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a state in which the lateral interactions 
between two incommensurate surfaces are 
effectively canceled resulting in ultralow 
sliding friction. The ultralow friction state 
could also be achieved for tip with radius 
from 20 to 1000  nm sliding on graphene 
supported by substrates, e.g., diamond tip 
with graphene on SiO2 substrate,[11,12] Si tip 
with graphene on SiO2 substrate,[13] and dia-
mond tip with graphene on Cu substrate[14] 
and the lubrication properties was robust 
under different normal load.[15]

The ultralow friction and high intrinsic 
strength make graphene an ideal candi-
date for antiwear coating materials. On 
the nano and microlevel, Shin et al.[11] car-
ried out microscale scratch tests on exfo-
liated and epitaxial graphene on a silica 
substrate. When the indenter was pressed 
into the monolayer graphene sample at a 
depth of more than 150 times of its thick-
ness, no damage occurred within the gra-
phene. Using atomic force microscope 

(AFM) tip with a radius about 100 nm sliding on graphene that 
mechanically exfoliated to SiO2 substrates, Qi et al.[12] reported 
that the monolayer graphene still maintained a low friction 
coefficient of 0.01 for a prolonged period (4096 cycles) with 
a normal load up to 9150  nN, and the interior region of gra-
phene shows better wear resistance. Qi et  al.[16] further found 
that the wear resistance of the free edge of graphene could be 
improved by performing air plasma treatment. With a similar 
setup, Vasic et al.[17] showed that the SiO2 substrate gets plasti-
cally deformed for lower normal loads, followed by a sudden 

Adhesion plays an important role in the antiwear property of graphene layer 
on a substrate. Here the wear property of the inner region of monolayer 
graphene grown on copper foils via chemical vapor deposition is studied. 
The adhesive strength is controlled by changing the oxidation of the copper 
substrate into two oxidation degrees with intact graphene preserved. For 
graphene layers on copper substrates with either low oxidation degree (LOD) 
or high oxidation degree (HOD), it is found in both systems wear starts at the 
wrinkle position under similar normal force. However, with the development 
of wear, for the LOD substrate the covering graphene layer is worn out gradu-
ally, while for the HOD substrate the graphene layer is peeled off rapidly. By 
measuring the adhesion between graphene and substrates indirectly, together 
with finite element analysis, it is shown that the underlying mechanism for 
the different wear phenomena is due to the higher adhesion between gra-
phene and LOD substrates than that between graphene and HOD substrates. 
This study provides insights on the impacts of adhesion between monolayer 
material and substrates on the antiwear properties, which can benefit the 
design of lubrication coatings based on layered materials.

Wear

1. Introduction

Graphene is an excellent lubricating coating layer[1] because of its 
extremely high intrinsic strength,[2] ultralow binding strength with 
many surfaces, e.g., graphite,[3] hexagonal boron nitride (hBN),[4] 
MoS2,

[5] and atomically smooth surface.[6] For example, the friction 
between graphene/graphene,[3,7–9] graphene/MoS2,[7] graphene/
hBN,[4,7,8] and graphene/diamond-like-carbon (DLC)[10] meas-
ured at either nanoscale[7] or microscale[3,4,8,10] could be so small 
that such layered-material junctions could reach superlubricity, 
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tearing of graphene for high enough normal load, with subse-
quent graphene peeling off from the substrate. By transferring 
graphene grown on copper substrate by chemical vapor depo-
sition (CVD) to SiO2 substrate, Vasic et  al.[18] further showed 
that the graphene was destroyed in the wrinkle areas when the 
normal force was only 1.5 µN. Besides the excellent lubrication 
properties, Klemenz et  al.[19] found that the graphene cover 
could substantially enhance the load-carrying capacity of the 
Pt substrate. Zhang et  al.[20] found that the wear resistance of 
graphene grain boundaries is closely related to the misorienta-
tion angle of grain boundaries and the wear resistance could be 
improved by strengthening the interfacial interaction between 
the graphene and underlying substrate.

On the macroscale, Huang et  al.[14] carried out friction and 
wear experiments on graphene grown by CVD on copper foil 
using a sphere-on-flat reciprocating Nano Tribometer. By using 
a glass lens with a radius of 5 mm, the graphene layer did not 
get worn under a normal load of 0.1  mN (the corresponding 
Hertzian contact stress is 22 MPa) and the friction coefficient 
remained below 0.05. Graphene wear occurred when pres-
sure was up to 0.5  mN. Berman et  al.[21] found that the wear 
rate of iron balls in the hydrogen environment is much lower 
than that in the nitrogen environment when graphene coating 
is added because hydrogen atoms would combine with the 
dangling bond of graphene to prevent further wear. Romani 
et  al.[22] reported that the friction force between the steel ball 
and steel surface can be largely reduced with graphene grown 
by CVD on the steel surface.

While there have been many studies about wear resistance 
of the graphene layer, as shown above, there is no study about 
the effect of adhesion between graphene and substrates on anti-
wear properties of the inner region of graphene by changing 
the adhesion. To investigate such effect is important because, 
for coating materials like graphene, their adhesive strength to 

the substrates plays a crucial role in the dependence of friction 
force on the number of layers,[23–25] wear resistance of edge,[16] 
and contact configuration.[23] Thus, it is necessary to explore the 
relationship between the wear of graphene and the adhesion.

In this paper, we studied the wear properties of graphene on 
copper substrates with different oxidation degrees on micro-
scale by AFM. We found that the graphene layer on copper 
with a low oxidation degree (LOD) was gradually removed by 
increasing the normal load. However, the wear rate of graphene 
on copper with a high oxidation degree (HOD) was much 
higher than that on the LOD substrate. The graphene layer got 
quickly peeled off along the damaged area in large flakes. By 
adhesion test using AFM, the adhesion force between graphene 
and HOD substrate was found to be smaller than that between 
graphene and LOD substrate. With finite element analysis, we 
found that the smaller adhesion between graphene and sub-
strate was the reason for higher in-plane stress and out-plane 
stress during the wear tests, leads to the peeling off of graphene 
layer, resulting in faster wear rate.

2. Results and Discussion

Figure 1a shows the optical image of the specimen exposed to 
ambient condition for 6 months. The surface of copper without 
oxidation is white and the color of copper becomes deeper 
when it is oxidized.[26] Therefore, the red region corresponds 
to copper with a HOD, and the white region corresponds to 
LOD copper. The different oxidation degree of copper may be 
due to the different crystal orientation.[27] Obviously, the copper 
surface shows a nonuniform oxidation degree. This is further 
confirmed by measuring regions of the copper substrate in 
different colors using XPS. As shown in Figure 1b, compared 
to the LOD region, the Cu2O content within the HOD region 
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Figure 1.  a) Optical image of the substrates. b) Results of XPS measurement on substrates with different oxidation degrees as labeled in (a). c) The 
AFM morphology image of substrates indicated in (a) by the red square. d) The Raman spectra of the graphene layers on substrates with different 
oxidation degrees.
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increases, while the Cu content decreases and CuO presents. 
The morphology of the LOD and HOD regions as labeled by 
a red rectangle in Figure  1a is measured by AFM as shown 
in Figure  1c. Clearly, both regions show similar roughness. 
The quality of the graphene layer covering different regions 
was examined using Raman spectroscopy, with typical results 
shown in Figure  1d. In both cases, the Raman spectrum of 
graphene had no D peak, and the ratio of the intensity of G 
(1584 cm−1) to 2D peak (2695 cm−1) was around 1/2, indicating 
that the graphene on both substrates was of single layer and 
intact.

The wear tests on LOD and HOD substrates were carried 
out by scratching the graphene layer using the same AFM tip 
(DCP20). Within the same region scanned, the normal force 
was increased at intervals of 0.148 µN across different images. 
The corresponding normal contact stress estimated using 
Hertz theory[28] is from 3.59 to 9.89 GPa. As shown in Figure 2a 
(LOD) and Figure 2b (HOD), the friction first decreases slightly 
as the normal force increases, which is probably due to the 
gradual removal of surface contaminants and/or surface hard-
ening of the substrate by plastic deformation.[12]

For the graphene layer, the presence of visible area with 
large friction indicates that those areas of graphene layer were 
worn. This is because the AFM tip started scratching the bare 
copper surface directly, and the friction became much larger 
than those areas covered by graphene due to the lubricating 
property of graphene.[14] Thus, for friction images as shown in 
Figure 2a–c, the worn areas are characterized by those regions 
correspond to high friction, i.e., brighter region. These worn 
areas are probably initiated during the wear process due to 
the stress concentration around the wrinkles[29] as indicated in 
Figure S1 in the Supporting Information. The wrinkles of gra-
phene and the ripples which characterizing the morphology of 
copper substrate are both formed during the CVD progress.[30] 
From Figure 2a,b, it is evident that once the graphene layer got 
worn along with wrinkles, the wear rate of graphene on HOD 
substrate was much higher than that on LOD substrate with 
the increase of normal force. The additional wear tests on other 
LOD and HOD substrates with another DLC AFM tip show 
good reproducibility of the phenomenon observed (Figure S2, 
Supporting Information). By estimating the worn area quanti-
tatively as shown in Figure 2d, the worn rate of the graphene 
layer on the HOD substrate is about one order higher than that 
on the LOD substrate. We further tested the upper limit of the 
wear resistance of those areas on graphene layer initially kept 
intact on the LOD substrate. This was done by selecting the 
intact region (area labeled by the green rectangle in Figure 2a) 
and performing wear test within these regions using higher 
normal load. As shown in Figure 2c, the graphene layer within 
this region could sustain a normal load up to ≈9  GPa before 
it got worn. For the stress concentration during wear test or 
the random defects in graphene introduced during the former 
wear progress, the graphene was worn on a certain point at the 
beginning.

Besides the quantitative difference of the wear processes of 
a graphene layer on the LOD and HOD substrate, we found 
that phenomenologically they are also different. As shown in 
Figure  2a, the worn area for the graphene layer on LOD sub-
strates gradually extended along the damaged line, while on 

HOD substrates the graphene layer was peeled along the dam-
aged line in a form of large sheets (Figure 2b).

To estimate the influence of the wrinkles and ripples on 
the wear of graphene, we did wear tests on newly grown gra-
phene by a CVD method on copper (Figure S3, Supporting 
Information). The wear processes with different densities 
of ripples are like those on LOD. But the critical normal load 
above which wear presents during the sliding process is sig-
nificantly lower than that with sparse ripples (from 5.95 to 
7.97 GPa). For graphene with denser ripples or wrinkles, it is 
reasonable to assume that more stress concentrated locations 
exist, thus easier to be worn during the wear tests. However, as 
shown in Figure S3 in the Supporting Information, for the sub-
strate with the same oxidation degree, the difference in density 
of wrinkles/ripples would not change the form of wear qualita-
tively, e.g., either being peeled off or gradually removed.

The regions after wear tests were also characterized by 
Raman spectroscopy to find out the chemical changes. 
Figure 3a shows the optical image of the worn area on the LOD 
substrate. The dashed area corresponds to Figure  2a after all 
the wear tests were performed. The area highlighted by solid 
lines corresponds to Figure  2c. For those regions remain low 
friction (point 1), the presence of D and G peaks (Figure  3b) 
indicates that the graphene layer remained, but with defects. 
For point 2 which corresponds to the high friction region in 
Figure 2c, the absence of G peak shows that the graphene layer 
was completed destroyed. For the graphene layer on the HOD 
substrate, Figure 3c shows the optical image after the wear tests 
were performed. The region surrounded by the dashed lines 
corresponds to those areas shown in Figure  2b. The Raman 
spectroscope measured within the wear region shows no D 
and G peaks (point 3), indicating the absence of graphene 
layer after wear test. However, there were D, G, and 2D peaks 
appeared at the wear boundary (point 4), and the intensity of 
G peak is much larger than that of the 2D peak. This indicates 
that during the wear test, the graphene layer was pushed to the 
edge of the wear region and piled up.

The different wear rates and phenomena shown above indi-
cate the governing factor for the wear process is quantitatively 
different. Previous studies on the friction of graphene on SiO2 
substrates indicate that the adhesion between the graphene 
layer and substrate plays a key role.[23] To this end, we esti-
mated the adhesion between the graphene layer and substrates 
indirectly by measuring the adhesion force between the gra-
phene layer and AFM tip on LOD and HOD substrates, with 
the mean pull-out force measured from five random selected 
points to be 38  ±  27 and 151  ±  30  nN, respectively. Because 
the adhesion between the tip and graphene is competitive with 
that between the substrate and graphene, the larger the adhe-
sion between the tip and graphene is, the smaller the adhe-
sion between graphene and the substrates is.[25] Therefore, the 
adhesion between graphene and the LOD substrates is larger 
than that between graphene and the HOD substrates. This 
experimental estimation is in accordance with earlier density 
functional theory results.[31] At the same time, the nanoscale 
trace–retrace images were obtained near the worn region on 
both substrates. Figure  4a,b is the nanoscale trace–retrace 
images obtained on LOD and HOD substrates. As shown by 
the images, the lateral force signal increased with the increase 

Adv. Mater. Interfaces 2019, 1900721
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of the moving distance on both substrates, but the increasing 
rate on HOD is larger. This larger increasing rate of lateral 
force means that graphene layer on HOD substrates is more 
prone to be wrinkled which resulting in stronger puckering 

effect that the contact area between AFM tip and graphene 
rose more quickly during sliding,[23,25,32] which supports the 
conclusion that the adhesion between graphene and HOD sub-
strate is weaker.

Adv. Mater. Interfaces 2019, 1900721

Figure 2.  a) Friction force images at the same location on LOD substrates, the normal force changed from 0.148 to 1.48 µN at intervals of 0.148 µN. 
The corresponding normal stress estimated from Hertz theory is marked within each image around the lower-left corner. b) Friction force images on 
HOD substrates. c) Friction force images measured within the white square area in (a), the normal force was further increased from 1.776 to 3.108 µN 
at intervals of 0.148 µN. d) Quantitative estimation of the worn area as shown in (a)–(c). The AFM topography of (a) and (b) at the beginning of the 
experiments is shown in Figure S1a,b of the Supporting Information.
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To understand the relationship between wear and adhesion 
force in our experiments, we resorted to finite element simu-
lations. Since on both LOD and HOD substrates, the wear of 
graphene layer happens first within the wrinkled area, we com-
pared the sign of progress that the rigid ball moved from the 
edge of graphene to the inner region with different adhesion 
strength (0.05 and 0.5 J m−2) as shown in Figure 5a. Since the 
surface is flat enough (Figure S1, Supporting Information) com-
pared to the radius of the tip, we did not consider the influence 
of ripples in the simulation. The radius of the rigid ball was the 
100 nm radius and half of the surface was covered with single 
layer graphene. The Young’s Modulus and Poisson’s ratio of Cu 
used in the simulation is 128 GPa and 0.34, respectively.[33] The 
effective Young’s modulus, thickness, and Poisson’s ratio of 

graphene used is 5500 GPa, 0.066 nm, and 0.19, respectively.[34] 
As shown in Figure 5b, the maximum in-plane and out-plane 
stress of graphene during the movement on the high adhe-
sion substrate (HAS) is smaller than that on the low adhesion 
substrate (LAS), which indicates that graphene is more easily 
broken on LAS at stress concentration point.

With the analysis shown above, the wear mechanism of 
graphene on copper can be deduced as shown in Figure  6. 
During the wear test, the graphene layer was damaged in the 
wrinkled area at first (Figure  6a). Because the strength of the 
step edge is much lower than that of the interior region,[12] 
the graphene layer got gradually peeled off along the damaged 
area. At the same time, in-plane defects and wear inevitably 
occur between the tip and graphene[12] (Figure  6b). Because 

Adv. Mater. Interfaces 2019, 1900721

Figure 3.  a) Optical images of the worn area. The area marked in the dashed rectangle corresponds to those shown in the images in Figure 2a. The 
area labeled by a solid rectangle corresponds to those shown in Figure 2c. b) Raman spectra associated with those areas indicated in (a). c) Optical 
images of the worn area. The area marked in the dashed rectangle corresponds to those shown in the images in Figure 2b. d) Raman spectra associ-
ated with those areas indicated in (c).

Figure 4.  The trace–retrace images obtained on a) LOD and b) HOD substrates.
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the adhesion between the LOD substrate and graphene is 
strong, there are low in-plane stress and out-plane stress. The 
exfoliation and damage of graphene become more difficult 
(Figure 6c). Experimentally it appears as in-plane wear and gra-
phene were gradually worn along the failure line. However, the 
adhesion between the HOD substrate and graphene is weak, 
resulting in higher in-plane and out-plane stress within gra-
phene. Therefore, the exfoliation and damage of graphene are 
easier (Figure  6d). So, the graphene on HOD substrates was 
damaged in the form of rapid exfoliation and the graphene 
sheets gathered at the edges of the wear test area.

3. Conclusion

Our experiments showed that the inner region of graphene 
exhibited better antiwear property on LOD substrates than 
HOD substrates. Specifically, the graphene layer was destroyed 
at the wrinkled area at first, and the damage of graphene on the 
LOD substrate developed slowly along the damaged line, while 
on the HOD substrate it expanded rapidly in the form of large 
sheets. By adhesion force tests and stick-slip images gotten by 
AFM, the adhesion between HOD substrates and graphene 
was found to be weaker than that between LOD substrates 

and graphene. With finite element simulations, we found that 
graphene withstood higher in-plane and out-plane stress on 
the low adhesion substrates during the wear tests. Thus, we 
revealed that the rapid wear of graphene in the form of large 
sheets on the HOD substrate was due to the weak adhesion 
between graphene and substrate. Our study highlights the 
importance of adhesion on the in-plane wear of graphene and 
provides a possible direction to tune the antiwear properties of 
2D materials on substrates.

4. Experimental Section
Using traditional CVD method,[35] single layer graphene was grown 
on copper foil of which the thickness was 25  µm. After exposing 
the specimen to the atmosphere for 6 months, the tribological 
characteristics of graphene were examined by AFM (Cypher ES, Oxford 
Instrument)under ambient conditions with a temperature of 25  °C 
and relative humidity around 30%. It is noticed that there are several 
methods reported to oxidize the copper substrates with a graphene 
coating, but they all introduce defects in graphene.[31,36] The wear and 
adhesion force tests were conducted with a DLC coated silicon AFM tip 
(NT-MDT, DCP20) in contact mode. The typical normal force constant of 
the tip was 48 N m−1 and the tip radius was 100 nm. The normal force 
constant of the tip was calibrated by the noninvasive thermal calibration 
method described by Higgins et al.[37] The friction force was calibrated 

Figure 5.  The finite element simulations of a rigid ball on graphene/copper. a) The schematic diagram of the simulation model. b) Maximum in-plane 
or out-plane stress in graphene when it is on high adhesion substrate (HAS) or low adhesion substrate (LAS) for a rigid ball moving from the edge of 
graphene to the inner of graphene under different normal load.

Figure 6.  Schematic for the mechanism of wear. For both LOD and HOD substrates, a) graphene damages at the wrinkled area, and b) in-plane defects 
occur during the friction test will occur. However, c) graphene exfoliates slowly only happens for LOD substrates and d) graphene exfoliates quickly 
happens only for HOD substrates.
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by the wedge calibration method introduced by Ogletree et al.[38] During 
the contact scanning process, the normal force was gradually increased 
to obtain friction images of graphene in the same region. Adhesive force 
tests were carried out by measuring the maximum force when the tip 
was pulled out of contact from the surface, with the normal force used 
for adhesion force measurement being 2  µN. The morphology of the 
surface was measured using a silicon probe (Mikro Masch, CSC37/
No Al, Cantilever B) in contact mode. The frequency of AFM scanning 
for all tests was 1  Hz. Raman microscopy (LabRAM HR800, Horiba) 
was used to characterize the thickness of graphene under ambient 
conditions. The spatial resolution is 1  µm and the laser wavelength is 
532  nm. The element composition of the substrate was characterized 
by X-ray photoelectron spectroscopy (XPS) (PHI Quantera II, Ulvac-Phi 
Inc). The XPS results were obtained in a vacuum (pressure less than 
1 × 10−5 atm), and the diameter of the analysis area was 100 µm.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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