
HAL Id: hal-04952271
https://hal.science/hal-04952271v1

Submitted on 19 Feb 2025

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Analytical Model and Experimental Validation of
Friction Laws for Composites Under Low Loads

Olga Smerdova, Juliette Cayer-Barrioz, Alain Le Bot, Boris Sarbaev

To cite this version:
Olga Smerdova, Juliette Cayer-Barrioz, Alain Le Bot, Boris Sarbaev. Analytical Model and Experi-
mental Validation of Friction Laws for Composites Under Low Loads. Tribology Letters, 2012, 46 (3),
pp.263 - 272. �10.1007/s11249-012-9947-2�. �hal-04952271�

https://hal.science/hal-04952271v1
https://hal.archives-ouvertes.fr


U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

ORIGINAL PAPER1

2 Analytical Model and Experimental Validation of Friction Laws

3 for Composites Under Low Loads

4 O. Smerdova • J. Cayer-Barrioz • A. Le Bot •

5 B. Sarbaev

6 Received: 27 January 2012 / Accepted: 9 March 2012
7 ! Springer Science+Business Media, LLC 2012

8 Abstract In order to account for interfacial friction of

9 composite materials, an analytical model based on contact

10 geometry and local friction is proposed. A contact area

11 includes several types of microcontacts depending on

12 reinforcement materials and their shape. A proportion

13 between these areas is defined by in-plane contact geom-

14 etry. The model applied to a fibre-reinforced composite

15 results in the dependence of friction on surface fibre frac-

16 tion and local friction coefficients. To validate this ana-

17 lytical model, an experimental study on carbon fibre-

18 reinforced epoxy composites under low normal pressure

19 was performed. The effects of fibre volume fraction and

20 fibre orientation were studied, discussed and compared

21 with analytical model results.

22

23 Keywords Unlubricated friction ! Interfacial friction !
24 Composite ! Carbon, graphite ! Polymers (solids)

25 1 Introduction

26 In 1978, Briscoe and Tabor [1] explained that for solid

27 polymer friction, the frictional force, T, arises from energy

28 dissipation in two regions: interfacial and bulk. The pro-

29 cesses occurring in these two regions are of different nat-

30 ures and described by distinct terms. The interfacial region

31 friction is characterised by interfacial shear strength, s,

32acting on the real contact area, A. The main condition of

33interfacial friction is the absence of material transfer,

34which implies a weak normal loading. The thickness of this

35interfacial zone for organic polymers is between 10 and

36100 nm [2]. The real area of contact for low loads could be

37calculated by means of the non-adhesive Hertz elastic

38contact theory [3], or adhesion Johnson–Kendal–Roberts

39[4] or Derjaguin–Muller–Toporov [5] solutions.

40The term ‘interfacial friction’ as an opposite to the

41classical, wear accompanied, friction was also introduced

42by Homola et al. [6]. This is the friction which occurs

43during the sliding of two perfect, molecularly smooth,

44undamaged surfaces, either in molecular contact or sepa-

45rated by molecularly thin films of liquid or lubricant fluids.

46The two surfaces do not come into true molecular contact,

47but remain separated by a distance of a few angströms.

48This requires a short-range repulsive force between the

49surfaces and a low applied load. Homola et al. have found

50from experiments on mica, that, in agreement with John-

51son–Kendal–Roberts adhesive friction theory, the friction

52is proportional to the contact area, which shows no pro-

53portionality to the load especially at small and negative

54loads. Another friction regime appears when damage

55occurs and propagates rapidly, the friction becomes pro-

56portional to the normal load and obeys Amontons’ first

57law: T = lN. According to this theory, the critical shear

58stress, being a function of the surface energy, surface or

59asperity radii, elastic modulus and external load, is the sum

60of internal, external and elastic contributions.

61Myshkin et al. [7], studying polymer friction, notice that

62the surface and cohesion forces are nearly equal, and

63fracture often occurs in the bulk. Their vast literature

64review shows that the friction coefficient remains practi-

65cally constant until a critical load, although the width of the

66range of this load depends on the polymer type
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67 (15–100 N). With regards to the velocity effect on polymer

68 friction, it remains unclear and it is narrowly connected

69 to the temperature rise in the contact, because polymer

70 mechanical behaviour changes significantly with

71 temperature.

72 Wear-accompanied friction of polymer composites is

73 the subject of many experimental studies. For instance,

74 tribological behaviour of carbon fibre/epoxy composite

75 under Vickers indenter scratching tests [8, 9] or abrasive

76 wear conditions [10], as well as effects of wear debris

77 presence [11, 12], counterface material [13, 14] or tem-

78 perature [15] have been studied.

79 The problem of polymer composite friction is usually

80 covered by polymer friction theories. In practice, the fric-

81 tion coefficient, as well as the Young modulus, shear

82 modulus or Poisson’s ratio, is calculated with a rule of

83 mixture. The idea is to represent the friction of composite

84 material as a ‘composite’ friction, i.e. a linear combination

85 of each component contributions. For the friction coeffi-

86 cient of fibre-reinforced composite materials, the following

87 semi-empirical rule of mixture [16] is proposed

1

l
¼

Vf

lf
þ
Vm

lm
ð1Þ

8989 where Vf and Vm are the fibre and matrix volume frac-

90 tions, lf and lm are the friction coefficients of fibre and

91 matrix materials, respectively.

92 In the context of composites abrasive friction, another

93 relationship for friction coefficient calculation was pre-

94 sented by Axén et al. [17–19]. The composite friction is a

95 combination of two regimes: equal normal pressure dis-

96 tribution and equal wear rate distribution between the

97 phases of the composite. However, in the case of negligible

98 or no wear, the first regime dominates and the friction

99 coefficient may be found as

l ¼ aflf þ amlm ð2Þ

101101 af and am are fibre and matrix surface fractions,

102 respectively.

103 Both Eqs. (1) and (2), as well as quoted experimental

104 works [8–15], describe the friction between composite and

105 non-composite, uniphase material.

106 Therefore, the aim of this study is to contribute to the

107 understanding of composite friction in terms of its inter-

108 facial component with uniphase and composite counter-

109 bodies. In contrast to the previous theoretical and

110 experimental studies, change in the bulk or damage of both

111 surfaces are negligible. Thus, this study is dedicated to the

112 interfacial zone between two composites.

113 This paper is organized into two major sections, which

114 present the theoretical and experimental work, with a last

115 section discussing results and conclusions. The first major

116 section presents an analytical investigation of composite

117contact with a uniphase material or another composite,

118based on geometric consideration. The second major sec-

119tion describes an experimental study with unidirectional

120carbon fibre-reinforced epoxy materials of different fibre

121volume fraction under light tribological conditions. The

122last section discusses possible ways of application of the

123analytical model and the correlation between theoretical

124and experimental results.

1252 A Geometrical Model for Interfacial Friction

1262.1 Friction Laws

127The proposed model is based on Bowden and Tabor [20]

128adhesion model of friction and the multi-materials nature

129of contact between two composites as shown in Fig. 1.

130During sliding, the contact area is renewed continuously,

131but its composition, i.e. the proportion between the com-

132posite components in the contact remains constant. This

133assumption relies on the non-occurrence of damage at the

134interface, which could rarefy a component by removing

135matter.

136Therefore, the following hypothesis are imposed:

137• wearless and damageless friction

138• Coulomb friction for all microscopic contact spots

139• uncorrelated friction forces for all microscopic contact

140spots

141• isotropic friction for any couple of components in

142contact

143According to Bowden and Tabor adhesion friction

144model, the contact of two solids is composed of a multitude

145of microcontacts forming a real contact area. External

146normal and tangential forces are distributed over these

147microcontacts. Since the real area of contact is much lower

148than the apparent one, the local stresses arising in the mi-

149crocontacts exceed the yield stress and the hardest asperity

150penetrates into the softest one. Thus, the normal load for a

151composite contact, which includes several materials cou-

152ples refered by the subscript i (see Fig. 2), is

Fig. 1 Real contact area A of two sliding multiphase rough bodies in
dx direction under the normal load N inducing the friction force T
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N ¼
X

i

Ni ¼
X

i

HiAi ð3Þ

154154 where Hi is the hardness of the softest material in couple i,

155 Ai is the total contact area for all i-type contact spots.

156 The asperities of two materials under the normal load

157 form the junctions. The shear stress arises in the contact

158 until a critical value, when rupture occurs and the sliding

159 starts.The frictional force is a product of this critical shear

160 stress si and the contact area Ai for each materials couple

T ¼
X

i

Ti ¼
X

i

siAi ð4Þ

162162 According to the Amontons first friction law, the friction

163 coefficient for the composite contact may be written as

164 follows:

l ¼
T

N
¼

P

i siAi
P

i HiAi

ð5Þ

166166 A direct application of this equation is complicated

167 because of the lack of information about real contact area

168 and shear stresses. That is why the two special cases with

169 an additional assumption are considered below.

170 Case 1: The hardness of the materials in contact is

171 assumed to be equal to an effective hardness, i.e.

172 Hi = H*. Therefore, by taking Eq. (5) and considering

173 that the total real area is
P

Ai = A,

l ¼
T

N
¼

X

i

si
H&

Ai

A
¼

X

i

aili ð6Þ

175175 where li = si/H* is the friction coefficient of i-type

176 materials couple. The contribution coefficient ai is a sur-

177 face fraction of all i-type contacts with respect to the total

178 real area of contact between two composites.

179 Case 2: Another assumption is an equal effective shear

180 stresses for all junctions of all materials couples si = s*.

181 Thus, Eq. (5) reduces to the inverse proportion for the

182 composite friction coefficient:

1

l
¼

N

T
¼

X

i

Hi

s&
Ai

A
¼

X

i

ai
1

li
ð7Þ

184184where li = s*/Hi is the friction coefficient for a couple of

185materials in i-type contact.

186A priori this model can be applied to the contact of

187composites of any nature, i.e. reinforced by any type, shape

188and number of fillers at the condition they are uniformly

189distributed in the bulk.

190To conclude this section, the simplified Bowden and

191Tabor’s model applied to a multiphase contact reduces to

192one of two composite frictional laws: the proportionality

193law in Eq. (6) and the inverse proportionality law in

194Eq. (7). In both cases, the composite friction coefficient

195depends only on the partition of contact between phases of

196two composites and the local friction coefficient between

197them.

1982.2 Fibre Surface Fraction: FRP Geometry

199In both Eqs. (6) and (7), the question of composite friction

200requires the knowledge of surface fractions ai of i-type

201contacts. In this study, a composite reinforced with unidi-

202rectional long fibres is considered. The contact plane is a

203cut parallel to the fibre direction. Before an analysis of the

204contact between two composite samples, a preliminary step

205is to calculate the surface fraction af of fibres in the cut

206plane. However, a fibre percentage in composite is usually

207described by the fibre volume fraction, Vf. Therefore, the

208question of this section is: What is the relationship between

209Vf, an industrial input parameter, and af, an output finished

210material characteristic?

211There are several approaches to the modelling of fibre-

212reinforced polymer, represented by two major groups:

213probabilistic, which uses random fibre distribution [21, 22],

214and deterministic, which deals with a representative vol-

215ume element conception [23].

216In this work, a random uniform fibre distribution with

217round fibres of a constant diameter is chosen. Figure 3

218shows a cubic element of size a cut out of the composite

219and filled with matrix and fibres of radius R. A cutting

Fig. 2 Populations of microcontacts

Fig. 3 Random fibre distribution in the square volume of composite
of size a. A(h) is the chord of the cut fibre i with the radius R, whose
centre location is given by the height from the square middle hi

Tribol Lett

123
Journal : Large 11249 Dispatch : 19-3-2012 Pages : 10

Article No. : 9947
h LE h TYPESET

MS Code : TRIL2022 h CP h DISK4 4

A
u

th
o

r 
P

ro
o

f



U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

220 plane, parallel to the fibre direction, separates this volume

221 into two equal parts. The relative location of i fibre with

222 respect to this plane is given by its height hi. Since the

223 fibres are assumed to be uniformly randomly distributed in

224 the volume, the density probability function p(h) is equal to

pðhÞ ¼
1

a
; if h 2 '

a

2
;
a

2

h i

ð8Þ

226226
227 The middle plane cuts each fibre through a chord A(h),

228 whose length depends on the height h by

AðhÞ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 ' h2
p

; if h 2 ½'R;R);
0; otherwise:

"

ð9Þ

230230 The expectation of the chord for any fibre from volume

231 a3 is calculated from Eqs. (8) and (9) as follows:

hAðhÞi ¼
Z

a=2

'a=2

AðhÞpðhÞdh ¼
pR2

a
ð10Þ

233233 The fibre surface fraction af is the sum of all chords

234 NhAi; where N is the total number of fibres in the volume,

235 divided by the side a of the cutting plane

af ¼
NhAi
a

¼
NpR2

a2
ð11Þ

237237 Since the fibre volume fraction Vf for the volume a3 is

238 the ratio of the sum of all fibre sections NpR2 enclosed in

239 this volume and the square area a2, obviously

af ¼ Vf ð12Þ

241241 Hereby using the probabilistic approach, it is proved that

242 for a uniform random distribution of fibres in a

243 unidirectional fibre-reinforced composite, the fibre

244 surface fraction is equal to the fibre volume fraction.

245 2.3 Case of FRP/Uniphase Material Contact

246 First application of this model is the contact of a fibre-

247 reinforced composite with a non-composite homogeneous

248 material. Composition of the apparent contact area in this

249case is shown in Fig. 4a. Two types of contact are distin-

250guished: fibre/counterface material and matrix/counterface

251material. In this simple case, designating subscripts f, m

252and c, respectively, for fibre, matrix and counterface

253material, the contribution coefficients of each contact type

254will be equal:

afc ¼ df=a ¼ af
amc ¼ dm=a ¼ 1' af

"

ð13Þ

256256where df is the fibre diameter and dm is the distance

257between two adjacent fibres.

258Therefore from Eqs. (6), (7) and (13) composite friction

259coefficient can be calculated with one of following

260equations:

l ¼ aflfc þ ð1' afÞlmc ð14Þ

262262if we adopt a proportionality law, and

1

l
¼

af
lfc

þ
1' af
lmc

ð15Þ

264264if we adopt an inverse proportionality law. Where lfc
265and lmc are friction coefficients between fibre and coun-

266terface materials and matrix and counterface materials,

267respectively, which are supposed to be obtained experi-

268mentally for each couple of materials.

269One can notice that Eq. (14) is similar to Eq. (2) quoted

270in the introduction, and Eq. (15) has a similar form to

271Eq. (1) substituting Vf by af.

2722.4 Case of FRP/FRP Contact

273A more complex case is the contact between two equiva-

274lent FRP composites, as drawn in Fig. 4b. In this case, four

275types of contact are distinguished: fibre/fibre, fibre/matrix,

276matrix/fibre and matrix/matrix. As two composites are

277identical and lfm = lmf, the friction coefficient becomes

278equal to one of the following equations

l ¼ afflff þ 2afmlfm þ ammlmm ð16Þ

(a) (b)

Fig. 4 Apparent contact of size
a 9 a, composed of several
materials. a Contact between an
uniphase material and a FRP
with fibre diameter df and
distance between fibres dm.
b Contact between two similar
FRP with an angle / between
fibre directions of two
composites
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280280 for the proportionality law and,

1

l
¼

aff
lff

þ
2afm
lfm

þ
amm

lmm

ð17Þ

282282 for the inverse proportionality law.

283 In order to calculate contribution coefficients aff, afm
284 and amm, the contact is examined. The area of each

285 apparent individual microcontact Aff, Afm, Amm and total

286 area A is equal to

Aff ¼
d2f

sin/
;Afm ¼

dfdm

sin/
; Amm ¼

d2m
sin/

;A ¼
a2

sin/
ð18Þ

288288 where / is the angle of orientation between the fibres of two

289 composites. Thus, the contribution coefficients are equal to

aff ¼ a2f
afm ¼ afð1' afÞ
amm ¼ ð1' afÞ2

8

<

:

ð19Þ

291291 Substituting Eq. (19) in Eqs. (16) and (17), two

292 expressions for friction coefficient are obtained:

l ¼ a2flff þ 2afð1' afÞlfm þ ð1' afÞ2lmm ð20Þ

294294 for the proportionality law and,

1

l
¼

a2f
lff

þ
2afð1' afÞ

lfm
þ
ð1' afÞ2

lmm

ð21Þ

296296 for the inverse proportionality law.

297 It should be noticed that this calculation reveals an

298 independence of interfacial friction with the orientation of

299 fibres or their diameter. The resulting curves for FRP/uni-

300 phase material and FRP/FRP contacts are presented in

301 continuous line in Fig. 8a, b and discussed in Sect. 4 of this

302 paper.

303 3 Experimental Study

304 The experimental validation of the proposed analytical

305 model has been carried out on carbon fibre-reinforced

306 epoxy composites.

307 The carbon or graphite is known to have particularly low

308 friction coefficient due to its planar structure. The planes of

309 graphene, one-atom thick smooth layers of honeycomb

310 lattice of carbon atoms, being aligned along the fibre axis

311 and constituting a carbon fibre surface, develop low

312 attractive forces between each other causing a lubrication

313 effect by delamination [24]. This effect, along with an

314 improvement of mechanical characteristics, is appreciated

315 for the reinforcement of polymer composites, which gives

316 them the name self-lubricated [25]. Therefore, graphite

317 additives are commonly used in tribological polymer

318 applications, as for instance in journal bearings [26], gears

319 [27] or space structures [28, 29]. However, different forms

320of carbon currently used to reinforce polymers—such as

321aligned long fibres, randomly dispersed chopped fibres,

322nanotubes, nanoparticles, powder or graphite flakes—result

323in various tribological behaviors.

324Two aspects are of interest in this study: the effect of the

325fibre volume fraction and the influence of the fibre orien-

326tation on friction coefficient. The latter was the object of

327previous studies [30–33], which revealed a significant

328effect of fibre orientation on the friction coefficient of

329carbon fibre/epoxy composites under rather severe sliding

330conditions causing wear.

331In contrary to the above-mentioned works, specific

332attention is consecrated to ensure tribological conditions

333excluding surface damage in this study.

3343.1 Materials

335Two types of specimen geometry have been designed: a

336fixed rectangular sample of 80 9 25 9 5 mm referred to

337as the track, and a round sample ø20 9 5 mm sliding over

338the track. The composite materials differ by fibre volume

339fraction: 0 %, i.e. pure epoxy HexPlyr M10.1, 34, 52 and

34062 % of carbon fibres. The latter is a unidirectional carbon

341fibre-reinforced epoxy made up from prepreg plies Hex-

342Plyr M10/ 38 %/UD300/CHS. The two intermediate

343composites contain layers of carbon fibres HexTow AS4,

344aligned in one direction and integrated into the epoxy resin

345HexPlyr M10.1. However, out-of-plane alignment of

346fibres is not controlled, therefore the surfaces of 34 and

34752 % samples are strongly heterogeneous and expose pure

348epoxy zone and some zones of carbone fibre hanks as

349shown in Fig. 5.

350All the rubbing surfaces were polished successively with

351abrasive papers P600, P2400 and P4000 from seconds to

352minutes depending on initial surface state. The profile

353characteristics for the polished samples of four fibre per-

354centages are presented in Table 1. Before each experiment,

355both surfaces are carefully cleaned with heptane, acetone

356and propanol-2 successively and finally with a flow of

357nitrogen.

3583.2 Experimental Set-up

359The experiments have been carried out on the tribometer

360RA [34], a scheme of which is drawn in Fig. 6. The trib-

361ometer allows one to perform a linear reciprocated motion

362between two planes of relatively large surfaces and to

363measure simultaneously the friction force induced by

364sliding. The specificity of this tribometer is to provide a

365low contact pressure. The normal force is applied by means

366of a weight put onto the slider (up to 20 N). A brushless

367servomotor (type Danaher AKM22C) guides the motion of

368the lever pushing the upper sample. The rotating velocity
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369 of the motor is measured by a decoder and is maintained

370 constant by a feedback loop with electrical variator (Ser-

371 vostar 300), whose accuracy is 1 %. The resulted range of

372velocity for the lever is from few lm/s to 2 m/s. During an

373experiment, the tangential force is continuously measured

374by KISTLER Type 9217A piezoelectric sensor (stiffness

375&15 N/lm, range force from -50 to 50 N, sensitivity

376&-98.5 9 10-12 C/N) fixed in the lever. Before its

377acquisition with a sampling frequency 1 kHz, the signal is

378amplified by a KISTLER Type 5018A charge amplifier (for

379the force range of -50 to 50 N, gain is 5 N/V).

3803.3 Experimental Conditions

381The ambient humidity (RH &50–60 %) and room tem-

382perature (T &20–25 "C) were measured during each

383experiment. A preliminary study showed that the variation

384of sliding velocity from 0.1 to 200 mm/s and normal load

385from 0.1 to 20 N does not influence the friction coefficient

386between two CFRP. However, in order to compare fairly

387the friction of different materials, the normal load is

388maintained constant at about 0.5 N, which corresponds to

389the mean apparent contact pressure of 1.56 kPa, in order to

390avoid considerable wear and bulk deformation, which were

391observed in the case of pure epoxy samples under higher

392normal load. The fibre orientation effect tests were carried

393out under the normal load of 10 N corresponding to

39431.2 kPa on the samples of 62 % of fibres. Each test con-

395sists of 50 cycles. The summary of experimental conditions

396is presented in Table 2. Each couple of materials has been

397tested at least ten times.

398The instantaneous friction coefficient is defined as the

399ratio of a tangential force and a constant normal force. The

400friction coefficient discussed below is the kinetic one.

4013.4 Experimental Results

402Epoxy/epoxy, composite/epoxy and composite/composite

403friction experiments were carried out to identify the fibre

404content effect and to validate the theoretical model con-

405clusions. An example of the first cycles for composite/

406composite and epoxy/epoxy couples is presented in Fig. 7

407and reveals a relatively stable frictional force during each

408cycle and for the whole test in both cases. After each

409experiment, the surfaces were observed in order to verify

410the absence of surface damage. It was concluded that

411chosen experimental conditions are favourable for wearless

412friction.

(a)

(b)

Fig. 5 Sample surfaces. a Photo of 34 % sample rubbing surface
with pure epoxy zones and carbon fibre hanks. b Surface profiles for
pure epoxy and 34, 52 and 62 % of fibre volume fractions composites.
The periodic bumps on the surface of 34 and 52 % correspond to the
exposed fibre hanks

Table 1 Surface characteristics of track samples based on 5 mea-
surements for each sample (ISO4287)

Fibre volume
fraction Vf (%)

Arithmetic roughness
Ra ( lm)

Quadratic roughness
Rq (lm)

0 0.05 ± 0.01 0.07 ± 0.01

34 0.50 ± 0.24 0.75 ± 0.44

52 0.27 ± 0.07 0.35 ± 0.09

62 0.36 ± 0.10 0.45 ± 0.12

Fig. 6 Principle of the tribometer RA

Table 2 Experimental conditions

Motion type Velocity
(mm/s)

Sliding
distance
(mm)

Normal
load (N)

Apparent
contact
area (mm2)

Linear reciprocating 10 60 0.5–10 314
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413 Figure 8a, b presents the results for all pairs in terms of

414 kinetic friction coefficient versus fibre volume fraction of

415 two samples in contact. A wide dispersion of friction

416 coefficients for all experiments with pure epoxy and the

417 values of 0.4 ± 0.07 for epoxy/epoxy and 0.45 ± 0.06 for

418 epoxy/composite couples were observed. However, in the

419 case of composite/composite couple, the value of friction

420 coefficient was significantly lower and slightly varied for

421 all test conditions: 0.17 ± 0.01. The wide dispersion of

422 friction coefficient when epoxy is used might be related to

423 the humidity influence [35].

424 In order to verify the independence of friction coeffi-

425 cient on fibre orientation in the case of composite/com-

426 posite contact as concluded from the analytical model,

427 experiments between 62 %/62 % composites were carried

428 out. The friction coefficient versus the total angle between

429 fibre orientations of two samples, /, is shown in Fig. 9. It

430 was found that between two limit cases: / = 0"—the

431 fibres of two samples are oriented parallel to the sliding

432 direction, and / = 180"—both are perpendicular to the

433 sliding direction, the friction coefficient for interfacial

434 sliding conditions changes slightly from 0.16 to 0.17.

435 4 Discussions and Conclusions

436 4.1 Validation of the Theoretical Laws

437 The theoretical model proposed in this paper is based on

438 the differentiation of each composite phase contact with

439 counterface material, both to composite and uniphase

440 material. In order to verify the theoretical model conclu-

441 sions, its application to carbon fibre/epoxy composite in

442 contact with either pure epoxy or fibre composite is dis-

443 cussed in this section.

444 As it was shown in Sect. 2, in order to predict the

445 friction coefficient between two carbon fibre-reinforced

446epoxy composites as well as for its contact with pure

447epoxy, three values of friction coefficients (carbon fibre/

448carbon fibre, carbon fibre/epoxy and epoxy/epoxy) are

449required.

450Whereas the epoxy/epoxy friction coefficient is mea-

451sured in this study and its average value is equal to 0.4, the

452experiments of friction between carbon fibres were carried

453out by Roselman and Tabor in 1976–1977 [36, 37]. They

454rubbed individual carbon fibres of two types (high strength

455and high modulus) with and without surface treatment

456against each other under normal load in the range of order

45710-8 to 10-2 N, and against other materials, including

458epoxy, under normal load in the range of order 10-4 to

45910-2 N. A great effect of normal force on the carbon fibre

460friction was observed. The friction of high strength fibres is

461two times higher than for high modulus fibres.

462The summary of the values used in Eqs. (14) and (15);

463Eqs. (20) and (21) derived from the theoretical model is

464presented in Table 3. The values for high strength carbon

465fibres, similar to those used in the present experimental

466study, were chosen. Figure 8a, b presents a comparison of

467the proposed analytical model using the values from

468Table 3 and the experimental results. The friction coeffi-

469cients are plotted versus fibre volume fraction for the

470experimental results and versus fibre surface fraction for

471the analytical results. Their equality, proved in Sect. 2.2,

472permits us to put them on the same abscissae axis.

473It is seen from Fig. 8a that average values of friction

474coefficients observed experimentally for CFRP/epoxy

475couples fit to both theoretical curves, plotted according to

476Eqs. (14) and (15), rather well. Beside the validation of

477composite/uniphase material friction laws, this can be

478interpreted such as the values of epoxy/epoxy and carbon

479fibres/epoxy friction coefficients measured for individual

480materials [36, 37] might be applied to calculate the com-

481posite one, and the hypothesis of uncoupled friction con-

482tributions of each component is credible.
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483 The carbon fibre/carbon fibre friction coefficient of 0.1,

484 along with values for epoxy/epoxy and carbon fibre/epoxy

485 used for previous case, were substituted in Eqs. (20) and

486 (21). Two result curves and one experimental point for the

487 62 %/62 % are plotted in Fig. 8b. One can certify, that

488 the inverse proportionality law curve passes through the

489 experimental point.

490 The fact that the inverse proportionality law Eq. (7) fits

491 better the experimental results for composite/composite

492 friction, and both Eqs. (6) and (7) are applicable for epoxy/

493 composite friction, has an explanation, which could vali-

494 date the assumptions about effective hardness H* and

495 effective shear stress s*. Indeed, in the case of epoxy/

496 composite contact, the hardness used in Eq. (6) is similar

497 for epoxy/epoxy and epoxy/carbon contacts, because this is

498 the softest material, i.e. epoxy, hardness. Shear stresses for

499 these two contact types, which can be found as si = li Hi,

500 are also rather similar because of a closeness of their

501 friction coefficients.

502 The composite as a counterface material adds carbon/

503 carbon contact to the zones discussed above. The hardness

504 of carbon fibres is about ten times higher than that of epoxy

505 [38], while the friction coefficient between carbon fibres is

506 much lower than the friction coefficients of epoxy/epoxy

507 and epoxy/carbon contacts. Thus, shear stresses, calculated

508 with si = li Hi, must be of the same order for these three

509 contact types. This explains why Eq. (7) is better for

510 composite/composite friction.

511 4.2 Discussions and Perspectives

512 Although this model fits rather well experimental results,

513 we propose some useful ideas to improve it in this section.

514 At least two factors, which have not been considered in this

515 model, could affect a partition of composite contact

516 between its phases. The first is a surface profile. As seen in

517 Fig. 5, the composite materials are rougher than the pure

518 polymer, even if they were polished following a similar

519 procedure. In the case of 52 %, it is clear that only fibre

520 locks are exposed to the contact. It is supposed that the

521 asperities of both surfaces are deformed under normal load,

522 but the magnitude of this deformation for different phases

523 is unknown. Hence, a second important factor of contact

524 area distribution is normal pressure partition between

525 phases. It is likely that matrix carries less of the load than

526reinforcement due to the difference in rigidity. The idea of

527composite friction coefficient depending on the load car-

528ried by each composite phase and friction coefficients

529between these phases was proposed by Schön [39], who

530made the experiments with wear-accompanied friction

531between CFRP, resulting in the following equation:

l ¼
1

P
ðlmmPmm þ lfmPfm þ lffPffÞ ð22Þ

533533Therefore, we can suppose that the real contribution of

534each contact type is a combination of geometrical, profile

535and load factors.

536Other important problem is the relationship between

537surface and volume fractions of each phase, which is

538roughly solved for the fibre-reinforced composite case by

539a probabilistic approach, but could not been estimated for

540the general case of any composite material. Along with

541theoretical calculations, some methods based on micro-

542scopic observation might be used for this purpose, for

543instance TEM particle density, Morsita’s Index or Skew-

544ness–Quadrat Method [40]. A comparison of different

545methods with an evaluation of the general one applicable

546to any composite material along with a study of pressure

547distribution influence should be the object of a future

548research.
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