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Relationships between manufacturing processes, microstructures, mechanical and
tribological properties of GF/PA6 composite were revealed in this paper by experimental
investigations and theoretical analysis. The study indicated that the wear resistance was
significantly influenced by the thermal history of the composite. Decreasing cooling rate
during the components thermal moulding would result in enhancing approximate 28% of
wear resistance and reducing almost 14% of friction in the GF/PA6 composites. A slow
cooling gives the PA6 a high crystallinity and high ratio of α/γ phases which resulted in
higher thermal stabilities, higher density and harder matrix in the composites than that of
fast cooling. It also improves the interfacial properties and the composite hardness. Due to
the thermal decomposition, abrasion and adhesion dominated the wear mechanisms,
these improvements led to a higher wear resistance and higher pv service limit in the slow
cooled GF/PA6 samples than that of fast cooled samples. Interfacial debonding dominated
the friction mechanisms in the unlubricated pin-on-disk tests. A poor interfacial bond led to
more glass fragments falling off from the GF/PA6 pins which scratched the sliding surfaces,
damaged the oxidative film and resulted in severe abrasion and adhesion in the fast cooled
samples, hence leading to a high friction coefficient. C© 2002 Kluwer Academic Publishers

1. Introduction
The effects of composite microstructures on friction
and wear have received much attention from tribolo-
gists in the last decade. Most studies have centred on
the influences of reinforcement structures on friction
coefficient and wear rate [1, 2], for example, filler size,
orientation and fraction affect wear rates in sliding tests
[3, 4].

The effects of microstructures of matrix and inter-
face on friction and wear mechanisms have neglected
to mention the area of tribological mechanisms relating
to the transcrystallinity, crystallinity and phases of the
matrix. Especially lacking are good tribologically and
microstructurally based models for changes in the mi-
crostructure of these materials during moulding and ap-
plications. Thermal processing, an economical and ef-
fective method, can easily change microstructures and
improve the properties of a thermoplastic composite.
In particular, the cooling rate during moulding and an-
nealing easily controlled in fabrication of industrial and
commercial applications, has not been investigated in
detail.

Understanding the relationships between thermal
processing, microstructures, mechanical and tribolog-
ical properties is essential for manufacturing thermo-
plastic composite materials. Many mechanical proper-
ties of thermoplastic composites, such as hardness and
tensile strength, are dependent upon the degree of crys-
tallinity which in turn is dependent upon the thermal
history. Improving the mechanical and thermal prop-
erties of the thermoplastic composite materials can di-
rectly improve the wear resistance of the composites
and enhance the limit of pv (loading pressure and ve-
locity condition in tribological applications) values of
the polymer composite materials.

The main objectives of this study are to provide a
better fundamental understanding of the friction and
wear mechanisms of thermoplastic composite materi-
als as affected by processing methods and related ma-
terial microstructure, and hence to find an optimized
or tailored material microstructure that has a high wear
resistance and a low friction coefficient.

A large number of experimental investigations were
conducted in this paper to study the multiple wear and
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friction mechanisms in pin-on-disk tests. Bulk GF/PA6
composite samples were selected to determine the re-
lationship between the tribological mechanisms and
material microstructures by controlling their cooling
rates during thermal moulding. A theoretical friction
model was established by an enormous theoretical anal-
ysis. Based on study the pv factor of the GF/PA6 with
different moulding process, an empirical wear model
was generated. To examine the damaging mechanisms
of friction and wear, SEM (Scanning Electron Micro-
scope), EDAX (Energy Dispersive Analytical X-ray)
and XRD (X-ray diffraction examination) techniques
were used.

2. Specimen preparation
Unidirectional GF/PA6 commingled yarn with a
E-glass fibre weight fraction of 60% (Vf = 40%) was
supplied by Toyobo Co., Japan. The consolidating pro-
cess of the composites was carried out at 240◦C for
10 minutes with 1.5 MPa pressure by using a hy-
draulic hot-press machine. To obtain the different mi-
crostructures in the composites, three different cool-
ing processes were conducted under 1.5 MPa pressure,
cooled in cold water circling: −60◦C/min, air circling:
−3◦C/min and cooled with hot- press: −1◦C/min as
Fig. 1 shows. The final dimensions of the GF/PA6 sam-
ples were 200 mm × 200 mm × 4 mm.

The specimens for the wear tests were cut from the
GF/PA6 unidirectional bulk composite samples by us-
ing an electrical band saw at a speed of 550 m/min.
To prevent the heat generated from the cutting dam-
ages the microstructure of the GF/PA6 samples, an air
cooling was inducted. The specimens were cut to a size
of 15 mm × 5.0 mm × 4.0 mm in three different di-
rections which were parallel, transverse and normal to
the unidirectional fibre orientation. The specimen was
then inserted into a small steel tube, 8 mm in diameter
and 10 mm in length, and mounted with epoxy adhesive
(part A: 91% w/w liquid epoxy resin; part B: 100% w/w
polyamide). Ten specimens for each cooling condition
were prepared. Each specimen was polished with P600
emery paper which was stuck on the testing disk with
double sided sticky tape. This procedure was carried out
to obtain equal initial conditions e.g., same roughness
of the pin surface and steel disk, for the wear tests.

Figure 1 Thermal histories of GF/PA6 composite samples.

3. Experimental technique
3.1. X-ray diffraction examination
XRD tests were carried out on a Diffrakto-
meter Siemens D5000 system to calculate the relative
amounts of crystalline and amorphous material in a
sample. The samples were 50 mm in diameter and 4 mm
in thickness and were cut from the bulk GF/PA6 com-
posites. The estimation of the amount of crystallinity
is usually based on a comparison of the areas under
the peaks (see Fig. 3). With proper attention to experi-
mental detail, this method provides a reliable measure
of crystallinity in polymers [5, 6]. 1 mm divergence
slits and anti-scatter slits, a 0.2 mm receiving slit and
a 0.6 mm detector slit were selected in this study. In
this test, the speed of the detector scanning step was
0.040◦/30s, low-angle X-ray diffraction (2θ = 10◦C to
40◦C) and 60 rpm rotation were utilised. The samples
were scanned for 6 hours 16 minutes and 30 seconds.

Worn debris were also examined by the X-ray
Diffraction technique at room temperature to analyse
the microstructure changes of the GF/PA6 in the wear
tests. In this XRD examination, the speed of the de-
tector scanning step was 0.040◦/20 s and the angle of
X-ray diffraction scanning, 2θ , was from 5◦ to 80◦ with
continuous scan time of 10 hours and 25 minutes. The
worn debris powder sample was fixed on to a holder
without rotating operation. The 0.6 mm divergence slits
and anti-scatter slit, 0.2 mm receiving slit and 0.6 mm
detector slit were selected.

3.2. Pin-on-disk apparatus
Dry sliding tests were carried out on a commercial Plint
wear and friction machine at room temperature to sim-
ulate steel components sliding over polymer composite
bearing components. Fig. 2 shows a schematic view of
the pin-on-disk apparatus. The specimens were later-
ally set against both sides of the spinning steel disk.
The diameter of the sliding track was fixed at 80 mm
on the steel disk. The speed of the steel disk can vary
from 25 rpm to 2150 rpm (which is equivalent to a tan-
gential velocity of 0.10 m/s to 9 m/s), by changing the
gears. A load was applied to the end of the pins by two
hydraulic cylinders which were easily adjusted by hy-
draulic pressure. The steel disk was made of AISI 4140
steel and the hardness of the disk is Hv = 2450 MPa.
The surface of the disk was polished to a roughness of

Figure 2 Schematic view of pin-on-disk test apparatus.
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0.045–0.05 µm with P1200 emery paper and cleaned
with methylated spirits prior to each test. The sliding di-
rections were set up for parallel, transverse and normal
to the fibre orientation.

The tangential force was measured by means of a
pressure capsule attached to a slide carrying the two
specimen pins. They were readily separated from the
end loading forces, permitting particularly accurate
measurements of friction coefficient. The signal from
the transducer was taken to a force metre in the con-
trol cabinet and was recorded as one trace on the chart
recorder. The sliding friction coefficient was calculated
as

µ = F/N

where F = average value of friction force from both
side pins (Newton) and N = normal load applied on
the end of the pin, by hydraulic cylinder (Newton).

With this system the wear depth was measured by
the displacement transducers which were on either side
of the cylinders. The signal from the transducer was
taken to a displacement metre in the control cabinet and
was recorded as another trace on the chart. The wear
rate of the specimens were calculated by the following
equation:

Depth wear rate wt = 	h/t

where 	h = wear depth (µm) and t = sliding time
(hour).

3.3. Microscopic study
The worn surface, subsurface and worn debris were
examined by using a Philips 505 Scanning Electron
Microscope. The specimens were sputter coated with a
thin layer of carbon in order to improve the resolution
of the specimen prior to the SEM examinations. For the
low resolution of GF/PA6, an accelerating voltage was
selected at 20 kV and the condenser lens (spot size)
selected was 100 nm, both backscatter and secondary
electron detectors were used.

3.4. Energy dispersive analytical
X-ray study

An Energy Dispersive Analytical X-ray technique was
used to analyse the contents of the elements in the worn
debris. The X-ray microanalysis was carried out on a
Philips 505 Scanning Electron Microscope with the life
count time, 120 seconds for all the specimens.

4. Materials microstructure
Because the PA6 is a semicrystalline polymer, the crys-
tal structures and amount of crystallinity of the polymer
are often affected by thermal parameters during its fab-
rication. Further more, the mechanical or tribological
properties of the GF/PA6 composite will be influenced
by the amount and size of the spherulites of the PA6
[7]. These properties are also affected by the orienta-

tion of the spherulites which in terms of crystal phases.
This phase terminology characterises the general con-
formation of the polyamide PA6 chains and their mode
of packing, which results from thermal processing [8].
In other words, the crystal phases are determined by
the intermolecular hydrogen bonding and chain pack-
ing in the spherulite crystals. In nylons, the spherulite
crystals are formed from hydrogen-bonded sheets [9].
The crystal structures generally occur in one of four
different phases: α, β, γ , or δ.

The α and γ phases normally coexist in bulk materi-
als. The principal differences between these two phases
are the lattice parameters and the orientation of the hy-
drogen bonds between the NH and the C==O groups.
In the α phase, the hydrogen bonds are formed in the
zigzag planes and between the antiparallel chains. The
hydrogen bonded molecules are stacked upon one an-
other forming planar sheets. The molecules are in the
fully extended zigzag formation and theoretically can
form strain-free intermolecular hydrogen bonds [9, 10].
In the γ phase, the molecular chains twist away from
the zigzag planes to form hydrogen bonds between par-
allel chains. This twisting of the molecules results in a
slight shortening of the periodicity in the chain direc-
tion, and results in the chain repeat distance of the γ

form being shorter than for the α phase [11–13].
Our XRD results of the GF/PA6 composites showed

that the microstructures of the composites were dramat-
ically affected by changing cooling rate during thermal
processes. Slow cooling resulted in a high crystallinity
and formed more α phase than the fast cooling pro-
cess. The lamellae thickness was slightly affected by
the cooling rate as well.

In Fig. 3 [14, 15], it can be seen that there are two
peaks appearing in all of the three cooling rate samples.
The Bragg’s angle θ of the first peak, which is from the
right hand side, is over 23 degrees. The second peak is
around 20 degrees. The two peaks represent the α and
γ phases in the crystal structures of the PA6 matrix.
Also it can been seen that there is a large proportion of
amorphous phases in the background.

The area under the peaks present the crystalline vol-
ume of the polymer materials [5, 6]. The total peaks
area, α plus γ , implies the proportion to the total vol-
ume of the crystalline PA6. The proportion of the peak
areas of the three cooling rates samples was CI : CII :
CIII = 1 : 0.56 : 0.46. Table I lists the proportional rela-
tionship between peak area and the crystallinity (Xc) of
the PA6 matrix in the GF/PA6 composites. The Table I
also lists the different ratios of the α and γ phases in the
PA6 matrix due to the three different cooling processes.

From Table I, it also can be seen that the crystallinity
of the air cooled samples (CII: Xc) was 20% which
is quite close to the water cooled samples (CIII: Xc)
17%. This may probably be attributed to the crystalline
forming speed of the PA6 was very fast. A previous
study showed that it only takes 5 seconds for PA6 to
achieve half its potential crystallinity at the fastest crys-
talline temperature 140◦C. When the cooling rates are
faster than −3◦C/min, the different cooling rates would
not make much difference to the crystallinity in the
samples.
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T ABL E I The crystallinity of the GF/PA6 composites and peak area of the intensity in the XRD tests

Samples’ cooling rate (α + γ ) peak area Ration of α/γ Xc of PA6

CI: −1◦C/min (hot-press) 127 + 4.72 = 131.72 27 37%
CII: −3◦C/min (air) 52.94 + 20.62 = 73.56 2.6 20%
CIII: −60◦C/min (water) 33.61 + 27.19 = 60.8 1.2 17%

Figure 3 XRD diagram of GF/PA6 subjected to three different cooling rates.

In general, an amorphous polymer has a random dis-
tribution of chains in its main molecular structure. The
structure gives rise to the viscoelastic nature of the
PA6. A crystalline polymer shows considerable three-
dimensional order. The different ways of molecular
packing give a different density to the materials. The
loosely packed amorphous materials have lower density
than orderly packed crystalline materials. Thus to dam-
age these orderly packed crystalline materials, more en-
ergy is required than for damaging the loosely packed
amorphous materials. In fact, there are dramatic differ-
ences in such properties as elasticity, plasticity, hard-
ness [10, 16] and thermal stability.

Therefore, the differences are not only in mechan-
ical responses but also in tribological response when
comparing the crystalline phases with the amorphous
phases. When the working temperature reaches Tg (for
the PA6 it is about 50◦C), the amorphous polymer will
become soft first and the crystalline phases may retain
their properties until the temperature has reached its
melting point.

As Fig. 3 and the Table I results show that the content
of the α phase shift from high to low with the cooling
rate increases but the γ phases have the trend oppo-
site. Decreasing the cooling rate during moulding led
to more α crystal structures formed than γ phase in
the PA6 matrix. The CI samples have extremely higher
contents of the α phase compared with CII and CIII
samples. It also can be seen from Fig. 3, that CII and
CIII samples have a similar volume of the γ phase to
each other. The content of the γ phase in CI sample is
less than that of CII and CIII samples.

A DSC test was conducted (and results were reported
in a separate paper [14, 15]) to identify the melting
point of α and γ phases of the GF/PA6 samples. It was
found that the melting point of the α phase was higher
than that of the γ phase. The high melting point of the
α phase crystal structures in the GF/PA6 matrix will
result in the composites samples having a higher service
temperature than that of the γ phase and amorphous
samples which were formed in faster cooling processes.

It has been reported that the hydrogen bonding an-
gle of the α crystal is larger than that of γ crystal,
thus the α chain is straighter and longer than that of
the γ chain. The distance between adjacent chains in
α crystal is shorter than that of the γ phase, thus the
chains are packed tighter in α crystal than the γ crystal
[12, 17]. Therefore, the density of α crystalline mate-
rials is higher than that of γ materials. Consequently,
the hardness and Youngs modulus of α phase may be
higher than that of γ phase.

There is some interesting evidence from Murthy and
Bray’s recent research [8] verifying the above assump-
tion. PA6 specimens with a higher content of theα phase
have higher density (1.24 g/cm3), crystalline perfec-
tion, tensile strength and modulus than that of γ phase
(1.17 g/cm3). Their infrared spectroscopy and X-ray
diffraction studies showed that to separate the γ phase
and the amorphous scattering is very difficult when the
γ phase is either poorly formed and/or is very low. The
IR spectra of the γ phase and the amorphous are very
similar to each other and very different from that of the
α phase. This is because the γ chain and the amorphous
chain possess very similar conformations. Murthy also
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T ABL E I I XRD test results of the lamellar thickness of α crystallite
in the PA6 matrix of GF/PA6 composites subjected to three different
cooling rates

Cooling βm Measured α Lamellar
condition 2θ FWHM thickness

CI: −1◦C/min 23.891 1.0281◦ 79.36A
◦

hotpress cooled
CII: −3◦C/min 23.864 1.1322◦ 71.99A

◦

air cooled
CIII: −60◦C/min 23.440 1.3346◦ 60.96A

◦

water cooled

found that Tg increased with increasing proportions of
α phase. Increasing Tg can result in low-wear materials
in tribological applications [18].

The α phase has a higher thermodynamically sta-
ble structure than the γ phase. The heat of fusion of α

phase (241 J/g) was found to be higher than the γ phase
(239 J/g) [19]. The peak in mechanical loss (tangent δ)
decreases with an increasing α phase crystallinity [20].
These characteristics of the α phase may give the com-
posites a higher service temperature than that of the γ

phase.
The XRD results also indicated that the full width

at the half peak maximum intensity (FWHM) of the α

phase in the three different cooling processed samples
are CI: 1.028◦, CII: 1.132◦, CIII: 1.335◦, respectively.
This means the lamellar thickness was affected by the
cooling rate as well.

Table II lists the thickness of the α phase lamellar
crystal in the GF/PA6 matrix which were subjected
to the three different cooling processes. The results
showed that cooling rate has slightly affected the lamel-
lar thickness. Slow cooling gave the PA6 thicker lamel-
lar crystal than that of fast cooling process.

The thickness of lamellae can affect the mechanical
properties of polymers. Increasing lamellar thickness
(spherulite size) will result in decreasing toughness and
rupture elongation, and increasing tensile strength and
modulus of the polymers [21].

Figure 4 Worn surface of water cooled GF/PA6 pin after 20,000 metres sliding in parallel direction.

A polarised optical microscopy study [14, 15] of the
GF/PA6 thin films showed that columnar spherulites
grew along the glass fibres which may be transcrys-
talline layers. The columnar spherulites disappeared
with increasing cooling rate. Different thickness of
the transcrystalline layers were found to be influenced
by the different cooling rate. Slow cooling led to a
larger diameter of the columnar spherulites than the fast
cooling process. The polarised optical microscopy re-
sults also showed that slow cooling led to larger size
spherulites in the PA6 matrix than the fast cooling
process.

The purpose of determining the various microstruc-
tural parameters described here is to attempt to predict
the properties and performance of the GF/PA6 compos-
ites in its fabricating stage or during thermal processes.
One of the most obvious differences that stands out in
examining the X-ray scans of any sample was the rel-
ative amounts of the α and γ crystallinities. This α/γ

ratio was quite useful because it reflected the manu-
facturing history of the GF/PA6 composites. The para-
meters that are likely to be directly useful in predicting
the properties are the total crystallinity and the orienta-
tion of the matrix. The α and γ contents have significant
influence on the mechanical and interfacial of the com-
posites which were presented separately in other papers
[14, 15]. In this paper the effect of these microstructural
parameters of the materials on tribological properties
will be discussed.

5. Friction mechanisms
In general, three stages of wear occurred during the
continuous sliding test, running in wear, steady wear
and severe wear. However, to investigate the cooling
rate and microstructures of the samples influencing on
the wear and friction mechanisms, only steady wear and
friction mechanisms will be discussed in this paper.

By observing the worn surfaces of the GF/PA6 pins
with the electron microscope, it was found that the
damage mechanisms of the friction were very complex.
Figs 4–6 are the SEM photos of the worn surfaces of
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Figure 5 Worn surface of hot-press cooled GF/PA6 pin after 20,000 metres sliding in transverse direction.

Figure 6 Worn surface hot-press cooled of GF/PA6 pin after 20,000 metres sliding in normal direction.

the GF/PA6 composite pins slid in the parallel, trans-
verse and normal directions, respectively. The photos
were taken after the pin-on-disk tests with the loading
pressure of 2.21 MPa, tangential velocity of 1 m/s and
sliding distance of 20000 metres. It can be seen in the
photos that the main mechanisms of the friction in the
pin-on-disk test were fibre fracturing, interface debond-
ing, matrix cracking and flaking. These phenomena
occurred with all of the samples in the three sliding
directions.

According to the SEM observation, the friction force
of the present composite in the unlubricated pin-on-disk
test, can be expressed as the sum of the following four
components adhesion force in the PA6 matrix, plowing
force, interfacial debonding and fibre fracture force.

F = Fa + Fp + Fi + Ff

In the tribological study of the GF/PA6 composite ma-
terials, the term of Fa was dependent upon the shear
strength of the matrix which was in turn was dependent
upon the cooling condition in the moulding processes.
A slow cooling condition gave the matrix a higher crys-
tallinity of the α phase in the PA6 which resulted in a
higher density and greater shear strength material than
that of fast cooling process.

The plowing term Fp was more complex in the pin-
on-disk test than that of the single scratching test [22].
The plowing term was dependent upon the amount of
the hard asperities and the roughness of the hard coun-
terpart surface, the steel disk. In this case, the hard
asperities consisted of glass fibre fragments and steel
particles. They were all dependent upon the interfacial
bonding conditions of the GF/PA6 composites which
were controlled by the cooling conditions. The weaker

3010



Figure 7 Friction coefficient of GF/PA6 versus cooling condition in
three sliding directions.

the interfacial bond the more glass fibre fragments were
breaking off from the matrix during the sliding test. The
glass fibre fragments were then involved in the sliding
surfaces and became hard particles plowing the com-
posite pins and the steel disk surfaces. The plowing
resulted in a rough surface of the steel disk. Then the
rough steel disk and the particles plowed the surface of
the composite pins.

The term Fi was dependent upon the strength of
the interfacial bond between the glass fibres and the
PA6 matrix which was influenced by the cooling con-
dition. A slow cooling condition resulted in a higher
transcrystallinity or stronger interfacial bond. The term
Ff was dependent upon the strength of the fibre which
was a constant for the E-glass fibre in these composite
samples.

Fig. 7 shows the mean values of friction coefficient
of the GF/PA6 composites in the parallel, transverse
and normal directions with different cooling conditions
in the moulding processes. The friction coefficient for
each cooling condition pins tested were almost constant
so that the standard deviation of the mean values was
too small to be considered. The results indicated that the
fast cooling gave a slightly higher value of friction co-
efficient at all fibre orientations/sliding directions. The
friction coefficient of the hot-press cooled GF/PA6 pins
(CI) was 6.4%, 7% and 14% less than that of the water
cooled pins (CIII) in the parallel, normal and trans-
verse directions, respectively. The differences of the
three friction coefficient values are not that remarkable
but the trend of the cooling rate influences on the fric-
tion coefficient can not be ignored either. There is a
significant differences between the three cooling rates
samples in wear and friction properties.

In the same sliding direction but with a different
cooling condition, the friction caused by the adhesion,
plowing and interfacial debonding terms were differ-
ent due to the different crystallinity of the α phase and
the interfacial strength. In the fast cooling condition,
the reduced crystallinity of the α phase resulted in a
low shear strength in the PA6 matrix. Thus, the adhe-
sion term decreased while the cooling rate increased.
Furthermore, fast cooling gave the composite a weak
interfacial bonding condition which resulted in a de-
crease in the interfacial debonding term. The trend of

the Fa and Fi was similar to that of the single scratch
test. However, the situation was different in the plowing
term. They were contrary to the trend of the scratching
test results which have been presented in a separate
paper by the same authors [22].

In the single scratching test, the fast cooling resulted
in a softer matrix and weaker interfacial bond than that
of the slow cooled samples. To plow the soft matrix
and the weak interfacial bonded composite, the force
was less than the plowing of the slow cooled composite
samples. Thus, the term of Fp decreased with increas-
ing cooling rate in the scratch test. The Fp term was
only dependent upon the matrix hardness and the in-
terfacial bonding condition since the hard particle was
the diamond indenter which was a constant in the single
scratch tests. Thus, the sum of the adhesive, plowing and
interfacial debonding forces decreased with increasing
the cooling rate.

In contrast to the scratching test, the Fp was not only
dependent upon the hardness of matrix and the inter-
facial bond of the composites in the pin-on-disk test,
but it was also dependent upon the amount of the hard
particles, glass fibre fragments and steel debris. The
fragments of the glass fibres were incorporated into the
sliding surfaces as hard particles, and plowed the com-
posite and the steel disk surfaces so that they formed
asperities on the steel disk surface. The asperities of
the steel disk surface plowed the composite pin surface
and produced more glass fragments. The glass fibre
fragments also scratched and damaged PA6 oxidative
films between the sliding surfaces which may have been
formed in the dry sliding process, to lubricate the slid-
ing surfaces and reduce the friction. Weak interfacial
bonding conditions led to a large amount of the glass
fibres debonding from the composite pins and this in-
creased the plowing term in the sliding test.

An Energy Dispersive Analytical X-ray (EDAX)
study of the worn debris verified the above analysis.
Fig. 8 shows a typical energy dispersive spectra of the
worn debris of the GF/PA6 pin after 20000 metres of
sliding against the steel disk in the transverse direction.
The contents of the Si and Ca were found to be greater
in the debris of the fast cooled samples than that of the
slow cooled samples as Table III shows. The Table III
shows the x-ray photon counts of Si and Ca elements
in the three types worn debris from the three different
cooling conditions samples GF/PA6 pins transversely
sliding on the steel disk.

The Si and Ca are the main compositions of the
E-glass fibres. Thus, it can be concluded that there

TABLE I I I X-ray photon counts of Si and Ca elements in energy
dispersive spectra from EDAX test results of worn debris of GF/PA6
and steel disk

x-ray photon x-ray photon
counts of Si counts of Ca
in energy in energy

Cooling condition dispersive dispersive
of GF/PA6 samples spectra spectra
.
Hot-press cooling 6420 1780
Air cooling 6740 1870
Water cooling 7210 2100
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Figure 8 Energy dispersive spectrum of worn debris of GF/PA6 pin cooled in hot-press and transversely sliding over steel disk for 20,000 metres
distance with p = 2.21 MPa and v = 1 m/s (Y axis: Total x-ray photon counts, X axis: x-ray photon energy, KeV).

were more glass fibre fragments in the worn debris
of the fast cooled sample than that of the slow cooled
samples.

It was also found that the Fe and Cr contents were
greater in the worn debris of the fast cooled samples
than that of the slow cooled samples from the EDAX
results. The Fe and Cr elements are the main composi-
tions of the 4140 steel disk. This means the steel disk
was severely ground off by the glass fibre fragments
with the fast cooled sample pins than that of slow cooled
sample pins. The surface roughness observation of the
steel disk after the sliding test also verified the above
analysis. The steel disk roughness was measured af-
ter sliding the same distance and under the same load-
ing/speeding condition with the GF/PA6 pins subjected
to the three different cooling conditions. The steel disk
was rougher after sliding with the fast cooled GF/PA6
pins than that of slow cooled pins.

It is reasonable to conclude that the effect of the in-
terfacial bonding condition on the plowing friction was
more important than that of the matrix properties in
the pin-on- disk test. The plowing term increased while
decreasing the interfacial bonding strength which was
caused by the fast cooling. The plowing term domi-
nated the friction mechanisms in the pin-on-disk tests.
The component of the plowing term was greater than
the rest of the three components. Thus, the friction co-
efficient increased with increasing cooling rate.

6. Wear mechanisms and resistance
In general, wear mechanisms can be classified into four
groups: Adhesive wear, Abrasive wear, Fatigue wear,
Corrosive wear. However, in some of the wear stages
and under certain circumstances, there are always one
or two wear mechanisms dominating the wear pro-
cesses. This depends upon the pair of counterpart ma-
terials and working conditions. For example, adhesive
wear mechanism governs the steady wear stage in an
unlubricated and clean metal surface [23]. On the other
hand, abrasive wear is the main wear mechanism in a
running-in stage when the sliding has just started with

a hard and rough counterface on a soft bearing. What
are the most important wear mechanisms in the steady
wear stage of the fibre reinforced polymer composites?
How do the microstructures and thermal histories of the
composites affect these mechanisms?

In fact, it was found in this study that the dominant
wear mechanisms of these materials in the pin-on-disk
test during the steady wear stage were oxidizing, car-
bonising, abrasion, interfacial debonding and adhesion.
They will be discussed in detail and separately in the
sections below.

6.1. Oxidizing and carbonising wear
Generally PA6 becomes reddish brown in colour when
it is heated to its molten state between the tempera-
tures of 225◦C–245◦C and exposed to air. While this
is occurring, the PA6 is thermally oxidised, degraded
and depolymerized. The influence of the temperature
and water on the depolymerization of the polymer has
been studied by many material scientists [24, 25]. The
oxidative degradation of the polyamides has been dis-
cussed in detail by Nobuya [26]. He indicated that the
major products obtained from the pyrolysis of PA6 were
water, carbon dioxide and carbon monoxide. It was also
found that the amorphous region was more likely to be
attacked by heat than the crystalline region [27].

In this study, similar phenomena were found in the
thermal moulding processes of the GF/PA6 composite
and in the pin-on-disk wear test. During the thermal
moulding processes of the GF/PA6 composite, some
of the PA6 oozed out from the gap at the side of the
mould and exposed to the air become a reddish brown
in colour. However, the inside part of the sample was
white in colour due to it being sealed inside the mould
where it was protected from the air.

During the wear test, the friction heat was trapped
in the sliding surfaces and formed some very hot spots
on the composite pin surface. This heat may cause the
surface to melt or soften. The thermal conductivities and
melting point of the polymers are very low. Therefore,
oxidizing and/or carbonising wear may occur in the
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Figure 9 Energy dispersive spectra of PA6 before wear test (Y axis: Total x-ray photon counts, X axis: x-ray photon energy, KeV).

Figure 10 Energy dispersive spectrum of worn debris of GF/PA6 pin cooled in hot-press and normally sliding over steel disk for 20,000 metres
distance with p = 2.21 MPa and v = 1 m/s (Y axis: Total x-ray photon counts, X axis: x-ray photon energy, KeV).

wear test. This was verified by observing the colour
of the worn surface and the worn debris. The worn
surface and debris became brown or black after the
wear test. This was also verified by the EDAX results.
Fig. 9 shows the PA6 spectrum before the wear tests
while Fig. 10 shows the worn debris after the pin-on-
disk wear test in the normal sliding direction with the
speed/load condition of v = 1 m/s and p = 2.21 MPa.
The EDAX results showed that the content of O and C
elements were significantly higher in the worn debris
than that of PA6 sample before the wear tests as Table IV
shows. Table IV shows respectively the X-ray photon
counts of the O and C elements in the worn debris were
28 times and 2.26 times higher than that of the PA6
sample before the wear test. The GF/PA6 composite
pins were cooled in hot-press and sliding in normal
direction against the steel disk.

Therefore, it can be concluded that the oxidative
degradation and carbonising wear occurred during the
wear tests. They may be the main wear mechanisms in
the polymer composites.

TABLE IV X-ray photon counts of the O and C elements in the energy
dispersive spectra from the EDAX test results of the PA6 sample before
the wear test and the worn debris of the GF/PA6 and the steel disk after
the wear test

x-ray photon x-ray photon
counts of O counts of C
in energy in energy
dispersive dispersive

EDAX test samples spectra spectra

PA6 before wear test 260 2920
GF/PA6 & steel worn debris 7380 6610

The oxidization can be useful in the wear applica-
tion when the oxidative film formed. The effect of an
oxidative film on polymer wear is similar to a metal ox-
idative film, reducing friction and lubricating the slid-
ing surfaces. The oxidative film can prevent the con-
tact between the pin surface and the steel disk surface,
and effectively reduce the adhesive wear [28]. How-
ever, the harmful side of the oxidizing may result in
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depolymerization and decomposition in the polymer
composites. As a consequence of the depolymerization
and decomposition, the composite surface mechanical
strength and hardness may be reduced and lead to se-
vere wear.

When the contact surfaces getting too hot carboni-
sation occurs after the oxidization in the wear appli-
cations. Unlike the oxidization which can be useful in
the wear, carbonising wear has always been detrimen-
tal under any circumstance in the polymer composites
wear applications. Carbonisation can form hard parti-
cles which would be involved in the contact surfaces
and increase abrasive wear.

Increasing the polymer thermal stability can reduce
the occurrence of thermal degradation, oxidizing and
carbonising in the wear application. Slow cooling can
improve the thermal stability of the PA6 in the moulding
process. Slow cooling gave a higher crystallinity and a
higher content of α phase in the PA6 matrix than the fast
cooling process. As mentioned in Section 4, the α phase
has a higher thermodynamically stable structures and
higher heat of fusion in its crystalline structures than
that of the γ phase and the amorphous phase. The peak
of the mechanical loss (tangent δ) at high temperature
range (70◦C–90◦C) decreases with an increase of the
α phase crystallinity [29]. These characters of the α

phase give the slow cooled GF/PA6 composites a higher
service temperature and higher abrasive wear resistance
at the high temperature range than the γ phase and
amorphous of the PA6.

It will be discussed in detail in the next few sections
how the cooling rate affected the abrasive and adhesive
wear mechanisms, and how the oxidizing wear, abra-
sive wear and adhesive wear interacted with each other
during the pin-on-disk wear test.

6.2. Abrasive wear and interfacial
debonding

According to the friction analysis of the unlubricated
continuous sliding test in Section 5, it is not difficult
to assume that a fast cooling process could result in

Figure 11 SEM photo of worn subsurface taken from the lateral view of the water cooled GF/PA6 specimen.

a lower wear resistance in the GF/PA6 composite pins
than the slow cooling process. The reason is that the fast
cooling gives the material a softer matrix and weaker
interfacial bond than the slow cooling. When the hard
asperities of the steel disk were sliding on the compos-
ite surface, the fibres and matrix were abrasively worn
off or plowed out. A softer matrix was easily plowed or
cut by the asperities than the harder matrix. The fibres
were easily debonded in the weak interfacial bond com-
posite than strong interfacial bonding composite. The
debonded or pulled out glass fibre fragments became
hard particles cutting or grinding the steel disk surface
producing more hard asperities on the surface of the
steel disk. The glass fibre fragments and the asperities
of the steel disk led to further abrasive wear and so on.
The following results verified the above assumption.

In general, abrasive wear resistance is proportional to
the hardness, shear strength, compressive elastic mod-
ulus and yield strength of the softer counterpart [30,
31]. In this study, it was discovered that the interfacial
bond also played a very important role in the abrasive
wear of the composites. As discussed in the Section 5,
the SEM photos of the worn surfaces of the GF/PA6
composite pins after a sliding of 20000 metres distance
with loading pressure of 2.21 MPa and tangential ve-
locity of 1 m/s in the parallel, transverse and normal
directions, respectively (see Figs 4–6), revealed that
interface debonding occurred in all sliding directions.
It also can be seen clearly in the SEM photos of the
worn subsurface (see Figs 11 and 12) that the interface
debonding did not only occur on the sliding surface but
also occurred in the deep subsurface. The SEM photos
were taken from the lateral view of the pin specimens
after the wear tests. The interfacial debonding of the
subsurface can be evidenced approximately 50 microns
deep down from the worn surface. The EDAX evidence
also proved that there were more glass fibre fragments
pulled out from fast cooled pins than the slow cooled
pins as mentioned in Section 5.

Glass fibres played a very important role in the wear
applications. They can enhance thermal conductivity
to release friction heat from the sliding surfaces and
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Figure 12 SEM photo of worn subsurface taken from the lateral view of the water cooled GF/PA6 specimen.

improve the strength and stiffness of the material. When
the fibres were bonded in the matrix, they supported a
majority of the normal load and reduced the steel as-
perity tips penetrating into the PA6 matrix. As a con-
sequence of the glass fibre effects, the microcutting or
microplowing mechanisms were not as effective. How-
ever, when the fibres were debonded and pulled out
from the matrix, the fibres act as hard particles enhanc-
ing the abrasive wear on the pin surface. The PA6 ma-
trix without the glass fibres reinforcing them would fail
with compression and thermal decomposition, thus it
would be worn quickly.

A pure cast raw PA6 pin was tested in the pin-on-disk
wear machine with same loading and speeding condi-
tion of GF/PA6 pins, p = 2.21 MPa and v = 1 m/s. This
test was conducted to compare the tribological charac-
ters of the pure PA6 polymer and the GF/PA6 compos-
ite. The PA6 pin was softened and molten by the friction
heat after sliding distance of 943.5 metres at running-in
stage. In a fact, the specific wear rate of the pure PA6 pin
was 59.33 × 10−6 mm3/N∗ m, and it was 5 times higher
than the GF/PA6 pin with same load/speed condition.
The friction coefficient of the PA6 pin was 0.74, and
it was twice of the GF/PA6 pin. The PA6 pins finally
failed with its surface melted and pin soften bent after
940 metres sliding distance in the running-in stage.

The wear rate test of the GF/PA6 composites were
performed at a constant normal loading pressure and
a constant sliding velocity. Figs 13 and 14 reveal the
influence of the cooling rate on the specific wear rate
of the GF/PA6 composites sliding in normal and trans-
verse directions, respectively. With this configuration
system the wear volume was calculated by wear depth
times wear surface area which is the section area of the
pin. The wear depth was measured by the displacement
transducers which were on either side of the cylinders.
The specific wear rate of the GF/PA6 specimens was
then calculated by the following equation.

ws = 	V/(N ∗L)

where 	V = wear volume (mm3), N = normal load
(Newton), and L = sliding length (m).

Figure 13 Specific wear rate of GF/PA6 pin versus cooling condition in
normal sliding direction.

Figure 14 Specific wear rate of GF/PA6 pin versus cooling condition in
transverse sliding direction.

Figs 13 and 14 show the trend of the wear rate var-
ied with the cooling conditions. These values are mean
values from each wear test. The slow cooling condi-
tion resulted in a low value of the specific wear rate
in the two sliding directions when compared with the
faster cooling conditions. The specific wear rate of the
GF/PA6 pins cooled with hot-press was reduced 21%
and 28% when compared with the water cooled pins in
the normal and transverse directions, respectively. Ac-
cording to the above results, it can be inferred that the
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Figure 15 Worn debris weight of GF/PA6 pin normally sliding over steel
disk for 20,000 metres distance wit p = 2.21 MPa and v = 1 m/s, versus
cooling condition.

Figure 16 Worn debris weight of GF/PA6 pin transversely sliding over
steel disk for 25,000 metres, distance with p = 3.32 MPa and v = 1 m/s,
versus cooling condition.

wear resistance increases with decreasing cooling rate.
Indeed these results can be further manifested by the
weight measurement of the worn debris. Figs 15 and
16 show the effect of the cooling rate on the weight of
worn debris in the normal and transverse sliding direc-
tions, respectively. The weight of the worn debris varied
remarkably with the changes in the cooling condition.
The worn debris weight of the cooled with hot-press
GF/PA6 pin slid on the steel disk was 30% and 40%
less when compared with the water cooled pin slid on
the steel disk in the normal and transverse directions,
respectively. The trend of the worn debris was similar
to the specific wear rate measurement results. However,
the difference of the worn debris and specific wear rate
measurements was the specific wear rate measured the
pure GF/PA6 volume lost, but the worn debris was the
sum of the steel debris and the GF/PA6 debris. As it
can be seen in the EDAX results, the fastest cooled
pins sliding on the steel disk resulted in more Fe and
Cr elements in the debris than that of slow cooled pins.
This means the fast cooled sample ground more steel
disk than the slow cooled one due to the debonded glass
fibre fragments from the fast cooled pin. The fragments
of the glass fibre caused the abrasive wear on the both
side of sliding surfaces, the GF/PA6 pin and the steel
disk. The roughness of the steel disk surface was mea-
sured after each test and it was found that the steel disk
surface was rougher with the fast cooled sample sliding
on the steel disk than that of slow cooled samples.

Apart from the interfacial bonding condition affect-
ing the abrasive wear of the GF/PA6, the mechanical
properties of the matrix, such as shear strength and
hardness of the GF/PA6 composite also contributed
to the abrasive wear. Since the slow cooling gives the
GF/PA6 pins higher content of the α phase crystalline
in the PA6 matrix than the fast cooling process did,
the strength and hardness of the slow cooled pins are
greater than the fast cooled pins. It needed more energy
to plow or cut the α phase crystalline matrix than the
γ phase and amorphous matrix by the hard particles or
asperities in the pin-on-disk tests. As the cohesion of
the α phase crystalline structure is stronger than that of
the γ phase and amorphous, therefore, the slow cooling
resulted in a lower abrasive wear than the fast cooling.

However, in the instance of high temperature, the
mechanical properties of the thermoplastic composites
may change. They can be affected by the friction heat
generated during the wear tests. In a high temperature
situation, the PA6 may be thermally oxidatively de-
graded and depolymerized or melted by the friction
heat, and completely lose its mechanical properties.
In other words the abrasive wear of the thermoplastic
composites, in the continuous dry sliding tests, were de-
pendent upon the mechanical properties and the ther-
mal stabilities of the material. The thermal stabilities
of the GF/PA6 were dependent upon the crystallinity
of the α phase, the melting point and the glass transi-
tion temperature of the PA6 matrix. Due to the thermal
conductivity of the polymers are very low, the friction
heat can not dissipate quickly and the sliding surface
temperature will rise. When the temperature reaches a
certain point the polymer surface starts to melt or ther-
mally decomposed and the material reaches its service
limit. Therefore, improving the thermal stabilities of the
polymer will lead to an increase of the service limit.

The GF/PA6 pins were detected by the XRD before
the wear tests. As Fig. 3 shows there were two crys-
talline forms and an amorphous form existing in the PA6
matrix of the GF/PA6 composites. After the wear test,
the worn debris was examined by the X- ray diffrac-
tion technique. Figs 17–19 show the XRD results of
the worn debris. The X-ray diffraction results of the
worn debris were completely different when compared
with the XRD results of the GF/PA6 before the wear
tests (see Fig. 3). The α and γ phases formed in the
moulding process were completely destroyed by the
friction heat in the debris. There could be at least two
possibilities causing the former crystalline structures
to disappear. The first possibility perhaps is that the
temperature on the sliding surface reached the melt-
ing point of the PA6 and then the PA6 melted and then
formed different structures. Another possibility may be
the sliding surface temperature reached the annealing
temperature of the PA6 which is 80◦C. The debris fell
off from the hot sliding surfaces and cooled down in the
air and then quickly formed another structure and/or an
amorphous material. The sliding surface temperature
was measured by using an infrared thermometer. The
results of the infrared measurement showed that the sur-
face temperature only reached 85◦C–110◦C. It is there-
fore reasonable to assume that the structure changes in
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Figure 17 X-ray diffraction scattering curves of worn debris of GF/PA6 pin cooled in three different cooling conditions and parallel sliding over steel
disk for 20,000 metres distance with p = 2.21 MPa and v = 1 m/s.

Figure 18 X-ray diffraction scattering curves of worn debris of GF/PA6 pin cooled in three different cooling conditions and transversely sliding over
steel disk for 20,000 metres distance with p = 2.21 MPa and v = 1 m/s.

the worn debris were mainly due to the second possi-
bility, annealing processes during the wear tests.

However, no matter which of these was the case,
the XRD results of the worn debris showed that the
friction heat has destroyed all of the crystalline struc-
tures which were formed during the fabricate moulding
process. There was no original crystalline structure ob-

served in the debris after the sliding test. Owing to the
high cohesion of the α phase and the endothermic fu-
sion of the α phase crystalline, to destroy the α phase
crystalline needs more energy than that of γ phase. Due
to a slow cooling condition the PA6 matrix was a higher
crystallinity and greater amount of α phases than with
fast cooling process, thus the abrasive wear resistance
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Figure 19 X-ray diffraction scattering curves of worn debris of GF/PA6 pin cooled in three different cooling conditions and normally sliding over
steel disk for 20,000 metres distance with p = 2.21 MPa and v = 1 m/s.

was higher with the slow cooled GF/PA6 pins than that
of fast cooled pins.

Moreover, when the temperature reached the glass
transition point of the amorphous matrix during the slid-
ing test, the amorphous matrix started to become soft
and viscous. The soften amorphous matrix can’t hold
the glass fibres any longer, thus the fibres debonded
and became hard particles involving into the sliding
surfaces and increasing the abrasive wear. A slow cool-
ing may result in a higher Tg in the amorphous PA6
matrix than the fast cooling process [32]. Increasing Tg
can lead to an increase of wear resistance of the poly-

Figure 20 Worn surface of GF/PA6 pin cooled in hot-press after 20,000 metres sliding in parallel direction.

mers [18]. Thus, the high Tg may contribute to the low
abrasive wear of the slow cooled GF/PA6 composite
pins as well.

6.3. Adhesive wear
Figs 20–22 show the SEM photos of the worn surfaces
of the GF/PA6 pins which were subjected to the slow
cooling process in the hot-press and then slid over the
steel disk in the parallel, transverse and normal direc-
tions, respectively. The SEM photos show that flakes of
the PA6 matrix accumulated on the worn surfaces of the
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Figure 21 Worn surface of GF/PA6 pin cooled in hot-press after 20,000 metres sliding in transverse direction.

Figure 22 Worn surface of GF/PA6 pin cooled in hot-press after 20,000 metres sliding in normal direction.

pins. The optical microscopy observation also show that
brown PA6 film was transferred on to the sliding sur-
face of the steel disk. According to the above evidence,
it can be suggested that the adhesive wear occurred on
the sliding surfaces during the sliding tests.

The adhesive wear volume is inversely proportional
to the shear strength, yield strength and hardness of the
soft counterface [33]. The shear strength of the PA6
matrix was much lower than that of the steel disk and
the shear strength of the glass fibre was higher than
that of the steel disk, thus the adhesion or shear cutting
normally occurred either in the subsurface of the matrix
or on the surface of the steel disk. This depended on
the glass fibre distribution. In the fibre concentrating
area, the adhesion occurred on the steel disk surface
or subsurface. In the matrix rich region the adhesion
occurred in the subsurface or surface of the pin. The
adhesion wear generally is caused by a cohesive failure
of the material due to the shear stress exceeding the

shear strength of the material. Since the slow cooling
gives the GF/PA6 composite a stronger cohesion or
a higher shear strength than that of fast cooling, the
adhesive wear was less in the slow cooled GF/PA6 pins
than that of fast cooled pins.

When an oxidative film formed between the sliding
surfaces, the adhesion wear occurred in the film instead
of in the matrix or the steel disk. The shear strength of
the oxidative film was much lower than that of nylon
matrix and steel disk as the film is a thermal oxidized
product of the PA6, depolymerized polymer. Therefore,
the adhesion or shear cutting almost occurred in the
oxidative film. The film acted as a boundary lubrication
in the sliding surfaces.

When the oxidative film was damaged by the asper-
ities of the steel disk and/or glass fibre fragments, the
adhesion occurred on the surface or in the subsurface
of the composite pins and the steel disk. The mechani-
cal properties of the matrix and the interfacial bonding
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condition between matrix and fibres were very impor-
tant in the adhesion wear. Low shear strength, soft ma-
trix and weak interfacial bond would result in severe ad-
hesive wear. However, since the slow cooling resulted
in a harder matrix and stronger interfacial bond than
that of fast cooling, again the adhesive wear of the slow
cooled GF/PA6 pins was less than that of fast cooled
pins.

7. Effect of mould cooling rate on pv factor
and an empirical wear model

When one solid body is sliding over another the most of
the work done against the frictional force opposing the
motion will be liberated as heat between the surfaces.
This heat will be carried away from the surfaces by
conduction and radiation, but for polymer bearings due
to their low thermal conductivity the surface tempera-
tures may reach very high values. The surface temper-
ature increases with an increase in the sliding velocity
or normal load of the sliding body. In excess of load-
ing pressure (p) and velocity (v) limits, the polymer
bearing would fail rapidly due to melting or thermal
decomposition. Improving the mechanical properties
and thermal stability of the polymer composite bear-
ing materials can directly enhance the limit of the pv

values.
In this section the pin-on-disk tests were carried out

with variable pv values to investigate the influence of
cooling condition on wear rate and pv limit of the
GF/PA6 composites.

The wear rate of a pure polymer bearing is obvi-
ously a function of load and speed (pv). As a bearing
material will give the desired lifetime under a speci-
fied conditions of load and speed, the pv factor is a
very important parameter in industrial bearing design.
Based on the reasonable assumption that the wear rate
is proportional to the rate of energy dissipation at the
sliding surfaces, Halling derived a linear function be-
tween the depth wear rate and the pv for pure polymer
bearing as following [34].

wt = ko pv

where the ko is a constant wear factor. Under a critical
pv condition, the ko is equal to the specific wear rate,
ws.

However, for polymer composite bearing the rela-
tionship between the wear rate and pv is not that sim-
ple. Based on a large number of experimental data, a
new empirical model was established by using the least
square method in this study. The relationship between
depth wear rate and pv factor can be described by an ex-
ponential regression line. Fig. 23 shows the depth wear
rate of the GF/PA6 composite under different pv con-
dition in the pin-on-disk tests The results revealed the
relationship between the depth wear rate and pv factor
of GF/PA6 composites with different cooling rate sam-
ples in the normal sliding direction. The results were
regressed to a exponential curves with regressive root-
square coefficient of 0.97, 0.91 and 0.96 for hot-press,
air and water cooled samples, respectively. The expo-

Figure 23 Power regressive relations of wear depth of GF/PA6 pins
cooled in three different conditions versus pv factor sliding in normal
direction.

nential regression relationship for the specific compos-
ites, the GF/PA6, was

wt = keapv

where wt = depth wear rate (micron/hour), k = wear
factor, a = cooling condition factor, p = loading pres-
sure (MPa), v = velocity (m/s).
In this model, the a only related to the microstructures
of the composites which were subjected to different
cooling conditions in its fabrication. Under a same cool-
ing condition, the a is a constant. However, the k re-
flected the changes in both cooling condition and slid-
ing direction. In the normal sliding direction, the a and
k for different cooled samples are

Hot-press cooled GF/PA6

a = 1.5 k = 3.7 Y = 3.7e1.5X

Air cooled GF/PA6

a = 1.2 k = 8.9 Y = 8.9e1.2X

Water cooled GF/PA6

a = 1.1 k = 11.8 Y = 11.8e1.1X

where X = pv factor in the sliding test (MPa∗ m/s) and
Y = wt depth wear rate (micron/hour).

The remarkable difference between the three differ-
ent cooled composites can be seen in the regression
lines and in the equations (Fig. 23). For instance, under
the same pv conditions, 1 MPa∗ m/s, the depth wear
rate of the hot-press cooled sample was 16.5 µm/hour.
The depth wear rate of the hot-press cooled sample was
45% less than the air cooled GF/PA6, and 55% less than
the water cooled GF/PA6, respectively. In other words,
the pv limit of the hot-press cooled samples was higher
than that of air and water cooled samples. Owing to the
high thermal stability of the slow cooled samples which
is indicated in the last section, it is not difficult to ex-
plain the results (Fig. 23).

The pv limit was mainly dependent upon the surface
temperature and the polymer thermal decomposition
during the sliding test. The sliding surface temperature
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was measured by an infrared probe. The temperature
in the sliding surfaces at the normal sliding direction
appeared about 100◦C which was higher than the glass
transition temperature of the amorphous nylon matrix,
40◦C–50◦C, but lower than the melting point of the
crystalline nylon matrix, 210◦C–226◦C. As indicated
in a separate paper by the same authors [22] the melt-
ing point of the α phase and γ phase were 226◦C and
220◦C, respectively. The thermodynamical stability of
the α phase is higher than that of γ phase. The peak
of mechanical loss at a certain temperature decreases
with an increase in the α phase crystallinity. The α

phase has better dynamical and mechanical properties
than that of γ phase at high service temperature. When
the sliding surface temperature was above the Tg and
below the melting point, the amorphous part of the PA6
matrix behaved like typical rubber, and gave away more
easily than the crystalline region. Therefore, the amor-
phous content of the PA6 matrix was as important as
the crystallinity of the α phase for the pv limit. In other
words, the crystallinity and Tg of the PA6 matrix have
a great effect on the wear rate. The sample with low
crystallinity of the α phase, high amorphous contents
and low glass transition temperature failed rapidly due
to the thermal decomposition and softening.

A slow cooling condition gave the sample a higher
crystallinity, larger size of spherulites, more α phase
content and higher glass transition temperature than
that of fast cooling process. In consequence, it resulted
in a higher wear resistance and higher pv limit in the
slow cooled samples than that of fast cooled sample.

8. Conclusion
The optimum thermal manufacturing process of the
thermoplastic composite bearing materials has been
identified. To study the multiple friction and wear
mechanisms of fibre reinforced thermoplastic compos-
ites in practical applications, a serial of pin-on-disk
tests were conducted in this paper. Energy dispersive
spectroscopy, X-ray diffraction and scanning electron
microscope techniques were used to examine the dam-
age mechanisms of the worn surface, subsurface and
worn debris. An infrared probe was used to measure
the friction heat in the sliding surfaces.

The effects of the manufacture cooling rate, matrix
microstructures and fibre/matrix interface properties on
the friction and wear mechanisms have been investi-
gated. Based on the scanning electron microscope anal-
ysis of the friction mechanisms, a new friction model
was established. Based on a large number of pin-on-
disk test results, an empirical wear model was estab-
lished by using the least square regressing method. The
study indicated that

1. The friction coefficient was affected by the cooling
rate of the moulding process. The friction coefficient
decreased by 7%–14% with decreasing the cooling rate
due to the slow cooling gave the composite a strong in-
terfacial bond, and decreased the abrasive friction. Ad-
hesion and abrasion were the main friction mechanisms
in the dry continuous pin-on-disk test and interfacial

debonding dominated the abrasive friction mechanism.
A poor interfacial bond led to more hard particles, glass
fibre fragments and a rougher steel surface than that of
good interfacial bond. As a consequence, the sliding
surfaces were abraded, the oxidative films were dam-
aged, which resulted in a high friction coefficient in the
poor interfacial bonding samples.

2. The wear resistance was significantly influenced
by the thermal processing of the composite. Decreasing
cooling rate during the components thermal moulding
would result in an increase of 21%–28% wear resis-
tance when compared with the fast cooling process. The
main wear mechanisms were oxidizing wear or ther-
mal decomposition, abrasive wear and adhesive wear in
the pin-on-disk test. A slow cooling condition gave the
GF/PA6 composite a high crystallinity and high con-
tent of the α phase in the PA6 matrix which resulted in
a high thermal stability, hard composite, and high ad-
hesive and oxidative wear resistance. A good interface
bond contributed to the high abrasive wear resistance
as well.

3. Thermal decomposition dominated the pv limit
of the GF/PA6 in the pin-on-disk test. A slow cooling
gave the GF/PA6 composite pin a high crystallinity,
high content of the α phase and high Tg in the PA6
matrix and resulted in a high thermal stability, low wear
rate and high pv service limit.
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