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Short fiber-reinforced polymers (SFRPs) form an important class of tribo-materials owing to their high

specific strength, good load-carrying capacity and rapid, low-cost processibility. Nevertheless, further

developments are still under way to tailor their properties for more extreme loading conditions and to

explore new fields of application for these materials. Recently, nano-sized inorganic particles have come

under consideration. It was found that the addition of a small percentage of rigid nanoparticles to SFRPs

may significantly improve their wear resistance, especially under high pv (the product of p (pressure)

and v (velocity)) conditions. However, the detailed mechanisms of such improvement have not been

fully understood yet.

The objective of this study is to achieve an in-depth understanding of the role of the nanoparticles in

modifying the sliding wear behavior of SFRPs. In particular, the effects of nanoparticles on contact

mechanics and wear behavior of the transfer film were investigated. It was found that the additional

nanoparticles do not directly contribute to the formation of a high performance transfer film. However,

the presence of nanoparticles in the contact region can effectively reduce the adhesion between the

transfer film and the polymeric specimen, resulting in a lower coefficient of friction. In particular, the

rolling behavior of nanoparticles can significantly enhance the tribological performance of SFRPs

especially under extreme sliding conditions.

& 2010 Elsevier Ltd. All rights reserved.
1. State of the art

Tailored polymeric composites, such as short fiber-reinforced
engineering polymers (SFRPs), have been widely used as dry sliding
materials, in particular as lower weight alternatives to metal
materials, with the attractive advantages of self-lubrication and
superior cleanliness [1–3]. The beneficial effect on the tribological
behavior of polymer composites by short fibers has been attributed
to a reduced ability of plowing, tearing and other non-adhesive
components of wear [4,5]. Moreover, in comparison with contin-
uous fiber-reinforced polymers, SFRPs have the advantage of rapid,
lower-cost processibility by injection/compression molding or by
extrusion [6]. However, due to the fiber breakage and the thermal
failure of the polymeric matrix, SFRPs may suffer the risk of severe
wear or sometimes sudden seizure especially under high loading
conditions, which is normally related to the increase in friction
as well as contact temperature [7,8]. The current trends in
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development of SFRPs are to tailor their properties for more
extreme loading and environmental conditions and to explore new
fields of application for these materials.

Integrating various functional fillers is a principal route to
develop high performance composite materials which cannot be
achieved by using the single filler alone [9]. Considerable attempts
have been made to incorporate different additional fillers into SFRPs
in order to further improve their tribological performance. In
particular, lubricating particulates such as polytetrafluoroethylene
(PTFE), graphite and molybdenum disulfide (MoS2) have been
successfully used to reduce the friction coefficient and the wear
rate of SFRPs [3,9–12]. These solid lubricants are generally helpful in
developing a uniform transfer layer on the surface of metallic
counterparts, which protects fibers from severe abrasive wear. More
recently, with the booming of nanophased materials, nano-sized
inorganic particles have also come under consideration. For instance,
Cho and Bahadur [13] reported that the addition of 2 vol% nano-CuO
could generally enhance the wear resistance of short fiber-reinforced
polyphenylene sulfide. The beneficial effect of nanoparticles was
attributed to the development of a thin and uniform transfer film.
Chang and Zhang [7] and Chang et al. [14] systematically studied the
effect of nano-TiO2 on short fiber-reinforced epoxy under different
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loading conditions. It was found that the addition of 5 vol% nano-
TiO2 could significantly reduce the friction coefficient and the wear
rate of epoxy composites filled only with traditional fillers. The
reduction was more pronounced at high pv (the product of
p (pressure) and v (velocity)) conditions. The rolling effect of
nanoparticles was proposed to explain the low friction and wear loss
of the nanocomposites. Guo et al. [15] used surface modified nano-
SiO2 filler to enhance the tribo-properties of epoxy composites filled
with short carbon fibers. In order to improve the interface bonding
between nanoparticles and the polymeric matrix, the nanoparticles
were pretreated by graft polymerization. Again, the additional
nanoparticles (4 wt%) proved to be useful in enhancing the wear
resistance and reducing the friction of the SFRPs. The authors
indicated that the improvement mechanisms of nanoparticles could
be caused by the increased strength of the matrix and better
properties of the transfer film. These results have clearly shown that
the addition of nanoparticles is potentially useful to improve the
tribological performance of SFRPs, even at a relatively low content.
Nevertheless, the improvement mechanisms using nanoparticles
have not been deeply understood, although the pioneer researchers
have addressed a number of significant factors affecting the wear
behavior of these materials.

It was, therefore, the objective of the present work to bring
further light into the open questions mentioned above.
2. Experimental details

2.1. Materials

Two kinds of polymers, i.e. epoxy (EP) and polyamide 66 (PA 66),
were used as matrices, and the short carbon fiber (SCF) and two solid
lubricants, i.e. graphite and PTFE, acted as conventional tribo-fillers.
Short
Carbon

Fiber

Graphite
Lamellae

300 nm
TiO2

Particles

Fig. 1. SEM picture of the fracture surface of an epoxy matrix composite

containing short (smaller diameter, PAN based) carbon fibers, graphite flakes

and 300 nm sized TiO2 nanoparticles.

Table 1
Compositions of the tested materials and their compounding methods [8,14].

Materials Compositions

Matrix

(vol. %)

SCF

(vol%)

G

(

Epoxy-based composite without nanoparticles 75 15 5

Epoxy-based composite with nanoparticles 70 15 5

PA 66 based composite without nanoparticles 80 15 5

PA 66 based composite with nanoparticles 75 15 5
The average diameter of the pitch based SCF was �14.5 mm, with an
average fiber length of �90 mm. The size of the graphite flakes and
the PTFE powder particles amounted to �20 and �4 mm, respec-
tively. Nano-sized TiO2 particles were used as the additional filler, at a
volume content of 5%. The average diameter of the particles was
300 nm (Fig. 1). Technical details of the fillers and matrix, as well as
the compositions and the compounding procedures have been
reported previously [8,14] (cf. Table 1). In terms of the epoxy
composites, a composition of 15 vol% SCF+5 vol% graphite+5 vol%
PTFE was used as a benchmark for the conventional SFRP composites,
which was formulated as the optimum content according to the
results from a series of SCF/graphite/PTFE/epoxy-based composites
[14,16]. For the PA 66 composites, a composition of 15 vol%
SCF+5 vol% graphite was used as the conventional SFRP composite.

2.2. Wear test procedure

Fig. 2 shows a schematic diagram of the pin-on-disk apparatus,
with which the wear tests were conducted. The specimen pin
(4�4�12 mm3) was rotated against a hardened and polished
carbon steel disk (German Standard 100Cr6), with an initial surface
roughness Ra of �220 nm. All tests in this study were conducted
for 20 h under dry condition at room temperature. During the test,
the friction coefficient was recorded and calculated by the ratio of
tangential force to normal load. The reduction in specimen’s height
was measured by a displacement transducer, which could be used
to characterize the development of the wear process. An additional
monitoring of the temperature rise during testing was carried out
by an iron–constantan thermocouple positioned on the edge of the
steel disk.

Fig. 3 shows the typical sliding process of a polymeric sample
sliding against the steel disk. The sliding process can be generally
divided into two stages, a running-in stage and a steady wear stage,
which are further discussed in Section 5.3. In most cases the sliding
behavior in the steady stage is of primary concern, since it
determines the wear life and thus the applicability of a component.
Therefore, in this paper, the values of the friction coefficient and
temperature of the steel disk refer to the mean values in the steady
stage, and each result is an average value from at least three
repeated tests. The specific wear rate is determined by the mass loss
Compounding

method

Density

(g/cm3)

raphite

vol%)

PTFE

(vol%)

Nano-TiO2

(vol%)

5 0 Dissolver 1.284

5 5 Dissolver 1.442

0 0 Twin-screw-extruder 1.209

0 5 Twin-screw-extruder 1.302

Fig. 2. Pin-on-disk configuration under which the wear tests were performed.



Fig. 3. Typical sliding performance of polymeric composite against metallic disk.

Polymeric pin: 5 vol% TiO2+5 vol% graphite+15 vol% SCF/PA 66. Loading condi-

tions: normal pressure¼2MPa and sliding velocity¼1 m/s.

Fig. 4. Wear test results of various polymer composites subjected to different

sliding conditions: (a) specific wear rate and (b) friction coefficient. Dashed lines:

wear results of the composite with nanoparticles; full lines: wear results of the

L. Chang, K. Friedrich / Tribology International 43 (2010) 2355–2364 2357
of the specimen after the test, according to the following equation:

ws ¼
Dm

rFNL
mm3=Nm
� �

ð1Þ

where Dm is the specimen’s mass loss, r the density of the
specimen, FN the normal load applied on the specimen during sliding
and L the total sliding distance.

2.3. Microscopic characterization of the worn surfaces

After the wear testing, the worn surfaces and the wear tracks on
the steel disk were observed by scanning electron microscopy
(SEM, JEOL-5400). In addition, an SEM (JSM-T330A), equipped with
a wavelength dispersive X-ray (WDX) spectrometry, was used to
characterize the titanium elements (nano-TiO2) in wear region on
the steel disk. For more exact and detailed information, an atomic
force microscope (AFM; Digital Instruments) was employed to
study highly localized damage and/or topographical changes. The
surface morphology of steel disks covered with a polymer transfer
film was investigated with a laser profilometer (UBM Messtechnik).
composite without nanoparticles.
3. Wear test results

Fig. 4a summarizes the wear test results of the polymeric
composites in comparison with that of the pure polymers. The
applied tribo-fillers enhanced the wear resistance of the polymers by
about one order of magnitude at 1 MPa m/s. In this case, it is also
noticed that the wear rates of the SFRP composites are in the range
of 10�6 mm3/Nm, which is in agreement with results typically
found for carbon fiber-reinforced polymers sliding against various
steel counterfaces [6,17]. With an increase in pv, the wear rate of the
composites filled with traditional fillers progressively increased,
suggesting changes in the dominant wear mechanisms. For the
composite with additional nanoparticles, however, the wear rate of
the nanocomposite was relatively stable (within a range between 1
and 3�10�6 mm3/Nm), even under high pv conditions. This means
that the limiting pv of the nanocomposite was clearly improved,
which would promote the use of these materials for tribo-
applications in which more severe wear conditions are dominant.

Fig. 4b compares the friction coefficient of the specimens
tested under different sliding conditions. It was found that the
addition of nanoparticles could effectively reduce the friction
coefficient of SFRPs under all the testing conditions applied here.
There is, however, no general relationship between the trends in
friction coefficient and specific wear rate as a function of pv
product. Nevertheless, a high friction force/coefficient is normally
undesirable for polymeric materials, not only because it may
accelerate the wear loss of the materials, but also it will lead to a
high contact temperature due to the frictional heating, and thus a
thermal–mechanical failure of the material. In the following
sections, the wear mechanisms of SFRP composites are further
discussed based on microscopic observations. In particular, the
mechanisms for the favorable effects of nanoparticles on the wear
behavior of SFRPs are discussed in more detail.
4. Analysis of wear mechanisms

It is known that the wear performance of SFRP composites is
determined to a great extent by the properties of the fibers [6,17].
This is also true for hybrid SFRP composites filled with additional
particulate fillers, such as the materials considered in this study.
Fig. 5 shows the microscopic view of fibers exposed on the worn
surfaces of epoxy-based SFRP composites filled without and with
nanoparticles. It can be observed that the fibers clearly stand out
from the polymeric matrix and are fully exposed to the counter-
parts. By using atomic force microscopy (AFM), the height from
the matrix surface to the exposed fiber can be accurately



Fig. 5. Tilted SEM image with an angle of 451 for the short fibers in the worn surfaces of (a) graphite+SCF+PTFE/epoxy and (b) nano-TiO2+graphite+SCF+PTFE/epoxy.

Loading conditions: normal pressure¼1 MPa and sliding velocity¼1 m/s.

Fig. 6. (a) AFM picture of the exposed fiber in the worn surface of nano-TiO2+graphite+SCF+PTFE/epoxy and (b) a cross-sectional measurement. Loading conditions:

normal pressure¼1 MPa and sliding velocity¼1 m/s.

L. Chang, K. Friedrich / Tribology International 43 (2010) 2355–23642358
measured (Fig. 6). After examination of more samples, it was
found that the height of the exposed fiber always agreed with the
original surface roughness of the steel counterpart (which is
�220 nm), regardless of the type of the matrix [7,8]. Hence,
during the wear process, the short fibers had to carry most of the
load. To fully explore the strengthening effect of short fibers, it is
critical to ensure that the fibers are only gradually removed from
the polymer matrix, i.e. without serious breakage.

Fig. 7 compares the worn surfaces of the two epoxy-based
composites without and with nanoparticles subjected to different
loading conditions at a sliding speed of 1 m/s. For the composite
without nanoparticles, the worn surface is relatively smooth
under the low loading condition (Fig. 7a), which indicates a
gradual removal process of the fibers, normally occurring in the
sequence of fiber thinning, fiber fracture and final removal of
broken fiber pieces [1]. However, with an increase in the applied
contact pressure, breakage of the epoxy matrix occurs, especially
at the interfacial region around the fibers (Fig. 7b). As a result,
the fibers are removed more easily, because the local support of
the matrix is missing. The large fiber debris can further reduce the
wear resistance of the composite because of a third body abrasive
wear effect. Consequently, the wear rate of the material
progressively increases (cf. Fig. 4a). When the pressure increases
to 4 MPa, the specimen failed by the formation of macro-cracks
(Fig. 7c), which contributed to a further increase in the specific
wear rate. With the addition of nanoparticles, however, the
situation was much different. As shown in Fig. 7d–f, the worn
surfaces appear much smoother, even at a severe wear condition
of 12 MPa and 1 m/s. The fibers were always removed gradually
and fully contributed to the wear resistance of the composites. As
a result, the specific wear rate of the material was much more
stable (cf. Fig. 4a), and the load-carrying capacity of the material
was significantly improved.

Fig. 8 compares the worn surfaces of the PA 66 based
composites, without and with nanoparticles, tested under different
loading conditions. The fiber removal in the composite without
nanoparticles was also very much aggravated with an increase in
applied pressure. However, in comparison with the brittle epoxy
system, the breakage of the matrix at the interfacial regions was
much more limited because of the higher ductility of the
polyamide matrix, which deformed through elongation rather than
breakage [7]. However, due to the thermal softening of the polymer
matrix caused by frictional heating, serious fiber removal also
happened at higher loading conditions, leaving large grooves on the
worn surfaces (Fig. 8b). At 8 MPa, even some melting features
(double arrow) of the PA 66 matrix could be observed on the worn
surface (Fig. 8c). As a result, the wear rate was greatly increased
because the reinforced fibers could not contribute to wear
resistance any more. Again, the addition of nanoparticles resulted
in smoother worn surfaces under all test conditions (cf. Fig. 8d–f).
Accordingly, the specific wear rates of the nanocomposites were
much lower than those of the composites without nanoparticles,
especially under extreme loading conditions (cf. Fig. 2).

On the basis of the microscopic observations shown above,
Fig. 9 gives a schematic illustration of the failure mechanisms
during sliding wear of SFRP composites without nanoparticles.



Fig. 7. Comparisons of the damage characteristics of the fibers in the worn surfaces of epoxy-based composites without and with additional nanoparticles: (a), (b) and (c)

are the representative SEM images for graphite+SCF+PTFE/epoxy tested under 1, 2 and 4 MPa, respectively; (e), (d) and (f) are the representative SEM images for nano-

TiO2+graphite+SCF+PTFE/epoxy tested under 1, 4 and 12 MPa, respectively. The sliding velocity remained constant at 1 m/s. The white arrow indicates the sliding

direction of the counterpart.

nanogrooves

Discontinuous indents

1 MPa 4 MPa 8 MPa

1 MPa 4 MPa 8 MPa

F

CWD

Fig. 8. Comparisons of the damage characteristics of the fibers in the worn surfaces of PA 66-based composites without and with the additional nanoparticles: (a), (b) and

(c) are the representative SEM images for graphite+SCF/PA 66 tested under 1, 4 and 8 MPa, respectively and (e), (d) and (f) are the representative SEM images for nano-

TiO2+graphite+SCF/PA 66 tested under 1, 4 and 8 MPa, respectively. The sliding velocity is constant at 1 m/s. The letters in (f) have the following meaning: F¼fibers and

CWD¼compacted wear debris, piled up in front of up-standing fiber edges.
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The continuous transfer film formed during the running-in stage
is mainly composed of worn matrix material and can effectively
reduce the ‘direct contact’ of the composite with asperities of the
hard metallic counterface [18–20]. Nevertheless, the worn fibers
are exposed to most of the normal load and the resulting shear
forces during the wear process. They often slide directly against
the counterpart, which results in special stress concentrations at
the interfacial regions between fibers and matrix. Moreover, due
to the frictional heating induced by the fibers, the temperature of
the matrix around the fibers is relatively high. As a result, with an
increase in the pv factor, failure of the material occurs first in the
interfacial region. The specific failure mechanism is dependent on
the thermal–mechanical properties of the polymeric matrix, e.g.
brittle fractures occurred in case of the epoxy-based composites
(cf. Fig. 7c), whereas thermal softening/melting was evident for
the PA 66 based composites (cf. Fig. 8c). When the matrix failed to
support the short fibers, serious fiber removal could occur and
thus a rapid increase in the composite’s wear rate. Finally, the
material can no longer be employed.

For the nanocomposites, a three-body contact condition was
induced by the additional nanoparticles between the contact
surfaces, which is evidenced by the nano-grooves/indents on the
fiber surfaces (cf. Figs. 6–8). To further confirm the presence of
nanoparticles in the contact region, the transfer film developed by
the epoxy nanocomposite was analyzed with WDX spectrometry. As
shown in Fig. 10, the peaks of titanium elements (representing
nano-TiO2) can be clearly observed in the wear region. Hence, as
illustrated in Fig. 11, it was proposed that during the sliding process
many of the hard particles were embedded in the soft polymeric
transfer film on the counterface and grooved the exposed fibers. In
this way, the distance between the steel and the composite material
was also enhanced, i.e. the particle acted as ‘spacers’. This, in turn,
can cause a reduction in the adhesion between the contacting
surfaces. Therefore, the friction coefficient of the nanocomposites
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and high temperature
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Fig. 9. Schematic illustration of the failure mechanism for the sliding wear of SFRP

composites without nanoparticles (for better illustration purposes: fiber diameter

too small relative to roughness of steel counterpart). During the wear process, the

short fibers undergo the most of load and wear against the counterpart. In this

case, the polymeric matrix in the interfacial region around fibers suffers higher

stress and temperature. With the increase in pv, thermal–mechanical failure of the

material in this region may occur, due to the high friction and heating. As a result,

the fibers will be removed more easily, associated with a progressive increase in

the wear rate of the composites (cf. Figs. 4c and 5c).

Fig. 10. WDX analysis of Ti-Ka and Ti-Kb on the steel counterpart covered with the

transfer film. Scanning area: 100�100 mm2. Polymeric pin: nano-TiO2+graphi-

te+SCF+PTFE/epoxy. Loading conditions: normal pressure¼1 MPa and sliding

velocity¼1 m/s.
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Fig. 11. (a) Contact mode for the SFRP composites reinforced with additional nanoparti
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constitutes the friction for the sample; Ftf: sum of the force contributed by the counter

fibers and fTF: the resulted internal friction due to the rotation moment, MSCF¼FSCFd.
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was always lower than that of the composites without nanoparticles
(cf. Fig. 4b). Moreover, as the nanoparticles were free to move, they
tend to be dispersed uniformly over the transfer film during the
wear process, which would result in a more uniform contact stress
between the contacting surfaces, and thus minimize the stress
concentration on the individual fibers. As a result, the thermal
failure of polymer matrix in the interfacial region between SCF/
matrix was avoided, and a more gradual removal process of short
fibers occurred. This ensured that the wear rate of the nanocompo-
sites was lower, even under extreme loading conditions. In the
following section, the role of nanoparticles in modifying the wear
behavior of SFRPs is further discussed according to the contact mode
illustrated in Fig. 9.
5. Role of nanoparticles in the wear behavior of SFRPs

5.1. Nanopolishing effect

As mentioned above, the additional nanoparticles changed the
contact conditions for SFRP vs. steel and effectively reduced the
friction force. Due to the abrasiveness of the hard nanoparticles,
also a polishing effect on the worn surfaces could be expected (and
seen on Figs. 7 and 8). Fig. 12 compares the surface roughness of
the worn surfaces of four SFRP composites tested under different
sliding conditions. The worn surfaces of the composites without
nanoparticles are normally rougher under higher pv conditions
because of more serious surface damage (cf. Figs. 7(b) and 8(b)).
However, it is interesting to note that the roughness of the worn
surfaces of the composites filled with nanoparticles remained
stable at �300 nm, which is in agreement with the size of
nanoparticles used in this study.

Therefore, there are two competitive effects of nanoparticles on
the wear resistance of SFRP composites. On one hand, nanoparticles
tend to reduce the wear rate of composite by a reduction in the
friction. On the other hand, abrasive nanopolishing is simulta-
neously induced by hard nanoparticles acting as third bodies, and
this would counteract the former effect to a certain extent. This can
explain that the wear rate of SFRP composites could sometime
slightly increase with the addition of nanoparticles, especially
atrix

Steel disk Steel disk

SCF

Transfer film
FTF

FSCF

Sliding direction

h

P

Nanoparticle
OfTF

Polymeric matrix

�

cles (for better illustration purposes: fiber diameter too small relative to roughness

ticle with the radius of R. FSCF: shear force added on the particle by SCF, which also

face covered with the transferred material, which embeds the particle against the



Fig. 12. Surface roughness Ra of the worn SFRP composites without and with

nanoparticles. Due to the polishing effect of nanoparticles, the surface roughness

of the composites with nano-TiO2 is stable at �300 nm and independent of the pv

conditions.

Fig. 13. Effects of the additional nanoparticles on (a) the friction force of SFRP

composites and (b) the corresponding temperature rise of the steel disk due to the

frictional heating. The sliding velocity is 1 m/s.
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under relatively lower pv conditions when the abrasive effect of
nanoparticle is dominant [8,21].

5.2. Rolling effect under extreme sliding conditions

Experiments have shown that the movement pattern of the
particles, e.g. sliding or rolling, plays an important role in the wear
performance of the system [22–24]. It was found that the particles
could be embedded in the softer surface, thus scratching the harder
one [22]. The scratching depth is dependent on the hardness and
size of the particles [22,23]. However, depending on the sliding
conditions and the properties of the particles, the particle may also
roll within the contact interface, resulting in low friction and wear
[24]. Based on such understanding, Fig. 11b shows the force
analysis for a spherical nanoparticle during the sliding process. The
particle was trapped in the softer polymeric transfer film and
scratched the exposed fiber. In this case, the friction force FSCF must
be balanced by the supporting force FTF from the transfer film.
Accordingly, a rotation moment, MSCF¼FSCFd is applied on the
particle, causing internal friction fTF between the particle and the
surrounding polymeric material. When the transfer film is strong
enough to resist the moment, the particle can be firmly held and
slides against the fiber. As a result, the sliding nanoparticle induces
nano-cutting or nano-plowing wear on the surface of the fiber,
resulting in continuous nano-grooves (cf. Figs. 7e and 8d).
However, when the applied friction rotation moment MSCF is
higher than the maximum internal holding moment provided by
the transfer film, MTF¼ fTFR, the nanoparticle tends to rotate or
tumble. As a result, the surface of the fiber (SCF) would be
relatively smooth, sometime with discontinuous indents due to the
tumbling effect of particle (cf. Figs. 7f and 8e).

The rolling/tumbling effect of particles, in turn, also restricts the
further increase in the friction force of the system, especially under
extreme loading conditions. For example, Fig. 13a compares the
friction forces of the hybrid composites filled without and with
nanoparticles under different loading conditions. For the polymer
composites without nanoparticles, the friction force proportionally
increased with an increase in the load (e.g. from 1 to 4 MPa), until
yielding of the polymeric material occurred in the contact region.
Then the friction force of the SCF+graphite/PA 66 composite increased
only slightly (in the pressure range 4–8 MPa) due to melting effects of
the PA 66 matrix. However, with the addition of nanoparticles, the
maximum friction force was concentrated on a much lower level due
to the rolling effect of particles. As shown in the figure, the friction
force of the nanocomposites slightly increased when the pressure
increased from 1 to 4 MPa; then it remained stable despite a further
increase in the load. Accordingly, there were less continuous nano-
grooves on the worn SCF under higher loading conditions (cf Figs. 7
and 8). As a result, the temperature rise for the nanocomposites was
much less than that for the composites without nanoparticles,
especially under higher pv conditions (cf. Fig. 13b).
5.3. On the transfer film

With the use of solid lubricants, i.e. graphite and PTFE,
continuous transfer films are usually formed during the sliding of
all the composites, i.e. with and without nanoparticles, against steel
counterparts [8,19]. It was reported that the properties of the
transfer films might also be influenced by the additional nanopar-
ticles, which finally have an effect on the wear performance of
polymeric composites [13,15]. However, it is difficult to quantita-
tively study the wear reducing properties of the transfer films after
the wear tests, because their wear behavior is determined by the
real contact conditions, especially the temperature rise at the
interface. Therefore, in the present work, a special comparative
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study was carried out in order to investigate the effect of the
additional nanoparticles on the wear performance of a transfer film.

Fig. 14 compares the friction and wear processes of composites
without and with nanoparticles, using three different contact
conditions. During the first 10 h (Test 1), the sliding tests were
conducted against clean disks. As shown in Fig. 14a, for the composite
without nanoparticles, the friction coefficient initially increases and
then becomes stable after the formation of the continuous transfer
film. With the addition of nanoparticles (cf. Fig. 14b), the friction
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coefficient shows a similar increasing tendency at the beginning but
then decreases remarkably. The results are in agreement with our
earlier observations reported in Ref. [8]. It was proposed that during
the running-in stage the transfer film is gradually formed out of the
wear debris under a certain compaction pressure. This was associated
with an increase in the coefficient of friction because of the increased
real contact area and thus a higher adhesive force. However, for the
nanocomposite, the nanoparticles in the wear debris were also
gathered and distributed on the counterpart surface in the running-in
ite+SCF/PA 66

Sliding process against the disk-II 
covered with the transfer film 
developed with nanoparticles

 Time [hour]

+graphite+SCF/PA 66

Sliding process against the disk-I 
covered with the transfer film 

developed without nanoparticles

 Time [hour]
15 20 25 30

est 2 Test 3

15 20 25 30

est 2 Test 3

ped without and with nanoparticles: (a) the sliding processes for graphite+SCF/PA

d with nanoparticles (the last 10 h) and (b) the sliding processes for nano-

first 20 h) and without nanoparticles (the last 10 h). Loading conditions: normal
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stage. Therefore, the friction was reduced after a while (still within
the running-in period), once a certain amount of nanoparticles was
present in the contact region, due to the three-body contact effect. For
comparison, the wear processes of the materials were given in the
figures as the variation in wear depth. Due to the effect of thermal
expansion, the initial changes in depth should normally not be used
for the accurate calculation of the wear rate. However, it is useful to
on-line monitor the wear process in this way. In particular, the linear
behavior of the change in wear depth generally indicates a steady
wear process with a constant wear rate. As shown in Fig. 14,
according to the variations in friction coefficient, the wear processes
can also be divided into two stages, i.e. the initially unstable ‘running-
in’ behavior and then the steady wear stage.

After 10 h, the sliding wear tests were paused for 2 h in order to
cool the tribo-system down to room temperature. Then, the sliding
tests were continued for another 10 h (Test 2). In this case, the wear
track on the steel disk was already fully covered with a continuous
transfer film (cf. Fig. 15). As a result, the friction and wear behavior
was quickly stabilized without an observed ‘‘running-in’’ process.
Instead, the value of the steady friction coefficient remained almost
unchanged, compared with the one observed during the first 10 h.
The result confirms quite well that the variations in the friction and
wear in the running-in stage are mainly caused by the evolution
process of the transfer film.

During the last period of testing, i.e. between 20 and 30 h (Test 3),
the effect of nanoparticles on the wear behavior of the transfer film
was compared. Before the sliding tests, the steel disks covered with
various transfer films were exchanged, i.e. pin-I was running against
disk-II, whereas pin-II was sliding against disk-I. Here, disk-I and disk-
II refer to the steel disks used as the counterparts for pin-I and pin-II,
Disk

10

[mm] 1mm: 400 p/mm

-0.1
-0.2
-0.3
-0.4
-0.5
-0.6
-0.7
-0.8
-0.9

4.0
[µm]

1 2

Fig. 15. Surface profile of the worn region on the steel disk tested against the pin of n

velocity of 1 m/s. The inset SEM picture shows a magnified view of the boundary regio
respectively, in the first 20 h (cf. Fig. 14). As shown in Fig. 15, the
width of the wear track covered with the transfer film agrees quite
well with the size of the pin (which is 4 mm). Since the size of all the
pins is the same, this allows us to carry out the wear tests on
the same wear track even after changing the disks. Fig. 14b gives the
sliding behavior of the nanocomposite, i.e. pin-II against the disk-I
covered with the transfer film, which was formed by the composite
without nanoparticles. The friction coefficient sharply decreased and
then reached a stable value, which agreed well with the friction
coefficient during the steady states of Tests 1 and 2. Such friction
reduction can also be explained by the process of collection and
distribution of nanoparticles on the counterpart surface, which has
been noticed in the running-in stage during the first 10 h. For the
composite without nanoparticles, i.e. pin-I, the friction coefficient
gradually increased when the test started with disk-II. This is
apparently similar to the running-in process observed in Tests 1
and 2 (cf. Fig. 14a). However, it can be noticed that the wear processes
of the materials were actually quickly stabilized, which is significantly
different from the normal running-in behavior. Therefore, the increase
in friction coefficient in case of Fig. 14a was not caused by the
development of the transfer film, but could be reasonably explained
by the gradual removal process of the trapped nanoparticles in the
transfer film (which was originally formed with the nanocomposite).
Again, it is noted that the friction coefficient in steady stage
remained almost unchanged regardless of the swap of disks. Hence,
in our case, the additional nanoparticles did not directly contribute to
the formation of a high performance transfer film. The friction
reduction for nanocomposites is mainly caused by a change in the
contact mechanisms due to the presence of nanoparticles, such as the
rolling effect.
Transfer film

Transfer film

Disk

Region where WDX
analysis was carried 
out (cf. Fig. 9)

3 4 5
[mm]6 mm; 400 p/mm

ano-TiO2+graphite+SCF/PA 66 under a contact pressure of 2 MPa and the sliding

n on the steel disk.



L. Chang, K. Friedrich / Tribology International 43 (2010) 2355–23642364
5.4. Additional remarks

The tribological performance of SFRPs could be remarkably
improved by using nanoparticles as additional fillers. Meanwhile,
a three-body mild abrasive wear was suggested due to the
presence of hard nanoparticles in the contact region. However, the
three-body contact problem is very complex and depends on
many variables, including particle characteristics such as size,
hardness and shape and properties of the counterparts such as
surface topography and lubricating and loading conditions. The
presence of so many factors, and the interactions among them,
makes a full characterization of the roles of these factors in
friction and wear very difficult. Up to now, there is still a lack of
fundamental understanding of the wear mechanisms when using
nanoparticles in such wear conditions. This means that systematic
investigation of all the relevant characteristics and properties of
nanoparticles is still a matter of further research. In particular, the
following two questions should be addressed first:
1.
 What is the size effect of nanoparticles in their interaction
with the surface profile (or roughness) of the counterparts?
2.
 What is the influence of the mechanical characteristics (e.g.
hardness) of particles on rolling mechanisms in relation to the
properties of the counterparts?

The knowledge obtained will advance the current wear
principles in tribology of SFRPs and may offer a promising novel
route to the design of high performance tribo-materials.
6. Conclusions

In this work, the wear mechanisms of the hybrid SFRPs
filled with nanoparticles were investigated. It was found that the
load-carrying capacity of the SFRPs is mainly determined by
the properties of the fibers. However, the tribological performance
of SFRPs can be significantly improved by using nanoparticles
due to their friction reducing abilities, especially under extreme
loading conditions. In particular, the advantages produced
by additional nanoparticles can be attributed to the following
effects:
1.
 Adhesion between the contact surfaces was reduced with the
presence of nanoparticles, due to the increased distance
between the steel and the composite material, i.e. the particles
acted as ‘spacers’.
2.
 Stress concentration on the individual fibers was minimized
with the dispersed nanoparticles in the contact region, which
consequently protected the polymer matrix in the interfacial
regions from the thermal–mechanical failure. This finally led
to the gradual removal process of short fibers and the high
wear resistance of the composites.
3.
 Rolling ability of nanoparticles could significantly restrict
the increase in the friction force, especially under extreme
loading conditions. As a result, the specific wear of the
nanocomposites remained stable even under relatively high
pv conditions, i.e. the limiting pv of the nanocomposite was
clearly improved.
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