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Summary

OLC is expected as new solid lubricant because of its spherical structure. For a new
insight on the friction properties of OLC thin film, various molecular dynamics (MD)
simulations are performed on the compression and friction of isolated fullerene/OLC
and thin films composed of the array of fullerenes/OLCs. First, we have made spher-
ical fullerenes based on the polyhedral rule of 60n?(n=106) atoms with Stone-Wales
defects. OLCs were also made by nesting these fullerenes. Then we performed vari-
ous compression simulations on isolated fullerene/OLC. In the point compression by
holding the five-membered ring at the top and bottom of fullerene/OLC, the OLCs
showed higher strength than the fullerenes because of its multi-layer structure. Detail
observation revealed that the internal fullerene in the OLC receives higher force than
the isolated fullerene. According to the compression by a flat diamond wall, we also
found the following facts; (1) the OLCs show higher stress than the fullerenes at the
early stage of compression, (2) the smaller fullerene/OLC shows higher stress than the
larger ones, and (3) the OLC shows drastic stress increase when the center Cgy was
collapsed. Then we performed various scratch simulations on isolated fullerene/OLC
by a flat diamond wall changing the indentation depth. The friction coefficient showed
the order of 1072 regardless of the indentation depth or collapse morphologies of the
target (fullerene/OLC). Here, the target carbons glide without rotation under scratch,
except the OLCs of half crushed O Cggg and O Cy599. We cannot find out the relation-
ship between the friction coefficient and the size of fullerenes; however, the large OLC
showed lower friction coefficient than the small OLC. Finally, we performed scratch
simulations on fullerene/OLC thin film. When we introduced the surface roughness
of a indenter /substrate, the friction coefficient increased to the order of 107'. This
magnitude agrees with experimental result. All the fullerene/OLC rotate under the
scratch, because they were held by the serrated surface. We found that the fullerene
shows much higher friction coefficient than the OLC since they can deform to fit their

shape to the surface roughness.
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Table 2.2 Potential parameters for Van der Waals.
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Fig.2.3 Relationship between Van der Waals potential and atomic distance.




g20 0O00004gd 10

223 0O0OOO

0000000000000 0000000 (22)0000000ODOODODOOOO

Ubobo0bobobdUdBrenner 0000000 oobg iy 0O0OOD0OO

0O
By + By
Oy = Vr(rij) — ———"Va(ry) (2.21)
00D.000 ryr;,r, 00000
0P, oD, oD,
Fi=——YF =——YF,=——2%
ari’ J 8T]’ k ark

U,yj>:0dgbbobbbouoooobbbbbuoooo. bodgogoboob

ogoooon.
o0 .000
R ' ri o, 1 0B;; 0B
Fi= [BaVitra) = Vitra)] 22 4 gatr) | G2 + G2 (22
000.000'0r00000000. Vlry),Valry) 0 r; 00000
De 1%
Vi(ry) = —BV2S == exp [-BV2S (ry; - R.)] % (2.23)
_ y
oy = 25 De ] \F N
Viy(rij) = 5\/;5_ T eXP 6] 5 (rij — Re) e (2.24)
1 . (7 (rij — Ry) ‘
a];c(rw) _ §R2 — Rl S1n <fi2—_R1> . RQ > Tij > Rl (225)
Tij 0 ITij<R1,R2<T’Z’j
000.0000 By, B;0 r; 00000000,
9B, —5-19Gij
= —0(1 i —= 2.2
87’1‘ 6( +<Z]> ari ( 6)
G =i Tik .. 0cosb;
9Gij _ Tk | | 2.2
Ors k;j felri)G(0:) o + fe(ra)G'(0:) o (2.27)
G'0)0 GO0 cosf 00DDDOODDOOODDO.
2
G'(0) = 0G(0) _ a0 [ 2¢5(1 + cos0) 2] (2.28)
dcost [d% + (1 + cos 0)?]



g20 0000000

cos D0 O0DO0ODOODOOOODOOD. OO y,sk00000000

cosf; = Tij - Tik
TijTik
dcosO; i cos b; 24_ i cos 6, Tik
or;  \ru T'ij T'ij Tij T'ik T'ik
00 B OO0ooooo.
B OB.:: 510G
Bi=(1+4¢) 00" L =—5(1+¢) =24
J ( +C]) ari ( +CJ> 8ri
0Gji 180 , 0 cosb;
== = (k)G (6, ]
ari k;]f( ]k) ( ]) ari
cosl; = Tji ' Tik
sz"rjk
0 cosb; __Lrp n cos 0 r;
(9'ri Tji Tjk Tji sz'

gobboogn

Fi = |ByVa(ry) = Vi(ry)| -
%)
1 100

Va(rij) ( o(1+ Cij)i(;il) Z

Tij

3 5| G0 + ()G 0) (i -
1 —5-1 Je(rjn)G'(0; )COSQ
+ VA(Tl ) ) (1 + Cl) , Tji 7'3.116
j ( J )1@;] —felrin)G'(07) 5 t;k
00 000
_ I8 1 , Tij 0Bi; | 0B;i
F; = [BijVA(Tij) - VR(TU)} <_¢=ij> + §VA(T”> l or; + or;
odo. B; 0000 ¢, 0000
8¢5 0o ( 0 cos b;
Y — fc(rzk)G,<92)
67°Z~ k;j 87‘]'
dcost; _i% %@
or;  ryra i Tij
ac; 199 ([ Tk , 2 0cos0;
8Tj = k;j fC(T’]k)G(GJ)rjk + fc(rjk)G (9]) 87‘j

Jelrie) G (6:) (75

__ cosb;

Tq/]

cos 6;

Tik

11

(2.29)

(2.30)

(2.31)

(2.32)

(2.33)

(2.34)

NE
i

(2.35)

(2.36)

(2.37)

(2.38)



020 OOOoOoooog 12
0 cos b, _ (1 B cosﬁj> i n (1 B COSQj) Tk (2.39)
(%‘j Tjk rji sz' Tji Tjk Tjk

goboboogon

s = [B,Vitrs) - Vi) (-2

Tij
1 ooy 8| felra) GI(@) e || T
+ =Va(ri) (=0 (1+ G , Tid Tii
B a( J) ( ( ]) > k%j —folri)G (92)W ”;Z:
. ’ cos
1 ALY felri) G (6;) (5 — “2%)
+ *VA(TZ") -0 (1 + CZ) / » cogz
2 J ( ! ) ,;;] fLrin)G(0;) + fo(rin)G'(6;) (Ti rjf])
OO0 k000
Odo. By, B; 0000 ¢;,¢; 00000
o= 3 (e (1) + rowo 0 25 (241
ory, ki, o l Tik ek ory, '

aé-jl j 00

k#i,j Tjk

S =% (£m60) (<24 + rree)” COS@J‘) .42

ark
god.ooooooon

Fro= 2V ) (=0(1+¢ )‘”)iiD e G/ 7
= — TZ - ij COS Z‘].
BT AV ’ iz | —felri) G(6:) + felri)G' (0 0 o
X IR LL — fe(rjr) G' "
+ =Val(ri; -0 (1+ CZ cos )
5 ( J) ( ( J ) ) k%j —fc/(rjk)G( ) + fC(T’]k)G/(Q )rif ";jj:
O00O0OVander WaalsOOOOOOOOOOOO
p__000)
0m-j
) 12 6] .
oy 2 (0) L6 <0> Ty (2.43)
J(GE0) " \Tij Tu Nt/ ] T
F.—F, (2.44)

oobooO .k 000000000, 0000000 4,;j00¢,k00000
;000 ry;,r 00000000000




gz20 0O0o0oogdg 13

23 0O0O0OOO

O00NOOOODOOODODDOOOOOO0O0OD0O00000OO1stepd Nx(N—-1)0O0O
gboobooboNbbOobobobbobobooboobooboobooboo
0000000000000000000000000000 (0000000 r)0O
gobobooooobboooobbboooobboooobboboooobooD
goooooooooooooooobooboo 24000b0ooobo00ooon
goobbbr0ObOOO0ODbOO0O00ooooooboobobb .oooooobbbobb
O0000OO0ONx (r. 0000 «N-1)OODOODOOOOOODOODOOODOODOO
o rnoooobboobtb ooooobobbbbbbouoooooogobboon
O00000000000000 Nx(N—-1)ODOOoDo)oboooooooooooo
gobbooggbobobuoogobbbuoooobbooooboboooobon

gobboogoooboo

Fig.2.4 Schematic of bookkeeping method.



020 O00OOoooboo 14

gogobobbobobbboboogooooobbobob2s5b0000doogoogooon
gbobbooggbbobuooobbbuooobobboooobbboooobon
gboobobobooboobooboobobobobboboobooboobon
gobbobouoggobobuoooobbbooooobobboooouoaooboon
OoboooboooobooooobooooobD by oobobooooboogoo
gbobooobobobooobooboboooNObooboboooboboboo
gbbodboboogbooobooobuooobuobbuoobbuoobboobobo

Fig.2.5 Schematic of domain decomposition method.



g20 0O0o0doodo 15

24 000000000

00000000000000000000000000000000000000
000000000000000000 (245 0000000000000000
v = 2kgT (2.45)
m®: 00000

v 00 T7T000000D0

kg : Boltzmann 00 = 1.38 x 107**[J/K]

00000 7, 000000 «0000 of 0000 o OO0 (246)000000

00O
o (3ksTy\™
0 v = ( o ) (2.46)
D00000 700000 «00000 (247) 000000000
3]{I T 0.5
0 v = < b > (2.47)
ma

00000 (246)00 (247) 000000000000

U% TO)O.5
— == 2.48
(D (T ( )

000000000 TOO T,0000000 (248)000000000O0OOOOOOO

0000000000000 000000000000OVerletOODOOO Arg(t+At)
00 24900 /To/TAr¢(t+AH)DO0O00O00OOO0OOOO

Aﬁ%ﬁ+Aﬂ-—ﬁ%ﬁ+Aﬂ—wﬁ@)—77@)—r?@—¢v)+(Aﬂzizg)(24%

000000000000 Booooooooooooooooooooooooo

gobobooogobobuoooobbbuoooobboooobobobooooboo
goo



gz20 0O000o04gd 16

25 Uoooooooobooot

0000000000000000000000000000000000 ®oo
O00O0OEuder 00000000 O0O0O0O0O0O 12000000000 DODO00O00O0ODODODO
(Isolated Pentagon Rule) 00000 Ceo OO DO OOOOOOOODOOOOOODOO
000000000000 Poooo00000000000o0o0ooo0oononoooo
060n’0000000000000000O0O0O000OOOO0OOOOOO0OOOO
000000000000000000000B000000000000o00on
goodoooobbboooooooooboobbbboooooooooo
gobobooooduobobboooobbuoooobb oo 20booo
6-6-6-60 00000000000 5-7-5-70000 (Stone-WalesODO )OO OOOO
googoooobobobbobooooooouobobbbboooooooooo
goooooobbbbuoboooooooooobobbbbouoooooooooo
000 Cu0O0D00D00000D00D0D00000 CeeO CyuyoOOODODOODO
00000000000 270 CedO 280 Coee 0000000000000 D0D
guoooobbbbboodoooouooobobbooobbbbuooooooooo
goodoooooboboboon

(a) Before inserting (b) After inserting

Fig.2.6 Snapshots of Stone-Wales defect.



020 0Oogoooo 17

(a) Before inserting (b) After inserting
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Table 3.1 Fullerene parameter n, radius and radius difference after relaxation.

30 0OoOoboooobon

fullerene H n ‘ radius [nm] ‘ radius difference [nm)| ‘

Ceo 1 0.364 —
Caao 2 0.721 0.357
Csa0 3 1.078 0.357
Coso 4 1.455 0.377
Cis00 5 1.805 0.350
Caie0 6 2.170 0.365

Z
X

(b) side view ((D))

(c) side view ((2))

Fig.3.1 Snapshots of Cyi599 after relaxation.
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Compressive stress, -0, GPa

I 1 1 1
0 0.1 0.2 0.3

Compressive strain, | £ |

(i) Stress - strain curve of Csg9 under compression.

close-up bottom view
(a) €=0.005 (b)e=0.03 (c) €=0.05

close-up bottom view
(d)e=0.17 (e)e=0.19 (f) €=0.215

(i) Snapshots of Cs4p under compression.

Fig.3.2 Compression of Csy9 by holding the five-membered ring at the top
and bottom.
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Compressive stress, -0, GPa
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Compressive strain, | £ |

(i) Stress - strain curve of Cggy under compression.

close-up top view
() £=0.045 (b) £=0.055 pop (c) £=0.095

Z

close-up top view
(d)£=0.23 (¢) £=0.245 pop (f) £=0.27

(i) Snapshots of Cggy under compression.

Fig.3.3 Compression of Cggy by holding the five-membered ring at the top
and bottom.
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Compressive stress, -0, GPa
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1 1 1
0 0.1 0.2 0.3

Compressive strain, | & |

(i) Stress - strain curve of Cy509 under compression.

B B close-up bottom view B
(a) e=0.015 (b) €=0.025 (c)€=0.06

Z

close-up bottom view
(d)e=0.175 (e) £=0.18 (f) €=0.295

(ii) Snapshots of Cy509 under compression.

Fig.3.4 Compression of Cy509 by holding the five-membered ring at the top
and bottom.
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¥

Compressive stress, -o, GPa
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L <) 1 1 1
0 0.1 0.2 0.3

Compressive strain, | £ |

(i) Stress - strain curve of Cai69 under compression.

close-up top view

(c)£=0.125

close-up top view
(d) £=0.245 () £=0.255 pop (f) £=0.3

(i) Snapshots of Ca169 under compression.

Fig.3.5 Compression of Csi60 by holding the five-membered ring at the top
and bottom.
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Fig.3.6 Stress - strain curves of fullerenes under compression.

(c) C1500 (d) C2160

Fig.3.7 Top view of fullerenes after stress peak.
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Fig.3.8 Schematic of wall compression (Cysgp)-
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Compressive stress, -o, GPa
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4

Displacement of upper wall, nm

(i) Stress - displacement curve of Csyy under compression.

(a) 0.6nm indentation  (b) 0.85nm indentation  (¢) 0.9nm indentation

Z

(d) 1.15nm indentation  (e) 1.4nm indentation  (f) 1.85nm indentation

(ii) Snapshots of Cs49 under compression.

Fig.3.9 Compression of Csyg by diamond wall.



g3 bOoouooobooo 31

~
T

Compressive stress, -o, GPa
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T

4

Displacement of upper wall, nm

(i) Stress - displacement curve of Cggp under compression.

(a) 0.85nm indentation (b) 0.95nm indentation (c¢) 1.3nm indentation (d) 1.8nm indentation

V4

(e) 2.0nm indentation  (f) 2.3nm indentation  (g) 2.4nm indentation (h) 2.5nm indentation

(i) Snapshots of Cggy under compression.

Fig.3.10 Compression of Cygg by diamond wall.
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Compressive stress, -o, GPa
[\S] N
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T

4

Displacement of upper wall, nm

(i) Stress - displacement curve of Cy509 under compression.

(a) 0.8nm indentation  (b) 0.85nm indentation  (¢) 1.4nm indentation

Z

(d) 1.7nm indentation (e) 2.2nm indentation  (f) 2.9nm indentation

(ii) Snapshots of Cy509 under compression.

Fig.3.11 Compression of Ci5099 by diamond wall.
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Compressive stress, -o, GPa
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Displacement of upper wall, nm

(i) Stress - displacement curve of Cai6p under compression.

(d) 2.2nm indentation  (e) 2.6nm indentation  (f) 2.9nm indentation

(g) 3.0nm indentation (h) 3.3nm indentation (i) 3.7nm indentation

(i) Snapshots of Ca19 under compression.

Fig.3.12 Compression of Cy149 by diamond wall.
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Displacement of upper wall, nm

Fig.3.13 Stress - displacement curves of fullerenes under compression.

(b) Coso

(c) C1500 (d) C2160

Fig.3.14 Snapshots of fullerenes at the point just before the drastic stress increase.
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Fig.3.15 Schematic of scratch simulation (Cysqp).
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Fig.3.16 Friction coefficient - displacement curves of Cy599 under scratch.
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Table 3.2 Friction coefficient of fullerenes (Inm+0.1D indentation).

fullerene H friction coeflicient ‘

Csa0 0.97 x 1072
Coeo 0.67 x 1072
Cisoo 1.38 x 1072
Ca160 0.42 x 1072

%

! , Moo s * L ‘/1 LK v’,l' W &, gee
e QNEEE0 s ar NSy Nt Bty
X 2
(a) Cs40 (b) Cos0 (c) C1500 (d) C2160

Fig.3.17 Snapshots of fullerenes after indentation (Inm+0.1D indentation).

C.

N
= 14.90m =
(a) Onm scratch
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(¢) 2D (7.22nm) scratch

s TR

l X (b) D (3.61nm) scratch

Posica oty

[ 2 Z8W ‘
Q“QQ‘F} ¢ :*://

(d) 3D (10.83nm) scratch

Fig.3.18 Snapshots of Cy509 under scratch (Inm+0.1D indentation).
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Table 3.3 Friction coefficient of fullerenes (Inm+0.3D indentation).

fullerene H friction coefficient ‘

C540

1.45 x 1072

C960

0.63 x 1072

C1500

1.75 x 1072

C2160

0.75 x 1072

l X
(a) Cs40 (b) Cos0

(c) C1500 (d) C2160

Fig.3.19 Snapshots of fullerenes after indentation (Inm-+0.3D indentation).
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i
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(d) 3D (10.83nm) scratch

Fig.3.20 Snapshots of Cy509 under scratch (Inm+0.3D indentation).
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Table 3.4 Friction coefficient of fullerenes (Inm+0.5D indentation).

fullerene H friction coeflicient ‘

Csa0 1.10 x 1072
Coso 1.19 x 1072
C1500 1.02 x 1072
Co160 1.18 x 1072

P L R L i e 8 /, / W g‘,«,
Lo
(a) Cs40 (b) Cos0 (c) C1500 (d) C2160

Fig.3.21 Snapshots of fullerenes after indentation (Inm+0.5D indentation).

y
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(a) Onm scratch | « (b) D (3.61nm) scratch
y
A EL
lp | b
B L
(¢) 2D (7.22nm) scratch (d) 3D (10.83nm) scratch

Fig.3.22 Snapshots of Cy509 under scratch (Inm+0.5D indentation).
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Table 3.5 Friction coefficient of fullerenes (Inm+0.7D indentation).

fullerene H friction coeflicient ‘

Csa0 1.10 x 102
Coso 0.93 x 1072
C1500 0.62 x 1072
Co160 0.52 x 1072

e T V“;‘T?'x % T '{* /‘w ,?Z e SN \ { \,;””
l—sx
(a) Cs40 (b) Cos0 (c) C1500 (d) C2160

y

Fig.3.23 Snapshots of fullerenes after indentation (Inm+0.7D indentation).
e
e e

- 14.9nm > ,
(a) Onm scratch | « (b) D (3.61nm) scratch
y

e S
e S

(¢) 2D (7.22nm) scratch (d) 3D (10.83nm) scratch

Fig.3.24 Snapshots of Cy509 under scratch (Inm+0.7D indentation).



L] 4[]

OO0 oLCcuon

4.1 0OO0O0O0OOO0OOOOOOOO

4.1.1 0000

00000000000 0000000000000000O0LCO0O000000
0000000000000 30000[f|000000000000000000000
O0000000OLCOOD0O OC5,00000000000000000000
O00OLCOOOOODOOO C0000000000O000OO000000 O
Cs400 O Cogo0 O Crs000 0 Congo 0 4000000000000

4.1.2 0000

O000004100Cs0b 0000000000000 4100000000O0O0O
gbougbouogbuogboobgobobobobbooboobooboobooon
gbobbooogbbbuoooobbbuooobobboooobbboooobon
OoLCcoooopoooooooon

43



040 OO OLCOOO 44

(b) side view ((1)) (c) side view ((2))

Fig.4.1 Snapshots of O Cy599 after relaxation.
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0 0.1 0.2 0.3

Compressive strain, | & |

(i) Stress - strain curve of 00 Csy under compression.

(a) £=0.01 (b) €=0.02 (c) £€=0.05

(d)e=0.215 (e) £=0.225 (f) £=0.245

(i) Snapshots of 00 Cs49 under compression.

Fig.4.2 Compression of [0 Cs49 by holding the five-membered ring at the top
and bottom.
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Compressive stress, -o, GPa
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Compressive strain, | & |

(i) Stress - strain curve of 00 Cggy under compression.

close-up C540
(2) £=0.065 (b) £=0.245 P

(c)€=0.255 (d)e=0.265 (e) €=0.275

(i) Snapshots of 00 Cggy under compression.

Fig.4.3 Compression of 0 Cggy by holding the five-membered ring at the top
and bottom.
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Compressive stress, -0, GPa
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Compressive strain, | £ |

(i) Stress - strain curve of O Cy509 under compression.

(a) £=0.025

(c)e=0.2

close-up C960
(d)£=0.22 () £=0.245 P

(i) Snapshots of 00 Cy509 under compression.

Fig.4.4 Compression of 00 Cy509 by holding the five-membered ring at the top
and bottom.
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Compressive strain, | & |

(i) Stress - strain curve of 00 Cay19 under compression.

(a) £=0.06

close-up C960
(d)e=0.23 (e)€=0.26

(i) Snapshots of 0 Ca16p under compression.

Fig.4.5 Compression of 00 Cy149 by holding the five-membered ring at the top
and bottom.
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Fig.4.6 Stress - strain curves of OLCs under compression.
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Fig.4.7 Stress - strain curves of fullerenes under compression.
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(i) Stress - displacement curve of 0 Csyp under compression.

(a) 0.7nm indentation  (b) 0.85nm indentation  (¢) 1.6nm indentation

Z

close-up C60

(d) 1.7nm indentation  (e) 1.9nm indentation

(i) Snapshots of 00 Cs49 under compression.

Fig.4.8 Compression of [0 Cs4 by diamond wall.
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Fig.4.9 Stress - displacement curves of OLCs under compression.
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Fig.4.10 Stress - displacement curves of fullerenes under compression.
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average

Table 4.1 Radius of contact area and friction coeffi-
cient of OLCs (1nm+0.1D indentation).

<)

=)

)

T

—
—
———
e —
e
—
——
—

OLC H R. [nm] ‘ friction coefficient ‘

Friction coefficient,
(=]
. , .
—
—
—
J——
—
—]
_—
P ——
1

0021 1 0 C540 0.78 1.49 x 10_2
(l) . g . ll() [l CQGO 1.05 0.54 % ].0_2
Displacement of upper wall, nm 0 Cis00 1.25 0.47 x 10~

O Ca160 1.47 0.34 x 1072

Fig.4.11 Friction coefficient - displacement curve
of O Cys00 under scratch (1nm+0.1D in-
dentation).

i>—‘ (a) @C540 (b) @C960 (¢) @C1500 (d) @C2160

Fig.4.12 Snapshots of OLCs after indentation (1nm+0.1D indentation).

EL
§ : 7 \._...,__,
L E
= 14.90m > z
(a) Onm scratch « (b) D (3.61nm) scratch
y
L S
i | i
SN L SO % - 2 /
(c) 2D (7.22nm) scratch (d) 3D (10.83nm) scratch

Fig.4.13 Snapshots of 00 Cy509 under scratch (Inm+0.1D indentation).
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average
3. 0.02 - -
§ Table 4.2 Radius of contact area and friction coeffi-
g oL | cient of OLCs (1nm+0.3D indentation).
Qo
S OLC H R. [nm] ‘ friction coefficient ‘
B0 1 O0Csy | 0.99 0.82 x 102
L . L . b 0 CQGO 1.33 0.47 x ].0_2
Displacement of upper wall, nm 0 Ciso0 1.62 0.43 x 1072
[l CZlGO 1.92 0.30 x 1072
Fig.4.14 Friction coefficient - displacement curve
of 0 Cy500 under scratch (1nm-+0.3D in-
dentation).
z ) | :'; :f:\k; i
l)‘x |
y (a) @Cs40 (b) @C960 (c) @C1500 (d) @C2160

Fig.4.15 Snapshots of OLCs after indentation (1nm+0.3D indentation).

S

WS ~ o =5 W = ez

= 14.9nm > z
(a) Onm scratch | « (b) D (3.61nm) scratch
y

B
S

(c) 2D (7.22nm) scratch (d) 3D (10.83nm) scratch

Fig.4.16 Snapshots of O Cy599 under scratch (I1nm+0.3D indentation).
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5 002f E;b) A -
§ Table 4.3 Radius of contact area and friction coeffi-
g oL | cient of OLCs (Inm+0.5D indentation).
o
5 © OLC H R. [nm] ‘ friction coefficient ‘
00 1 0 Csao 1.17 1.66 x 102
. s n 0Cogo | 1.60 1.45 x 102
Displacement of upper wall, nm O Cis00 1.92 1.22 x 1072
0 Cowo | 2.26 1.20 x 102

Fig.4.17 Friction coefficient - displacement curve
of 0 Cy500 under scratch (Inm-+0.5D in-
dentation).

l)‘x
(a) @Cs40

Fig.4.18 Snapshots of OLCs after indentation (1nm+0.5D indentation).

(d) @C2160

(b) @C960 (c) @C1500

y

14.9nm
(a) Onm scratch

(b) 2.8nm scratch

)
0
C

74
J S : \

surface closeup (d) 5.0nm scratch

(c) 3.5nm scratch

STSE———— 2
l X Pl
(e) 7.0nm scratch Y (f) 3D (10.83nm) scratch

Fig.4.19 Snapshots of 00 Cy509 under scratch (Inm+0.5D indentation).
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f=3

)
T

Table 4.4 Radius of contact area and friction coeffi-
cient of OLCs (1nm+0.7D indentation).

OLC H R. [nm] ‘ friction coefficient ‘

Friction coefficient,
(=]
T

00z i O Csao 1.43 1.24 x 1072
(|) . g . IIO O CQGO 1.98 1.05 x ].0_2
Displacement of upper wall, nm 0 Cis00 2.46 0.55 x 1072

O Ca160 2.92 0.48 x 1072

Fig.4.20 Friction coefficient - displacement curve
of O Cy500 under scratch (1nm-+0.7D in-
dentation).

na L omEmmm Eeaen  (Eaaees
z
i)‘x

(a) @Cs40 (b) @C960 (c) @C1500 (d) @C2160

Fig.4.21 Snapshots of OLCs after indentation (1nm+0.7D indentation).

y

: e
=

14.9nm -
(a) Onm scratch | « (b) D (3.61nm) scratch
y
R R R R R R R R R
& 20 = e
(c) 2D (7.22nm) scratch (d) 3D (10.83nm) scratch

Fig.4.22 Snapshots of O Cy509 under scratch (Inm+0.7D indentation).
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Table 5.1 Diameter, number of atoms and coverage rate in simulation models.

model name H diameter [nm] ‘ No. of atoms | coverage rate [%)] ‘

Csa0 2.16 19440 29.5

Ca160 4.34 19440 60.0
O Csao 2.16 30240 59.5
O Caieo 4.34 49140 60.0
z

0.55nm

1.06nm

14.9nm

0.55nm

1.24nm

(b) Large serrate indenter

2.49nm

Fig.5.1 Dimensions of diamond wall indenter.
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Fig.5.2 Top view of fullerene/OLC array.
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— average=2.32x1 07

average=2.29x1 0

1 1
3 0.1F - 3 0.1F .
< <
5 8
2 2
5 5
8 0.05 - 8 005 -
g 8
5 S
i =
of - of i
1 L 1 1 1 1 1 L 1 M 1
0 3 6 0 3 6
Displacement of indenter, nm Displacement of indenter, nm
(a) Cs40 (b) @C540

Fig.5.3 Friction coefficient - displacement curves under scratch (small serrate

indenter).

Table 5.2 Indentation depth and friction coefficient (small serrate indenter).

model name H indentation depth [nm] ‘ friction coefficient
Cs40, small serrate indenter (Csqo-S) 2.07 2.29 x 1072
Ca160, small serrate indenter (Cai0-S) 4.18 1.73 x 1072
0 Csy9, small serrate indenter (0 Csyo-S) 1.26 2.32 x 1072
O Ca160, small serrate indenter (O Ca16p-S) 1.86 1.18 x 1072
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— Csy'S
— Cye0°S
—— @CyyS
—— @Cy6-S
x105[T T T T T
2.0f W i
)
= ! ]
=
= 15 -
= T |
a
>
G
° 1of .
3
£
Z

{

Displacement of indenter, nm

Fig.5.4 Number of VDW bonds - displacement curves under scratch (small

serrate indenter).

(a) Cs40-S
\ Z
—> ‘4‘\:
X
element closeup element closeup

(c) @Cs40-S (d) @C2160-S

Fig.5.5 Snapshots after indentation (small serrate indenter).
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(c) 5.0nm scratch (d) 7.5nm scratch

Fig.5.6 Snapshots of Cs40-S under scratch.

(¢) 5.0nm scratch (d) 7.5nm scratch

Fig.5.7 Snapshots of O Cs49-S under scratch.
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average=2.56x10 average=2.71x1 07

02F - 02F -

Friction coefficient, 4
1
L L L
Friction coefficient, 1
1

0 3 6 0 3 ' 6

Displacement of indenter, nm Displacement of indenter, nm

(a) Cs40 (b) @C540

Fig.5.8 Friction coefficient - displacement curves under scratch (large serrate

indenter).

Table 5.3 Indentation depth and friction coefficient (large serrate indenter).

model name H indentation depth [nm] ‘ friction coefficient
Csq0, large serrate indenter (Csyo-L) 2.48 2.56 x 1072
Ca160, large serrate indenter (Cayg0-L) 4.45 1.46 x 1072
O Csy0, large serrate indenter (O Csy-L) 1.82 2.71 x 1072
0 Ca60, large serrate indenter (0 Coygo-L) 2.16 1.07 x 1072
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C540'L
C21 6O'L
@C540'L
@CZMO-LI

(X109 T T
2.0,

Number of VDW bonds

O.S;M '

0 3 6
Displacement of indenter, nm

Fig.5.9 Number of VDW bonds - displacement curves under scratch (large
serrate indenter).

(c) @Cs40-L (d) @C2160-L

Fig.5.10 Snapshots after indentation (large serrate indenter).
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4

(¢) 5.0nm scratch (d) 7.5nm scratch

Fig.5.11 Snapshots of Csy-L under scratch.

(¢) 5.0nm scratch (d) 7.5nm scratch

Fig.5.12 Snapshots of 0 Cs4o-L under scratch.
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5.2 U0O0OOOOOOOOOOUOOOOON
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0000000000000 0O0O0O000000DOOOOO00O00O0O 80000[fs|O
OLCO 30000[fsj 0000000000000 0O00OOO0OUOOOUOOOUO

14.9nm
Fig.5.13 Schematic of simulation model (O Csyo, small serrate substrate, small
serrate indenter).
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Friction coefficient,

Friction coefficient, 4
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Displacement of indenter, nm

(d) @C2160

Fig.5.14 Friction coefficient - displacement curves under scratch (small serrate

substrate, small serrate indenter).
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Table 5.4 Indentation depth and friction coefficient (small serrate substrate,

small serrate indenter).

model name H indentation depth [nm] ‘ friction coefficient
Cs40, small serrate substrate, small serrate indenter (Csy0-SS) 2.23 1.88 x 107!
Ca160, small serrate substrate, small serrate indenter (Ca160-SS) 4.35 1.43 x 107!
O Csyp, small serrate substrate, small serrate indenter (O Cs49-SS) 1.47 0.90 x 107!
0 Ca60, small serrate substrate, small serrate indenter (0 Cay6p-SS) 2.01 0.33 x 107!

\

(c) @C5s40-SS (d) @C2160-SS

Fig.5.15 Snapshots after indentation (small serrate substrate, small serrate
indenter).
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(a) Onm scratch (b) 2.5nm scratch (¢) 5.0nm scratch (d) 7.5nm scratch

y closeup closeup closeup closeup

Fig.5.16 Snapshots of Cs40-SS under scratch.

(a) Onm scratch (b) 2.5nm scratch (c¢) 5.0nm scratch

y closeup closeup closeup closeup

Fig.5.17 Snapshots of Cs160-SS under scratch.
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(a) Onm scratch (b) 2.5nm scratch (¢) 5.0nm scratch (d) 7.5nm scratch

y closeup closeup closeup closeup

Fig.5.18 Snapshots of 0 Cs540-SS under scratch.

(a) Onm scratch (b) 2.5nm scratch (c) 5.0nm scratch (d) 7.5nm scratch

y closeup closeup closeup closeup

Fig.5.19 Snapshots of [0 Cy169-SS under scratch.
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Fig.5.20 Friction coefficient - displacement curves under scratch (small serrate

substrate, large serrate indenter).
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Table 5.5 Indentation depth and friction coefficient (small serrate substrate,
large serrate indenter).

model name H indentation depth [nm] ‘ friction coefficient
Csq0, small serrate substrate, large serrate indenter (Csyo-SL) 2.68 3.29 x 1071
Ca160, small serrate substrate, large serrate indenter (Ca160-SL) 4.56 2.61 x 1071
O Csyo, small serrate substrate, large serrate indenter (O Cyyo-SL) 2.04 2.10 x 1071
0 Ca60, small serrate substrate, large serrate indenter (O Cay60-SL) 2.34 1.00 x 107!

If
W
O
N

element closeup element closeup

i i

> ) by e : g

(c) @Cs40-SL (d) @C2160-SL

Fig.5.21 Snapshots after indentation (small serrate substrate, large serrate indenter).
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(a) Onm scratch (b) 2.5nm scratch (¢) 5.0nm scratch (d) 7.5nm scratch

y closeup closeup closeup closeup

Fig.5.22 Snapshots of Cs4o-SL under scratch.

(a) Onm scratch (b) 2.5nm scratch (c¢) 5.0nm scratch

y closeup closeup closeup closeup

Fig.5.23 Snapshots of Ca160-SL under scratch.
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(a) Onm scratch (b) 2.5nm scratch (c) 5.0nm scratch

y closeup closeup closeup closeup

Fig.5.24 Snapshots of 0 Cs49-SL under scratch.

(b) 2.5nm scratch (c) 5.0nm scratch (d) 7.5nm scratch

y closeup closeup closeup closeup

Fig.5.25 Snapshots of [0 Cy169-SL under scratch.
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