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Mechanical stability and wear resistivity of graphene are prerequisite for its applications in nano-
mechanical devices. We employ atomic force microscopy based scratching in order to explore the
wear of graphene at nanoscale, and the efficiency of graphene for the wear protection of an underlying
substrate. We show that the wear of graphene consists of two processes: 1. the plastic deformation for
lower normal loads, followed by 2. a sudden tearing of graphene for high enough normal load, with
subsequent graphene peeling off from the substrate. The complete progress of the friction during these
processes is measured and explained: the friction starts from low values on plastically deformed gra-
phene, then strongly increases for a short time during graphene tearing, and ends up at lower value on
uncovered substrate after graphene peeling. Finally, we demonstrate that around 5 nm thick (over ten
layers) graphene flakes provide wear protection of the underlying substrate, while thin graphene flakes,
around 1 nm thick (single and bilayer), can only enhance the mechanical capacity of the underlying

substrate.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene is atomically thin and flexible conductor [ 1], with very
large stiffness and strength [2], and with good lubricating proper-
ties [3]. Therefore, graphene is a promising material for future
nano-electromechanical devices such as nano-electromechanical
resonators [4,5], piezoresistive sensors [6—9], and nano-
electromechanical switches [10,11]. Graphene, as a very stiff ma-
terial with a low friction, is an excellent choice for the mechanical
protection of underlying substrates and nano-objects, including the
wear protection and friction reduction [12,13], as well as van der
Waals screening [14]. At the same time, graphene is impermeable
to standard gases [15], chemically inert and stable, thus allowing
protection against oxidation [16] and corrosion [17,18]. Prerequisite
for all these graphene applications is a good understanding of its
mechanical stability and wear resistivity at nanoscale.

Wear of graphene as well as wear protection by graphene was
mainly studied on micro- and macro-scale, on large graphene
sheets obtained by the solution processing [13,19], the epitaxial
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growth on SiC [20,21], or the chemical vapour deposition (CVD) on
copper [22]. Although highly relevant for practical applications,
these studies did not consider nanoscale wear mechanism of
monocrystalline graphene. Graphene fracture at nanoscale was
investigated using atomic force microscopy (AFM) based nano-
indentation experiments in the context of graphene elastic prop-
erties [2,23—25], but without considering the graphene wear
during sliding. Some of the first insights into nanoscale wear
properties of graphene were gained indirectly, as side results of
AFM based scratching experiments used for graphene patterning
[26—28]. AFM scratching was used to study graphene wear prop-
erties by plowing parallel trenches, but only in the regime of gra-
phene plastic deformation, without graphene fracture [29]. Similar
methods were employed to explore the influence of wrinkles on
wear of CVD graphene [30] and wear initiated from graphene edges
[31,32]. Simultaneously, nanoscale wear of graphene was investi-
gated by numerical simulations as well [12,33—37].

So far, the wear protection of underlying substrate was experi-
mentally demonstrated by the solution processed graphene [13,19],
where it was shown that wear tracks were more narrow on the
graphene protected steel surface. Wear protection by graphene has
been already applied for increased endurance and durability of
graphene coated AFM probes [38,39] and enhanced mechanical
stability of graphene covered macromolecules [40,41]. Meantime,
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numerical simulations showed that single layer graphene
enhanced the load carrying capacity of the surface during nano-
indentation experiments [12], while the wear protection under
sliding conditions could be provided by at least two graphene
layers [35].

Low shear strength of graphene makes it an excellent ultra-thin
solid lubricant [42]. Nanoscale friction of graphene was widely
studied on pristine [3,12,43—46], fluorinated [47—50], hydroge-
nated and oxidized graphene [49], as well as on graphene-oxide
[51,52]. It was shown that graphene enables friction reduction
compared to surrounding substrate, while the friction can be effi-
ciently controlled either by a proper functionalization or by con-
trolling the number of graphene layers. Still, the friction progress
during the contact sliding, during the plastic deformation and
especially at the onset of graphene fracture was much less studied.
Only an increase of the friction during graphene rupturing has been
demonstrated so far [12,19]. Still, many questions regarding gra-
phene wear properties at nanoscale, friction changes during gra-
phene tearing, and graphene efficiency for wear protection have
remained open.

We study wear properties of graphene at nanoscale using AFM
based scratching and observe two different processes depending on
the applied load: 1. plastic deformation of graphene and underlying
substrate at lower normal loads, and 2. graphene tearing and
subsequent peeling off from the substrate at higher normal loads.
The friction between AFM tip and graphene is low on plastically
deformed graphene, then it suddenly increases during the tearing,
and thereafter it falls down resembling the friction of bare sub-
strate. Finally, we show that the complete wear protection of the
underlying substrate is achieved with 4—5 nm thick graphene
layers. On the other hand, thin graphene layers, around 1 nm thick,
can only increase the mechanical capacity of the underlying sub-
strate, but cannot protect it from wear.

2. Experimental

Graphene samples were produced by the micromechanical
exfoliation on silicon wafers with a thin layer of silicon-oxide on top
(around 80 nm thick). AFM measurements were done using NT-
MDT system NTEGRA Prima. Topographic imaging of graphene
flakes before and after AFM based scratching was done in tapping
mode. The phase lag of the AFM cantilever oscillations was recor-
ded simultaneously in order to detect changes in a material
contrast of investigated samples before and after the scratching.

AFM based scratching experiments were carried out in contact
mode with increased normal load necessary to produce desired
changes - deformation of graphene and its tearing. Graphene was
scratched only once, both in the case of line scratching as well as in
the case of scratching of square domains. The scanning velocity
during the scratching was the following: 0.3—0.5 um/s in the case of
line scratching, and 1.5 pm/s in the case of square domain
scratching. We did not observe an influence of the scratching ve-
locity in the range 0.4 pm/s—3.5 um/s on resulting graphene
deformation and tearing as shown in the Supplementary material
in Fig. S1. After scratchings, AFM topographic images were recorded
in the tapping mode. Both imaging and AFM scratching were per-
formed using diamond coated DCP20 probes from NT-MDT with a
typical force constant of 48 N/m and with a typical tip curvature
radius of 50—70 nm. These stiff cantilevers with very robust probes
enabled both the AFM scratching with high normal loads up to
around 20 pN as well as subsequent imaging without probe
replacement. Still, in some case when diamond probes could not
give clear images due to their wear and/or attached adsorbates, the
imaging was performed using NSGO1 probes from NT-MDT with
much smaller tip curvature radius, typically around 10 nm. All AFM

measurements were done at ambient conditions.

The lateral deflection of AFM cantilevers was recorded during
AFM based scratching experiments in order to get information
about friction between AFM tip and sample. The friction signal was
calculated as the average of the difference between the lateral force
signal in the forward and backward direction. Opposite to the
topographic images recorded after the corresponding scratching,
the presented friction maps were measured during the scratching.

Calibration of the normal force was done by force-distance
measurements on hard substrate such as bare SiO,. The normal
force was then calculated as Fy = kd, where k is the force constant of
employed DCP20 probes, and d is the displacement of the piezo-
scanner for the given set-point. Calibration of the lateral force
was done using the simple procedure given in Ref. [53].

For studies on wear protection by graphene films, AFM
scratching both on bare and graphene covered SiO, substrate was
done with the same normal load in order to enable straightforward
comparison between these two cases. Here we considered the
protection of SiO, since it allows a straightforward visualization of
the flakes, and does not require any additional transfer steps after
the exfoliation. Still, the employed method and obtained results can
be applied for technologically more relevant materials on which
graphene can be either directly grown or transferred, although in
that case, grain boundaries and wrinkles in graphene influence its
wear properties [30]. Two different cases were explored in the
context of wear protection by graphene: 1. the protection by thin
graphene layers, with the thickness of around 1 nm corresponding
to single or bilayer graphene, and 2. the protection by thicker
graphene films, with the thickness of several nanometers, between
3 nm and 5 nm, corresponding to around 10—15 graphene layers.

Raman imaging of graphene was carried out on NTEGRA Spectra
confocal Raman system (NA 0.7) with approximately 1 um spatial
resolution. The excitation source was a green laser (4 = 532 nm).

3. Wear of graphene during AFM scratching

The study on wear properties of graphene we start with AFM
scratching of parallel trenches in graphene/SiO, substrate. Corre-
sponding topography and phase contrast images obtained with
increasing normal load Fy (from 1.41 pN to 17.48 uN) are shown in
Fig. 1 (a) and 1(b), respectively. Two selected cross sections are
depicted in Fig. 1(c), and the change of the trench depth is given in
Fig. 1(d). The trench depth increases with Fy, but there are two
distinct processes. In the first one, for the normal loads below
approximately 10 pN, graphene is only strained and plastically
deformed. In the topographic image, plowed trenches from 1 to 8
are only slightly darker, but without any bumps and cracks. At the
same time, the corresponding phase signal is similar to surround-
ing flat graphene implying there is no material contrast between
them. On the other hand, for the normal loads above approximately
11 pN, graphene is cut and torn in an uncontrolled manner, leaving
large bumps (bright spots in Fig. 1(a)) near trenches from 9 to 12. In
the phase image in Fig. 1(b), trenches 9—12 are dark, with the same
contrast as neighboring SiO, substrate, confirming that graphene is
peeled off, leaving bare and scratched SiO, substrate. Typical
plateau with uncovered SiO, substrate left after the tearing and
peeling of graphene is more emphasized with encircled area in
enlarged image of trench 12 in Fig. 1(e), as well as in the corre-
sponding cross section along dotted line (SiO, plateau is repre-
sented with the drop in the height profile on the left side, between
the graphene and the trench).

Further insights into graphene wear properties are obtained by
AFM scratching of finite domains, not only along single line. Fig. 2
depicts the results for such an example where six square domains
(with size 1.5 x 1.5 pm?) were plowed for increasing normal load Fy
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Fig. 1. AFM scratching of graphene along discrete array of parallel lines with increasing
normal load Fy = 141 pN, 241 pN, 342 pN, 442 uN,542 pN,643 pN,
743 pN,9.44 uN,11.45 pN, 13.46 pN,15.47 pN,17.48 pN: (a) topography, (b) phase im-
age, (c) cross sections along two dashed lines denoted in part (a), (d) depth of the
trenches derived from data in part (c), and (e) enlarged topographic images (image
width is 500 nm) of trench 12 with the cross section along dotted line whereas the
dashed line encircles region where graphene was peeled off leaving bare SiO, sub-
strate. Thickness of the graphene flake is around 1 nm. (A colour version of this figure
can be viewed online.)

(from 1.41 uN to 11.45 uN). Plowing of all square domains was done
row by row, from bottom to top of every domain, with slightly
reduced resolution of 128 x 128 points. Topography and the cor-
responding phase contrast image are given in Fig. 2(a) and (b),
respectively. Cross sections along all six domains are shown in
Fig. 2(c), whereas their depth is given in Fig. 2(d). The depth of
plowed domains increases with normal load, and again, there are
two distinct processes. Within the first five domains, where
Fy < 10 pN, graphene is just plastically deformed, without cracks
and bumps. The phase image, where these domains have the same
contrast as surrounding non-scratched graphene, confirms the
material homogeneity. On the other hand, within the sixth domain
scratched with Fy = 11.45 puN, graphene is torn and then peeled off
from SiO; substrate. The phase contrast for this domain is different
than the rest of graphene flake, but the same as SiO, substrate.
Enlarged sixth domain after scratching is shown in 2(e). The arrows
show the exact positions of graphene edges after tearing, the large
bright spot is a bump produced due to graphene peeling, while the
bare SiO, plateau is clearly visible in the corresponding cross
section.

In both examples, graphene is only plastically deformed for
Fy < 10 pN, and fractured at higher applied force. Two additional
examples of graphene deformation and fracture are given in the
Supplementary material in Figs. S2 and S3. They show the same two
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Fig. 2. AFM scratching of graphene within six square domains with increasing normal
load Fy = 1.41 pN, 3.42 pN, 5.42 pN, 7.43 pN, 9.44 uN, 11.45 pN: (a) topography, (b) phase
image, (c) cross sections along six dashed lines denoted in part (a), (d) depth of the
domains, and (e) enlarged topographic image of domain 6 with given cross section
along dashed line. Graphene thickness is around 0.9 nm. (A colour version of this figure
can be viewed online.)

processes, while graphene tearing starts for similar normal loads.
Plastic deformation of graphene inevitably results in defects, either
various vacancy defects such as mono- and di-vacancies, and Stone-
Wale defects [54—57], or sp> like defects due to rehybridizations
[58]. Defects deteriorate graphene mechanical properties. While
the elasticity can be still comparable to the elasticity of pristine
graphene [23—25], the breaking strength of defective graphene is
more decreased, especially in the vacancy-defect regime [59]. In the
considered AFM scratching, number of defects in graphene in-
creases with a degree of the plastic deformation, that is, with trench
depth. For high enough normal load, graphene becomes so defec-
tive, that its breaking strength significantly falls down, leading to
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graphene fracture, tearing and finally to uncontrolled peeling along
selected path of AFM probe. However, the imaging of atomic defects
in graphene is not possible with AFM operating in tapping mode
and especially with a large curvature radius of DCP20 probes
employed in this study.

In order to further characterize graphene after the scratching,
we employed Raman spectroscopy. Obtained spatial maps of
Raman modes of the graphene are shown in Fig. S4 of the Sup-
plementary material (Raman imaging was done on the same
sample area as in Fig. 2(a) where the scratching of square domains
were carried out). As can be seen from the absence of the defect
band (D) at around 1350 cm~!, and relative intensities of 2D
(around 2686 cm~ ') and G (around 1586 cm™!) modes of graphene,
the AFM scratching does not introduce defects in the graphene
lattice within flat parts of squared domains. On the other hand,
defects obviously appear only along deformed graphene, such as
scratched trenches or edges of square domains. Still, in order to
confirm presence of these defects along such narrow areas (their
width is below 100 nm), it is necessary to use tip enhanced Raman
spectroscopy, since the spatial resolution of confocal Raman setups
is diffraction limited.

Wear of the exfoliated graphene was initiated for the normal
loads larger than around 10 uN. In the previous studies, we showed
that the wear initiated from wrinkles in CVD graphene [30] and
graphene edges [31] started for one and two orders of magnitude
lower normal loads, respectively (for the loads below 0.1 pN and
around 1 puN, respectively). Therefore, homogeneous graphene,
without cracks, exposed edges, and out-of-plane deformations
such as wrinkles, can sustain much larger normal loads, and only
such graphene is a promising material for protective coatings.

4. Friction during AFM scratching

Applications of graphene as nanoscale lubricant are based on its
ability to lower friction of underlying substrate. Still, an opened
question is the change of graphene lubricating properties under
high normal loads causing graphene wear. In order to explain these
changes, we consider the friction evolution during above discussed
AFM scratching experiments. Friction maps for all square domains
from Fig. 2 were obtained according to recorded lateral force during
AFM scratching. Two representative maps are given in Fig. 3(a) and
(b) for the fifth and sixth domain, respectively. The friction in
Fig. 3(a) is rather homogeneous since graphene is only plastically
deformed. On the other hand, the map in Fig. 3(b) consists of three
distinct regions with characteristic cross sections given in Fig. 3(c).
Dark region, with the cross section along line 1, corresponds to low
friction when graphene is just plastically deformed. Sudden in-
crease of the friction due to graphene tearing is visible as a narrow
and bright contrast in Fig. 3(b), with the cross section along line 2 in
Fig. 3(c). The position of line 2 corresponds exactly to newly formed
graphene edge recorded after the scratching shown in Fig. 2(e).
Finally, after the initial graphene tearing and peeling along line 2,
AFM tip slides along bare SiO, substrate and occasionally, further
pushes free graphene edges towards the edges of the square scan
range. Here, the friction has some intermediate value (the cross
section is given along line 1 in Fig. 3(c)) which mainly corresponds
to the friction on bare SiO.

Fig. 3(d) summarizes the change of the friction for all scratched
domains as a function of the normal force. As can be seen, the
friction is low as long as graphene covers the underlying substrate.
Although low, this friction is non-negligible. Generally, the friction
on graphene during AFM imaging increases due to the puckering
effect, where due to low bending rigidity of graphene, it easily
deforms in the out of plane direction leading to increased contact
area with AFM tip [43]. In the case of AFM scratching, due to large
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Fig. 3. Friction during AFM scratching of square domains from Fig. 2(a). Friction map
during AFM scratching of: (a) the fifth domain, the normal force is Fy = 9.44 pN,
whereas graphene is just plastically deformed, (b) the sixth domain, the normal force
is Fy = 11.45 pN, whereas graphene is torn and peeled off. (c) Three characteristic cross
sections of the friction map in part (b): line 1 stands for the friction on graphene, line 2
is the friction signal during graphene tearing, and line 3 corresponds to the friction on
SiO, substrate after removing graphene. (d) Average friction on all square domains
from Fig. 2(a) as a function on normal load. (A colour version of this figure can be
viewed online.)

applied normal loads and significant plastic deformations of gra-
phene, the contact area between graphene and AFM tip is signifi-
cantly increased compared to common AFM imaging, leading to
enhanced friction. During the graphene tearing, the friction force is
increased due to additional work needed for graphene tearing and
peeling from the substrate. We observed similar increase of the
friction force during AFM based lateral manipulation of graphene
edges [31]. The same changes of the friction force during scratching
of graphene, with the same three typical processes, were observed
in other cases as well, and these results are shown in Fig. S5 of the
Supplementary material.

5. Wear protection by graphene during AFM scratching

The final goal we would like to address in this study is possible
wear protection of materials by covering them with graphene. The
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results for the protection with thin graphene films (around 1 nm
thick) are summarized in Fig. 4, for the scratching of square do-
mains (increasing normal load from bottom to top row, while do-
mains in the same row were scratched for the same normal load).
For the first two rows of square domains (from the bottom) in
Fig. 4(al), the domain depth is lower on graphene covered SiO,
substrate by around 2 nm as can be seen from the characteristic
cross sections in Fig. 4(a3). Therefore, thin graphene flakes can not
provide wear protection of underlying substrate since in both bare
and graphene covered SiO; are plastically deformed. Still, the thin
graphene flakes can improve the mechanical load capacity of an
underlying substrate by decreasing the wear depth of the under-
lying SiO,.

For high enough normal load, graphene is torn and peeled off
from the substrate in the third (top) domain in Fig. 4(a1). This is
confirmed by different phase contrast in Fig. 4(a2). Obviously, in
this case, there is no possibility for any protection by graphene, and
the resulting wear depth is even increased compared to bare sub-
strate as can be seen from the corresponding cross section in
Fig. 4(a3) along line 3. In some cases, we did not observe any
improvement of the load capacity as shown in the third example in
Fig. 4(b). Here graphene is just plastically deformed in whole range
of applied normal loads, but the depth of scratched domains is
similar both on bare and graphene covered substrate (in some cases
even larger in the latter case as shown for line 1 in Fig. 4(b2)). The
observed absence of the improved load capacity is probably due to
continuous changes in AFM tip shape during plowing, so that the
same normal force produce different stress, or due to local changes
in graphene-substrate adhesion which can strongly influence both
graphene plastic deformation as well as tearing [33,34].

Possible way to improve wear protection is to use thicker flakes
consisting of more graphene layers. Two such examples are
depicted in Fig. 5 showing the topography recorded after AFM
scratching of square domains with increasing normal load. In both
cases, around 4.5 nm thick graphene provides excellent wear

=19.62 pN_

i. %

protection since the graphene surface stays practically intact (small
protrusions on graphene film in part (b) probably originate from
AFM tip during scratching, since their shape changes from scan to
scan). On the other hand, the same normal loads produce several
nanometer deep square domains on bare SiO;,. Additional results
given in the Supplementary material in Figs. S6 and S7 confirm the
previous conclusions. Furthermore, they show that exposed gra-
phene edges in the top graphene layer of a multi-layer graphene
flakes are always weak points in the wear protection.

However, even thicker graphene flakes can not provide perfect
protection if the normal load is above certain threshold. Results for
this case and AFM scratching along parallel lines are shown in Fig. 6.
In the first two cases in parts (a) and (b), the normal loads for AFM
scratching was Fy = 8.63 uN and Fy = 10.39 puN, respectively. As can
be seen, 4 nm thick graphene flakes give practically perfect wear
protection of SiO, substrate. From the topographic images in
Fig. 6(a1l) and 6(b1), trenches are clearly visible on SiO, surface,
while they can be hardly recognized on graphene (there are only
slightly darker shadows compared to the rest of graphene flakes
marked by the arrows along which graphene was scratched). As can
be seen from the corresponding cross sections in Fig. 6(a2) and
6(b2), while the depth of trenches on bare SiO, substrate is around
1—2 nm, the graphene surface is almost flat, with slightly increased
surface roughness only. In the last case, the normal load was further
increased to Fy = 12.15 pN. The results in Fig. 6(c1) and 6(c2) show
that the graphene perfectly protects underlying SiO, substrate
along the first and part of the second scratched line (counted from
the left, scratching was done from the top to the bottom) as in the
previous cases. Suddenly, graphene flake is locally torn and
removed from the substrate. In subsequent lines, graphene is either
only removed from the substrate, or it is removed, and the un-
covered substrate is then further plowed as in the case of bare SiO-.

Distribution of the normalized wear depth d as a function of the
normalized applied normal load f for all above discussed results is
given in Fig. 7. Normalized force is calculated as f = Fy/Fy max Where
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Fig. 4. Wear protection by thin graphene flakes: (a1) topography of square domains after AFM scratching, (a2) corresponding phase image, (a3) cross sections along the dashed lines
denoted in part (a1); (b1) topography after AFM scratching of square domains, (b2) cross sections along the dashed lines denoted in part (b1). Thickness of the graphene flake is
around 0.8 nm for part (a) and 1 nm for part (b). Normal forces used for AFM scratching were the following: (a) Fy = 16 pN for the bottom row, Fy = 17.83 uN for the middle row, and
Fy = 19.62 N for the top row of square domains, (b) Fy = 12.45 uN for the bottom row, Fy = 14.25 uN for the middle row, and Fy = 16 pN for the top row of square domains.
Therefore, the normal load was increased from bottom to top row, while the domains in the same row (one on bare SiO,, the other one on graphene covered SiO, substrate) were

scratched for the same normal load. (A colour version of this figure can be viewed online.)
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Fig. 5. Wear protection by thick graphene flakes for the case of AFM scratching of square domains: both parts (a) and (b) show the topography recorded after the AFM scratching (z-
scale is 10 nm in both images). The normal force for the scratching is the following: (a) for domains from left to right Fy = 16.13 uN, 17.94 uN, 19.74 uN, 21.54 pN, (b) for domains from
left to right Fy = 12.53 uN,14.33 uN, 16.13 uN, 17.94 uN. Thickness of the graphene flakes is around 4.5 nm in both cases. Regions for AFM scratching on graphene are denoted with

square domains (dashed lines). (A colour version of this figure can be viewed online.)
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Fig. 6. Wear protection by thick graphene flakes for the case of AFM scratching along parallel lines: (a1-b1-c1) topography and (a2-b2-c2) cross sections along the selected dashed
lines in parts (a1-b1-c1). Normal forces used for AFM scratching were the following: (a) Fy = 8.63 uN, (b) Fy = 10.39 uN, and (c) Fy = 12.15 pN. Thickness of the graphene flake is
around 4 nm. White arrows in parts (a2) and (b2) shows direction of lines scratched on graphene surface since they are hardly visible in the topographic images. In parts (c2), only
two first lines are denoted by arrow, since subsequent scratched lines are clearly visible. (A colour version of this figure can be viewed online.)

Fymax is the maximal force in the considered experiment.
Normalized wear depth is calculated as d = D/Dpax, where D is the
actual wear depth, whereas D,ax is the maximal wear depth in the
considered experiment. This normalization was introduced due to
the following reasons. Although the applied normal force was used
to quantify the strength of the interaction between AFM tip and
substrate, the same normal force does not always give the same
wear depth since the applied stress (the contact pressure or the
applied normal force divided by the area over which the force is
applied) is an invariant of this interaction. The contact pressure can
be different for the same normal force due to the following two
reasons: 1. different probes with inevitably slightly different shapes
were employed for AFM scratching, and 2. due to wear of AFM
probes during scratching experiments, which leads to continuous
change of AFM tip shape, mostly to its flattening. As a result, due to
variable area over which the normal force is applied, the same

normal load could produce different stress and consequently
different wear depth. The normalization of the force and wear
depth was then employed to make straightforward comparison
between different experiments.

Points in the graph from Fig. 7 can be grouped into three areas.
The first area (I) with dg=0 corresponds to the perfect wear pro-
tection provided by thicker graphene flakes (dg, stands for the wear
on graphene covered SiO; substrate). For high enough normal load
f =1, even thick graphene flakes were torn, so the wear depth in
this case can take any value in the interval 0 < d < 1 (this corre-
sponds to partial or complete peeling of few layer graphene, or
complete peeling of few layer graphene in combination with sub-
sequent scratching of uncovered substrate, as shown in Fig. 6(c)).
The second area (II) corresponds to the increased mechanical load
capacity provided by thin graphene flakes. Here, the wear depths
on graphene covered substrate are finite dg>0, and at the same
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Fig. 7. Normalized wear depth d as a function of normalized force f. Three areas
correspond to the following processes: (I) perfect wear protection by thick graphene
flakes (blue circle), (II) increased mechanical capacity of underlying substrate provided
by thin graphene flakes (yellow rhombus), and (III) wear of bare substrate (red square).
Points in the figure are taken from the experimental results given in Figs. 4—6 as well
as in Figs. S6 and S7 in the Supplementary material. Yellow markers in region III
correspond to the case when graphene does not provide any enhancement of me-
chanical load capacity. Thick (blue) line for f = 1 (connecting blue circular markers)
denotes that all wear depths are possible which corresponds to the partial or complete
peeling of thick graphene flakes in a combination with subsequent plowing of un-
covered substrate, as shown in Fig. 6(c). (A colour version of this figure can be viewed
online.)

time dgr < dsjo,, where dgjo, denotes the wear depth on bare SiO».
The third area (III) corresponds to the wear on bare SiO; substrate.
This area contains also several points where dg > ds;p,, Showing
that thin graphene flakes can not always increase the mechanical
load capacity od underlying substrate.

Thin graphene, single and bilayer, can not provide wear pro-
tection. During scratching of such graphene, its properties are
dominantly described with the in-plane o-bonds. They make gra-
phene the stiffest material, but during AFM scratching this only
increases the mechanical load capacity. The wear protection re-
quires several nanometers thick graphene. In this case, its proper-
ties during scratching are mostly determined by 7-bonds between
adjacent graphene layers. These bonds are responsible for weak van
der Waals forces between layers. They enable easy shearing of
graphene layers, and provide the interlayer repulsion when the
distance between them tends to decrease. The latter property en-
ables wear protection by few layer graphene [35]. When AFM tip
scratch the surface of multilayer graphene, it deforms top graphene
surface, and then this deformation is carried to inner graphene
layers. As normal load increases, it tends to push adjacent graphene
layers closer to each other which is then prevented by the repulsive
van der Waals interaction, protecting both graphene and underly-
ing substrate from mechanical wear.

6. Conclusion

In summary, we explain the mechanism of graphene wear at the
nanoscale, the resulting change in the graphene friction, as well as
the necessary conditions for wear protection by graphene. We
show that the plastic deformation of graphene increases with
applied normal force and inevitably leads to formation of defects in
graphene lattice. For high enough normal loads, the breaking
strength of graphene drops down, leading to a sudden fracture, an
uncontrolled tearing and subsequent peeling off, approximately
within the scratching area. In this context, scanning tunneling and
tip enhanced Raman spectroscopy could be used in future studies,
for imaging and understanding of atomic defects formed due to
plastic deformation of graphene.

Graphene can be used as a coating for friction reduction as long
as it is plastically deformed. For wear protection of the underlaying

substrate, at least 5 nm thick graphene flakes are necessary. Here
the repulsive van der Waals interaction between adjacent graphene
layers acts as an airbag preventing wear of both graphene and
underlying substrate. Extremely large stiffness of thin graphene can
be employed for enhancing the mechanical load capacity of un-
derlying substrate. Here we gave only an approximate prerequisite
for the wear protection, but the efficiency of graphene films for
wear protection as a function of number of graphene layers stays an
open question for future studies.
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