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Abstract In order to account for interfacial friction of
composite materials, an analytical model based on contact
geometry and local friction is proposed. A contact area
includes several types of microcontacts depending on
reinforcement materials and their shape. A proportion
between these areas is defined by in-plane contact geom-
etry. The model applied to a fibre-reinforced composite
results in the dependence of friction on surface fibre frac-
tion and local friction coefficients. To validate this ana-
lytical model, an experimental study on carbon fibre-
reinforced epoxy composites under low normal pressure
was performed. The effects of fibre volume fraction and
fibre orientation were studied, discussed and compared
with analytical model results.

Keywords Unlubricated friction - Interfacial friction -
Composite - Carbon, graphite - Polymers (solids)

1 Introduction

In 1978, Briscoe and Tabor [1] explained that for solid
polymer friction, the frictional force, 7, arises from energy
dissipation in two regions: interfacial and bulk. The pro-
cesses occurring in these two regions are of different nat-
ures and described by distinct terms. The interfacial region
friction is characterised by interfacial shear strength, t,
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acting on the real contact area, A. The main condition of
interfacial friction is the absence of material transfer,
which implies a weak normal loading. The thickness of this
interfacial zone for organic polymers is between 10 and
100 nm [2]. The real area of contact for low loads could be
calculated by means of the non-adhesive Hertz elastic
contact theory [3], or adhesion Johnson—Kendal-Roberts
[4] or Derjaguin—Muller—Toporov [5] solutions.

The term ‘interfacial friction’ as an opposite to the
classical, wear accompanied, friction was also introduced
by Homola et al. [6]. This is the friction which occurs
during the sliding of two perfect, molecularly smooth,
undamaged surfaces, either in molecular contact or sepa-
rated by molecularly thin films of liquid or lubricant fluids.
The two surfaces do not come into true molecular contact,
but remain separated by a distance of a few angstroms.
This requires a short-range repulsive force between the
surfaces and a low applied load. Homola et al. have found
from experiments on mica, that, in agreement with John-
son—Kendal-Roberts adhesive friction theory, the friction
is proportional to the contact area, which shows no pro-
portionality to the load especially at small and negative
loads. Another friction regime appears when damage
occurs and propagates rapidly, the friction becomes pro-
portional to the normal load and obeys Amontons’ first
law: T = puN. According to this theory, the critical shear
stress, being a function of the surface energy, surface or
asperity radii, elastic modulus and external load, is the sum
of internal, external and elastic contributions.

Myshkin et al. [7], studying polymer friction, notice that
the surface and cohesion forces are nearly equal, and
fracture often occurs in the bulk. Their vast literature
review shows that the friction coefficient remains practi-
cally constant until a critical load, although the width of the
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(15-100 N). With regards to the velocity effect on polymer
friction, it remains unclear and it is narrowly connected
to the temperature rise in the contact, because polymer
mechanical behaviour changes significantly with
temperature.

Wear-accompanied friction of polymer composites is
the subject of many experimental studies. For instance,
tribological behaviour of carbon fibre/epoxy composite
under Vickers indenter scratching tests [8, 9] or abrasive
wear conditions [10], as well as effects of wear debris
presence [11, 12], counterface material [13, 14] or tem-
perature [15] have been studied.

The problem of polymer composite friction is usually
covered by polymer friction theories. In practice, the fric-
tion coefficient, as well as the Young modulus, shear
modulus or Poisson’s ratio, is calculated with a rule of
mixture. The idea is to represent the friction of composite
material as a ‘composite’ friction, i.e. a linear combination
of each component contributions. For the friction coeffi-
cient of fibre-reinforced composite materials, the following
semi-empirical rule of mixture [16] is proposed
l — E + E (1)
u e U
where V; and V., are the fibre and matrix volume frac-
tions, p and p,, are the friction coefficients of fibre and
matrix materials, respectively.

In the context of composites abrasive friction, another
relationship for friction coefficient calculation was pre-
sented by Axén et al. [17-19]. The composite friction is a
combination of two regimes: equal normal pressure dis-
tribution and equal wear rate distribution between the
phases of the composite. However, in the case of negligible
or no wear, the first regime dominates and the friction
coefficient may be found as

W= O flg + Ol iy (2)

o and o, are fibre and matrix surface fractions,
respectively.

Both Egs. (1) and (2), as well as quoted experimental
works [8—15], describe the friction between composite and
non-composite, uniphase material.

Therefore, the aim of this study is to contribute to the
understanding of composite friction in terms of its inter-
facial component with uniphase and composite counter-
bodies. In contrast to the previous theoretical and
experimental studies, change in the bulk or damage of both
surfaces are negligible. Thus, this study is dedicated to the
interfacial zone between two composites.

This paper is organized into two major sections, which
present the theoretical and experimental work, with a last
section discussing results and conclusions. The first major
section presents an analytical investigation of composite

@ Springer

contact with a uniphase material or another composite,
based on geometric consideration. The second major sec-
tion describes an experimental study with unidirectional
carbon fibre-reinforced epoxy materials of different fibre
volume fraction under light tribological conditions. The
last section discusses possible ways of application of the
analytical model and the correlation between theoretical
and experimental results.

2 A Geometrical Model for Interfacial Friction
2.1 Friction Laws

The proposed model is based on Bowden and Tabor [20]
adhesion model of friction and the multi-materials nature
of contact between two composites as shown in Fig. 1.
During sliding, the contact area is renewed continuously,
but its composition, i.e. the proportion between the com-
posite components in the contact remains constant. This
assumption relies on the non-occurrence of damage at the
interface, which could rarefy a component by removing
matter.
Therefore, the following hypothesis are imposed:

e wearless and damageless friction

e Coulomb friction for all microscopic contact spots

e uncorrelated friction forces for all microscopic contact
spots

e isotropic friction for any couple of components in
contact

According to Bowden and Tabor adhesion friction
model, the contact of two solids is composed of a multitude
of microcontacts forming a real contact area. External
normal and tangential forces are distributed over these
microcontacts. Since the real area of contact is much lower
than the apparent one, the local stresses arising in the mi-
crocontacts exceed the yield stress and the hardest asperity
penetrates into the softest one. Thus, the normal load for a
composite contact, which includes several materials cou-
ples refered by the subscript i (see Fig. 2), is

dx

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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Fig. 2 Populations of microcontacts

N=> Ni=> HaA, (3)

where H; is the hardness of the softest material in couple i,
A; is the total contact area for all i-type contact spots.
The asperities of two materials under the normal load
form the junctions. The shear stress arises in the contact
until a critical value, when rupture occurs and the sliding
starts.The frictional force is a product of this critical shear
stress 7; and the contact area A; for each materials couple

T:ZTi:ZTiAi (4)

According to the Amontons first friction law, the friction
coefficient for the composite contact may be written as
follows:

T STA
N> HA;

u (5)

A direct application of this equation is complicated
because of the lack of information about real contact area
and shear stresses. That is why the two special cases with
an additional assumption are considered below.

Case 1: The hardness of the materials in contact is
assumed to be equal to an effective hardness, i.e.
H; = H*. Therefore, by taking Eq. (5) and considering
that the total real area is > A; = A,
T Ti A,‘
H—N— : EK—Z%M (6)

1

where y; = t/H* is the friction coefficient of i-type
materials couple. The contribution coefficient o; is a sur-
face fraction of all i-type contacts with respect to the total
real area of contact between two composites.
Case 2: Another assumption is an equal effective shear
stresses for all junctions of all materials couples t; = t*.
Thus, Eq. (§) reduces to the inverse proportion for the
composite friction coefficient:

1 N H; A, 1
_—_= — = _— i 7
p T SF7TA Zy#i 7

where p; = t*/H; is the friction coefficient for a couple of
materials in i-type contact.

A priori this model can be applied to the contact of
composites of any nature, i.e. reinforced by any type, shape
and number of fillers at the condition they are uniformly
distributed in the bulk.

To conclude this section, the simplified Bowden and
Tabor’s model applied to a multiphase contact reduces to
one of two composite frictional laws: the proportionality
law in Eq. (6) and the inverse proportionality law in
Eq. (7). In both cases, the composite friction coefficient
depends only on the partition of contact between phases of
two composites and the local friction coefficient between
them.

2.2 Fibre Surface Fraction: FRP Geometry

In both Eqs. (6) and (7), the question of composite friction
requires the knowledge of surface fractions o; of i-type
contacts. In this study, a composite reinforced with unidi-
rectional long fibres is considered. The contact plane is a
cut parallel to the fibre direction. Before an analysis of the
contact between two composite samples, a preliminary step
is to calculate the surface fraction o of fibres in the cut
plane. However, a fibre percentage in composite is usually
described by the fibre volume fraction, V;. Therefore, the
question of this section is: What is the relationship between
V¢, an industrial input parameter, and oy, an output finished
material characteristic?

There are several approaches to the modelling of fibre-
reinforced polymer, represented by two major groups:
probabilistic, which uses random fibre distribution [21, 22],
and deterministic, which deals with a representative vol-
ume element conception [23].

In this work, a random uniform fibre distribution with
round fibres of a constant diameter is chosen. Figure 3
shows a cubic element of size a cut out of the composite
and filled with matrix and fibres of radius R. A cutting

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 A;
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plane, parallel to the fibre direction, separates this volume
into two equal parts. The relative location of i fibre with
respect to this plane is given by its height h;. Since the
fibres are assumed to be uniformly randomly distributed in
the volume, the density probability function p(#) is equal to
1 a a
p(h) = ifhe [-3:3] ®)
The middle plane cuts each fibre through a chord A(h),
whose length depends on the height & by

0, otherwise.

The expectation of the chord for any fibre from volume

a’ is calculated from Egs. (8) and (9) as follows:

a/2 )
wmy= [ At ="" (10)
—a/2

The fibre surface fraction ¢ is the sum of all chords
N(A), where N is the total number of fibres in the volume,
divided by the side a of the cutting plane

N=nR?
oy = A AT (11)

Since the fibre volume fraction V; for the volume ais
the ratio of the sum of all fibre sections NtR* enclosed in
this volume and the square area a°, obviously

=V (12)

Hereby using the probabilistic approach, it is proved that
for a uniform random distribution of fibres in a
unidirectional fibre-reinforced composite, the fibre
surface fraction is equal to the fibre volume fraction.

2.3 Case of FRP/Uniphase Material Contact

First application of this model is the contact of a fibre-
reinforced composite with a non-composite homogeneous
material. Composition of the apparent contact area in this

Fig. 4 Apparent contact of size
a x a, composed of several
materials. a Contact between an
uniphase material and a FRP

case is shown in Fig. 4a. Two types of contact are distin-
guished: fibre/counterface material and matrix/counterface
material. In this simple case, designating subscripts f, m
and c, respectively, for fibre, matrix and counterface
material, the contribution coefficients of each contact type
will be equal:

{O(fc :df/a = of

Ome = dm/a=1— oy (13)

where d; is the fibre diameter and d,, is the distance
between two adjacent fibres.

Therefore from Eqgs. (6), (7) and (13) composite friction
coefficient can be calculated with one of following
equations:

:u:af:ufc—’—(] _:xf):umc (]4)
if we adopt a proportionality law, and

1 1 — o

oA % (15)
u Hc Hme

if we adopt an inverse proportionality law. Where pg.
and . are friction coefficients between fibre and coun-
terface materials and matrix and counterface materials,
respectively, which are supposed to be obtained experi-
mentally for each couple of materials.

One can notice that Eq. (14) is similar to Eq. (2) quoted
in the introduction, and Eq. (15) has a similar form to
Eq. (1) substituting Vi by a.

2.4 Case of FRP/FRP Contact

A more complex case is the contact between two equiva-
lent FRP composites, as drawn in Fig. 4b. In this case, four
types of contact are distinguished: fibre/fibre, fibre/matrix,
matrix/fibre and matrix/matrix. As two composites are
identical and ug, = pms, the friction coefficient becomes
equal to one of the following equations

= O Ugp + 20Cfl‘ﬂ:ufm + Olmm Mmm

fibre-matrix
a contact

with fibre diameter d; and fibre/counterface \
distance between fibres d,. conact ﬁbpe_ﬁbpe
b Cont.act between two similar a contact
FRP with an angle ¢ between ‘
fibre directions of two
composites v
matrix/counterface I matrix-matrix
contact ds A ded,, contact
(a) (b)
@ Springer
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for the proportionality law and,
1o, 2m
Ko Mg Hem

T (17)
:umm
for the inverse proportionality law.

In order to calculate contribution coefficients o, Oy
and o,,, the contact is examined. The area of each
apparent individual microcontact A¢, Agn, Amm and total
area A is equal to

d? did, d? a?
Aff = ——Am =—; Aam = — A= —— (18)
sin ¢ sin ¢ sin ¢ sin ¢
where ¢ is the angle of orientation between the fibres of two
composites. Thus, the contribution coefficients are equal to

ofr = 96%
ogm = op(1 — O‘fg
Omm = (1 — o)

(19)

Substituting Eq. (19) in Egs. (16) and (17), two
expressions for friction coefficient are obtained:

= OC%:uff + ZO(f(l - af):ufm + (1 - O‘f)zlumm (20)
for the proportionality law and,
1w 201 —o) (1—o)

_o 2z o) (1= o) (21)

I Him

:umm

for the inverse proportionality law.

It should be noticed that this calculation reveals an
independence of interfacial friction with the orientation of
fibres or their diameter. The resulting curves for FRP/uni-
phase material and FRP/FRP contacts are presented in
continuous line in Fig. 8a, b and discussed in Sect. 4 of this

paper.

3 Experimental Study

The experimental validation of the proposed analytical
model has been carried out on carbon fibre-reinforced
epoxy composites.

The carbon or graphite is known to have particularly low
friction coefficient due to its planar structure. The planes of
graphene, one-atom thick smooth layers of honeycomb
lattice of carbon atoms, being aligned along the fibre axis
and constituting a carbon fibre surface, develop low
attractive forces between each other causing a lubrication
effect by delamination [24]. This effect, along with an
improvement of mechanical characteristics, is appreciated
for the reinforcement of polymer composites, which gives
them the name self-lubricated [25]. Therefore, graphite
additives are commonly used in tribological polymer
applications, as for instance in journal bearings [26], gears
[27] or space structures [28, 29]. However, different forms

of carbon currently used to reinforce polymers—such as
aligned long fibres, randomly dispersed chopped fibres,
nanotubes, nanoparticles, powder or graphite flakes—result
in various tribological behaviors.

Two aspects are of interest in this study: the effect of the
fibre volume fraction and the influence of the fibre orien-
tation on friction coefficient. The latter was the object of
previous studies [30-33], which revealed a significant
effect of fibre orientation on the friction coefficient of
carbon fibre/epoxy composites under rather severe sliding
conditions causing wear.

In contrary to the above-mentioned works, specific
attention is consecrated to ensure tribological conditions
excluding surface damage in this study.

3.1 Materials

Two types of specimen geometry have been designed: a
fixed rectangular sample of 80 x 25 x 5 mm referred to
as the track, and a round sample ¢20 x 5 mm sliding over
the track. The composite materials differ by fibre volume
fraction: 0 %, i.e. pure epoxy HexPly® M10.1, 34, 52 and
62 % of carbon fibres. The latter is a unidirectional carbon
fibre-reinforced epoxy made up from prepreg plies Hex-
Ply® M10/ 38 %/UD300/CHS. The two intermediate
composites contain layers of carbon fibres HexTow AS4,
aligned in one direction and integrated into the epoxy resin
HexPly® M10.1. However, out-of-plane alignment of
fibres is not controlled, therefore the surfaces of 34 and
52 % samples are strongly heterogeneous and expose pure
epoxy zone and some zones of carbone fibre hanks as
shown in Fig. 5.

All the rubbing surfaces were polished successively with
abrasive papers P600, P2400 and P4000 from seconds to
minutes depending on initial surface state. The profile
characteristics for the polished samples of four fibre per-
centages are presented in Table 1. Before each experiment,
both surfaces are carefully cleaned with heptane, acetone
and propanol-2 successively and finally with a flow of
nitrogen.

3.2 Experimental Set-up

The experiments have been carried out on the tribometer
RA [34], a scheme of which is drawn in Fig. 6. The trib-
ometer allows one to perform a linear reciprocated motion
between two planes of relatively large surfaces and to
measure simultaneously the friction force induced by
sliding. The specificity of this tribometer is to provide a
low contact pressure. The normal force is applied by means
of a weight put onto the slider (up to 20 N). A brushless
servomotor (type Danaher AKM22C) guides the motion of
the lever pushing the upper sample. The rotating velocity
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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 Arithmetic roughness  Quadratic roughness

fraction Vi (%) Ra ( pm) Rg (um)
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
piezoelectric Haviag sstupls
"slider”
sensor
fixed sample
"track"

1o 8%

Fig. 6 Principle of the tribometer RA

@ Springer

velocity for the lever is from few um/s to 2 m/s. During an
experiment, the tangential force is continuously measured
by KISTLER Type 9217A piezoelectric sensor (stiffness
~ 15 N/um, range force from —50 to 50 N, sensitivity
~—98.5 x 1072 C/N) fixed in the lever. Before its
acquisition with a sampling frequency 1 kHz, the signal is
amplified by a KISTLER Type 5018A charge amplifier (for
the force range of —50 to 50 N, gain is 5 N/V).

3.3 Experimental Conditions

The ambient humidity (RH =50-60 %) and room tem-
perature (T ~20-25 °C) were measured during each
experiment. A preliminary study showed that the variation
of sliding velocity from 0.1 to 200 mm/s and normal load
from 0.1 to 20 N does not influence the friction coefficient
between two CFRP. However, in order to compare fairly
the friction of different materials, the normal load is
maintained constant at about 0.5 N, which corresponds to
the mean apparent contact pressure of 1.56 kPa, in order to
avoid considerable wear and bulk deformation, which were
observed in the case of pure epoxy samples under higher
normalload. The fibre orientation effect tests were carried
out under the normal load of 10 N corresponding to
31.2 kPa on the samples of 62 % of fibres. Each test con-
sists of 50 cycles. The summary of experimental conditions
is presented in Table 2. Each couple of materials has been
tested at least ten times.

The instantaneous friction coefficient is defined as the
ratio of a tangential force and a constant normal force. The
friction coefficient discussed below is the kinetic one.

3.4 Experimental Results

Epoxy/epoxy, composite/epoxy and composite/composite
friction experiments were carried out to identify the fibre
content effect and to validate the theoretical model con-
clusions. An example of the first cycles for composite/
composite and epoxy/epoxy couples is presented in Fig. 7
and reveals a relatively stable frictional force during each
cycle and for the whole test in both cases. After each
experiment, the surfaces were observed in order to verify
the absence of surface damage. It was concluded that
chosen experimental conditions are favourable for wearless
friction.

Table 2 Experimental conditions

Motion type Velocity ~ Sliding  Normal  Apparent
(mm/s) distance load (N) contact
of the motor is measured by a decoder and is maintained (mm) area (mm?)
constant by a feedback loop with electrical variator (Ser- - - i
. Linear reciprocating 10 60 0.5-10 314
vostar 300), whose accuracy is 1 %. The resulted range of
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Fig. 7 Evolution of the

0.3 .

frictional force versus time for
epoxy/epoxy and composite/
composite (N = 0.5 N,
corresponding to a contact
pressure p = 1.56 kPa;

V = 10 mm/s)

o© o
- o
T

Frictional force, N
o

b |

62%/62%

Figure 8a, b presents the results for all pairs in terms of
kinetic friction coefficient versus fibre volume fraction of
two samples in contact. A wide dispersion of friction
coefficients for all experiments with pure epoxy and the
values of 0.4 + 0.07 for epoxy/epoxy and 0.45 £ 0.06 for
epoxy/composite couples were observed. However, in the
case of composite/composite couple, the value of friction
coefficient was significantly lower and slightly varied for
all test conditions: 0.17 £ 0.01. The wide dispersion of
friction coefficient when epoxy is used might be related to
the humidity influence [35].

In order to verify the independence of friction coeffi-
cient on fibre orientation in the case of composite/com-
posite contact as concluded from the analytical model,
experiments between 62 %/62 % composites were carried
out. The friction coefficient versus the total angle between
fibre orientations of two samples, ¢, is shown in Fig. 9. It
was found that between two limit cases: ¢ = 0°~—the
fibres of two samples are oriented parallel to the sliding
direction, and ¢ = 180°—both are perpendicular to the
sliding direction, the friction coefficient for interfacial
sliding conditions changes slightly from 0.16 to 0.17.

4 Discussions and Conclusions
4.1 Validation of the Theoretical Laws

The theoretical model proposed in this paper is based on
the differentiation of each composite phase contact with
counterface material, both to composite and uniphase
material. In order to verify the theoretical model conclu-
sions, its application to carbon fibre/epoxy composite in
contact with either pure epoxy or fibre composite is dis-
cussed in this section.

As it was shown in Sect. 2, in order to predict the
friction coefficient between two carbon fibre-reinforced

30 40 50 60 70 80 90
Time, s

100

epoxy composites as-well as for its contact with pure
epoxy, three values of friction coefficients (carbon fibre/
carbon fibre, carbon fibre/epoxy and epoxy/epoxy) are
required.

Whereas the epoxy/epoxy friction coefficient is mea-
sured in this study and its average value is equal to 0.4, the
experiments of friction between carbon fibres were carried
out by Roselman and Tabor in 1976-1977 [36, 37]. They
rubbed individual carbon fibres of two types (high strength
and._high modulus) with and without surface treatment
against each other under normal load in the range of order
1072 t0 1072 N, and against other materials, including
epoxy, under normal load in the range of order 10~ to
107 N. A great effect of normal force on the carbon fibre
friction was observed. The friction of high strength fibres is
two times higher than for high modulus fibres.

The summary of the values used in Eqgs. (14) and (15);
Egs. (20) and (21) derived from the theoretical model is
presented in Table 3. The values for high strength carbon
fibres, similar to those used in the present experimental
study, were chosen. Figure 8a, b presents a comparison of
the proposed analytical model using the values from
Table 3 and the experimental results. The friction coeffi-
cients are plotted versus fibre volume fraction for the
experimental results and versus fibre surface fraction for
the analytical results. Their equality, proved in Sect. 2.2,
permits us to put them on the same abscissae axis.

It is seen from Fig. 8a that average values of friction
coefficients observed experimentally for CFRP/epoxy
couples fit to both theoretical curves, plotted according to
Egs. (14) and (15), rather well. Beside the validation of
composite/uniphase material friction laws, this can be
interpreted such as the values of epoxy/epoxy and carbon
fibres/epoxy friction coefficients measured for individual
materials [36, 37] might be applied to calculate the com-
posite one, and the hypothesis of uncoupled friction con-
tributions of each component is credible.
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Fig. 8 Experimental (black
points with error bars) and
theoretical (grey lines) results
corresponding to Egs. (14) and
(15) in case of composite/epoxy
contact (a), and Eqgs. (20) and
(21) in case of composite/
composite contact (b) calculated
with values from Table 3.

a FRP/uniphase. b FRP/FRP

Fig. 9 Experimentally
measured kinetic friction
coefficients versus total angle
between fibre orientations of
two samples (pressure 1.56 kPa,
sliding velocity V = 10 mm/s)
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Table 3 Local friction coefficients

Normal load 107 to 107> N 107N 2N
Materials Carbon fibre HS/ Epoxy/carbon Epoxy/
carbon fibre HS fibre HS epoxy
Friction 0.7-0.1 [36] 0.46 [37] 0.4
coefficient

The carbon fibre/carbon fibre friction coefficient of 0.1,
along with values for epoxy/epoxy and carbon fibre/epoxy
used for previous case, were substituted in Eqs. (20) and
(21). Two result curves and one experimental point for the
62 %/62 % are plotted in Fig. 8b. One can certify, that
the inverse proportionality law curve passes through the
experimental point.

The fact that the inverse proportionality law Eq. (7) fits
better the experimental results for composite/composite
friction, and both Eqgs. (6) and (7) are applicable for epoxy/
composite friction, has an explanation, which could vali-
date the assumptions about effective hardness H* and
effective shear stress 7*. Indeed, in the case of epoxy/
composite contact, the hardness used in Eq. (6) is similar
for epoxy/epoxy and epoxy/carbon contacts, because this is
the softest material, i.e. epoxy, hardness. Shear stresses for
these two contact types, which can be found as 1; = u; H;
are also rather similar because of a closeness of their
friction coefficients.

The composite as a counterface material adds carbon/
carbon contact to the zones discussed above. The hardness
of carbon fibres is about ten times higher than that of epoxy
[38], while the friction coefficient between carbon fibres is
much lower than the friction coefficients of epoxy/epoxy
and epoxy/carbon contacts. Thus, shear stresses, calculated
with 1; = u; H;, must be of the same order for these three
contact types. This explains why Eq. (7) is better for
composite/composite friction.

4.2 Discussions and Perspectives

Although this model fits rather well experimental results,
we propose some useful ideas to improve it in this section.
At least two factors, which have not been considered in this
model, could affect a partition of composite contact
between its phases. The first is a surface profile. As seen in
Fig. 5, the composite materials are rougher than the pure
polymer, even if they were polished following a similar
procedure. In the case of 52 %, it is clear that only fibre
locks are exposed to the contact. It is supposed that the
asperities of both surfaces are deformed under normal load,
but the magnitude of this deformation for different phases
is unknown. Hence, a second important factor of contact
area distribution is normal pressure partition between
phases. It is likely that matrix carries less of the load than

reinforcement due to the difference in rigidity. The idea of
composite friction coefficient depending on the load car-
ried by each composite phase and friction coefficients
between these phases was proposed by Schon [39], who
made the experiments with wear-accompanied friction
between CFRP, resulting in the following equation:

1

H=— (ﬂmmpmm + Mmefm + luffPff)

5 (22)

Therefore, we can suppose that the real contribution of
each contact type is a combination of geometrical, profile
and load factors.

Other important problem is the relationship between
surface and volume fractions of each phase, which is
roughly solved for the fibre-reinforced composite case by
a probabilistic approach, but could not been estimated for
the general case of any composite material. Along with
theoretical calculations, some methods based on micro-
scopic observation might be used for this purpose, for
instance TEM particle density, Morsita’s Index or Skew-
ness—Quadrat Method [40]. A comparison of different
methods with an evaluation of the general one applicable
to any composite material along with a study of pressure
distribution influence should be the object of a future
research.
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