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This work aimed at improving the macro-scale tribology of single-layer graphene oxide (GO) coating on
metallic surfaces. To this end, stainless steel substrate was modified by a silane prior to the self-assembly
of a GO coating. Tribological tests, Raman spectroscopy and elemental analysis were performed. The
results show that the pre-deposited silane intermediate layer effectively enhanced the tribological per-
formance of the top GO coating in terms of very low friction (~0.1), 10-fold reduction in wear and
increased coating durability by 20 times. The improvement could be mainly attributed to the enhanced
bonding via the silane layer.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Recently there is an ever-increasing research interest in the tri-
bology of graphene [1]. Nano- and microscopic studies have
demonstrated that graphene can show extraordinary lubricity,
even superior to bulk graphite [2]. Graphene has a thickness of
merely 0.34 nm, rendering it probably the thinnest solid lubricant
ever. However, in the literature there are just a limited number of
reports on graphene-based surface coatings combating friction and
wear at a macro scale [3]. This is partially due to the difficulty in
obtaining such coatings continuously on a large area, but more
likely due to the weak adhesion of graphene-based coatings to
most engineering materials surfaces [4].

(3-Aminopropyl)triethoxysilane (APTES) is among the coupling
agents [5] that have been reported to improve the bonding
between silicon wafer and graphene [6] or graphene-based
multi-layer [7]. It was also used to modify a titanium surface
before a graphene coating for nano/micro tribological application
and its advantageous simple processing demonstrated [8]. How-
ever, to our knowledge there is no report yet about such use on
such common metallic materials as steel. In this study, graphene
oxide (GO) coatings were fabricated on APTES modified steel sur-
face by self-assembly. The tribological behaviour and durability
of the GO coating were investigated and the effect of APTES treat-
ment discussed.
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2. Experimental

316L stainless steel specimens were polished before treatment
in a 7:3 v/v mixture of concentrated H,SO4 and 30 wt% H,0, solu-
tion at 80 °C for 30 min. The specimens were then kept in a 3 vol%
APTES solution in ethanol-water (5:1 v/v) at room temperature for
30 min, and then rinsed and dried thoroughly, named 316L-A. The
self-assembly of GO was done by keeping the APTES-treated steel
substrate into a prepared GO suspension at 60 °C for 12 h. Exces-
sive GO sheets were removed by ultrasonication and the sample
was named 316L-A-GO. The same immersion process was applied
to an untreated stainless steel (namely 316L-GO).

Samples were characterised by atomic force microscopy (AFM),
Raman, scanning electron microscope (SEM) and Energy dispersive
x-ray spectroscopy (EDS). Water contact angles (WCA) were mea-
sured using an OneAttension optical tensiometer. Reciprocating
tribological tests were carried out in open air at room temperature
using a ball-on-plate tribometer. A 316 stainless steel counter ball
(¢8mm) and a normal load of 1 N were used (equivalent Hertz con-
tact pressure ~530 MPa, contact area diameter 60 pum). The sliding
distance, speed and frequency were set at 5 mm, 5 mm/s and 1 Hz,
respectively.

3. Results and discussion

Fig. 1a is an AFM image of the obtained APTES-GO coating fea-
turing a high GO coverage rate of more than 90% and a relatively
uniform coating thickness. The widespread white dots are likely
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Fig. 1. (a) AFM image of the self-assembled APTES-GO coating. (b) is histogram for the thickness distribution across the area. (c) and (d) are the snapshots of the water contact

angle tests on APTES and APTES-GO, respectively.

short-range agglomerations of APTES molecules [9]. Fig. 1b is the
height histogram across the AFM examined area. The substrate
level is assigned as —2.5 nm with most of the surface heights fall-
ing at 0 nm, indicating that the APTES-GO coating has an average
thickness of 2-2.5 nm. Considering that the thickness of an APTES
layer usually measures 1-1.5 nm [9], the GO top coat here likely
has a thickness of ~1 nm, which corresponds to one single layer
GO. Likewise, the shoulder peak around 1 nm indicates the second
GO layer stacking on the top, in a small fraction. During self-
assembly APTES molecules and GO sheets assemble themselves
in succession via condensation reactions between the hydroxyl
groups (-OH) on steel surface and the alkoxy groups (-O-R) on
APTES, then between the amino heads (-NH,) of APTES and the
oxygen groups of GO. The assembly stops when the amino sites
are fully occupied, much like paving a floor with mosaic tiles. Com-
pared to the WCA of ~46° for the APTES layer (Fig. 1c), the WCA
decreased to ~ 16° with an additional self-assembled GO layer
(Fig. 1d), due to the hydrophilic oxygen groups in GO.
Reciprocating sliding wear tests were performed on four types
of samples, namely: bare 316L steel, 316L-A, 316L-A-GO and
316L-GO. As shown in Fig. 2a, the coefficient of friction (COF) for
316L-A fluctuated wildly in the running-in period and levelled
off at 0.35 after 500 cycles, which is slightly below that (~0.45)
of bare 316L. Clearly, the APTES layer alone offered little lubrica-
tion. 316L-GO initially benefited from graphene’s lubricity as evi-
denced by the very low initial COF of 0.12 for the first 100 cycles.
The friction then rose suddenly and eventually increased all the
way to 0.4, which is very close to that of bare steel, implying that
the GO coating might have been removed completely away from
the contact. In contrast, with an additional APTES layer, 316L-A-
GO exhibited substantially improved wear life. No sudden increase
of friction but a slight rise to 0.12-0.13 took place, and the low-
friction regime was extended remarkably from 100 to some 2000
cycles. While in other studies on self-assembled coatings micro-
scale loads (100-200 mN) were used and COFs around 0.2 reported
[7], in this study an even lower COF for such a nano structure on

steel under a heavier load of 1 N was observed, suggesting its effec-
tiveness for a wide range of engineering applications.

Fig. 2b compares the wear rates and the corresponding wear
tracks (inset). 316L-A exhibited the highest wear rate, with a broad
track formed of deep furrows and build-ups. 316L-GO showed
medium wear. A dramatic further reduction of one order of magni-
tude in wear was seen on 316L-A-GO. These improvements can be
attributed to the strengthened bonding between the GO lubricant
coating and the steel surface due to the covalent bonds via APTES.

Raman spectra of 316L-A-GO and 316L-GO, both before and
after specific numbers of sliding cycles, were showed in Fig. 3a-
b. The intensity ratio of the D to G bands for 316L-A-GO is signifi-
cantly smaller than that of 316L-GO (0.92:1.24), indicative of less
disorder in the former. This could be attributed to the condensa-
tion reactions between APTES molecules and GO sheets, which
led to a reduction of the oxygen group concentration in GO and
thus a recovery of its sp® conjugated structure.

Note that the G band of 316L-GO downshifted by 7 cm~! and
the 2D band upshifted by 18 cm™! compared to 316L-A-GO
(Fig.3b), implying that the graphene layer number of 316L-GO is
likely larger than the other [10]. However, the bands of 316L-GO
shrank to minimum after 600 cycles due to severe destruction of
the coating. In contrast, 316L-A-GO kept substantially the same
Raman features even after 1000 cycles, suggesting an improved
structure integrity. The Raman results are in line with the frictional
tests, indicating that APTES is effective in enhancing the durability
of the GO coating.

Fig. 3c-e display the worn surfaces. The worn 316L-A showed
high roughness and galling due to adhesive wear at the steel-
steel interface. The widespread debris in the track suggests that
three-body abrasive wear may also have happened. 316L-GO
exhibited a smoother wear track, but the grooves along the sliding
direction are sign of limited protection by the GO coating. Some
fragments of the GO coating are visible inside the wear track. In
sharp contrast, 316L-A-GO exhibited negligible wear loss except
for minor material deformation. EDS (Fig. 3f) performed inside
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