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Abstract /Résumé

N V/
/N

An investigation of interfacial and bulk friction-induced dissipation in model epoxy-
based composite materials reinforced with carbon fillers, as well as pure epoxy, is a chal-
lenge of this PhD thesis. While the interfacial dissipation depends mostly on surface
properties of very thin material layer, the bulk dissipation involves high volume deforma-
tions.

Firstly, an experimental friction investigation on carbon fibre- and carbon nanopearl-
reinforced epoxies of different filler volume friction under soft tribological conditions is
carried out. In order to understand the results, a generalized frictional law for interfacial
friction between two composites is proposed. It is based on Bowden and Tabor theory
applied to multimaterial contact and requires a contact in-plane geometry parameter and
local friction coefficients. Depending on applied assumption, effective shear stress or ef-
fective hardness for all composite phases, it results in direct or inverse proportionality
frictional law. These analytical results complete and explain the experimentally obtained
tendencies: the direct law should be applied to the composite/epoxy contact, while the
inverse law is valid for the composite/composite contact.

The second part of the experimental work deals with pure epoxy and carbon fibre-
reinforced epoxy under severe tribological conditions. It aims to investigate bulk frictional
dissipation and associated wear. A two-scale approach is established, which consists in
calculation of macro parameters, such as wear rate, dissipated frictional energy, friction
coefficient and relative contact temperature rise, and their coupling with damaged surface
observations. This approach allows us to distinguish several wear modes, as two-body
and three-body abrasion, adhesion, fatigue and thermal effects, and to associate their
appearance and evolution to macro parameters. In contrast to pure epoxy, carbon fibre-
reinforced epoxy tends to be more wear resistant.

Keywords: polymer composites; carbon; dissipation; dry friction; polymer friction;
polymer wear.
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il

L’enjeu de ce travail concerne la dissipation interfaciale et volumique induite par le
frottement dans les matériaux composites modéles 4 base d’époxy renforcée par du car-
bone, ainsi que dans 1’époxy pure. Alors que la dissipation interfaciale dépend surtout des
propriétés d’une couche mince de surface, la dissipation volumique induit des déformations

de volume importantes.

Dans un premier temps, nous avons effectué une étude expérimentale de frottement
sur les résines époxy renforcées par des fibres et des nanoperles de carbone en différentes
concentrations sous des conditions tribologiques faibles. Afin de comprendre les résul-
tats obtenus, une loi de frottement généralisée pour le frottement interfacial entre deux
composites a été proposée. Basée sur la théorie de Bowden et Tabor et appliquée au con-
tact des composites, elle requiert un parameétre géométrique de contact et des coeflicients
de frottement locaux. En fonction de I'hypothése appliquée, la contrainte de cisaillement
ou la dureté effective pour toutes les phases du composite, elle découle sur une loi de
proportionnalité directe ou inverse. Ces résultats analytiques complétent et expliquent les
tendances obtenues expérimentalement : la loi directe doit étre appliquée pour le contact
composite/époxy, tandis que la loi inverse est valide pour le contact composite/composite.

La deuxiéme partie du travail expérimental est consacrée & 1’étude sur I’époxy pure
et celle renforcée par des fibres de carbone sous des conditions tribologiques plus sévéres.
Son objectif est d’étudier la dissipation volumique et I'usure associée. Dans ce cadre, une
approche multi-échelle est établie, qui consiste d’abord 4 calculer les paramétres macro-
scopiques, comme le taux d’usure, I’énergie dissipée par le frottement, le coefficient de
frottement et 'augmentation de la température. Ces paramétres sont ensuite couplés avec
les observations des surfaces endommagées. Cette approche nous permet de distinguer
plusieurs régimes d’usure, i.e. I’abrasion 4 deux et trois corps, I’adhésion, la fatigue et les
effets thermiques, et associer leur apparence et leur évolution avec les parameétres macro-
scopiques. Contrairement & I’époxy pure, le composite renforcé par des fibres de carbone
s’avére étre plus résistant 4 1'usure.

Mots clés : composites a base de polymére; carbone; dissipation; frottement sec;
frottement des polymeres; usure des polymeéres.
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Nomenclature

Q; Surface fraction of ¢ phase of composite, -

v Shear strain, Pa

) Coeflicient of partition of frictional heat, -

tan §  Loss tangent, -

Af Flash temperature rise, °C

Ab gy Average flash temperature rise, °C

AM Mass loss, g

€ Mean strain rate, -

N Surface density of asperities, -

0 Average slope of asperities, -

O Coefficient of proportion between EP and AW modes of Axén model, -
0y Bulk temperature, °C

1 Friction coefficient, -

Hadh Adhesive component of frictional coefficient, -
Hpl Ploughing component of frictional coefficient, -
Hdef Deformation component of frictional coefficient, -
75 Interfacial frictional coefficient, -

s Static friction coefficient, -

Lk kinetic friction coefficient, -

Hhav Average friction coefficient, -

v Poisson’s ratio, -

P Density, kg/m?

Oq Standard deviation of asperity heights distribution, -
o Shear stress, Pa

Tsoft Yield pressure of softest material, Pa

oy Yield limit, Pa

T Shear stress, Pa

Tsoft Shear stress of softer material, Pa

T Effective shear stress, Pa

o* Standardized height distribution, -

¢(z)dz Probability that asperity height is between z and z + dz, -
%) Fibre orientation angle, deg

% Thermal diffusivity, m?/s

Y Plasticity index, -



vili Nomenclature

a Contact size, m

Ge First ellipse semi-axis, m

G Coefficient of mass/kinematic length dependence, g/mm
A Contact area, m?

A, Real contact area, m?

A, Normalized contact area, -

Ay Worn area, m?

A(h) Chord of the cut fibre, m

b Contact width, m

be Second ellipse semi-axis, m

Ce Equivalent contact radius of ellipse, m

Cp Specific heat capacity, J/kg K

d Depth of indentation or surfaces separation, m
dy Fibre diameter, m

dm Distance between two adjacent fibres, m
D Characteristic size of a contact, m

f Sliding frequency, Hz

F Frictional force, N

Fan Adhesive component of frictional force, N
Fy Ploughing component of frictional force, N
Fi(e), Fa(e) Correlation functions of the eccentricity, -
G Shear modulus, Pa

E Young’s modulus, Pa

B Effective Young’s modulus, Pa

By Dissipated frictional energy, J

h Depth of dissipation zone, m

H Hardness, Pa

H* Effective hardness, Pa

i, s, x,y, 2  Variables, -

k Thermal conductivity, W/m K

kw Wear coefficient, -

l Sliding distance, m

Ly, Kinematic length, m

Lp Peclet number, -

M, Mass concentration, -

n Number of contact spots, -

N Number of fibres in composite volume, -
Neyete Number of sliding cycles, -

p Contact pressure, Pa

Do Average pressure, Pa

p(h) Density probability function, -

P Normal force, N

q Quantity of heat per surface unity, W

T Distance from contact center, m



R Radius, m
R', R” Radii of curvature, m

R, Average roughness, pum

R, RMS roughness, um

Ry Skewness, -

Ry Kurtosis, -

t Time, s

te Contact time, 8

texp Total duration of frictional experiment, s
tq Time of heat propagation in the bulk on distance b, s
174 Sliding speed, m/s

Vi Filler volume fraction, -

Vin Matrix volume fraction, -

Volume of wear, m3

Vwem“

w Groove track width, m

W Wear rate, m®/m

W, RMS waviness, yum

Wk Skewness waviness, -

Wiw Kurtosis waviness, -

Wy Specific wear rate, m3/m N
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Introduction

Over the last decades, composite materials have found more and more applications in
several fields of industry, from the aerospace brunch to sports and leisure equipment. This
interest is due to a combination of a large range of excellent mechanical and thermal
properties associated with a low weight. Since a unidirectional fibre-reinforced composite
layer is anisotropic, the properties of multilayer composite materials vary depending on
orientation of layers and can be calculated before their manufacturing. This flexibility and
orientation of properties make possible to replace metals in many standard applications
with identical strength characteristics, to gain in mass and, eventually, thermal and chemi-
cal resistance. Furthermore, the reinforcement of polymers by small particles or short
fibres significantly improves their mechanical characteristics, without decreasing other
properties. Although many analytical and numerical models for composite mechanical
characteristics have been developed and successfully used by engineers all over the world,
their frictional properties seem to be less investigated and understood.

Empirical laws of mixture are usually used for friction and wear coefficient in prac-
tice. However, a general understanding of the problem is missing. From a scientific
point of view, the problem of frictional dissipation in multimaterial contacts remains a
big challenge, because a combination of surface and bulk mechanical, thermal, chemical,
structural, geometrical and other properties of each composite component and their in-
terface must interfere. Moreover, the problem is multiscale: while final friction and wear
coefficients are defined for macrosize composite, the origins of dissipation processes lie
in nano- and microscale structural features and interactions. An attempt to clarify this
problem on model carbon-reinforced epoxy composites is made in this work. Therefore,
the understanding of friction-induced dissipation process and involved friction and wear
mechanisms in polymer composites is the main aim of this study. An approach consisting
in the separation of interfacial and bulk dissipations for polymer friction is adopted for
this polymer composite study, and two independent investigations are carried out.

Chapter 1 presents a literature survey of main advances in our subject. It is divided
in three parts. The first part covers fundamentals of dry friction and sliding contact. It
discusses the main theories and models of elastic and plastic, static and sliding contact
and the problem of real contact area definition. The second part is focused on the features
of polymer and composite friction and wear with a short review of main wear mechanisms
and laws. The third part presents a synthesis of experimentally observed effects on friction
and wear of unidirectional carbon fibre-reinforced epoxy. The aims and implementation
of this PhD work are established on the basis of this literature review.

Chapter 2 describes the materials used in this study. It starts with the explanation of
atomic and microscale structure of carbon fillers. Carbon fibre-reinforced epoxy compos-
ites and carbon nanopearl-reinforced epoxy composites of different filler volume fraction
were manufactured for this study. The process of manufacturing, as well as morphology,
surface and bulk mechanical properties and topography, are presented and characterized
for these composite materials.

Chapter 3 presents an experimental study of interfacial frictional dissipation in dif-



2 Introduction

ferent configurations between two composites and pure epoxy. Frictional experiments at
macro and microscale are carried out. Firstly, the effect of normal load and sliding speed is
studied, and then optimal conditions for interfacial friction are established. The contribu-
tion of carbon fillers to the composite friction, as well as friction of individual carbon
fibres, are investigated.

The results of this experimental study and the literature review inspired us to propose
an analytical model of the interfacial friction of composites, which is presented in Chapter
4. A review of the currently available models of composite friction starts this chapter. It is
followed by an establishment of generalized friction law for composites with its hypotheses
and assumptions, and its successive successful application to the contact between two
composites and pure epoxy in different combinations. All theoretical results are compared
to the results of the experimental study and discussed.

The last Chapter 5 covers an experimental study of bulk friction dissipation in car-
bon fibre-reinforced epoxy and pure epoxy. A two-scale approach is established, and
an investigation of mass loss, friction coefficients, frictional energy dissipation, worn
area, contact temperature distributions is carried out for epoxy/epoxy, epoxy/CFRE and
CFRE/CFRE sliding contact under severe tribological conditions. These results are asso-
ciated with observed wear mechanisms for each material couple leading us to propose and
discuss a retrospective of wear history.



CHAPTER 1

Theoretical and experimental basis

This chapter presents theoretical and experimental background for our study of frictional

dissipation in carbon composites. It is organized by the following manner. Firstly, the

main theories and models of dry friction and sliding contact are presented, such as the

empirical frictional laws of da Vinci, Amontons and Coulomb, the real contact area ob-
servations and models of Hertz, Archard and Greenwood-Williamson, and the broadly
used Bowden and Tabor’s adhesive theory of friction. Further, the features of frictional

dissipation in polymers and composites are discussed and several wear mechanisms are

presented. It is followed by a literature review of experimental observations of the influ-

ence of different factors on friction and wear of carbon fibre-reinforced epoxy. Finally, the

aims and methodology of our work are established and presented as a conclusion of this

chapter.
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1.1 Fundamentals of dry friction and sliding contact

1.1.1 Origins: da Vinci, Amontons and Coulomb’s empirical friction
laws

The phenomenon of friction has been studied since the first Leonardo da Vinci experiments
at the beginning of XVI century. His original drawings of experiment are presented in Fig.
1.1. He found that the frictional force did not depend on the apparent contact area and
was proportional to the normal load. The coefficient of proportionality was identical for all
contacts and equal to 1/4 [1]. These two conclusions were refund and published in 1699 by
Amontons [2], who, in turn, observed that the coefficient of friction for all materials and
conditions was equal to 1/3. Since da Vinci’s works have been lost for centuries, these two
friction laws are usually attributed to Amontons. However, these frictional laws became
appreciated only after Coulomb’s vast experimental study of friction effects, published in
1821 [3]. Coulomb carried out friction experiments between different kind of woods and
metals under lubricated and dry conditions. He supplemented Amontons’ laws with his
observations regarding sliding velocity effect and static friction. Hence, the basic frictional
laws, named from Amontons or Coulomb, are usually formulated as following:

1. The frictional force does not depend on the apparent area of contact.

2. The frictional force is proportional to the normal load.

Therefore, the friction coefficient i is defined as a ratio between frictional F' and normal

P forces:
F

=7 (1.1)

There is a tendency to add a third ’Coulomb’ frictional law: The kinetic frictional
force does not depend on the velocity. In fact, Coulomb’s work [3] states that it is true
only for a particular contact type. His experimental evidences will be presented further.

1.1.2 Static and kinetic frictional forces definition by Coulomb

Coulombs defines the static friction as a force resisting to motion between contacting
solids and the kinetic friction as a force required to maintain sliding. He experimentally
observed that
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Figure 1.1: Leonardo Da Vinci tribometers |1]

e for wood/wood frictional pair, the static frictional force increased with the rest time
and had a maximum in some minutes delay. The static friction coefficient was much
higher than the kinetic one pus > pi. For instance, for oak/oak contact the ratio
between static and kinetic friction coefficients was 4.3. Kinetic friction coefficient
did not depend on sliding velocity.

e For metal/metal contact, no dependance of friction with the rest time and pg ~ pg
was observed. No effect of the sliding velocity was detected either.

e However, the observations of metal/wood dry friction were very different from the
two previous cases: the maximum of static friction force occurred only after some
days rest, us > p, and sliding velocity had a great influence on the frictional force.
While the velocity increases in the geometrical progression, the friction increases in
the arithmetic one.

These observations allowed Coulomb to suppose that friction was induced by interac-
tions between surface asperities. He represented contacting surfaces as two brushes, as in
Fig. 1.2, and explained friction phenomena of wood by penetration of the surfaces into
each other due to the flexibility of its fibres. It is contrary to metals, whose surfaces are
not flexible and, consequently, do not change with the rest time. Therefore, the static
friction is a force required to overcome the formed junctions, which depends on the depth
of penetration or the rest time. In the case of wood/metal friction, wood fibres meeting
the metal inequalities can bend as springs. The number of these bending and relaxations
depends on the velocity.

Since friction arises from overcoming surface asperities, both static and kinetic forces
are proportional to the load, and the friction coeflicient depends only on the average slope
0 of the asperities

p=tand (1.2)



6 Chapter 1. Theoretical and experimental basis

(b)

Figure 1.2: Coulomb’s representation of wood (a) and metals (b) contact [3]

In reality, the Amontons-Coulomb’s laws, being valid for a majority of cases, present
limitations. The fact that friction coefficient is independent of the normal load is only
true for contacts where real contact area is much lower than the apparent one, as for hard
metals. For soft metals and, especially, for polymer or elastomer friction coefficient can
vary dramatically with normal load. For instance, the frictional force for the contact of
teflon /steel is hardly proportional to the normal force, it is rather F' oc P98 [4].

1.1.3 Real contact area of static and sliding contact
1.1.3.1 Experimental observations

Bowden, Lieben [5] and Tabor [6] carried out numerous experiments of friction between a
wide range of metals. During their experiments, they measured local contact temperature,
friction forces and electrical conductance of the contact. This permitted them to calculate
the real contact area. They compared contact areas from microscopic observation of the
imprints with those calculated from electrical conductance assuming plastic flow or elastic
deformations. For both stationary and sliding contact, they observed

e A curvature of the surface does not affect the conductance (and contact area), and
the conductance for rough surfaces is of the same order of magnitude as for flat
surfaces.

e The real contact area is much lower and nearly independent of the apparent area,
but depends on normal load. For instance, the conductance measurements, with an
assumption of 10 contact bridges for any load, conclude that a load of 300 kg on 21
cm? corresponds to real contact of 1/130 of the apparent area, while for 3 kg on the

same surface it is about 1/170000.

e The variations of conductance (and of real contact area) with load is in better
agreement with the theory of plastic rather than elastic deformation, which implies
that the real contact area (and frictional force) is directly proportional to the normal
load.

e The average value of conductance (and real contact area) during sliding is similar
to the one observed for the stationary contact, though an instantaneous value of
conductance was highly fluctuating synchronously with friction instabilities.
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e Friction and real contact area fluctuations during sliding exhibit different tendencies
for 3 types of contact: low-melting metal on high-melting metal, high-melting metal
on low-melting metal and two similar metals.

1.1.3.2 Hertz theory: Contact of smooth elastic solids

The first theoretical solution for purely elastic contact of two solids was proposed by Hertz
in 1882, when he was 23 years old |7]. His optical observations of interference fringes in a
contact between two glass lenses inspired him to create his model of elastic contact. He
studied the contact between two non-conforming elastic perfectly smooth bodies in several
geometrical configurations without friction.

Contact of rigid sphere and elastic half-space

He started with the problem of a rigid sphere squeezed with the force P into an elastic
half-space, see Fig. 1.3 [8,9]. The restriction of contact geometry is that the size of solids
and their relative radii of curvature are much bigger than significant dimension of the
contact. The contact area is circular and described by the radius a and the depth of
indentation d, which are equal to

3PR\ /3
a= <4E > (1.3)
a2 P2 1/3
"R < 6RE*2> (14)

B/

E,v;

Figure 1.3: A rigid sphere in contact with an elastic half-space

The pressure distribution is parabolic with a maximum in the center. Thus the pressure
in the distance 7 from the contact center is equal [10]

sy =3m[1- (%) - (1.5

a

where pg = P/ma? is the average pressure.
In the case, when one body is rigid, the elastic constant E* is equal to

E* =

Er - (1.6)

1—v3

where E is the Young modulus, and v is the Poisson ratio for the elastic material of
the half-space. An image of such a contact made by the photoelasticy method is shown
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in Fig. 1.4 (a). The stress distributions are seen by different colors within transparent
photoelastic materials under polarized light.

Egs. 1.3—1.5 are applicable to different geometrical configurations with little modifica-
tions. For example, one can consider two spheres, crossed cylinders or two cylinders with
parallel axes.

Contact of two elastic spheres

For the contact between two elastic spheres, as in Fig. 1.4 (b), the radius R from Egs.
1.3—1.5 is a relative curvature of two spheres of the radii R; and Ro:

1 1 1
=4 1.7
R R + Ry (1.7)

This solution is valid for both positive and negative radii of solids [8]. The effective
Young’s modulus £* is calculated from the Young moduli F;, Fs and Poisson’s ratios vy,
vy of two solids:

1 1—v2 1-12
6 W (1.8)

(a) (b)

Figure 1.4: a) Photoelasticity image: isochromatics give the isocontours of Tresca stresses
[11]; b) Elastic deformation and pressure distribution between two elastic spheres

General case of elastic contact
Based on his interference fringes observations, Hertz supposed that the contact area
is an ellipse [9]. If the deformed solid has radii of curvature R’ and R”, the equivalent

contact radius c., which depends on ellipse semi-axes a. and b, as ¢, = v/abe, is equal to
3PR.\'?
Co = ( oL ) Fi(e) (1.9)

where R, = vV R'R" is the equivalent relative curvature. The depth of indentation d is
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equal to

0 P2 1/3

Fi(e), Fy(e) are the functions of the eccentricity e = /1 — b2/a2, when b, < a.. They
play the role of correlation factors for Eqs. 1.9—1.12 with regards to Eqgs. 1.3—1.5 for the
contact of two spheres.

The pressure distribution is semi-ellipsoidal:

p(z,y) =p0\/1 - (;@)2 - <bye>2 (1.11)

The maximum pressure is given by

6PE*2 1/3 93
w= (g ) (B (112)

Beginning of plastic flow

When the pressure exceeds the yield limit oy of the softer material, the deformations
are not elastic anymore. Plastic flow starts when the mean pressure is pg = 1.loy in
the point Z situated in the depth of 0.5a, as shown in Fig. 1.5. With an increase of the
load, the plastic region grows, and the mean pressure becomes pg ~ 3oy. With further
load growth, the mean pressure remains constant, while the area of plastic deformation

/P
hard

indenter

increases.

plastic zone

soft material

Figure 1.5: Plastic deformation of a soft plane by the hard sphere. Z is the point of the
onset of plasticity

1.1.3.3 Archard model: transition from the single Hertz elastic contact to
multiple asperities contact

Real surfaces of solids are never smooth, but are covered with numerous asperities. Ar-
chard [13,14] reasoned that the proportionality of Hertz contact area to P?/3 mismatched
to Amontons’s law of direct proportionality between friction and normal forces. Therefore,
it is more likely that all the asperities in contact deform plastically and the contact area
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becomes A, = P/H, where H is the hardness of the softest material in contact.
' /®

P /P \

Ry P R, /P

Ry Py |
NP Z N STV SO W i N

|

Figure 1.6: Archard’s contact models. The relation between the contact area and normal
force are (a) A, o< P?/3 (b) A, o< P39 (c) A, oc P?6/27_(d) A, < P¥% (e) A, o< P1/15,
(f) A, oc P*/4 [13]

(d) (e) (f)

He studied some cases of elastic contact, starting with the contact of a sphere covered
by spherical asperities of identical radius and a smooth flat surface under the load P
(Fig.1.6(a)). Then, he complicated this model by covering each asperity with smaller ones
(Fig.1.6(b)), and more smaller ones (Fig.1.6(c)). On the other hand, he supposes that
real flat surfaces are always slightly undulated. This allows him to represent a flat surface
as a plane covered by spheres (Fig.1.6(d)), which, in turn, are covered by smaller spheres
(Fig.1.6(e)), etc.

Based on Hertz solution for sphere/plane elastic contact, Eq. 1.3, Archard calculated
the relationship between the contact area and the normal load for all these cases, as it is
given in this figure legend. He obtained that the contact area varied from A, oc P%/3 in
the case Fig. 1.6 (a) to A, oc P*/%> in the case Fig. 1.6 (f).

Therefore, by this geometrical reasoning, Archard concluded that the contact area is
proportional to the normal load.

1.1.3.4 Greenwood-Williamson model of rough contact and plasticity index

Random distribution of asperities

Greenwood and Williamson [12] considered the contact between a smooth rigid plane
and a nominally flat deformable rough surface covered with round tip asperities of the
same radius R, as in Fig. 1.7. The basic assumption of this theory is that the deformation
of each asperity is independent of that of its neighbours. The heights of asperities have
a random distribution, the probability that asperity height is between z and z + dz is
¢(z)dz. Accepting that each asperity deforms elastically according to Hertz model, the
authors calculated the number of contact spots n, the total contact area A, and the
total load P in general case. They introduce new variables normalized by the standard
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deviation of asperity height distribution o, such as s = z/0, and ¢*(s)ds = ¢(z)dz.
Thus, ¢*(s) = o ¢(os) and

n=nA, ¢*(s)ds (1.13)
d/oa
A, = W??Aana/ (s —d/og)9*(s)ds (1.14)
d/oa
4 wp1/2 32 [ 3/2 %
P = 377AnE R %oy, (s —d/og)”"*¢*(s)ds (1.15)
d/oa

asperities, B* is the effective Young modulus.

where d is the separation, A, is the nominal contact area, n is the surface density of
A AT
[Z_V\

) NI
VAREE SRR AN A ~
AT M AV A A AN ,

T A A Y e

Figure 1.7: Contact of a randomly rough surface with a smooth flat

S

Exponential distribution of asperities
Firstly, the authors applied these equations to an exponential height distribution,
representative of 25% of all surfaces. They obtained

n = nA,e (1.16)
A, = mRogApe~ %% (1.17)
P = 71'2)Ro4 ApE* (04)R)"/2e~ 4/ (1.18)

These equations show that although the number of contact spots is proportional to the
load, their average size is load-independent.

Gaussian distribution of asperities

Since the most of engineering surfaces present a Gaussian distribution of asperity
heights, this is the next case studied by Greenwood and Williamson:

§*(s) = e (1.19)

They numerically calculated the integrals for Egs. 1.13-1.15 and found that the results
were close to those obtained using exponential distribution.

Beginning of plastic flow. Plasticity index

The second major contribution of Greenwood and Williamson is an introduction of the
plasticity index 1 combining both material and topographic properties. It can be defined

as
E* o,

= — /= 1.20

v=",]% (1.20)
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where H is the material hardness. If 1) < 0.6 the contact deformations can be considered
as purely elastic for all asperities until very high applied load, and Eqgs. 1.13—1.15 char-
acterize the contact geometry and the load distribution. If b > 1 there is a plastic flow
of asperities even under low loads and the contact area is proportional to applied load
P obeying the law A = P/H. Moreover, the surface treatments, such as abrading and
polishing, reduce the plasticity index and can shift the contact to the elastic deformation
zone.

Contact of two rough surfaces The contact of two rough surfaces with the height
distributions ¢ and ¢’ and their standard deviations o, and o/, is equivalent to the case
of the contact between a rough surface and a smooth plane with the following effective

oy =102+ 0?2 (1.21)

The mechanical characteristics are defined by Eq. 1.6 for the effective Young modulus and
by

parameters:

H* = min(H, H') (1.22)

for the effective hardness.

The sliding real contact area is usually considered equal to the static one. This is
more or less true depending on material, as, for example, it was experimentally observed
in section 1.1.3.1 for metals.

Therefore, this model concludes that the origin of the proportionality of the contact
area to the load of Amontons’ law is not the plastic flow of asperity contact, but a statistics
of surface roughness [15]. Being the first model of rough contact based on statistical
method, Greenwood-Williamson model marks the beginning of a creation of the multitude
of new statistical contact models.

1.1.4 Bowden and Tabor adhesive friction theory

According to Bowden and Tabor, friction is not only a surface process but involves the
material in the depth of thousands of atomic layer, and therefore depends on bulk char-
acteristics. Due to the great difference between apparent and real contact area, the real
contact spots undergo very high local pressures and deform plastically, which induces
welding and junctions formation. The total frictional force F' arises from two different
mechanisms: the shear of the established adhesive junctions in the real contact area spots
F,qpn, and the ploughing of a softer surface by hard asperities of another one Fj;:

F = Fuap + Fy (1.23)

o Adhesive force. Adhesive component is affected mainly by real surface area, surface
energy, intermolecular interactions and surface contamination. The total real area
of these junctions under normal load P is equal to

P
A, = (1.24)

Osoft
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where o, is the yield pressure of the softer metal. To shear these adhesive junctions
the tangential force F,qp, proportional to the critical interfacial shear strength 7, is

required:
Pr
Foan = Ay1i = o (125)
Osoft

e Ploughing force. During sliding the asperities of the hardest material deform the
surface of the softest one. This component is affected mainly by the topographical
characteristics of the hardest surface and hardness and mechanical properties of
softest material. If we suppose a hard hemisphere with the radius R, which moves
and deforms a soft plane with the track width w, see Fig. 1.8, this component of
tangential force will be equal to the cross-section of the grooved track A multiplied
by the mean pressure pg required to displace the softest material from the front of
the slider:

3

w
pl Po = 15 P0 (1.26)

Figure 1.8: Deformation of a soft metal by a hard moving hemisphere

According to Bowden and Tabor, a correlation between these two components depends
on materials in contact:

o for relatively hard metals the ploughing component is negligible, and F' ~ F4,. The
shearing often occurs not on the interface, but in the bulk of metal, thus the critical
shear strength 7; is the shear strength of the softest metal 74,7;. This means that
friction coefficient depends only on the physical characteristics of softest metal in

contact:
F _ Tsoft

I _ 1.27
r=35 oot (1.27)

e for soft materials, as polymers and rubbers, or well lubricated surfaces, ploughing
could be of the same order as adhesion, and both constitutions need be considered.
Moreover because of the visco-elastic nature of polymers, the area of contact depends
significantly on sliding speed and the time of loading. The experiments of Bowden
and Tabor showed that for low speeds the frictional behavior of polymers can be
described by the adhesive component of frictional force Fyg,. However, under high
speeds, the temperature arises in the contact and melting occurs. Therefore, friction
is defined by molten surface film properties and can not be described using only the
adhesive component.
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1.1.5 Three component model for friction coefficient

Suh and Sin [16] proposed a new friction model issued from their experiments on metals,
alternative to Bowden and Tabor’s model. This model considers an influence of sliding
distance or time on the evolution of friction coefficient. Three basic mechanisms are
responsible for friction and constitute the total friction coefficient:

W= fadh + tpl + Hdef (1.28)

where fi44p, is the component from the adhesion between flat surfaces, y,,; is the component
from the ploughing by wear particles or hard surface asperities and g s is the component
from the deformation of asperities. The deformation component is mostly responsible
for the static friction coefficient because the asperities deform before sliding initiates and
less during the delamination wear process. Two other components define dynamic fric-
tion coefficient and increase during sliding, but the proportion between these frictional
components can change with time of sliding.

1.2 Dissipation by friction and wear in polymers

1.2.1 Concept of interfacial and bulk frictional dissipation

The frictional energy in polymers is dissipated differently in the region close to the contact
and in the bulk of material [17,18]. Therefore the energy dissipation in these two regions,
named interfacial and bulk region (see Fig. 1.9), occurs by different mechanisms. Distin-
guished by the zone of action, these two components of friction force are not supposed to
interact one with another.

e In the interfacial zone, a key parameter is the interfacial shear strength 7;. The
thickness of this zone for organic polymers is between 10 and 100 nm. Static and
dynamic frictional forces are adhesive and obey Bowden and Tabor’s theory (see Eq.
(1.25)). The interfacial friction coefficient is equal to

pi=2 4 a (1.29)
oy
where oy is the yield stress, a and 7y are experimental constants. The experiments
on film and bulk polymers [17] show that the pressure coefficient « is rather similar
for bulk and interfacial shear, and only 7y makes the difference between them. At
high loads p; ~ a.

The interfacial shear strength is in the logarithmic proportion with the mean strain
rate,
T, xIne

where € = V/h, V is the sliding speed, and h is the depth of a dissipation zone. In
addition, it varies exponentially with the contact time,

Ti X etc
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where t. = D/V and D is the characteristic size of a contact.

e The dissipation in the bulk zone is governed by its plastic or viscoelastic deforma-
tion and it corresponds to the ploughing component of Bowden and Tabor’s theory
(see Eq. (1.26)). This component is important in rolling or well-lubricated sliding
friction. For viscoelastic bulk dissipation of sliding or rolling sphere of the radius R
under the load P, the friction coefficient is

s/ P

where E* is the effective Young’s modulus (see Eq. 1.6), tand is the loss tangent.

P

interfacial bulk
dissipation zone dissipation zone

Figure 1.9: Interfacial and bulk regions of energy dissipation in polymer under normal
load and sliding conditions

Friction and wear of polymers differ a lot depending on the polymer nature: thermoset-
ting, thermoplastic or elastomer, and particularly on the chemical structure. For instance,
PTFE is famous for its ability to form a transfer layer, which lubricates the contact and
significantly diminishes the friction. On the other hand, during the sliding of some other
polymers, such as UHDPE, there is no transfer layer formation, and, consequently, friction
is much higher [20].

1.2.2 General wear mechanisms and laws

There are a number of wear mechanisms and their consequences, which gives rise to a
number of wear classifications [21-24|. Here are some examples: abrasive wear, adhesive
wear, fatigue wear, erosive wear, cavitation wear, tribochemical wear, corrosive and oxida-
tive wear etc. The difficulty relies on the fact that these mechanisms are often coupled and
it is not easy to recognize and separate the damage caused by one or another mechanism.
Furthermore, there is no universal characteristic parameter of wear, and one or several of
the following can be used:

e Volume of worn material, [mm?]
e Mass of worn material, |g|

e Depth of the wear track, [mm]
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e Wear rate, calculated as the quantity of wear per time, [mm?3/s, g/s or mm/s]

e Wear rate, calculated as the quantity of wear per sliding distance unit, [mm?, g/mm
or unitless|

e Wear rate, calculated as the quantity of wear per number of cycles, [mm?, g or mm)|

In addition to the problem of interacting mechanisms, many external and internal
factors affect wear. Therefore, it difficult to establish a universal wear law. A review [22]
of all wear papers (5466 surveyed papers) published in the journal Wear and the Wear of
Material conferences between 1957 and 1992 illustrates well this problem. The authors
collected very interesting statistics: up to 1992, more than 300 empirical or theoretical
laws of wear, including more than 100 parameters, appeared. The average number of
parameters per equation is 4.8. The most famous and one of the oldest wear law is the
law of Archard [14]. He considered the hypothesis of plasticized contact, i.e. A, = P/H,
and defined volume of wear V. and wear rate W as following:

Pl

Vwear = kwArl = ky— 1.31

; (1.31)
V’U)SCLT' P

= =ky— 1.32

w i I (1.32)

where k,, is the wear coefficient varying from 1073 to 10~7 for different materials, H is the
hardness of the surface which is worn away, [ is the relative sliding distance between the
materials and P is the normal force. Coefficient k,, is the probability of wear event on the
real contact area, it does not depend on normal load or sliding speed. Another equation
for wear rate, proposed by Archard is
% B (1.33)

where PV is the product of the pressure and the sliding speed and A is the depth of
the wear track. These laws were established from experimental observations and hold for
many tested materials. Archard [25] also observed that wear rate is independent of the
apparent area of contact.

In the following section we will briefly describe three main wear mechanisms, which
are supposed to act in dry sliding friction of polymer composites: adhesive, abrasive and
fatigue wear.

1.2.2.1 Adhesive wear

This type of wear is important when the surfaces are not separated by lubrication or
contaminant layers. It is also sensitive to the surface roughness and hardness: the surfaces
of low hardness present higher adhesion. Van der Waals forces are supposed to play a
crucial role in the adhesion between polymers [23]. Adhesive wear can cause cracks of
asperities of brittle material or large plastic deformations of ductile material, as it is
depicted on Fig. 1.10. If particles detached from one surface remains attached to another,
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they gradually form a transfer film. Adhesive wear can cause severe surface damage
because of a possibility of seizure and high fluctuating friction coefficients.

ductile frac%

& . \
adhesive bon rittle fracture
(b)

() (d)

Figure 1.10: Adhesive sliding contact of asperities: (a) before the contact, (b) adhesive
bond formation, (c) brittle and (d) ductile fracture during asperity separation

1.2.2.2 Abrasive wear

A key parameter in abrasive wear is material hardness, because this wear mechanism
occurs when one material grooves the other, softest one, two-body abrasive wear, or when
hard particles jam between two surfaces, three-body abrasive wear. Several mechanisms
are grouped by the name of abrasive wear, namely cutting, fracture, fatigue by repeated
plugging and grain pull-out, as schematically depicted in Fig. 1.11.

vyyYwy

softest material softest material softest material softest material

(a) (c) (d)

Figure 1.11: Mechanisms of abrasive wear: (a) cutting, (b) fracture, (c) fatigue by repeated
ploughing, (d) grain pull-out

Cutting is caused by ploughing of hard or sharp asperity into soft material, cutting
it if the material is ductile and causing fractures if the material is brittle. If the sliding
asperities are blunt, the ductile counterface will be deformed repeatedly and wear debris
are formed due to fatigue. The last mechanism presented in Fig. 1.11 is grain pull-out: it
occurs in heterogeneous materials with weak bonding between phases.

Polymers usually have high resistance to abrasive wear by blunt asperities. However
because of their low hardness, a probability of abrasive wear by sharp asperities of counter-
body is high.

1.2.2.3 Surface fatigue wear

This type of wear is caused by material deformation beneath the surface, and is particularly
important under reciprocated sliding. Under many passes of slider the plastic deformations
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accumulate under the surface of fixed surface. This initiates cracks formation and detach-
ment of wear debris. This process, illustrated in Fig. 1.13, starts beneath the surface
and is not visible before the debris formation. Many materials contain imperfections,
such as voids and other material inclusions. This favors the crack initiation in the bulk
material. This idea was developed in the delimitation theory of wear [26] and verified in
many experimental works: heterogeneous materials with many inclusions exhibit higher
wear rate than homogeneous materials.
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Figure 1.12: Fatigue wear: (a) crack initiation, (b) primary crack propagation, (c) sec-
ondary crack initiation, (d) secondary crack propagation and formation of wear parti-
cle [23]

1.2.2.4 Melting wear

Since the contact temperatures are often very high, a melting of one or both contacting
surfaces can occur. This is especially important for polymers, whose melting point is
usually low. When a polymer surface layer melts, it can be noticed by dramatic fall of
friction force, because the liquid polymer layer lubricates the contact. At the same time,
the wear rate quickly grows, because new polymer layers are involved in the frictional
process. The contact temperature does not grow infinitely, it stabilizes when it reaches
the polymer melting point. The additional generated frictional heat dissipates into deeper
polymer layers, melting new areas.

On the other hand, contact temperature growth can cause a polymer state transition
from solid to rubber-like. This affects its friction coefficient, wear rate and mechanical
properties, as well as the mechanisms of dissipation.

molten polymer polymer _X

Temperature rise

Figure 1.13: Melting wear mechanism |[23|
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1.2.3 Features of polymer wear

Polymers often form a transfer film, which lubricates the contact, decrease the friction
and influence the wear. Polymeric surfaces rubbing against metal experience a break-in
period, followed by a steady state linear wear regime and a severe wear regime [27|. In the
early stage of rubbing the roughness and contamination of surfaces play the crucial role.
However, surface finish has no influence on steady linear wear, because after the transfer
film formation, an equilibrium is established between two surfaces. At this stage, wear
and friction are rather stable, and wear rate is low. Little by little, energy is accumulated
during sliding. If it is not removed from contact, a critical temperature on polymer surface
is reached, and the polymer starts to melt or char, which leads to dramatical wear. As
experiments [27] show, this critical temperature could be much higher than crystalline
melting point or softening point of polymer. After the transfer film removal, the polymer
generates a new layer, which detaches according to the similar mechanism, but much
faster. The difference between wear rate of the tenacious and temporary film removal
could reach more than 2000 times.

The nature of transfer film is different depending on polymer nature. For instance,
PTFE and polyethylene form smooth and thin film of about 0.5 pum, while some other
polymers produce thick and discontinuous film. Particles of this layer regularly wear out
from the contact during sliding, causing drops in friction. The dust particles or other
contamination can seriously influence the transfer layer formation and the wear process.
If the surfaces are clean and the transfer film is firmly attached to the metal surface, the
polymer can resist to more severe sliding.

Not only polymer, but also metal produces wear debris under sliding of polymer/metal
contact. This means that the transfer layer does not grow by successive addition, but by a
turbulence of wear particles of both surfaces occurring continuously at least at the run-in
stage.

The criterion usually used to quantify the polymer wear severity is a PV limit, the
product of normal load or pressure and sliding velocity, above which the polymer can
not be used as wear part due to softening, melting or high deformations. It is defined
experimentally for each material and geometrical configuration under certain temperature.

1.2.4 Composite wear mechanisms

Composite wear mechanisms depend on fibre orientation [23]. Wear process of parallel and
antiparallel orientations are similar: The fibres and matrix are worn out until a depth of a
half of fibre diameter, and, then, fibres break and form wear debris (smaller for antiparallel
than for parallel orientation). The matrix wear debris is fine and might form a transfer
layer. The normal orientation causes small wear rate, because bent fibres remain attached
in the matrix and resist longer. However, the risk of seizure exists.

The variation of composite wear mechanisms due to elimination or capture of composite
wear debris in the contact is highlighted in [28, 29|, where unidirectional carbon fibre
epoxy composite covered by grooves of the width of 100 pum, the depth of 250 pym and the
spacing of 200 pum, parallel to the fibre direction are fabricated and compared in terms of
friction and wear with similar but continuous composite. Grooves on the composite surface
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favor wear debris elimination from the contact, which results in lower friction and wear
rate. Wear mechanisms for continuous and grooved composite surface are different. The
compacted wear debris, remained in the contact, penetrates between fibres and matrix and
provokes the debonding and the breakage of fibres. However, when it is eliminated from
the contact zone, mainly polishing of fibres by harder asperities of counterface occurs. It
is seen in Fig. 1.14 (a-d), worn out fibres are shown on Fig. 1.14 (a) and (c), while broken
fibres are presented in Fig. 1.14 (b) and (d).

flattened fibres—»
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Figure 1.14: Worn out flat carbon fibres (a, ¢) under 3.4 MPa and broken round carbon
fibres (b, d) under 10.7 MPa [28§|

1.3 Experimental observations of carbon fibre reinforced epoxy
friction and wear

Many friction and wear experiments with unidirectional carbon fibre reinforced epoxies
against different metals have been carried out. Some general tendencies concerning effects
of different parameters on friction coefficients and wear rates are presented in this section.
However, it should be noticed that the observations of different authors often contradict
one another and usually no general conclusions can be assessed.

Fach paragraph divides into two parts: effect on friction coefficient p and effect on
wear rate W or wear volume Vyeqr- HM and HS designate high modulus and high strength
carbon fibres, respectively, while composite always means carbon fiber reinforced epoxy
composite.

1.3.1 Material effect

a) Graphite friction and wear
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The allotropes of carbon can have very different frictional and wear behavior. Due to
its lamellar structure, graphite is capable to form a transfer layer, lubricating the contact.
It has a high level of interlayer bonding energy and is not a low shear strength lamellar
material [31]. The contact lubrication occurs only in air atmosphere reducing the bonding
energy of near surface layers, probably because of the interaction of the unpaired electron
of oxygen molecule and the m-electron of graphite, or due to the absorption of water vapor.

Against metal surfaces, graphite usually wears by abrasion [32], which makes the rough-
ness of the opposite surface important. For instance, an experimental study on friction
and wear of graphite against tool steel and silicon nitride confirm the importance of the
counterface roughness on the transfer layer formation [33]. Two wear mechanisms are dis-
tinguished: wear by transfer of graphite to the hard slider with its subsequent removal, and
fatigue cracking of the graphite surface with further coalescence of cracks and detaching
of wear particles.

On the other hand, less graphitized forms of carbon, as HS carbon fibres, are rather
hard and, instead of softening the sliding contact, they can abrade counterface material
and provoke higher wear and friction.

When graphitic or nongraphitic carbons rub against themselves, the friction coefficient
is low. However, under some critical combination of sliding speed, load and ambient
temperature, the contact temperature becomes too high ( > 500° C for nongraphitic
carbon and =~ 150 — 180° C for graphite) and the friction coefficient increases in several
times, while the wear rate grows in several orders [34-36]. Under less severe sliding
conditions, friction and wear rate of nongraphitic carbon exhibits large variations with
time. Increasing speed induces a decrease in the friction coefficient, but does not influence
the wear rate. However, both the friction coefficient and the wear rate increase with raising
temperature. This change is more pronounced for graphitic materials.

b) The effect of the nature of carbon fibres

The experiments show that friction and wear of CFRP are very different according to
the type of carbon fibers considered: high strength or high modulus. There is a macro-
scopic peeling-off of the carbon fibres from epoxy resin in HS carbon fibre composite [37].
High-modulus carbon fibers have the ability of transfer film formation, which favors a
smoothing of the composite surface and affects the friction coefficient and the wear rate.

On the other hand, the friction and wear of the composite are defined mainly by the
reinforcement [38]: polyester, polyimide, polypropylene and epoxy matrices reinforced
by HS or HM carbon fibres exhibit similar friction and wear behavior under the same
conditions.

e The friction coefficient of high strength carbon fibre composite is generally higher
than the one of high modulus carbon fibre composites [37,38|. The type of thermoset-
ting matrix has no influence on the friction coefficient of HM and HS carbon fibre
composites.

HEHS > WHM

e While according to [37], high strength carbon fibre composites possesses a better
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wear resistance, other authors observed opposite results [38]. The type of ther-
mosetting matrix has no influence on the wear rate.

?
Whas 2 Wham

1.3.2 Fibre orientation effect

There are three principal orientations for unidirectional composite: parallel P (sometimes
called longitudinal), antiparallel AP (sometimes called transversal) and normal N. It
means the orientation of composite fibres with regard to sliding direction. The mechanisms
of composite surface damage are different according to fibre orientation:

- in parallel orientation, the fibres are damaged by pushing, bending, buckling or
pulling;

- in antiparallel orientation, the damage is caused by bending of fibres;

- in normal orientation, the damage of both surfaces is caused, firstly, by ploughing
of counterface by stiff carbon fibres, and by abrasion of both surfaces after generation of
fibre debris [39]. In all the cases, the origin of cracking is at the fibre-matrix interface,
where the debonding of the fibres is initiated.

e According to [40], for HM carbon fibre composite uy < pp < pap. The values of
friction coefficient in the fibre orientations between normal and transversal orienta-
tions (30° and 45° to the composite surface) monotonly increase. Another study [41]
reports that under two loads and four different sliding speeds, friction coefficients
in P orientation is always smaller than in AP orientation, up < pap. The effect of
fibre orientation on the friction coefficients of HM fibres composite against sapphire
changes with sliding velocity: under 2 m/s pap < pp < pn, but under 3.5 and 7
m/s they invert uy < pup < pap [42]. Fibre orientation has no effect on the friction
coefficient of HS carbon fibres composite under scratching by Vicker’s indenter [43].

? ?
UN Z pUp Z AP

e For HM carbon fibre composite against steel, the highest wear is observed in the
normal orientation, when the lowest wear is in the antiparallel orientation Wap <
Wp < Wy [39]. However other authors [40] under similar conditions observed
that Wy < Wp < Wap. The wear rate in the fibre orientations between normal
and transversal orientations (30° and 45° to the composite surface) monotonly in-
creases. According to [41] the wear volume in P direction is lower than in AP
direction, Wp < Wyup. The friction tests with the HM carbon fibres composite
in 0°, 30°, 45°, 60°, 75° and 90° orientations [44] reveal a strong dependence of
wear rate on the composite orientation, and its maximum corresponds to 30°. Wear
rates of HM fibres composite against sapphire disk are highest for normal orienta-
tion and lowest for anti-parallel orientation Wyp < Wp < Wy [42]. Friedrich and
Reinicke [45] in their review reported that the relation of the wear rates of carbon fi-
bre reinforced epoxy depending on fibre orientation is Wp < Wy < Wap. The better
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wear resistance of normal and parallel orientations with regards to antiparallel ori-
entation were observed by [46] for both HS and HM composites Wy ~ Wp < Wap.

? ?
Wn 2 Wp 2 Wap

1.3.3 Fibre volume fraction effect

According to [47], less volume fraction of fibres leads to contact heating, higher adhesion,
break of the transfer film, and surface damage. Since the thermal conductivity of epoxy

is not high, the heat localizes and stores in the frictional zone. The addition of carbon

fibers

increases the thermal conductivity of the composite, which helps to draw aside the

heat from the friction zone.

Friction coefficient drops dramatically with carbon fibre addition (2.5 times for 15 %
of carbon fiber content) [47]. The ratio between friction coefficients of 82 % and 67
% of carbon fibres composites changes with the increase of the pressure. An initial
higher friction of 67 % of carbon fibres composite becomes lower under the pressure
higher than 8 MPa [28] . Friction coefficient decreases gradually with fibre volume
friction increase according to [46], which describes the experiments with fibre volume
fractions from 40 % to 72 % in three orientations.

?
KMlowV §f > KhighV f

The wear rate decreases simultaneously with the friction coefficient and reaches the
minimum at 50 — 70 % of fibers. If the fibre volume fraction exceeds 70 %, the con-
ditions for polymer film formation on fibers are broken, defects inside the composite
appear, which results in small wear increase [47]. Other authors [37] observed, that
wear volume diminishes with the increase of volume fraction of HS carbon fibres
composite, but it has no effect on the wear of HM carbon fibre composite. The wear
rate of 82 % of carbon fibres composite is higher than the one of 67 % composite [28].

? ?
Wy r<s0—10% > Wvi=s0—70% < Wvr>50—70%

1.3.4 Counterface hardness and roughness effect

a) Counterface roughness

Steady state friction coefficient of HM carbon fibre composite is independent of
roughness of the counterface material, because the transfer film between two surfaces
in contact is formed rather quickly [38].

MiowRa =~ MhighRa (HM)

Wear of both HS and HM carbon fibre composites increases with the counterface
roughness growth, though for HM composite it occurs faster [38]. Steady state
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wear rate of HM carbon fibre composite increases on 1-2 order for the counterface
roughnesses from 0.05 to 1.1 pum, while for HS carbon fibre composite it remains
almost the same.

‘/VlowRa < WhighRa

b) Counterface hardness effect

e FEriction coefficient of the composite is 2-3 times lower against harder metals than

against softer metals [47]. Other authors [38| observed that the friction coefficients
of the HM carbon fibres composite against 17 metals and alloys with hardnesses
from 58 £2 to 2000 VPN are rather equal. The effect of counterface hardness on the
friction coefficient of HS carbon fibres composites is not so clear: up to 500 VPN the
friction coeflicient is high and similar, for 500 — 1000 VPN for some materials the
tendency is the same, when for others the friction coefficient is 2.5 times lower and
does not depend on the counterface hardness, upper than 1000 VPN the tendency
of low friction coefficient continues. Moreover, a thin transfer film was observed in

the cases of low friction. )

Hsoft 2 MHhard

The values of wear volume of the composite are similar against gold, mild steel and
chromium [48]. Among 17 metals and alloys 38| rubbing against HM carbon fibres
composites only gold, copper, Al alloy and titanium did not provoke transfer film
formation and display high values of wear rate. In other cases, wear rate was rather
similar. There are large variations in the wear rates of HS carbon fibre composites
against the metals of different hardness.

?

Wsoft 2 Whard

1.3.5 Sliding speed and load effect

e Under four sliding speeds, the friction coefficient is smaller under light load and

increase with the speed growth. It is less sensitive to the variation of load than to
the sliding velocity [41].

HlowVv < HhighV 5 HlowN < HhighN

Wear volume increases with sliding speed increase for HM and HS carbon fibre
composites with different fibre volume fraction, but this dependence is not always
linear [37,49]. According to [41] wear volume increases linearly with the increase of
sliding speed and with normal load. In an experiment with HM carbon composite
against sapphire disk [42], the wear rates exhibit a minimum value at an intermediate
velocity for three orientations, the effect of velocity is more remarkable for the normal
orientation.

o
Wiowv < Wh'ighV 3 Wiown < WhighN
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The contact temperature of HM fibres composite contact with an optically flat sapphire
disk was measured with an infrared microscope [42], the increase of surface temperature
with sliding velocity until a certain value was observed for three fibre orientations. The
further increase of the sliding velocity does not change this value of the contact temperature
about 110°, which roughly corresponds to the glass temperature of epoxy.

1.3.6 Environment effect

The carbon fibre reinforced polymers friction is highly influenced by water presence in the
contact. The mechanism is similar to the one of the graphite friction, explained before.
The interruption of transfer layer formation causes frictional variations and dramatically
affects wear and friction values. Higher temperatures favor polymer matrix melting and
high wear.

e The friction coefficient of HS and HM carbon fibre composites descends with tempera-
ture rise until about 200°C' and reascends with further heating [48]. The steady state
friction coefficients in the atmosphere with high humidity are higher for any fibre
orientation and sliding speed of HM composite [49].

Hhumid > Hdry

e A temperature increase until 300°C' causes a rapid increase of wear rate [48]. High
atmosphere humidity significantly decreases the wear of HM composite [49].

Whumid < Wdry 5 Wiowr < WhighT

1.4 Conclusions and methodology of this study

This literature review of experimental works on carbon fibre-reinforced epoxy friction and
wear clearly shows that:

e There is a lack of information about friction between composites and composite /soft
material. The experiments with composite are usually carried out against metal
(steel) counterface;

e The experimental observations from different works are often contradictory, which
makes difficult to draw conclusions and understand general tendencies;

e The mechanisms of frictional dissipation and wear of composites are sophisticated
and change during the sliding process, which makes difficult, and maybe impossible,
to create a theory applicable to the whole process.

Therefore, in our work, we are interested in the frictional dissipation in composite /com-
posite and composite/epoxy sliding contact. The approach of the separation of interfacial
and bulk levels of frictional dissipation is adopted for our polymer composite study. The
both levels will be investigated experimentally on model polymer composite materials
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reinforced with carbon fibres or carbon nanopearls. The equivalent experiments on pure
epoxy will be carried out in order to trace the influence of carbon reinforcement.

The experiments on interfacial dissipation study will be carried out under low normal
loads and sliding velocities in order to avoid surface damage and bulk dissipation. The
aim of these experiments is to understand how the nature, content, shape and distribution
of fillers affect the frictional energy dissipation of polymer. Further, an analytical model
of interfacial friction between composites, based on the theoretical background given in
Section 1 of this chapter, will be developed and applied to the studied experimentally
composite contacts.

Finally, the bulk frictional dissipation of composites will be investigated by means of
application of severe tribological conditions, i.e. normal load and sliding speed. A special
attention will be paid to a study of wear mechanisms, which are expected under such
conditions. The wear mechanisms and laws presented in section 2 of this chapter will be
looked for and discussed, respectively, for composite and pure epoxy contacts. An attempt
to associate the frictional energy dissipation with the initiation and development of these
mechanisms will be made.



CHAPTER 2
Polymer composites reinforced with
carbon fillers

The literature review highlights the lack of knowledge regarding the interfacial dissipation
of composites, as defined by Tabor for polymers. Besides, it reveals the wide variety of
bulk friction and wear mechanisms observed according to the nature of the matrix and
of the filler. In this PhD work, we will focus on fundamental dissipation mechanisms at
stake at the interface and in the bulk. For this investigation, we will use model composite
systems. The main requirement is a sharp contrast of tribological properties between the
matrix and the filler, as well as a range of filler shapes in order to investigate a possible
anisotropy effect. In this context, epoxy matrix has emerged as a natural candidate. On
the other hand, carbon reinforcement is widely used and exists in various shapes and sizes.
Therefore, our choice of model composite systems was oriented towards carbon reinforced
epoxy composites. Namely,

e Pure epoxy;
e Carbon fibre-reinforced epoxy composites of 34, 52 and 62 % of fibre volume fraction;

e Carbon nanopearl-reinforced epoxy composites of 1, 15, 28 and 35 % of nanopearl
mass fraction.

From a tribological point of view, a material study requires consideration of its struc-
ture from atomic to macro structure, because all scales influence its frictional behavior.
Therefore, we start this chapter with an overview from nano to micro structure of carbon
fillers and their physical and mechanical properties. Along with carbon fibres and car-
bon nanopearls, used for our composite reinforcement, carbon blacks are presented in this
section due to their better state of knowledge and similarity to nanopearls.

Furthermore, this chapter successively presents two model composites with their manu-
facture processes and discusses these composites morphologies. Composite surface topogra-
phy and mechanical properties are also characterized and presented in this chapter.
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2.1 Carbon fillers

2.1.1 Crystalline and amorphous forms of carbon

Carbon has several crystalline forms, such as graphite, diamond, fullerenes and nanotubes,

and many transitional amorphous and partially crystalline forms, such as fibres, films,

membranes, glassy carbon, pyrolytic carbon and others. Basically, carbon has 4 electrons
on the outer orbit and is able to create sp, sp? and sp® atomic bonds (Fig. 2.1). The sp-
hybridisation relates to linear polymer chain of (—-C = C—),, or (=C =C = C =),, that
is called carbine. Carbon atoms of sp?-hybridisation form a lamellar graphite structure,
while tetrahedrons of carbon atoms of sp3-hybridisation form a diamond structure.
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Figure 2.1: Hybridization of carbon

Graphite is the carbon crystalline form found in nature. This is one of the first mate-

rials studied with X-rays, which revealed the parallel planes of carbon atoms in graphite
structure. A distance between these layers (see Fig. 2.2(a)) is equal to 0.335 nm. In each
layer, called graphene, carbon atoms form a network of regular hexagons with C' — C' dis-
tance of 0.142 nm. An energy of carbon-carbon bonding in the layer is 420...460 k.J/mole,
while an energy of interlayer bonding is equal to 42 k.J/mole. In 1924, Bernal [50] pro-
posed an idealized model of graphite structure (Fig. 2.2(a)), which has been accepted by
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other scientists. This is a lamellar structure, where each layer is formed by carbon atom
hexagons, and each atom is located exactly above the centre of the hexagon of an adjacent
layer. The graphene layers alternate in the 3D structure of graphite.

(b)

Figure 2.2: Atomic structure of (a) graphite, (b) turbostratic carbon

Such a structure implies a strong anisotropy of physical and mechanical properties.
However, real graphite materials consist of graphite flakes oriented randomly, which leads
to the general isotropy of a macrostructure.

Carbon fibres, as well as cokes are the products of thermic transformation of polymers
or glassy carbon. They are considered as a transition form of carbon: they contain areas
of different carbon structures. The transition form of carbon is composed of turbostratic
structure and amorphous carbon. Turbostratic structure resembles the graphite structure:
it is also formed by parallel hexagonal lattice planes of carbon atoms. But the relative
positions of carbon atoms in adjacent layers are random, see Fig. 2.2(b).

2.1.2 Carbon fibre: from micro- to nanostructure
2.1.2.1 Morphology and types of carbon fibres

The morphology and structure of carbon fibres is defined by a precursor, polymer chains
orientation and the heat treatment conditions [51]. They exhibit the effect of shape mem-
ory, which means that they keep the shape of the precursor fibres. The most common
precursor materials are PolyAcriloNytrile (PAN), rayon and pitch. Fibre cross-section
shape is set by the manufacturer and depends on the precursor material and extrusion
process. It can be round, hollow, square, triangular or have bean- or star-like shape.
For instance, PAN fibres, depending on manufacture method have round or bean-shape
cross-section, while carbon fibres produced from rayon often have star-like shape [52,53].
Several examples of carbon fibre cross-sections are presented in Fig. 2.3 using Scanning
Electron Microscopy (SEM).

The surface roughness of carbon fibres is also defined by the precursor material and
manufacture procedure. Generally, pitch-based fibres exhibit relatively smooth surface,
while star-shape fibres are very rough. Only produced from synthetic fibres, carbon fibres
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Figure 2.3: SEM observation of amorphous: (a) star-shape carbon fibres [54] (b) triangle
carbon fibre of E' = 115 GPa [55] and (c) round carbon fibre of E = 102 GPa [55]

have a micro-fibrillar structure and present anisotropic properties. The other types of pre-
cursor give an isotropic structure of carbon fibre. Moreover, the density of fibre structure
is not uniform: they contain micro- and macro-defects and pores.

Usually carbon fibres are classified onto 3 types, distinguished by maximal heat treat-
ment temperature. They manifest distinct mechanical and tribological properties. These
3 types, the temperature conditions of manufacturing and their main differences in terms
of mechanical characteristics are presented in Table 2.1.

Rupture Young’s Carbon

Heat treat t Crystalli i
eat treatmen rystalline strength modulus contain,

Carbon fibre t i i
arbon fibre type temperature, °C  orientation

M Pa GPa % mass
Type I Mainly
High modulus > 1500 parallel to the 2000-3000  350-700 > 99%
(graphitic fibre) fibre axis
Type 11 Mainly
High strength 800-1500 parallel to the 3000-7000  200-300  91% — 98%
(carbon fibre) fibre axis
Type II1
isotropic
(Low modl)llus < 800 Random 500 1000 30-50 < 0%
Medium strength 1000-2000  50-150

Table 2.1: Classification of carbon fibres [56,57]

2.1.2.2 Models of carbon fibre structure

Although, the majority of scientists agree that carbon fibres contain mostly turbostratic
structure, several models of carbon fibre structure coexist. Some of them will be presented
below in this section.

Ribbon-like structures. A model of carbon fibre structure based on small-angle X-ray
scattering and electron microscopy observations was proposed by Watt and Johnson and
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schematized by Ruland [58]. This structural model includes an alternate of straight and
bent parts of fibrils, forming a stretch network. The crystallites are arranged in chains
inside the fibrils of about 50 nm diameter. The voids in this structure are long (20 — 30
nm) and thin (average cross-section 1 —2 nm), mostly oriented in the fibre axis direction.
A basic structure unit is ribbon-like turbostratic carbon layer.

Using Tunnel Electron Microscopy (TEM) technique to examine high-modulus fibres,
Diefendorf and Tokarsky found the wrinkled ribbon structure in carbon fibres. The thick-
ness of these ribbons are from 13 to 20 layers, and their width is between 4 and 9 nm. In
spite of the evidence of the fibrils in carbon fibre structure, it is more preferable to present
crystallite packing as ribbon-like structure, because the torsional rigidity of fibre is not low,
as it could be expected if the fibril was a structural unit. A number of observations with
dark-field microscopy, X-ray wide-angle scattering and transmission electron microscopy
of pitch, rayon and PAN-based carbon fibres of different treatment temperatures confirm
the presence of slightly undulating ribbons of sp?-carbon, as the basic structural unit.

A model for both HM and HS fibre structure was proposed by Oberlin. According to
him, HM fibres have aromatic layers with a larger transverse radius of curvature, which
decreases from the periphery to the centre of the fibre, while the HS fibres have aromatic
layers with a smaller but uniform radius of curvature.

Some studies [57] of carbon fibres after different stages of oxidation and heat treatment
showed a lamellar structure in fibre. The formation of this structure is a function of the
graphitization temperature. The lamellar phase has a ribbon width of 230 nm, while
for fibrillar structure this value is less than 10 nm. Jonhson et al. [59] suppose that
the fibrillar structure gradually changes into the lamellar one as the preferred orientation
becomes stronger. Many studies showed that both fibrillar and lamellar structures exist
simultaneously in carbon fibre.

Circumferential- Radial or onion-skin model and 3D models. By examining with optical
microscopy PAN-based carbon fibres produced under different conditions, Knibbs [60]
identified three types of fibre cross-section. The first type shows some layers with circum-
ferential preferred orientation in outer zone and a randomly oriented inner zone. The
inner zone of the second type is radially oriented, while the outer is also circumferential.
Finally, all layers of the third structure have a circumferential preferred orientation. It
was found that high temperature treatment does not influence the preferred orientation,
but only the crystalline alignment.

SEM observations of carbon fibres after etching in oxygen plasma allowed Barnett and
Norr [61] to conclude that a carbon fibre consists of a more etch-resistant central region,
a less etch-resistant outer ring and the radial ridges and valleys between them. Based on
these observations for Modmor I carbon fibre they proposed the macrostructure model,
but admitted that other fibres may not necessarily have all these structure elements.

A three-dimensional carbon fibre model confirmed by optical, SEM and X-ray diffrac-
tion studies for fibres from different precursors was constructed by Diefendorf and Tokarsky
[62]. Fig. 2.4 presents this model for the rayon-based fibre structure, which consists of
randomly oriented microfibrils, and for two PAN-based carbon fibres, which have a more
complex internal radial structure.

Fig. 2.5 reveals the difference in carbon fibre structure correlated to their elastic
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Figure 2.4: Diefendorf and Tokarsky’s three-dimensional models [62] for (a) Rayon-based
Wyb carbon fibre, (b) PAN-based Fortrail 4y carbon fibre, (¢) PAN-based CS-1 carbon
fibre

moduli. The SEM photos are given from the left to the right in the order from the lowest
Young’s modulus of £ = 377 GPa to the highest Young’s modulus £ = 950 GPa. One
can notice that the carbon fibre structure becomes more arranged, lamellar or fibrillar,
with the increase of elastic modulus [54,55].

(b)

Figure 2.5: SEM photos of: (a-c) High modulus carbon fibres of E = 377 GPa, E =
436 GPa and E = 640 GPa, respectively [63]; (d) Ultra high modulus carbon fibres
Granoc ® of E = 950 GPa [64]

2.1.2.3 Physical and mechanical properties of carbon fibres. H extow® AS4
carbon fibres

In comparison to other fibres used in composite industry, carbon fibres have extremely
high values of elastic modulus and strength, chemical and thermal stability, low linear
thermal expansion coefficient (CLTE), specific tribological properties, high thermal and
electrical conductivity. Several typical characteristics of carbon and graphite fibres are
shown in Table 2.2.

In this work, the fibres, selected to reinforce our composite samples, are H exTow® AS4
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Type of fibre Density, Specific area, CLTE 1075,
g/em? m?/g K
Graphite fibre (Type I) 1.8 —2.15 0.15—-3 -1.5—-2.5
Carbon fibre (Type II, III) 14-138 1 —1000 -1.5—-1.5
Specific electrical Thermal Specific
Type of fibre resistivity conductivity, heat
105, Omm W/(m - K) J/(kg K)
Graphite fibre (Type I) 0.3—-1 1.7-2.0 0.6
Carbon fibre (Type II, III) 1-70 0.8—-1.6 0.8

Table 2.2: Typical physical properties of carbon and graphite fibres [56]

carbon fibres. These continuous fibres are produced from PAN precursor fibres. They are
characterized by high strength and strain. Several mechanical and physical properties of
these fibres are presented in Table 2.3. Optical observations are also shown in Fig. 2.6.

Density, Filament Carbon Tensile Tensile modulus Ultimate
g/cm®  diameter, content, strength, (Chord 6000 — 1000), elongation
wm % M Pa GPa at failure, %
1.79 6.5 94 4.43 231 1.8

Table 2.3: Carbon fibre HezTow® A54 properties [65]

Bl

L

Figure 2.6: Carbon fibres H exTow® AS4 by optical microscopy

2.1.3 Carbon black

Carbon black is the name of the large range of carbon compounds, produced by oil fur-
nace, lampblack, channel, thermal or acetylene processes [59]. Carbon black has many
applications, mostly as a filler for rubbers and polymers. Its properties, such as electrical
and thermal conductivity, color, aging (UV protection), reinforcement as well as low cost,
lead to use it in tyre, wire and cables, electrical isolators, etc.

The temperature of its formation is usually between 700 and 2500 °C. Like carbon
fibres, they have an amorphous core enveloped by parallel, but disoriented graphene layers,
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which put them into the class of turbostratic carbons, see Fig. 2.7. The crystalline
fraction and orientation of graphene layers both depend on temperature of treatment. Due
to aggregation phenomena, several structural levels are distinguished for carbon black.
The first level is constituted from elementary particles, small spheres, paracrystalline,
inseparable components of an aggregate. Their diameter varies from some dozens to
some hundreds of nanometers. These particles form secondary structures, referred to
as aggregates, a discrete, rigid colloidal entity that is the smallest dispersible unit; it is
composed of extensively coalesced particles. The particle is separable from the aggregate
only by fracturing. The aggregates form agglomerates. While particles and aggregates are
formed by covalent bonds, the organization of agglomerates results from Van der Waals
bonds. The carbon black can contain sulfur, oxygen, hydrogen or nitrogen, depending
on the fabrication process and precursor. Its physical properties vary largely and highly
depend on the fabrication process.

Primary Aggregate Agglomerate

particle
) g‘a gg

10-100nm 50-500nm >1um
(b)

Figure 2.7: (a) Model of carbon black particle composed of graphene plates [66] (b)
Agglomerate structure of carbon black

2.1.4 Carbon nanopearl

Carbon nanopearls (CNP) are monodispersed spherical particles, which form a foam-like
macrostructure of continuous 3D chains analogous to strings of pearls [67].

Carbon nanopearls, used as a filler for our composite materials, are provided by Insti-
tute of Nanotechnology of Lyon (INL). Fig. 2.8 shows a nanopearl foam manufactured by
chemical vapor deposition process. The features of this process and main physical prop-
erties of the nanopearls are described in the paper of Levesque et al. [67] and their patent
on this manufacture method [68]. These particles are synthesized using Ni nano cluster
catalysis at only 700 °C. The diameter of particles described in the patent is about 150 nm.
However, the particles used in our study are from the next generation and have a diameter
of 90 nm. A polydispersity is estimated at about 85 %. The highly bent nanopearl strings
can reach a length of ten microns. Fig. 2.9, adopted from [67], shows HRTEM images
of carbon nanopearls, which demonstrate their spherical shape. This high magnification
image also shows carbon flakes of 2 — 6 nm size covering the nanopearl surface with an
interfringe distance of 0.47 nm. The diffraction pattern, inset in the right image, indicates
the mixture of amorphous and crystalline carbon species, which was confirmed by Raman
spectroscopy measurements.
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The advantages of these nanopearls compared to carbon black are low cost, relative
simplicity of fabrication and monodispersity and purity of particles, as well as field emission
properties.

80um

Hv: 20.0 kviR

Figure 2.8: SEM image of the carbon-nanopearls foam-like structure

Figure 2.9: HRTEM images of the carbon nanopearls, adopted from [67]
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2.2 Carbon fibre-reinforced epoxies (CFRE)

In this section, we successively present pure epoxy and CFRE composites with their macro-
scopic physical and mechanical properties; their surface preparation and topographical
properties and, finally, their surface mechanical properties, measured by nanoindentation
at the laboratory ICS of Strasbourg.

2.2.1 Epoxy resin as a matrix. HexPly®M10.1 epoxy resin.

The matrix, principal component of any composite material, provides the integrity of com-
posite, fixes a shape to final product and relative positions of reinforcing fibres. It also
distributes the applied load between fibres into material bulk and provides its redistribu-
tion if several fibres are ruptured. The strength properties of the matrix become crucial
either under shear loading, or tensile/compressive loading of composite in transversal fibre
orientation, or submitted to cyclic loads.

Matrix material can have the same nature as reinforced material, for instance carbon,
ceramic, metallic matrix. However, the majority of fibre-reinforced composites are manu-
factured on basis of polymers. Two major groups of polymers, thermosetting and thermo-
plastic, with completely different thermal behavior, can be considered in composite design.

Thermoplastic polymers, semi-crystalline and amorphous, are characterized by the
ability to change reversibly their phase state from liquid to solid with temperature, without
material destruction. Their mechanical characteristics are not inferior to these of cured
thermosettings, while their chemical resistance and leaktightness often exceed those of
thermosettings. Their disadvantages as composite matrix are the strong dependence of
mechanical properties on temperature, low heat resistance and manufacture problems
caused by high viscosity of the molten state [69]. Thermoplastic resins are generally less
expensive than thermosettings.

Thermosetting resins are synthetic polymers, which are stored in liquid state before the
composite impregnation process. The curing of the majority of thermosetting resin with a
hardener or catalyzer is necessary to create cross-linked three-dimensional polymer chains.
The final product is infusible and insoluble polymer, incapable to further phase transition.
Cured thermosetting plastics have higher values of hardness, heat resistance, elastic mod-
ulus, fatigue strength and lower linear thermal expansion coefficient than thermoplastics.
This set of properties gives them more applications as composite matrix material.

Epoxy resin, which we use as composite matrix in our study, is a thermosetting poly-
mer. In addition to already mentioned thermosetting properties, it has high adhesion and
high resistance to humidity and radioactive emission. One of the disadvantages of epoxy
resin is a relatively low heat resistance resulting in a dramatic loss of strength at near glass
temperature [69]. Table 2.4 presents several typical physical and mechanical properties of
cured epoxy.

H eacPly®M 10.1 epoxy resin is used as a matrix for manufacturing of carbon fibre-
reinforced composites presented further. It is a formulated epoxy resin, suitable for low
pressure moulding processes. The range of processing temperature of this epoxy resin is
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Tensile Compressive Young’s Poisson’s Elongation
strength, strength, modulus, coefficient %
MPa MPa GPa °C
35— 100 90 — 160 2.4—4.2 0.4 2—9
Volume CLTE -10°, Glass Thermal
shrinkage K1 temperature, ©° C conductivity, W/(m K)
1-5 4.8 -8.0 120 0.19

Table 2.4: Order of magnitude of physical and mechanical properties of cured epoxy
[56, 69, 70]

from 85° C up to 150° C at pressure between 0.9 and 5 bar. It has high fatigue resistance
and a long pot-life at room temperature. Nominal density of this resin is 1.20 g/cm? [71].

2.2.2 On the importance of fibre-matrix interface

The interface between composite components is responsible for its global mechanical prop-
erties, because it is the most probable area of material rupture and it transfers a load from
matrix to fibres. The fibre-matrix interface can be studied at two levels [72]. At the molec-
ular level, the interaction is determined by chemical structures of fibres and matrix and
is due to Van der Waals forces, acid-base interactions and chemical bonds. At the level
of single fibres, the fibre-matrix interaction is usually described in terms of load transfer
parameters, as bond strength, interfacial shear stress, critical energy release rate, etc. In-
terphase is often considered to have properties differing from those of fibre and matrix |73].

In order to increase fibre-matrix adhesion, a surface layer is weaker than carbon fibre
core, can be removed from the carbon fibres by oxidation, usually with acid. After this
treatment, there are reactive groups, such as —COOH, —CHO and = CO, on the fibre
surface that permit easy chemical bonding with polymer matrix |[74].

There are a number of fibre-matrix interface characterisation tests, such as single fibre
pull-out test (and its variations as microbond test or three-fibre test) or push-out test,
fragmentation test, Broutman test, etc. For carbon fibre reinforced polymers, because
of ductility of their matrix and brittleness of the fibres, the most adequate test is the
fragmentation test [74]. Another method to characterize fibre-matrix interface is to study
damping properties of composite material. An interfacial bonding is defined by Dynamic
Mechanical Analysis testing, and associated with damping coefficient tand [75].

For instance, the single fibre pull-out experiments [74| with carbon fibre (sized AS1
graphite fibres) reinforced epoxy resin show, that interfacial shear stresses at the instant
a fibre emerged from matrix are from about 9 to 13 MPa, coefficients of friction vary from
0.42 to 0.58 and shear strength of the interphase, estimated from the slope of maximal
force causing bond failure versus embedded length, is from 33 MPa to 56 MPa. These
values change with cure temperature of epoxy resin from 60°C to 135°C.
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2.2.3 Prepreg H exPly® and multilayer unidirectional composite CFRE
62%

The unidirectional composite samples for our frictional study were manufactured from
HexPly®M10/38%/UD3()O/CHS prepreg. It is a unidirectional high strength carbon
fibre/epoxy prepreg. Its name carries information about its components: M10 is the
epoxy resin type; 38 % is the resin content by weight; UD300 means 300 g of fibres per 1
m? of prepreg and CHS represents high strength carbon fibre reinforcement. Tables 2.5
and 2.6 present physical and mechanical properties, relatively, given by the data sheet of
this prepreg. Photos of two composite samples produced from this prepreg are shown in
Fig. 2.11 (e, f). These samples will be referred to as CFRE 62% in this thesis.

Areal Cured ply Fibre Resin weight Laminate Glass transition

weight, thickness, volume, content, density, temperature, °C
g/m? mm % % g/cm?
484 0.322 52.4 38 1.57 120

Table 2.5: Nominal physical properties of Hea:Ply® M10/38%/UD300/CHS prepreg [76]

Tensile Tensile @ Compressive Compressive Flexural Flexural ILSS,
strength, modulus, strength, modulus, strength, modulus, M Pa
M Pa GPa M Pa GPa M Pa GPa
1700 130 1250 110 1400 127 80

Table 2.6: Mechanical properties of HexPly® M10/38%/UD300/CHS prepreg |76]

2.2.4 Intermediate fibre volume fraction composites

The samples of intermediate fibre volume fractions were manufactured by a third company
from AS4 carbon fibres and M10.1 epoxy resin. They contain unidirectional carbon fibre
layers of about 0.5 mm thickness immersed into epoxy, see Fig. 2.10. The resulting
structure is highly heterogeneous in volume, as well as on surface perpendicular to fibre
layer due to misalignment of fibre layers. Fibre volume fraction of these composites was
provided by the manufacturer and is equal to 34 and 52 % for two composite types.

The sample overview photos in Fig. 2.11 clearly shows the dark zones of pure epoxy
and grey zones of carbon fibre hanks exposing on the surface. The percentage of pure
epoxy zones on the surface is estimated from the overview surface photos by means of the
software ImageJ. A grey color threshold is imposed and the areas of upper and lower color
zones are calculated. Hence, on macroscale, the circular CFRE 34% sample has about 35
% of epoxy, and the circular CFRE 52% sample has about 16 % epoxy on the surface.
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Figure 2.10: Cross-section of intermediate volume fraction composite material: transpar-
ent epoxy filled by the layers of fibre tissues

(f)

Figure 2.11: Carbon fibre-reinforced epoxies of (a, b) 34% (CFRE 34%), (c, d) 52% (CFRE
52%), (e, f) 62% (CFRE 62%)fibre volume fraction
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2.2.5 Composite and epoxy surface preparation and topography

All manufactured composite material and pure epoxy operating surfaces are prepared us-
ing a similar protocol. Surface grinding with abrasive papers is performed on the polishing
machine Presi Mecapol P220U. The speed of grinding is regulated by user and can reach
400 rpm on 200 mm diameter plate. The procedure of grinding is carried out manually:
sample holding and pressure supply and its distribution onto the sample surface are con-
trolled by operator hands. A jet water spray system continuously supplies the water to the
sample/abrasive paper contact to prevent sample overheating and evacuate wear particles.
The abrasive silicon papers P600, P1200, P2400 and P4000 are successively used for each
sample surface. The duration of the procedure is adapted for each initial material surface:
generally, it is longest for CFRE composites and shortest for pure epoxy surfaces.

There are many experimental techniques of rough surface measurements. The choice
of experimental technique must be based on the expected surface characteristics. In our
case of ground composite and epoxy surfaces, the tactile profilometry is sufficient. A
profile of any rough surface is decomposed on primary, waviness and roughness profiles.
The definitions of main standard roughness characteristics, which are equivalent to the
characteristics of waviness profile after the filter application, are presented in Table 2.7.

Name and symbol Definition Formula
Average roughness Average absolute deviation from mean Ra= 17" |y
R, line over one sampling length a = 2ui=11Yi
RMS roughness Root mean square deviation from profile R _ \/m
R, mean line over sampling length e =\ Zim1 Vi
Third central moment of profile amplitude
Skewness . . ) R — 1 n 3
n probability density function, measured sk = RS D i1 i
sk over sample length
. Fourth central moment of profile amplitude
Kurtosis - . . R — 1 no_4
Ry probability density function, measured ku = nRT D i1 Y
u

over sampling length

Table 2.7: Standard roughness characteristics. y; defines the height of i-point relatively
the mean line [77]

The surface profile map of CFRE 62% composite is measured with Dektak 150 Surface
Profiler of Veeco Instruments Inc. in order to verify the homogeneity of surface topog-
raphy after polishing. An example of 3D map of polished CFRE 62% surface, measured
on the 1 x 1 mm area with the step of 200 nm and a distance between adjacent profiles
of 1 um, is presented in Fig. 2.12. The stylus of 12.5 um tip radius is used for these
measurements. The surface characteristics on the left of the surface map image are cal-
culated by Veeco software. This surface map reveals, that the polishing does not smooth
the whole composite surface: polished carbon fibres apparently protrude from the matrix
as 1 — 1.5 ym.

The surface of pure epoxy samples is homogeneous. Moreover, taking into account large
surface of our samples, several individual profiles are measured in different places in order
to evaluate more accurately the surface statistic, than with a local surface map. The
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individual surface profiles are measured with Surfascan Somicronic tactile profilometer
with the stylus of 2.5 pm radius tip and the step of 4 ym. Fig. 2.13 (a) presents an
example of the measured profile of pure epoxy sample, while its roughness and waviness
characteristics, together with those of CFRE 62% composite surface, are reported in Table
2.8.

Surface Statistics:
Ra 381.2Z2nm
Rq 461.85 nm
Fz: 334um

Et: 393 um

Set-up Parameters:
Size: 5000 X 1000

Sampling: 200.00 am

Processed Options:
Terrns Removed

Tt

Filtermg,

Hone

Wiicro Form: o

1} 100 200 200 400 500 G600 70O 800 G00  1000

Figure 2.12: Surface map of CFRE 62% sample 1 x 1 mm area

Due to the high heterogeneity of the surfaces of CFRE 34% and CFRE 52% (see photos
of surfaces Fig. 2.11) the average waviness and roughness characteristics for these surfaces
are meaningless. Two examples of CFRE 52% surface profiles are presented in Fig. 2.13
(b, ¢). The smooth zones of surface on Fig. 2.13 (b) corresponds to pure epoxy zones,
while the rough protuberances represent carbon fibre hanks. The profile of Fig. 2.13 (c)
is taken along the fibre direction on the center of a fibre hank. It clearly shows that fibre
hanks protrude from the matrix. The knots of fibre hanks are covered by matrix, as it is
seen on Fig. 2.11 (c) surface photo.

Material Rgq, ym Rsk Rku
Pure epoxy 0.07+£0.003 —1.03+£0.433 7.84 4+ 2.205
CFRE 62% 0.53+0.074 —0.48+0.114 3.34 +0.309

Waq, um Wsk Wku
Pure epoxy 0.05+0.001 —1.004+0.569 4.27 4+ 1.052
CFRE 62% 0.424+0.108 0.01 £0.750 2.98 4+ 0.672

Table 2.8: Surface characteristics of track samples based on 3 measurements for each
material type (ISO4287)
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Figure 2.13: Typical examples of surface profiles of (a) pure epoxy, (b) CFRE 52% across
fibre direction, (¢) CFRE 52% along fibre direction centered in a fibre hank

2.2.6 Composite and epoxy surface mechanical properties. Nanoinden-
tation

Measurements of surface mechanical properties with nanoindentation technique were car-
ried out by Dr Anne Rubin from Institut Charles Sadron (ICS) of Strasbourg. The
nanoindentation test consists in the penetration of tested material specimen with a hard
indenter of specified shape. The known geometry of the indenter along with the measured
penetration depth gives the contact area, which, together with the measured full load,
provide the material hardness. The elastic modulus can be calculated from the initial
elastic part of the unloading curve.

Pure epoxy and carbon fibre-reinforced epoxy of 62% of fibres were tested in order to
study the influence of reinforcement on local mechanical properties of fibres and epoxy ma-
trix. The tests were carried out on the CSM Ultra Nanoindentation Tester with Berkovitch
indenter tip under ambient environmental conditions. The penetration velocity of loading
and unloading for these static indentation tests is 10 mN/min, or 2 pum/s, in terms of
displacement. A pause of 20 seconds is made after total loading for all indentations.

The imprint of the indentation tip into the pure epoxy, which demonstrates visco-
elastic polymer nature by recovering of indentation sides, is shown in Fig. 2.14 (a). The
curves of force vs penetration, corresponding for three indentations into pure epoxy, are
presented on Fig. 2.15 (a). The visco-elastic nature of polymer can be also noticed
from the polymer deformation during the pause after total loading, while its visco-elasto-
plastic behavior is seen from the large hysteresis loop of loading-unloading. We observe,
that under the applied force of 10 mN, the measured penetration depth in pure epoxy is
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about 1500 nm. These measurements, treated by the Oliver and Pharr method [78], give
an elastic modulus of 4.5 £ 0.1 GPa and a hardness of 256.7 + 8 MPa.

The points of indentation into CFRE composite material are marked by red numbers
on the microscopic image of the examined area in Fig. 2.14(b). The minimal distance
between the indentations is 20 ym. Fig. 2.15 (b) and (c) present the curves for indentations
into epoxy matrix and a carbon fibre, respectively. The behavior of epoxy matrix is similar
to that of pure epoxy. The larger dispersion is explained by a closeness of carbon fibres
beneath the surface to indentation points, which influences the measurement. The elastic
modulus of 6 + 0.4 GPa and the hardness of 241.2 + 42 MPa are found for epoxy matrix
zone.

In contrast to epoxy, carbon fibre deformations are purely elastic. They demonstrate no
hysteresis loop and a higher rigidity. In this case, the force of 10 mN causes a penetration
depth of about 500 nm. The calculated transversal elastic modulus of carbon fibre is
20.7 + 1.4 GPa, while its hardness is equal to 4401.4 4+ 325.4 MPa. The values of hardness
and elastic moduli of pure epoxy and epoxy matrix and carbon fibre of composite material
are summarized in Table 2.9.

Stk

bl
H:

(a) (b)

Figure 2.14: Residual impressions after nanoindentation test on (a) pure epoxy and (b)
carbon fibre-reinforced epoxy

Material Hardness, MPa  Elastic modulus, GPa Poisson’s ratio
Pure epoxy 256.7 £ 8 4.5+0.1 0.4
Epoxy matrix (composite) 241.2 + 42 6+04 0.3
Carbon fibre (composite) — 4401.4 £ 325.4 207+14 0.3

Table 2.9: Surface mechanical properties measured by nanoindentation and Poisson’s ra-
tios used for their calculation

The value of measured carbon fibre transverse modulus can be compared with the
similar measurements of [63]. The authors performed nano indentations with a Berkovitch
indenter by a dynamic/continuous stiffness measurement method with a frequency of 70
Hz. They tested three high modulus carbon fibre-reinforced epoxy composites, with the
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longitudinal tensile modulus of fibres of 377, 436 and 640 GPa. SEM images of these
fibres have been presented before, in Fig. 2.5. The measured transversal elastic moduli
of these fibres are of 15+4.9, 14 + 5.7, 10.7 + 3.1 GPa, respectively. Taking into account
this dropping tendency of transversal modulus with an increase of longitudinal modulus,
our value of 20 £ 1.4 GPa seems to be absolutely reasonable for carbon fibres of 231 GPa
of longitudinal modulus. The same authors found a value of 4.5 +£ 0.1 GPa for elastic
modulus of epoxy matrix, which perfectly coincide with our value for pure epoxy, but is
less than our value for epoxy matrix. As we said before, it must be due to a proximity of
fibres beneath the epoxy surface.

2.3 Carbon nanopearl-reinforced epoxies (CNPRE)

This section focuses on carbon nanopearl-reinforced epoxy composites, their manufactur-
ing and properties. Thus, it starts with a brief epoxy resin description, as this epoxy is not
similar to that used for CFRE composites. Then, it presents the manufacturing method
and a morphology of produced composite samples. It ends with surface characterization
and observations of these composites.

2.3.1 R&G Faserverbundwerkstoffe epoxy resin

For manufacturing of these composite samples, we used R&G Faserverbundwerkstoffe
GmbH epoxy resin L, a bisphenol A/F resin, and its hardener L, a modified cycloaliphatic
polyamine. This hardener required processing time of 40 min at 20°C per 100 g of mixture,
curing time for 1 mm laminate is 24 h at 20°C. Mixing ratio of hardener and resin is 40

100 by weight. The mechanical properties of epoxy resin cured for 7 days at room
temperature, as provided in the data sheet, are given in Table 2.10.

Tensile Compressive  Tensile Flexural
strength, strength, modulus, strength,
M Pa M Pa GPa MPa
62 118 2.65 98
Heat distortion Elongation Impact
temperature, at break, strength,

°C % kJ/m?
65 4.5 25

Table 2.10: Mechanical properties of cured epoxy resin R&G with hardener L (cured 7
days at room temperature) [79]

2.3.2 Composite manufacture method

The carbon nanopearl-reinforced composites are manually manufactured by moulding
method. This process involves several stages: a design and fabrication of a mould and a
fabrication of composite and epoxy specimens.
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Figure 2.15: Compliance curves for (a) pure epoxy, (b) epoxy zone and (c) carbon fibre

zone of CFRE 62% surface
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The mould is produced from PolyDiMethylSiloxane (PDMS) produced by Sylgard
company. PDMS is a transparent flexible silicon-based organic polymer, which needs a
curing agent to cross-link. Fabrication process of PDMS mould is described in detail
in Annex 2. The cured PDMS mould with inserted objects is presented in Fig. 2.16.
This design of the mould permits us to produce two rectangular and three cylindrical
specimens, simultaneously, in order to ensure a similar nanopearl concentration in both
rubbed specimens and repeatability of the results.

Figure 2.16: PDMS mould containing the objects to form the cavities for composite sam-
ples

Carbon nanopearl-reinforced epoxy composite of four CNP mass concentration and
pure epoxy samples are manufactured by the similar technique in this mould. Mass con-
centration M, of CNPs is calculated by M. = Mcnp/(Mcnp + Mep), where Mconp and
M., are the masses of CNPs and epoxy, respectively. Manufacture process for nanopearl-
reinforced composites required similar facilities as for PDMS mould fabrication, and in-
volves following steps:

1. Pour the epoxy resin into the plastic cup placed onto the balance;

2. Add the hardener in proportions for 100 parts of resin, 40 parts of hardener by
weight and manually stir the mixture with the laboratory spatula for 3 minutes;

3. Add CNPs in a desirable mass proportion, stirring continuously the mixture for 5
minutes;

4. Pour the mixture of epoxy-nanopearls into the PDMS mould;

5. Put the mould into the desiccator, close it and connect to the vacuum pump. Leave
to degas for 30 minutes;

6. Take out the mould from the desiccator and put it into the furnace at 60°C for 2
hours.
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7. Take out the mould with cured samples from the furnace, let it cool down and
carefully take out the samples.

The procedure of curing pure epoxy sample is identical to the described above, with-
out CNP addition. The examples of freshly demoulded CNPRE composite samples with
untreated surfaces are presented in Fig. 2.17.

(a) (b)

Figure 2.17: Freshly demoulded samples of CNPRE 1% composite. The samples of 15, 28
and 35 % are visually similar

2.3.3 Morphology of CNP-reinforced composites

Four composite materials with CNP mass concentrations of 1%, 15%, 28% and 35%, as
well as pure epoxy samples, were produced. High porosity is observed for composites with
CNP mass concentration more than 1%. Examples of composite surfaces are presented in
Fig. 2.18. The porosity of composite surface is calculated by image treatment technique,
using ImageJ software. As for carbon fibre-reinforced composites, the threshold of grey
color on the surface is imposed and the percentage of black pixels, corresponding to the
composite surface area, is calculated by the software.

Two examples of composite surface porosity, CNPRE 15% and CNPRE 28% surfaces,
are given by SEM image in Fig. 2.19. The surfaces of these samples are also studied in high
magnification (x23200) by SEM, see Fig. 2.20. The nanopearls are clearly distinguished
on both surfaces, with an obvious prevalence of their fraction on the surface of CNPRE
28% sample. A sample of CNPRE 35% was cracked into two parts and covered by a thin
gold layer in order to study the fracture. Fig. 2.21 presents a global view of this fracture,
confirming a porosity of composite volume, and a high magnification (x20000) SEM image
of this fracture. The spherical protuberances, corresponding to nanopearls, have diameter
of 110 — 250nm, which means that carbon nanopearls of 90 nm diameter are covered by
epoxy layer (and this gold layer).

The density of carbon nanopearl-reinforced composites and pure epoxy are calculated
from measured volume and mass of the manufactured samples and presented in Table
2.11.

2.3.4 Composite surface preparation, topography and observation

The rubbing surfaces of CNPRE composites were prepared by the similar grinding proce-
dure as those of carbon fibre-reinforced composites.
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92% 95%

Figure 2.18: Surfaces of CNPRE 15% composite with surface area percentages, deduced
by the image treatment technique
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Figure 2.19: Global views of (a) CNPRE 15% surface and (b) CNPRE 28% surface taken
by scanning electron microscope
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Figure 2.20: High magnification (x23200) of (a) CNPRE 15% surface and (b) CNPRE
28% surface taken by scanning electron microscope

Figure 2.21: (a) Global view of golden CNPRE 35% fracture and (b) high magnification
(x20000) view of golden CNPRE 35% fracture taken by scanning electron microscope

Composite Average Volume, Mass, Average
porosity, % cm? g density, g/cm?
Neat epoxy 0 5.73 (0.87) | 6.49 (0.97) 1.12
CNPRE 1% 0 8.71 (1.50) | 9.76 (1.68) 1.12
CNPRE 15% 5 (8) 7.17 (1.40) | 8.24 (1.70) 1.18
CNPRE 28% 5 (10) 6.84 (1.65) | 8.29 (2.20) 1.27
CNPRE 35% 3 (13) 7.23 (1.54) | 9.99 (2.24) 1.42

Table 2.11: Measured volume and mass of carbon nanopearl-reinforced and neat epoxy
tracks (and sliders) and calculated average composites densities
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CNPRE with carbon nanopearl content higher than 1% present high level of porosity,
which makes impossible and useless the surface profile measurements and calculation of
topographic characteristics. However, CNPRE 1% composite is relatively even and ho-
mogeneous at microscopic scale. Therefore, as for pure epoxy, several individual profiles
taken in different surface areas are more representative of the surface statistic, than a
local surface map. Fig. 2.22 presents an example of the measured profile of CNPRE 1%
sample, while its roughness and waviness characteristics are presented in Table 2.12.

Rq, ym ‘ Rsk ‘ Rku ‘ Waq, um ‘ Wsk ‘ Wku

0.07 £ 0.001 | 2.36 + 1.266 | 24.82 +14.06 | 0.23 +0.030 | 1.26 +2.166 | 11.24 £ 10.75

Table 2.12: Surface characteristics of CNPRE 1% track sample based on 3 measurements
for each material type (ISO4287)

Figure 2.22: Typical example of surface profile of CNPRE 1% composite

2.4 Synthesis

To conclude this chapter, we will summarize the main characteristics and properties of
composite materials presented before. Their main points of difference and similarity are
presented in Table 2.13.
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Composite CFRE CNPRE
Matrix material Epoxy Epoxy
Carbon filler Fibre Nanopearl

Atomic structure
of filler

Filler shape

Characteristic size
of filler

Filler concentration
Anisotropy

Surface state

Hardness
Elastic modulus

Turbostratic graphene planes
around amorphous center

Long cylinder

Z 7 pm

Length: some mm—m

34, 52, 62 % in volume
Anisotropic

CFRE 34, 52 %: heterogeneous
CFRE 62%: homogeneous,

but rough (R, = 0.53pm)

Hcr ~ 4400 MPa, H,), ~ 240MPa
Ecr ~20.7 GPa, E., ~ 6 GPa

Turbostratic graphene planes
around amorphous core

Aggregate of spherical particles
Particle: g 90 nm

Agregates length: pm—mm

1, 15, 28, 35 % in mass
Isotropic

CNPRE 15, 28, 35 %: porous
CNPRE 1%: smooth (R, = 0.07um)

Table 2.13: Main differences and similarities of CFRE and CNPRE composites






CHAPTER 3
Interfacial frictional dissipation:
experimental study

As it was shown in Chapter 1, interfacial and bulk zones of frictional dissipation in poly-
mers are distinguished. However, the interfacial friction component is independent on the
mechanical properties of composite [80]. It takes place at the composite surface and is
determined by the interfacial shear stress. In this context, the term ’surface’ means a layer
of 10 — 100 nm, as it consists in various composite phases.

This chapter presents an experimental study of interfacial friction carried out on carbon
fibre—reinforced epoxy and carbon nanopearl-reinforced epoxy composites, as well as pure
epoxy, described in Chapter 2. The key condition for such a study is an absence of
surface damage. This can be reached by applying low pressures, which means a use of
large surfaces and low normal loads. Presented in Chapter 1 literature review on carbon-
fibre-reinforced epoxy friction reveals that it is sensible to many factors. However, the
general tendencies are not clear and change from one experiment to another. Moreover,
neither frictional behavior between two composites has been studied enough, nor the
aspect of interfacial friction of composites has been evaluated. Therefore, a preliminary
study of normal load and sliding velocity effect was carried out in order to establish sliding
conditions preventing surface damage. The aim of this chapter is to analyze experimentally
how the fillers contribute to interfacial friction of the polymer matrix. This analysis will
be performed by variation of filler content in two composite types. Along with the filler
concentration, the effect of fibre orientation will be studied for carbon fibre-reinforced

€poxy.

Contents

3.1 Friction at the macroscale . .. ... ... ... .. ..., 54
3.1.1 Description of experimental set-up . . . . ... ... ... ... ... 54
3.1.2 Samples and experimental protocol . . . . . . .. ... ... ... .. 99
3.1.3 Repeatability of results . . . . ... .. ... 0oL 56
3.1.4 Choice of tribological conditions of interfacial friction . ... .. .. 56
3.1.4.1 Epoxy/epoxy contact . . . . . . .. .. ..., 56
3.1.4.2  Carbon fibre-reinforced epoxy couples . . . . . . ... ... 59
3.1.4.3 Carbon nanopearl-reinforced epoxy couples . . . . . . . .. 62

3.1.4.4  Choice of the tribological conditions favorable for interfacial
friction study . . . . . . ... oo 62
3.1.5 Filler contribution to the friction of epoxy composites . . . . .. .. 64

3.1.5.1 Carbon fibre volume fraction effect . . . . . . . . ... ... 64



54 Chapter 3. Interfacial frictional dissipation: experimental study

3.1.5.2  Carbon nanopearl mass content effect . . . . .. ... ... 64

3.1.5.3 Fibres orientation effect . . . . . ... ... ... .. 66

3.2 Friction at the microscale ... ... ........ ..., 66
3.2.1 Experimental setup, protocol and samples . . . . . . ... ... ... 67
322 Results . . .. .. 67
3.23 Discussion . . . . . ..o 69

3.3 Conclusions and arising questions . ... ... ... ........ 70

3.1 Friction at the macroscale

3.1.1 Description of experimental set-up

The experiments presented in this section are carried out on the tribometer RA, shown in
Fig. 3.1 and developed in LTDS. It is capable to perform a reciprocating sliding between
two plane samples of relatively large surfaces under low loads.

One sample, a track, is glued onto the base plane of the tribometer. The second sample,
a slider, slips over the track, its in-plane motion is restricted by a sample holder mounted in
a moving part of the tribometer. A brushless servomotor provides the alternative motion
of the slider by pushing and pulling it. The rotating velocity of the motor is measured by a
decoder and is maintained constant by a feedback loop with electrical variator. The linear
sliding velocity varies from few pm/s to approximately 2 m/s. Maximal sliding distance
can reach 500 mm.

Device Name Principal features
Brushless servomotor Danaher AKM22C Nominal power: 0.57 kW,
with electrical variator Servostar 300 nominal speed: 8000 min~!,

accuracy of the variator: 1 %
Piezoelectric sensor KISTLER Type 9217A  Stiffness: ~ 15 N/pum,

force range: —50 — 50 N,

sensitivity: ~ —98.5 pC/N
Charge amplifier KISTLER Type 5018A  gain: 5 N/V

in the force range —50 — 50 N

Table 3.1: List of the tribometer RA components

The normal force is applied by means of a weight put onto the slider and varies from
sample weight to approximately 20 N. The tangential, friction force induced by sliding is
continuously measured with a piezoelectric sensor mounted in the moving part. A signal
from the sensor is amplified by a charge amplifier and interpreted by a data acquisition
card of a PC. The list of the commercial components of the tribometer with their principal
features is given in Table 3.1.
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Figure 3.1: The tribometer RA

3.1.2 Samples and experimental protocol

The samples, sliders and tracks, of relatively large surfaces were manufactured from all
materials presented in Chapter 2 in order to ensure low contact pressure. The rectangular
track samples have the dimensions of 80 £ 2 x 25 +2 x 5+ 1 mm3. The sliders were
designed circular, to allow a variation of fibre orientation in carbon fibre-reinforced epoxy.
The diameter of their rubbing surface is 20 mm and their height is 5+ 1 mm. Thus, the

apparent contact area for all experiments is equal to 314 mm?.

All the samples were polished by the similar procedure described in Chapter 2. Due to
the diversity of reinforcing materials and their concentrations, roughness of the composite
rubbing surfaces varies from one material to another. The mean roughness characteristics
with standard deviations are given in Chapter 2. Before each experiment both surfaces
are carefully cleaned with heptane, acetone and propanol-2 successively and finally with
a flow of nitrogen. The experiments are carried out under unlubricated conditions in the
ambient environment. The ambient humidity (RH ~ 50 — 60%) and room temperature
(T =~ 20 — 25° C) are measured during each experiment.

The experiment represents a sequence of reciprocating slips of the slider over the fixed
track. The number of passes during one experiment is 50 (the number of cycles is 25).
Frictional force is measured continuously during the whole experiment and is recorded
into PC memory with the sampling frequency of signal acquisition of 1 kHz, similar for all
experiments. The mean friction force is supposed to be equal for two passes of each cycle.
Thus, the origin is calculated for each cycle as the mean value between two passes. The
sample holder was designed in such a way, that the slider is not strictly fixed, but is rather
free and pushed and pulled by sample holder walls. That is why, the friction force signal
during each pass is cut off from both ends by 20% and averaged in order to calculate the
mean kinetic friction coefficient. It is defined as the ratio of the mean tangential force and
a constant normal force for each cycle.

The experiments with CFRE/CFRE, CFRE /epoxy and CNPRE/CNPRE couples were
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carried out. The first cycles of sliding for CFRE/CFRE and CNPRE/CNPRE (blue and
red curves) with epoxy/epoxy (black curve) as reference under normal load of 2 N and
sliding velocity of 10 mm /s are presented respectively in Fig. 3.2(a, b). It is seen from Fig.
3.2(a), that there is a variation of friction force during each pass for epoxy/epoxy couple,
while CFRE/CFRE friction is very stable. These variations are observed during all cycles.
The friction force of CNPRE/CNPRE couples varies even more, see Fig. 3.2(b), while the
friction curve of epoxy/epoxy couple seems to be rather smooth at this scale. Moreover,
friction instabilities, which might be related to CNPRE/CNPRE contact stiffness, were
often detected during the experiments. The real nature of these instabilities is unknown,
but we observe that they are not correlated to surface roughness. Nevertheless, the core of
this study lies in a variation of the mean kinetic friction coefficient, which seems slightly
affected by this phenomena.

3.1.3 Repeatability of results

The evolution of friction coefficient with time and the repeatability of the results differ
depending on the material couples. The scatter of the mean kinetic friction coeflicients
per cycle for several tests for CFRE 62%/CFRE 62% is presented in Fig. 3.3(a). One
can notice, that the friction coefficient of CFRE 62%/CFRE 62% is rather stable for
all cycles and varies slightly between the tests. Moreover, similar behavior is observed
for all tribological conditions. However, all other pairs - CFRE/CFRE with different
fibre volume fraction, CFRE/epoxy, epoxy/epoxy and CNPRE/CNPRE - demonstrate a
great dispersion during one test and between several tests. For example, the scatters of
mean kinetic friction coefficients per cycle for several tests for epoxy/epoxy and CFRE
62% /epoxy are presented respectively in Fig. 3.3(b, ¢). This dispersion raises with a
severity of the tribological conditions, obviously because of surface damage.

3.1.4 Choice of tribological conditions of interfacial friction

The severity of tribological conditions usually increases a probability of surface damage and
wear for any material. It should be reminded, that wearless conditions have to be respected
in this experimental study in order to investigate the interfacial friction of composites.
High load and low sliding speed favor the formation of junctions between two surfaces,
which causes surface damage at the beginning of sliding. On the other hand, low load, as
well as high sliding velocity, applied to large surfaces, leads to very small real contact area
with short contact life-time and underestimated contact pressure. Moreover, high velocity
can cause thermal effects. In order to find a compromise, several tribological conditions
are tested and the surfaces of both samples are observed after each experiment aiming to
detect possible damage.

3.1.4.1 Epoxy/epoxy contact

An example of friction coefficient increase during one test under the normal load of 10 N,
which illustrates a wear influence on epoxy/epoxy friction, is shown in Fig. 3.4. It is clear
that this load is too high to study interfacial friction. Inter alia, the friction coefficient of
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Figure 3.2: Measured frictional force during first cycle for (a) carbon fibre-reinforced
composites and (b) carbon nanopearl-reinforced composites (N =2 N; V' = 10 mm/s)
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Figure 3.3: Scatter of mean kinetic friction coefficients for (a) CFRE 62%/CFRE 62%, (b)
CFRE 62%/epoxy and (c) epoxy/epoxy (contact pressure p = 1.6 kPa; V = 10 mm/s).
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this couple behaves exactly as other polymer couples described in Ch. 1, Sec. (Polymer
friction and wear). It exhibits running-in stage, characterized by the increase of wear
rate and friction coefficient, which is followed by a period of relatively stable high friction
and low wear rate. A verification of possible further increase of wear rate and friction
coefficient, predicted by other authors, is not the aim of this experimental study. A
detailed experimental study of friction and wear of epoxy couples under severe tribological
conditions will be presented in Chapter 5.

EPOXY/EPOXY
Velocity: 10 mm/s; Load: 10 N; Sliding distance range: 30 mm
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Wear initiation Mo°°°°°° 00900000000000000000004:

Stable friction of
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Figure 3.4: Evolution of the kinetic friction coefficient for epoxy/epoxy couple under
normal load of 10 N and sliding speed of 10 mm/s

The dependence of the mean kinetic friction coefficient on the normal load in the range
of 0.1 — 2 N, which corresponds to the apparent contact pressure of 0.32 — 6.43 kPa, is
presented in Fig. 3.5(a). It is observed, that friction increases more than two times in
this range of forces. It rises dramatically between 0.2 and 0.5 N, probably because of the
effect of an expansion of the real contact area, discussed before. Wear of epoxy surfaces
is observed under normal loads higher than 2 N. The values of friction coefficients for
epoxy/epoxy in this load range are given in Table 2, Annex 1.

The effect of sliding speed on mean kinetic friction coefficient is presented in Fig.
3.5(b). In the range of 1 — 40 mm/s, the dispersion between the experiments is rather
large, but the general tendency is a light diminution of friction with an increase of sliding
speed. This tendency can also be explained by the decrease of real contact area with
the sliding speed growth. Table 3 of Annex 1 gives the values of friction coefficients for
epoxy/epoxy in this sliding speed range.

3.1.4.2 Carbon fibre-reinforced epoxy couples

The similar ranges of sliding speed and normal load are tested on CFRE/CFRE of different
fibre contents. The values of mean friction coefficients are presented in Tables 2 and 3 of
Annex 1 and plotted in Fig. 3.6(a,b). A light decrease of friction coefficient under higher
loads could be explained by the wear of a small amount of epoxy matrix, and the fact that
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Figure 3.5: Effect of normal load and sliding velocity on mean kinetic friction coefficient
of epoxy/epoxy couple
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more fibres are then in contact area.

However, this decrease is rather small and we can consider, that for CFRE 62%/CFRE
62% couple the mean kinetic friction coefficient is independent on both normal load, and
sliding speed in the examined ranges. The behavior of CFRE 34%/CFRE 34% and CFRE
52%/CFRE 52% couples is also tested and shows an independence on sliding speed, see
Table 3, Annex 1.
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Figure 3.6: Effect of normal load and sliding speed on friction of CFRE 62%/CFRE 62%

The observed indifference of CFRE interfacial friction under the examined tribological
conditions means that, in these composite materials, the reinforcement plays a key role:

e because of its rigidity, the normal loads are not too high and sliding speeds are not
too low to change real contact area;

e even if epoxy matrix is worn out, carbon fibres remain in the contact zone, and their
friction is low.
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3.1.4.3 Carbon nanopearl-reinforced epoxy couples

The effects of normal load and sliding speed on friction coefficient of CNPRE 1% /CNPRE
1% couple, as an example of carbon nanopearl-reinforced composite, are presented in Fig,.
3.7(a,b), respectively. The increase of friction coefficient with normal load and its decrease
with sliding speed are coherent with the behavior of epoxy/epoxy couple. The level of
friction is larger than observed with epoxy/epoxy and CFRE/CFRE. Moreover, as well
as for epoxy/epoxy couple, a surface damage and wear are observed under higher loads.
This can be explained by the fact, that even if nanoparticles are as rigid as carbon fibres,
their size is too small, that they are worn from the surface with epoxy matrix. Therefore,
they are incapable to increase the wear resistance of epoxy.

More experimental results of sliding speed effect on friction coefficient for carbon
nanopearl-reinforced epoxies of different nanopearl content couples with a comparison
with epoxy/epoxy friction are presented in Table 5 of Annex 1. The main tendency is a
decrease of friction coefficient for higher speeds for all nanopearl-reinforced composites.
This decrease is observed also for epoxy/epoxy friction but for this couple the slope is
significantly smaller.

We can notice, that carbon nanopearl-reinforced epoxy is very similar to pure epoxy in
its frictional behavior under light tribological conditions. However, this is not the case for
carbon fibre-reinforced epoxy, which shows very different friction values and tendencies.

3.1.4.4 Choice of the tribological conditions favorable for interfacial friction
study

Based on this investigation of tribological conditions effect on composites and epoxy fric-
tion, the conditions favorable to the interfacial friction study of carbon fibre or carbon
nanopearl-reinforced epoxies are chosen and reported in Table 3.2. The lower normal loads
are recommended for epoxy-involved couples (0.5 N) and carbon nanopearl-reinforced
epoxy couples (1 N), while the normal load of 2 N is chosen for CFRE/CFRE couples.
The sliding speed of 10 mm/s is similar for the tests on all composite and epoxy couples.
These conditions permit us, on the one hand, to minimize the surface damage and wear
and, on the other hand, to ensure a relatively large contact area and to estimate the
contact pressure more accurately.

CFRE/epoxy CFRE/CFRE CNPRE/CNPRE

Sliding speed, mm/s 10 10 10
Normal load, N 0.5 2 1
Apparent contact

pressure, kPa 1.59 6.37 3.18

Table 3.2: Conditions for interfacial friction study

The following experimental results are obtained under these conditions.
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Figure 3.7: Effect of (a) normal load and (b) sliding speed on friction of CNPRE 1%/CN-
PRE 1%
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3.1.5 Filler contribution to the friction of epoxy composites
3.1.5.1 Carbon fibre volume fraction effect

Reinforcement effect of carbon fibre-reinforced epoxy composites on friction is studied in
two configurations: epoxy/CFRE and CFRE/CFRE. The mean kinetic friction coefficients
of epoxy/CFRE couples are presented in Fig. 3.8(a). For this contact configuration,
the increase of fibre volume content induces an increase of friction coefficient relative to
epoxy/epoxy friction, although the difference between the friction coefficients of 34 %, 52
% and 62 % of fibre volume content composites is not appreciable.

Roughly comparing our CFRE/epoxy couples results with published friction coeffi-
cients of CFRE/steel couples 28,46, 81], see Table 3.3, we observe that the tendencies
are opposite. This must be due to the severity of sliding conditions and contact pressure,
which are higher than these that we used in our interfacial friction study. Along with
the hardness of counterface material, they cause surface damage and wear, which modify
friction coefficient.

Sliding speed, Pressure, Carbon fibre Friction

mm/s kPa volume fraction coefficient
CFRE/epoxy 10 1.59 0 0.39
0.34 0.44
0.52 0.42
0.62 0.45
CFRE/steel [28] 60 3400 0.67 0.28
0.82 0.24
CFRE/steel [46,81] 0.025 193500 0 0.3
0.40 0.17
0.50 0.15
0.68 0.12

Table 3.3: A comparison of CFRE/epoxy couples and CFRE/steel couples [28, 46, 81|
frictional behavior

The behavior of friction coefficient of CFRE/CFRE couples compared to that of
epoxy/epoxy friction is completely different, see Fig. 3.8 (b). An addition of carbon fibres
into both contacting polymers reduces the mean kinetic friction coefficient in more than
two times. The lowest friction coefficient is observed for the couple of CFRE 52%/CFRE
52%. However, as in the case of epoxy/CFRE, the friction coefficients between CFRE
34%/CFRE 34%, CFRE 52%/CFRE 52% and CFRE 62%/CFRE 62% differs only slightly.

3.1.5.2 Carbon nanopear]l mass content effect

In contrast with the carbon fibre reducing friction effect on epoxy, carbon nanopearls
increase the kinetic friction coefficient of epoxy, see Fig. 3.8(c). This friction coefficient
rises gradually for all carbon nanopearl composites from CNPRE 1%/CNPRE 1% to
CNPRE 35%/CNPRE 35% and reach the value of one and a half of epoxy/epoxy friction
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Figure 3.8: Reinforcement effect on kinetic friction coefficient of epoxy composites: (a)
carbon fibre volume fraction for epoxy/CFRE couples; (b) carbon fibre volume fraction for
CFRE/CFRE couples; (c¢) carbon nanopearl mass content for CNPRE/CNPRE couples
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coefficient.

We can suppose that after the polishing of composite surface, the nanopearls are cut
and can be depicted as in Fig. 2.7 (a) of Chapter 2. In this case, the planes of graphite
are oriented perpendicularly to the rubbing surface and jam in sliding contact with the
counterface. They may plough a soft epoxy surface, which induces a higher friction force.
This effect should be more remarkable in the contact between two cut nanopearls. Thus,
the coefficient of friction between two nanopearls is expected to be relatively high.

3.1.5.3 Fibres orientation effect

Along with the reinforcement content effect, the fibre orientation effect is studied for
carbon fibre-reinforced epoxy. These tests are realized for CFRE 62% /CFRE 62% configu-
ration under a normal load of 0.5 N and a sliding speed of 10 mm/s. The track samples
of 0°, 45° and 90° fibre orientations relative to the velocity vector are used. Furthermore,
the circular slider is also rotated in order to vary the total orientation angle. The total
orientation angle ¢ is defined as a sum of two angles between the fibre orientation in each
sample and the velocity vector. Therefore, this angle, shown schematically in Fig. 3.9,
varies from 0°, when the fibres of two samples are oriented parallel to the sliding direction,
to 180°, when both are perpendicular to the sliding direction.

N slider

Figure 3.9: Total fibre orientation angle ¢ between two CFRE samples

Under the light contact pressure of 1.59 kPa, the mean friction coefficient changes
slightly: from 0.17 to 0.18, see Fig. 3.10, as a function of the fibre orientation. The
greater dispersion of the friction coefficient for ¢ higher than 0° can be related to the
roughness of track samples. Unidirectional fibre-reinforced composite is rougher in the
non-parallel to fibre orientation directions. Therefore, when track fibre orientation is
different from parallel (90° or 45°), the slider has to overcome higher asperities, leading
to a higher friction coefficient. However, under interfacial friction conditions, this effect is
not very significant, as Ay ~ 0.01.

3.2 Friction at the microscale

Besides general friction coefficients between composite materials and epoxy, the local fric-
tion coefficients are also investigated in this work. This means measurement of friction
between two carbon fibre specimens and between carbon fibre and pure epoxy in order
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CFRE 62%/CFRE 62%
Velocity: 10 mm/s; Load: 0.5 N; Sliding distance range: 60 mm
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Figure 3.10: Effect of the total fibre orientation angle ¢ on the mean kinetic friction
coeflicient

to obtain frictional coefficients of these couples. These experiments are carried out by Dr
Anne Rubin of Institut Charles Sadron (ICS), Strasbourg, France.

3.2.1 Experimental setup, protocol and samples

The frictional experiments are carried out on a nano-scratch apparatus from CSM Instru-
ments ®). The spherical glass indentor of millimetric radius R = 25 mm is used to rub
over the fixed sample, as it is shown in Fig. 3.11. Due to its orientation on nanoscratching,
the apparatus can perform sliding passage at nano and micrometer scale and to measure
accurately friction and normal forces during the passage. A small contact area of sphere/
plane configuration along with low normal force can give the resulting mean pressure of
0.05 — 2 MPa. The sliding speed of V' = 30 um/s and normal load in the range of 1 — 50
mN, with the successive steps of 2 mN between 1 and 20 mN and of 5 mN between 20
and 50 mN, are applied in our frictional experiments. The ambient environment 7" =~ 25°,
RH =~ 45% is measured.

Two materials, pure epoxy and carbon fibre, are tested. Firstly, the glass spherical
slider is covered with carbon fibres, as shown in Fig. 3.12 (a). The fibres are fixed with
a tape attached to the lateral sides of the slider. This carbon fibre slider rubs against
the cylindrical pure epoxy sample, used as a slider in the experiments described in the
previous section, and against the carbon fibre lock glued to a glass plane, see Fig. 3.12
(b). Both plane samples are fixed on the apparatus base plane. Parallel and perpendicular
orientations between two fibre specimens are tested.

3.2.2 Results

The friction force is rather stable during an experiment over a sliding distance of 600 pm.
This permits us to calculate the mean friction coefficients for each tested normal load,
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Figure 3.11: View of the nano-scratch apparatus operational zone (by courtesy of Dr Anne
Rubin, ICS, Strasbourg)

(a) (b)

Figure 3.12: Carbon fibre lock (a) Attached to the sphere slider; (b) Glued onto the glass
plane (by courtesy of Dr Anne Rubin, ICS, Strasbourg)
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Figure 3.13: Carbon fibre/epoxy and carbon fibre/carbon fibre in parallel and perpendic-
ular orientation friction coefficients depending on applied normal force
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which are presented in Fig. 3.13. The variations of friction coefficient with normal load
are not significant, except in the case of fibre/fibre configuration in parallel orientation.
This might be due to an imperfect alignment between fibres covering the sphere slider and
the basal lock of fibres. Mean values of friction coefficients of 0.15 for fibre/fibre and 0.28
for fibre/epoxy are retained from this experimental investigation.

3.2.3 Discussion

These results of epoxy/carbon fibre and carbon fibre/carbon fibre friction coefficients can
be compared with the results of Roselman and Tabor [82,83]. They carried out frictional
experiments of individual carbon fibres of two types (high strength and high modulus)
against each other and against other materials, including epoxy. The normal load applied
in this study is in the range of the order of 1078 —10=2 N for carbon fibre/carbon fibre and
of the order of 107*—1072 N for carbon fibre/epoxy. The sliding speed is equal to 3 mm/s.
A great effect of normal force on the carbon fibre friction was observed by the authors.
Moreover, the friction of high strength fibres is two times higher than for high modulus
fibres. In applied normal load range, the friction coefficient of carbon fibre/carbon fibre
varies from 0.7 to 0.1. The friction coefficient of carbon fibre/epoxy is reported equal to
0.46.

In order to compare our experimental results with the results of Roselman and Tabor,
we will calculate the approximative contact areas and average contact pressures. The
considered contact cases and main elastic and geometrical characteristics are given in Fig.
3.14 (a-d). For all cases, we take the elastic characteristics measured by nanoindentation
test in Chapter 2: the Young moduli of Fy = 20.7 GPa and Es = 4.5 GPa and the Poisson
coefficients of ¥ = 0.2 and v = 0.4 for carbon fibres and epoxy, respectively. The contact
geometry, applied theories and resulting mean contact pressures are the following for these
four cases:

e Individual fibres contact from [82], see Fig. 3.14 (a). The theory of Hertz for cross-
cylinders is applied in this case. The mean contact pressure is in the range 0.26 —2.54
GPa under the normal force of 0.01 — 10 mN.

e Carbon fibre/epoxy plane contact from [83], see Fig. 3.14 (b). The surface of epoxy
is considered as covered with a multitude of small spheres, which allows authors to
apply Archard’s topographic theory for rough contact [84]. Every small contact is
considered as Hertzian sphere/plane contact. The mean contact pressure is calcu-
lated based on the values for carbon fibre/steel contact of similar surface roughness
given in [83] taking into account the difference in elastic characteristics. The mean
contact pressure in this case is equal to 117 MPa under a normal force of 0.01 N.

e Covered with carbon fibres sphere/epoxy plane contact, see Fig. 3.14 (c¢). We con-
sider this contact as carbon sphere/epoxy plane case with the elastic characteristics
measured for carbon fibres and epoxy. The Hertz equations for this geometrical
configuration is applied. The mean contact pressure is 3.5 — 12.9 MPa under the
normal load of 1 — 50 mN.
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e Covered with carbon fibres sphere/carbon fibres lock plane contact, see Fig. 3.14 (d).
This contact case, in the first approximation, can be treated as carbon sphere/carbon
plane contact. Thus, the Hertz theory is also applied for this case. The mean contact
pressure varies from 1.2 to 4.39 MPa under the normal force range from 1 to 50 mN.

R,=25 mm,;
E,=20.7 GPa
v,=0.2

E.=4.5 GPa,;

epoxXy Vo=0.4
(a) (b) (c) (d)

contact area

R=4 um;
E=20.7 GPa;
v=0.2

Figure 3.14: Contact schematics considered for contact area and mean pressure calculation

The resulting average contact pressures with corresponding normal load ranges and

measured friction coefficients for carbon fibre /carbon fibre and carbon fibre/epoxy contacts

are presented in comparative Table 3.4.

Friction couple Reference Normal load, Average contact Friction

mN pressure, MPa coefficient
Carbon fibre HS/  Individual
carbon fibre HS fibres 82] 0.01 — 10 260 — 2540 0.7—-0.1
Fibre lock,
microfriction 1-50 1.2-4.35 0.15
Epoxy/ Individual
carbon fibre HS fibres [83] 1 117 0.46
Fibre lock,
microfriction 1—-50 3.5—-129 0.28

Table 3.4: Summary of the friction coefficients and load conditions for carbon fibres and
epoxy

3.3 Conclusions and arising questions

To summarize the main conclusions from this experimental study, following points should

be

emphasized:

1. The experimental conditions favorable to interfacial, i.e. damageless, sliding friction
were identified and then chosen for epoxy/epoxy, CFRE /epoxy, CFRE/CFRE and
CNPRE/CNPRE contacts.

2. The effect of filler addition was studied under established interfacial friction condi-

tions and the following tendencies were observed
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e the mean kinetic friction coefficient rises slightly with fibre volume fraction up
to 62% for epoxy/CFRE couple;

e the mean kinetic friction coefficient of CFRE/CFRE couples is at least two
times lower than its value for epoxy/epoxy couple, and shows a minimum be-
tween 0 and 62 % of fibre volume fraction;

e the addition of carbon nanopearls to epoxy monotonously increases the mean
kinetic friction coefficient: the highest tested nanopearl mass content of 35 %
corresponds to the friction coefficient of one time and a half higher than its
value for epoxy/epoxy couple.

3. Under interfacial friction conditions, fibre orientation of two samples does not affect
significantly the mean kinetic friction coefficient of CFRE 62%/CFRE 62% couple:
for ¢ =0°+=90° pu=0.17+0.18.

4. Friction coefficients of carbon fibre/carbon fibre and carbon fibre/epoxy are mea-
sured and compared with those found in literature. The strong dependence of carbon
fibre friction coefficient on normal load observed in literature is not confirmed under
tested conditions.

These conclusions brings up the following questions:

e Why does the addition of carbon fibres into one polymer of frictional couple increase
the friction, while their addition into both contacting polymers causes its dramatic
fall?

e Why do carbon fibres and carbon nanopearls change epoxy friction in such a different
way?

e What are the mechanisms of friction at stake for composite/polymer and composite/
composite contacts?

e How can we predict the friction coefficient of composite material for any reinforce-
ment concentration based on experimental results?






CHAPTER 4
Interfacial frictional dissipation:
analytical model

In order to address the questions raised at the end of the previous chapter, we referred to
analytical models currently available to predict and explain the friction of fibre-reinforced
composites. Thus, a short presentation of the models of sliding contact of fibre-reinforced
plastic starts this chapter. However, these models deal with friction of a composite against
a uniphase material, usually much harder. Since no adequate model dealing with the con-
tact between two composites was found, such a model is created in this work and presented
further. Based on Bowden and Tabor’s theory [85], it is applied to multi materials con-
tact. The application of this model to the contact of CFRE/CFRE, CFRE/epoxy and
CNPRE/CNPRE is discussed at the same time, and the results are compared with the
experimental observations of Chapter 3.
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4.1 State of the art

In this section we present two analytical models of composite friction against uniphase
counterface material from the literature. The first model deals with fibre-reinforced poly-
mer friction, while the second one can be applied to any type and number of composite
reinforcement.

4.1.1 Tsukizoe and Ohmae’s model

This model [46,81] for sliding friction between fibre-reinforced polymer against uniphase
material issues from the fact, that normal P and frictional force F' are distributed between
fibres and matrix, designated by indices f and m, respectively

P =P+ Py

F=F;+ Fy
and lies on following assumptions:

1. Areas of contact for fibres Ay and matrix A,, are proportional to the total contact
area A with the fibre and matrix volume coefficients Vy, V;,,, respectively: Ay = VyA
and A, = V,,A.

2. If the peeling off of fibres from matrix does not occur, the shear strains of fibres and
matrix are equal: vy = v, = 7.

3. Moduli of rigidity of fibres and matrix underneath the contacting surface are equal:
Gr=Gn=G

Since the shear stress is 0 = Gy and the frictional force is F' = g A, the frictional force
carried by fibres is Fy = 0;Ay = Gyv;VyA. But the shear strain and the modulus of
rigidity are constant, thus Fy = V;F. The frictional force due to the shear of the matrix
is similar: F,,, = V,, F.

The applied normal force P = F'/u is distributed between fibres and matrix. Hence,

F Fy F

i °f + -_m (4.1)

Ko Hp o Hm
where p1y = F/ Py and p,, = F'/P,,. Taking into account the contributions of the frictional
force due to the fibres and the matrix, the friction coefficient for composite/uniphase
counterface contact can be calculated as

1 Vi n &

fopf o pm

This equation fits well the experimental results in [46,81] obtained for polymer compo-

(4.2)

sites reinforced by E-glass fibres, HS or HM carbon fibres, stainless steel fibres or aramid
fibres under sliding velocity of 25 pm/s and normal load of 1.52 N in contact with flattened
stainless steel cone indenter of 0.1 mm diameter (the corresponding pressure is 194 MPa).
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The authors claim no damage of the composites under these conditions, which correspond
to interfacial friction. Therefore, this equation can be used to describe interfacial friction
on composite against uniphase material.

4.1.2 Abrasive friction model of Axén et al

A model of Axén et al [86-88| covers the friction and wear of multiphase materials against
abrasive counterface. It is based on Amontons’ law for the friction coefficient and Archard’s
law for the wear resistance. It distinguishes different modes of load distribution between
phases and it states that the total frictional force F' is a sum of the contributions of each
phase

n
F=> P (4.3)
i=1
where ¢ is the number of phase. These authors assume that:

1. The phases retain their individual frictional properties, even when part of the compo-
site.

2. The area fractions remain constant during sliding.

3. The phases do not influence the specific wear resistance or friction coefficient of each
other.

Three modes of load distribution are proposed by the authors: an equal linear wear
rates of the phases (EW) and an equal normal pressure on the phases (EP), constituting
upper and lower limits for composite material friction and wear, and an intermediate mode
between them (IM). If o is the area fraction of phase i, the load carried by this phase in
each mode is equal to

Pppi = Pa; (4.4)
Wsi
Ppwi=P—=———i (4.5)
Zj:l astj
Wsz’
Pryi =P | 0= + (1 —0u) | (4.6)
( ijl oW

where W; is the specific wear resistance and 6, is the coefficient of proportion between
EP and EW modes. From Eqs. 4.3-4.6, the composite friction coefficients for all cases are

n
pEp =Y it (4.7)
i=1
n
Wsi
REW = Y i (4.8)
; i Wy

a Wsi
HIM = j2% ewni + (1 — Hw) (67 (49)
> ( T

j=1%j
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In the case of two phases composite, like fibre-reinforced polymer, Eqs. 4.7-4.9 reduce to:

UEP = [fQf + fmCm (4.10)
st Wsm
_ et o 411
rEW Ky astf + amWem S Hm astf + amWem " ( )
st Wsm
i = s (B g+ (1= 800 ) i (B 2 (1= 60) )
(4.12)
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Figure 4.1: Composite friction coefficient for (a) EP mode, (b) EW mode with the variation
of specific wear resistance 2 and (c) intermediate mode with the variation of coefficient of
proportionality € [86]

The results of Eqs.4.10-4.12 with a variation of the specific wear resistance and the
coefficient of proportionality for different modes are shown in Fig. 4.1 (a-c). In the case
of negligible wear, the first mode should dominate and the friction coefficient could be
calculated by Eq. 4.10 for equal pressure distribution mode. Therefore, this equation,
different from Tsukizoe and Ohmae’s Eq. 4.2, may also describe the interfacial friction of

composite against uniphase material.

4.2 Generalized friction law for composite/composite inter-

facial friction

The proposed model is based on Bowden and Tabor [85] adhesion model of friction, de-
scribed in Chapter 1, and the multi-materials nature of contact between two composites
as shown in Fig 4.2. During sliding, the contact area is renewed continuously, but its com-
position, i.e. the proportion between the composite 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, following hypothesis are imposed:
e wearless and damageless friction
e Coulomb friction for all microscopic contact spots
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Figure 4.2: Contact area A of two sliding multiphase rough bodies in dz direction under
the normal load P inducing the friction force F: (a) side and (b) in-plane views

e uncorrelated friction forces for all microscopic contact spots
e isotropic friction of 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 microcontacts
exceed the yield stress and the hardest asperity penetrates into the softest one. Thus, the
normal load for a composite contact, which includes several material couples referred to
by the subscript i, see Fig 4.2 (b), is

P = ZPz = ZpiAi = ZHiAi (4.13)

where p; is the contact pressure, which, in most cases, can be considered as H;, 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 some critical value, when a 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 material couple

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

-5 0 (4.15)

7

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

Case 1: The hardness of the materials in contact is assumed to be equal to some
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effective hardness, i.e. H; = H*. Therefore, taking Eq. 4.15 and considering the total real
area is y  A; = A,

i A
Mzizzj;A:ZaiMi (4.16)

where p; = 7;/H* is the friction coefficient of i—type material couple. The contribution
coefficient «; is a surface 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 every junction of
all material couples 7; = 7*. Thus, Eq. 4.15 reduces to the inverse proportion for the
composite friction coefficient:

1 P H; A; 1
M_F—Z;T*A—Z:Oéim (4-17>
where p; = 7%/ H; is the friction coefficient for a couple of materials in i—type contact.

To conclude this section, the generalized Bowden and Tabor’s model applied to a
multiphase contact reduces to one of two composite frictional laws: the proportionality
law in Eq. 4.16 and the inverse proportionality law in Eq. 4.17. 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.

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 if the condition of their uniform
distribution in the bulk of composite is respected. Hereafter, we will show its application to
both composite/uniphase material and composite/composite sliding contacts, comparing
Egs. 4.16 and 4.17 with experimental results from the previous chapter.

4.3 Local friction coefficients

The proposed analytical model is based on the differentiation of each composite phase
contact with counterface material, both to composite and uniphase material. As we have
shown in previous section, the local friction coefficients between phases of each material
in contact are necessary to calculate the global friction coefficient.

4.3.1 CFRE/CFRE couple

To predict the friction coefficient between two carbon fibre-reinforced epoxy composites
three values of friction coefficients - carbon fibre/carbon fibre, carbon fibre/epoxy and
epoxy/epoxy - are required.

The epoxy/epoxy friction coefficient was measured in the experimental study, presented
in Section 1 of Chapter 3, while the friction coefficients of carbon fibre/carbon fibre and
carbon fibre/epoxy frictional couples were measured and discussed in Section 2 of Chapter
3. The choice of local friction coefficients for the model application between composites is
made from Table 3.4 on the basis of similar local pressures and sliding speed as discussed.
As the local contact pressures in our plane/plane contact are unknown, all values issued
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from our experiments and the literature will be tested. The summary of the local friction
coeflicients is reminded in Table 4.1.

Material couple Friction coefficient
Carbon fibre/carbon fibre 0.1

0.15
Epoxy/Carbon fibre 0.46

0.28
Epoxy/epoxy 0.4

0.46

Table 4.1: Local friction coefficients used for carbon fibre-reinforced epoxy contacts

4.3.2 CNPRE/CNPRE couple

The local friction coefficients of CNPRE/CNPRE couple are more complicated to ob-
tain experimentally, mostly because of the nanosize of carbon nanopearls, which requires
completely different experimental approaches.

Our expectations of high friction of CNPs, discussed in the previous chapter, are
confirmed by the experimental work of Hunter et al. [89]. They rubbed silicon disc cov-
ered by carbon nanopearls against steel ball in humid (40% RH) and dry (0% RH) air.
They observed, that in contrast to graphite, carbon nanopearls reduce the friction only
in dry air, when they are compacted by high pressure and form a transfer layer. How-
ever, when carbon nanopearls absorb water molecules from humid air, moisture helps to
reduce locking between individual nanopearls and prevents agglomerates formation and,
consequently, the transfer layer formation. Individual nanopearls do not reduce friction.
In our composites, not only the friction experiments are carried out in humid air, but
also the fabrication process of addition and mixing of nanopearls into composite. Carbon
nanopearls might absorb water molecules already in this stage and will not reduce the
friction of our composites.

4.4 Fraction of phases on composite surface

4.4.1 Fibre surface fraction of CFRE

In order to apply our model to the contact of carbon fibre-reinforced epoxies, we must
define a composition of the rubbing surface of the composite. The contact plane is conside-
red as a cut parallel to the fibre direction. The problem of calculation of fibre surface
fraction from their volume fraction, which is given by the fabrication process, is solved
by several approaches represented by two major groups: the probabilistic approach uses
random fibre distribution [90,91], while the deterministic one deals with a representative
volume element conception [92].

In this study, a random uniform fibre distribution with round fibres of a constant
diameter is chosen. Figure 4.3 shows a cubic element of size a cut out of the composite
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Figure 4.3: Random fibre distribution in the square cross-section of composite of size a x a.
A(h) is the chord of the cut fibre ¢ with the radius R, whose centre location is given by
the height from the square middle h;.

and filled of matrix and fibres of radius R. A cutting plane, parallel to the fibre direction,
separates this volume into two equal parts. The relative location of the 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(h) is equal to

a a

yif he[—=;=] (4.18)

p(h): 279

The middle plane cuts each fibre through a chord A(h), which length depends on the
height h by

1
a

Ah) = VR2—h?, ifhe[-R;R];
0, otherwise.

The expectation of the chord for any fibre from volume a
and 4.19 as follows:

(4.19)

3 is calculated from Eqs. 4.18

a/2 TR2
am) = [ A an = T (4.20)
The fibre surface fraction ay 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(A) N=R?

k (4.21)

ofr =
! a a

Since the fibre volume fraction V; for the volume a® is the ratio of the sum of all fibre
sections NmR? enclosed in this volume and the square area a?. Therefore,

af = Vf (4.22)

Hereby using the probabilistic approach, we can prove that for a uniform random dis-
tribution of fibres in a unidirectional fibre—reinforced composite, the fibre surface fraction
is equal to the fibre volume fraction.
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4.4.2 Nanopearls surface fraction of CNPRE

The problem of a ratio between reinforcement surface and volume fraction is not actual for
carbon nanopearl-reinforced composite, because spherical nanopearls are assumed to be
distributed uniformly, and from the probabilistic point of view, nanopearls surface fraction
is equal to their volume fraction.

However, we need to recalculate the mass content of nanopearls M., used in the fab-
rication process, to the nanopearl volume fraction Vy. Knowing the density of carbon
nanopearls p.,, and carbon nanopearl-reinforced composite peomp, we can calculate nano-
pearl volume fraction as follows:

vy = Venp _ Menp/ Penp — ., Peomp (4.23)

c
v::omp Mcomp / Pcomp Penp

The density of carbon nanopearl-reinforced composites was calculated in Chapter 2, see
Table 2.11. The density of carbon nanopearls is, a priori, unknown, but we can estimate
it. Literature gives a density of carbon nanotubes equal to 1.4 g/cm? [93], densities of
PAN-based HS and HM carbon fibres of 1.76 —1.7 g/cm?® and 1.87 g/cm? [94], respectively,
and the maximal density of graphite of 2.26 g/cm? [94]. Based on these values, we suppose
the density of carbon nanopearls is close to the density of carbon fibres and equal to 1.8
g/cm?. Therefore, the volume fractions of carbon nanopearls composites, CNPRE 1%,
CNPRE 15%, CNPRE 28% and CNPRE 35%, are calculated by Eq. 4.23 and equal to
0.006, 0.10, 0.20 and 0.28, respectively.

4.5 CFRE/epoxy sliding contact

A first application of our generalized model is the contact of a fibre-reinforced composite
with a neat homogeneous material. The composition of the apparent contact area in
this case is shown in Fig. 4.4. Two types of contact are distinguished: fibre/counterface
material and matrix/counterface material.

fibre/counterface
contact

matrix/counterface

contact d; dm

Figure 4.4: Apparent contact between a uniphase material and a FRP with fibre diameter
dy and distance between fibres d,

In this simple case, designating subscripts ¢, and ep, respectively, for carbon fibres and
epoxy counterface or composite matrix, the contribution coefficients of each contact type
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is equal:

Qepe = dyfa = ay (4.24)
Qepep = Amja =1 — oy

where dy is the fibre diameter and d,, is the distance between two adjacent fibres.
Therefore, from Eqs. 4.16, 4.17 and 4.24, the composite friction coefficient can be
calculated with one of following equations:

= appiepe + (1 — af)piepep (4.25)
if we adopt the proportionality law, and

1_ oy +1—af

- (4.26)
H Hepc Hepep

if we adopt the inverse proportionality law. fiepe and fiepep are the friction coefficients be-
tween fibre and counterface materials and matrix and counterface materials, respectively,
which are obtained experimentally for each couple of materials.

To apply these two equations to epoxy/carbon fibre-reinforced epoxy contact, we use
the values of local friction coefficients from Table 4.1: piepep = 0.4 for epoxy/epoxy and
fepe = 0.46 or 0.28 for epoxy/carbon fibre friction coefficient. The resulting curves and
experimental values from Section 1 are presented in Fig. 4.5. The friction coefficients are
plotted versus fibre volume fraction for the experimental results and versus fibre surface
fraction for the analytical results. Their equality, proved in Sect. 4.4, permits us to put
them on the same abscissa axis.
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Figure 4.5: Experimental (black points with error bars) and theoretical results correspond-
ing to Eqgs. 4.25 and 4.26 (color lines) in case of composite/epoxy contact calculated using
the values from Table 4.1. The red line is superimposed on the magenta line

Both equations fit well the experimental results for all CFRE composites using epoxy/
carbon fibre friction coefficient of 0.46. However, we observe that a substitution of the
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epoxy/carbon fibre friction coefficient of 0.28 gives the wrong tendencies, since the friction
coeflicient slightly increases with an increase in surface fraction. Besides 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 fibre
[82,83] and epoxy/epoxy macroscopic friction might be used to calculate the composite
friction coefficient. Hence, the hypothesis of uncoupled friction contributions of each
component is credible.

The fact, that both direct Eq. 4.16 and inverse Eq. 4.17 proportionality laws are
applicable for epoxy/composite friction, can be explained. This validates the assumptions
about effective hardness H* and effective shear stress 7*. Indeed, in the case of epoxy /com-
posite contact, the hardness used in Eq. 4.16 is similar for epoxy/epoxy and epoxy/carbon
contacts, because, according to Bowden and Tabor, we should take the softest material,
i.e. epoxy, hardness. Shear stresses for these two contact types, which can be found
as 7; = u;H;, are also rather similar because of a closeness of their friction coefficients.
Therefore, both laws can be used in this specific example.

We should also notice, that fibre surface fractions of composites with 34 and 52% of
fibres in volume are obviously not equal to their fibre volume fractions. Nevertheless,
keeping in mind the photographs of their surfaces, see Fig. 2.11 (a-d) of Chapter 2, fibre
surface fraction must be between 0 and 62%. This shift on the abscissae axis does not
affect the validity of our model.

4.6 Composite/composite sliding contact

A more complex case is the contact between two composites, as drawn in Fig. 4.6(a)
for sphere- or cylinder-reinforced composite. If two identical carbon fibre- or nanopearl-
reinforced composites are in contact, three types of microcontact are distinguished: car-
bon/carbon (cc), carbon/epoxy (epc) and epoxy/epoxy (epep). According to Eq. 4.16 and
4.17, the composite friction coefficient becomes equal to one of the following equations

W= Occfhee + 2aepclufepc + Qepepllepep (427>

according to the proportionality law and,

H Hee Hepc Hepep

according to the inverse proportionality law.

L _ Qe | 20pe | Qepep (4.28)

The contribution coefficients a., tepe and aepep must be identified for each composite
from the contact geometry. We remind, that one of the main assumptions of this model
is that, a real microcontact spots distribution is equal to a distribution of the apparent
contact area between the phases.

4.6.1 CFRE/CFRE sliding contact

When two identical CFRE are in contact with the angle of orientation between the fibres of
two composites ¢, the apparent contact area can be depicted as in Fig. 4.6(b). The areas
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fibre-matrix
contact (epc)

fibre-fibre
contact (cc)

matrix-matrix
contact (epep)

(a) (b)

Figure 4.6: (a) Schematic distribution of forces between phases in fibre or nanopearl-
reinforced composite (b) Contact between two similar FRP with an angle ¢ between fibre
directions of two composites with fibre diameter d; and distance between fibres d,,

of each apparent individual microcontact Ac., Aepe, Aepep and total apparent contact area
A are, respectively, equal to

d3 dsd d? 2
f fém m a
Aepc = ;

y Hepep = A= (429)

Acc = - ) .
sin @ sin

sinp’ sin ¢

where dy is the fibre diameter and d,, is the distance between two adjacent fibres, and
a = df + dy, is their sum. Thus, the contribution coefficients depend only on fibre surface
fraction ay = dy/a and are equal to

Occ = O‘?f
Qepe = af(1 —ap) (4.30)

Qepep = (1 — O‘f)2

Substituting Eq. 4.30 into Eq. 4.27 and 4.28, two equations for composite friction
coefficient are obtained:

p= 0 piee + 20 (1 = 0p) piepe + (1 = p)? frepep (4.31)

for the proportionality law and,

2 2
1 « 20¢(1 — « 1 -«
= f f( f) ( f) (4'32)
H Hee Hepc Hepep

for the inverse proportionality law.

Thus, in the framework of our assumptions, this model reveals an independence of
interfacial friction coefficient on the fibre orientation in both composites or their diameter.
This conclusion is coherent with the experimental results shown in Fig. 3.10, when a very
slight increase of mean friction coefficient (0.17 + 0.18) was observed for the variation of
orientation angle between the fibres of two samples from 0° to 180°.

Figure 4.7 presents the application of the proposed analytical model using the values
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Figure 4.7: Experimental (black points with error bars) and theoretical (color lines) results
corresponding to Eq. 4.31 direct and Eq. 4.32 inverse proportionality laws in case of
composite/composite contact calculated with values from Table 4.1

of local friction coefficients from Table 4.1 (with pep. = 0.46 as shown by the CFRE/epoxy
friction results) to the experimental results. We note that experimental friction coefficients
for 34 and 52 % do not fit well any curve issued from the model. This is, undoubtedly,
due to the heterogeneity of their surface compositions, see Fig. 2.11 of Chapter 2, and
profiles, see Fig. 2.13 (b) and (c) of Chapter 2. Carbon fibres stick out from the surface
and take the majority of the contact upon themselves, which does not leave place to
epoxy/epoxy contacts. Therefore, the friction coefficient drops dramatically with regard
to its epoxy/epoxy value, and the friction laws must be different from those, proposed to
the composites with uniformly distributed fibres.

The hardness of carbon fibres is about 10 times higher than that of epoxy, as detailed
in Chapter 2. Therefore, the assumption of an effective hardness H* is irrelevant. This is
in agreement with Fig. 4.7, where the direct proportionality law gives inadequate fit.

However, the inverse proportionality law Eq. 4.17 seems to fit the experimental results
for CFRE/CFRE friction. We can estimate the effective shear stresses for the three contact
types, using hardness values and local friction coefficients: 7¢pep = 0.4 - 240 = 96 MPa;
Tepe = 0.46 - 240 = 110 MPa and 7., = 0.1 - 4400 = 440 MPa. The three values of
shear stresses are of the same order of magnitude. This might explain why the inverse
proportionality law coherently describes the experimental evolution of friction in the case
of composite/composite contact with rather different mechanical properties of the matrix
and the reinforcement.

4.6.2 CNPRE/CNPRE couples

The initial equations of CNPRE/CNPRE friction coefficient are similar to Eqs. 4.27 and
4.28 for CFRE/CFRE contact. Because of the same order of the nanopearl size and
the composite surface asperities, three types of microcontact between the asperities of
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two surfaces are distinguished, see Fig. 4.8: CNP/CNP, CNP /epoxy and epoxy/epoxy.
The proportion between their numbers is calculated by the probabilistic approach: if two
identical CNPRE are in sliding contact, the probability of CNP/CNP contacts is aznp, the

probability of CNP /epoxy contacts is ctenp(l — ctenp) and the probability of epoxy/epoxy
contact is (1 — qenp)?.

CNP/epoxy
contact

CNP/CNP
contact

Figure 4.8: Contact area composition between two carbon nanopearl-reinforced epoxies

Thus, the contribution coefficients for these composites are similar to those from
CFRE/CFRE contact:

Aec = aan
Aepc = acnp(l - acnp) (433)

Qepep = (1 — O‘cnp)2

where gy, is the surface fraction of nanopearls on the composite rubbing surface.
Therefore, Egs. 4.27 and 4.28 reduce to the following:

= Oégnp/ﬁcc + 20enp (1 — tenp) phepe + (1 — acm,)Quepep (4.34)

for the proportionality law and,

2
l _ Xenp + 2acnp(1 — Oécnp) + (1 — acnp)Q (435)
2 Hee Hepe Hepep

for the inverse proportionality law.

In order to verify the coherence between these equations and experimental results from
Fig. 3.8(c), the local friction coefficients are required. The epoxy/epoxy friction coefficient
is provided from our experiments, but CNP/CNP and CNP /epoxy friction coefficients are
both unknown. Thus, the fittings for mean experimental values for friction coefficients by
the direct and inverse proportionality laws are mathematically performed using Matlab
fitting tool, see Fig. 4.9. In order to study the fitting effect on the unknown local friction
coeflicients, we varied the coefficients of fittings, see Table 4.2.

Both Egs. 4.34 and 4.35 seem to fit well the experimental results. Concerning the
local friction coefficients, for most of the fits, j. and piepe are rather high with regard
t0 fepep, as we predicted in Sec. 2.3.2. Furthermore, for both fitting equations, they are
interdependent: if one grows, another falls, see Table 4.2. Nevertheless, according to the
initial hypotheses of our model, an application of the direct proportionality law leads to
the wrong assumption, that is to say that the hardnesses of epoxy and carbon nanopearls
must be equal. We suppose, that the hardness of carbon nanopearls is close to those of
carbon fibres, which differs from the hardness of epoxy at least by one order, see Chapter
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Figure 4.9: Experimental (black points with error bars) and fittings of Eqs. 4.31 and 4.32
(color lines) for CNPRE/CNPRE contact

Fit Lee Hepe  Mepep RMSE
y=ax’+bxr+c

a=-1.5 -0.06 0.93 042 0.02803
a=-1 0.3 086 0.42 0.02447
a=-0.5 0.67 0.80 042 0.02156
a=-0.1 0.98 0.745 0.42 0.01989
a=0.1 1.11  0.72 042 0.01933
a=0.3 1.26 0.69 0.42 0.01898
a=1 1.77 0.595 0.42 0.01949
y=1/(az® + bz + ¢)

a=- -0.54  0.77 042 0.01841
a=0.1 -9.78 091 042 0.01841
a=0.5 4.87 0.95 042 0.01847
a=1 1.67 1 0.42 0.01862
a=1.5 1.11 1.11  0.42 0.01886
a=2 0.77 1.18 042 0.01918
a=2.5 0.62 1.33 042 0.01959
a=3 0.5 143 0.42 0.02007
a=3.5 042 1.54 0.42 0.02063
a=4 0.37 1.82 0.42 0.02125

Table 4.2: Model fittings with corresponding local friction coefficients and root mean

square errors (RMSE)
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Therefore, the fit by the inverse proportionality law is more reasonable. According to
the hypothesis of our model, the shear stresses must be equal to a constant value 7* for all
types of microcontact. In the case, when the nanopearl contacts are plasticized, we can
calculate the shear stress of epoxy/epoxy contact: Tepep = pepepHep = 0.42 - 200 M Pa =
84 M Pa. Since, according to Bowden and Tabor’s model, we should use the hardness
of epoxy to calculate both epoxy/epoxy and epoxy/carbon nanopearl shear stresses, Tepc
must be close to 84 M Pa and the local friction coefficients for these two contact types
must be close. However, no such plausible value is obtained in Table 4.2. Hence, we
have to suppose that nanopearl contacts are not plasticized and the local pressure p does
not reach the hardness value. In this case, we can choose the local friction coeflicients
i = 7/p, expecting the local pressures p.. > pepe due to the higher contact stiffness and
lower contact area for carbon nanopearl than for epoxy contacts. If the shear stresses are
equal, the local friction coefficients must be pe. < piepe. This condition is met for the
inverse proportionality law with the values of fittings with a > 1.5, see Table 4.2.

4.7 Discussion: roughness and stress distribution for com-
posite contact

Along with in-plane contact geometry, which we consider to be responsible for the con-
tact area distribution between composite phases, the out-of-plane surface topography can
modify this distribution, exposing some phases to the contact and hiding down others.
The composite surface profiles, presented in Chapter 2, shows that this is clearly the case
for CFRE of 34 and 52 % of fibres. However, even if the composite surface is uniform
on the macroscopic scale, as in the case of CFRE 62 %, the roughness of the composite
surface is higher than those of pure epoxy surface, and it is probable, that the polishing
process worn out the epoxy matrix lying between fibres.

The topography and mechanical properties of the phases are responsible for the con-
tact stress distribution between microcontacts, which can plasticize or not, depending on
the local pressure and the elastic limit of composite phases. This shifts the composite
contact closer to one of two particular cases (direct and inverse proportionality laws) of
our generalized model, as we have discussed for CNPRE/CNPRE contact.

It is likely, that polymer matrix carries less of the load than carbon reinforcement
due to the difference in rigidity. The idea of composite friction coefficient depending on
the load carried by each composite phase and friction coefficients between these phases
was proposed by Schon [95], who made the experiments on friction between CFRP under
severe sliding conditions:

1
=7

To estimate the local pressures in composite/composite contact, the real contact area

(tmm Prrim + t1fm Ppm + 1 P y) (4.36)

and the rule of pressure distribution between phases are required. The finite-elements sim-
ulations were performed for sliding contact between a steel asperity and a fibre-reinforced
composite by Friedrich, Varadi et al. [96,97] in order to calculate contact pressures, contact
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temperatures and contact areas. An analytical solution of the anisotropic contact between
a FRP and a rigid cylinder was proposed by Ning et al. [98,99|. Unfortunately, the high
rigidity of counterface does not permit us to use their conclusions for our composite con-
tacts with a soft epoxy. This contact problem of FRP with a soft uniphase counterface
material, along with more complicated problem of the contact between two FRPs, could
be the subject of future research.

4.8 Conclusions

Our analytical model proposes a generalized friction law for composite/uniphase material
and composite/composite sliding contacts. By application of the assumption of effective
shear stresses or effective hardness, this law reduces into one of two particular laws, which
are easier to apply. These composite friction laws require local friction coefficients and
contribution coefficients for all phases, which, in general case, should depend on the in-
plane geometry of the contact, topography of both surfaces and mechanical characteristics
of the phases, which can influence the local pressures. In first approximation, these contri-
bution coefficients are calculated for FRP /uniphase material, FRP/FRP and CNPRE/
CNPRE contacts considering only the in-plane contact geometry. They found to be depen-
dent only on the filler surface fraction on composite surface. These analytical results
were compared with the experimental results, given in the previous chapter. The general
conclusions are organized by the contact type and presented below.

CFRE /epoxy contact. The softer epoxy matrix is responsible for the friction of both
contact types (epoxy/epoxy and epoxy/carbon fibre). Both assumptions are plausible, and
both inverse and direct proportionality laws are reasonable and can be applied.

Composite/composite contact. The harder filler is responsible for the friction in
both composites (CFRE, CNPRE). Filler/filler contacts seems to modify dramatically the
frictional behaviour. Because of the large difference in the hardness of epoxy and carbon
filler, the assumption of effective hardness can not be applied. However, estimated local
shear stresses of CFRE/CFRE micro contacts are of the same order of magnitude. The
micro contacts of CNPRE/CNPRE must not be plasticized to answer the assumption of
the effective shear stress, which is rather plausible because of the high elastic limit of
carbon filler. Therefore, in the case of composite/composite sliding contact, the inverse
proportionality law should be applied.

For CFRE/CFRE contacts, fibre orientation was taken into account. The model
concludes that it does not affect the composite interfacial friction. This is coherent with
our experimental observations.






CHAPTER 5

Bulk frictional dissipation

In order to provide a complete study of frictional dissipation in composite materials, the
interfacial friction investigation, presented in the previous chapter, is followed by the study
of frictional bulk dissipation and associated wear. The experimental investigation of pure
epoxy and CFRE 62% friction and wear under severe tribological conditions, i.e. high
normal load and sliding velocity, is carried out and presented in this chapter.

Severe tribological conditions usually cause a surface damage and contact heating,
which could increase and destabilize the frictional force. Some part of the frictional energy
dissipates in the mechanical deformation, cracking, softening or wear debris formation.
The types of surface damage and the severity of their consequences depend not only on
normal load, sliding velocity and environmental conditions, but also on the nature of both
contacting materials. The experimental wear investigations of CFRE composite issued
from the literature and presented in Chapter 1 cover the wear of rather soft composite
or polymer by a hard, and often sharp, metal counterface. Therefore, the involved wear
mechanisms are usually abrasive, and the measured wear rates are very high.

In contrary to these studies, we are interested in frictional dissipation in polymer/
polymer and composite/composite couples. Furthermore, epoxy/composite frictional cou-
ple is also tested in order to complete this investigation. Due to the similar nature of
rubbing bodies, the dissipation processes are very different from those involved against
hard metal.

Therefore, this chapter is organized in the following manner: it starts with a description
of the experimental equipment, conditions, protocol and features, followed by the consecu-
tive studies of epoxy/epoxy, CFRE/CFRE and CFRE/epoxy frictional dissipations. A
two-scale approach is developed in our study. It involves macroscopic frictional losses,
which cover mass loss measurement and friction coefficient, dissipated energy and relative
contact temperature rise calculations, and microscopic surface observations in order to
determine the wear mechanisms. The observation of the worn surfaces after several test
durations under similar conditions allows us to distinguish wear mechanisms and to create
wear history scenarios. A correlation of two-scale parameters is also discussed for all
frictional couples.
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5.1 Experiment description

5.1.1 Linear tribometer

This tribological study of epoxy and CFRE friction and wear under severe conditions is

carried out on a linear tribometer developed in LTDS [100] and presented in Fig. 5.1.

It allows one to apply a linear or sinusoidal reciprocating motion between two samples

of several geometrical configurations in ambient atmosphere or liquid lubrication environ-
The main characteristics of this tribometer are summarized in Table 5.1. The
linear motor on crawler tracks guides the horizontal displacement of a moving sample,

ment.

providing a speed in the range from 1 to 1000 mm/s in constant or sinusoidal mode.

The displacement of the moving arm is continuously measured by a sensor of the motor

during an experiment. A derivation of the temporal dependence of displacement provides

a velocity value at each instant.
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The normal load is applied with a vertical displacement of a platform, carrying the
fixed lower sample, which is guided through a screw shaft by a motor. The maximal
vertical run of the platform is 10 mm. The lifting speed can be varied from 30 nm/s to 1
mm/s. The stiffness of the loading device, calculated and verified experimentally during
the development of the tribometer, is about 37 MN/m, while its first natural frequency
is 173.3 Hz under the load of 100 N. The normal load is continuously measured by a load
cell integrated into the moving arm. In parallel with the normal force, the tangential load
is also continuously measured with a piezoelectric sensor fixed on the lateral side of the
platform.

The kinetic motion parameters and normal load application, as well as the measured
signals, are recorded through a PC with a sampling frequency up to some kHz.

This tribometer is very versatile: it can be adapted to plane/plane, cylinder/plane
or sphere/plane configurations. A rotation of an adjustable head of the slider holder
in the moving arm can regulate the parallelism between two samples in plane/plane or
cylinder /plane configuration.

Figure 5.1: Overall view of the linear tribometer

Kinematics Linear or sinusoidal alternative motion

Contact configuration Plane/plane, cylinder/plane, sphere/plane

Sliding distance From 1 mm to some cm

Speed From 1 mm/s to 1 m/s

Normal load Up to 100 N

Environment Ambient air, with a possibility of the lubricant bath installation
Temperature From —100°C to 500°C

Table 5.1: Main features of the linear tribometer [100]
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5.1.2 Samples and experimental protocol

Friction experiments under severe tribological conditions are carried out on the CFRE
62 % composite and pure epoxy in different configurations. These materials, as well as
their surface preparation and roughness characterization, are similar to those used in
the interfacial friction study. The composite and epoxy plates were cut into rectangular
samples with the approximative dimensions of 30 x 15 x 4 mm? for tracks and 8 x 6 x 4
mm? for sliders. While the exact track size has no importance for our frictional study, the
size and shape of the sliders can possibly influence the friction or wear. Therefore, the
sliding area of each slider is measured and taken into account in the following calculations.

Four tribological conditions are chosen in order to highlight an effect of normal load and
sliding speed on friction and wear. A sinusoidal temporal velocity dependence is applied.
This kinematic condition is characterized by an amplitude of the sliding distance and a
sliding frequency. The maximal sliding distance of 10 mm and two sliding frequencies
of 1 and 6 Hz are chosen. These sliding frequencies correspond to mean sliding velocity
of 20 and 120 mm/s or maximal sliding velocity of 30 and 170 mm/s, respectively. The
applied tribological conditions also differ by two normal forces of 20 and 50 N. These four
tribological conditions are summarized in Table 5.2.

All the tests are carried out in ambient humidity (RH ~ 50 —60%) and room temper-
ature (= 20 — 25°C).

Conditions 1 2 3 4

Normal load, N 20 20 50 50
Mean apparent contact pressure, MPa 0.7 0.7 1.8 1.8
Sliding distance, mm 10 10 10 10
Frequency, Hz 1 6 1 6

Mean velocity, mm /s 20 120 20 120
Max velocity, mm/s 30 170 30 170

Table 5.2: Applied tribological conditions

An example of one cycle of instantaneously measured frictional and normal forces and
the corresponding sliding speed is plotted in Fig. 5.2. We can observe, that the normal
force is rather constant with time, sliding speed is sinusoidal, and the frictional force on
the forth and back passes is rather symmetrical.

5.1.3 Kinematics of slider and track

The wear characteristics are usually a function of the kinematic length. It is the distance
seen by a surface point, which depends on the contact time and sliding velocities of the
two contact bodies. Kinematic length Lgys of a point M belong to the body A can be
calculated as:

Ly =tym(Ve —Va) (5.1)
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where V4 and Vg are the velocities of A and B contacting bodies. t.pr = b/Vy4 is a time
of contact between the point M and the body B, where b is a width of contact.

The contact kinematics is schematized in Fig. 5.3. The kinematic length is similar for
all points of the slider and equal to Lis = 2 -1 - Neyele, where [ is the sliding amplitude
and Ngyee is the number of cycles. The slider kinematic length is shown with the blue
line on the kinematic length /pass diagram. However, the points of track surface are under
different kinematic conditions and could be divided into three zones, see the red line on
the kinematic length/pass diagram. The surface points of extreme zones 1 and 3, where
the contact time depends on its position on the surface, have less contact time than those
of the central zone 2, where it is constant for all points. Therefore the kinematic length
is not similar for these three zones. We will operate with an average kinematic length for
the track, which is showed with the violet line in Fig. 5.3 : Lz = 2+ (bl)/(b + 1) Neyete-
The difference of kinematic length in the extreme zones will be taken into account in the
worn surface study, as depicted at the bottom of Fig. 5.3.
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Figure 5.2: Example of the sliding speed and

frictional and normal forces during one cy- Figure 5.3: Features of the kine-
cle continuously measured by the Linear tri- matic length for slider and track
bometer samples
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5.2 Dissipation in polymer/polymer friction and wear

In order to study the frictional dissipation and wear of epoxy/epoxy sliding system, two
approaches are developed. We will start with a macroscopic approach, which allow us to
investigate parameters, such as mass loss and wear rate, evolution of friction during each
cycle and throughout the whole test, dissipated frictional energy, as well as an estimate of
the temperature arising in contact. This will be followed by the microscopic observations of
worn surfaces after several test durations with the purpose of wear mechanisms detection
and establishment of plausible wear history.

5.2.1 A macroscopic approach
5.2.1.1 Wear law

In order to study the mass loss as a macroscopic wear characteristic, all samples were
weighed before and after each test. The mass losses of track and slider are plotted as a
function of their respective kinematic length under four sliding conditions in Fig. 5.4 (a)
and (b), respectively. We observe that all samples follow the same tendency: the mass
loss AM increases linearly with the kinematic length L. Thus, we can define the linear
dependency with the slope a,,, such as

AM=ay - Ly=W - -p- Ly =Ws-p-P- L (5.2)

where W is the wear rate, i.e. volume loss per distance unity; Wy is the specific wear
rates, i.e. wear rate per normal load unity and p is the material density.

The slope value a,, of the slider varies from 0.10 - 107% g/mm for the less severe
conditions (20 mm/s and 20 N) to 1.3 - 107% g/mm for the most severe conditions (120
mm/s and 50 N), while a,, of the track varies from 0.38-107% g/mm to 1.88-107% g/mm
under similar conditions. The values of the slope are indicated on Fig. 5.4 (a) and (b).

We can notice, that for both samples, the conditions 4 produce much more mass
loss, than other three conditions, under which mass loss is rather similar. Under similar
conditions, the mass loss rate, i.e. the slope of the fitting curves, of the track is higher
than that of the slider.

This linear behaviour seems in agreement with Archard’s empirical wear law [25] pos-
tulated for metallic surfaces:

PL
Vwear - kw? (53)

where k,, is the wear coefficient, H is the hardness of the surface which is worn away, L
is its kinematic length and P is the normal force.

Archard’s wear coefficient k,, characterizes the volume loss. It is independent of veloc-
ity and normal load, but varies with the material in contact. Therefore, in order to obtain
wear loss in this classical form, we divide our wear coefficients by the epoxy density. These
coefficients, as well as wear rates and specific wear rates, are calculated using the values of
H = 256.7 MPa and p = 1.1 g/cm? (see Chapter 2). Average wear rates, wear coefficients
and specific wear rates of slider and track for four sliding conditions are reported in Table
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Figure 5.4: Measured mass losses of (a) slider and (b) track and their linear fits. The
average sliding velocity and normal force corresponding to the four experimental conditions
are presented in the legend. The slope values are indicated with the same colors as the

experimental data points

5.3.
Conditions 1 2 3 4
Wear coefficient
Slider 1.2-10% 09-107% 29-107% 6.1-1073
Track 44-107% 27-100® 95-107% 88-1073
Total 31-100% 1.9-107% 55-107% 10.3-1073
Wear rate, m>/m
Slider 09-1071° 18.10719 2.3.10710 11.8-10710
Track 3.5-107° 53.10710 74.10719 17.1.10710
Total 24-10719 3.8-10719 4.3.10710 20.0-10710
Specific wear rate, m®>/Nm
Slider 0.5-107" 04-10711 1.2-107" 24.107U
Track 1.8-107% 1.1.107% 3.7-10711 34.107U
Total 1.2-107" 08-107" 22.107'"" 4.0-107M

Table 5.3: Wear volume loss characteristics of epoxy/epoxy contact

An increase in the wear characteristics, reported in Table 5.3, with the severity of
tribological conditions is observed for both samples.

We can notice, that the wear coefficients and wear rate of epoxy/epoxy are of the same
order with those between identical metals, as reported by Archard [25]. He measured
ky = 7-107% and W = 1.57 - 10~ 11 m3/m for mild steels and k,, = 13- 1073 and
W =6-10" m3/m for hard steels. The sliding speed of 1.8 m/s and normal load of 4
N were applied. Wear tests of epoxy pin against steel disk under a normal load of 20 N
and linear speed of 0.314 m/s were carried out in [101]. The authors report values of 3.5
10712 m3/Nm for the specific wear rate and 0.45 for the friction coefficient. This specific
wear rate differs by 1 order of magnitude with our values. This divergence must be due
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to the wear mechanisms acting in polymer/hard metal and polymer/polymer contacts. In
the former, the main wear mechanisms are reported to be abrasion by hard steel asperities
and formation of a polymer transfer layer. In the latter, the abrasive wear is less likely
because of the similar nature and hardness of two contacting bodies.

However, although the increase of the mass loss is linear with the kinematic length,
we should emphasize that, in contrast to the Archard model, our polymer/polymer wear
coefficient depends on the normal load and on the velocity. This means that, in contrary
to contacts obeying Archard’s law, our contacts are not fully plasticized under tested
conditions.

The total mass loss of both samples is presented as a function of the slider kinematic
length in Fig. 5.5. It also follows an Archard-like linear dependence, which allows us to
calculate wear coefficient k,,, wear rate W and specific wear rate W,. These coefficients,
presented in Table 5.3, behave similarly to those of slider or track: they increase with the
sliding speed and normal load growth.
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Figure 5.5: Measured mass losses of both track and slider as a function of the slider
kinematic length, and their linear fits

5.2.1.2 Friction and dissipated energy

During an experiment, friction and normal forces are continuously measured at each point
of the motion. Since the normal force remains constant at either 20 or 50 N, it is possible
to define and calculate Coulomb friction coefficient. Resulted friction coefficients are
presented in the form of maps, where x—axis corresponds to the cycle number, y—axis
corresponds to the amplitude of sliding during one pass. The friction coefficient values are
distinguished by color: the dark red color corresponds to the maximal value of 1.2, while
the blue color indicates low friction. The relative symmetry of the friction values between
back and forth passes allows us to average them for each cycle.
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Four such frictional maps of 500 cycle tests for different tribological conditions are
presented in Fig. 5.6. The sinusoidal velocity profile is schematized on the left of each
map. It can be seen from Fig. 5.6 (a) that friction remains rather stable with the speed
variation except at the end of the pass, where a blue zone, corresponding to low friction
value, appears. This zone of low friction is due to a default of the parallelism between
two planes and could also indicate the evacuation of the 3rd body. This behavior remains
constant with time, as the number of cycles increases. An augmentation of the normal
force to 50 N leads to a rather low friction coefficient on first cycles before it increases to 0.7
beyond 50 cycles, as shown in Fig. 5.6 (b). Oscillations depicted in Fig. 5.6 (c, d) at 120
mm/s are due to a tribometer instability, which occurs under high testing frequency. The
frequency of this oscillation is about 156 Hz, which is close to the first natural frequency of
the rig 173.3 Hz. However, a stabilized value of friction for 120 mm/s and 20 N is reached
at 0.7. Under the highest sliding and loading conditions, the mean value of the friction
coefficient falls to approximately 0.6 after 300 cycles. These maps seem to indicate that
the friction is roughly independent of the applied normal force and of the velocity in the
considered range of experimental conditions.
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Figure 5.6: Friction maps for (a) 20 mm/s, 20 N; (b) 20 mm/s, 50 N, (c) 120 mm/s, 20
N, (d) 120 mm/s, 50 N of sliding velocity and normal force, respectively. The friction
coefficient is averaged between back and forth for each cycle. The sliding distance on
y—axis and cycle number on x—axis are limited by 10 mm and 500 cycles, respectively

Friction and wear processes generate frictional energy F4, which dissipates in cracking,
deformation, heating or tribochemical reactions. It can be calculated as
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Figure 5.7: Dissipated energy as a function of the slider kinematic length for four tribo-
logical conditions

tex
Ei= | F@)V(t)dt (5.4)
0
where F'(t) is the frictional force as a function of time, V(¢) is the sliding speed as a
function of time and t;, is the total duration of the frictional experiment.

Fig. 5.7 presents the dissipated energy calculated for four tribological conditions as a
function of the slider kinematic length. We notice that it increases linearly with the slider
kinematic length. Two families of experimental points can be distinguished: one for the
tests under the normal load of 20 N and another for the tests under 50 N. The slopes
of the linear curves, presenting these two tendencies, are approximatively equal to 0.011
J/mm and 0.024 J/mm.

Taking into account the results issued from the friction maps, we may consider that
F(t)ay = ptav P and the dissipated energy E; becomes:

Ncycle 1/f Ncycle l/f
Eq= Z /0 F)V(t)dt = Z NavP/O [Vimazsin(2m ft)|dt = piay P Lis (5:5)
i=1 i=1

where Ly is the total kinematic length of the slider. This equation validates the experimen-
tal linear dependance of the dissipated energy with the kinematic length and the strong
influence of the normal force.

5.2.1.3 Correlation between mass and energy losses?

Once we have determined mass and energy losses in our epoxy/epoxy sliding system, we
may wonder if these two independently measured characteristics are related. The energy-
mass diagram, presented in Fig. 5.8, indicates the scatter of calculated dissipated energy as
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a function of measured total mass loss of both samples. It can be seen that the dissipated
energy varies linearly with the total mass loss, following:

Ey = agAM = (Vo) AM (5.6)

where the coefficient of proportionality ag has the units of the square of a velocity. This
critical velocity Vp is of the order of magnitude of 5 - 10% m/s, and it varies with the
tribological conditions.

According to Eq. 5.5 and Eq. 5.6, we can calculate that:
Hav P

V2 Ly (5.7)

This equation confirms the linear dependance of the total mass loss and the slider

AM =

kinematic length. It also allows us to explain the apparent evolution of the wear coefficient
with the tribological conditions (see Table 5.3) and the discrepancy with the Archard law
related to the partially plastic contact.
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Figure 5.8: Dissipated energy as a function of measured total mass loss points. The slopes
of lines are calculated for four conditions. The slope colours correspond to experimental
data points colours

Therefore, by this approach we can identify the linear dependency between two indepen-
dently measured macroscopic parameters, that is to say mass loss and dissipated energy.
We can also notice that values of E;/AM are rather large, which could indicate an influ-
ence of heating and viscoelastic dissipation, which are typical for polymers.

5.2.1.4 Contact temperature distribution

Relative motion between two bodies produces a work against frictional forces, which is
mostly dissipated in heating of contact zone. Arising from real contact regions, the heat
propagates into subsurface regions and create temperature gradients. The temperatures
within the contact are quite difficult to measure. However, they are of great importance
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because they can initiate chemical reactions of surface materials or cause softening. That
is why several models of contact temperature calculation were created.

Archard [102], Jaeger [103] and Blok [104] consider the contact of two bodies: one of
them, moves with a velocity V upon another, stationary one. The quantity of generated
frictional heat ¢ per surface unity and time unity is given by

tezp P(t) dV
= —dt 5.8
e /0 A, (1) dt (58)
or by its mean value:
awPV
q =t (5.9)

where A, is the real contact area.

The maximal temperatures arising in the contact of a short duration is called flash
temperature. The real contact temperature is the sum of bulk temperature 6, which is
ambient, and flash temperature rise A6:

0 =0, + A0 (5.10)

This quantity of heat is distributed between two bodies by different manner. Indeed,
the problem is not symmetrical, the heat source is stationary for the moving slider and
moving for the stationary track. The coefficient of heat partition § is introduced. Let us
now calculate the temperature gradients in both solids, and then this coefficient.

1. Slider. The heat source is stationary for the slider, therefore, its temperature
gradient is calculated simply by the following equation

dgb
ksl

where kg is the thermal conductivity of the slider material and b is the characteristic

Abg =

(5.11)

length of contact.

2. Track. In this case, the heat source is moving, and the temperature gradient

depends on the ratio between the contact time for the heat source t. = b/Vy and the time

of the temperature propagation in the track volume tq = b?/4x.. In these relations, b

is the contact width, Vy; is the velocity of the slider, x¢- is the thermal diffusivity of the

track material. This ratio is introduced by the Peclet number Lp as following
_ta Vab

Lp=-"2=
7fc 4Xtr

(5.12)

The thermal diffusivity can be calculated as x = k/pc,, where p is the density, ¢, is the
specific heat capacity, and k is the thermal conductivity. The value of this non-dimensional
speed criterion can give an estimate of the heat propagation profile:

o If Lp < 0.1, the contact time is much higher than the time required for heat prop-
agation. Thus, the moving heat source can be considered as stationary, and the
temperature gradient is similar for both contacting bodies. It is schematically drawn
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in Fig. 5.9 (a).
e 0.1 < Lp < 5 is the intermediate mode.

e If Lp > 5, the contact time for the stationary body is not high enough to get the
heat to propagate deeply. The temperature of the stationary body becomes higher
than that of the moving one. Fig. 5.9 (b) presents a schematic temperature gradient
corresponding to high Peclet values.

Therefore, the average temperature rise for the stationary body, the track, is given

by [103]
(1 - (5)(] Xtrb/z
AOy, = 1
b W\ vy (5.13)

We consider that at the surface, the temperature rise is equal for both solids. Thus,

we can calculate the coefficient of partition:
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Figure 5.9: Temperature gradients corresponding to (a) low and (b) high Peclet number

Thermal conductivity — Density Specific heat Thermal
k, W/m K p, kg/m3  capacity ¢, J/kg K diffusivity x, m?/s
0.19 1.1-10° 1-10° 0.17-107°

Table 5.4: Epoxy thermal properties required for flash temperature calculation

Considering the average sliding velocity V3 = 20 mm/s and Vo = 120 mm/s, demi
contact width b/2 of 31073 m and thermal properties of epoxy given in Table 5.4, we
obtain the Peclet numbers of Lpy = 177 and Lps = 1059, both larger than 5. Coefficient
of heat distribution between two contacting bodies is equal §; = 0.05 for conditions 1
and 2 and dy = 0.02 for conditions 3 and 4. This means that only 5 and 2 % of heat is
conducted through the slider under V; and Vs, respectively. Therefore, the temperature
gradient propagated into the fixed track is much higher. On the contrary, the temperature
gradient of the slider is very low, and the temperature is ambient 6 in the subsurface layers
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of the slider. We will further calculate the contact temperature rise and its gradient in
the track.

The real contact area of our plane/plane contact is unknown. Moreover, it varies sig-
nificantly during the sliding process: at the beginning, it can be considered as a multiple
asperity contact, whose area quickly grows as wear occurs; but it remains difficult to esti-
mate taking into account the continuous repetitive third body formation and evacuation
from the contact. We will consider two limit values for the real contact area:

1. The real contact area A,; equal to the apparent one. The apparent area of slider is
measured for each slider individually.

2. The real contact area A,9 according to Bowden and Tabor’s theory: A, = P/H,
where P is the normal load and H is the hardness of the softest material. Therefore, for
P=20N, A, =20/(256.7-10%) = 8.8-107® m?, and for P = 50 N, A, = 50/(256.7-10%) =
19.5-1078 m?.

The examples of quantity of heat per area unit g and relative average Af,, temperature
rise values calculated with Eqs. 5.9 and 5.13, respectively, for a test of 100 cycles are
presented in Table 5.5. The minimal and maximal values corresponding to two limit cases
of real contact area are also given.

Conditions Quantity of heat/ Relative temperature
area unit g, W/m? rise, Abg,, °C
Arl Ar2 Arl Ar2
20 mm/s; 20 N 4-10%  3.5-10° 4 2973
20 mm/s; 50 N 13-10® 3.3-10° 11 2761
120 mm/s; 20 N 33-10% 26.6-105 12 9526
120 mm/s; 50 N 64-10% 17.5-10° 23 6261

Table 5.5: Total quantity of heat per area unit and relative average temperature rises for
tracks after 100 cycles for limit cases of contact area A,; and Ao

The summary of relative average temperature rises for all tests under four tribological
conditions as a function of the slider kinematic length is presented in Fig. 5.10(a, b). Fig.
5.10(a) presents the temperature rise calculated with the real contact area A,1, while the
temperature rise calculated with the real contact area A, is shown in Fig. 5.10(b). We
can divide these diagrams onto two zones. The first several cycles of temperature increase
represent a run-in period and are not representative of the temperature rise tendency.
The second region is presented by the stabilized value of the temperature rise observed
under all conditions. We notice that the temperature rise is higher for the higher sliding
velocities.

Although the real flash temperature rises are unknown due to the lack of knowledge
of real contact areas, they should be between the values presented in Fig. 5.10(a) and (b)
and Table 5.5. The values of temperature rise calculated with A,2 are very high for all
conditions. This can be explained by our conclusion from mass and energy loss sections:
the contact area is not fully plasticized. Therefore, the equation of Bowden and Tabor
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Figure 5.10: Average surface temperature rise as a function of slider kinematic length
under four tribological conditions considering (a) real contact area A,1, (b) real contact

area Ao

certainly overestimates the contact area and temperature rise. Taking into account that
the glass transition temperature of epoxy is about 120 °C, such temperature rises, along
with the dynamical loading, certainly change the polymer state to rubber-like, at least on
local surface zones.

The track temperature gradient under 20 mm/s and 20 N, after 1000 cycles is plotted
in Fig. 5.11. The real contact area calculated according to A, = P/H is considered. We
assume that the bulk temperature of 25 °© C is attained in the depth of the half contact
width. The temperature decreases rather quickly: at a depth of 0.75 mm, it has a half of

its surface value.
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Figure 5.11: Temperature gradient for the track under 20 mm/s, 20 N after 1000 cycles,
considering real contact area Ao
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5.2.2 A microscopic approach

The processes occurring within the plane/plane sliding contact are very complex, and
the macroscopic approach only links the initial and final surface states. We may wonder
what happens during sliding. What are the mechanisms at stake? In this section, we will
attempt to retrace the history of the sliding contact, based on the micro and macro obser-
vations of the surfaces and their correlation to the macro parameters such as temperature,
energy or mass loss.

5.2.2.1 Overview of worn surfaces

The surfaces of both slider and track are observed after each frictional test. The first
overview observations allow us to notice, that the worn surfaces after the tests of 100,
500 and 1000 cycles could be distinguished into two qualitatively different types. The
examples of slider and track couples, worn accordingly to these types are given in Fig.
5.12 and 5.13.

Type 1. Fig. 5.12 shows a couple of slider and track surfaces after 500 cycles under 20
N and 20 mm/s. We can see that the width of the track worn surface corresponds to that
of the slider, which is not entirely worn due to the non parallelism between two planes.
The length of the track worn zone is coherent to the central zone of maximal kinematic
length, see Fig. 5.3. The track surface profile, following the blue arrow, is shown over its
photo. The track worn zone contains several individual macrogrooves, which join to form
a bigger one. The small quantity of matter piles up on several worn zone borders of both
slider and track, but the borders are distinct, and a general worn surface level is lower
than initial surface level. The worn zones of both solids are covered with the third body
formed into rollers perpendicular to the sliding direction.

Type 2. The slider and track couple surfaces after the test of 500 cycles under 20 N
and 120 mm /s are shown in Fig. 5.13. The width of the track worn zone corresponds to the
length of the worn zone of the slider. The partially worn slider, as well as the asymmetry
of the track worn zone, are due to the lack of the parallelism between two plane samples.
However, we can notice that the worn zones look fundamentally different compared to
those in Fig. 5.12. A surface profile taken along the track worn zone shows that its
surface level is elevated. Due to the higher surface level, the worn zone borders present
the smooth transition between two levels. Some matter quantity is collected on the left
side of the worn zone, although the black areas correspond to deep hollows. Small cracks
perpendicular to the sliding direction can be seen in the middle of the track worn zone.
The slider worn surface resembles to the track one with the black hollows, perpendicular
cracks and smooth lower border.

It is noteworthy that the surfaces presented in Fig. 5.12 and 5.13 are worn under the
similar normal load and test duration, only the sliding speed is different. The similar
effects are observed under other normal load after 100, 500 and 1000 cycles: the worn
zones resemble to those of Type 1, as in Fig. 5.12, under mean sliding velocity of 20 mm /s
and to those of Type 2, as in Fig. 5.13, under mean sliding velocity of 120 mm/s. On
the other hand, the track and slider surfaces after 10 cycles are only covered by several
grooves. Due to the divergence between two plane samples, the initial contact area can
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Figure 5.12: Epoxy (a) slider and (b) track couple after 500 cycles under 20 N and 20
mm/s. The surface profile and the line of its measurement are shown with blue color. The
visible pattern outside of the worn zone is on the back sample surface

Figure 5.13: Epoxy (a) slider and (b) track couple after 500 cycles under 20 N and 120
mm/s. The surface profile and the line of its measurement are shown with blue color. The
visible pattern outside of the worn zone is on the back sample surface
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vary dramatically between the tests. Therefore, it is difficult to judge about the conditions
of the transition between the several grooves and one of discussed wear zone types, but
they must be somewhere between 10 and 100 cycles, as it is schematized in Fig. 5.14.
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A~ ’O 2 10 - 100 cycles transition
50 1 g a © Worn zone of Type 1
© Worn zone of Type 2
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>
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Figure 5.14: Evolution of epoxy wear modes from 10 to 100 cycles depending on normal
force and average sliding velocity

The macroscopic photos of all worn track samples are treated with the software ImageJ

in order to measure their worn areas. The damaged surface areas A,, are estimated after
this image treatment, as it is shown in Fig. 5.15. All types of surface damage and plastic
deformation are considered to be inside the worn area.

Figure 5.15: Image treatment of worn track samples and worn area estimate with the
software ImageJ. The left image corresponds to a test under 20 N and 20 mm/s after 100
cycles, while the right image shows the worn area after 500 cycles under 20 N and 120
mm/s

Because of the lack of parallelism between two plane samples, the contact width is
different for all the experiments. However, we can estimate the final worn area width by a
measurement of the slider worn zone width. For instance, the widths of slider worn area in
Fig. 5.12 (a) and Fig. 5.13 (a) are equal to 6.8 and 8.2 mm, respectively. If the worn area
is represented by several individual grooves, its width is defined and measured between
the two extreme grooves. This contact width is estimated on the slider photographs with
the ImageJ software. Therefore, we can normalize the track worn area by its width w and
theoretical track worn zone length [ + b:

Ay = — v (5.15)
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These normalized track worn areas are plotted versus slider kinematic length in Fig.
5.16. We observe that the track worn area grows quickly at the beginning of the sliding,
and more slowly after this initial period of 10 — 100 cycles, depending on the tribological
conditions. We can notice that the maximal value of normalized worn area is higher than 1.
This is due to plastic deformations of its borders: the track matter is pushed by the slider.
We can suppose that there is some value of the kinematic length, when the normalized
worn area is maximal and similar for all the conditions. Therefore, the difference in worn
area growth rate between tribological conditions should be observed only before this value.
On our diagram, we can see that at 2 - 10% of slider kinematic length or 1000 cycles, the
normalized track worn area is almost similar under all tested conditions.
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Figure 5.16: Normalized track worn area A, versus slider kinematic length L

5.2.2.2 Energy dissipated in surface damage

On a macroscopic approach, the dissipated energy was found to be linearly proportional
to the weighed total mass loss. However, the worn surface observations and topographic
measurements reveal that some parts of the track surfaces are elevated, relatively to the
initial surface level. This means that some material quantity might be transferred from
slider to track and remains on the track surface. This process requires energy dissipation,
but is not associated with any mass loss. On the other hand, a part of the frictional energy
dissipates in the surface plastic deformations also without linked material loss. Therefore,
the energy dissipation should be associated not only to the mass loss, but rather to the
worn zone area growth and wear mechanisms.

This analysis allows us to plot the calculated dissipated energy E; versus the track
worn area A, under four tribological conditions, see Fig. 5.17. In this diagram, we
can distinguish two regions: the initial fast growth of worn area with frictional energy
until approximatively A, = 95 mm?, followed by a faster growth of the track worn area
associated with an increase in dissipated energy. With little difference in the slope, the
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initial linear region occurs under all tested tribological conditions. The approximative rate
of dissipated energy in this zone is 0.5 J/mm?. An increase of the number of individual
grooves and their unification expand quickly the worn area. We can assume that this
region corresponds essentially to the abrasion producing the grooves, as we have seen on
the samples photographs. When the worn area is rather large, other wear mechanisms
interfere. When the maximal damaged area is reached, the frictional process continues to
dissipate energy by surface heating and eventual two or three-bodies abrasion, adhesive
or fatigue wear and thermal transformation.
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Figure 5.17: Energy dissipated in the formation of the track worn area

If the first region is rather independent on the tribological conditions, the second re-
gion seems to indicate a strong dependence of dissipated energy rate, and associated wear
mechanisms, with experimental conditions. This coheres with our surface damage observa-
tions, schematized in Fig. 5.14, stated that under all conditions the first 10 cycles produce
the grooves, and the following rubbing causes different wear mechanisms depending on
tribological conditions.

5.2.2.3 Wear mechanisms definition and description

In this section, we will observe the worn surfaces with higher magnification in order to
distinguish different wear mechanisms and to classify the observed phenomena.

We start with observations of worn grooves after 10 cycles, which we have seen on the
sample macrophotographs. Fig. 5.18 (a) presents such grooves found on the track surface
after a test under 50 N and 20 mm/s. The shape of worn zone borders can be associated
to the ductility or brittleness of the deformed material. This brittleness is identified by
the groove notched borders. The difference in groove profile and plane view of two types is
schematized in Fig. 5.19. We can observe a smooth pile-up on the groove borders and its
end on our photo, which indicates the ductility of these grooves. The grooves are clean, i.
e. without any inserted particles. Thus, we suppose that they are produced by the hard



5.2. Dissipation in polymer/polymer friction and wear 111

(RS i IS td
e ,-’S‘:\idmg direction * '

Ductile grooves, ' *°
.T??:":f'g,j,,,.:- A}&__: R 5

- e

!

(a) (b)
. Sliding direction 1L - ™ < : '::S‘-ﬁdrng;;direqtion;“;‘
5 M\‘"A S s TN ‘:sé \ A v TN T

B ¢,f:. -. ‘., =
A ) S Third body particles
(<) (d)

Figure 5.18: Microscopic track surface images of (a) individual ductile grooves formed
under 20 mm/s and 50 N after 10 cycles (x20); (b) brittle grooves (x2.5), (¢) third body
particles ploughing track surface (x20); (d) third body particles remained inside a groove
(x20). (b-d) images are taken on the same track sample after 100 cycles under 20 mm/s
and 50 N
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Figure 5.19: Schematized profile and inserted plane view of (a) ductile groove and (b)
brittle groove
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asperities or inclusions of counterbody, i. e. two-bodies abrasion.

The transition between ductile and brittle grooves can occur depending on normal and
tangential forces, shape and size of the indenter, viscoelastoplastic polymer properties and
environmental conditions [105]. Therefore, the larger and deeper grooves are brittle, for
instance, as after 100 cycles under 20 mm/s and 50 N in Fig. 5.18 (b).

Fig. 5.18 (¢) and (d) present the third body, i.e. worn material debris, particles
inserted into the track surface. These particles appear and grow during the sliding and
plough the counter surface. They enlarge and deepen already formed groove in Fig. 5.18
(c) and create new worn zone in Fig. 5.18 (d). We can observe smooth transitions of
surface level, which indicate that the particles and the surface material are soft.

Grooves, similar to those presented in Fig. 5.18 (a), are detected on the track and
slider surfaces after 10 cycles under any conditions. When the worn surfaces are larger,
i.e. on Type 1 worn surfaces, as in Fig. 5.12, phenomena similar to Fig. 5.18 (b-d) are
observed. However, wear mechanisms responsible to the Type 2 worn surface formation,
as in Fig. 5.13, are qualitatively different. The magnified photographs of this track sample
worn zone are depicted on Fig. 5.20 (a-d), a schema of their location on the worn area is
drawn in the left upper corner of each image.

Adhesive forces grow under higher normal loads and sliding speeds with repeated
fatigue loading and can damage the surfaces. Its consequences, such as material pull out
and surface cracks perpendicular to the sliding direction, are presented in Fig. 5.20 (a, b).
We notice that these cracks and craters are typical for rubber wear. Moreover, the similar
nature of both contact samples and severe tribological conditions favor material transfer
between the surfaces. This results in the adherence of compacted wear debris into the
track surface, see Fig. 5.20 (c) or the general elevation of surface level of the worn zone,
as it is emphasized on Fig. 5.20 (d).

Once the mechanisms have been defined, it is necessary to try to associate them with
tribological conditions, test durations, etc. We have first noticed that for a low number of
cycles and independently of the tribological conditions, only grooves are depicted on the
surfaces. For a higher number of cycles, we have noticed that Conditions 1 and 2 cause the
surface damage of Type 1, while Conditions 3 and 4 cause the surface damage of Type 2.
Moreover, the worn surfaces of Type 1 are covered by a cloud of the third body particles,
while Type 2 worn surfaces are rather solid and clear. Higher velocities favor the third
body evacuation from the contact, while under low velocity it can remain into the sliding
area and slide or roll following the slider. This induces a decrease of the real contact area
and fast cooling of both surfaces. Furthermore, calculated contact temperatures show that
they are generally higher for Conditions 3 and 4, than for Conditions 1 and 2 on similar
contact area. On the other hand, high contact area of Type 2 surfaces and temperature
growth larger for high velocity cause polymer state transformation to the rubber-like and
high adhesion between the surfaces.
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Figure 5.20: Microscopic images of the track sample after 500 cycles under 120 mm/s and
20 N. The location of zoom in is shown in the left upper corner of each image. Figures
depict (a) material pull-out (x10); (b) cracks and craters on the polymer surface (x10); (c)
transferred compacted material (x10); (d) material transfer and softening onto the worn
zone front border (x2.5)
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5.2.3 Wear retrospective: Two scenarios

In order to conclude on epoxy/epoxy wear mechanisms, we propose two scenarios of surface
damage evaluation and wear history acting in the second region of diagram Fig. 5.17,
where various wear mechanisms interfere. Both scenarios start with two-bodies abrasion
and then develop into two branches as number of cycles increases.

1. The ’three-bodies abrasion scenario’ is characterized by the presence of micro or
macro grooves on the worn surfaces, see Fig. 5.18 (a-d) and the absence of material
transfer. The majority of wear debris is evacuated from the contact, while the
remaining part slides or rolls inside the moving contact and entails the deepening of
wear grooves by the detachment of new wear debris from their bottom and borders.
The third body polishes the surfaces outside the grooves. A typical worn surface of
track that underwent this scenario is described as Type 1 and shown in Fig. 5.12.
This scenario occurs under low sliding velocity for both normal loads.

2. The ’Adhesion/Thermal scenario’ is characterized by two associated mechanisms:
thermal deformation and adhesion. Thermal deformation is expressed in compacted
material adherence into the track surface, see Fig. 5.20 (c), and material transfer
from the slider to the track, as can be seen in Fig. 5.13 by the worn zone border
and the track surface profile. The adhesion in this framework manifests itself by
the pull-out and cracks and small craters perpendicular to the sliding direction,
see Fig. 5.20 (a, b). Under high sliding velocity, wear debris detached from the
slider are not evacuated from the contact, but melt and adhere to the track surface.
Therefore, it elevates the track surface level. In parallel with this transfer process,
the adhesion arises between two heated polymer surfaces. Some quantity of material
is pulled out from the track surface, pushed by the slider to the track worn area
borders and remains there as compacted wear debris. A typical example of track
surface damaged according to this scenario is described as Type 2 and given in Fig.
5.13. This scenario is generally observed for the track samples that underwent high
velocity loading, independently of normal load value.

These two scenarios are summarized in Fig. 5.21. We suppose that the main difference
between these two scenarios is the heat-involved deformation in the surface and sub-surface
layers of polymer. This hypothesis is in agreement with the contact temperature rise and
its distribution into the track surface layers, calculated previously. These calculations
show, that higher velocity causes higher contact temperature, and the largest part of this
frictional heat (96-98 %) is dissipated into the track. This could explain the thermal
processes involved into the second scenario.
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Figure 5.21: Three-bodies abrasion (1) and Adhesion/Thermal (2) wear scenarios for
epoxy/epoxy sliding contacts

5.3 Dissipation in composite-involved friction and wear

In order to study the influence of carbon fibres on the composite bulk dissipation, experi-
ments on CFRE against itself or epoxy slider are carried out under severe tribological
conditions. As for epoxy/epoxy couple, several test durations, such as 10, 100, 500, 1000
and 5000 cycles, are applied. We use the similar approach based on a macroscopic point
of view closely followed by a description of the wear mechanisms involved.

5.3.1 Establishment of wear laws
5.3.1.1 Wear of Epoxy/CFRE

In the case of epoxy/CFRE couple, the wear of the CFRE track remains negligible. Nev-
ertheless, epoxy slider surface damage is observed under all tribological conditions against
CFRE track. The resulted epoxy slider mass loss as a function of its kinematic length is
presented in Fig. 5.22. We observe, that the mass loss increases linearly with the kine-
matic length. Two families seem to emerge, and the slopes are given on the diagram near
each fitting curve, similarly to Fig. 5.4 for epoxy/epoxy rubbing. However, in this case,
the divergence between them is more pronounced: the slider mass loss under 120 mm/s
and 50 N grows rather quickly with the slope of 3.6 - 1075 g/mm, while all other tribolog-
ical conditions cause very slight mass loss of about 1-10~7 g/mm until 1000 cycles, which
correspond to 2 - 10 mm of kinematic length.
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Figure 5.22: Epoxy slider mass loss as a function of its kinematic length for four tribological
conditions

We calculate from the measured mass loss and epoxy density, wear coefficients, wear
rates and specific wear rates of epoxy sliding against CFRE in order to verify if they
follow Archard’s wear law. These values are given in Table 5.6. The difference between two
families is also accentuated in this table: all wear characteristics under Conditions 1, 2 and
3 are lower than those of the Table 5.3. It is noteworthy, that the wear characteristics of
epoxy against CFRE under Conditions 4 are higher than those obtained for epoxy against
itself. We observe that in the case of epoxy/CFRE contact, as well as for epoxy /epoxy, the
mass loss does not respect the hypothesis of Archard about plastic flow into the contact.
Wear coefficients vary with normal force and sliding speed.

Conditions 1 2 3 4
Wear coefficient 1.2.1073 051072 1.2-107% 16.8-107°
Wear rate, m®/m 0.9-107% 0.9-107% 0.9.1071% 33.10°%

Specific wear rate, m>/Nm 4.5-107'" 1.8-107'* 4.5.107'" 66-107!!

Table 5.6: Wear volume loss characteristics of epoxy rubbing against CFRE, calculated
according to Archard’s wear law

5.3.1.2 CFRE wear rate

The weighing of CFRE sliders and tracks before and after each test allows us to conclude
that the mass loss of CFRE is negligible in both couples under all tested tribological
conditions, except for CFRE/CFRE under the highest load and sliding velocity and the
longest test duration. Namely, under a normal load of 50 N, a sliding velocity of 120
mm /s and after 5000 cycles, CFRE slider loses 0.0021 grams, and 0.0007 among them are
found transferred onto the CFRE track surface. Considering the composite density of 1.57
g/cm? (see Chapter 2), this mass loss of the slider corresponds to a wear rate of 1.3-10~!!
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m?/m and a specific wear rate of 2.7 - 107 m3/Nm.

Tsukizoe and Ohmae [46] measured the specific wear rate of HS CFRE against carbon
steel in the order of 107 m3/N m under normal pressure of 1.5 MPa and sliding velocity
of 0.83 m/s. This value differs of 3 orders of magnitude with the one measured in our
study certainly due to the counterface body hardness and heterogeneity.

5.3.2 Friction coefficient and dissipated energy
5.3.2.1 CFRE/epoxy couple

Friction maps are plotted for CFRE /epoxy frictional couple under four tribological condi-
tions after 1000 cycles in Fig. 5.23 (a-d). The friction coefficients are indicated by color:
the dark red color corresponds to the maximal value of 1. An initial period of growing
friction is observed under all conditions. Then, the friction stabilizes at a steady-state
value, which is fairly different depending on the conditions: 0.35, 0.68, 0.7 and 0.75 under
Conditions 1 - 4, respectively. However, a drop of the friction is observed in the middle of
the cycle between 300 and 600 cycles under Conditions 4. It could be explained by contact
area variations and softening of the polymer. We can notice, that the similar drop after
300 cycles is observed for epoxy/epoxy friction under identical conditions. On all maps,
there is a zone of low friction at the end of the sliding pass, which probably corresponds
to the wear debris evacuation.

Generally, in the case of CFRE /epoxy friction, we can say that the friction coefficient
increases with the severity of the tribological conditions, i.e. normal load and sliding
velocity.

The dissipated frictional energy is calculated for epoxy/CFRE frictional couple ac-
cording to Eq. 5.4. The resulting points for four tribological conditions are plotted in
Fig. 5.24 as a function of the slider kinematic length. As for epoxy/epoxy couple in Fig.
5.7, the dissipated energy increases linearly. The slopes of each fit, varying from 0.006
J/mm to 0.027 J/mm, are also indicated on the diagram. According to Eq. 5.5, these
slopes present a product of average friction coefficient and a normal load. This seems to
be followed by these slope values: for example, for the lowest slope 0.006 J/mm under 20
N, the average friction coefficient is p4,, = 0.006 J/mm/20 N= 0.3.

5.3.2.2 CFRE/CFRE couple

The frictional maps for CFRE/CFRE couple under four tribological conditions are plotted
in Fig. 5.25 (a-d). The friction coefficients are indicated by color, and the dark red color
corresponds to the maximal value of 0.8. The first figure of 20 N and 20 mm/s presents
the friction during 1000 cycles, while all other maps cover the tests until 5000 cycles.
Firstly, we observe an absence or insignificance of the run-in period under all conditions:
the friction coeflicient is rather stable even for the first cycles. Moreover, it is perfectly
stable under sliding velocity of 20 mm/s during the pass of each cycle and throughout
all cycles. Its average values are about 0.15 under normal load of 20 N, corresponding to
the apparent pressure of 0.36 MPa, and 0.22 under normal load of 50 N, corresponding
to the apparent pressure of 0.9 MPa. The absence of visible surface damage allows us to
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Figure 5.23: Friction maps for (a) 20 mm/s, 20 N; (b) 20 mm/s, 50 N, (c¢) 120 mm/s,
20 N, (d) 120 mm/s, 50 N of mean sliding velocity and normal force, respectively. The
friction coefficient is averaged between back and forth passes for each cycle. The sliding
distance on y—axis and cycle numbers on z—axis are limited by 10 mm and 1000 cycles,
respectively
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Figure 5.24: Dissipated energy evolution with slider kinematic length for four tribological
conditions

suppose that the conditions 1 and 2 might be considered as interfacial. Thus, the friction
coefficient values can be compared with those from Chapter 3, where under normal load of
2 N, corresponding to the apparent pressure of 6.37 kPa, and sliding velocity of 10 mm/s,
the friction coefficient is equal to about 0.18.

The friction under sliding frequency of 120 mm/s, see Fig. 5.25 (c, d), is less stable
throughout 5000 cycles. It is explained by surface damage, which causes contact area
variation and circulation of wear debris inside the contact. Thus, the friction coefficient
oscillates between 0.3 and 0.4 under 20 N and between 0.4 and 0.7 under 50 N. While the
surface damage under 20 N is low, the normal load of 50 N causes serious wear, which will
be presented and discussed further.

In general, the friction coefficient of CFRE rubbing against CFRE tends to increase
with an increase of normal load and sliding speed.

The dissipated energy of CFRE/CFRE friction under four tribological conditions is
calculated according Eq. 5.4, and the results are presented in Fig. 5.26. The perfect
linear increase in the energy with time or slider kinematic length is observed under all
conditions. The values of slopes are indicated on the figure near the associated lines,
they vary from 0.003 J/mm to 0.023 J/mm. Exactly as we have seen for other couples,
the average friction coefficient can be found from these slopes: for instance, g, = 0.003
J/mm/20 N= 0.15 under Conditions 1. This is also valid for other conditions.



120

Chapter 5. Bulk frictional dissipation

20 N, 1 Hz, 1000

1
Position, mm

-5
Cycles

(a)

20 N, 6 Hz, 5000
=T 5

A

NI 000
i

e

0000000000000 0 A

e T
O!'ulwmmunwmrkmmmm A0 00000 0 s |

¢
!
Position, mm

FA 0 0 0
000 o B

AL A 0
0

A e

ot R
i

500 1000 1500 2000 2500 3000 3500 4000 4500
Cycles

(c)

100 200 300 400 500 600 700 800 900 1000 0

I 000 00 AR i ™

Position, mm

1
Position, mm

50 N, 1 Hz, 5000

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 °
Cycles

(b)

50 N, 6 Hz, 5000

500 1000 1500 2000 2500 3000 3500 4000 4500
Cycles

(d)

Figure 5.25: Friction maps for (a) 20 mm/s, 20 N after 1000 cycles and (b) 20 mm/s, 50
N, (¢) 120 mm/s, 20 N, (d) 120 mm/s, 50 N after 5000 cycles of sliding frequency and
normal force, respectively. The friction coefficient is averaged between back and forth for

each cycle
2500 . . J
o 20 mm/s, 20 N
o 20 mm/s, 50 N
e 2000 ¢ 120 mm/s, 20 N
S v 120 mm/s, 50 N 0.023 J/mm
2 1500+ 1
(0]
o
Q
_S_ 1000
[}
2 0.01 J/mm
o
5001 .
0.006 J/mm
0.003 J/mm

¢

0 2

4
Slider kinematic length, mm 4

6 8 10

x 10

Figure 5.26: Energy dissipation of CFRE/CFRE sliding system as a function of the kine-

matic length for four tribological conditions



5.3. Dissipation in composite-involved friction and wear 121

5.3.3 Contact temperature distribution
5.3.3.1 Thermal characteristics of CFRE

Heat flow distribution in composite undergoes more complicated processes because of the
heterogeneous nature and anisotropy of the composite. Several studies measure thermal
characteristics of CFRE by different experimental techniques and establish empirical laws
[106,107]. Others calculate them by analytical [108,109] or numerical implementations
[110]. As a first approximation, two mixture laws can be used for thermal conductivity
calculation:

1_& 1-V;

il 5.16
ke Ky km ( )

as a lower limit of transversal composite thermal conductivity k;. And
k; = ka?f + (1 — Vf)k:m (5.17)

as a longitudinal composite thermal conductivity k;, or an upper limit of the transversal
one. V; is the fibre volume fraction, k; is the fibre thermal conductivity and k,, is the
matrix thermal conductivity.

Applying these equations to the considered composite and using the thermal properties
of epoxy matrix and carbon fibres from Table 5.7, we obtain k; = 0.40 W/m K and
k; =0.81 W/m K.

We take the CFRE composite density equal to the prepreg density 1.57 g/cm?, see
Chapter 2, and the specific heat capacity equal to that of carbon fibres 0.8 kJ/kg K, as
they are more thermal resistant. This choice is justified by experimental measurements of
thermal characteristics of unidirectional carbon fibre/epoxy composites in [107] that report
at 20°C values of ¢, =~ 0.8 kJ/kgK, k£ ~ 0.58 W/mK and thermal diffusivity x ~ 0.42
mm? /s.

The chosen thermal characteristics of CFRE composite are presented in Table 5.7.

Material ~ Density = Thermal conductivity Specific heat Thermal

p, kg/m? k, W/m K capacity cp, J/kg K diffusivity x, m?/s
Epoxy 1.1-10% 0.19 1-10° 0.17-1076
HSCF  1.6-10° 1.2 0.8-10° 0.94-1076
CFRE  1.57-10° 0.6 0.8-10° 0.48 1076

Table 5.7: Thermal properties of CFRE and its components

5.3.3.2 Temperature distribution in CFRE //epoxy sliding contact

We can calculate the Peclet number, describing the heat propagation profile, for two
tested sliding velocities according to Eq. 5.12. The contact half-width is similar to that of
epoxy /epoxy case, i. e. 3-107% m, and the mean sliding velocities are 20 and 120 mm/s.
The Peclet number is calculated using thermal diffusivity of the CFRE track from Table
5.7. Thus, we have Lpy = 62.5 and Lpo = 375 for Vi and V5, respectively.
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However, as two contact surface materials have different thermal properties, the parti-
tion coefficient, can be calculated as the ratio 6 = Afg/Af;, from Egs. 5.11 and 5.13.
Thus, it depends on thermal conductivities of both materials:

ksl
ksl + ktr V 2LP

Therefore, epoxy slider transfers 2.8 % of the heat flow under V,, = 20 mm/s, and 1.1
% of the heat flow under V;;,q, = 120 mm/s.

The quantities of generated frictional heat ¢ par surface and time unity are calculated
for all experiments according to Eq. 5.9. In the absence of real contact area values, two
limit values are used, as previously: the apparent area of slider A, and the real contact
area according to Bowden and Tabor A, = P/H. As we use the softest material hardness,
the A,9 contact areas are equal to those of epoxy/epoxy contact. As both Peclet numbers
are higher than 5, these quantities of heat are applied to calculate average temperature

Sy = (5.18)

rise according to Eq. 5.13.

The resulting average temperature rises for A, and A,s are plotted as a function of
the slider kinematic length in Fig. 5.27 (a) and (b), respectively. As for epoxy/epoxy
friction, we observe an increase of temperature rise with the increase of the tribological
conditions severity. An initial growing temperature period is detected under all conditions,
after which the temperature rise remains rather stable. In general, the temperature rise
in CFRE track against epoxy slider is at least 2 times lower than in epoxy track against
epoxy slider under all four conditions.
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Figure 5.27: Average temperature rise in epoxy/CFRE contact under four tribological
conditions considering (a) real contact area A,; and (b) real contact area Ao

5.3.3.3 Temperature distribution in CFRE/CFRE sliding contact

We can calculate the Peclet numbers for our sliding contact of two identical CFRE com-
posites under V;,, = 20 mm/s and V,,, = 120 mm/s, using the thermal diffusivity of CFRE
given in Table 5.7. The resulting Peclet numbers are equal to those of epoxy/CFRE case:
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Lpy = 62.5 and Lpy = 375. As both materials are identical, we can use Eq. 5.14 to
calculate the coefficient of partition of heat flow between moving and stationary bodies.
Using these Peclet numbers, we obtain 6; = 7.6 % and d2 = 3.4 % for average sliding
velocity of 20 and 120 mm/s, respectively.

As for the two other contact cases, the quantities of heat ¢ and average Af,, temperatu-
re rises are calculated according to Eq. 5.9 and Eq. 5.13, respectively. Two real contact
contact areas A, and A,o are still considered. However, the hardness of CFRE must be
used here to calculate Bowden and Tabor’s contact area A, = P/H. This hardness will
be estimated from the mixture law: Heomp = Hep(1 — Vor) + HorVeor, where Vo is the
volume fraction of the carbon fibres. Taking the values of H,, = 240 MPa, Hcr = 4400
MPa from Table 2.9 and Vor = 0.62, we obtain H .y, = 2820 MPa. Therefore, Ao = 20
N /2820 MPa= 7.1-10~? m? for Conditions 1 and 3, and A, = 50 N/2820 MPa= 17.7-10~"
m? for Conditions 2 and 4.

The resulting average temperature rises for A1 and A, are presented in Fig. 5.28 (a)
and (b), respectively. We observe the strong prevalence of the temperature rise correspon-
ding to the most severe tribological conditions. The values of temperature rise for real
contact area A9 are significantly higher, than those of epoxy/CFRE and epoxy /epoxy due
to the lower contact area. For contact area A,1, Conditions 1, 2 and 3 cause almost similar
temperature rise, which are about 2 times lower than those of CFRP against epoxy. As for
other cases, we observe the initial period of temperature growth and following stabilized

temperature under all conditions.
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Figure 5.28: Average temperature rise in CFRE/CFRE contact under four tribological
conditions considering (a) real contact area A,; and (b) real contact area A,y

5.3.4 Surface damage observation
5.3.4.1 Epoxy/CFRE couple

After all experiments, the surfaces of CFRP tracks and epoxy sliders are carefully observed
in order to study damage mechanisms. It is interesting to compare epoxy wear mechanisms
against CFRE and against itself. We have measured and discussed before the higher mass
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loss of epoxy in contact with itself, than with CFRE. It is confirmed by surface wear
observations: most of the epoxy sliders after friction experiment look alike the one shown
in Fig. 5.29, which underwent 1000 cycles of sliding under normal load of 50 N and sliding
velocity of 20 mm/s. This image shows that only a part of the slider surface is worn, the
drop in surface level is depicted also by the surface profile in blue frame. If we zoom into
the worn zone, we can observe abrasive grooves in the direction of sliding, see left upper

frame in this figure. If we continue to magnify, we notice, that the third body remained on
the slider surface contains carbon fibre debris, see left lower frame in this figure. This is
also observed on a macro scale by black tint of the worn zone. We can suppose that these
small hard particles, as well as long hard carbon fibres of counterbody, are responsible of
the abrasive wear of epoxy slider. And, coherently to our explanations of epoxy/epoxy
wear, pure abrasive wear of epoxy is the less harmful and results in less material loss.

Figure 5.29: Worn surface of epoxy slider after 1000 cycles of rubbing against CFRE track
under normal load of 50 N and sliding velocity of 20 mm/s. The line of surface profile
measure, countered by the blue frame, is shown by the blue arrow. Visible pattern outside
the worn area is on the back side of the transparent epoxy sample

Another example of worn epoxy slider, after 1000 friction cycles under 20 N and 120
mm/s, is presented in Fig. 5.30. We can notice that in contrast to the previous example,
this one is worn all over its surface. However, despite observed high surface damage, its
mass loss is also negligible, see Fig. 5.22. The linear surface profile is shown in the blue
frame, and the line of its measurement is drawn with the blue arrow. Two magnifications
of the worn surface, presented in the left of the figure, allows us to observe the abrasive
grooves parallel to the sliding direction and the cracks and craters mostly perpendicular
to it, that we associate with polymer fatigue.

In contrary to these two examples, the surface of the epoxy sliders after the tests under
50 N and 120 mm/s are completely damaged and resemble to those after epoxy/epoxy
friction: it is covered by soft epoxy millimetric rollers, formed from wear debris. The
overview of the epoxy slider and the CFRE track after 1000 cycles under normal load
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Figure 5.30: Worn surface of epoxy slider after 1000 cycles of rubbing against CFRE track
under normal load of 20 N and sliding velocity of 120 mm/s. The line of surface profile
measure, countered by the blue frame, is shown by the blue arrow

Figure 5.31: (a) CFRE track and (b) epoxy slider after 1000 cycles of friction under normal
force of 50 N and slowing velocity of 120 mm/s
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of 50 N and sliding speed of 120 mm/s are presented in Fig. 5.31. The surfaces of all
CFRE tracks rubbed against epoxy sliders are damaged very slightly. Under the highest
tribological conditions and for the longest test, the CFRE presents only several grooves
on its surface. These grooves correspond mostly to worn out epoxy, but also to several
broken fibres, which we can observe in Fig. 5.29.

5.3.4.2 CFRE/CFRE couple

As we have shown before, CFRE rubbing against CFRE does not present any measurable
mass loss, except under highest conditions and longest sliding duration. This is coherent
with the surface observations: in most cases, either no visible surface damage or several
grooves similar to those in Fig. 5.31 (a) appear on the surface after wear test.

However, the track and slider surfaces after 5000 cycles under 50 N and 120 mm/s lose
several milligrams after wear test. We can observe, that both surfaces are highly damaged
and worth being studied with higher magnification. The whole worn area of the track
surface is presented on the left upper image in Fig. 5.32. We can distinguish the initial
polished carbon fibres by gray and white unidirectional lines, and black homogeneous worn
zone. The linear longitudinal surface profile is measured in the middle of the wear zone,
showed by the blue arrow, and presented in the left lower image within the blue frame.
It demonstrates, that wear debris are accumulated at both ends of the wear zone, and
the central zone is 10 pm lower than the initial surface level. These wear debris, or third
body, consist of carbon fibre pieces mixed with epoxy powder, as it is seen in the right
upper microscopic image. The ways of the further propagation of the worn zone can be
observed in the right lower microscopic image.

5.3.5 Synthesis

We have seen in this section, that carbon fibre-reinforced epoxy composite in configuration
against itself or pure epoxy is rather wear resistant. As we expected, due to hard carbon
fibre reinforcement composite mass loss is negligible under all studied conditions except the
more severe. But even under these conditions, wear rate is 100 times lower than those of
epoxy/epoxy under similar conditions. Friction coefficients and dissipated energy depend
strongly on the applied load and sliding speed in case of CFRE/CFRE friction, as well as
for epoxy/CFRE friction. This effect is more pronounced for CFRE/CFRE configuration.
Frictionally generated heat flow propagates mostly into CFRE track in both configurations.
Thus, due to higher thermal resistance and conductivity of the composite, the temperature
rises are generally lower in CFRE than in epoxy.
Wear mechanisms observed in epoxy/CFRE configuration are:

e epoxy abrasion by harder carbon fibres of counterface;

e possible epoxy surface thermal transformation under more severe tribological condi-
tions;

e delamination of carbon fibres from composite surface and debris formation;

e transfer and adherence of carbon fibre debris onto the epoxy slider surface;
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Figure 5.32: Worn surface of CFRE track after 5000 cycles of rubbing against CFRE slider
under normal load of 50 N and sliding velocity of 120 mm/s

e loss of epoxy matrix lying between carbon fibres;

e when the whole surface of epoxy slider is damaged, it starts to form rollers of third
body

Wear mechanisms in CFRE/CFRE configuration are:

e polishing by the opposite surface under less severe tribological conditions and lower
test durations;

e delamination of carbon fibres and epoxy matrix from composite surface;
e formation of wear debris containing carbon fibre pieces and epoxy powder;
e third body abrasion by this wear debris and following delamination and worn zone
propagation
5.4 Conclusions

In this chapter, the bulk energy dissipation and associated wear of pure epoxy and CFRE
composite were studied under four severe tribological conditions. A two-scale approach
was developed in order to quantify this dissipation and to identify wear mechanisms and
their evolution. This approach and the main results and observations are summarized
below.
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The general observation of this study is that the epoxy/epoxy friction causes more
surface damage and mass loss, than epoxy/composite friction, under three of four tested
conditions. Particularly, the sliding velocity of 120 mm/s and normal load of 50 N, are
much more destructive than the others: they cause 6 times higher wear rate in epoxy /epoxy
couple, 37 times higher wear rate in CFRE /epoxy couple, and in CFRE/CFRE couple, it
is the only conditions which cause any measurable mass loss under similar test duration.
The mass loss increases linearly, but does not respect the hypotheses of Archard’s model,
namely, its independence of normal load and sliding velocity.

The frictional coefficient of epoxy/epoxy couple under studied severe conditions is
rather high and slightly dependent on sliding velocity and normal load. However, both
CFRE-involved couples present a strong dependence of the friction coefficient on normal
load and sliding speed: between the lowest and the highest conditions, it increases by a
factor of 2-3.

The amount of frictional energy dissipated in friction and wear is proportional to
the average frictional force and kinematic length. Therefore, its slope varies with the
average frictional coefficient and tribological conditions. However, we noticed that the
frictional energy dissipates not only in the particle detachment and mass loss, but also
in the surface plastic deformations, cracking and eventual thermal effects. Therefore, in
the case of epoxy/epoxy contact, we measured the surface area concerned by all these
effects, and associated the energy dissipation with this area growth. This allowed us to
detect two zones of dissipation: first slow growth of the dissipated energy, which has almost
similar slope under all tested conditions, and following fast growth of the dissipated energy,
whose slope differs with the tribological conditions. The observations of the worn surfaces
after several test durations inspired us to suppose that the first region corresponds to the
abrasion, whose traces were found on the surfaces under all sliding conditions, and the
second region could correspond to the three-bodies abrasion, adhesion or thermal effects,
such as softening or state transition, which were observed on track surface, depending on
tested conditions.

Contact temperature distribution calculations according to Archard-Jaeger-Blok the-
ory were performed. Supposing two cases of real contact area, the apparent one and the
contact area by Bowden and Tabor’s theory, we calculated two limit average temperature
rises under all tested conditions and test durations. It allowed us to conclude that the
contact temperature rise value follows the severity of tribological conditions. The initial
temperature growth and its following stabilization are observed for all tested materials.
However, its magnitude is significantly lower for CFRE-involved frictional couples, than
for epoxy/epoxy.

Based on this macroscopic analysis and surface observations of epoxy/epoxy couple, we
proposed a wear retrospective, which describes wear modes evolution. The wear process
starts with two-bodies abrasion and then ramifies into 'Three-bodies abrasion scenario’
or ’Adhesion/Thermal effects scenario’. The former is observed under low sliding speed,
while the latter appears under high sliding speed. The normal load does not seem to
influence the wear mode evolution.

The wear mechanisms are also studied for epoxy/CFRE and CFRE/CFRE couples.
They are rather different for epoxy slider against CFRE, than against itself: the wear
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is mostly abrasive by the hard carbon fibres. At the same time, the wear of CFRE is
initiated by surface polishing and fibres and matrix delamination, which is followed by
mixed fibre-matrix wear debris formation and abrasion by this third body.






General conclusions and perspectives

The frictional dissipation of two model carbon-reinforced polymers was studied at inter-
facial and bulk levels. This was implemented using an experimental multi scale approach
for apparent contact pressure ranging from 1.56 kPa to 800 kPa and sliding velocities from
10 mm/s to 120 mm/s. This experimental approach coupled to theoretical considerations,
allows us to get a better insight into the mechanisms at stake with relation to pure polymer
dissipation.

The evolution of the friction coefficient and the wear rate of epoxy/epoxy couple as a
function of applied conditions, characterized using the product PV, of the normal force
and the mean sliding velocity, are schematized in Fig. C.1 (a) and (b), respectively. It
can be seen that pure epoxy highly dissipates with values of friction at around 0.4 — 0.7.
It also experiences high wear under severe tribological conditions.
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Figure C.1: (a) Average friction coefficient and (b) wear rate of CFRE/CFRE,
CFRE/epoxy and epoxy/epoxy sliding contacts under tested interfacial and bulk friction
conditions

The instantaneous frictional coefficient follows wear debris formation and evacuation
from the contact zone. However, we can observe that its average value is almost similar
under all conditions for the epoxy/epoxy couple. The dissipated frictional energy rate
depends linearly on this friction coefficient. The total of frictional energy dissipates in
wear debris formation and detachment (volume or mass loss), brittle and ductile surface
mechanical deformations, and heating and thermal deformations.

The area of deformed zone of the track samples was measured for epoxy tracks. The
evolution of total dissipated energy as a function of this area presents two parts. The
first slow growth of the dissipated energy with the worn area increases similarly under all
tested conditions. After a certain value, the dissipated energy rate becomes dependent
on the tribological conditions. It can be explained by the initial two and three bodies
abrasion, presented under all conditions, and a further development of different wear
mechanisms depending on conditions. The 10 cycles tests produce several grooves more or
less developed under all conditions. The following observation of the worn surfaces, after
100 cycles and longer, identified two types of worn zones by its general shape, borders and
profiles. These types of zones correspond to two sliding velocities independently of normal
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load. Microscopy surface observations revealed several wear phenomena associated with
the first and second types. The first type covers two and three bodies abrasion (’Abrasive
wear’). The second type is presented by melting, material transfer and adherence, pull-out,
surface cracks and craters perpendicular to the sliding direction ("Adhesive and Melting
wear’). Due to the high number of reciprocating passages, 'Fatigue wear’ can also interfere
in both types. We believe that the crucial factors of formation of one or another zone are
the contact temperature, polymer thermal transformation and wear debris evacuation
from the contact zone. This is confirmed by the calculation of the contact temperature
distribution, which dissipates mostly into the track sample and is larger for the higher
sliding velocities.

What is the influence of carbon reinforcement on epoxy friction and wear?
It was observed experimentally that an addition of carbon fibres or carbon nanopearls
to epoxy in both contact materials changes dramatically its frictional coefficient. How-
ever, their influence differs: while carbon fibres reduce the frictional coefficient, car-
bon nanopearls increase it. We can also observe that under more severe conditions,
CFRE/CFRE friction and wear are significantly lower than those of CFRE/epoxy and
epoxy/epoxy, as shown in Fig. C.1 (a) and (b). The composite mass loss is even negligible
under moderate tribological conditions.

What happens at the interfacial level? The analytical model, created to predict
the friction coefficient between two composites, concludes that it depends on local friction
coefficients between phases of two contacting composites and the contact geometry. Inverse
or direct proportionality frictional laws are possible for composite contact, depending on
the assumption made, i.e. effective shear stress for all micro contacts 7* = const or
effective hardness for all contacting materials H* = const. On the other hand, in order to
describe contact geometry, the filler surface fraction is required. Since filler volume fraction
was known for each composite, the relation between surface and volume fibre fraction in
composite is studied. A probabilistic approach, assuming a uniform distribution of fillers,
was developed and resulted in the equivalence of filler surface and volume fraction oy = V7.
The local coefficients ficc, ftepe and fiepep are measured experimentally for carbon fibres
and epoxy. Their application and contact geometrical characteristic oy in the inverse
proportionality frictional law fits rather well experimental measurement for carbon fibre-
reinforced composites. This coheres with our main assumption for this law, i.e. the equal
shear stresses of contact types are of the same order of magnitude.

The local friction coefficients of carbon nanopearl-reinforced epoxy are, a priori, un-
known. However, we suppose that the nanopearl structure should favor high friction, and
this is in agreement with experimental results found in literature. The fitting by inverse
and direct proportionality frictional laws is made mathematically. While the hypothesis
of equal hardness is irrelevant due to high difference in carbon nanopearl and epoxy hard-
nesses, the hypothesis of equal shear stress can be answered, if the nanopearl asperity
contacts are not plasticized. This is very plausible because of their high elastic limit and
low contact pressures.

Although our model seems to work rather well, we should notice that there are at
least two unaccounted factors, which are known to affect composite interfacial friction.
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These are composite and counterface roughness and mechanical properties of composite
phases, which can affect the distribution of contact area between the phases. That is why,
the contact problem of polymer composite against soft uniphase counterface material or
another composite should be studied in details in perspective, experimentally as well as
numerically.

What happens at the bulk level? The contact temperature of composite-involved
frictional couples is lower than for epoxy/epoxy. The most part of the heat flow is also
dissipated in the track, but it does not cause any thermal damage because of the high
thermal conductivity and thermal resistance of carbon fibres. Wear mechanisms observed
for epoxy slider, worn against composite track, differs from those against itself: the wear is
mostly abrasive by hard fibres and their debris. However, polymer thermal state transfor-
mations are also possible in this configuration, because local contact temperatures can be
very high. On the other hand, wear mechanisms of CFRE composite are, successively,
fibre smoothening, matrix and fibres delamination, formation of the mixed third body
and, finally, third bodies abrasion.

In most cases, used tribological conditions are not severe enough to cause serious
damage to the composite. Therefore, it would be interesting to study its wear mechanisms
formation and evolution under more severe tribological conditions. A fine descriptions of
the third body dynamics within the contact would also allow us a better understanding
of the wear mechanisms involved.






APPENDIX A

Appendix 1: Measured values of
kinetic friction coefficients

Table A.1: Mean kinetic friction coefficients with standard deviations calculated for several

tests
Friction couple Kinetic friction Normal load, Sliding velocity
coefficient N mm/s
Epoxy/epoxy 0.39 + 0.077 0.5 10
CFRE 34%/epoxy  0.44 4+ 0.068 0.5 10
CFRE 52%/epoxy  0.42 4+ 0.066 0.5 10
CFRE 62%/epoxy  0.45 4 0.076 0.5 10

Table A.2: Effect of normal load on mean kinetic friction coefficients for epoxy/epoxy and

composite/composite couples

Friction couple

Kinetic friction Normal load,

Sliding velocity

coeflicient N mm/s
Epoxy/epoxy 0.23 + 0.064 0.1 10
0.25 £ 0.052 0.2 10
0.39 £ 0.077 0.5 10
0.41 +£0.035 1 10
0.46 £ 0.032 2 10
CFRE 62%/CFRE 62%  0.21 £0.019 0.1 10
0.21 £0.015 0.2 10
0.19£0.015 0.5 10
0.18 £0.012 2 10
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Table A.3: Effect of sliding velocity on mean kinetic friction coefficient for epoxy/epoxy
and composite/composite couples

Friction couple Kinetic friction Normal load, Sliding velocity
coefficient N mm/s
Epoxy/epoxy 0.58 +0.012 2 1
0.46 £ 0.032 2 10
0.57 £0.012 2 20
0.48 £0.073 2 40
CFRE 34%/CFRE 34%  0.23 +£0.015 2 1
0.21 +0.011 2 10
0.23 £ 0.016 2 20
0.23 £0.015 2 40
CFRE 52%/CFRE 52%  0.16 £ 0.016 2 1
0.16 + 0.014 2 10
0.18 = 0.020 2 20
0.16 = 0.048 2 40
CFRE 62%/CFRE 62%  0.19 £ 0.057 2 1
0.18 £ 0.012 2 10
0.18 £ 0.006 2 20
0.18 £ 0.024 2 40

Table A.4: Effect of normal load on mean kinetic friction coefficient for CNPRE 1% /CN-
PRE 1% couple

Friction couple Kinetic friction Normal load, Sliding velocity
coefficient N mm/s
0.32 £ 0.091 0.1 10
0.41 +£0.074 0.2 10
CNP 1%/CNP 1%  0.36 +0.024 0.5 10
0.42 +0.083 1 10

0.52 £ 0.065 2 10
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Table A.5: Effect of sliding velocity on mean kinetic friction coefficient for CNPRE com-

posite/CNPRE composite couples

Friction couple

Kinetic friction Normal load,

Sliding velocity

coefficient N mm/s
epoxy/epoxy 0.44 + 0.082 1 0.1
0.41 £ 0.007 1 0.2
0.40 £0.011 1 1
0.40 £0.013 1 10
0.41 £0.005 1 20
0.42 £ 0.008 1 30
0.40 + 0.027 1 40
CNPRE 1%/CNPRE 1% 0.66 £ 0.043 1 1
0.52 £+ 0.065 1 10
0.66 £+ 0.045 1 20
0.53 £+ 0.069 1 40
CNPRE 15%/CNPRE 15%  0.63 £ 0.026 1 0.1
0.69 + 0.033 1 0.2
0.66 £ 0.024 1 0.5
0.64 £0.013 1 0.8
0.64 £ 0.040 1 1
0.50 £ 0.049 1 10
0.42 + 0.038 1 20
0.50 £+ 0.038 1 40
CNPRE 28%/CNPRE 28% 0.65 + 0.021 1 0.1
0.66 £ 0.015 1 0.2
0.67 £0.016 1 0.5
0.65 £0.012 1 0.8
0.60 + 0.006 1 1
0.51 £0.024 1 10
0.49 £ 0.063 1 20
0.51 £ 0.037 1 40
CNPRE 35%/CNPRE 35% 0.66 £+ 0.025 1 0.1
0.64 + 0.013 1 0.2
0.66 + 0.026 1 0.5
0.69 + 0.009 1 0.8
0.65 £ 0.032 1 1
0.60 + 0.039 1 10
0.60 £ 0.067 1 20
0.59 £ 0.067 1 40







APPENDIX B

Appendix 2: PDMS mould
manufacturing process

Fabrication process of PDMS mould requires following facilities: PDMS resin, curing

agent, a mould (a plastic box with objects to form the cavities), a spatula, a plastic cup,
a laboratory balance, an ultra-sonic bath, a desiccator, a vacuum pump and a furnace.
Following steps are made to manufacture this mould:

1.

2.

10.

11.

Clean the plastic box, spatula and plastic cup;

Pour PDMS resin into the plastic cup placed onto the balance;

. Add 10% by weight of the curing agent;
. Stir the mixture with the spatula for 5 minutes;

. Put the plastic cup containing the polymer into the ultra-sonic bath for 5 minutes

with the aim to homogenize the solution and raise the bubbles from the volume up
to the surface;

. Put the plastic cup containing the polymer into the desiccator connected to the

vacuum pump in order to extract residual bubbles. Leave to degas for 30 minutes;

At the same time, prepare the plastic box with inserted objects, forming cavities for
future composites samples;

. Slowly pour PDMS into the plastic box, avoiding air bubbles formation;

. Carefully move the plastic box with inserted objects and liquid PDMS into the

furnace;
Leave PDMS to cure into the furnace at 60°C for 2 hours;

Take out the mould from the furnace, let it cool down and carefully take out the
objects. Leave the mould with the cavities into the plastic box.






APPENDIX C

Extended abstract in Russian

Ob6beMHasi 1 MOBEepXHOCTHasE (PPUKIIMOHHASI
JTUCCUIAINS B KOMIIO3UTAaX

Ha nporszkennn HECKOJIbKUX AECATUICTHI OJIUMEPHbIE KOMIIO3UTHBIE MATEPUAJILI Ha-
XOJIAT BCE DOJIBIIE TPUJIOKEHIH KaK B a9POKOCMUIECKON OTPAC/IN TaK U B MHYCTPUU CIIOP-
Ta U OTJBIXA. JTOT UHTEPEC BHI3BAH COYETAHNEM OTJIUIHBIX MEXAHMIECKUX U TEPMUIECKUAX
CBOICTB ¢ MaJIOl Maccoil 9THX MarepuajoB. HecMoTpst Ha TO 9TO GOJIBIIOE KOJHMIECTBO
AHAJIMTUYECKUX U YUCJCHHBIX MOJE/Iell i pacieTa MeXaHUIeCKUX CBOHCTB KOMIIO3UTOB
IIPEJIIOYKEHO U UCIIOJIb3YeTCsT NHAKEHEPpaMU BO BCEM MUpPE, UX TPUOOJIOTHIECKHE CBOMCTBA
OCTAIOTCS MAJIONCCJIEIOBAHHBIMA.

OMIMpPUIECKUE IIPABUIA CMeceil 0OBITHO UCIOIL3YIOTCA IJIsl pacdera KoM PUINEeHTOB
TpeHHsT U u3HOCca. Tem He MeHee, 00Iee MoOHUMaHHe TPobJeMbl orcyTcTByeT. C HaydHOI
TOYKH 3peHus mpobieMa IUCCUTIAINN BLI3BAHHON TPEHWEM IIPY KOHTAKTE MAaTEPUAJIOB CO-
JeprKalmx HECKOJIbKO KOMIIOHEHTOB SIBJISIETCSI CJIOXKHOM 3ajadeil m3-3a OJHOBPEMEHHOIO
BJIUSIHAS IIOBEPXHOCTHBIX U OOBEMHBIX MEXaHUYECKHUX, TEPMHUYECKUX, XMMUIECKHUX, [€O-
METPUYIECKHUX U JPYTUX CBOWCTB KarKI0I0 MaTepuaJja B OTAEILHOCTU U (ha3 pasiesia MexK-
gy Hum#. Tem 6oJtee 9T0 9Ta IpobiieMa MHOTOMACIITAOHA: B TO BpeM KaK KOI(MDPUITUEHTBI
TPEeHUsI ¥ U3HOCA OIpPeIeeHbl B MAKPOCKOIIMYECKOM MacIITabe, MCTOYHUKU JUCCUIIAIAN
ITPOUCXOISIT U3 B3AMMOJEHCTBUI 1 0OCOOEHHOCTEN MaTepUAJIOB B HAHO U MUKPOMACIITabax.

B sroit pabore 6bL1a cleaHa MONBITKA MPOSCHUTHL Ty IPOOJEMy Ha IIPUMEpE I0-
JITMEPHBIX KOMITO3UTHBIX MATEPUAJIOB C YIJIEPOAHBIMH HAIIOJHUTEIAME. M menTudukarims
1 O0bSICHEHHE IIPOIIECCOB JIUCCUIAIMN BBI3BAHHON TpPeHHEM U MEXaHU3MOB TPEHHS U H3-
HOCA B IMOJIMMEPHBIX KOMIIO3UTAX SIBJISIIOTCH TJIABHOW Ie/IbI0 9TOH paborhl. M3BecTHbIll B
TPUOOJIOTUHU TIOJTUMEPOB TIOIXO0 PA3IETeHNS TUCCUTTAINN HA TOBEPXHOCTHOM M 00HEMHOM
YPOBHE IIPUHSIT B 3TOM HCCJIECIOBAHUN IIOJUMEPHBIX KOMIIO3UTOB, IIO9TOMY JIBa OTHEIbHBIX
HCCJIEIOBAHUS TIPOBEJIEHBI U MPEJICTABICHBI B TIOCJIEIYIONINX IJIaBaX.

I'maBa 1. TeopeTudeckue m 3KCIepuMeHTAJIbHbIE OCHOBBI

Dra riiasa IPEeaCTABIACT TCOPETUICCKNE 1 SKCIIEpUMEeHTaJIbHBIE NCCJICTOBaHNUA H&ﬁ,ﬂ;eHHbIe
B JINTEpaType, OT KOTOPbIX OTTAJIKUBACTCA Hallla pa60Ta. B navasie HarroMHEHBI YUTATEITIO
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TEOPUHM W OCHOBHBIE MOJIE/N CYXOI'0 TPEHUSA W CTATHIECKOTO W JAUHAMUIECKOTO KOHTAKTA.
OcHOBBI TPUOOJIOTHH, 8 UMEHHO HanboJiee 3aMedaTeIbHbIe S9KCIIEPUMEHTAIbHbIE Pe3yJIbTa-
ThI U 3aKOHBI TpeHus Jla Buraau, AmonTona u Kysiora orkpeiBatoT 31y riaBy. HabiomeHnust
daKTUIECKON IO CTATHIECKOIO U CKOJIL3SIIEro KontakTa boymenom un Taitbopom
npejacTaBieHsl gajee. Mojens Iepria it abCcoOTHO YIIPYTroro KOHTAKTA W €€ MPHUJIOXKe-
HHE K Pa3/IMYHbIM I'eOMeTpUYecKnM (popMaM KOHTaKTa IpelcraBjieHbl Ha Puc. 1.3 - 1.5
u B ¥Yp. 1.3 - 1.13. KontakT AByX IIEPOXOBATBHIX HOBEPXHOCTEHl TPAKTOBAH CJIEIYIOIIN-
MU JIBYMsI MOJEISIMU OCHOBAHHBIME Ha Pa3JMIHBbIX moaxonax. Momgens Apuapra (Paszen
1.1.3.3) siByisieTcsi reOMETPUYECKUM PACIIMPEHUEM MOJIEJIN yIIPYroro KoHTakTa lepra Jist
PaCTyIIero 4mcjaa MUKPOKOHTAKTOB, B TO BPEMsl KaK MOJIe/ib ['pPUHBYIA U YUIbIMCOHA
(Pasmen 1.1.3.4) ucnosnb3yer cTaTHCTHYECKUI MOAXOJ M [IPEJCTABIIsIET KOHTAKT IIEPOXO-
BATBHIX [TOBEPXHOCTEN KaK CIydaiiHoe paciipejenne MUKpokonTakTos ['epita. HecmoTpst mHa
Pa3HUILy HCIOJIb3YEMbBIX IOIX0JI0B, 00€ MOJE/IN MPUBOAAT K OJHOMY BBIBOJY: IPOIOPIIH-
OHAJILHOCTUA (DAKTUIECKOHN IO KOHTAKTA U MPUJIOKEHHON HOPMAaJbHON HArPY3KH.
Kpowme toro, I'puaBy 1 YuibsiMCOH BBEIU HHIEKC IJIACTUIHOCTU, KOTOPBIN CBS3BIBAET
MeXaHUIeCKNe CBOMCTBA KOHTAKTHPYIOIINX MATEPUAJIOB U TOIOrpaduIecKne CBOWCTBa UX
IIOBEPXHOCTEN U OIPEJIEJIIeT MOPOT MJIACTUIHOCTH OIPAHUIUBAIONINI UCIIOTb30BAHUE ITOM
MoJiesu ynpyroro konrakra (Yp. 1.20).

BBeienne ocCHOBHBIX TeOpHil CyXOTO TPEHUs 3aBePIaeTCsi KOPOTKOM IIpe3eHTaIlel MO-
nean Boynena u Taeiibopa mjist macTuUIMPOBAHHONO KOHTAKTa, IIIEPOXOBATHIX ITOBEPX-
Hocreit (Pazmen 1.1.4), kitoueBoit Mojie/u st Haleil paboThl. ABTODBI 3TO# MOJIEH TIPe;I-
IIOJIATAaIOT 9TO IMOCKOJIBbKY (PaKTHIecKas ILIONAIb KOHTAKTA SBJISIETCS OYeHb MAJIOW va-
CTBIO BHJIMMOM ILJIONMIAIN KOHTAKTa, JarKe OYeHb Cjabble HArpy3KH JIOJI?KHBI BBI3bIBATH
JIOKQJIBHYIO TLJIACTU(MUKAIUIO BBICTYIIOB IIOBEPXHOCTH. B 3TOM ciyvae cuiia TpeHUs siBJIs-
€TCsT CyMMOW aJIT€3UBHON CHJIbI, ICTOYHUK KOTOPOH JIEXKHUT B Pa3pbiBe chOPMUPOBAHHBIX
aJre3NOHHBIX CBS3ell MKy MOBEPXHOCTAMHU, W CUJIBI IIPOIIaXUBAHUs, KOTOPasd BO3HUKA-
eT M3-3a NpONaXWBaHUsI 60JIee MATKON MOBEPXHOCTH TBEPIALIMU M OCTPBHIMHU BBICTYIIAMU
IPOTHUBOIIOIOKHOMN moBepxHOocTH (Y. 1.23). D1a Momenb 6buia pazsura Cyxom n Cunowm,
KOTOPBIe J0OABUJIM TPETUN KOMIIOHEHT CHUJIbI TPEHUS BBI3BAHHLIN fedopMaliueil BHICTYIIOB
[TOBEPXHOCTH. 3HAYEHHNE 9TOI0 KOMIIOHEHTa PACTET B CTATUYECKUX YCJIOBUSIX TPEHU.

Cexrmust " Jluccunaiiusi Ipu TPEHUU W U3HOCE B ToJimMepax " HAadnHAETCs ¢ 00bsICHEHUST
JPYTOro KJII0YEBOr0 KOHIIEINTA JIJIsd Halllell paboThl, 8 UMEHHO Pa3/Ie/IeHNs [IOBEPXHOCTHOTO
1 06bEMHOIO BKJIAJIOB B JUCCHUIIAIUIO ITOJNMEPOB. IloBepxHOCTHAS JUCCUITAINS TPOUCXO-
IuT B cjoe nopepxHocTu cocrapistionieM or 10 mo 100 mm. Crarmdeckue u JIUHAMIYE-
CKUE CUJIbI TPEHUs B 3TOH 30HE SIBJISIOTC aIN€3UBHBIMU U MOAIUHAIOTCS Teopun Boyrena
u Tsitbopa mpencrapireHHo pamee. IloBepXHOCTHOE HAPSI?KEHNE COBUTA, OIMPEIEISIONIee
TpeHne COTJIACHO 3TUM aBTOPaM, JJIsl ITOJUMEPOB 3aBHUCUT OT CKOPOCTH J1eOPMAIUU U
JJIATEIBHOCTH KOoHTaKTa. Jluccnnariust B 00beMHON 30HE, B CBOIO OYepe/ib, YIIPaBISETCS
IUTACTHYECKUMU U BA3KOYIPYTUMU J1e(POPMAITUSIMA U COOTBETCTBYET KOMIIOHEHTY IIPOIia-
XUBAHUSA U3 BBIMIEYIOMAHYTOH Momean. OHa ompeneasercss MeXaHUnIeCKUMEI CBORCTBAMU
MaTepuaJa iU reoMeTpreil AByX KOHTAKTUPYIOMUX Tej. [1ybnHa 9Toi 30HbI OOBIYHO CUH-
TaeTCsI COTMIOCTABUMOM C PaJINyCOM KOHTaKTA.

Hy»xmo 3ameTnTh, 9TO T/IaBHONH OCOOEHHOCTHIO MOJUMEPOB 10 CPABHEHUIO C JIPYTUMHA
MaTepruaJiaMU SIBJISIETCS UX BBICOKOMOJIEKYJIIPHAs CTPYKTYpa, KOTOpasl 3aBUCUT OT TUTIA
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[OJTUMEPA: TEPMOILIACTUYHDIN, TEPMOPEAKTUBHBIN mim 3jactomep. [Tosromy Tpubosoru-
YeCKOe IMOBEJICHUE MOJIMMEPOB, TAKXKE KaK U UX MEXaHUIeCKue U (PU3MIECKue CBOMCTBA,
OIPEJIEIIAIOTCS B IIEPBYIO OUYePeb UX IIPUPOIONH U MOJIEKYJIAPHBIM YCTPONCTBOM.

Pasznes 1.2.2 BBoUT MOHATHE U3HOCA U TPOOJIEMY CJIO2KHOCTU UJIEHTU(DUKAIIUN OIIpe-
JEJICHHOTO PEXKUMa M3HOCA U3-3a OJHOBPEMEHHOCTH X AeficTBus. MHOXKECTBO SMIUpUIe-
CKUX 3aKOHOB M3HOCA OBLIO IPEJJIOYKEHO PA3JIMYHBIME aBTOPAMU, CPEU KOTOPBIX 3aKOH
Apuapna (¥Yp. 1.31 u 1.32), nanbosiee U3BECTHBII ¥ JiydIlie BCero pyHKINOHUDYOMIUI J1J1st
METAJJIOB. DTOT 3aKOH OCHOBAH HA THIIOTE3€ aDCOJIOTHO IIACTH(DUITMPOBAHHOTO KOHTAKTA.
CorytacHO 3TOMY 3aKOHY CKOPOCTH M3HOCA MPOTOPITHOHAIbHA MPUIOKEHHON HOPMATLHON
cuJie OTHECEHHON K TBepjiocTu MaTepuasa. KosadduimenT nponoprinoHaibHOCTH, Ha3BaH-
HbI K03 duImenToM n3Hoca, Bapbupyercs Mexay 1073 u 1077 u spisercs xapakTepu-
ctukoit Marepuasia. OCHOBHBIME PEXKUMaMU U3HOCA, TPEIIIOJIOKATETHHO JIeHCTBYIOIMUME
[PU TPEHUU [OJIMMEPHBIX KOMIIO3UTOB, SABJIAOTCs ajaresuonublii (Pazmen 1.2.2.1), abpa-
suBnblil (Pasmen 1.2.2.2), yeramocrneriit (Pasgen 1.2.2.3) u n3noc u3-3a pasMsArdenus nin
tassienusi nojumMepa (Pasmesr 1.2.2.4). BaxkHoit 0COGEHHOCTBIO M3HOCA HOJMMEDPOB, KO-
TOpas J0/DKHA OBITh y4TeHa Ipu padoTe ¢ HUMHU, SIBJISETCA UX CIIOCOOHOCTL (hOpMUPO-
BaTh TpaHc@EpHbIN CJIOH, KOTOPBIN B OOJIBIITMHCTBE CJIyYaeB yMeHbInaeT Tperue. B To xe
BpeMs, PEKUMbI U3HOCA MMOJUMEPHBIX KOMIIO3UTOB SIBHO 3aBUCAT OT UX OPUEHTAIMH I10
HAIIPaBJIEHUIO K BEKTOPY CKOPOCTH, 3TOT acleKT obcyxKmaercs: B Pasmemne 1.2.4.

Pasznesr 1.3 Timaor 1 npescrabiisier 0630p JUTEPATYPHI HA TEMY IKCIEPUMEHTATBHBIX
PEe3y/IbTATOB 10 TPEHUIO U U3HOCY YIJICIJIACTUKOB. V3 9TOit Macchl iuTepaTyphbl BhIIEIe-
HbI 3(pdeKThl MaTepuasoB (YriepojHbIX BOJOKOH U MOJUMEDPHON MATPHIIbI), OPUEHTAIIUH
1 OOBEMHOM JIOJTM BOJIOKOH, HOPMAJIBHOW CHJIBI U CKOPOCTHU CKOJIbXKEHUS U OKPYKaIoIeit
cpefpl. DTOT 0030p BBISBUJI DOJIBIIOE KOJUYIECTBO PA3JIMIHBIX IKCIEPUMEHTAJBHBIX TEH-
JEHIUil, KOTOPbIE YacTO MPOTUBOpEYAT JApyT JApyry. Takxke ObLIO 3aMEUEHO OTCYyTCTBHE
nndOopMaIUu 110 TPEHUIO KOMIIO3UTOB MeK/ly cODOil miiu mpoTuB Oojiee MATKOIO MaTepu-
aJna.

BroiBojibl jranHOro 0630pa JimTepaTyphl MPUBEIH HAC K YCTAHOBJIEHUIO TIeJIell U Hay IHO-
r'o TOJIXO/a Mt Hateil paboThl. TakuM 00pa3oM HAC UHTEPECYET JTUCCHUIIAIINS BbI3BAHHAS
TPEHUEM TIPU CKOJIb3SIIEM KOHTAKTE THUIIa KOMIIO3UT/KOMIO3UT U KOMIIO3UT /3MOKCUTHASI
cMoJIa, KOTOpasi IpeJicTasisger bosiee MArkuit Mmatepuadsi. s ocTukeHus 3Toi e 1oj-
X071, pa3JiesIeHus IOBEPXHOCTHOTO 1 OO'bEMHOT0 BKJIA/IOB B JIUCCHUIIAIINAIO SKCIIEPUMEHTAJIBHO
IIPUMEHEH K JIBYM MOJIEJIbHBIM KOMIIO3UTHBIM MaTepUaaM apMUPOBAHHBIM YTJIEPOIHBIMU
BOJIOKHAMU WU HaHoOKeMmuykunamu. s BoigBienus 3¢ dexTa ITPOIeHTHOTO COIePIKa-
HUs HAIIOJTHUTEJIS] 9KBUBAJIEHTHBIE SKCIIEPUMEHTBI IPOBEJIEHBI HA YUCTOH SMTOKCUIHON CMO-
Jjte. jist ocyIecTBIeHUS 9KCIIEPUMEHTAJIBHOIO UCCTIeJOBAHUEs CyXOTro OE3hI3HOCHOTO Tpe-
HUS B IOBEPXHOCTHOI 30HE JUCCUTIAIAN OYIyT UCIOJIb30BaHbI CJa0ble HAIPY3KU U CKOPO-
CTH CKOJIbXKeHUs. B To BpeMst Kak 6oJiee CypOBbIe TPUOOJIOTNIeCKNEe YCIOBHS BI3BIBAIOIINE
U3HOC OYJ/IyT NPUMEHEHBI JJI U3y4YeHUs OObeMHON JUCCUIIAIIUN.

I'maBa 2. YriepoaHabie moJmMepHbIe KOMITO3UThI

I'nasa 2 IIOCBAIIICHA OIIMCAHNWIO N3TrOTOBJICHUA N XaPaAKTEPUCTUK KOMIIOSUIIMOHHBIX MaTEepPH-
aJIOB 1 X KOMIIOHEHTOB, UCIIOJIb3YyEMbIX B HallleM TpI/I6OJIOFI/I‘{eCKOM uccjaeJo0BaHnN. Yeiio-
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BHEM BBIOOpa apMUPYIONIUX MAaTEPUAJIOB JJIs HAIIMX MOJIEIbHBIX KOMIIO3UTOB SBJISETCS
3aMETHBI KOHTPACT TPUOOJIOIMIECKUX CBOMCTB C MOJTMMEPHON MaTpuIleit u, Kpome Toro,
pasHUIA B UX T'eOMEeTPHUIecKoil (popme u 0ObEMHON JIoJ1e JjIsi U3ydeHnust 3Toro ahdexra.
Taxum 0b6pazom, Tpu TUIIA MATEPUAJIOB OBLIN BHIOPAHDI: YMCTAasT SIMOKCUIHAS CMOJIA, TOK-
CUIHAS CMOJIa ApMUAPOBAHHASA YIVIEPOAHLIMEU BOJoKHaMu ¢ 34, 52 n 62% obbemHOol momeit
BosiokHa (CFRE) u snokcusnast cMoJia aMpUpOBaHHAsT YIJIEPOHBIME HAHOXKEM Iy KIHAMUI
c 1, 15, 28 u 35% ob6bemuoii goseii nanonnuressi (CNPRE).

OTa rjaBa HAYUHAETCS € OIMCAHUS HAHO U MUKPOCTPYKTYPBI YIVIEPOIHBIX HAIIOJTHUTE-
Jieit 1 ux (PU3MIECKUX M MEXAHUIECKUX CBOHCTB. /lajee mpescTaBiieHbl 1Ba THIIA MOJECIb-
HBIX KOMIIO3UTHBIX MATEPUAJIOB, UX IIPOU3BOJICTBO, MOPQOsIOTHs, TOnorpadus MoBepxXHO-
CTHU 1 MeXaHn4decKHne CBOMCTBA.

Pasznesn 2.1 naunnaercs ¢ oOIIUX CBEJIEHUN O KPUCTAJINIECKUX U aMOPQHBIX hopmax
yriiepoya. Jlajiee tipejictaBiieHbl MOP(GOIOTUs U XapaKTEPUCTUKU TPEX OCHOBHBIX THUIIOB
YyIIepoHbIX BOJIOKOH, TO €CTbhb BBICOKOIIPDOYHBIX aHU3O0TPOIIHBIX BOJIOKOH, BHBICOKOMO/1YJIb-
HBIX aHU30TPONHBIX BOJIOKOH W M30TPOIHBIX BOJOKOH C CPETHUMHN MEXaHMIECKNMH CPeJl-
crBamu (cm. Tabur. 2.1). Hecmorpst Ha TO 94T0O Hay4dHOE COOOIIECTBO B OCHOBHOM COIJIACHO
C Te€M, YTO YIJIEPOJIHbIE BOJIOKHA COJEP2KAT IVIABHBIM 00pa30oM TypOOCTPATHBIN yIJIepoJ
(Puc. 2.2), cymiecTByer HECKOIBKO PA3IMIHBIX MOJEJIeH CTPYKTYPhI yIJIEPOIHBIX BOJIOKOH
Tpex THIIOB, KOTOpPbIE BKpaTIle IpejacTaBieHbl B Paznene 2.1.2.2. Ilo cpaBHeHUIo ¢ Apyru-
MU BOJIOKHAMY B KOMIIO3UTHOM ITPOMBIIIJIEHHOCTH, 9TH BOJIOKHA UMEIOT Pl IPEUMYIIECTB,
B TOM 4YuCJI€ OTJIMYHBbIE MEXaHUYIECKUE CBOﬁCTBa7 XOpomyro TEPMUYICCKYIO U XUMNIECKYIO
CTOMKOCTDb, HU3KUI KOIDDUIMEHT TENTIOBOIO PACIIUPEHUS U JIP.

3areM IpeCTaBICHBl TEXHUIECKHIT YTIIEPO/I, B HEKOTOPOM CMBICJIE TIPEJIOK YIJIEPOIHBIX
HAHOXKEMIYKWUH, 1 OHI caMU. JacTHUIlbI 000X MATEPHAJIOB COJEPKAT KECTKOe aMopdHOe
SIIPO TTOKPBITOE CJIOSIMU yTJIEpOia TyPOOCTPATHONR CTPYKTYPhI. DTH YACTHUIII JIHAMETPOM
ot 10 70 100 um dbopmupyioT 1eru ot 50 g0 500 HM, Ha3bIBaeMble arperaTaMiu, KOTOPbLIE
B CBOIO Oouepeib 06pa3yIoT arjioMeparbl MUKpoMerpudeckux padmepos (Puc. 2.7). Ochos-
HBIM IPEUMYyHIIECTBOM YIVIEDOAHBIX HAHOXKEMYIY2?KWH 11O CPaBHEHUIO C TEXHUYICCKUM yTJie-
POJIOM SIBJISIETCSI. MOHOJIMCIIEPCHOCTL UX Pa3MepoB (npumepHo 85% IOJIHMCIIEPCHOCTH ).
Cpemauii nuaMeTp HAHOXKEMUYKUH UCIIOJb30BAHHBIX B 9TOM HcceoBanun - 90 HM.

(DI/ISI/I‘—IGCKI/IG 1 MeXaHHYecKHe CBOICTBa HCHOJIbByeMOfI B KadeCTBE MaTPUIIbl B HaIlIUX
KOMIIO3UTAX SIMOKCUIHON CMOJIbI cobpaHbl B Tabur. 2.4. 9T0 TepMOpEaKTUBHBIN MTOJIIMED,
00J1aTatoIuil XopoIieit ajre3ueil u Xoporeil BJIarocToiKoOCThIO, HO OTHOCUTEHLHO HU3KOMH
TEMIIEPATYPOl CTEKJIOBAHUS U, CJIEJIOBATEIHLHO, er0 MEXaHUYEeCKUX CBOMCTBA 3aMETHO Ia-
jator okosio 100 - 120°C.

ApMupoBaHHBIE YTIIEPOTHBIMIA BOJTOKHAMI KOMITO3UTHI PA3TMIAIONTHECS OO BEMHOMN JT0-
Jieit BOJIOKOH, a uMeHHO 34, 52 u 62%, M3roToBJIEHBI 110 JABYM Pa3/JIUYHBIM IPOIELyPaM.
Du3HKO-MeXaHU4IecKre CBoiicTba KomuosuTa ¢ 62% BoJIoKOH, Tak HasblBaeMoro "Kiaccu-
TecKOro" yriemmacTuka, N3roTOBACHHOTO (OPMOBAHNEM U3 HECKOJIBKUX CJIOEB TIPEIpera
YJIO2KEHHBIX ITapaJlIeJIbHO 110 HAIIPABJIEHUIO BOJIOKOH, IpejcTaBieHbl B Tabm. 2.5 u 2.6. B
TOXKE BpeMsi, KOMIIO3UThI apMupoBaHuble 34 1 52% BOJIOKOH U3rOTOBJIEHBI U3 YIJIEPOIHOL
TKAHU MPOINUTAHHON 3TMOKcHIHON cMmoJioit. [lapasiesbioe HampaBieHue BOJOKOH B 9TUX
CJI0AX TaKyKe KOHTPOJIUPYETCs, B OTJINYNE OT IJIOCKOCTHU cjioeB. B pe3yisibrare cTpykTypa
KOMIIO3UTA JTOBOJIBHO HEOIHOPOJHA U HEYIOPsi/IoUeHa B 00beMe U Ha MOBEPXHOCTH U3-3a
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BOJIHUCTOCTU apMUPYIONIUX cjioeB. M3rorosiennnbie n3 3Tux MarepuasgoB o0pasiibl IIPe/I-
crapierbl Ha Puc. 2.10 u 2.11. HecMoTpst Ha TO 9TO MOBEPXHOCTH BCEX OOPA3IOB ObLIN
OTIIOJINPOBAHDLI OJIMTHAKOBBIM 00PA30M, COCTOSTHUE PE3YJILTUPYIONINX [TOBEPXHOCTENH KOMIIO-
3UTOB U YUCTOMN SMOKCUIHON CMOJIBI OT/Im4IaeTcs. Tomorpadust MOBEPXHOCTH BCEX MaTePH-
aJIOB U3MepeHa C MOMOIIBI0 TaKTUJIbHOro npoduiaomerpa. Kapra mepoxoBaroit moBepx-
HocTH yriemacruka ¢ 62% Bosokon (Puc. 2.12) u npoduim noepxHoCTel KOMIIO3UTOB
apMupoBanubix 34 u 52% BOJIOKOH U uncTOl 3noKcuHON cMmostbl (Puc. 2.13) ykasbisator,
qTO YTJIEPOTHBIE BOJIOKHA BBICTYTAIOT HA TIOBEPXHOCTH M 3aMETHO YBEJIMINBAIOT CPETHIOI0
IIIEPOXOBATOCTD MMOBEPXHOCTU IO CPABHEHWIO C YHCTOH SMOKCUIHON cMmosioit. JIokasabHble
ITIOBEPXHOCTHBIE MEXaHUYECKUX CBOMCTBA YIVICIJIACTUKA U YUCTOM SMOKCUIHON CMOJIBI U3~
MEepPeHBI ¢ MTOMOIIBLI0 METOAa HaHOUHAeHTarnn. HeckoIbKo yriiyOieHuit BBITTOJTHEHBI Ha, yT-
JIEPOJIHBIX BOJIOKHAX U SIIOKCHUJIHON MaTpuiie, a TakyKe Ha 00pasIile U3 YUCTON SIMOKCUIHON
cmoutbl (Puc. 2.14). Paccuuranuble Ha OCHOBAHUM ITUX M3MEDEHUIl 3HAYEHUs] TBEPIOCTH
U MOBEPXHOCTHOT'O MOJIYJ/IsS YIIPYTOCTH JJIsl SMOKCUIHON MATPUIlLI Oojiee YeM Ha MOPSAI0K
HI2Ke IO CPABHEHUIO C YIVIEPOIHBIM BOJIOKHOM U IPAKTUIECKHU OJMHAKOBBI 10 CPABHEHHIO
¢ ancroit smokcuanoit emostoit (Tabu. 2.9).

KoMnosuTbl apMUpOBaHHbIe YIJIEPOJAHbIME HaHoKeMayKuHamu 1, 15, 28 u 35% wnsro-
TOBJIEHBI JINTHEM B (DOPMY U3 IIOJIMIMMETHIICUIOKCAHA B J1abopaTopHbIX ycsosusx (Puc.
2.16). IIporecc nx m3rorosrenus onucan B Pazzesne 2.3.2, u mpumep 06pasmos u3 9TOro Ma-
TepuaJsa npenacTtapiaeH Ha Puc. 2.17. Bpicokas MOPUCTOCTH KOMIO3UTOB € KOHIIEHTpAITHE
6osee 1% Hanoxkemuy>kKuH HabmonaeMas Ha Puc. 2.18 - 2.21 onenena MeTonoM o0paboTKH
n3obpazkenuii (Tabma. 2.11). Xors m3Mepenne mepoxoBaTOCTH ITUX IMOPUCTHIX [TOBEPXHO-
cTell HEBO3MOXKHO U He MUMeeT CMbIC/Ia, MMOBEPXHOCTh KoMIosuTa ¢ 1% HaHOKEeMIyKUH
SIBJISIETCSI OTHOCUTEIBHO IJIAIKOM, U ee IEePOXOBATOCTb CXOMHA C IIIEPOXOBATOCTHIO YUCTOM
SIIOKCUJIHOI CMOJIBI.

Kparkast nndopmarus o cBoiicTBaX U OCODEHHOCTSX JIBYX THUIIOB KOMIIO3UTHBIX Ma-
TEpUAaJIOB UCIIO/Ib3YyEMBIX B HAIllEM SKCIIEPUMEHTAJIBHOM HCCIeoBannu cobpana B Tabr.
2.13.

I'maBa 3. IloBepxHocTHas (PPUKIIMOHHASA AUCCHUMANNA: KCIIE-
pUMEHTAJIbHOE MCCJIeJIOBAHUE

DTa 1yIaBa MOCBSIICHA KCIEPUMEHTAIHLHOMY HCCJIEIOBAHUIO TPUOOJIOTHIECKIX (PPUKITHOH-
HBIX [I0TePh B IOBEPXHOCTHOIT 30HE JIBYX TUIIOB KOMIIO3UTOB M YUCTO 3IMOKCU/IHOI CMOJIBI,
OIMCAHHBIX B IPEIbIIyIeil riiaBe. Ba)kHeHIInM yCJI0BHEM I 9TOT'O UCCACTOBAHUS SIBJISI-
€TCs OTCYTCTBHE IIOBDPEXKJIEHUSI MTOBEPXHOCTU, KOTOPOE MOYKET OBITH JOCTUTHYTO IIyTEM
IIPAUMEHEHNUs OYeHb HU3KUX KOHTAKTHBIX JABJIEHUI, TO €CTh HU3KOIl HOPMaJIbHOII Harpys3-
KU TPUIOXKEHHON K 0oJibIoil moBepxHocTu. g ompereseHust ONTUMAJIBHBIX TPUOOJIO-
TUYIeCKUX YCJIOBUI JIJIsT N3yUeHNsI TOBEPXHOCTHOT'O TPEHMsI MTPOBEJIEHBI IIPE/IBAPUTEbHBIE
SKCIIepUMeHTaJIbHbIE HccaeoBanus. [lebio mpecTaBieHHOl B 9TO# 1yiaBe pabOThI sB-
JIsleTcsl SKCIepUMEHTAJIbHBII aHaJIN3 BKJa/la YIVIEPOJHOI'O HAIIOJHUTENs] B JUCCHUIIAIUAIO
IIpU TPEHUHM KOMIIO3UTOB. TakK»Ke MCCJIeyeTCsl BJIUSHUE OPUEHTAIUU YIJIEPOJIHBIX BOJIO-
KOH OTHOCHUTEJILHO HAIIPABJIECHUS CKOJIbXKEHUsI Ha IMOBEPXHOCTHOE Tpenwue. Bropas vacTb
3TOI TVIaBBl IIOCBAIIECHA SKCIEPUMEHTAJIBHOMY U3YUEHUIO JIOKAJIbHOI'O TPEHUS MEXKJy yT-
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JIEPOIHBIMI BOJIOKHAMU W SMOKCUIHON CMOJION, HAIIPpABJIEHHOE Ha IOJIyIeHHE JJOKAJIbHBIX
K03 PUIMEHTOB TpeHHsI, KOTOPbIe HaM IPUTOAATCA B JTaJbHEHIIIEeM TeOpeTHIECKOM HCCIe-
JIOBaHUH.

DKcIlepuMeHTaIbHAsT YCTAHOBKA, HUCIOJIb3yeMasi B 9TOM HCCJIeIOBAaHUU IIPEICTABIEHA
B Pazmene 3.1.1. 9ot Tpubomerp, umenyembiit RA, paspaboran B maboparopun LTDS u
ITO3BOJISIET OCYIIECTBJIATH BO3BPATHO-IIOCTYIIATE/IFHOE CKOJIbXKEHIE MEXKy JIBYyMsi 0Opa3-
[[AMU OTHOCHTEJIbHO OOJIBINON MOBEPXHOCTH IPU HU3KUX HOPMaJsIbHBIX Harpyskax (Puc.
3.1). JdymHHBIH TpSMOYTOJIBHBIN 00pa3erl, Ha3bIBAEMBI TPEKOM, 3aKpeIlIieH Ha 6a30BOil
IIOBEPXHOCTH TPUOOMETPa, B TO BpeMs KaK JIPYroil KpyrJiblii oOpas3ell], Ha3bIBaeMblii cJiaii-
JepOM, TIPUBOIUTCS B JIBUKEHME C TIOMOIIBIO JIBUXKYIIENCS JacTu TpruboOMeTpa 1 CKOJIb3UT
o Tpeky. HopmasibHast cuia mpuMeHSIeTCs ¢ IIOMOIIBIO I'Py3a MOMEIEHHOr0 Ha Caaigep u
mozkeT gocturaTh 20 H. TaHreHnuaabHas cuia u3MepsieTcs ¢ MMOMOIIBIO MTHe303JeKTPUIe-
CKOI'0 JIaTYHKA YCTAHOBJIEHHOI'O B IBIKYIIeiicsa yacTu Tpubomerpa. CKOPOCTb CKOJIbKEHMUST
KOHTPOJIMPYETCA C ITOMOIIBIO JIMHEITHOTO ABUraressd m MOXKeT JOCTHUI'aTb OT HECKOJIbKUX
MKM/cC J10 2 M/c.

JLj1st 5TOro SKCIEepUMEHTAJIBLHOIO UCCIEI0BaHUsI, ObLIM M3TOTOBJIEHBI 0OPA3Ibl U3 BCEX
BBIIIEONNCAHHBIX MaTEePHA/IOB ¢ pasMepamu 8042 x 25+2x 541 mm® u 202 £2 MM x5+1
MM I TPEKa U Cjiaiijiepa cOOTBETCTBEHHO. [lepe s KarXKIbIM 9KCIIEPUMEHTOM TOBEPXHOCTH
06onx 00pa3IoOB TIIATEJHLHO OYMINAETCS C IIOMOIILIO TelTaHa, alleTOHAa, IMPOIAaHOJa-2 U
IIOTOKa a30Ta. Bce sKcIepruMeHThI IPOBEIeHbI IIPU KOMHATHOM TeMIIepaType 1 BIaXKHOCTH.

Kaxaprit sxcriepuMeHT mpecTaB/isieT co00it MOCIe0BATEILHOCTD U3 25 IIUKJIOB CKOJIb-
ykerns (50 XOI0B), B TeUEHNE KOTOPBIX TAaHTEHIINAIbHAS CUJIA U3MEPSIETCS C TACTOTON COM-
mwmpoBanust 1 K['1 1 coxpaHsiercst B maMsTu KoMmibiorepa. CpeaHuii KHHETHIeCKil Kod-
pULUEHT TpeHUs pacCUUTHLIBAETCS M3 9TOI0 CUIHaJla obpesannoro Ha 20% c JByX KOHIIOB,
OTHECEHHOI'0 K IIOCTOAHHOU HOPMAJIBHON CHJIe, U YCPeAHSETCA MEXKY JABYMdA CMEXKHBIMUA
XOJaMU OOPa3YIOMIUMU ITAKJI.

WsmepeHHbIE JATIUKOM CHUJIBI TPEHHUSI CUTHAJIBI, MOKa3aHble Ha Puc. 3.2, 6ojee wim
MeHee CTaOUJIbHBI B T€UEHHE KaXKJIOr0 XOJ/a, C TOPa3io JIydllneil cTabu/IbHOCTBIO I Ta-
pot Tpenus CFRE 62%/CFRE 62%, 1em myist Bcex ocTaabHBIX MaTepuasios. Ilpu Tpernn
KOMITIO3UTOB apUMHPOBAHHBIX YIJIEPOIHBIMU HAHOXKEMUIY KHHAMEI HAOJIIOIAI0TCsST HEYCTOM-
YUBOCTH, IPOUCXO2KIEeHNE KOTOPBIX MO2KHO OTHECTHU K 2KECTKOCTU KOHTaKTa 9THUX YaCTUIL
pacIpee/leHHbIX B TOJINMEPHON MaTpuie. KpoMme Toro, 3adukcupoBaH OOIBIINONH pa3dbpoc
K03 PUIMEHTOB TPEHUSI B TE€YEHUE OIHOIO IKCIIEPUMEHTa M MEK/Y HECKOJIbKUMU DKCIIe-
PUMEHTAMHU JIJIsl YUCTOMN STMOKCHUIHOT cMoJibl 1 Beex Komnosutos kpome CFRE 62% (Puc.
3.3). Dra pucnepcusi, BEPOSATHO CBI3aHHAsA CO CJIaOBIMU MOBPEXKJIEHUSMU TOBEPXHOCTH,
CTAHOBUTCs OOJIbee 3aMETHON Ipu 60Jiee CyPOBBIX TPUOOJOTUIECKUX YCIOBHUSIX.

PesynbraThl ucciaenoBanus BAUSHAS TPHOOJOTMYECKUX YCIOBHI, TO €CTh HOPMAJILHOMN
CUJIBI U CKOPOCTHU CKOJILYKEHUsI, Ha TPEHUE HAIMX MATEPUAJIOB IpeJicTaB/eHbl B Pasmere
3.1.4. C oxHO#t CTOPOHBI, GOJBINIE HATPY3KU U HU3KNE CKOPOCTH CKOJIbKEHUS CIIOCOOCTBY-
0T 00pa30BAHUIO CPAIIUBAHUI MEXKIY ABYMsI IMOBEPXHOCTAMHU U IOBPEXKJICHUIO TOBEPX-
nocreii. C Apyroif CTOPOHBI, HU3KHE HOPMAJIbHbIE HAIPY3KU U OOJIBIINE CKOPOCTH CKOJIb-
JKEHUsT MOTYT IPUBECTH K HU3KOW IO KOHTAKTa, U TAKUM 00OPa30oM, K HEJIOOIEHKE
KOHTAKTHOT'O JABJIEHUsT W HATPEBY ITOBEPXHOCTH. KOMIIPOMHMCC MEXK/Iy ITUMH yCJIOBUSI-
MH YCTaHOBJIEH SKCIEPUMEHTAJIBHO JJjIs KasKIOi maphbl H3yd9aeMbIX MaTepuaJioB, cM. Puc.
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3.5 - 3.7 u Ilpunoxkenne 1, 3aksodaomniee B cebe TabOIUIBI N3MEPEHHBIX KOI(D(DUIIMEHTOB
TpeHusl. 3HAUEHUs BBIOPAHHBIX CKOPOCTHU CKOJIbXKEHUsI U HOPMAaJIbHOI HADY3KH IIPEICTAB-
sierbl B Tabs. 3.2. Majibie HOpMaJIBHBIE CUJIBI PEKOMEHIYIOTCSI JIJIst [Tap TPEHUSI C IUCTON
snokcuiHof cmoutoit (0.5 H) u KoMII03uToB apMUPOBAHHBIX YIJIEPOIHBIMUA HAHOKEM Iy KU~
namu (1 H) s msberxxanus moBpex iennst moepxunocru. Hopmanbras custa B 2 H Beibpana
st napsl CFRE/CFRE. 91u Harpysku cooTBETCTBYIOT HOPMAJIBLHOMY KOHTAKTHOMY JIaB-
sieanio 1.59, 6.37 u 3.18 klla, coorBercrBerHo. CKOPOCTDH CKOJILXKEHUSI IIOCTOSHHA, JIJIsI BCEX
nap Tpenust u pasaa 10 mm/c.

OTH 3KCIEPUMEHTAJIBHBIE YCJIOBUSI 3aTeM IIPUMEHEHBI JJIsl U3yJYeHUs BJIASTHUAST O0b-
eMHOW JIOJIM HAITOJHUTE IS Ha MOBEPXHOCTHYIO JIUCCHUIIAIMIO B KOMIIO3UTAX BBI3BAHHYIO
rperneM (Pazzen 3.1.5). Pesyabrarsl 9T0r0 McciesoBaHust Jjisi Tap TPEHUsI SMOKCUIIHAS
cvonia/CFRE, CFRE/CFRE u CNPRE/CNPRE upejcrasnens va Puc. 3.8. He6osbiioe
yBesmueHne Ko3(p(OUIMEeHTa TPEHUS ¢ YBeJIUIeHNeM JOJIU BOJIOKOH HAOJIIOIAeTCs B mape
smokcuaaas cmosia/ CFRE. Dra renmennust, Mex 1ty nmpodnm, obpaTHa HaiiIeHHOI B JiuTe-
parype jisi napsl CFRE /crasib onpejiesieHHO 13-3a MOBPEXK JICHUS TIOBEPXHOCTU KOMIIO3UTA
boJiee TBepIOIl cTaabio. B To ke Bpewmsi, nobaBiieHHE BOJIOKOH B SIIOKCHIHYIO CMOJIY, TO
ectb B mape tpenuss CFRE/CFRE, ymenbinaer koaddunuent Tpenust 60jee 4eM B JIBa
pa3a [0 OTHOIIEHNH K T1ape STMOKCH/(HAs CMOJIa/9TOKCHIHAsl cMoJia. Bapuarusi 00beMHOi
J10JI1 BOJIOKHA OT 34 110 62%, He oKa3bIBaeT CyNIEeCTBEHHOIO BJIUSHAS HA TPEHHE KOMIIO3H-
TOB. B oT/invme oT yriiepoIHBIX BOJIOKOH, apMUPOBAHIE SMOKCHIHON CMOJIBI YIJIEPOIHBIMI
HaHOXKEMIYKUHAMI 3HAYUTE/HLHO yBeINdUBaeT TpeHume. B srom ciaydae, Kosdduiment
TPeHUs BhIIIE [1jisi DOJIbIell 00 beMHOIT Jlo/ HaHOKeM4ay2kuH. Ero 3uadenne s CNPRE
35% B 1.5 paza sbie 1o cpasiennio ¢ CNPRE 1% uiu 4umucroil S10KCHIHOI CMOJIOIL.

Brusiaue opueHTanuu BOJIOKOH Ha TIOBEPXHOCTHOE TPEHUE IS Maphbl "KJIacCHuIecKuX "
yraemnactukos, CFRE 62%, uzy4eno n npeacrasneno B Pasmene 3.1.5.3. [l Bapuanum
CyMMapHOI'O yIJjIa MEXKJy OpHMEHTaIlnell BOJIOKOH B AByX obOpasmax or 0° mo 180° ucmosn-
30BaJINCh TPEKU ¢ opueHTarueir BosiokoH 0°, 45° u 90° 1o OTHOIIEHNIO K BEKTOPY CKOPOCTHU
CKOJIbXKEHHsI U BpallleHne Kpyryoro ciaaiiaepa (cMm. cxemy Ha Puc. 3.9). B sTux yciosusix,
cpennuit Koaddurment tpenust kosmebiercs mexmy 0.17 u 0.18 (Puc. 3.10). Teopernue-
CKH, IIOCKOJILKY IIEPOXOBATOCTH IOBEPXHOCTH KOMIIO3UTA B HAIIPABJICHUN IEPIEH UK YLD~
HOM BOJIOKHAM OOJIBIIIE Ye€M B MapaJuIeIbHOM HAIPABICHUU, TPEHNE B MTEPIIEH UK YJISIPHOM
HaIlpaBJIeHUH JOJKHO OBITH cuiibHee. OHAKO, IPU CJIAOBIX TPUOOJOTUIECKUX YCIOBUSIX
CIIOCOOCTBYIOIINX ITOBEPXHOCTHOMY TPEHHIO, 3TOT 9((DEKT He BhIPAKEH.

DKCIEPUMEHTABHBIE UCCIEIOBAHNE JIOKAIBHBIX KOIDPUITUEHTOB TPEHUST MEXKIY OT-
JICJIGHBIMU YTJIEPOJHBIMU BOJIOKHAMY U SIIOKCHUJIHOW CMOJION TaK»Ke BBIIIOJIHEHO B paMKax
HAIIlero MCCIeJIOBaHUsl U IpejcTaBieHHo B Pasznene 3.2. [ist sToro umcciemoBanus ObLT
ucnosb3oBad Hanockperdep CSM Instruments co cepuueckum HHIEHTOPOM pajmyca 25
MM (Puc. 3.11). DTor npubop MoxKeT n3MepsTh HOPMAJbHYIO HATDY3KY, SKBUBAJICHTHYIO
nmassiennto 0.05 - 2 MIla, u TaHreHIMa bHYIO CUly ¢ OOJIBIIION TOYHOCTBIO U COBEPIIATH
CKOJIb2K€eHUA B HECKOJIbBKO HaAHO UJIN MUKPOMETPOB. B JAHHOM 3KCIIEPUMEHTAJIBHOM HCCJIe-
JOBaHUM, IIPOBEJICHHOM IIDHA KOMHAaTHO TeMIepaType 1 BJIa2KHOCTHU, IDUMEHEHBI CKOPOCTDH
crostbKenns 30 MKM /¢ 1 TIOCTEIIEHHO pacTyIias HopMasabHas cuia oT 1 1o 50 MH, ¢ marom
2 MH mexay 1 u 20 mH, u mrarom 5 MH mexmy 20 u 50 mH.

C(bepI/I‘{eCKI/Iﬁ NHAECHTOP IMOKPLIT OJHOHAIIPAaBJIEHHBIM CJIOEM YIJIEDOJAHBIX BOJIOKOH 3a-
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KPEIUIEHHBIM TI0 KpasiM, Kak mmokasano Ha Puc. 3.12 (a). DTor cuaiimep cKoIb3uT a0 1O
IMIAHIPAIECKOMY 00pas3Ily U3 SIMOKCHUIHONW CMOJIBI HCIIOJIb3YEMOMY KaK CJaaiiep B IIpeIbl-
JLyIIeM UCCJIeJI0BaHKIU, JubO 1O Iy9Ky yriaepojHbix BojokoH (Puc. 3.12 (6)). Bo Bropom
cJryvdae 6bIHI/I UCHBITaHbI ITapaJlJIeJIbHad U MEePIHEHANKYJ/IAPHad OPUEHTAIIUN MEXKJ/1y BOJIOK-
HaMWU cjiaiijiepa n CTalnoOHAPHBIMU BOJTOKHAMH.

Cuyta TpeHmsI JOBOJBHO CTabWIbHa B TeUeHHMe KarkJoro mpoxoja B 600 MKM ¢ mocTo-
SIHHOI HOPMAJIbHOM HArpy3KOi, UTO MO3BOJISIET HAM PabOTATh CO CPeIHUM KOod(duimen-
TOM TpeHUs, MOKa3aHHbIM Ha Puc. 3.13 B 3aBucmMocTH OT HOpPMAaJbHON cuibl. HyxkuHO
OTMETUTD, YTO U3MEHEeHUsI KO3 DUIMeHTa TPEHUsI C HOPMaJIbHBIM CHUJION HE3HAUNTE/IHLHDI
3a UCKJIIOUEHHMEM Mapbl BOJIOKHA/BOJOKHA IPU NAPAJIIETBHON OpUEHTAUN. DTO MOXKHO
O0BSICHUTD CJIYIaflHBIM CMEIEHUEM OPUEHTAIINN MEXK/y BOJIOKHAMU JIBYyX 00pasros. 11o-
JIYIeHHbBIE SKCIEPUMEHTAJbHBIE PEe3y/IbTaThl COIIOCTABJIEHBI C pe3yabTraTamMu Pozenbmana
u Toitbopa (Pazmen 3.2.3.) miist oTAebHBIX YIVIEPOIHBIX BOJIOKOH. Harmm koaddunmentst
JUISL TeX 2Ke I1ap TPEeHUdA MEzK 1y YIVIEPOHBIM BOJIOKHOM U SIIOKCUHON CMOJION OTJIINYAIOTCS
110 CPaBHEHUIO C HKCIEPUMEHTAJIbHbBIMI pe3ysibTaTaMu Poszenbmana u Taiibopa, BeposiTHO,
13-3a Pa3INYHBIX Tpubosorndeckux ycaopuii (cm. Tabu. 3.4).

Ilostydennbie B 9TOM IJIaBe SKCIEPUMEHTAJIbHBIE PE3YJIbTaThl BBI3HIBAIOT IIOSIBJIECHUE
Psijia BOIIPOCOB, HA KOTOPBIE MBI IOCTAPAEMCsI OTBETUTH B CJie/IyIolieit riase. B yactHocTu,
rovueMy J00aBJIEHIE YIJIEPOIHBIX BOJIOKOH B OJIMH MATEPHUAJI U3 IMaPhI TPEHUsT YBEITINBAECT
TpeHne, B TO BpeMsi KaK B CJIydae apMUPOBaHUs 0O0UX MaTEPUAJIOB KOS(MMUIIMEHT TPeHUsT
IIa,ZLaeT? Hoquy yriiepoAHble BOJIOKHA 1 HAHO2KEM1Y2KWHDBI BJIXAIOT Ha TPEHUE SHOKCI/I,ILHOIU/I
CMOJIBI HpOTI/IBOHOJIO}KHO? KaKOBbI MeXaHU3Mbl BOBHUKaION[NE B TPEHUH ITap U3 U3y daeMbIX
MaTepPUuaJIOB?

I'maBa 4. lloBepxHocTHast (PpUKINMOHHAA AUCCUTIAIINS: aHAJIN-
TUYecKas MOeJIb

B sroit ritaBe paszpaboTana u IpeCTaB/IeHA aHAJIUTHIECKAST MOJIE/Ib IIOBEPXHOCTHOI'O TPEe-
HUS KOMITO3UIMOHHBIX MATEPUAJIOB, KOTOPas ITOMOTaeT OTBETUTH Ha BOIIPOCHI IOCTaB/ICH-
HbIE B KOHIIE IIPEABIIYIeil ri1aBbl U IPeICKa3aTh TPEHUE B 3aBUCUMOCTH OT 00'bEMHOI 101
HaIoJHUTEsI. [J1aBa HAUMHACTCS ¢ KPATKOM MPe3eHTAIUN JIBYX MOJeIell Ha, CXOIHYIO Te-
My HallJIeHHBIX B jiuTeparype. HecMoTpst Ha mX KaxKyIIyrocst OJIM30CTh K HaIlleil Teme, obe
Mogie 6bLIn pa3paboTaHbl JIJisi KOHTAKTa KOMIIO3UT/60Jjiee TBEP/IbI OJIHOPOJIHBIN MaTe-
puaJI.

IlepBas momennb, onucannass B Pasnene 4.1.1, ocHOBaHa Ha CJAEIyIONIUX TUIIOTE3aX:
ILIOIIA/ b KOHTAKTa BOJOKOH M MaTPHIILI IPOIOPIIMOHAIbHA ODIIel MI0ma u KOHTAKTa C
KO3 duImenTaMy IPOIOPIMOHAILHOCTH 00bEMHOM J10J1€if BOJIOKOH M MaTPHUIILI COOTBET-
CTBEHHO; HaIIPpsAXKEeHUA CABUTa BOJIOKOH W MaTPHUIblI PaBHBI; 1 MOIAYJIM >KECTKOCTHU BOJIO-
KOH M MaTPHUIIBI TAKXKe PaBHBI. DTa MOJEJb IIPUBOIUT K 0OPATHON IPOITOPIMOHAIEHOCTH
KO3 purmenTa TpeHUs KOMIIO3UTa K KO3 PUITHEHTAM TPEHHUsI er0 KOMIIOHEHTOB ¢ K03(g-
unmenTaMI IPONOPIMOHATIBHOCTU PABHBIME OOBEMHOI J10JI€ BOJIOKOH U MaTPHIbl (Y.
4.2).

Bropas momenn, onucannas B Pazmene 4.1.2, oxBaTbIBaeT TpeHNE MEXKTY KOMITO3HUIIU-
OHHBIMH MaTepHuaJaMu U abpa3uBHBIM MaTeprasoM. | mImoTe3aMu 3TOH MOIEIN SIBJISTIOTCS
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HEN3MEHHOCTDb TPUOOJOTUIECKUX CBOMCTB (pa3 KOMIIO3UTHOI'O MaTepHasa M0 CPABHEHHIO C
TPEHUEM OTJIEIbHBIX MATEPUAJIOB U ITOCTOSHHOCTD COOTHOIIEHUSI IO Ieil KOHTaKkTa (a3
KOMITIO3UTA IpHU TpeHuu. B ciiydae OTCyTCTBUsS M3HOCA HOPMAJIbHAS CUJIa PACIpPee/ieHa
MeXKIy (ha3aMy MPOITOPIUOHAIBLHO MOBEPXHOCTHIM JOJIAM (a3, u 3HAYUT JJId KOMITO3H-
Ta, COMEPXKAIEero OJNH HAIIOJHUTEIb U MAaTPHUILY, KOO(MMUIIMEHT TPEeHNs ITPOIOPIIHOHATIEH
koaddunmenram Tpenusi ero daz (Yp. 4.10).

Wnen u runore3nl 3TUX ABYX MOJe/ell BIIOXHOBUIN HAC HA CO3JaHUE HOBOW 0000IIEH-
HOU MOJIEJIN JIJIS TIOBEPXHOCTHOTO TPEHUsT MEXKY JABYMS KOMIIO3UTAMHA ITPEICTaBIEHHON B
Pazgese 4.2. Harma mojiesib ocHoBana Ha ajre3uBHoil Mojienn Boynena u Taitbopa (Pasmen
1.1.4) nupumMeHeHHOl K KOMIIO3UTHBIM MaTepHuaJjiaM Kak mnokaszano Ha Puc. 4.2. Ilnomans
KOHTAKTa IOCTOSIHHO OOHOBJISIETCS BO BPEMsl CKOJIbXKEHUs, HO €€ COCTaB, T. €. COOTHOIIIE-
HUe MEeXKy KOMIIOHEHTAMHU KOMIIO3UTa B KOHTAKTe, OCTAeTCA MOCTOAHHBIM. CJiemyromime
TUIIOTE3bI HAJIOXKEHBI Halllell MOJIEJIBIO:

e OrcyTcTBUE TTOBPEXKIEHUN TTOBEPXHOCTU U U3HOCA;

KymonoBckoe Tpenme mj1st BceX MEKPOKOHTAKTOB;
e Cwmibl TpeHUsT B MUKPOKOHTAKTaX HE3aBUCUMBI IPYT OT JAPYTa;

[ ] MSOTpOHHOG TpeHue Ijid BCEX IMMap KOHTaKTUPYIONINX MaTepruaJioB.

Cornacao Boyneny u Tsiibopy KOHTAaKT JBYX TBEPIBIX TEJ COCTOUT U3 MHOXKECTBA
MHUKPOKOHTAKTOB, KOTOPbIE 00Pa3yioT (paKTHIECKYIO IJIOMa b KOHTaKkTa. HopMmasbhbe u
KacaTeJbHbIE CUJIbI PACIPEIEISIIOTCS MEXKIY 3TUMU MUKPOKOHTaKTaMu. 1lockosbKy 110~
MAJIb KaXK/I0I'0 MUKPOKOHTAKTA OYeHb MaJia, JaBJIEHUE MIPEBBINIAET MPeJIe TeKyIecTu 0o-
Jiee MsITKOTO MaTepUaJia, i, 3HAYUT, STOT KOHTAKT MOXKHO PACCMATPUBATDH KAK ITIEHETPAIUIO
BBICTYIIOB OJIHOIO MaTepuaJia B jipyroii. CiieJloBaTe/IbHO, HOPMAJIbHAS CUJIA MOXKET ObITh
Haitgena o gopmyie Yp. 4.13. Ob6pazyembie MeXKy JABYMs KOHTAKTUPYIOIMIMMHI TEJIAMHI
IIPY HOPMAJILHOM Harpy3Ke CpAIWBaHUs IIPU TPEHUM, TO €CTh CIABUIOBOI Harpys3ke, IO-
CTOSTHHO Pa3PBLIBAIOTCs, U TAHT€HIIHAIbHAS CHJIa MOXKET ObITh BbIparkeHa dopmysioit 4.14.
CaenoBaresibHO, KO3MMUIIMEHT KYJTOHOBCKOIO TPEHUSI MOXKET ObITh [MOCYUTAH U 3aBUCUT
OT IUIOIIAU MUKPOKOHTAKTOB, CIBUIOBBIX HAIPSIKEHUH, JEHCTBYIOMNUX HA STUX MHUKPO-
KOHTAKTaX, M TBEPJOCTH MATEPHAJIOB 0OPA3YIONINX 9TU MUKPOKOHTAKTHI (Yp. 4.15).

ITockosbKy mpsiMOe IpPUMEHEHUE ITOrO 3aKOHA TPEHHs MAaJOBO3MOXKHO H3-33 OTCYT-
cTBUs nHGOPMAIUU O (DAKTUIECKON TLIOIMIAIN KOHTAKTA M HAIIPS KEHUHN CIBUTA B MUKPO-
KOHTaKTaX, MbI IIPeJijIaraeM JBa YaCTHBIX PAHUIHBIX ciaydasi. B Ciy4aae 1 npesmosiaraer-
Csl, 9TO TBEPJIOCTH Bcex (ha3 KOMIIO3UTA PABHA ONPEIeICHHOMY 3HAYCHUIO 3(PDEKTUBHOM
TBepaocTh. B 3TOM citydae K03 PUIMEHT TPEHHUS MOXKET OBITH HAHIEH 110 3aKOHY ITPIMOit
npornopionaabHocTH (Yp. 4.16). C Apyroit CTOPOHBI, €C/IH IPE/IIOIOKUTD, YTO KACaTe b
Hble HAIPSDKEHUS PABHBI HEKOEMY 3((DEKTUBHOMY 3HAYCHUIO JJIsT BCEX MUKPOKOHTAKTOB,
kak B Ciryuae 2, TO 3aKOH JiUIsT KOO(MPUIUEHTOB TPEHUsI UMEET BUJT 0OPATHOI MTPOIOPITHU-
onasnbuocra (Yp. 4.17).

DTa MOJIeJIb, KOTOPAasi IPUBOJUT K 3aBUCUMOCTHU KOI(DDUIMEHTA TPEHUS MEXKJTY JIBYMSI
KOMITO3UTAMHU OT JIOKAJIHHBIX KOI(PDUIIMEHTOB TPEHUS MEXKIy nX (pa3aMu U UX ITOBEPX-
HOCTHOI JI0JIU, & IPUOPHU MOKET ObITH IIPUMeHeHa K JIIOOOMY THUILy KOMIIO3UTHBIX MaTepU-
aJIoB.
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B npomoskennn 9T0i Ty1aBbl pe3yIbTaThl HAIEH MOIEIN COTIOCTABJICHBI C YKCIIEPIMEH-
TaJbHBIMI Pe3yJIbTaTaMi IIOJYUYeHHBIMI B IpeAblayIneil riase. B pazmene 4.3 obcyxma-
eTCsl BBIOOD JIOKAJIBHBIX KOI(MMUIINEHTOB TPEHUS HA OCHOBE SKCIIEPUMEHTAILHOIO UCCJIe-
JIOBaHUsI, IpejicTaBieHHOro B Pasnerne 3.2 u yimreparype. 3aTeM MPOBEIEHO UCCTIEI0BAHNE
JIJIsI OIIpEJIeJIEHHsI IOBEPXHOCTHOM Jto1u (ba3 KoMIto3uTa, mpejcrasienoe B Pasmere 4.4.
B sToMm uccenoBaHUM UCIIOIB30BaH BEPOSTHOCTHBIN IMOJXO0]I, IPUMEHEHNE KOTOPOTO st
KOMIIO3UTHOI'O MaTepuaJsa apMUPOBAHHOIO IIAIHHIPUIECKIME BOJIOKHAMUI WA ceputde-
CKAMH HAHOXKEMUYKIUHAMY IPUBOINAT K BBIBOIY, YTO ITOBEPXHOCTHAS OIS HAIIOTHUTE IS
paBHa ero o0bLeMHOI J1oJTe.

B Pazneie 4.5 onncano mpuMeHeHue Halleil MoIe I K KOHTAKTY MeXK/Iy UNCTOH SIOK-
CUJIHOM CMOJION ¥ KOMIIO3UTOM H& OCHOBE 3IIOKCHUIHOU CMOJIBI aPMUPOBAHHON YIVIEPOIHBI-
Mmu BosiokHamu. Vecseaytorest oba gactable caydast (Yp. 4.16 u 4.17), u pe3yabTupyroriye
KpUBBIE JJisi KO3 PUIMEeHTa TPEHUS B 3aBUCUMOCTH OT TIOBEPXHOCTHOM JI0JTN BOJIOKOH, TaK-
Ke KaK " 9KCIIEpUMEHTaJIbHbIE TOYKU ITOJIyI€HHbBIE B Hpe,n‘bl,uymeﬁ rJjlaBe, IIpUBEJJICHBI Ha
Puc. 4.5. Hy:xH0 oT™MeTHTD, 9TO 002 3aKOHA, IPAMOM U 0OPATHON IPOIOPIUOHAILHOCTH,
XOPOIIIO CJAEIYIOT SKCIEPUMEHTAJIBLHON TeHAeHIInU. KpoMe Toro, u3ydeHune 3Toro KOHTaKTa
IIO3BOJISIET BBHIOPATD JIY YU U3 JTOKAJTBHBIX KOI(PMOUIIMEHTOB TPEHUS CPEIU IIPE/ICTaBICH-
oeix B Pazaese 4.3. Tor dakr, 1o 06a 1MpejIoKeHHbIX 3aKOHA CAEAYIOT SKCIEePUMEHTA b
HOI TeHIeHINH, OObSICHEH C TOYKH 3PEHNs BaJUIAIUN THNOTE3 9PPEKTUBHBIX TBEPIOCTH
U HAIIPSIPKEHU CJIBUTA JIJIsT STOIO TUTIA KOHTAKTA.

B ciygae xorTakTa IBYyX KOMIIO3UTOB, IJe KAXKIBIH COMEPXKUT IABe (Pa3bl - MATPHUILY
U HAIIOJIHUTEJIb, 3aKOHBI IIPsIMOil 1 00pPATHOI MPOHOPINOHAILHOCTA IPUHUMAIOT BUI, Y P.
4.27 u Yp. 4.28. KoaddunueHTsl B 3TUX YPABHEHUSIX JIOJIKHBI OBITH OMPEJIEIEHBI C TOMO-
IO FEOMETPHUH KOHTAKTA JIJIsT KayKI0r0 Tria kommosuta oraenbHo. Konrakr CFRE/CFRE
uccaenyercss B Pasnene 4.6.1. CocraB 30HBI BUIMMOIO KOHTAKTa, CXEMaTUIECKU [TOKa3a-
woro Ha Puc. 4.6, nozBosser paccuutars Koahdurumentsr Yp. 4.30. [lonydennbie KpuBbie
JIJISE 9TOTO THITA, KOHTAKTA HpuBeseHbl Ha Puc. 4.7. Ha 9ToM puCyHKe HY»KHO OTMETHUTH,
9TO 3eJIeHasi KPUBasi, TO €CTh 00PaTHBIN 3aKOH, IIPOXO/IUT U€Pe3 IKCIEPUMEHTATBLHYIO TOU-
Ky Juts "knaccmaeckoro"yrenmactuka ¢ 62% yriaepogHbIx BOJTOKOH. DKCIIEPUMEHTAILHBIE
TOYKU JJIsI KOMIIO3UTOB C JPYTMMHU KOHIICHTPAIIUSIMUA BOJIOKOH HE IIEPECEKAIOTCS TEOPETHU-
YECKON KPUBOI BEPOSITHO U3-38 HEPETYJISIPHOCTHA U HEOHOPOIHOCTH COCTABA IIOBEPXHOCTH
KoMIIO3UTOB ¢ 34 u 52% Bosokon. IIpumenenue npsamMoro m o0paTHOTO 3aKOHOB TPEHUST
Tak>Ke OOCYXKIaeTCd B 9TOM CJydae KOHTAaKTa JBYX KOMIO3UTOB. BeIOop 3akona obpat-
HOIl ITPOITOPITUOHAIBLHOCTH ONPABIAH CYNIECTBEHHBIM PA3JIUINEM B TBEPIOCTH JIBYX KOM-
IIOHEHTOB KOMIIO3UTa, B TO BpeMsd KaK OICHEHHBIC BEJIMYINHBI HAIIPAZKEHUA CABUTI'a UMCIOT
OJIMHAKOBBIN 1OpPsiioK. Kpome Toro, rnprumenenue 3TOH MOJ€JN [MO3BOJIMIO yCTAHOBUTD,
YTO OPUEHTAINS BOJIOKOH, YITEHHAS [IPU PACCMOTPEHUU T'€OMETPUU KOHTAKTA, HE BJIUSET
Ha KO3 PUIIHEHT TOBEPXHOCTHOTO TPEHUST, PE3YJIbTAT OITBEPXKIEHHBIN SKCIIEPUMEHTA b~
HBIM HCCJIeJOBaHuEeM IIpe/ICTaBJICHHBIM B Hpeﬂblﬂyﬂ(ef/‘l rJIaBe.

KoHTakT IByX KOMIIOBUTOB apMUPOBAHHBIX YIVIEPOJHBIME HAHOXKEMUYKHHAMEI Pac-
cmarpuBaercs B Pazmene 4.6.2. ITockosibKy pasMep HAHOXKEMUY>KUH HE MEHBIIE, YeM Pa3-
Mep BbICTyHOB IIOBEPXHOCTU, TOT 2Ke€ IIPUHIUII Pa3Je/IeHNA MUKPOKOHTAKTOB IT10 TUILYy MaTe-
PHAJIOB WX COCTABJISIIONINX MOXKET OBITh mpuMeHeH. KoaduImeHTh! 111 3aKOHOB TPEHUS
JJIsI 9TOTO THUIA KOHTaKTa IpuBedeHbl B dopmyrte 4.33 um paBHBI Ko3(dduUIneHTaM KOH-
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takta CFRE/CFRE. IlpuMenenne 1ByX 9acTHBIX 3aKOHOB B 9TOM CJIydae HEBO3MOXKHO
ITOCKOJIBKY JIOKAJIbHBIE KOI(MDMUIINEHTHI TPEHUST MEXK/1y HAHOXKEMUIYKUHAMU HEM3BECTHBI.
Heckosibko map 3Tux JIOKAJIBHBIX KO(MDMUITMEHTOB TTPEJIOXKEHBI C IIOMOIIBI0 MaTEMATHIE-
CKOIl aIllIpOKCAMAIIIU TEOPETHUIECKOH KPUBOH K 3KCIEPUMEHTAJIBHBIM TOYKAM, OCYIIECTB-
nennoit B Matlab st obonx gacrabix 3akoHoB (Tabu. 4.2). BosmoxkuocT BbIGOpa 9THX
K03 uImeHToB 06CyXKICHBI, U HAnbOJIee TOAXOISINAS U IPABIONOA00HAsT Tapa K03 du-
[UEHTOB HAHOYKEMIYKNHA/HAHOKEMIYKUHA M HAHOXKEMIYKHUHA /STIOKCHUHAS CMOJIA BbI-
6opana. Kpusbie koaddurimenta TpeHnst OT TOBEPXHOCTHON 101 HAHOKEMYIYKIUH ITOCTPO-
€HHBIC JIJISI 9TOU Iaphl JIOKAJbHBIX KOI(MDMUIMEHTH COBMECTHO C KCIEPUMEHTAJIHHBIMI
Toukamu Tpejictasienbl Ha Puc. 4.9. Kak u B ciayuae rpennss CFRE/CFRE, 3akon mpsi-
MO MPOIOPIMOHAJBHOCTH HE MOXKET OBITh IIPUMEHEH M3-38 PA3HUIIBI MEXKIYy TBEPIOCTHIO
SMOKCU/IHOM CMOJIbI U HAHOXKEM YUY KU H.

[Ipencrasiiennas anauTUYeCKasi MOJE/b MOYKET OBITh YJIyYIlleHa Iy TeM PACCMOTPEHUS
pacIpeiesieHust IJIOMA M KOHTAaKTa MEXy (azaMu KOMIIO3UTa, KOTOPOe 00CY2KIaeTcs B
Pasznene 4.7. 9ro pacupenesnenne, 6€3ycaI0BHO, 3aBUCUT OT IIEPOXOBATOCTH [TOBEPXHOCTEM
U pacipejie/ieHnst KOHTAKTHOTO JaBJIEHUs MEXK Y (Pas3aMu, TO €CTh MEXaHUIECKUX CBOHCTB
KOHTaKTHUPYIONIUX MATEPHUAJIOB.

I'maBa 5. O6beMHas (PPUKIIMOHHAS ANCCUIIAIINS

B aT0it ritaBe mpecTaBaeHO IKCIIEPUMEHTAIBHOE UCCIEI0BAHIE 00 bEMHON (DPUKIMOHHON
JIMCCUTIAITNN U BO3HUKAIOIIErO IIPU 3TOM IIPOIECCEe U3HOCA, TPOBEJICHHOE HA YIJIEILIACTUKE
CFRE 62% u 4ncroii anokcuaHoil cMose. B 1aHHOM HUcCel0BaHUK [IPUMEHSIIOTCA 0oJlee
CypOBBIE€ TPHUOOJOTHIECKUE YCJIOBUsI, IIPU KOTOPBIX BbipabaTbiBaeMas TPEHUEM SHEPrHUsi
MOKeT OBITh paccesHa Yepe3 Pas/JImdIHble MeXaHU3Mbl, KAK HAIPEB, IIOBPEXKIECHNE ITOBEPX-
HOCTHU WJIM IJIACTUYECKHe JiebopMalinm, KOTopble OyIyT paccMOTpeHbl B 3ol TraBe. Cire-
JYIOIUH MYJIbTUMACIITAOHDBIN TTOX0/ ObLT pa3paboTaH M MPUMEHEH IJIsl 9TOr0 UCCJIET0-
BaHMS: JJId HadaJla IPOBOIUTCS OIEHKA MaKPOCKOIMMYECKNX XapaKTEPUCTHUK, TAKHX KakK
oTepsi Macchl, KOIMPUIMEHT TPEHNS, JUCCUIAIS SHEPIUU U HAI'PEB, M 3aTE€M IIPOBO-
AATCs HaOJIIOMEHUST U3HOIIEHHBIX TOBEPXHOCTEH Ha MUKPOCKOIIMYECKOM YPOBHE C IE/IbIO
obHapYyKEHNsT TPU3HAKOB PA3JINIHBIX MEXaHU3MOB M3HOCA W KOPPEJSIUN YCJIOBUI MX IT0-
SIBJICHUST ¢ MAKPOCKOIIMIECKUMHE ITapaMeTPaMU.

DT0 3KCIIEPUMEHTAIBHOE MCC/IeJOBAaHNE IIPOBEICHO Ha JUHEHHOM TPHOOMETPE TaK:Ke
paspaboranroMm B LTDS u nokazanom va Puc. 5.1. 1o npubop mo3BoJisieT Moy IuTh KO-
3dPUIUEHT TPeHus IPU BO3BPATHO-TIOCTYIATEILHOM IBUKEHUH C CHHYCOUIAILHBIM 3aKO0-
HOM H3MEHEHUsT CKOPOCTH CKOJIbKeHust. HopMaJibHast crjia MPUMEHSIETCsT C TIOMOIIBIO Bep-
TUKAJILHOT'O ITepeMelleHus 6a30BOii IJIOCKOCTH TPUOOMETpa, Ha KOTOPOH YKPeIIeH HeIlo-
JIBUKHBII 0Opaser. DTa Cujia M3MepsieTCsI MOCTOSTHHO U OJJHOBPEMEHHO C KacaTe/IbHON CH-
JIOit U mepemertieHneM ciaiinepa. [Ipumep curnasa 3Tux n3MepsieMbIX BEJIUMIHH ITOKA3aH Ha
Puc. 5.2, KOTOpPBIit 1eMOHCTPUPYET OTHOCUTEIBHYIO CTaOMILHOCTL CUTHAJIOB CHJI BO Bpe-
Ml IIPOXOJIOB, 9TO TO3BOJISIET HAM OIEPUPOBATH KYJIOHOBCKUM KO3(D(DUIIUEHTOM TPEHUS.
Yeroipe HabOOpa MPUMEHEHHBIX SKCIEPUMEHTAJIBHBIX YCIOBUN PA3/IMIAIOTCS HOPMAJIbLHOMN
CUJION M CKOPOCTBIO CKOJIbXKEHWs, KaK MpejacTaBaeHo B Tabu. 5.2. [lis u3ydeHus 9BOJIO-
MM PEXKMMOB M3HOCA, C T€UYEHHEM BPEMEHHM BO BpPEMs CKOJIbXKEHUsT IPOIOJIKUTEIbHOCTD
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ucnbiTanusg Bapbupyercsa oT 10 mo 1000 wiam 5000 MUKJIOB B 3aBUCUMOCTH OT MaTepuaJa.

O6pa3sIpl JIIsT 9TOr0 UCCJIEIOBAHUST U3TOTOBJIEHBI U3 UUCTON 3MOKCHJIHON CMOJIBI U
CFRE u umeror npsiMoyrosibHyio dopmy ¢ pasmepamu 30 2 x 15+ 2 x 4+ 1 mv® u
8+1x6+1x4+1 mm® coorBercTBerHO. PeasbHasi MI0ma b IIOBEPXHOCTH CJIaiijie-
POB, pazjuvHast JJisi BCeX 00pa3IoB, U3MEPSIeTCs U yIUTHIBAETCS BO BCEX pacderax Ipe/l-
CTaBJEHHBIX B 9TOM ritaBe. KmHeMaTuvIecKast JJIMHA JJIsT TPEKa U CJaaiiaepa pacCuuTaHa 1
npenacrapiaeHa B Pazmerre 5.1.3, kak mokasano #a Puc. 5.3.

PesynbraThl uccjenoBanus IpeCTABJIEHHOIO B 9TOM TJIaBe Pas3jieIeHbl 10 ITapaM Ma-
TepuaJjoB. TakuM 00pa3soM, OHa MPEICTABIISIET OC/IeI0BATEILHO UCC/IEOBAHNE AP JIOK-
cuHast cMoJa,/ smokcuaHas cMmouta, snokcnanas cmosna/ CFRE u CFRE/CFRE.

M3yvenne o6beMHOMN JUCCHNIAIIMN B KOHTAKTE TIOJUMED /IOJTMMED € MOMOIIBI0 MAKPO-
CKOTIMYECKOT'0 TIO/IXo/a npejicTaBiieno B Pazjene 5.2.1. /I Havasa Ha OCHOBE Pe3y/bTa-
TOB M3MEPEHMs MACChl Caiiiepa W Tpeka JI0 U IOCJe KarKJIOr0 HCIBITAHHUSA ITPEII0XKEH
3akoH usHoca (Yp. 5.2). Ilorepsi Macchl yBeJIMIMBAETCs JIMHEHHO ¢ POCTOM KUHEMAaTHJe-
CKOIi JIIMHBIL JJIsl TpeKa ¥ ciadijepa mo-otaesabHoctu (Puc. 5.4) n ux cymmbr (Puc. 5.5).
HecMoTpst Ha CXOICTBO € JIMHEHHBIM 3aKOHOM HM3HOCAa Apuapma IpeacTaBjieHHBIM B [1aBe
1, ko3 puImenTH U3HOCA, IOCYUTAHHBIE Ha, OCHOBE HAIINX M3MEPEHUN U IIPEeICTaBICHHBIE
B Tabu1. 5.3, AEMOHCTPUPYIOT BBIPAYKEHHYIO 3aBUCUMOCTD OT IPUJIOKEHHBIX TPUOOIOTIHIe-
CKHUX YCJIOBHI. DTa 3aBUCHMOCTH IPOTUBOPEUUT 3aKOHY Apuapia, KOTOPbIHA IOCTYINPYET,
970 K0P PUIUMEHT U3HOCA SIBJSIETCS CBOMCTBOM MaTephaJja M He 3aBHCHUT OT IPUJIOXKEH-
HbIX yCJIOBHfI. 9TO MOXKeT O3Ha1aTb, YTO KOHTaKT 3IIOKCHUJIHAA CMOHa/SHOKCH,ﬂHaﬂ CMOJIa
B 9TUX YCJIOBUAX HE IIOJITHOCTBHIO HﬂaCTI/Id)I/ILLI/IpOBa.H.

KosddurmenTsl TpeHnst pacCUUTHIBAIOTCS Ha OCHOBE HU3MEPEHMII MI'HOBEHHON HOpP-
MaJIbHOI M TAHIMeHIMAJIBHON CHJIBI U IpeJicTaBieHbl B Buje KapT Tpenust (Puc. 5.6). Ha
9TUX KapTax, OChb & IPEJICTaB/ISIET HOMED IINKJIA, OCh Y COOTBETCTBYET ITEPEMEIEHHIO CIai-
Jepa B TedeHHe OJHOrO IpOoXoja, U KOdP(OUIMEHTh TpeHus 0bo3HadeHbl 1iBeToM. CrHMe
0071aCTH ¢ HUBKUM KOI(MDPUIMEHTOM TpeHUsI, HAOJIIOJAIONINeCsT Ha 3THX KapTaxX B KOHIIE
IIPOXO/Ia, MOXKHO OOBbSICHUTD JedeKTaMy MapasiieIbHOCTH MEXKYy IBYMs TOBEPXHOCTSIMU
7 yJaJIeHNEeM TPEThEro Tejia M3 30HbI KOHTakTa. Kosebanus Hab/omaeMble Ha KapTax Ha
Puc. 5.6 (¢) u (d) cBsI3aHBI ¢ HEIOCTATOYHON YKETKOCTBIO TPHOOMETPA [IPU JIAHHBIX YaCTO-
Tax HArPY3KHU U CUUTAIOTCS HEBJIUSIONINME Ha cpeluuii kosddumuent Tpenus. [Ipencras-
JIEHHBbIE HA 9TUX KapTax Pe3y/IbTaThl MO3BOJISAIOT 3aKII0UATH, ITO JJIsi TaPhl STMOKCHTHA
CMOJIA/TIOKCHTHAST CMOJIA CPeJHUiT KOdhMUIMEHT TPEHUsI JIOBOJIBHO BBICOK U IPAKTHYE-
CKU HE 3aBUCHT OT IPUJIOKEHHBIX YCJIOBUI.

Juccumanust SHEPruM pacCYnTaHa HA OCHOBE CHUJIbI TPEHUS W MIHOBEHHOH CKOPOCTH
CKOJIb?KEHHUsI B COOTBETCTBUU C (POPMYJIO# 5.4 M IOCTpOEHA B 3aBHUCHUMOCTH OT KHHEMAa-
Tuveckoit myuubl HAa Puc. 5.7. Ha sTom rpaduke mabsromaercs JuHelHAs 3aBUCUMOCTH
ompeesIeHHass HOPMAaJIbHOI CHJION, KOTOpasi MOXKeT OBIThH OO0bsICHEHa IpeobpasoBaHHEM
BBIPAXKEHUS I IUCCUIIAIME SHEPTHH B Y. 5.5.

Haiimenrbie muHeiiHbIE 3aBUCUMOCTH IJIsT BETMYNH JUCCUTIAINT SHEPTUN U TIOTEPH Mac-
Cbl OT KMHEMATUIECKON JJIMHBI MO3BOJISIOT OIPEIE/NTh KOIDPUIMEHT TPOIMOPIMOHATb-
HOCTH JIjIsl HAIIIErO 3aKOHA u3Hoca (Yp. 5.7), KOTOpBIii 3aBUCUT OT CHJIbI TPEHUSI U HEKOM
KpI/ITI/I‘{eCKOﬁ CKOPOCTH, YTO IIOATBEPXKIAACTCHA IKCIIEPUMEHTAJIbHBIMI TE€HIACHIINAMMH.

Paznen 5.1.2.4 naer ornenky TeMIlepaTyphbl KOHTAKTa B COOTBETCTBHUU € MOJebio JIxka-



153

repa-Apuapna-Bioka. CHavuala pacCIuTHIBAETCS KOJIMIECTBO TEILIa UCXOIsT 13 CHUJIBI Tpe-
HUIsI, CKODOCTHU CKOJIbYKEHUsI U 10 KoHTakTa (Yp. 5.8 u 5.9). @akrudeckas Temiepa-
Typa KOHTaKTa MOXKET ObITH IIPEICTaBIeHA KAK CYMMa TEMIIEPATyPhl 00beMa MaTepHUaJIa 1
KPaTKUX BCIIBIIIIEK TeMIIepaTypPbl Ha IIOBEPXHOCTU, KOTOPbIE MOT'YT IIPUHUMATH OY€HDL BbI-
cokne 3uadenus (Yp. 5.10). Boigenennoe temio pacrnpeessiercst Mexk Iy JBYMst KOHTaKTH-
PYIOIIMMU TeJaMHu ¢ KO3(MPUIIMEHTOM pPacCIpeIe/IeHsl, KOTOPbIii MOKET ObITH OIpeeseH
o ¢dopmysie 5.14. Jlasee B aTOM pasiese paccauTaHo ducjo llexse, KoTopoe mo3BosIeT
OIIEHUTH MPOMUIb pacIpere/eHns Teljia B ABYX Tejax. st IByX MCIIOIb3yeMbIX CKOPO-
cTeil BBICOKOE 3HadeHue 4ncia [lekse o3HavaeT, 9T0 OOJIbIIas 9acTh TEIIa PACIIPOCTPa-
Hgercd B 3adUKCUPOBAHHOM 00pa3ile, u npoduib ero pacupeenienusa Heriayookuit. Jlms
OIEeHKU (PAKTUIECKON TeMIIepaTyPbl KOHTAKTA IPEJJIAracTCs PACCMOTPETD /IBa IPAHUIHBIX
cirydasi IO/ KOHTAKTa, a MMEHHO BHINMAsl ILIOMIA b KOHTAKTa (IJIOMAIb caiimepa)
1 TOJTHOCTBIO IIACTH(DUIIMPOBAHHAS IJIOMIA b KOHTAaKTa, PACCINTaHHAsl KaK OTHOIIEHUE
HOPMaJILHOM HATPY3KU U TBEPAOCTH MaTepuaJsa. HecMoTps Ha TO 4TO 3HAYMEHUS PE3YIbLTH-
pyomuX TeMIepaTyp KOHTaKTa, mpeacrasiernbie B Tadsr. 5.5 u #a Puc. 5.10, majgopeasib-
HBI, TEHJECHINN U3MEHEHHsI TEMIEPATYPhL JJIs U3YYaeMbIX YeThIPEX YCIOBHUIl OQUMHAKOBBL.
Peasibaast Temrieparypa KOHTaKTa JOJZKHA HAXOIUTHCS MEXK/LY STUMU JIBYMS eI/ TbHbI-
MU CJIydadMNn 6.HI/I7Ke K HU2KHENR I'paHulie. Hy}KHO OTMETUTDb, 9TO 60ﬂee BBICOKHE CKOPOCTH
[IPUBOIAT K OosblieMy HarpeBy. OUeHb BBICOKasl Ha IOBEPXHOCTH TeMIlepaTypa OBICTPO
OCTBIBaET Ha MaJjioil IiybnHe MaTepuaJia, Kak mokasaHo Ha Puc. 5.11.

MukpockonudeckKuil mojaxol K U3yIeHUI0 OO0bEMHOU IUCCUMIAINNA B KOHTAKTE SIIOK-
CHJHAS CMOJIA/STMOKCHIHAS CMOJIA [TO3BOJIMII ONPEIEJINTD JBa TUIA N3HOIIEHHBIX ITIOBEPX-
HocTell mokaszaHHbIX Ha Puc. 5.12 n 5.13. Beuio 3amedeno, 9To moBepxHOCTH 1-TO THIA
MOSIBJISIIOTCSI TIPU HU3KON CKOPOCTHU, B TO BpeMs KaK ITOBEPXHOCTL THUIA 2 XapaKTepusy-
eT CKOJIbYKEHHE IIPU BBICOKON CKOPOCTH. DBOJIFOIUST THIIA WU3HOIIEHHOU TOBEPXHOCTH OT
OTJIETLHBIX TIApAIFH JI0 TOBEPXHOCTHU TUMA 1 Win 2 cxeMaTUdecKy oka3aHa Ha Puc. 5.14.

Maxpockonudeckue ¢dpororpadun BCeX U3HOIIEHHBIX 00pa3IoB 00paboTaHbI C IIOMO-
MIBIO IIPOrPAMMHOTO ODeCIIedeHnsT IJIsI 00pabOTKN N300ParKEeHU ¢ IeJIbI0 OIEHKH ILIOIA-
JTU U3HOIIEHHOM MOBEPXHOCTH, KaK moka3ano Ha Puc. 5.15. Tak Kak HEKOTOpBIE TIPOTIECCHI
JUCCUIAIIMN He BBI3BIBAIOT IIOTEPH Beca, HO IPU 9TOM J1e(POPMUPYIOT IOBEPXHOCTH, ITa
JUCCUTIAIAS SHEPIUU MOYKET OBbITh JIYUINle ITPOCJIEXKEHa Uepe3 m3MeHeHue (haKTUIeCKO
U3HOIIEHHOH obsiacTh, deM morepio Maccel (Puc. 5.17). Dror rpaduk mossossier Bblje-
JINTH JBE 00JIACTH JUCCUIIAINN: MBI CBSA3BIBAEM IEPBYIO C YUCTHIM a0PAa3UBHBIM H3HOCOM
1 BTOPYIO CO BCEMM OCTAJILHBIMU MEXaHU3MaMH U3HOCA.

Mukpockornudeckue HabIIOACHUsT H3HOMEHHBIX ITOBEPXHOCTEH O3B0 3apUKCUpo-
BaTh HECKOJBKO MEXaHM3MOB M3HOCA, TaKUe KakK aOpasuBHBIN M3HOC JBYX WU TPeX Tel,
aJIPE3UOHBIN M3HOC, PA3MATUEHUE [TOJIUMEPA 1 IEPEHOC MATEPUAIa MEXKJLY JIByMsI KOHTaK-
TUPYIOIMUMEI O0pa3iaMu, IpeJICTaBJICHHbIE U obcyx)aaembie B Pazmene 5.2.2.3. Pazmuy-
Hble MEXaHU3Mbl M3HOCA HAOJIIOJAIOTCS B 3aBUCUMOCTH OT TUIIA M3HOIIEHHON ITOBEPXHO-
cru (Tuna 1 win 2) pasandaeMblx Ha MAKPOCKOIIMIECKOM ypoBHe. Jljisi parpona n3amnum
9BOJIIOITUN MEXaHU3MOB M3HOCA, MBI IIpeJlJIaraeM PeTPOCIeKTUBy u3Hoca B Pazmene 5.2.3,
KOTOpas cxemarusupoBana Ha Puc. 5.21. Vznoc Becerna HaunHaeTcst ¢ abpa3uBHOTO U3HOCA
JIBYX T€JI, M 3aTE€M PACTIPOCTPAHSIETCS IO OTHOMY M3 JIBYX BO3MOXKHBIX crieHapuen: "M3nHoc
Tpex Tei"wiu "Anresus: u Temsosbie 3hderTor".
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s usydenusi 06beMHOI ICCUTIAIN B HApaX SMOKCHIHAST CMOJIa/KOMIIO3UT U KOM-
[O3UT/KOMIIO3UT TPUMEHSIETCSI TOT K€ IOJXOJ Pa3pabOTaHHBIN JJisi Tapbl SMOKCHIHAS
CMOJIa/3TOKCHIHAST CMOJIa U TIpejicTaBieHHbiil B Pasene 5.3. Tlorepsi Macchl S1OKCHIHOI
CMOJIBI TAKKE yBEJIMIMBACTCS JIMHEHO ¢ KiuHeMaTndeckoi junHoil (Puc. 5.22), B To Bpems
KaK Macca KOMIIO3UTa OCTAETCs HEM3MEHHOHN MPH JIIOOBIX M3Yy4YaeMbIX YCIOBUSX. TOJIBKO
IIPU CaAMBIX CYPOBBIX Tpubojormdeckux ycjaoBusx mnocie 5000 IUKIIOB CKOJbXKEHUS IO0-
Teps MacCChl KOMIIO3UTA MOXKET ObITh M3MEPEHa U COOTBETCTBYeT ckopoctu m3noca B 100
pa3 MeHbllell, YeM y YUCTOH SIOKCHIHON CMOJIBI IIPU TEX K€ YCJIOBHAX. KapThl TpeHus,
npencTtaBiaeHuble Ha Puc. 5.23 u 5.25 a1 9Tux map TpeHusi, TeMOHCTPUPYIOT 3aBUCUMOCTH
K03 duImenTa TpeHus OT MPUMEHIEMbBIX YCJIOBUM, B OTJIMYME OT Iapbl STOKCUIHAS CMO-
JIa/STOKCUHAS CMOJIA. 3aBUCUMOCTD JUCCHUIIAIMNA SHEPIUM OT KUHEMATUIECKON JIIUHBI
cnaiinepa, moctpoennas Ha Puc. 5.24 u 5.26, moaTBepKIaeT 3Ty TeHAeHTNIo. TepMirdeckuit
aHaJIu3 JJIsl 9TUX JIBYX Tap, npejcrasieHubiii B Paznesne 5.3.3, qaer meHee ryryboKuit mpo-
b pacipocTpanenus Termia B 00pasiax, YemM Jjis Hapbl SMOKCUJIHAS CMOJIA/ SMOKCH IHAST
cmosia. PakTUIecKre TeMIepaTypbl KOHTAKTa, IPUBEJIeHHDbIE HA puC. 5.27 1 5.28, MoKa3bl-
BAIOT Ty K€ TEHJIEHIIUIO YTO U Jisi KOHTAKTa MOJUMED /TIOJIUMeD, HO UX 3HAUEHUs HUKE
71l KOHTAKTOB C KOMIIO3UTOM.

IIpumenenre MUKPOCKOIIMYIECKOTO IMOAXOMa K 9TUM JIBYM KOHTAKTAM IIO3BOJISIET BbI-
JIEJINTH HECKOJIbKO MEXaHM3MOB M3HOCA. B 4acTHOCTH, SMOKCUIHAT CMOJIAa U3HAIIUBAETCS
B OCHOBHOM a0pa3mBHO u3-3a 00Jiee BBICOKOI TBEPIOCTH IPOTUBOIOJIOXKHON MTOBEPXHOCTH
(Puc. 5.29 - 5.31). B saroMm cirydae, MUKPOYACTHUIIBI YIJIEPOIHBIX BOJIOKOH 3aDUKCUPOBAHBI
HA, ITOBEPXHOCTH IUCTON SMOKCHTHON ¢MOJIBI. VI3HOC KOMITO3UTA B 9TOM IMape TPEeHUs IIpeHe-
6peKNMO MaJI, HO MOKeT OBITh 3aMetdeH B yruyosiennn obsactu marpurst (Puc. 5.31 (a)).
N3nH0C KOMIIO3UTA TPOTUB KOMITO3UTA IIPU CAMBIX CYPOBBIX IPUMEHHBIX YCJIOBHUSIX MTOKA3aH
Ha Puc. 5.32. On HaunHaeTcs C OT/E/IeHUs] SIIOKCUIHON MaTPHUILI OT IOBEPXHOCTH B 00J1a-
CTSIX MEK]Ty BOJIOKHAMH KOMIIO3UTA, 3T BOJIOKHA 3aTeM IMOJUPYIOTCS ITPOTUBOIIOIOKHOMN
[TOBEPXHOCTBIO, M, HAKOHEI, (POPMUPYIOIIEECS M3 CMEIIAHHBIX YACTHII SITOKCUJIHON CMO-
JIBL ¥ YTJIEPOJIHBIX BOJIOKOH, TPETHE TEJIO M3HAIINBAET 00€ KOHTAKTUPYIOIIUE TOBEPXHOCTU
abpas3nuBHO.

BriBoabl

OO6I1re BHIBOIBI JAHHOIO MCCIEIOBAHUS 00bEMHON U IMOBEPXHOCTHON (DPUKIIMOHHON Juc-
CUIIAINN KOMIIO3UTOB apMUPOBAHHBIX YIVIEPOIHBIMHI HAIIOJHUTEISIMA W IEPCIEKTUBLI Oy-
Jyieit paboThl IIpeicTaB/IeHbl B KOHIE 3Toi pykonucu. O6o0IeHHast il IBYX PErMOHOB
JIUCCUTIAITIHN IBOJIIONUs KOI(PDUIIMEHTOB TPEHUS U M3HOCA MMOCTPOEHHA KAK (PYHKIUSI OT
TPUOOJIOTUIECKUX YCJIOBUI JIjII TpeX Mmap HcciemayeMbix marepuaoB na Puc. C.1. Me-
XaHU3MBI JUCCUIIAINN U M3HOCA OOCYXKIAIoTCsI JId KaxkKIoil mapbl. Hare mcciemoBanme
BBISIBAJIO 9KCIIEPUMEHTAJIbHO, YTO M3-3a BBICOKMX TEIJIOBBIX U MEXAHUYECKUX CBOICTB yrI-
JIEPOIHBIX BOJIOKOH, UX J100aBJI€HNE B SMOKCHIHYIO CMOJIY YBEJIUIUBAET YCTOWIMBOCTD K
U3HOCY U OTBOJI TEILJIa U, CJAeJ0BATEJbHO, YMEHbIIAeT HAIPEB KOHTAKTa U U3MEHSET PeXKU-
MBI U3HOCA [0 CPABHEHUIO C YUCTON SMOKCUIHON cMmoJioif. B To ke BpeMsi, OHO CHUXKaeT
KOSPUITMEHT TPEeHUsT KOMIIO3UTOB CPABHEHHWIO C UHCTON SMOKCHIHON CMOJION Kak Ipu
ITOBEPXHOCTHOM, TaK W IIPH O0bEMHON JTUCCUIIAIINN.
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Dissipation interfaciale et volumique
induite par frottement dans les composites

Depuis plusieurs décades, les matériaux composites & base de polymére trouvent de
plus en plus d’applications aussi bien dans I'industrie aérospatiale que dans 'industrie du
sport et du loisir. Cet intérét est da a leurs bonnes propriétés mécaniques et thermiques
associées a une masse légére. Bien que beaucoup de modéles analytiques et numériques
pour le calcul de leurs propriétés mécaniques soient proposés et utilisés par les ingénieurs
partout dans le monde, leurs propriétés tribologiques restent assez méconnues.

Les lois de mélange empiriques sont généralement utilisées pour le calcul des coeffi-
cients de frottement et d’usure. Cependant, la compréhension générale du probléme est
incompléte. D’un point de vue scientifique, le probléme de dissipation par frottement dans
les contacts de plusieurs matériaux reste un grande challenge & cause d’une interférence
des propriétés surfaciques et volumiques mécaniques, thermiques, chimiques, géométriques
et d’autres, de chaque composant du composite et de son interface. De plus, ce probléme
est multiéchelle : tandis que les coefficients de frottement et d’usure sont définis & I’échelle
macroscopique, les origines de la dissipation se trouvent dans les interactions et particu-
larités de matériaux a 1’échelle nano- et microscopique.

Dans ce travail, nous avons tenté de clarifier ce probléme appliqué aux matériaux
composites modéles renforcés par du carbone. Cependant, la compréhension des processus
de la dissipation induite par frottement et des mécanismes du frottement et d’usure dans
les composites a base des polyméres est I'objectif principal de ce travail. Une approche de
séparation des dissipations au niveau interfacial et volumique, connue dans la tribologie
des polymeéres, est adoptée dans notre étude de composites & base des polyméres. Deux
études indépendantes sont alors réalisées et présentées dans ce manuscrit.

Chapitre 1. Bases théoriques et expérimentales

Ce chapitre présente les bases théoriques et expérimentales trouvées dans la littérature,
sur lesquelles s’appuie notre étude de dissipation par frottement dans les composites du
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carbone. Tout d’abord, les théories et les principaux modéles du frottement sec et du
contact statique et glissant sont rappelés. Les origines de la tribologie, les résultats ex-
périmentaux les plus marquants et les lois de frottement de Da Vinci, d’Amontons et de
Coulomb ouvrent ce chapitre. Ensuite, nous présentons les observations de ’aire réelle de
contact statique et glissant par Bowden et Tabor, suivies par le modéle du contact élas-
tique de Hertz avec son application a différentes géométries de contact (Eqgs. 1.3-1.13, Fig.
1.3-1.5). Le contact multi-aspérités est traité par deux modéles basés sur des approches
différentes. Le modéle d’Archard (Sec 1.1.3.3) est I'extension géométrique du modele du
contact élastique de Hertz pour un nombre croissant de contacts, tandis que le modéle
de Greenwood et Williamson (Sec 1.1.3.4) utilise 'appoche statistique et voit le contact
multi-aspérités comme une distribution aléatoire de microcontacts de Hertz. Malgré la
différence d’approche utilisée, les deux modéles conduisent & une méme conclusion : la
proportionnalité de laire réelle de contact a la force normale appliquée. De plus, Green-
wood et Williamson ont proposé un indice de plasticité qui lie les propriétés mécaniques du
matériau et sa topographie de surface et définit un seuil de plasticité qui donne les limites
d’utilisation de ce modéle élastique pour un contact donné (Eq. 1.20). L’introduction des
théories principales de frottement sec général est conclue par présentation sommaire du
modéle de Bowden et Tabor d’un contact multi-aspérités plastifi¢ (Sec. 1.1.4), le modeéle
clef pour notre travail. Les auteurs supposent que l’aire de contact réel étant trés petite
devant ’aire apparente, méme une trés faible charge normale provoquerait la plastification
locale des aspérités. Dans ce cas, la force de frottement est composée d’une force adhésive
Foan, dont 'origine est dans la rupture de 'adhésion entre deux surfaces, et une force de
labourage Fj, qui est provoquée par le labourage de la surface plus molle par des aspérités
aigiies de la surface antagoniste plus dure (Eq. 1.23). Une extension de ce modéle a été
développée pour le coefficient de frottement par Suh et Sin, qui ajoutent & ces deux com-
posantes de la force de frottement une troisiéme composante induite par la déformation
des aspérités, plus importante en condition statique.

La section ‘Dissipation by friction and wear in polymers’ démarre par une explication
d’un autre concept clef pour notre étude, celui de la séparation des contributions interfa-
ciale et volumique dans la dissipation dans les polymeéres. La dissipation interfaciale agit
dans une couche de la surface d'une profondeur de 10 & 100 nm. Les forces de frottement
statique et dynamique sont plutot adhésives et obéissent la théorie de Bowden et Tabor
montrée précédemment. La contrainte de cisaillement interfaciale, qui définit le frottement
selon Bowden et Tabor, dépend, pour les polyméres, du taux de déformation et du temps
de contact. La dissipation dans la zone volumique est gouvernée par les déformations
plastiques et viscoélastiques et peut étre reliée & la composante de labourage du modéle
de Bowden et Tabor. Elle dépend surtout des propriétés mécaniques du matériau et de
la géométrie des corps en contact. Cette zone s’étend généralement d’une profondeur de
l’ordre de grandeur du rayon de contact.

En général, le comportement tribologique, ainsi que les propriétés mécaniques et
physiques d’un polymére dépendent fortement de sa nature, c’est-a-dire thermoplastique,
thermodurcissable ou élastomére.

La section 1.2.2 introduit le terme d’usure et le probléme de la complexité d’identification
d’un régime d’usure particulier & cause de leur simultanéité d’action. Il existe de nom-
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breuses lois d’usure, parmi lesquelles la loi d’Archard (Eq. 1.31, 1.32) est la plus connue et
fonctionne relativement bien pour les métaux. Cette loi est basée sur une hypothése d’un
contact entiérement plastifié. Selon la loi d’Archard, le taux d’usure est proportionnel a la
force normale appliquée, divisée par la dureté du matériau. Le coefficient de proportion-
nalité appelé coefficient d’usure varie de 1072 & 10~7 pour des matériaux différents. Les
régimes d’usure principaux supposés agir pendant le frottement de matériaux composites
a base de polymeéres sont I'usure adhésive (Sec. 1.2.2.1), abrasive (Sec 1.2.2.2), usure par
fatigue (Sec. 1.2.2.3) et usure a cause du ramollissement du polymeére (Sec. 1.2.2.4). Une
particularité de I'usure des polyméres qui doit étre pris en compte est leur capacité a for-
mer une couche de transfert qui, dans la plupart des cas, réduit le frottement et 'usure. En
revanche, les régimes d’usure des composites & base des polymeéres dépendent fortement
de leur orientation par rapport au sens de glissement : paralléle, antiparalléle ou normale,
et sont discutés en Sec. 1.2.4.

La Sec. 1.3. du Chapitre 1 présente une revue des publications de résultats expérimen-
taux sur le frottement et I'usure de composites & base de résine époxy renforcée par
des fibres de carbone. Les effets des matériaux (carbone et la matrice de polymeére), de
Porientation et de la fraction volumique de fibres, les propriétés mécaniques et topographi-
ques de la surface opposée, de la force normale et de la vitesse de glissement et de
I’environnement sont évoqués. Il a été relevé un grand nombre de tendances expéri-
mentales qui souvent se contredisent. Un manque d’informations sur le frottement du
composite contre lui-méme ou un autre matériau plus mou est également observé.

Cette revue de la littérature nous ameéne & définir les objectifs et les démarches de notre
travail. Nous allons nous intéresser a la dissipation par frottement en contact glissant
de composite/composite et composite/résine époxy, qui constitue le matériau plus mou.
Pour cela, I’approche de séparation des contributions interfaciale et volumique est adoptée
et appliquée expérimentalement sur des matériaux modéles composites & base d’époxy
renforcés par des fibres ou nanoperles de carbone. Les expériences équivalentes sur une
époxy pure seront également réalisées pour mettre en évidence 'influence du renfort de
carbone. Nous allons mettre en place une étude expérimentale de frottement pur, i.e.
sans usure, sous faibles charges normales et faibles vitesses de glissement et développer un
modéle analytique pour étudier la dissipation interfaciale. Une étude de frottement sous
des conditions tribologiques plus sévéres induisant 1'usure va au contraire nous donner une
image de la dissipation volumique.

Chapitre 2. Matériaux composites polyméres renforcés par
du carbone

Le Chapitre 2 est consacré & la description, la fabrication et la caractérisation des matéri-
aux composites et leur composants utilisés dans notre étude tribologique. Les renforts
de nos matériaux modéles doivent présenter un contraste prononcé des propriétés tri-
bologiques avec la matrice polymére, ainsi qu'une différence de leur forme géométrique et
fraction volumique pour étudier l'effet de I'anisotropie. Trois types de matériaux ont été
choisis : une époxy pure, une époxy renforcée par des fibres de carbone de 34, 52 et 62 %
de fraction volumique de fibres (CFRE) et, enfin, une époxy renforcée par des nanoperles
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de carbone de 1, 15 , 28 et 35 % de fraction volumique de nanoperles (CNPRE).

Ce chapitre commence par une description de la nano et microstructure des renforts de
carbone et de leur propriétés physiques et mécaniques. Ensuite, deux types de matériaux
composites modéles, leur fabrication, morphologie, topographie de surface et propriétés
mécaniques sont présentés.

La Section 2.1 présente d’abord les généralités sur les formes cristallines et amorphes
du carbone. Puis, la morphologie et les particularités des trois principaux types de fibres
de carbone, c’est-a-dire des fibres anisotropes de haute résistance a la rupture, des fibres
anisotropes de haut module élastique et des fibres isotropes avec des caractéristiques mé-
caniques moyennes (cf Tab. 2.1), sont présentées. Bien que la communauté scientifique
soit d’accord sur le fait que les fibres de carbone contiennent principalement du carbone
turbostratique (Fig. 2.2), plusieurs modéles plus ou moins récents de la structure des
fibres de carbone des trois types coexistent encore et sont présentés en bref dans la Sec-
tion 2.1.2.2. Par rapport aux autres fibres dans I'industrie des composites, ces fibres ont
plusieurs avantages, notamment de bonnes propriétés mécaniques, une bonne résistance
thermique et chimique, un faible coefficient de dilatation thermique, etc.

Les noirs de carbone, en quelque sorte les "ancétres" des nanoperles de carbone, et ces
nanoperles sont ensuite présentés. Les particules de deux matériaux ont un noyau rigide
amorphe enrobé par des couches de carbone de structure turbostratique. Ces particules de
10 - 100 nm de diamétre forment des chaines appelées agrégats de 50 - 500 nm, qui & leur
tour forment des agglomérats de taille micrométrique (Fig. 2.7). Le principal avantage
des nanoperles de carbone par rapport au noir de carbone est leur monodispersité, le
polydispérsité est estimé a 85%. Les nanoperles utilisées dans notre étude ont un diameétre
moyen de 90 nm.

Les propriétés physiques et mécaniques de la résine époxy utilisée comme matrice dans
nos composites sont recueillies dans le Tab. 2.4. C’est un polymére thermodurcissable,
qui a une bonne adhésion et une bonne résistance & 'humidité, mais une température de
transition vitreuse relativement faible et donc une chute des propriétés mécaniques vers
100 - 120 °C.

Les composites renforcés par des fibres de carbone, distingués par la fraction volumique
de fibres, i.e. 34, 52 et 62 %, sont fabriqués par deux procédures différentes. Le composite
de 62 % des fibres, dit classique, est fabriqué par moulage a sec a partir des couches de
préimprégné alignées avec la direction des fibres paralléle, dont les propriétés physiques et
mécaniques sont présentées en Tab. 2.5 et 2.6. En revanche, les composites de 34 et 52
% de fibres sont fabriqués a partir des tissus de fibres de carbones imprégnés par la résine
époxy. La direction paralléle alignée des fibres dans ces couches est également controlée.
La structure finale de ces composites est fortement hétérogeéne et aléatoire en volume et en
surface, & cause de la non-planéité des couches de fibres. Les échantillons fabriqués de ces
matériaux sont présentés sur les Fig. 2.10 et 2.11. Bien que les surfaces de ces échantillons
alent été polies toutes de la méme maniére, ’état de surface résultant est différent. La
topographie de surface de ces composites est mesurée au moyen d’un profilométre tactile.
La carte de la surface rugueuse du composite de 62 % de fibres (Fig. 2.12) et les profils
de surface des composites de 34 et 52 % et de I’époxy pure (Fig. 2.13) indiquent que des
fibres de carbone dépassent de la surface et augmentent visiblement la rugosité moyenne de
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surface par rapport a celle de I'époxy pure. Les propriétés mécaniques locales de surface
du composite et de ’époxy pure ont été mesurées par la technique de nanoidentation.
Plusieurs indentations ont été réalisées sur les fibres de carbone et la matrice époxy du
composite, ainsi que sur I’époxy pure (Fig. 2.14). Les valeurs de la dureté de surface et
du module d’élasticité calculées & partir de ces mesures sont plus faibles d’un ordre de
grandeur pour ’époxy par rapport & la fibre de carbone et similaires pour I’époxy pure et
celle du composite (Tab. 2.9).

Les composites renforcés par 1, 15, 28 et 35 % de nanoperles de carbone sont fabriqués
par le moulage dans des moules réalisés au laboratoire en PDMS (Fig. 2.16). La procédure
de leur fabrication est décrite en Sec. 2.3.2, tandis qu’un exemple d’échantillon est présenté
en Fig. 2.17. Une porosité importante pour les composites de concentration de plus d’un
% de nanoperles est observée (Fig. 2.18 - 2.21) et estimée par une technique de traitement
d’image (Tab. 2.11). La rugosité de ces surfaces poreuses ne peut pas étre mesurée. En
revanche, les surfaces du composite d’'un % de nanoperles sont relativement lisses et leur
rugosité est similaire a celle de I’époxy pure.

Un récapitulatif des propriétés et des particularités des deux types de composites
utilisés dans notre étude expérimentale est présentée dans le Tab. 2.13.

Chapitre 3. Dissipation interfaciale induite par frottement :
une étude expérimentale

Ce chapitre est consacré a I’étude expérimentale tribologique de la dissipation par frotte-
ment dans la zone interfaciale des deux types de composites et I’époxy pure présentés dans
le chapitre précédent. Une condition cruciale pour cette étude est I’absence d’endommage-
ment de surface, qui peut étre atteinte par ’application de trés faibles pressions de con-
tact, c’est-a-dire une faible charge normale appliquée sur une grande surface. Une étude
expérimentale préliminaire est alors réalisée pour déterminer les meilleures conditions tri-
bologiques pour le frottement interfacial. L’objectif de ce chapitre est d’analyser expéri-
mentalement ’apport du renfort du carbone a la dissipation par frottement des composites.
L’effet de l'orientation des fibres de carbone par rapport & la direction de glissement sur
le frottement interfacial est également étudié. La deuxiéme partie de ce chapitre est con-
sacrée a une étude expérimentale de frottement local entre des fibres de carbone et I’époxy
pure, qui a pour but 'obtention des coefficients de frottement locaux qui vont nous servir
par la suite.

Un dispositif expérimental utilisé dans cette étude est présenté en Sec. 3.1.1. Ce
tribométre appelé RA et concu au laboratoire LTDS permet de réaliser un mouvement
alternatif entre deux échantillons de surfaces relativement grandes, sous faible charge nor-
male (Fig. 3.1). Un échantillon rectangulaire long appelé piste est collé a la surface de
base du tribomeétre, tandis que 'autre échantillon rond appelé glisseur est poussé et tiré
par un bras du tribomeétre et glisse sur la piste. La force normale est appliquée par une
masse posée sur le glisseur et peut atteindre 20 N. La force tangentielle est mesurée par
un capteur piézoélectrique installé dans le bras. La vitesse de glissement est contrélée par
un moteur linéaire de quelques pm/s & 2 m/s.

Les échantillons de tous les matériaux présentés dans le Chapitre 2, de 80+£2 x 25+2 x
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5+ 1 mm? et de 20 mm x 54 1 mm pour la piste et le glisseur respectivement, ont été
fabriqués. Avant chaque expérience, les surfaces des deux échantillons sont soigneusement
nettoyées avec I'heptane, I'acétone, le propanol-2 et un flux d’azote. L’expérience est
réalisée a température et humidité ambiante.

L’expérience représente une séquence de 25 cycles de glissements (50 passages), au
cours desquels la force tangentielle est mesurée a la fréquence d’échantillonnage de 1 kHz
et enregistrée dans un PC. Le coeflicient de frottement cinétique est calculé a partir de
ce signal coupé a 20 % aux extrémités et moyenné entre deux passages (aller-retour) et la
force normale constante.

Les signaux de frottement mesurés par le capteur présentés dans la Fig. 3.2 sont plus
ou moins stables pendant chaque passage, avec une meilleure performance pour un couple
de frottement CFRE 62%/CFRE 62 % que pour tous les autres matériaux. Des insta-
bilités de frottement sont observées pour les composites renforcés par des nanoperles de
carbone, dont l'origine peut étre attribuée a la grande rigidité de contact de ces particules
bien dispersées dans la matrice polymére. De plus, une grande dispersion des coeflicients
de frottement moyens entre les passages d’'un test et entre plusieurs tests est observée
pour ’époxy pure et tous les composites testés a part de CFRE 62% (Fig. 3.3). Cette
dispersion, probablement liée au faible endommagement de surface, est plus importante
sous conditions tribologiques plus sévéres.

Les résultats de 'étude de l'effet des conditions tribologiques, c¢’est-a-dire de la force
normale et de la vitesse de glissement, sur le frottement de nos matériaux sont présentés
dans la Section 3.1.4. D’un c6té, une charge importante et une vitesse de glissement faible
favorisent la formation des jonctions entre deux surfaces et leur endommagement. D’un
autre codte, une faible charge normale et une vitesse de glissement importante aboutissent
a une faible aire de contact, donc une pression de contact sous-estimée, et un échauffement
de surface. Un compromis pour ces conditions est trouvé dans cette étude expérimentale
pour chaque couple de matériaux étudiés, cf Figs. 3.5 - 3.7 et ’Annexe 1 qui réunit les
tableaux de coefficients de frottement mesurés. Les valeurs de la vitesse de glissement et
de la charge normale choisies sont présentées dans le Tab. 3.2. Les faibles forces normales
sont recommandées pour les couples de frottement concernant ’époxy pure (0.5 N) et les
composites renforcés par des nanoperles de carbone (1 N) au regard de 'endommagement
de surface observé. Une force normale de 2 N est choisie pour les couples CFRE/CFRE.
Ces charges normales correspondent aux pressions de contact de 1.59, 6.37 et 3.18 kPa
respectivement. La vitesse de glissement est maintenue & 10 mm/s pour tous les couples
de glissement.

Ces conditions expérimentales ont été ensuite appliquées pour une étude de 'effet de
la fraction volumique du renfort de composite sur la dissipation interfaciale induite par
frottement, présentée dans Section 3.1.5. Les résultats de cette étude pour des couples de
frottement Epoxy/CFRE, CFRE/CFRE et CNPRE/CNPRE sont présentés dans la Fig.
3.8. On observe une légére augmentation de coeflicient de frottement avec ’augmentation
de la fraction de fibres dans le couple Epoxy/CFRE. Cette tendance est par ailleurs op-
posée a celle trouvée dans la littérature pour un couple CFRE /acier certainement a cause
de I'endommagement de surface du composite par ’acier. En revanche, 'ajout de fibres
dans I’époxy pure, c’est-a-dire le frottement du couple CFRE/CFRE, diminue au moins
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par un facteur de 2 le coefficient de frottement par rapport a celui du couple Epoxy/Epoxy.
Une variation de la fraction volumique des fibres entre 34 et 62 % ne semble pas avoir une
influence importante sur le frottement du composite. Contrairement aux fibres de carbone,
le renfort de la résine époxy par des nanoperles de carbone augmente considérablement le
frottement. Dans ce cas, le frottement est plus important pour les fractions volumiques
de nanoperles plus importantes. Sa valeur pour CNPRE 35% est plus élevée d’un facteur
1.5 par rapport a celle de CNPRE 1% ou de ’époxy pure.

L’effet de l'orientation des fibres sur le frottement d’un couple de composites ’clas-
siques’ CFRE 62% est étudié et présenté dans la Section 3.1.5.3. Les pistes d’une orien-
tation de fibres de 0°, 45° et 90° par rapport au vecteur vitesse de glissement associées a
une rotation du glisseur sont utilisées pour varier I’angle total entre 'orientation des fibres
dans deux échantillons de 0° au 180° (cf. schéma de la Fig. 3.9). Dans ces conditions,
le coefficient de frottement moyen varie entre 0.17 et 0.18 (Fig. 3.10). La rugosité de
surface du composite dans la direction perpendiculaire aux fibres est plus importante que
celle paralléle aux fibres, ce qui doit impliquer un frottement plus fort. Cependant, sous
conditions interfaciales, cet effet n’est pas prononcé.

Une étude expérimentale pour obtenir les coefficients de frottement locaux entre les
fibres de carbone individuelles et I’époxy est également réalisée dans le cadre de notre
étude et présentée dans la Section 3.2. Pour cette étude, une machine de nano-rayure
de CSM Instruments avec un indenteur sphérique de rayon de 25 mm a été utilisée (Fig.
3.11). Cet appareil peut mesurer la force normale, équivalente & la pression de 0.05 -
2 MPa, et tangentielle avec une grande précision et réaliser des glissements de quelques
nano- ou micrométres. Une vitesse de glissement de 30 um/s et une force normale de 1 -
50 mN, augmentée par pas de 2 mN entre 1 et 20 mN, et par pas de 5mN entre 20 et 50
mN, sont appliquées dans cette étude expérimentale & humidité et température ambiante.

L’indenteur sphérique est couvert par des fibres de carbone unidirectionnelles attachées
a ses bords comme montre la Fig. 3.12 (a). Ce glisseur frotte soit contre ’échantillon
cylindrique d’époxy, utilisé dans 1’étude précédente comme glisseur, soit contre une méche
de fibres de carbone (Fig. 3.12 (b)). Dans le deuxiéme cas, les orientations paralléle et
perpendiculaire entre les fibres du glisseur et les fibres stationnaires sont testées.

La force de frottement est plutdt stable pendant chaque glissement sur la distance de
600 pum, ce qui nous permet d’opérer avec un coefficient de frottement moyen présenté
dans la Fig. 3.13 en fonction de la force normale. On observe que les variations du
coefficient de frottement avec la force normale sont faibles, excepté le couple fibre/fibre en
orientation parallele. On peut expliquer cela par des défauts d’alignement entre les fibres
des deux échantillons. Ces résultats expérimentaux ont été comparés avec des résultats
de frottement des fibres de carbone individuelles de Roselman et Tabor (Sec. 3.2.3.). Les
coefficients, pour les méme couples de frottement, entre des fibres de carbone et ’époxy
différent entre nos résultats expérimentaux et ceux de Roselman et Tabor, probablement
a cause des conditions appliquées différentes (cf Tab. 3.4).

Les résultats expérimentaux obtenus au cours de ce chapitre soulévent plusieurs ques-
tions, auxquelles nous allons tenter de répondre dans le chapitre suivant. Notamment,
pourquoi ’ajout de fibres de carbone dans un matériau de couple de frottement augmente le
frottement, tandis que dans le cas de deux matériaux renforcés, le coefficient de frottement
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chute 7 Pourquoi les fibres et les nanoperles de carbone influent-elles sur le frottement
de I’époxy d’une maniére opposée 7 Quels sont des mécanismes du frottement impliqués
pour les couples de frottement étudiés 7

Chapitre 4. Dissipation interfaciale induite par frottement :
un modéle analytique

Dans ce chapitre nous allons proposer un modéle analytique de frottement interfacial des
matériaux composites pour répondre aux questions posées a la fin du chapitre précédent
et prédire le frottement en fonction de la fraction volumique de renfort. Il commence par
une bréve présentation de deux modéles de ce type trouvés dans la littérature. Malgré
leur proximité avec notre sujet, tous les deux ont été congus pour un contact compos-
ite/matériau homogéne d’une dureté plus élevée.

Le premiére modele, décrit en Sec. 4.1.1, est basé sur des hypothéses de proportion-
nalité entre 'aire de contact des fibres et de la matrice, et I'aire de contact totale, avec des
coefficient de proportionnalité de la fraction volumique des fibres Vy et de la matrice V,,
respectivement ; de 1’égalité de contrainte de cisaillement des fibres et de la matrice; et de
I’égalité des modules de rigidité des fibres et de la matrice sous la surface de contact. Ce
modéle résulte en une loi de proportionnalité inverse entre le coefficient de frottement de
composite et ceux de ses composants, avec des coefficients de proportionnalité des fractions
volumiques de fibres et de la matrice (Eq. 4.2).

Le deuxiéme modéle, décrit en Sec 4.1.2, couvre le frottement d’un composite contre un
matériau opposé abrasif. Les hypothéses de ce modeéle sont : les propriétés tribologiques
des phases d’un composite comme celles des matériaux individuels demeurent sans change-
ment dans le composite ; et les fractions d’aire de contact des phases d’un composite restent
constantes pendant le glissement. Dans le cas d’absence d’usure, la force normale est dis-
tribuée entre les phases du composite proportionnellement aux fractions surfaciques de ces
phases, et donc pour un composite composé d'un renfort et d’'une matrice, le coefficient
de frottement est proportionnel aux coefficients de frottement de ses phases (Eq. 4.10).

Les idées et les hypothéses de ces deux modéles nous ont inspirés pour développer un
nouveau modéle généralisé pour le frottement interfacial entre deux composites présenté
dans la Sec. 4.2. Il est basé sur le modéle adhésif de Bowden et Tabor (Sec. 1.1.4) appliqué
aux matériaux composites et illustré dans la Fig. 4.2. L’aire de contact est renouvelée
continuellement pendant le glissement, mais sa composition, i.e. la proportion entre les
composants du composite dans le contact reste constante. Les hypothéses suivantes sont
alors imposées :

e absence d’endommagement de surface et d’usure;
e frottement de Coulomb pour tous les sites microscopiques de contact;
e forces de frottement des sites microscopiques de contact découplées;

e frottement isotrope pour tous les couples de matériaux en contact.



163

Selon Bowden et Tabor, le contact de deux solides est composé d’une multitude de
microcontacts qui forment 'aire réelle de contact. Les forces normales et tangentielles
sont distribuées entre ces microcontacts. Puisque l'aire de chaque microcontact est trés
faible, la pression de contact excéde la limite d’élasticité et le contact peut étre vu comme
une pénétration d’'une aspérité dans l'autre. La force normale peut étre donnée par ’Eq.
4.13. Les jonctions formées entre deux corps en contact sous une charge normale sont
constamment cisaillées pendant le glissement, et la force tangentielle peut étre exprimée
par ’'Eq. 4.14. Alors nous pouvons calculer le coefficient de frottement de Coulomb, qui
dépend des aires de microcontacts, des contraintes de cisaillement qui agissent sur ces
microcontacts et des duretés de matériaux qui forment ces microcontacts (Eq. 4.15).

Puisque l'application directe de cette loi de frottement semble compliquée a cause
de l'ignorance des aires de contact réelles et des contraintes de cisaillement, nous allons
proposer deux cas particuliers limites. Dans le cadre du Cas 1, nous supposons que la
dureté est égale a4 une certaine valeur effective pour toutes des phases du composite.
Dans ce cas, le coefficient de frottement peut étre trouvé par une loi de proportionnalité
directe (Eq. 4.16). De lautre coté, si nous supposons que les contraintes de cisaillement
sont égales & une valeur effective pour tous les microcontacts comme dans le Cas 2, nous
observons une proportionnalité inverse pour les coefficients de frottement (Eq. 4.17).

Notre modéle découle sur un coefficient de frottement entre deux composites qui dépend
des coefficients de frottement locaux entre leur phases et de leurs fractions surfaciques, et
peut étre a priori appliqué a tous les types de matériaux composites.

Dans le suite de ce chapitre, les résultats de notre modéle sont comparés aux résultats
obtenus expérimentalement dans le chapitre précédent. La Section 4.3 discute le choix
des coefficients de frottement locaux basés sur I’étude présentée dans la Sec. 3.2 et la
littérature. Ensuite, une étude sur la détermination des fractions surfaciques des phases
du composite est réalisée et présentée dans la Sec. 4.4. 1l résulte de 'approche proba-
biliste utilisée que pour un matériau composite renforcé par des fibres cylindriques ou des
nanoperles, la fraction surfacique est égale a la fraction volumique.

L’application de notre modéle au contact entre ’époxy pure et un composite & base
d’époxy renforcé par des fibres de carbone est présentée dans la Sec. 4.5. Les deux cas
particuliers (Eq. 4.16 et 4.17) sont appliqués et les courbes résultantes pour le coefficient
de frottement vs. la fraction surfacique de fibres, ainsi que les points expérimentaux
obtenus au cours du chapitre précédent, sont tracés sur la Fig. 4.5 . On observe que les
deux lois, de proportionnalité directe et inverse, suivent bien la tendance expérimentale.
De plus, ce contact nous permet de valider un coefficient de frottement local entre ceux
trouvés dans la Sec. 4.3. De plus, le fait que deux lois proposées suivent bien la tendance
expérimentale est expliqué et discuté en termes de validation des hypothéses des duretés
et des contraintes de cisaillement effectives pour ce type de contact.

Dans le cas de contact entre deux matériaux composites de deux phases chacun, nos lois
de proportionnalité directe et inverse s’inscrivent dans la forme de 'Eq. 4.27 et I'Eq. 4.28.
Les coefficients de contribution dans ces équations doivent étre identifiés & partir de la
géométrie de contact pour chaque composite individuellement. Le contact CFRE/CFRE
est étudié dans la Sec. 4.6.1. La composition de la zone de contact apparent, schématisée
dans la Fig. 4.6, permet de calculer les coefficients de contribution de I'Eq. 4.30. Les
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courbes résultantes pour ce type de contact sont tracées dans la Fig. 4.7. On observe que
la courbe verte de loi inverse passe par un point expérimental du composite ’classique’ de
62 % de fibres. Les autres concentrations de fibres sont loin de cette courbe théorique cer-
tainement & cause de la composition hétérogéne et irréguliére de la surface des composites
de 34 et 52 % de fibres. L’application des lois directe et inverse est également discutée
dans ce cas du contact entre deux composites. Le choix de la proportionnalité inverse est
justifié par la différence importante des duretés des composants de deux composites, tan-
dis que les contraintes de cisaillement estimées sont du méme ordre de grandeur. De plus,
I'orientation de fibres considérée dans la géométrie de contact n’affecte pas le coefficient
de frottement interfacial, ce qui est en accord avec les résultats expérimentaux présentés
dans le chapitre précédent.

Le cas du contact de deux composites renforcés par des nanoperles de carbone est con-
sidéré dans la Sec. 4.6.2. Comme la taille de nanoperles n’est pas inférieure a la taille des
aspérités, le méme principe de séparation des microcontacts par types de matériaux peut
étre appliqué. Les coefficients de contribution pour ce type de contact sont présentés dans
I’Eq. 4.33 et égaux a ceux du contact CFRE/CFRE. L’application de nos deux lois parti-
culiéres est compliqué a cause de I'ignorance des coefficients de frottement locaux entre les
nanoperles. Plusieurs couples de ces coefficients locaux sont proposés par un fit mathéma-
tique des points expérimentaux réalisé avec Matlab pour deux lois particuliéres (Tab. 4.2).
Toutes les possibilités sont discutées et un couple des coefficients nanoperle/nanoperle et
nanoperle/époxy est choisi. Les courbes du coefficient de frottement vs. la fraction sur-
facique des nanoperles tracées pour ce couple de coefficients et les points expérimentaux
sont présentées dans la Fig. 4.9. Comme dans le cas du frottement de CFRE/CFRE, la
loi directe ne doit pas étre appliquée & cause de la différence entre les duretés de 1’époxy
et des nanoperles.

Ce modéle analytique peut étre amélioré par la considération de la distribution de
I'aire de contact entre les phases du composite, ce qui est discuté dans la Sec. 4.7. Cette
distribution dépend certainement de la rugosité des deux surfaces et de la distribution de
pression de contact entre les phases, c’est-a-dire des propriétés mécaniques des matériaux
en contact.

Chapitre 5. Dissipation volumique induite par frottement

Une étude expérimentale de la dissipation volumique induite par frottement et 'usure
associée sur le composite CFRE 62 % et I’époxy pure est présentée dans ce chapitre. Des
conditions tribologiques plus sévéres sont appliquées dans cette étude. Sous ces conditions,
I’énergie générée par le frottement peut étre dissipée par plusieurs mécanismes, comme
I’échauffement, 'endommagement ou les déformations plastiques, qui vont étre étudiés au
cours de ce chapitre. Une approche par deux échelles est développée et appliquée dans
cette étude : dans un premier temps, les caractéristiques macroscopiques, i.e. une perte
de masse, les coefficients de frottement, I’énergie dissipée et I’échauffement de contact
sont estimés, et ensuite les surfaces usées sont observées au niveau microscopique et les
indices des différents mécanismes d’usure sont cherchés et corrélés avec les paramétres
macroscopiques.
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Cette étude expérimentale a été réalisée sur un tribométre linéaire développé au LTDS
présenté dans la Fig. 5.1. Il nous a permis d’obtenir le coefficient de frottement entre deux
échantillons pendant un mouvement alternatif avec une vitesse de glissement sinusoidale.
La force normale est appliquée par le mouvement vertical du plan de base qui porte
I’échantillon fixe, effectué par un moteur. Cette force ainsi que la force tangentielle et le
mouvement du glisseur sont mesurés instantanément pendant le glissement. Un exemple
de ces grandeurs mesurées présenté & dans la Fig. 5.2 montre la stabilité des forces
pendant les passages, ce qui nous permet d’opérer avec des coefficients de frottement de
Coulomb. Quatre conditions expérimentales distinguées par la force normale et la vitesse
de glissement utilisées dans notre étude sont présentées dans la Tab. 5.2. La durée d’essai
a varié de 10 & 1000 ou 5000 cycles en fonction du matériau pour étudier I’évolution des
régimes d’usure avec le temps de glissement.

Les pistes et les glisseurs en époxy pure et composite CFRE sont des plaques rectangu-
laires de 30 £2x 15+£2 x4+ 1 mm? et 8£1 x 6 +1 x 4+ 1 mm?, respectivement. La
différence de ’aire de la surface des glisseurs est mesurée et considérée dans tous les calculs
présentés dans ce chapitre. La longueur cinématique est calculée pour la piste et le glisseur
dans la Sec.5.1.3 et illustrée dans la Fig. 5.3.

La présentation des résultats de ce chapitre est dictée par les couples de matériaux,
c’est-a-dire que 1'on présente d’abord le couple époxy/époxy et viennent ensuite les couples
époxy/CFRE et CFRE/CFRE.

La caractérisation de la dissipation volumique dans le contact polymeére/polymeére par
I’approche macroscopique est présentée dans la Sec. 5.2.1. Tout d’abord, une loi d’usure
(Eq. 5.2) est proposée sur la base de mesures expérimentales de la masse mesurée avant et
aprés chaque essai pour le glisseur et la piste. La perte de masse augmente de fagon linéaire
avec la longueur cinématique pour la piste et le glisseur (Fig. 5.4) et leur totalité (Fig.
5.5). Malgré une ressemblance de cette loi linéaire a la loi d’usure d’Archard présentée dans
la Chapitre 1, les coefficients d’usure calculés & partir de nos mesures et présentés dans le
Tab. 5.3 montrent une forte dépendance aux conditions appliquées. Cette dépendance est
en désaccord avec la loi d’Archard, qui postule que le coefficient d’usure est une propriété
du matériau et est indépendant des conditions. Cela pourrait signifier que le contact
époxy/époxy n’est pas entiérement plastifié sous ces conditions.

Les coefficients de frottement instantanés sont calculés & partir des forces normale et
tangentielle mesurées et présentées en forme de carte de frottement (Fig. 5.6). Sur ces
cartes, I’axe x correspond au nombre de cycles, I’axe y correspond a la position du glisseur
pendant un passage, et les coefficients de frottement sont représentés par la couleur. La
zone bleue de frottement bas observée sur ces cartes a la fin de la trace peut étre ex-
pliquée par les défauts de planéité entre deux surfaces et I’évacuation du 3éme corps. Les
oscillations sur les cartes des Fig. 5.6 (¢) et (d) sont dues a la souplesse du tribométre
et ne sont pas considérées comme le facteur influant le frottement moyen. Pour le couple
époxy /époxy, le coefficient de frottement moyen est a peu prés indépendant des conditions
appliquées et sa valeur est assez élevée.

L’énergie dissipée a été calculée a partir de la force de frottement et de la vitesse de
glissement instantanées selon 'Eq. 5.4 et tracée en fonction de la longueur cinématique
dans la Fig. 5.7. L’évolution linéaire affectée par la force normale est observée et expliquée
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en transformant I’expression pour ’énergie dissipée comme dans I’Eq. 5.5.

Les dépendances linéaires de I’énergie et de la perte de masse a la longueur cinématique
nous permettent de déterminer le coefficient de proportionnalité pour notre loi d’usure (Eq.
5.7), qui dépend de la force de frottement et d’une certaine vitesse critique en accord avec
les tendances expérimentales.

La Section 5.1.2.4 présente une estimation de la température de contact selon le mod-
éle de Archard-Blok-Jaeger. Tout d’abord, la quantité de chaleur générée est calculée &
partir de la force de frottement, la vitesse de glissement et 'aire de contact (Eq. 5.8 et
5.9). La température de contact réelle est composée de la température de volume et la
température flash de durée courte (Eq. 5.10). La chaleur générée est partagée entre deux
corps en contact avec le coefficient de partage qui peut étre déterminé avec I’'Eq. 5.14. Une
grandeur nommeée Le Nombre de Peclet, qui permet d’estimer le profil de la distribution
de chaleur dans deux corps, est calculée pour le corps fixe. Pour deux vitesses appliquées,
on obtient que la plus grande partie de la chaleur est propagée dans la piste avec un profil
de distribution peu profond. Pour estimer les températures réelles du contact, deux cas
limites de l’aire de contact sont proposés, a savoir 'aire de contact apparente et 'aire
de contact entiérement plastifié et calculé comme la ratio de la charge normale et de la
dureté du matériau. Les valeurs des températures de contact résultantes présentées dans
le Tab. 5.5 et & la Fig. 5.10 ne sont pas vraisemblables, mais les tendances pour les 4 con-
ditions étudiées sont les mémes. La température vraie de contact doit se trouver entre ces
deux cas limites. On observe que les vitesses plus élevées provoquent plus d’échauffement.
Trés élevée sur la surface, la température chute rapidement en profondeur comme cela est
montré dans la Fig. 5.11.

L’approche microscopique de 1’étude de la dissipation volumique dans le couple épo-
xy/époxy a relevé deux types de surfaces usées illustrées dans les Fig. 5.12 et 5.13. Nous
avons remarqué que la surface de type 1 apparait sous la vitesse basse, tandis que la
surface de type 2 est caractéristique du glissement a vitesse élevée. L’évolution du type
de surface usée, des rayures simples vers une surface usée de type 1 ou 2 est schématisée
dans la Fig. 5.14.

Les photos macroscopiques de tous les échantillons usés ont été traitées avec un logiciel
de traitement d’image pour estimer 'aire de la surface usée, comme dans la Fig. 5.15.
Puisque certains processus de la dissipation ne provoquent pas de perte de masse, mais
déforment la surface, on peut mieux étudier la dissipation et tracer I’énergie dissipée en
fonction de cette aire usée plutét que de la masse perdue (Fig. 5.17). Ce graphe nous
permet de séparer deux régions de la dissipation : on associe la premiére avec I'abrasion
pure, et la deuxiéme & tous les autres mécanismes d’usure.

Les observations microscopiques de surfaces usées ont relevé plusieurs mécanismes
d’usure, comme 'usure abrasive a deux et trois corps, I'usure adhésive, le ramollissement
du polymeére et le transfert du matériau entre deux échantillons en contact, présentés et
discutés dans la Sec. 5.2.2.3. Les mécanismes d’usure différents sont observés en fonction
de la surface usée de type 1 ou 2 (distinguées au niveau macroscopique). Pour rationaliser
I’évolution des mécanismes d’usure, une rétrospective est proposée dans la Sec. 5.2.3 et
schématisée dans la Fig. 5.21. L’usure commence toujours par l'usure abrasive & deux
corps et ensuite se propage par un des deux scénarios possibles : ’Abrasion & trois corps’
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ou ’Adhésion et effets thermiques’.

La dissipation volumique dans les couples époxy/composite et composite/composite
est étudiée exactement de la méme fagon que celle de I’époxy/époxy et présentée dans la
Sec. 5.3. La perte de masse de I’époxy augmente également linéairement avec la longueur
cinématique (Fig. 5.22), tandis que la masse du composite reste sans changement sous la
plupart des conditions étudiées. Seules les conditions les plus sévéres aprés 5000 cycles de
glissement provoquent la perte de masse du composite mesurable avec un taux d’usure 100
fois moins important que celui de I’époxy pure sous des conditions identiques. Les cartes
de frottement présentées dans les Fig. 5.23 et 5.25 pour ces couples de frottement montrent
une dépendance de coefficient de frottement aux conditions appliquées, contrairement &
celui d’époxy/époxy. L’énergie dissipée tracée en fonction de la longueur cinématique du
glisseur dans les Fig. 5.24 et 5.26 confirme cette dépendance. L’analyse thermique pour
ces deux couples présentée dans la Sec. 5.3.3 montre un profil de propagation de la chaleur
dans la profondeur des échantillons plus plat que celui d’époxy/époxy. Les températures
de contact tracées dans les Fig. 5.27 et 5.28 montrent la tendance identique a celle du
contact époxy /époxy, mais leur valeurs sont moins élevées pour les contacts du composite.

L’approche microscopique appliquée & ces deux contacts permet de distinguer plusieurs
mécanismes d’usure. Notamment, I’époxy est usée surtout par ’abrasion a cause de la
dureté plus élevée de la surface opposée (Fig. 5.29 - 5.31). Dans ce cas, les micropar-
ticules de fibres de carbone usées sont trouvées sur la surface d’époxy pure. L’usure du
composite dans ce couple de frottement est négligeable, méme si certains creux peuvent
étre observés dans la matrice (Fig. 5.31 (a)). L’usure du composite contre le composite
sous les conditions les plus sévéres est illustré dans la Fig. 5.32. Tout d’abord, la matrice
époxy est détachée de la surface du composite entre les fibres, ensuite ces fibres sont polies
par la surface opposée, et enfin le troisiéme corps mélangé de particules d’époxy et de
fibres abrase les deux surfaces en contact.

Conclusions

Les conclusions générales de cette étude de la dissipation volumique et interfaciale induite
par frottement dans les composites renforcés par du carbone et les perspectives pour
les travaux & venir sont présentées a la fin du manuscrit. L’évolution des coefficients de
frottement et d’usure est généralisée pour deux régions de dissipation et tracée en fonction
des conditions tribologiques appliquées pour les trois couples de matériaux étudiés dans
la Fig. C.1. Les mécanismes de dissipation et d’usure sont discutés pour chaque couple.
Comme notre étude a démontré, a cause de leurs excellentes propriétés mécaniques et
thermiques, ’ajout de fibres de carbone augmente la résistance a 'usure, par une meilleure
évacuation de la chaleur et donc une diminution de I’échauffement de contact et de la
modification des régimes d’usure de ’époxy. Dans le méme temps, il diminue le coefficient
de frottement du composite par rapport a I’époxy pure au niveau interfacial et volumique.
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