Co S Vol. 36, No. 3, 141-153 (2023)
mposites DOI http://dx.doi.org/10.7234/composres.2023.36.3.141
Research ISSN 2288-2103(Print), ISSN 2288-2111(Online)

Review

Xt7|-otml B0 EAMS 123t Q7[EFAMN| HYIX|E Opkt o] 2 gl

x
Efojo] EFE /0 O 2.8

O H
=

oo

(o] > x > T
* . Xol-_'l_'_ﬂ *%k aﬂ_l-!%l.*** Sesksksk | A-|_6_$_|.** ek

Sliding Friction of Elastomer Composites in Contact with Rough
Self-affine Surfaces: Theory and Application

Bumyong Yoon*, Yoon Jin Chang**, Baekhwan Kim******* Jonghwan Suhr*****!

ABSTRACT: This review paper presents an introduction of contact mechanics and rubber friction theory for sliding
friction of elastomer composites in contact with rough surfaces. Particularly, Kliippel & Heinrich theory considers the
self-affine (or fractal) characteristic for rough surfaces to predict adhesion and hysteresis frictions of elastomers based
on the contact mechanics of Greenwood & Williamson. Due to dynamic excitation process of elastomer composites
while sliding in contact with multiscale surface roughness (or asperity), viscoelastic properties in a wide frequency
range becomes major contributor to friction behaviors. A brief description and examples are provided to construct a
viscoelastic master curve considering nonlinear viscoelasticity of elastomer composites. Finally, application of rubber
friction theory to tire tread compounds in traction with road surfaces is discussed with several experimental and
theoretical results.
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1. M E

F71 A A £33 A & (elastomer composite) = 15 EHA
(rubber elasticity)& Weh= ILEARQ1 §-71€H A 71214
(matrix)o]] 2 7}A)(reinforcement) 2 2+ 7]=A] A7FA|7}
e B RRA G EA 59 tiRE, S EY
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A9 BEFoR FEEIL U] FAH ez {7 A
SRS QAN Tt o8 AF L B
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rattle; NVH: noise, vibration, and harshness) 7}41-2- 9J3]] €}
ojof, A Wt E, A A HA|L A AEY 59 i3
a2 GEE o2 247 AE 5§l Ve s B
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R 2o £ wASHs 2] BER Q18] frIHAA
B RE THT BRE a7 Aol ujS AABaH A
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S0 el 7k} uhak o 2o] S8k o) W A BA
spaa} gk,

T 2A4| 14| npzbol| tigt olsi= EA 1F S HAAH
B AIZtE 72 o] e wo® H7lof mjIie|g] B
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Fig. 1. Schematic representation of (a) a rough surface, (b) the
Hertz model, and (c) the Greenwood-Williamson model
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£ Greenwood-Williamson T2 2| 4] (6)1 Z-& 3
ﬂ%i 3t L%q—'
E,(d) = [['(z— d)"®(z)dz for n=0,1,3/2 (6)

ol E7]59] o] E i (height distribution)E e”9} 7+
2 2]<4=(exponential) FEj 2 7}H3ITHA F, (d)=nle 7} =0
AccLo] FA7H HYHT BRI R o] RES 719
L3 (Gaussian distribution)2 113 W= FSUSH AFH]
A2zt w2

GW A% o3} o|2S 978 A9 =i 7F U]—il—oﬂ 2
gkt ohew 2o e B9 A (02 FelE U
of 451 24olee EAT 4 Ao

1) 713 A1E B]4=/d (incompressible) | & &2 7}H7g 3t
t}. (v,=0.5)

2) 718 A S A () < =9 A (Ey)

3) F7Ie8A 5 W (R) > =W E7] TE& ¥ (Ry)

4) v upEk Al el E7of oJgt ko e F
Z Hygo| A YEly= T4 &3 A4 (dynamic complex
modulus) E'(w)E 3183t}

L= $NIE @IRY? [}z = d)*20(2)dz @)
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& Heinrich[6]:= GW ©]&& 2P7]-o S4& 7Hl e~
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2} 7]-oF 3 A (self-affinity)-2 o] ® FAFo] X7} 2 A 9
BT FASE 7skek A SAE wahe] L (fractal)
27} 7121 3k S0 e A
of 79 olefat #p7]-of@ Aol ekt 2
2 b Qleh7,8]. A7) -ob 9 =2 919]9] « Fhol B
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L% upgko 2 o] Azl Wto| ulal Bt FALA L
ZE Yehdith o7|A H:= Hurst X5 9|3l o] & &
E %%E]E IS e 65 1Este] g ¢y
Abeh 4= Qo). e Ay} B g o] Ap7]-of
] h:‘?']j_ 4_4 25 2~ wkgk 517 Zo| Zhol S ajct
Zo] & (horizontal cut-off length)e} =2|x}ckZo] &
(vertical cut-off length)E ZA3}7] Yol v =759 =
o|x} Al 1= (height-difference correlation (HDC) function)&
A (8) ol Ao 4= 1AL, ol= = Aol A9
H 57159 Ha AlF Eo| ¥H5(mean square height
fluctuations)2 2jw|3tc}.
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o= oulst o] 5 Faf A7]-otd k=W 4 (D, § ),
o AR 2 9}

1/ &0
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C,(A) = flz(fi”)z” for 1<§ )

SHAIRE Fig. 2(b)o] Liehct vk 20] 200 um o 4Fe] 27
Qo] 4= stbe] 241 % © 2 HDC 48 A
A7} Q1o Fig. 3(a)2} o] HDC §~5 micro?} macro &
714 27|21 o] mefat wE|2A|2 mo] Le Gal[10]
ol o3 AAIEISITF. 4 (10), (11)2} 2] micro2} macro 2
Aol FREH=ALE 7SS 2 72 2A Y s Fst= =

2 (D, 9 Dyr& A = AU

Cz)=¢.° ( )ZHM( o) for A < Ay (10)
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Fig. 2. (a) Stylus measurement of the profile and (b) corre-
sponding height-difference correlation function of the
granite surface [9]
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Fig. 3. (a) Height-difference correlation function with two scal-
ing ranges and (b) corresponding power spectral density

D) =¢.° (?H)ZHM for 4, <A<, (11)

Qb 0.2 A7)0 1w 2-3 Aol o] D g o]y
D gro] 20| 7W7hE45 ojgt WS oJulstaL, 3of 717t
952 77 wHe oujgi.

Kliippel & Heinrich o] 204 FQ351A A== 7Hd 5
SfUb= HDC B9} ¢ Wlel] Al ohy) 2ul=
W = (power spectral density (PSD))o|t}. o]+= HDC =90
A 9] Ao A7 (Fig. 3(a))o] 32| of| -t ZH Fourier-transform)
= ol T 2AY 2 AgkE o {URAA v e R
kAl el F7]0) o8l FA o2 The A= Fukae] w
£ W9 A=E 2u]dttt(Fig. 3(b)). wehA macro B! micro
2A| Yo siddh= PSD= 4] (12), (13)7} o] T 4= Q)
o o] 7] A v ulE4 T (sliding velocity), w ZF 53t
(angular frequency), w,,=2mv/§, w=2v/A,, By=2H\+1,
Bu=2H,+1& olujaic}.

-B
Su(w) = Sy o (ﬁm) " for Wmin < W < w, with

(12)
_ (3-Dw)é.’
SM'O - 2mvé)
w\ Bm .
Sm(w) = S (w—) for w, < w with
: (13)

s = (3—DM)5J.2( Wx )_BM

™m0 21y Wmin

PSDQ} Bl &0 {7t A npzt ofsfjo] Ha gt 7g-2 of
9 ol 7] i (affine parameter (s))©]|t}. o]= GW o|Zo| %
87158 macro 2719 o7l 715 vhe] 13s7) 919
o] B4 0(9E AL W B7)50] o] 2 oful ¥
Zl(affine transformation)2 £33l &o] At O (2)E 7[R =
z, =o|9 E7| R ¥tz iHsE ulsh A (14)
of| A&} o] z2} z,0] EFHA}(standard deviation)2] H]&
2 Hojat 4= gick.

&, :% (14)

+ 0.3 (mm)
—— Height-distribution
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2,(2)
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Fig. 4. Height- and summit height-distributions of a rough sur-
face in contact with an elastomer
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Fig. 5. Measurement of profile length with different yardsticks

ES e 5719 Hd =019 2,20 A (15)] BAE 7}
A|o] A0 2 Fig. 404 & 4= 350l 7IE B4k O(2) K
O 52 Hat 0] @ <z UEhY H& F2 =0l &
EZE Helth

(Z5) = Zmax (1 _l) (15)

S

o]g7] obnl WEl B712 W S71e} Woje A7
Hol| A o] {7 et A mlze)3 upakol] PEFE w|X]= macro
279 1 5719 WA A7]-ob o] Hu) o] &
ALl & 2 7P 24 GW o] 20| 47 d}t= macro 2~
Aol Aol 1% oot AW 5712 nejsto] §718H4
Al vpzkel] 88 4= Qlok E3F GW o] 2ol A AAIH 2R
7] 4=%]-3-¥ (apparent normal stress) 0,2} H 2T Zl o]
(mean penetration depth) <z,> A Al micro AA L HT}=
macro AA|Y =W E7]of o8 AAEERE Ap7]-ot
wio) 34 47} 4] (16), (17)3) 2 Wez walo] 7Rssict

—Fn 0.53¢ 1 |E* (@min)| a 16

G0 =77 &, & (as) (16)
. g

(Zp) - |E*(“’min)|o-0 (17)

Ap7]-ob o] 7 HhH (yardstick method)[11,12]
of ofsff A= o] 2AY A5 A EU+E A2 =7 &
< =715 Yol P4 ¥l B | A A (Fig. 5)
olof et rHO| FHA A 4] (18)9] x|zl up
BlRodring

o
1)
1
112

_ 2\2-D | 18)
A =4, (f—”) for 1 <¥¢ (
714 GW o] &5 o]

%14 (external contact area) A & 4] (19)2} 7Ho] A 2]
G gl ol A AR AERES ojulgic

s A

_ _@D-84y L (d 19
Aco ~ T aap—2 10 (5s) o
HEst G/ A7 wd 70 9

= Ao Higt ov A #Fe 4

c(MAZh(A) + AyAh(D) Z |E*(D]R3(A) (20)

01714 o)z Zo] 2712 A=2miwo] T AR RHES
2 (true mean contact stress)& LEFH L k(W)= (C, (1) *&2
BYE F7159 =ol Aol o7t Ao B HF
& ojujait Eat A T B4 7 EWe| B9 WA o
FEHAG-oll | A (surface free energy) 2}o]& e =1
E7] 22 Rl 3 A5 A9 Eo] hE 7H AR J4
o2 I} 7ol 242 Watel nret 4 (20)o] epd
AT wRA ol 4] Ztzte] ofaF st et A
21 7] -0b 1= (D>2.3)2] 7 Zlo] A7 Fhao] mE
E7] 7+ ol A7t 27| wfiZel AR o] FFE
the 25 3 2o 93 o vl x) 7)o w7k A5tk ThebA]
o(MA>AyE 7HESHL 4] (16), (18)-(20)2 ©]8-5HH 4 (21)
2} 52 Fehe] Ay]-ofal YEE7] 7k 24 0] A, A
ojgt 2 Slek. 4] QU A QT WEIAAY A7)0k
werlo] Mgl melo]n] o} 13z 29} 2, ol 7}7}e] HE
Hxkz Gtelet o5 onigtth

2 —Dyy) 0-09@Dm =13/ 2E Fo(8)|E* @mv/Amin) N 35—
y— 22Y3(Dm=Dm) 3Dm-6
min f"((f") (2Dm—2)&)F3/5(ts)|E* (2mv/&))| yom

(21)

A D& ThA] A (18)0] 3P 4] (22)9F 7o) Kliippel
& Heinrich o] 204 AA|E A-HE2HA ndS 235} &
olt}
pr S

@Dm—9)*§1Fo” (OF3/2(t5)|E” (2mv/Ep]\ 2 (22)
808(2Dy,—2)1s3/2& | |E*(2mv/Amin)|

Ac (Amin) ~ AO(

_SH% E—E‘ﬂ_—% %5 OE]— '/'IY\— (}3\)\—/‘5\—01 Amin ]3_'1 Ac(/\min)% E-l_r; U]‘
A zof o EH 0| npaLE Wsto] wh Abo| gt Fut
o Aol FrIe Al detdo] A= AHEHAd 9=

A e

3. 771

rm

A =gz Hetd

3.0 g3l ¥ SN 24

kA 2 EH4 (elastio) 7} 4 4] (viscous) & 4]0 Ho|u]
A A 552 WR)el wret A|zhe] oA A%
& Uehf Az EAolth olejat AR e AFL
u1sHrheology)ol 4 257 Thel A= BA4o]n] o] 24
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H2](Hooke's law)¥} +E12] ®H 2] (Newton's

CHA g 31A]| (perfect elastic solid) 2 <+
%] @/‘5‘ 0_1,47(1] (perfect viscous liquid) Afo]of £J2|5t 752
24 ARk Ao BE YRE FeS vehic &
T ek 53] BAo] v 2 A4 (macromolecule)
£2 745 185 (polymen)o] 4§ A7kt £mof o)
ZQl Fetgdol F=AA yehdtH13].

71 vl 1e g nhEe] A9 npEE o whet e
H =750l Y7t F714Q Mg o] frIet Ao Q17bE
o olnf A =7F Uetll= 54 Hebdoll &8 v Aol
HsHA| Flek. 20 54 e 547141424 (dynamic
mechanical analysis (DMA))S E3l &4 755t A|H|
e=gosin(wt) @} 282 ARSI (sine) T30 ¥ 91E 7tolH 574
A (phase angle) #}o] §&5 Hole &3 uF 9
o=g,sin(wt+0)% LeRAICH o] S 4] (23)} o] ARLE} 1A}
91 (cosine) B4 Bafet 4= QLT ofuf gt Aol wpETH
Z-2 o)Ak (in-phase)S ZH= 3)o] A4S quPEWz]]—r(storage
modulus (E)), T2 $JAF(out-of-phase)2 Zr+= 3}9] A=
AR A4 (loss modulus (E"))2kal sh 2kzF A] (24), (25)
2 e & 9l

o = (0o cos §) sin wt + (g, sin §) cos wt (23)
E' = 0ycos8/s, (24)
E" = 0ysiné /e, (25)

upeba] B Azt 54 skl osl ¥
ol A= oAU AIE u|sty E'e ‘E‘JEH SAEE
o UAE ou|gtc}. E3E o] E9| H]&of F3t= E'VE'=
tand g5 5o A= 2] 74 (damping) S4& 2|8k 4
Q)AL 0<8<45° W oA § ZFo] Z7Vale| utet 7ha B4
= GRS & 5 Urk

T2 DMA &3 9] 7 Aldol| 4% A719] 7|AF ]
HEE & 0 2a3t A& HH’HE % F_]X(S] t R &
Hofor sk F2A 2 A whe] HHT 4 U Fw
4= 197} oF 100 Hz W Q] & ulj-2- 3-4 2 o1e) u]alf glo]o]
o1 A A% A oF 10-10° Ha 0919] Fafes] 1o
7o A gloj[14] G Tl o] HebdS DMA
= 2ok el WA} SIFh B8 Ass) 5ol
A9] 714 EAJS =457 S8l A4 (dielectric analysis
(DEA)) 59| 92 AHgsto] DMA 274 Aste} A1t 72
P d= e JANHIS] A=me] d7bste 298 &
‘do] DMA%L= Eeba] AR A=z o] 7|44 Q] 5370l
e 4 gho® 29l Yol @7t EAat. ol
3 DMA 29| Faks: GAE 8T 5 Ut e A

-2 239 18] (time-temperature superposition principle)

[16-18]& o] &35} %5; o} A E] A H (master curve)S £
o) Wl 915 Fups: G0l A o] Heby ABL o Zehiz
Aolth.

3.2 OAE7E

g4 o7 T3t (thermorheologically simple) 211
49 A9 2% W 24 Fojo] 12 YA Hol]
(Fig. 6(a))= 99| 7|&2=(T))E 542 Fig. 6(b)2} &
o] stLte] kA URAEIA R} HHE o] R S0l Eol
7Rs31el, ol 28 OIS 4 @0t 2

2 B4 u2th= A o] Williams, Landel, Ferry[19]ef &
o A AT ol S WLFAloJe} gk

]og aT(T) = —GT-T) (26)

C2+(T=To)

S} A 9k &4 & 3H(immisible) 17 B X} & = (blend) } &
(filler) 2 R7}E 1EZ} B E 0] AL 2% W3l E}
g} v]A413& & °]l(nonlinear) -GH3+a EAJLS HolEg 4
o] F o == Shto] w1 e]e vpAEAEE & —’F B
t}15]. Fig. 6(a), (b)x= 4%t S-SBR (solution styrene-
butadiene rubber)2] HElA do|E|Q} ufAE|ABEZA o]F2
He A& WLF A<=(C,, C,)E 7253 (carbon black)o]
60 phr (parts per hundred rubber) 27}d E3A 7 2] et

(a)

G'/Pa

10+ 102 105 10 10" 10
®/rad s!

© @

04 B oe

@, G"[Pa]

0,5 % strain 01 " age®

10 102 107 1012 o 25 3 35 4 45
f[Hz) 1000K/ T

Fig. 6. (a) Storage modulus G' verses frequency at 0.5% strain of
the unfilled S-SBR sample for various temperatures, (b)
master curves of G' and G" at T,=20°C after horizontal
shifting, (c) discontinuous master curves of G' and G" of
the S-SBR sample with 60 phr N339 after horizontal shift-
ing with shift factors from the unfilled sample, and (d)
Arrhenius plot of the vertical shift factors, necessary to
get continuous master curves of G' and G" for the same
sample. The inset illustrates part of the filler network
with glassy-like polymer bridge [15]
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Fig. 12. (a) Friction master curves for fine granite at different
load levels, as indicated. The reference temperature is
70°C. (b) Fitting of friction master curves for fine granite
by the sum of adhesion and hysteresis contributions for
1 bar load [28]
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Table 1. Comparison of the activation energy values obtained at
0.5% and 3.5% strains for the differently filled compos-
ites. The results from frequency sweeps of G' and G",
indicated as WLF sweeps, and the directly estimated
activation energies of G' from temperature sweeps are

shown [9]
Activation energy (kJ/mol)
WLF sweep WLF sweep
T
sweep 0.5% 3.5%
Polymer| Filler G G G" G G"
Carbon | ) o | g81 | 1526 | 540 | 7.72
S-SBR black
Silica 7.93 2.34 12.22 1.66 7.94
Carbon | 5 | 489 | 881 | 362 | 491
EPDM black

Silica 4.65 2.75 5.24 2.33 391
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Fig. 13. Stationary friction curves (symbols) for (a) carbon black-
and (b) silica-filled S-SBR samples on a granite surface
at 12.3 kPa load under dry and wet conditions, as indi-
cated [9]
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Fig. 15. Constructed viscoelastic master curves of the compos-
ites for (a) storage modulus (G') and (b) loss modulus
(G") measured at 3.0% with a reference temperature of
20°C [29]

Table 2. The ratio between the dynamic moduli (G' and G") at the
glassy and rubbery states [29]

Dry-
Dry-RHS-Si| Wet-RH -RHS-Si
Ultrasil-si |2 S-Si et-RHS | Wet-RHS-Si
G./ G, 113.1 117.6 226.3 134.3
G"./G", 79.7 80.9 270.6 144.1
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Fig. 16. Dry and wet friction master curves with friction model
fitting curves by the sum of adhesion and hysteresis
contributions for (a) Dry-RHS-Si and (b) Wet-RHS-Si
composites [29]
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