potential as a self-lubricating material that will combat
.
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friction and wear-related energy and material losses in vari-

ous dry and lubricated tribological applications.

In this paper, we propose that the anti-corrosion property

of few layer graphene coupled with its lubricating nature

would be beneficial in drastically reducing wear and friction

in the case of the most commonly used tribo-pairs, in partic-

ular, steel against steel.

2. Experimental procedure

Tribological studies of steel flat samples against steel balls

were performed in air (30% RH) at room temperature using

a CSM tribometer with a ball-on-disk contact geometry. The

stainless steel flat samples (440C grade) were initially cleaned

by sonication in acetone and then in isopropanol alcohol to

remove any organic contaminants that may have been left

from the machining and polishing operations performed dur-

ing sample preparation. The counterpart was stainless steel

ball (440C grade) of 9.5 mm diameter with the rms roughness

measured by the 3D profilometer Rq = 15 nm. The normal load

during the tribotests was 2 N at a speed of 60 rpm (or 9 cm/s),

and the radius of the wear track was 15 mm. The sliding test

durations were 2000 cycles or 190 m.

Solution-processed graphene (SPG) was prepared by chem-

ical exfoliation of highly oriented pyrolytic graphite (HOPG)

and was then suspended in ethanol (Graphene Supermarket

Inc.). The weight concentration of graphene was 1 mg/L. Be-

fore the tribological tests, graphene-containing ethanol solu-

tion was spread on the highly polished surfaces (rms

roughness measured by the 3D profilometer Rq = 20 nm) of

the stainless steel plates and evaporated in a dry nitrogen

environment to prevent graphene oxidation. Formation of

few-layer graphene (2–3 layers) on the steel surface was con-

firmed by examination with an Invia confocal Raman micro-

scope using red laser light (k = 633 nm). The imaging of the

wear scars was performed with an Olympus UC30 micro-

scope. The wear rates on the ball and the flat sides were deter-

mined with a 3D non-contact MicroXam profilometer.

To estimate the wear rate after the tests, we calculated the

wear volume of the ball side as follows:
Fig. 1 – Coefficients of friction (l) for self-mated steel test pair in

ethanol solution, and with intermittent supply of SPG. Moreove

are provided in the inset to show necessity of additional graph
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3. Results and discussion

To study the effect of graphene on the friction and wear of

sliding steel test pairs in a humid air environment, we per-

formed three model experiments: (1) steel against steel, (2)

steel against SPG on steel submerged in liquid SPG, and (3)

steel against SPG on steel with an intermittent supply of

SPG drops every 400 cycles. The occasional supply of SPG

was necessary to ensure that graphene was present in the

wear track throughout the test period. Fig. 1 presents the

coefficients of friction for all three cases. The coefficient of

friction (COF) for bare steel interfaces was initially low, then

increased rapidly with the removal of the surface contami-

nants and/or a natural oxide layer from the surface, and final-

ly reached a value of about 0.9 for the reminder of the test.

The COF for the test performed in liquid SPG solution after

the ethanol treatment was reduced to 0.2. This COF reduction

is thought to be due to the combined lubrication effect of eth-

anol and graphene flakes. However, tests performed with

pure ethanol lubricant (results are also shown in Fig. 1)

showed a higher COF (0.4) and caused high wear, suggesting

that graphene is most likely the reason for the friction reduc-

tion. As it can be seen from the Fig. 1, after 700 cycles the vari-

ations in the coefficient of friction for the steel interfaces in

ethanol increase as well as the average value of the COF in-

creases. This can be attributed to the influence of the steel

corrosion effect, confirmed by the Raman signature (not

shown here) indicating well pronounced peak at 700 cm�1

attributed to iron oxide as well as high wear summarized in

Table 1. For the last data set, SPG was supplied to the wear

track periodically in drops (2–3 drops or 0.1–0.15 mL of

solution) every 400 ± 100 cycles. As shown in Fig. 1, this test
humid air without SPG, without SPG in ethanol, with SPG in

r, the COF results for steel with and without initial SPG layer

ene supply during the run.



Table 1 – Ball wear calculations and COF measurements for the tests in air.

Test Conditions Calculated Wear
Volume (2000 cycles)

Wear Rate
(Wear/(loadÆdistance)

Established
Measured COF

Without SPG 6.8 · 10�3 mm3 179.9 · 10�7 mm3/N m 0.91
In ethanol 7.2 · 10�4 mm3 19.1 · 10�7 mm3/N m 0.38
In liquid SPG 5.0 · 10�5 mm3 1.3 · 10�7 mm3/N m 0.23
Adding drops of SPG every 400 cycles 1.1 · 10�6 mm3 0.03 · 10�7 mm3/N m 0.15
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reduced the COF to around 0.15. This friction reduction can be

attributed to the continuous supply of graphene layers into

the sliding contact interface. The periodicity of 400 cycles

(or every 6–7 min) is long enough to evaporate the ethanol

from the steel surface (about 20–30 cycles are necessary for

complete evaporation), thus eliminating the alcohol’s contri-

bution or effect, but leaving behind the graphitic layer within

the wear track. Moreover, the fairly stable frictional behavior

attained by adding drops of SPG into the sliding interface indi-

cates that the low friction values can be preserved for quite a

long time. The required period of dropping the SPG solution

was noticed to prolong with time which indicates formation

of the stable tribolayer. The procedure of adding the drops

of solution showed to be effective even up to 4000 cycles
Fig. 2 – Optical micrographs of wear scars and tracks on the ball a

b), with SPG solution (c and d), and with drip feeding of SPG ev
(the test was stopped after 4000 cycles) without any change

in friction performance. Importance of replenishing the

graphene layer can be seen from the inset of the Fig. 1. In this

case the initial graphene layer during sliding was removed

quickly out of the wear track and resulted in high COF. The

short lifetime of the initial deposited layer is attributed to

low concentration of graphene.

The above results clearly confirm the friction-reducing ef-

fect of SPG. In the following, we will discuss its impact on

wear, specifically, the wear rates on the ball and flat sides

with and without SPG on sliding surfaces.

Fig. 2 shows optical micrographs of the wear scars and

tracks on the ball and flat sides, respectively, after the tests.

The difference in the wear scar diameter and the wear track
nd flats, respectively, after tests without SPG solution (a and

ery 400 cycles (e and f).
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width is attributed to the fact that the wear track width varies

along the wear track thus resulting in smaller average width

of the wear scar. Also, the ball suffers higher Hertz pressure

effects on the sides of the wear scar than the flat side, thus

resulting in wider wear scar width.

When tested in open air, the steel ball and flat suffer se-

vere wear damage, as shown in Fig. 2a and b. The wear dam-

age decreases when SPG is added to the wear track (Fig. 2c–f).

Raman spectra of the wear tracks after the tribotests with and

without SPG are also presented as insets on Fig. 2b, d, and f.

Raman mapping of these tracks (inset below the spectra)

shows the concentration and intensity of the 2D peak of

graphene (at �2700 cm�1, red color corresponds to the highest

intensity, blue to the lowest when no peak is present) after

the run. For the test in the liquid SPG solution, after the test

was finished and the solution dried off, the 2D peak of graph-

ene was detected everywhere on the wear scar due to unmod-

ified graphene in the solution (Fig. 2d). For the case of adding

drops of SPG to the sliding surfaces, the graphene had become

defected and disordered during the sliding tests, and this pro-

cess resulted in a significant reduction of 2D peak intensity in

the wear scar with better signal around the wear scar edges,

which are less affected by the wear process (Fig. 2f). The Ra-

man spectrum of the wear scar edges shows disordered

graphene, as evidenced from the D peak intensity (at
Fig. 3 – Height profile measurements of the wear tracks for (a) ste

(c) steel against SPG/steel with SPG added every 400 cycles.
�1350 cm�1, ID/IG increased from 0.3 for liquid SPG solution

to almost 1 for adding SPG drops) (Fig. 2f). For the drip SPG

run, another graphene Raman peak, D + D’ (at �2940 cm�1),

is activated by defects in the graphene layers. This finding

supports the fact that sliding interfaces produce defected

graphene.

Previous studies [23–30] used Raman spectra for corrosion

investigation of stainless steel and showed the characteristic

peaks of iron oxides at �700 cm�1 and below. The Raman sig-

natures of the wear tracks with SPG (Fig. 2f) show a very weak

signal for iron oxides (below 700 cm�1) in contrast to the bare

steel run (Fig. 2b), suggesting that graphene reduces oxida-

tion-induced corrosion of the steel.

Fig. 3 presents 3D profilometer images and height pro-

files of the same wear tracks shown in Fig. 2. The high wear

occurs mostly for the bare steel interfaces when no protective

layer exists (width of the scar is 770 lm). For the liquid SPG

solution run (Fig. 3b), the wear scar width is 3 times smaller

(�250 lm) than that of the bare steel run (Fig. 3a). Line profile

measurements indicate formation of a graphene protection

layer (as confirmed by Raman spectroscopy), shown in

Fig. 2d. However, due to the presence of liquid in the wear

track, the capillary forces at the interface do not allow

formation of a uniform protection layer, and the graphene

flakes are continuously pushed away on the side of the wear
el against steel, (b) steel against SPG/steel in liquid SPG, and
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track during each wear cycle. Therefore, the density of

graphene is too low to form a uniform protection layer within

the wear track. For the drip SPG run, the wear track width was

10 times smaller (�80 lm) than that of bare steel. This finding

indicates that graphene forms a uniform protection layer and

thus plays a major role in reducing wear and friction at the

tribological interface. The corresponding line profile of the

wear track in this case (Fig. 3c) indicates formation of a

protective layer on the steel. 3D profilometer imaging of the

ball wear for this test indicated that the wear occurs at the

initial stage, with subsequent formation of the protective

layer.

The measured established COFs (averaged over last 500 cy-

cles) and the wear results for the ball sides calculated using

Eq. (1)are summarized in Table 1. The ball wear diameters,

which were measured with an Olympus UC30 Microscope,

are presented in Fig. 2.

The results in Table 1show that wear is reduced by 2–3 or-

ders magnitude due to graphene in the wear track. The wear

on the flat side in the case of SPG-coated steel is almost

impossible to measure, indicating the major contribution of

graphene in reducing wear and friction. Adding SPG drops is

the more effective method of friction and wear reduction,

which we attribute to the drops supplying renewable graph-

ene layers with a high concentration in the wear track. The

tribotest in liquid SPG solution, by contrast, is limited in the

initial amount of graphene.

We show that the graphene-based lubricant studied here

offers a significant benefit in terms of reducing toxic waste

to the environment and provides a new pathway for reducing

wear and friction that could be exploited further for many

industrial applications involving sliding and rotational

contacts.

4. Conclusion

A series of experiments was conducted to test the wear and

friction behavior of self-mated steel tribo-pairs in humid air

with SPG supplied at the tribological interface. Wear of the

self-mated steel surfaces was substantially reduced (3–4

orders of magnitude) with corresponding reduction in friction

(6·) by the presence of graphene at the tribological interface.

Characterization of the wear track by Raman imaging and

spectroscopy revealed suppression of the iron oxide peak

and the presence of graphene. These results indicate a

passivation effect due to the graphene layers, which not only

helped in reducing the tribo-corrosion and thus resulted in

low wear, but also provided easy shearing and thus resulted

in reduced friction. We conclude that graphene constitutes

a new class of lubricant for steel surfaces and possibly other

metal surfaces that is corrosion resistant, less toxic, and easy

to apply.
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