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Based on the well-known pin-on-disc test rig, a new test setup for online measuring
of wear and friction behaviour of polymer matrix composites has been developed.
In contrast to a traditional friction-and-wear test rig, a steel pin and composite
disc are used for studying the influence of wear debris and fibre orientation.
During sliding, a thin adhesive film is possibly formed on the wear track of a com-
posite disc, consisting of wear debris that is squeezed under the steel pin and that
finally smoothens onto the composite surface. By optical microscopy, it was
observed that most of the debris particles originate from the edges of the wear
track. The thin film deforms continuously, with large and dark wear particles
observed at the edge of the wear track. A lower coefficient of friction is achieved
when the particles are re-adhered to the mating surface. The film formation
mechanism depends on the normal force, sliding velocity, and bulk composite
structure: because pultruded composite profiles are presently used with a layered
structure, a change in film properties is observed depending on the wear depth.
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1. INTRODUCTION

The study of polymer wear in general and polymer-based systems in
particular is finding increasing citations in the literature [1] because
of the availability of a wider choice of materials, ease of manufactur-
ing, good strength, and light weight. An area where their use has been
found to be very effective is the situation involving sliding contact
wear [2]. Polymers are preferred in recent years over metal-based
counterparts because of their low coefficients of friction [3], although
their load-sustaining capacity is limited. These good sliding character-
istics and the need for functioning in high-loaded tribosystems has
given an impetus for industrial application of polymer composite mate-
rials (e.g., in the production of bearing components used in automobile
industries [4], such as gears, cams, wheels, etc.).

However, the incorporation of composite components in actual ser-
vice requires good understanding of the processing-related structure
and its influence on wear and friction properties. For examples, fibres
with a perpendicular orientation to the sliding direction yield higher
friction, whereas parallel fibre orientation results in the lowest friction
[5]. A number of studies on polymer matrix composites subjected to
sliding and abrasive wear indicate that wear resistance strongly
depends on the intrinsic properties of the material, as well as on the
external wear conditions such as applied pressure and contact velocity
[4]. Well-known wear mechanisms for composites include fibre-matrix
debonding, fibre cracking, and fibre pullout [6], which may vary with
fibre orientation. The effects of carbon fibre orientation and surface
temperatures on friction and wear of unidirectional fibre composites
were investigated in detail by Tripathy and Furey [7]. Lu and
Friedrich [8,9] systematically studied the influence of carbon-fibre
volume fraction on friction and wear and declared that an optimum
range for short carbon fibre in a PEEK matrix is between 15 to
25vol%, according to lower specific wear rates. This reduction in wear
is mainly attributed to improved load-carrying capacity, higher creep
resistance, and better thermal conductivity of the fibres. However, it is
known from others [10] that the addition of fibres to a bulk polymer
does not necessarily improves its wear resistance. Extremely high
loads make the materials sensitive to fibre fracture and fibre pulveri-
zation, whereas incorporation of fibre debris into the third-body
interface favours abrasive wear [11,12]. At present, relationships
between formulation and performance of polymer matrix composite
materials are not clear, and complex problems involving instabilities
in the coefficient of friction, excessive wear, vibration, and noise
accompany the friction processes [13].
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The formation of a transfer film in pure polymer sliding has been
widely demonstrated as a result of high load, combined with reason-
able sliding velocity. Favourable thin transfer requires a certain range
of counterface roughness [14]. Also, for composites, friction processes
are accompanied by the production of wear debris adhering to the rub-
bing couple [15-18]. A characteristic friction layer then forms on the
surface, determining the sliding performance [18]. The thickness
and plastification of these films play an important role in tribology
[19] and cause a variation in friction and wear behaviour with time
due to changes at the interface. Such tribologically induced processes
have been variously described for both polymers and composites
[20,21], whereas transfer also occurs for sliding of ceramics [22]. In
metal sliding and brake material compositions [25], the formation of
mechanically alloyed layers [23] or oxide glazes [24] was reported.
The ubiquity of interfacial phenomena has led to the recognition of
the critical role of third-body wear debris in determining the friction
and wear behaviour of most tribosystems involving repetitive mutual
sliding [26-28].

The extent of third-body debris trapping and retention is greatly
affected by the contact situation, in particular geometrical parameters
(e.g, the tribocomponent shape or contact overlap ratio) and dynamic
parameters (e.g, type of motion or vibration) [28]. In a strict sense,
either a transfer layer develops on the sliding counterface or a thin
film grows on the wear material. The sequence of events that leads
to transfer or film formation, however, includes identical processes
[26—28], respectively, (i) particle detachment from the component
materials, (ii) debris-particle trapping, (iii) load bearing and flow in
the interface, and (iv) permanent elimination from the system as wear
debris.

An in-depth analysis of the friction transfer makes it possible to
identify the basic leading elements involved in this process. This process
can be represented schematically in the zone of a single contact spot by
the following sequence of events: contact, adhesive interaction, shear of
the surface layer, repeated plastic deformation, separation of particles of
the material with lower cohesive energy density, fatigue damage, dis-
persion, and removal from the friction zone [29]. This process (or its
individual elements) usually has a cyclic nature. This scheme is obvi-
ously largely idealized, because many of the process elements are
concurrent in time. Part of the material separated from the surface is
always in a free or mobile state, part of the material may be in the
molten and severely damaged state (temperature contributes to higher
wear-particle adhesion and the formation of a monolithic film [30]),
the construction of the assembly may limit removal of the material
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from the friction zone, etc. Nevertheless, the basic elements of the
process take place in all cases of friction transfer, as we demonstrate.

The compatibility of the sliding pair (material composition, compati-
bility, hardness, and chemical activity) or surface conditions (rough-
ness, way of mechanical processing, surface energy) strongly
influences the wear-particle movability and adhesion to one of the con-
tact bodies. Also, the test conditions may alter the transfer ability. When
the sliding velocity is decreased, the coefficient of friction increases
because the transfer film cools. On the other hand, solidification of the
transfer film possibly induces a decrease in friction coefficient. When
the speed increases, the value of the coefficient of friction (COF)
increases, which is characteristic of the solid-state film [14].

Keeping these aspects in mind, the response to dry sliding wear of
glass fibre-reinforced pultruded polyester is not clearly predictable
and should be further examined. Therefore, a new test setup was
developed for monitoring the wear processes of pultruded composite
discs, depending on material composition and test parameters. By
choosing specific contact geometries, the roles of wear-debris motion
and adhesion can be investigated. After wear runs, the composite wear
surface and steel-pin counterface are examined using scanning elec-
tron microscope (SEM) [31] and optical microscopy. Cross-sections of
the resulting wear track are studied to explain a variation of friction
and wear properties with wear depth of pultruded fibre composites.

2. EXPERIMENTAL
2.1. Test Rig

A new pin-on-disc test rig (Fig. 1) was built for monitoring the tribolo-
gical behaviour of composite materials as bearing material [32]. The
materials, seen on most common pin-on-disc test setups cited in the
literature [33—-36] and which consist of a stationary composite pin in
contact with a rotating steel disc, were reversed, and a composite disc
and steel pin were used. This yields possibilities for investigating the
influence on wear and friction response of the fibre orientation and
wear debris. This wear debris accumulates in the wear track during
one single test run by use of an unidirectional fibre-reinforced com-
posite. The present test rig is valid for testing in a velocity range from
10 to 100 mm/s applied to the composite disc and a maximum normal
load applied to the pin of up to 1,000 N.

The stationary pin (Fig. 1, A 7) is made of steel and has a length of
35 mm. It is hollow at the top (see inset, Fig. 1, A), because measuring
the bending of the pin with strain gauges requires a sufficient strain in
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FIGURE 1 Pin-on-disc test rig, with (1) normal load cell, (2) friction load cell,
(3) ring for keeping the composite disc fixed and in the centre, (4) fixed disc on
the test rig, (5) composite disc, (6) removable disc where the composite test
specimen is glued on, (7) pin, (8) magnets for triggering, and (9) contactless
proximitor counter face [32]. Inset: pin construction, with (A) positions
for additional sensors, (B) the ball of the deep groove ball bearing, and
(C) hollow-top construction.

0

the steel pin. Two flat parallel faces close to the contacting surface are
used for mounting an accelerometer (see inset Fig. 1, A) and an acous-
tic emission sensor. Thermocouples can be placed over the entire pin
geometry. A ball from a deep-groove ball bearing is used as mating
surface and forms the top of the pin. So, the pin can be reused, and
only the ball contact part has to be replaced.

The rotating composite disc (5) is fixed on a steel disc (6) with
beeswax. High frictional forces are expected, and probably this will
not prevent rotation of the disc relative to the steel disc. Therefore,
the disc is additionally kept in place by an external ring (3). This
ring not only presses the composite disc slightly onto the steel disc
but also assures that the composite disc remains centred during the
rotation with a perfectly circular wear pattern on the disc. This
replaceable disc construction is placed on a fixed disc (4). The whole
disc construction rests on two axial bearings and is driven by the axis
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of a reduction unit, which itself is driven by an asynchronous motor
through a speed reducer and timing belt.

The depth of the wear track is measured online by a contactless
proximitor (9), providing an estimation of the evolution of the wear
depth in time.

For measuring the normal force on the pin, a load cell is placed on
top of the pin (1). This load cell is protected by a spring mechanism,
which allows direct pressing on the load cell without damaging it.
Another method to measure the normal force on the pin is by measur-
ing the air pressure in the cylinder used as supplier for the normal
force. This cylinder is connected by valves to the compressor. The fric-
tion force is measured with a load cell (2) based on bending.

Magnets (8) are placed on the rotating composite disc. They are
used as a trigger for the various signals. They are also used to synchro-
nize measured friction and wear signals with fibre orientation, as one
trigger is representative for the perpendicular direction. This type of
indication allows calculation of the values of the friction force related
to a specific fibre orientation (0°, 90°, 180°, 270°).

2.2. Test Material

The wear material used in this investigation was a pultruded com-
posite profile of flame-retardant low-profile polyester without halo-
gens as a matrix, reinforced with glass fibres (50 + 5w%) [37-41]
(Exel Composites NV, Oudenaarde, Belgium). A cross-section of the
structure of this material can be seen in Fig. 2. This material consists
of several layers, with a nonwoven at the top and bottom (B, D) of the
profile and unidirectional glass fibres in the centre (C). The region
indicated with (A) is a surface mat, used for process and technical
reasons. This mat contains short polyester fibres. The total thickness
of this profile is 3mm, with a central section of 1.6 mm. Mechanical
properties of the material are given in Table 1. The composite
specimen geometry [37] consists of discs with a fixed diameter of
160 mm. They were cut from the pultruded profiles by water jet to
avoid any thermal influence. A unique fibre direction was indicated
on the discs before cutting. Because all samples were taken from one
single pultruded profile, the quality of the specimens is constant.

The contact surface is a ball-bearing steel grade (hardness 63 HRC,
composition: C = 1.03%, Si = 0.25%, Mn = 0.35%, Cr = 1.4%). It has
a diameter of 8 mm within narrow tolerances and constant roughness,
and it was fixed into the pin with a two-component adhesive. No
rotation of this ball in the pin is ever seen during testing, indicating
good adhesion of ball in the pin.
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FIGURE 2 Cross-section of the composite material, with a surface mat, two
nonwovens, and a bulk zone with unidirectional fibres.

2.3. Test Parameters

The test program is based on different combinations of load and speed,
resulting in various PV values, an important mechanical parameter
for the use and characterization of these materials in bearing applica-
tions. The PV value is the product of the applied load and speed. The
value limiting the severe wear conditions gives an expression of the
bearing capacity of this material. It is important to note that this value
is determined by, and correlated to, a certain allowable wear rate [36].

TABLE 1 Properties of the Pultruded Plates

Parameter Unit Glass fibre-reinforced polyester
Typical glass content vol.% 50+ 5%

Tensile strength GPa 1.0-1.2

Tensile modulus MPa 42-45

Flexural strength MPa 1000-1300

Flexural modulus MPa 40-43

Coefficient of thermal expansion 107%/K 6-8

Density kg/dm?® 1.9-2.0
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The friction force is defined as the force needed to overcome
adhesion and to keep both materials (steel pin and composite disc)
in relative motion. If this force is divided by the applied normal force,
the coefficient of friction (COF) is obtained. This coefficient is a value
for the ease of motion between both materials. In this investigation,
only the kinetic friction force is measured. The static friction force,
which is the minimum force needed to get both samples in relative
motion starting from an initial zero relative speed, is not measured
in present dynamic testing, because no start—stop conditions occur
during constant rotation.

Tests are performed at a constant room temperature of 20°C, with a
sliding speed at the centre of the wear track varying from 10 mm/s to
40mm/s and a normal load varying from 60 N to 300 N. Tests run for
10,000 rounds of 400 mm each (the diameter of the wear track is chosen
at 127 mm), yielding a total sliding distance for the pin of 4 km. The total
sliding time for each test varies from 100,000 s (40 mm/s) to 400,000 s
(10mm/s). The time for one single rotation varies from 10s to 40s.

Friction coefficients and wear depths are continuously measured
over the full disc rotation. In the following graphs, which present
friction and wear as a function of the total sliding time, values are

Disc Rotation " Fibre Orientation

\
]

U
Il

FIGURE 3 Scheme for cutting out the test specimens for further SEM
research.
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TABLE 2 Numbering and Properties of Test Samples for SEM

Fibre orientation
related to the

Sample number direction of movement Treatment Fibre orientation
M1 90° Original ‘ % ‘
M3 90° Cleaned

M - oremat LI
M4 0° Original

M5 45° Original ﬁ
M6 45° Cleaned R

V

averaged over one single rotation. The use of magnet triggering
reveals the possibility of separating the signal correlated to the differ-
ent orientations of the fibres. The continuous rotations are measured
at 2kHz, and the overall graphs consist of 100 points, corresponding
to one measurement for each 100 rounds.

For an in-depth study of the surface features on the wear track,
SEM micrographs are used as a post mortem research technique.
For these studies, small rectangular pieces (40 by 10 mm) were selec-
ted over the perimeter of the composite disc including different fibre
orientations relative to the sliding direction (Fig. 3). The test speci-
mens were numbered (see Table 2), and the samples with identical
fibre orientation were either kept in original form or chemically
cleaned with acetone. In that way, the adhering film that has been
formed in the wear track under sliding is removed. Because of the
well-known fibre orientation, cross-sectional pictures can be taken.
Images from the top of the wear track as well as from the cross section
of this track, were taken.

3. TEST RESULTS

In this section, the results of friction and wear measurements are
shown. Further, the resulting state of the wear track is analyzed for
a better understanding of the observed tendencies.

3.1. Frictional Results

3.1.1. Friction Force in Time

A characteristic result of the kinetic friction force as a function
of time is presented in Fig. 4. This figure gives the evolution
in time (one mean value for each rotation) of the kinetic friction
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FIGURE 4 Characteristic result of the friction force as a function of time,
related to the fibre orientation within the composite material.

force of the steel-composite pair for a normal load of 250N and a
speed of 10mm/s. In this graph, there are several regions to be
determined.

In the first stage, called the running-in period [42-46] of both
the pin and the disc, the friction force sharply rises. This might be
attributed to a change in surface roughness [42] or to the change
in conformity of the contact surfaces during the running-in period
[43-46]. After the running-in period (25,000s), the friction force
decreases by 20% (from 150 N to 120 N) after 150,000 s of sliding time.
After 270,000 s, the friction force rises again. At 290,000 s, it reaches a
value that originates from linear extrapolation of the first friction
regime. This final value would occur if widening of the wear track
was the only influencing parameter [47]. A lower friction force around
200,000 s, however, points towards intermediate changes in friction
mechanism.

3.1.2. Influence of Normal Load
In Fig. 5, where the coefficient of friction (the friction force divided
by the normal load, in order to scale) is plotted against time, clear load
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FIGURE 5 Evolution of COF with different loads (100N, 150N, and 200 N) at
a constant velocity of 10 mm/s.

dependence can be seen. At 100 N, the coefficient of friction rises to a
steady state value of 0.85. Only near the end of the test is a decrease in
COF is measured. Comparing with the friction at 150 N, an identical
increase in COF can be seen, but there is a more gradual decrease
in COF. Half way, this tendency reaches a steady state value of 0.6.
The evolution of the 200-N test indicates the same rise in COF, but
a faster lowering of the COF, and a small rise near the end of the test.
If this graph is compared with Fig. 4, where the normal load was
250N, a different behaviour with load can be noticed.

3.1.3. Influence of the Orientation of the Fibres

For composite materials, orientation of the fibres plays an impor-
tant role [5] and, because of the layout of present test setup, differ-
ences in frictional behaviour can be easily demonstrated, as shown
in Fig. 4. Before the friction force lowers at 150,000 s, there is a small
difference in the value of the friction force regarding the fibre
orientation. After 290,000s, a clear separation in the COF with fibre
orientation is visible; the parallel orientation has a lower value. This
graph, consisting of 100 points for each orientation, gives an indication
of the mean value of the coefficient offriction of two corresponding
orientations (0° and 180°, 90° and 270°).
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3.2. Wear Behaviour in Time

3.2.1. Wear Evolution in Time
The evolution of the wear track in time is indicated in Fig. 6 (macro-
scopic images) and Fig. 7 (measured depth of the wear track). It is

\

A: Startup. B: Test after 500 revolutions.

E: Test after 10,000 revolutions. F: Test after 10,000 revolutions.

FIGURE 6 Evolution of wear process in time, with a closer look at particles
and their behaviour in time.
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FIGURE 7 Wear-depth evolution in time at 250N and 10mm/s, with indi-
cation of the structure of the material. A separation with fibre orientation is
also shown.

clear from Fig. 6 that the composite material wears relatively more
than the steel pin. Immediately after starting the test, a small wear
track is formed on the composite disc, as indicated by the arrow in
Fig. 6A. Later on, the wear track progressively grows, and disc parti-
cles are found near the wear track. In the beginning (Fig. 6B) these
particles have the same white colour as the original material. The
particles on either side of the wear track can move along the surface
of the disc. If seen later during the test, more and more particles
accumulate near the wear track. Dark zones (Fig. 6D, arrow B) and
a shiny zone (Fig. 6D, arrow A) are visible in the wear track itself.
At the end of the test, particles near the wear track have different col-
ours: from the original material colour to nearly black (Fig. 6E, arrows
C, B, A). Figure 6F gives an overview of the positioning of the particles
after the test. The particles on the outer diameter have lots of free
space, and pressed away from the wear track, they give a more open
structure. Particles on the inner diameter are pressed together
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and, therefore, forced to create agglomerates, yielding to create larger
particles at the inner diameter as indicated in Fig. 6F.

The depth of the wear track is measured as a function of time, as
shown in Fig. 7. The zones of the material that are worn through,
corresponding to the material zones as in Fig. 2 (of course in reversed
order), are also indicated on this graph. When wear takes place, the
upper layer (the surface mat) needs first to be removed before wear
of the deeper regions [nonwoven, unidirectional (UD) fibres] starts.
The surface mat is almost immediately worn away (it is only 0.1 mm
thick), and afterwards, it takes time to wear through the nonwoven.
Finally, the nonwoven is worn away after 290,000 s, and the pin makes
contact with the UD-fibre zone (after a depth of 0.8 mm).

3.2.2. Influence of Normal Load

The influence of the normal load on the wear depth is given in Fig. 8,
showing the evolution of the wear-track depth as a function of time for
100-N, 150-N, and 200-N normal loads. This graph shows that higher
loads result in higher wear rates [4,9], meaning a faster rise in wear
depth. Also interesting to note is the total wear depth at the end of
the test: the UD fibres are slightly touching for the 200-N test,
whereas the test fully ends in the nonwoven section under 150-N
normal load, and it ends at half the depth of the nonwoven for the

-

o
©

200N

o
)

e
3

g
o

Wear depth [mm]
o
3]

o4 / /"'
0.3
100N
0.2
0.1
0 T T T T
0 50000 100000 150000 200000 250000 300000 350000 400000

Time [s]

FIGURE 8 Wear-depth evolution in time for different loads (100N, 150N,
and 200 N).
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100-N test. No UD fibres are worn during the tests under normal loads
of less than below 200N. For a 250-N test, the UD fibre zone was
surely attained during wear.

3.2.3. Dependence of the Orientation of the Fibres

As indicated in Fig. 7, there is not much difference in the wear
comparing different fibre orientations, although the perpendicular
orientation gives the lowest wear rate [7]. The material structure
(pultruded profile) requires a certain time to wear through the upper
layers and finally reach the UD fibre zone. In this case neither the
time nor the load were enough to give a clear indication of wear depen-
dence on fibre orientation.

3.3. Wear Scar Analysis

3.3.1. Wear Scar

A detail of the wear track shown in Fig. 9 by optical microscopy
reveals the final state of the worn surface. The inset of the picture,
which is part of the outer diameter of the wear track, shows polyester
fibres that are part of the surface mat on top of the material (see

F—— soum

Disc B10 M4 gold

FIGURE 9 Film on wear track (300N, 30 mm/s).
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Fig. 2). These fibres did not break, and remain fully attached to the
base material after wear. Some of these fibres (see inset) are some-
times pressed or torn away, yielding wear outside the wear track,
which is induced by the fibres.

In the wear track itself, a thin film is visible. Holes in this film can
be noticed, which make clear the original composite bulk structure
(A) underneath. Also a difference in wear damage is detectable, prob-
ably due to some temperature effects. This picture was taken after a
run for 10,000 cycles at 30 mm/s. If compared with Fig. 10, which
gives the final wear track at 250 N and 10 mm/s, a different structure
is noticed. At both the inner and the outer diameter, loose fibres are
observed, and the film that seemed to be uniform at 30 mm/s is now
completely damaged and removed in the middle of the wear track.
Near the edges, there are still lots of film fragments (the third body)
visible. The underlying structure clearly shows the parallel fibre
orientation.

Figure 11 shows a SEM picture at high magnification (305x) of the
wear scar as previously shown in Fig. 10, with a clear indication of the
fibre orientation. Also, some loose particles (third body) are observed.

FIGURE 10 Final wear track at 250N and 10 mm/s.



20: 36 21 January 2011

Downl oaded At:

Influence of Re-adhesion on Wear and Friction 1049

. £ . | -y -
AccV SpotMagn Det WD —— - 100m
30.0kv 40 306x GSE 13.0 M4- BOVEN-centraal

FIGURE 11 Wear track top view, after the test at 250N, 10mm/s, and
breakthrough of the thin polymer film, parallel fibre orientation.

FIGURE 12 Damage to the underlying surface after cleaning the wear track
with acetone.
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FIGURE 13 Cross-section of the wear track, with a closer look at the friction
transfer film. In the left corner, a schematic cross-section of a wear track is
given.

If this thin film is chemically removed with acetone, a subsurface as in
Fig. 12 becomes visible. This subsurface reveals a clear view of the
fibre bundles of the nonwoven zone. Also, specific wear zones can be
seen. Zone A, where a complete bundle of fibres is removed, resulting
in a crater, is such a zone. The shiny parts on this picture are polished
glass fibres.

A cross-sectional view of the final wear track is shown in Fig. 13.
This figure provides insight in the structure of the wear track (see
inset) and gives a clear view of the already-mentioned thin film in
the wear track. The surface of the film in contact with the pin top is
smooth, whereas the surface of the basic material follows a stepwise
form. This is due to the fibres, as can be clearly seen in Fig. 13.
Beneath the film, there are voids visible, always near glass fibres.

3.3.2. Pin

The wear behaviour of the pin is illustrated in Fig. 14. When
the pin is removed from the test rig after a sliding distance of 4km,
wear damage as in Fig. 14A (polished elliptical zone) is observed.
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A: Pin after testing (250 N, 10 mm/s)

C: Cleaned pin (250 N, 10 mm/s) ] D: Cleaned pin (250 N, 10 mm/s)

FIGURE 14 Pin after testing, with (A) pin immediately after testing (photo),
(B) after cleaning (light microscopic image), (C) outside of the wear track on
the pin (metal graphic image), and (D) inside of the wear track on the pin.
Arrows indicate each time the disc moved in relation to the pin.

The sliding direction of the disc relative to the pin is indicated by the
arrow. This means that particles are only found near the wear track on
the pin, on locations where the disc enters the pin (where the particles
in the wear track will hit the pin, before being moved aside or taken
under the pin, with the front of the pin relative to the rotation of
the disc). After cleaning the pin and using optical microscopy, the wear
track on the pin looks like Fig. 14B. If this figure is observed in closer
detail, two important things can be mentioned:

e First, a straight line occurs at the outside of the wear track (where
the disc leaves the pin), as given in Fig. 14C. Also visible are parallel
lines in the direction of movement.
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FIGURE 15 Pin after testing: influence of the speed on the particle adhesion
to the pin, (A) 10mm/s and (B) 30 mm/s.

e Second, where the first contact is made between disc and pin under
rotation, no straight line can be seen. Figure 14D shows that there is
hardly any line, which, together with Fig. 14A, seems reasonable
because of the attached particles and the transport of these particles
in all directions (under the pin, beside the pin, and higher on the
pin). Here, also, parallel lines can be seen in the direction of
movement.

Related to the rotational speed, Fig. 15 shows the pin with adhered
wear particles after testing. Lower speeds yield fewer attached parti-
cles, whereas with increasing speed, the particles on the pin, parallel
with the direction of rotation, adhere more strongly (rise higher) on
the pin. The only influencing factor is the rotational speed. This
indicates that it might be due to electrostatic loading.

3.3.3. Third Body

As wear was observed during testing, wear debris accumulates over
the entire disc (see Fig. 6), and its motion or adhesion plays an active
role in the total wear and frictional process.

First, debris particles attach to the pin, yielding large differences in
the inner and outer zone of the wear track of the pin.

Second, wear particles form a film on the mating surface as can be
seen in Figs. 9 and 10. This film then plays the role of third body: it
acts as a new body between the composite disc and the steel pin. This
third body is built of particles that conglomerate and partially adhere
to the original composite surface. A part of this third-body film, after
we remove it from the wear track with acetone, is shown in Fig. 16.
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FIGURE 16 Film particle that covered the whole width of the wear track (the
left side is the inner diameter of the wear track).

The structure of these film particles consists of parallel layers and, as
already mentioned together with Fig. 13, it follows the underlying
structure exactly. The layered form of the film particles at the edges
and the fibril structure in the centre indicate the fibre orientation
of the original polymer composite. A negative representation of the
composite fibre structure indicates that particles were squeezed into
the composite surface during sliding.

4. DISCUSSION

The results obtained for friction and wear behaviour can be partially
related either to changes in composite structure with ongoing wear
depth or to the formation of an adhesive film in the wear track.

The relationship of friction and wear to the pultruded material
structure can be deduced from Figs. 4 and 7. In both graphs, the
evolution in time of the coefficient of friction (Fig. 4) and the wear
depth (Fig. 7), which is directly correlated to the material structure
(see Fig. 2), are presented. The COF lowers when the surface mat is
worn through. Only in the case of 100N, where a stable high COF is
reached and maintained, does this phenomenon not seem to take
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place. In the case of 250N (Fig. 4), a clear difference with different
fibre orientations during wear of the UD fibre zone is noticed [5]. This
difference is mainly caused by the influence of the fibre orientation
relatively to the pin. When the orientation of the fibres is perpendicu-
lar to the direction of movement, the pin needs to move across the
fibres, yielding a higher friction force. In the case of a parallel orien-
tation, the pin smoothly slides along the fibres and it possibly presses
the fibres out of the centre of the wear track for better sliding. This is
shown in the insert of Fig. 7, where a much smaller difference in wear
depth with fibre orientation can be seen after a difference in friction
force depending on the fibre orientation (after 290,000 s). The parallel
orientation has a greater depth than the perpendicular orientation, as
a result of the possible movement of the parallel fibres with the pin.
The difference in the COF with fibre orientation proves that the main
contact between pin and disc is still in the middle of the wear track,
although a large wear scar can be seen on the pin after testing. It is
assumed that the latter edges do not bear much of the normal load,
although they have to wear to widen the wear track with increasing
wear depth. The rise in the beginning of the test, where the friction
force rises in 20,000s with more than 100N (Fig. 4), can easily be
explained by taking into account the running-in effect of pin and disc,
where the contact area between both sliding bodies rises (a point over
the line to an elliptical contact), and also the ploughing component of
the COF rises. The drop in friction force results because after reaching
a maximum, the main load is transferred to the top of the pin, in the
middle of the wear track, where the contact is more rigid (because of
the glass fibres) and the ploughing component of the friction force
lowers. In the case of 250 N, an extrapolated linear rise of the friction
force is attained after intermediate lower friction. This gives an indi-
cation that the lowering with 20% of the friction force around halfway
through the test is a result of something that disappears again, at this
speed.

As seen in other different tests, and in some tests of shorter
duration, a thin film is formed, not on the pin but on the wear track
(Figs. 9, 10, and 12). Because the formation of this film is related to
the applied normal load, sliding velocity, and the material’s structure,
only conclusions for low-speed sliding can be drawn (Fig. 9). Because of
this film, the rise in friction under a 250-N normal load can be
explained by the theory of Finkin [48], giving an explanation of the
phenomenon of increasing friction with a progressive decrease in the
film thickness. The film in this test really decreases and is finally
removed, which can be concluded from the SEM picture (Fig. 11)
and the macro in Fig. 10. The rise in friction force and its relation to
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the original fibre orientation proves that the film finally has dis-
appeared after 270,000s of sliding. The breakthrough, as seen in
Fig. 10, only takes place in the centre of the wear track, which proves
again that the load-bearing capacity is only located in the centre of the
wear track and that the edges do not bear any of the applied load. A
decrease in film thickness is partially the result of the low speed in
combination with the more rigid structure of the UD fibres.

As mentioned before, the normal load is only carried in the centre of
the wear track, although if the wear track progressively grows, the
edges also need to wear. This is not due to the normal load. Other pos-
sibilities for the wear of the edges are the frictional force (ploughing
component of friction) and the movement of particles from the centre
of the wear track to the edges, where they act as abrasive particles.

The frictional component certainly plays a role, although we need to
take into account the film in the wear track. This results in a combined
mechanism. The friction force not only influences the wear of the edges
but also influences the film. This film is built up of layers (Fig. 16) that
can move over each other and is called a solid lubricating film. This
immediately explains the lower friction force as seen in Fig. 4.

There are several mechanisms that play an important role in the
formation of this thin film, mainly resulting from re-adhesion of wear
debris. This wear debris comes from different sources: particles from
the edge, particles attached to the pin (electrostatic attraction), and
material removed from the subsurface, and is mainly determined by
the linear speed [13,29,30] and the material structure.

First, related to the wear in time of these composites, a change in
the width of the wear track causes the particles to be pressed to the
side of the wear track, as shown in Fig. 6. When the wear track grows
(becomes wider and also deeper), the particles are forced by the pin to
move aside on the top of the original disc surface, or they will be
pressed under the pin. Looking at the final result of the disc validates
this statement. Wear particles, with different shades (from pure white
to nearly black), can be found on both sides of the wear track, with the
white ones the farthest from the track as a result of the earliest
removal and being pushed aside by new wear particles. The change
in shade of the particles is due to (normal) contact forces in the centre
of the wear track, the speed, and, as a result of both, also the tempera-
ture. These darker particles all were once part of the thin film. Look-
ing at Fig. 13, a cross-sectional view of the wear track, voids can be
seen under the film, strongly related to visible fibres. This points out
that after testing, although the film strongly adheres to the wear
track, the strong bonds are created between the film and the matrix
material, and the adhesion of the film to the glass fibres hardly exists.
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This film is build up from wear debris either adhering to the steel
pin or falling down from the edges of the wear scar. The latter mech-
anism is the least important, because of rotation of the disc and parti-
cles that lost contact with the pin on the outside of the pin. As shown
in Fig. 15A and B, particles are attached to the outside of the pin.
Because of the rotation of the disc, the pin is electrostatically loaded,
and particles are attracted to the pin. The electrostatic loading only
starts when the first glass fibres are visible; this is after the removal
or wearing through of the top surface layer. When those particles start
moving upwards on the pin, there will be a position where the attract-
ive forces are too low to keep these particle agglomerates sticking to
the pin, and large agglomerates of single particles lose contact and fall
into the composite wear track, hitting the pin, each time at the same
side after one rotation as shown in Fig. 14A.

A third possibility is fresh debris that originates from the sub-
surface takes part in the film formation, as confirmed by an optical
microscopic image (Fig. 12) when the polymer film is removed with
acetone and the original composite structure (substructure) is visible.
This picture shows the wear process in the centre of the wear track.
The damage (matrix removal) visible on this surface is purely due to
the test and not to the method of removing the film. In this picture,
after a wear test (60 N, 10 mm/s), fibre bundles of the nonwoven are
clearly visible. The region marked A is a region where fibres are
broken down and removed, indicating that during the formation,
deformation, and/or removal of the thin polymer film, not only are
particles from the edges are pressed into the film but also material
from beneath the film is used to build up this polymer film. This image
is a view of the nonwoven (bundles of fibres).

These three mechanisms result in a thin transfer film in the com-
posite wear track.

Once the film is established, the ongoing pressure of the pin and
wear lead to possible deformation of this film, mainly when the UD
fibres start to wear (see the result in Fig. 10). This deformation is
strongly related to the sliding velocity of the test. For higher velocities
(Fig. 9, 30mm/s), hardly any destruction and removal can be seen. At
a lower sliding speed (10 mm/s), the transfer film is seen during initial
wear of the non-woven structure but disappears when the UD fibres
are worn. Thus, a second parameter influencing film deformation is
the structure of the material. In the bulk of the present pultruded
composite, there are UD fibres, which indicate a better and closer
position of the fibres related to each other. Therefore, less matrix
material is available and a stiffer structure is attained. At low speeds,
the film deforms, and is almost completely removed in the centre of the
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wear track (Fig. 10). When a higher speed is provided, even when
the UD fibres are reached, a thin film at the wear track still remains.
A possible explanation for this phenomenon is the influence of the
temperature on the film formation [30], and in more detail, the
temperature as a result of the higher speed.

Because of the rotation of the disc with respect to the pin, the film is
built up and the movement of the particles throughout the film can be
seen in Fig. 13.

Wear mechanisms as found in the literature [2,37-41] are also
observed in these tests. The typical wear mechanisms of polymer
matrix composites are fibre breaking, fibre-matrix debonding,
and matrix fracture. Other important mechanisms are fibre pullout,
matrix wear related to fibre movement, peeling of the matrix, shear
deformation of the fibres, and deformation of the edges of the wear
track. As a result of the thin transfer film, the sliding behaviour of
the pin—disc configuration is transformed into a shear-based behav-
iour. The pin only provides the normal load, which, as a result of the
rotation of the disc, is within the transfer film transformed into shear.
Because of the geometrical setup, this shear is not only in the direction
of movement (friction film) but also perpendicular to the direction of
movement and results in particles being pressed out of the wear track
(Fig. 13) and put aside on the top surface of the disc.

The nonwoven structure itself strongly influences the edges of the
wear track. Although with pure polymers, a smooth continuous edge of
the wear track can be expected, this is not the case with polymer matrix
composites. The edges take irregular forms related to the orientation of
the fibres. This results in removal of parts of the matrix material, parallel
to the fibre orientation at that particular place, independent of the
fibre orientation related to the direction of motion. Also, inside the wear
track (cross-section), a stepwise formation (Fig. 13) in depth is seen, but a
view from above also shows that in the horizontal plane no smooth lines
can be seen. Here the wear track follows the fibres, which break at their
weakest point or in fatigue, and the step form is only dependent on the
fibres. As a result of particles being pressed out of the wear track, near
the edges, the wear track is wider than would be expected and has no
perfectly round cross section. Instead of following the form of the pin (ball
or slightly worn ball), more material is removed near the edges. This is
the result of the shear forces acting perpendicular to the direction of
movement. As mentioned before, the thin transfer film is pressed out of
the wear track during testing. This happens as fast as a new one can
be formed. Because of the movement of these particles, wear is induced
near the edges, which results in a wider track at the original surface
(third-body abrasion) [28—29].
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5. CONCLUSIONS

The following conclusions can be drawn from this investigation:

1. The frictional behaviour is influenced by many parameters, but
most pronounced is the formation of a thin film. This film yields
a reduction in friction force of 20%. At low speeds (10 mm/s), the
material structure plays the most important role in frictional
behaviour, whereas at higher speeds (30-40 mm/s) the film is more
continuous, resulting in a more stable coefficient of friction. Once
the UD fibres are reached, they also influence the frictional behav-
iour. Parallel orientation results in a lower coefficient of friction
compared with the perpendicular orientation.

2. Three main mechanisms of film formation are indicated:

a. particles falling from the edges into the wear track;
b. particles attached to the pin;

i. particles hitting the pin above the film, on the outside;

ii. particles attached to the pin as a result of electrostatic forces;
c. material from the underlying surface.

3. The influence of this re-adhesion on the wear is difficult to
understand. The re-adhesion does not influence the known wear
mechanisms. The shear forces in pure pin—disc contact seem to be
transformed to shear forces within the film, yielding the same wear
mechanisms but with a reduction in wear rate. However, the abras-
ive action of film particles pressed out of the wear track results
in a new wear mechanism, abrasive wear, perpendicular to the
direction of movement.
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