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Friction and wear behavior of three-dimensional
braided carbon fiber/epoxy composites under
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The friction and wear characteristics of three-dimensional (3D) braided carbon fiber-epoxy
(C3p/EP) composites under lubricated sliding conditions against a quenched
medium-carbon steel counterface were studied. Wear tests were performed under different
loads at two velocities. Comparative wear tests under dry conditions were carried out to
investigate the influence of lubrication. Tribological properties of the C3p/EP composites
with various fiber loadings and two different fiber-matrix adhesion strengths were
assessed. It was found that the lubricated contact promoted lower wear rates and friction
coefficients. Compared to dry sliding, the tribological performance of the C3p/EP
composites under lubrication was less dependent on fiber content, fiber-matrix bonding,
load, and velocity than dry sliding. The worn surfaces of the C3p/EP composites were
analyzed by scanning electron microscopy (SEM) to explore the relevant mechanisms.
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1. Introduction
Composite materials are among the most rapidly grow-
ing classes of materials and are finding more and more
medical applications such as orthopedic implants, in-
ternal fixation devices and external fixators, etc. [1—
3]. Three-dimensional (3D) composites are superior to
unidirectional fiber composites in impact damage and
delamination tolerances, ease of handling during fabri-
cation, and fracture toughness. This has made them an
important class of composite materials for structural
and tribological applications. When used as orthope-
dic implants, the 3D composites are subjected to not
only mechanical stresses and attacks from media within
human body, but also tribological loading conditions,
which may cause friction and eventually unpredictable
failures of the composite parts. It was reported that ex-
cessive friction can cause the prosthesis to work loose
within the bone, resulting in pain and instability [4].
Carbon fiber debris was found to cause an adverse re-
action in the adjacent tissue [5] and result in adverse
cellular reactions [6] which led to bone resorption loos-
ening and the need for a revision operation [7, 8].
Relative systematic studies have been carried out to
generate data for conventional mechanical properties
of 3D composites, but not for tribological properties.
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With respect to tribological performance, vast literature
is available on the exploitation of short and long fibers
and solid lubricants for improving the wear perfor-
mance of engineering polymers. Researchers have al-
ready shown how the friction and wear of fiber-polymer
composites depend on fiber type and geometry and its
orientation, type of matrix, fiber loading, counterpart
material, sliding conditions, etc. [9-11]. Surprisingly,
little is reported on the wear performance of fabric re-
inforced composites. The existing literature focuses on
investigations of wear behavior of woven fabric rein-
forced composites [12, 13]. To date, no data are avail-
able regarding the tribological performance of the 3D
braided fiber composites.

Our previous work suggests that 3D braided car-
bon fiber/epoxy resin (C3;p/EP) composites are poten-
tial materials for orthopedic usage [14]. It is necessary
to assess their tribological properties, particularly in-
side the human body condition (wet conditions). To this
end, a phosphate buffer solution (PBS) was selected as
the lubrication in this study.

The main objective of this study was, therefore,
to investigate the friction and wear characteristics of
the C;p/EP composites in PBS lubrication. Empha-
sis was placed on comparing the responses of the 3D



TABLE I Characteristics of fiber and matrix used in the present

study

Materials Fabric Matrix
Type Four-directional E-51
Tensile strength (MPa) 2800 60
Tensile modulus (GPa) 200 32
Elongation at break (%) 1.5 1.8
Density (kg m—3) 1760 1200
Braiding angle (Degree) 20 -
Filament number (k) 6 -

composites under different sliding conditions. For this
purpose, wear tests of the 3D composites with vary-
ing material parameters (fiber loading and fiber-matrix
bonding) were performed at various testing conditions
(load and velocity).

2. Experimental

2.1. Materials

The raw materials were polyacrylonitrile (PAN)-based
carbon fibers supplied by Shanghai Xinxing Carbon
Co., Ltd. (Shanghai, China). They possess the follow-
ing characteristics: tensile strength, 2000 MPa; ten-
sile modulus, 196 GPa; diameter, 6-8 um; density,
1.75 g cm™3. The preforms, 3D four-directional fab-
rics, prepared by Tianjin Polytechnic University, Tian-
jin, China, were described earlier [15]. According to
the manufacturer, the 3D braided perform was con-
structed by the intertwining or orthogonal interlacing
of two sets of yarns-braiders and axials to form a fully
integrated structure. The preform was spanned by four
groups of parallel yarns which formed two sets of paral-
lel planes and intersected orthogonally. A home-made
epoxy resin (bis-phenol A type) was used as the ma-
trix material. The details of the fiber and the matrix are
listed in Table I.

2.2. Fiber surface treatment

It is well accepted that suitable surface treatment of
carbon fibers helps enhance the interfacial bonding be-
tween the fibers and the matrix. In our previous studies
[16], oxidation in air was adopted, which was proven
to considerably enhance the fiber-matrix bonding and
therefore improve the mechanical properties of the
C3p/EP composites. In the present study, 3D braided
fabrics were surface treated in air at 450°C for an hour
after desizing by immersing in an organic solvent for
24 h, which is the optimal surface treatment condition
[16].

2.3. Preparation of samples

The C;p/EP composite specimens were produced by a
vacuum assisted resin transfer molding (VARTM) pro-
cess. Five braided fabrics with a nominal size of 160 x
12 x 2 mm were placed in a mould. A toughened epoxy
resin and a curing agent were intimately mixed at am-
bient temperature and degassed at 70°C for 30 min in
a vacuum oven. The mould containing the braided fab-
rics was also equilibrated at 70°C prior to resin pouring.

Figure I Schematic diagram of the wear tester 1—steel ring, 2—spring,
3—specimen holder, 4—Ilever, 5—specimen.

The degassed mixed resin was then introduced into the
mould under a pressure of 0.4-0.6 MPa and assisted by
the vacuum. The introduction of resin continued until
no bubbles were observed within the resin flowing out
from the exit of the mould. The evacuating process did
not stop until the completion of resin introduction. The
mould was then put into an oven for curing (at 90°C
for 2 h) and postcuring (at 140°C for 3 h).

2.4. Sliding wear tests

Specimens were immersed in PBS for five weeks prior
to wet wear tests. Comparative dry wear tests were
also performed in an attempt to evaluate the influence
of sliding conditions. The specimens for dry sliding
wear tests were not immersed in PBS. The sliding
wear was carried out on an MM200 tester as shown
in Fig. 1. The coupons were inserted in a metal base
during wear tests. The counterface used was a quenched
medium carbon steel ring with a hardness of HRC 52
and a R, of 0.40 pum. The normal force applied to the
specimens was controlled by adjusting the spring (see
Fig. 1). Wear tests were performed at normal loads
of 50, 150, and 250 Newtons and sliding velocities
of 0.42 and 0.84 m/s. In all the wear tests, the braid-
ing direction of the 3D composites was kept paral-
lel to the sliding direction. The specimens were re-
moved and cleaned after a predetermined duration to
measure the width of the wear scratches with a three-
dimensional profilometer. The specific wear rate, cal-
culated by dividing the wear volume by the product of
load and sliding distance, was employed in this work.
The volume loss, AV of the specimens were calculated
by
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In the above three equations, R is the radius of the
counterpart in mm, b and B are the width (in mm) of
the wear scratches and width of the testing coupons,
respectively. u is the coefficient of friction. T stands
for the frictional torque (Nm) and N the normal load
(N) applied to the wear specimens. Wg represents the
specific wear rate in mm?/Nm, AV the volume loss
(mm?), and S the total sliding distance (m).

At least three coupons cut in dimensions of 30 x 7x
2 mm were tested for each group so as to minimize data
scattering. The average values and standard deviations
from the three replicate tests are reported.

2.5. SEM observations

Microscopic examination of the worn surfaces of the
specimens subjected to different conditions was carried
out by means of an XL30 model environmental scan-
ning electron microscope (ESEM). The worn surfaces
of the specimens were gold coated prior to observa-
tion. Some wear debris was collected and inspected by
SEM.

3. Results and discussion
3.1. Friction and wear behaviors under
different stages

Experimental results of the friction coefficient and the
specific wear rate are plotted against sliding distance
in Figs 2 and 3, respectively, for a fixed load of 150 N
and a fixed velocity of 0.42 m/s. The corresponding
curves under dry conditions are also given in the two
figures. Clearly, the friction coefficient and the specific
wear rate of the 3D epoxy composites decreased with
operating duration at early stages under lubricated con-
ditions. Afterwards, the friction coefficient and the spe-
cific wear rate remained unchanged. The C3;p/EP com-
posites showed a similar pattern under dry sliding. The
plausible explanation for the decreasing trend at early
stages is: in the early stages, the so-called running-in
period, the surfaces of both the composites and the steel
counterparts were rough and thus strong ‘interlocking’
took place, resulting in high friction coefficients. As
the wear process continued, the rough profiles of the
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Figure 2 Variation of friction coefficient of the C3p/EP composites with
sliding distance under PBS lubrication (V; = 0.38, 150 N/0.42 m/s).
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Figure 3 Variation of specific wear rate of the C3p/EP composites with
sliding distance under PBS lubrication (Vy = 0.38, 150 N/0.42 m/s).

steel counterparts and the composites were gradually
smoothened. Consequently, the friction coefficient and
wear rate became lower.

It is worthwhile to mention that the friction coeffi-
cients and the specific wear rates at dry sliding were
higher than at lubricated conditions, suggesting the role
of lubrication in reducing wear. It is known that con-
trary results have been reported on the effect of lig-
uid medium (such as deionized water, sea water and
other aqueous solutions) on the wear and friction of
polymer matrix composites [17]. Lancaster [18] re-
ported an increase in wear and friction in water for
the carbon/epoxy composites while a reduction for
glass/epoxy was also reported [19]. Explanations are
also different. On the one hand, the changes of wear
and friction with the presence of water are believed to
be related to modification of structure surface layer of
polymers and/or modification of counterface by water
[20]. On the other hand, water lubrication is believed
to remove the debris from the rubbing region so as to
reduce wear and friction [21]. We believe that either
mechanism may dominate, depending on the structure
and property of matrix materials, nature of fibers and
fiber/matrix interfaces. In the present work, the lower
coefficients of friction and the much lower specific
wear rates under lubrication than dry contact can be
interpreted as follows: Firstly, presence of a lubricat-
ing film was observed between the mating surfaces,
which plays a critical role in decreasing coefficient fric-
tion and wear. Secondly, under lubricated conditions,
the cooling effect of the PBS prevents temperature rise
on counterface surfaces, which, in turn, reduces the
possibility of the occurrence of local microwelding at
the tips of the major asperities of the surfaces, thus
reducing the wear loss and the friction coefficient. Fi-
nally, the cleansing effect of the PBS also prevents the
debris from aggregating between the two counterface
surfaces. In this way, the presence of hard particles be-
tween or embedded in one or both of the two surfaces
in relative motion is diminished, which, in turn, lessens
the development of abrasive wear, hence reducing the
specific wear rate and the coefficient of friction.

Typical worn surfaces of the Cs;p/EP composites
under dry and lubricated conditions are presented
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Figure 4 Worn surfaces of the C3p/EP composites under dry (a to ¢) and lubricated (d to f) conditions (a and d—at 10 min; b, ¢, e, and f—at 40 min).

in Fig. 4. Fig. 4a shows the worn surface of the
C3p/EP composites subjected to 10 min dry sliding
(150 N/0.42 m/s). Clearly, the adhesive and abrasive
wear mechanisms can be identified. After 40 min dry
sliding, the abrasive mechanism dominated (see Figs 4b
and c). Comparisons of the worn surfaces shown in
Figs 4d—f and Fig. 4a—c reveal significantly different
surface features. The worn surfaces under lubricated
conditions were clean due to the cleaning action of the
lubricant, which supports the cleansing effect mech-
anism. Only powdery particles adhered to the fibers
were observed at a high magnification (see Fig. 4f).
Moreover, less fiber breakage (Fig. 4c vs. Fig. 4f) was
observed and less matrix peeling-off (Fig. 4a vs. Fig. 4d
and Fig. 4b vs. Fig. 4¢) was identified under lubrication

than in dry contact at identical sliding distances. This is
likely caused mainly by the presence of the lubricating
film between the two counterparts which serves to re-
duce the thrust during wear, hence reducing both fiber
breakage and matrix detachment.

3.2. Effect of fiber volume fraction

Fig. 5 details the friction coefficient as a function of
fiber volume fraction (V¢). Evidently, the friction co-
efficient of the C3;p/EP composites increased slightly
with V¢ under dry conditions, while under lubrication
the friction coefficient was independent on V¢ under
the current testing conditions, keeping a constant value
of 0.17 £ 0.01. On the contrary, drastic changes in
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Figure 5 Variation of friction coefficient of the C3p/EP composites with
fiber content under PBS lubrication (150 N/0.42 m/s).
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Figure 6 Variation of specific wear rate of the C3p/EP composites with
fiber content under PBS lubrication (150 N/0.42 m/s).

the specific wear rate were observed when V¢ varied in
the range of 0.38 to 0.65 as depicted in Fig. 6. When
V¢ increased from 0.38 to 0.65, the average specific
wear rate of the C3p/EP composites decreased by 88
and 48% under dry and lubricated conditions, respec-
tively. This result suggests that the specific wear rate
is more Vy dependent under dry sliding conditions than
wet conditions.

3.3. Effect of load and velocity

The effects of load and velocity on the friction coeffi-
cient of the Csp/EP composites with a V¢ of 0.38 are
depicted in Fig. 7. Under dry sliding, the friction co-
efficient decreased with an increase in either load or
velocity. In the case of lubricated sliding, the effects
of load and velocity on the friction coefficient were
insignificant.

The specific wear rate of the Csp/EP composites (V¢
= (0.38) is plotted against load in Fig. 8. At least three
features can be found from this figure. (1) A significant
difference in the specific wear rate existed between lu-
bricated and dry conditions under each load and each
velocity condition. The C;p/EP composites demon-
strated much lower specific wear rates under lubricated
conditions than dry conditions in all cases studied. (2)
Compared to the friction coefficient, the specific wear
rate was more dependent on load—considerable reduc-
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Figure 7 Effects of load and velocity on friction coefficient of the
C3p/EP composites (Vy = 0.38).
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Figure 8 Effects of load and velocity on specific wear rate of the C3p/EP
composites (Vy = 0.38).

tions in the specific wear rate were observed when the
load increased from 50 N to 150 N, and then to 250 N.
The average specific wear rate decreased by 60.9, 75.0,
24.7, and 15.8% under dry sliding and a velocity of
0.42 m/s, dry and 0.84 m/s, lubricated and 0.42 m/s,
and lubricated and 0.84 m/s, respectively, when the
load increased from 50 to 250 N. The corresponding
values for the friction coefficient were 20.5, 22.7, 5.7,
and 4.7%. The highest and lowest specific wear rates
were observed at 50 N and 250 N, respectively, for both
dry and lubricated conditions at both velocities (0.42
and 0.84 m/s). (3) The effect of velocity on the specific
wear rate was significant under dry conditions while the
specific wear rate showed no significant changes under
lubrication in all cases. The data presented in Figs 7
and 8 indicated that the specific wear rate and the fric-
tion coefficient were less sensitive to the changes of
load and velocity under lubrication than dry contact.
This is likely to be attributed to the presence of the
lubricating film under wet conditions. A similar result
was reported by Fisher and co-workers who found that
sliding velocity had little effect on friction and wear of
ultrahigh molecular weight polyethylene (UHMWPE)
when a protein-containing solution, bovine serum, was
used as lubricating medium [22].



3.4. Effect of fiber surface treatment

The friction and wear behavior of polymer compos-
ites generally depends upon interfacial adhesion. For
instance, Zhang et al. declared that the improvement
in the tribological behavior of PEEK composites with
plasma surface treatment came from the improvement
in the interface strength of carbon-fiber-reinforced
PEEK composites [23]. As reported previously [16],
the C3p/EP composites containing treated carbon fibers
possessed higher interfacial adhesion, flexural proper-
ties and hardness than those containing untreated fibers.
In order to assess the dependence of tribological prop-
erties on fiber-matrix bonding, two different C;p/EP
composites reinforced with, respectively, treated and
untreated carbon fibers were prepared, tested under
identical testing conditions (150 N/0.42 m/s). They
were compared in terms of the changes of the friction
coefficient and the specific wear rate with sliding dis-
tance. The experimental results are presented in Figs 9
and 10.

One can see from Fig. 9 that the friction coefficients
of the Csp/EP composites reinforced with treated car-
bon fibers were not significantly different from those
of the composites with untreated fibers up to a slid-
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Figure 9 Variation of friction coefficient with sliding distance for the
C3p/EP composites reinforced with treated and untreated fibers under
dry and lubricated conditions (Vy = 0.38, 150 N/0.42 m/s).
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Figure 10 Variation of specific wear rate with sliding distance for the

C3p/EP composites reinforced with treated and untreated fibers under
dry and lubricated conditions (Vy = 0.38, 150 N/0.42 m/s).

ing distance of 1.5 km under lubricated conditions. In
contrast, the friction coefficients of the composites re-
inforced with treated fibers were lower than those of
the composites with untreated fibers under dry sliding,
indicating the friction coefficient is less sensitive to
interfacial adhesion under lubrication than under dry
sliding.

Fig. 10 reveals that the 3D composites reinforced
with treated carbon fibers showed lower specific wear
rates than the composites with untreated fibers under
dry sliding. This suggests that higher interfacial adhe-
sion yields better wear resistance. Under lubrication,
however, interfacial adhesion exerted little influence
on the specific wear rate. Generally speaking, the com-
posites with higher fiber-matrix bonding have better
wear resistance as wear loss is inversely in propor-
tional to strength and hardness for both adhesive and
abrasive wear mechanisms. Furthermore, as proposed
by Friedrich et al. [24] and Zhang et al. [25], high fiber-
matrix bonding helps reduce fiber debonding and helps
keep the broken fibers in the composite surface, thus
preventing the early formation of third-body abrasive.
This can elucidate the reduced specific wear rates of
the treated composites under dry sliding. The indepen-
dence of the specific wear rate and the friction coeffi-
cient on fiber-matrix bonding under lubrication can be
interpreted by the fact that PBS acts as a lubricant and
washes away debris between two counterfaces. There-
fore, no heavy frictional thrust was applied to the fibers
and the matrix and no fiber debonding could happen.

4. Conclusions

The C3p/EP composites exhibited markedly lower fric-
tion coefficients and specific wear rates when lubri-
cated. The better tribological properties under PBS lu-
brication were ascribed to the formation of a lubricating
film on the counterfaces, cooling effect and cleansing
effect of the PBS. It was found that under dry slid-
ing, the friction coefficient and the specific wear rate
decreased with increasing either load or velocity. Fur-
thermore, the specific wear rate was more load and ve-
locity dependent than the friction coefficient under dry
contact. Lubrication made the specific wear rate less
sensitive to changes in velocity and load. Moreover,
the friction coefficient showed little variation with load
or velocity under lubrication. Increasing the interfacial
bonding strength reduced the friction coefficient and
the specific wear rate under drying sliding conditions.
Nevertheless, neither friction coefficient nor specific
wear rate showed any dependence on fiber-matrix adhe-
sion under lubrication. It is concluded that the friction
and wear under lubricated conditions are less sensitive
to material parameters (V; and fiber-matrix bonding)
and testing conditions (load and velocity) than under
dry sliding.
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