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Fig. 1. (a) The graphene anchored on a bed of stiffness
gradient springs; (b) illustration of the model system
where the flake (mainly cyan color) slides on a mono-

layer suspended graphene (purple color).
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Fig. 2. The dependence of instantaneous friction force (a), (b), average friction force (c) and total normal

force (d) on linear stiffness gradient.

016801-3



Y I8 ¥ R Acta Phys. Sin.

Vol. 68, No. 1 (2019) 016801

W BE B KT, SEJRVE AR /s 83561 i 7 3R 2
[B) YR S AR /)N 2 ()Y FL B 3K iR 4
Prandtl-Tomlinson F8 37)A] %, 3% [ 277 184 A B
Bt 2w R, SEEE IR ARE 2 ()
()45 SR B, V2 m) 28 A 14 0 5| A ) JBE 4 0 38 B A
JE DLHE I IR 14 KT B0 BE 48 D39/, 33X 5 33 B
I FEAH B F BE 5 A Y 2 5.

4 A R A B AR XX BB )

_ N
N

ST B DA FEE A R R A N R X JRE 4 7 (1
S A SRR WP R R A BT A X (U
Wl 2 38 K7 [ MR PR T1—T7), BR T4 (1408 4 Ji
T)AE X 7 AL 22 81 7 -4k, R & X (644
JE ) A 15 E T, w3 R, Gl g AT
XEm = 12, g = 1.34 FFT2 M BEH (X 7
IFi) fF) 3 4 PG E- 307 ) AT N, TEREAN I RS R R T
FT2RTZ W R )RR, RS X EHE 135N
B, I B A K43 DX JBE 52 ) 46 0B 3 B8 1 2 1)
BT RN. F T4 BT 52 1 B B T 35 2 4 B R
T R, %Eﬁﬂlﬁ%ﬁﬁ%ﬁ@@i@ﬁm (i B

L7, BB F = 21 x T4 + Y Tig) FFIF A

Tle>T%>0>Ts > T3 > Ty > T6; > TTs.
W A F~. Wk, T1e F1 T2 ANME A TR EE
77, RS R T 3), T'7¢ sUmk i B 7 f
K. SRR B 51 IR R 77 o S BE ¥ 0 () LU A e
SCABEEETTHR L, A4 RAN I B R, T 15
SBEE SR BTk BN —36%——39%, T2¢ Ik EL
N =1%——10%, 1 '5R =T, T2 5EEEIIHTT
FAH R, RIONOKE) 7. Bl A A RIS 386 K, 17, %)
S JEE 5 07 P DT R LU AR v, A 33% T 47%, &)
9 T3¢—T6¢ STHR L) 4—15 fi5.

T1 T2 T3 T5 T6 T7

K3 &R R
Fig. 3. The schematic of different regions of graphene flake.
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Fig. 6. The friction force of each region of graphene flake with different stiffness gradient and midpoint spring stiffness.
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Abstract

According to the molecular dynamics simulations and the mechanism of energy dissipation of nanofriction, we
construct a model system with a flake sliding in commensurate configuration on a monolayer suspended graphene anchored
on a bed of springs. The system is to analyze the contributions of different regions (T1-T7) of the graphene flake to
friction force, with the substrate characterized by different stiffness gradients and midpoint stiffness.

The results indicate that the soft region of contact (T1) always contributes to the driving force, whereas the hard
region (T7) leads to the biggest friction force on all column atoms of the flake. Moreover, as the support stiffness
increases, when the stiffness gradient and the midpoint stiffness are equal to 1.34 nN/nm? and 12 nN /nm, respectively,
the contribution ratio of T7 to the total friction increases from 33% to 47%, which is approximately 4-15 times greater
than those of each column atoms in T3-T6. The results also indicate that the energy barrier decreases with the increase
of support stiffness along the stiffness gradient direction of the substrate, which induces the resistance forces on the
relative motion to decrease. Meanwhile, the amplitude of the thermal atomic fluctuation is higher in the softer region
while lower in the harder one. This difference in amplitude leads to the considerable potential gradient that ultimately
causes the driving force. Finally, for a given point at the end of the flake (T1 or T7), the intensity of the van der Waals
potential field is mainly determined by the nearest substrate atoms at that point. Part of these nearest atoms lie inside
the contact region while the others do not. Consequently, the thermal vibration of the atoms inside the contact region
is different from that of the atoms outside the confinement. The different thermal vibrations induce the greater edge
barriers. In addition, T1 lies in the soft edge region and T7 in the hard one. As a result, the normal deformations of
these two regions are always different, and therefore they also generate the driving force.

At these points, the results reported here suggest that the friction force in each contact region is caused by the
coupling of the energy barrier and the elastic deformation between the graphene surfaces. The former contribution,
i.e.the energy barrier, includes the interfacial potential barrier in commensurate state which is against the sliding of
the surfaces with respect to each other, and the potential gradient caused by the different vibration magnitudes of the
substrate atoms against the different spring stiffness in the direction of stiffness gradient. The latter contribution, i.e.
the elastic deformation, is the unbalanced edge energy barrier resulting from the asymmetrical deformation and the
different degrees of freedom between the edge atoms of the slider and atoms inside and outside the contact area of the
substrate. Results of this paper are expected to be able to provide theoretical guidance in considering the influence of

stiffness gradient on friction between commensurate surfaces and in designing the nanodevices.
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