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Abstract. A model of the fibrous composite material friction and wear process is constructed
taking into account the heating of the friction surface. The inhomogeneous temperature
expansion of the composite components and the resulting fiber/matrix slippage near the
friction surface and the friction surface profile change is considered. The influence of
temperature on the distribution of stresses in the fiber and matrix and on the roughness of the
friction surface of the composite is determined.
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1. Introduction

Composite materials based on carbon are widely used in friction joints associated with high
sliding velocities and surface forces, and hence temperature loads (primarily in aircraft
braking systems). These materials demonstrate high thermal stability (which determines their
choice), but at the same time show an unusual effect of temperature on the process of their
friction and wear. According to the experimental studies [1-3] with an increase in the surface
temperature carbon composites may show both decrease in wear rate and nonmonotonic wear
rate behavior. The roughness of the worn surface and the size of wear debris typically have an
inverse correlation with the wear rate. The theory of composite materials friction
conditionally divides the process of their wear on two types: uniform wear and surface
damage from chipping inclusions material. The first process has been studied rather
well [4-6], but at high loads and surface friction energies, the second process begins to
dominate. According to the theoretical model [7-9], decrease in surface unevenness of the
composite and reduced wear debris size lead to improvement of wear resistance of the
composite (which agrees well with the experimental results as described above), but the
question of the relationship of these processes to the temperature and its effect on the
microstructure of the material has been studied little [10]. In this paper, the effect of
temperature on the process of friction and wear of fibrous composite material due to the
uneven thermal expansion of the fiber and matrix material will be considered. To this end, the
problem of heating the near-surface representative volume of composite material will be
posed and solved, taking into account the process of its wear.

2. Problem formulation
Consider a fibrous unidirectional composite material with the direction of the fibers
perpendicular to the friction surface (Fig. 1).
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Fig. 1. Composite friction scheme

It interacts with the smooth hard counterbody with a specific load P and sliding
speed V, whereby the friction surface is heated to a temperature T. As a result of wear, a
redistribution of surface pressures occurs between the fiber and matrix regions on the friction
surface, and the fiber slips with respect to the matrix within the depth L. The normal pressures
on the surface of the fiber and matrix sections are assumed to be constant and equal o, and
op', respectively. As mentioned above, in the abrasive wear of composite material, the
roughness of the friction surface caused by the uneven wear of its components has a
determining effect on the wear rate. Also, the depth of fiber detachment from the matrix L is
of great importance for fiber stability and the intensity of the process of breaking off its tips.
To determine the influence of temperature on these quantities, we consider the representative
volume of the composite material adjacent to the friction surface (Fig. 2).
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Fig. 2. The representative volume of composite



Temperature effect on the process of wear of a fibrous composite under high load conditions 231

A representative volume is considered in the form of coaxial cylinders of length L, the
inner one with radius R; represents the fiber, and the outer one with radius R, represents the
region of the matrix adjacent to the fiber. On the boundary between the cylinders, the normal
pressure g and the tangential force ts in the direction of the fiber axis 0z act. Cylinder
coordinates connected with the cylinder axis are used.

3. Determination of stress distribution in fiber and matrix

Consider an arbitrary cross-section of the composite representative volume of small thickness
(Fig. 3). Assuming that the stresses in the direction of the 0z axis depend only on z, one can
use the solution of the cylinder and tube under pressure problem (assuming that the stresses

o), o vary slowly along the 0z axis). Then we can neglect shear stresses and strains:

Trz ! Tez 1 Tre ~ 01 Srz ! 892 ! 8re ~ 0 (1)

Fig. 3. The fiber cross-section in the cylindrical region of the matrix

From the solution of the cylinder and tube problem for the fiber region (r<R;), the
following distribution of stresses and strains is obtained:
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For the matrix region (r>R;) we obtain:

o" = Br(z) +C@); on =2 (6)
em =Eim(c5;" -v,, (G’r'l + Gg‘e))+ alT =Eim(c;” - ZUmC(Z))+ alT, (7)
m 1 m m m m
€00 :E_(GGG_Um(Grr+GZ))+arT’ (8)
1+U m
U, =rey, = m B( )+ [ P C(z)- E—G +a Tj 9)

where E;m and v, are the elastic moduli and Poisson's ratios of fiber and matrix,

respectively, af'm and af‘m are the coefficients of thermal expansion of the fiber and matrix
in the transverse and longitudinal directions, respectively. In this formulation, for simplicity,
we neglect the anisotropy of the matrix and the fiber material in terms of the elastic
properties, but we take into account the anisotropy of the thermal properties.

We obtain the following boundary conditions. On fiber/matrix interface (r=R;):
U, —-u_=Uy G, =0 (10)
where up is the magnitude of the discrepancy between the fiber radius and the channel radius
in the matrix as a result of the manufacturing process of the material.

For r=R, we obtain the following boundary conditions:

rr—1

o, =0. (11)
Equilibrium condition is:
S.c! +(1-S,)o =—P, (12)

where S=R:%/R,* is the proportion of the volume of fiber in the volume of the composite.
From the boundary conditions (10, 11) we obtain the following system of linear
equations for the unknowns A, B, C (as functions of variable z):

A:%+C; %+C:O;
2
13
Ut f_l_Uf f I+v, o [1-v, ~ 0 (13)
—0, A+o, AT |R + B C —G +o, AT |R =u,.
E, E; E.R E, E.,
By solving this system we obtain:
S S S
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Hereby:

Uy /R —v,67(2)/ E, —v,0] (2) | E, +(a) —af )T
:—A =
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E; E,(1-S;) E,(1/S,-1)

where ¢ is the normal force at the fiber/matrix interface, ts is the tangential force at the
fiber/matrix interface, p is the friction coefficient at the interface.

, 15(2)=pa(z), (15
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According to the «shear-lag» model of composite mechanics [11]:
do!(z2) . 2
Tlegn(c; —G;)EI‘ES(Z). (16)

Whence follows:
idczf(z)zi Uy /R, +v, (P+S6](2))/ E, (1-S;)-v,0, (2)/ E; +(af —a" )T
dz R, _1—UfJr l+v, . 1-v,
E, E,(1-S,) E,(1/s,-1)

Equation (17) is a first-order differential equation with respect to a function ozf(z) with
boundary conditions:

0 o _
{Z—O. o, =0i (18)

. f f
z=L: o, =0,

(17)

It can be solved analytically:

sz (2) = keXp(inz) -Q,/Q,, (19)
where
k=07+Q,/Q, (20)
! /
Lot b St R/ (21)
Q o +Q,/Q,
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We consider the steady-state regime of wear process in which the wear rates of the
composite components become equal. The boundary conditions on the friction surface (z = L)
can be found from this condition [5]. If the wear law is taken in a power form:

f\% m\%
W, [—} v, w[—j v, 23)
(02 (02

(22)

where W; and Wy, are linear wear rates of fiber and matrix respectively; K; and Ky, are the
wear coefficients of fiber and matrix materials respectively, coefficient « is considered to be
equal for fiber and matrix, & is the dimension parameter, which is determined by the unit
pressure, V is the sliding speed. From the condition of equal wear rates of fiber and matrix
during the steady-state wear process (W; = W,,) we can obtain:

1
f a
p f

From the equilibrium condition (12) it follows that:
S;o, +(1-S;)o} =—P. (25)
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Solving (24) and (25) as a linear system relatively to sz and o, we get:
-P f -P

0'21: 1 ; o, :T. (26)
K, )¢ 1-S, Sp
Sel| o]+ a
K, S Ka
Kf

The boundary conditions based on the representative volume of the composite (z = 0)
can be found from the condition of equal longitudinal deformations of fiber and matrix in the
volume of the composite material. From (4) and (7) we obtain the equation:

f
—2A(0
o 02RO | e
z=0 Ef

= Eim(a;j -20,C(0))+a)'T . (27)

Whence we obtain longitudinal stresses in the fiber for the composite, far from the
friction surface:

P RQ, by Un f_m
E,(1-5,) [Ef+Em(1/sf—1)}+(“Z )T
ol = . 28)
1 S, +R1Q1(Uf v J

E, E, (1-s,) & E, E, (1/T°,f -1)

Thus, we obtained the stress distribution in the fiber and matrix near the friction surface.
The difference in the level between the fiber and the matrix when the load is removed (surface
roughness) can be found from the formula:

u, = j(ngz —ep )z (29)
0

4. Results and discussion
To simplify the consideration of the results, let us proceed to dimensionless quantities:

f m _ E _
5l =% 57=2%; S5/ +@1-S,)5" =1 E, =—1 Em=5;
P P P E,
LI U L Y

R R R™ R

The graph in Fig. 4 shows the dependence of the length of fiber and matrix slipping
section length L on the temperature for various values of the coefficients of thermal expansion
of fiber and matrix materials. With different combinations of these quantities, the length of
the slippage can either grow or decrease or remain almost unchanged.

However, the greatest influence on the wear rate of carbon composite materials is due to
the roughness of the friction surface caused by the uneven wear of the material components
ua [8]. The graph in Fig. 5 shows the dependence of this quantity on the temperature T.
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Fig. 4. Fiber/matrix slippage region length vs. temperature
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Fig. 5. Fiber/matrix level unevenness (surface roughness) vs. temperature.
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It should be noted that the friction model used in this work is insensitive to the value of
us and hence to the temperature of the material because it considers only a uniform steady-
state wear process. However, for a variety of real materials, as mentioned in the introduction,
there is uneven wear with friction surface destruction, which is responsible for the majority of
wear volume. In the first approximation, we can assume that the wear coefficient of the
composite is proportional to the value u,. Then curve 1 describes well the behavior of
materials based on resin base matrix and unidirectional ex-PAN fibers [3]. Curve 4 describes
well a composite based on a three-dimensional fibrous mat and a gas-deposited matrix [1].
Curve 3 describes the behavior of a material based on graphitized fiber and pitch based
matrix [10]. Thus, the obtained model can be used to predict the effect of temperature on the
wear resistance of carbon-carbon composites, provided that the constants used in it are
correctly determined. Although the matrix material in such composites cannot be obtained in
pure form, microindentation and atomic force microscopy [12-15] make it possible to
determine the elastic and tribological properties of the composite components separately. The
coefficients of thermal expansion of the matrix can be calculated from the macroscopic
coefficients of thermal expansion of the composite at known fiber expansion coefficients.
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