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Abstract

Polyphenylene sulfide (PPS) composites filled with short carbon fibers (SCFs) (up to
15 vol.%) and sub-micro-scale TiO, particles (up to 7 vol.%) were prepared by
extrusion and subsequently injection-molding. Based on the results of sliding wear tests,
the tribological behavior of these materials was investigated using an artificial neural
network (ANN) approach. A synergistic effect of the incorporated short carbon fibers
and sub-micro TiO; particles is reported. The lowest specific wear rate was obtained for
the composition of PPS with 15 vol.% SCF and 5 vol.% TiO,. A more optimal
composition of PPS with 15 vol.% SCF and 6 vol.% TiO, was estimated according to
ANN prediction. The scanning electron microscopy (SEM) observation revealed that
this hybrid reinforcement could be interpreted in terms of a positive rolling effect of the
particles between the two sliding surfaces, which protected the short carbon fibers from
being pulled out of the PPS matrix.

Keywords: A. Short-fiber composites; A. Particle-reinforced composites; B.

Friction/wear; D. Scanning electron microscopy; Artificial neural network

1 Introduction

Polymer composites occupy a considerable market share nowadays as one of the
most common engineering materials. They provide a combination of various advantages,

such as ease in manufacturing, cost effectiveness and excellent performance, which
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cannot be attained by metals, ceramics, or polymers alone [1]. In recent years a
tremendous interest was raised in scientific and industrial communities to apply
polymer composites in sliding components, where their self lubricating properties can
be exploited to avoid the need for oil or grease lubrication accompanied with the
problems of contamination [2].

The choice of an appropriate matrix is of great importance in the design of wear
resistant polymer composites. The required properties of such a tribo-matrix includes
high service temperature, good chemical resistance and outstanding cohesive strength
[3]. Within this frame, PPS is regarded as a proper tribo-matrix material [4]. Neat PPS,
however, is a brittle material with relatively low impact strength [5]. Therefore, various
fillers have been incorporated in order to enhance the property profile of PPS. Short
carbon fibers (SCFs), which are widely advocated as a decisive reinforcement
component, show a remarkable capability to increase the wear resistance of PPS [6]. As
for the incorporation of particulate fillers, the problem becomes more sophisticated.
Some micro-particles such as Ag,S, CuS, NiS, SiC and Cr;C, have been reported to
improve the wear resistance of PPS, but others like PbTe, PbSe, ZnF,, SnS and Al,0O3
have been found to exercise an adverse influence [7-12]. The concept of adding
particles of sub-micro- or nano-scale into polymers is one of the most intriguing
subjects in the recent decades. On the one hand, the action of the particle angularity,
which is detrimental to the wear resistance, is greatly diminished on those scales. On the
other hand, proper particulate nano-fillers contribute positively towards the
development of a thin and uniform transfer film and the better adhesion of transfer film
to the counterpart during sliding [13, 14], which play a crucial role in the enhancement
of wear resistance [15]. However, there are few papers that investigated the influence of
the hybrid reinforcement of sub-micro/nano-particles and short carbon fibers on the
tribological behavior of polymer composites [16-18]. Very recently, Cho and Bahadur
[19] reported that a lower wear rate was attained in the case that nano CuO particles and
short carbon/aramid fibers were added into PPS, as compared to that including one of
the two fillers alone.

The objective of the present study is to investigate on the tribological behavior of
PPS composites filled with short carbon fibers and sub-micro TiO, particles. An

artificial neural network (ANN) approach, a powerful analytical tool, is introduced to



model the functional relationship between the wear properties of PPS composites and
the chosen parameters, including material compositions and testing conditions.
According to the visualized profiles of the wear properties predicted by the ANNs, an
optimal combination of short carbon fibers and sub-micro TiO, particles could be
obtained to fulfill the hybrid reinforcement, which significantly improves the wear
resistance of PPS composites. Moreover, the wear mechanism for the synergistic effect
of the two kinds of fillers was also studied based on the SEM analysis of the surfaces of

sliding bodies.
2 Experimental

Polyphenylene-sulfide (Fortron 214 C, Ticona GmbH) was used as a matrix material.
Pitch-based short carbon fibers (Kureha M-2007S, Kureha Chemicals GmbH) and TiO,
(Kronos 2310, Kronos Titan GmbH) were selected as fillers. The total content of the
fillers in the matrix was up to 22 vol.%. The average diameter and length of the short
carbon fiber were approximately 14.5 pum and 90 pm, respectively. The average size of
TiO, sub-micro-particle is about 300 nm.

The compounding of the fillers with the matrix was achieved via twin screw extruder
(ZE25Ax44D, Berstorff). The compounds were further molded into plates (80x80x4
mm?®) using an injection molding machine (Allrounder, Arburg GmbH). For the purpose
of testing, samples were cut into pins with a contact surface of 4x4 mm®. In order to
ensure identical flow conditions, only the middle section of the plates were chosen for
machining the samples.

Sliding wear tests were completed on a pin-on-disc set-up under different
pv-conditions at room temperature. The counterpart (steel disc 100Cr6, LS 2542, INA
Scheffler KG) was cleaned with acetone prior to test. The surface roughness of the
counterpart was measured as average roughness R, = 0.19 pm and peak-to-valley
roughness R, = 2.20 um respectively using a Mahr Perthometer (Perthen, Mahr-Perthen).
The applied pressure was varied between 1 and 3 MPa, the sliding speed was set as 1 or
3 m/s, and the testing time was fixed at 20 hours. For some of the materials, e.g. neat
PPS, the test was stopped after 1 hour due to the severe wear. In the course of the
experiments both the normal and frictional forces were recorded to determine the

friction coefficient. The specific wear rate, w;, was calculated by the following equation:
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where 4m is the mass loss, p is the density of the material, v is the sliding speed, and ¢ is
the duration of test. Fy represents the normal force imposed on the specimen during
sliding.

Since the two testing parameters, i.e. the sliding speed v and the applied pressure p
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introduced to evaluate the wear behavior under various pv-conditions.
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where A represents the height reduction of the specimen after the test.

Finally the morphologies of selected worn pins and wear tracks were examined by

scanning electron microscopy (SEM) (Jeol 6300, Jeol).

3 Artificial neural network analysis

3.1 Principle

The ANN technology is inspired by the biological neural system, and has been used
to solve a wide variety of problems in diverse fields (see Reference [20-22] for the
reviews about its application in material science). ANN is ideally suitable for some
complex, non-linear and multi-dimensional problems because it is able to imitate the
learning capability of human. This means the network can learn directly from the
examples without any prior formulae about the nature of the problem, and generalize by
itself some knowledge, which could be applied for new cases. A neural network is a
system composed of many cross linked simple processing units, also called neurons. As
illustrated in Fig. 1, a neural network is generally defined as three parts connected in
series: input layer, hidden layer and output layer [23]. The coarse information is
accepted by the input layer, and processed in the hidden layer. Finally the results are
exported via the output layer. For convenience, the structure of the neural network is

described as the following notation:
Nin_[Nl_NZ_‘"_Nh]h_Nout (3)

where N;, and N,, represent the number of neurons in the input and output layer,

respectively. N, is the number of neurons in each hidden layer, and & denotes the



amount of hidden layers. The neurons in the contiguous layers are cross-linked by the
weighted inter-connections, which resemble the bioelectricity passing through the real
axons. Besides the weight, the neurons also have a bias value, which refers to their
initial states. During the training process, the generalized knowledge is memorized in
terms of the combination of weights and biases. In the hidden layers and the output
layer, the individual neuron gets the information from the neurons in the previous layer,
and modulates the information with a transfer function, weight as well as bias, and then
outputs the result.

The neural network in this study is operated by a backpropogation algorithm, which
is one of the most widely used algorithms for multi-layer perceptron. The weights and
biases are initialized as small random values. Then the network is fed with a series of
training data. During an iterative training process, the weights and biases are adjusted
by the network itself to optimize its performance, namely to minimize the difference
between output values and real values. A quadratic form is used as the performance

function:
E= z—ng[d(t) -p0] 4)

where L refers to the number of training patterns, d(?) is the desired output value, and
p(t) is the target output value predicted by the ANN for the rth pattern. During the
training process, the network is presented with the data for hundreds of cycles, the
weights and biases are adjusted until the expected error level is achieved or the
maximum iteration is reached. This iterative adjustment of the weights and biases

follows the equations

oE
(n) _ (n)
Wi (k) =W; (k—l)—aw s
b (k)= b (k—1) - 2F
J Y ab;n)

where « represents the learning rate, and k refers to the iteration.
3.2 Procedure

Table 1 lists the chosen input variables (material compositions and testing conditions)
and the output variables (specific wear rate and friction coefficient), as well as the range
of the experimental values. The prediction quality of ANN has been proved to be

sensitive to the size of the database for network-training. Thus a larger experimental
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database including 66 groups of independent tests, in which the compositions contain
lubricant fillers (graphite and PTFE) in addition to short carbon fibers and TiO,, were
used in the present study to train the network. Based on our previous methodology
research [24, 25], two networks with the structures of 7-[9-3],-1 and 7-[3-1],-1 were
selected by training and testing process in this study. The former is employed to model
the relation between the specific wear rate and the chosen input variables. The latter is
used for the friction coefficient. A Powell-Beale conjugate gradient algorithm [26] was

chosen as the learning algorithm.

4 Results

4.1 Effect of short carbon fibers and TiO, particles on wear and friction

Fig. 2a shows both the measured and the predicted results of the specific wear rate
versus the volume content of short carbon fibers and TiO, particles. It can be seen that
the sole incorporation of TiO, particles leads to an increase in specific wear rate w;. The
significant reductions (by a factor of 10%) in w, show that short carbon fibers plays a key
role in improving the wear resistance of PPS, both as a single or a second reinforcement
phase. This improvement, however, tends to a saturation state when the content of short
carbon fiber exceeds 10 vol.%. When both of short carbon fibers and TiO, particles are
incorporated to PPS matrix, a hybrid reinforcement effect can be found. For both 10
vol.% and 15 vol.% short carbon fibers, the specific wear rate exhibited a drop-off
tendency with the increase of TiO, content in the range 3-7 vol.%. According to the
experimental results the composition of PPS with 15 vol.% SCF and 5 vol.% TiO; gives
the highest wear resistance. Furthermore, it is estimated from the predicted trends that
the lowest specific wear rate can be obtained for PPS with 15 vol.% SCF and 6 vol.%
TiO,. Fig. 2b shows the trend of measured and predicted friction coefficient. In
comparison to the specific wear rate, both two fillers result in a monotonic decrease in
friction coefficient. Although the mechanisms of the reduction in friction coefficient
contributed by each of the two fillers are different, which will be discussed in section 5,
it is clear that they can work simultaneously and make the respective effects superposed.
4.2 Influence of testing conditions on tribological behavior

Fig. 3 displays the ANN predicted 3D profiles of the specific wear rate and the
friction coefficient as function of the sliding speed and the applied pressure for PPS

with 15 vol.% SCF and 5 vol.% TiO,. The measured data are plotted as the black points
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with error bars. In Fig. 3a, the specific wear rate increases obviously with the increase in
applied pressure at low sliding speed (1 m/s), whereas it becomes less sensitive to the
applied pressure at high sliding speed (3 m/s). Fig. 3b shows the variation of friction
coefficient versus the testing conditions. The friction coefficient exhibits a monotonic
decrease trend when ether sliding speed or applied pressure was increased. It can be
estimated that a relatively lower value will be achieved under the pv-conditions of 3x3
MPa-m/s (3 MPa x 3 m/s). However, the stick-slip phenomenon occurred during the
experiments under this condition and resulted in that the friction coefficient can not be
accurately determined.

When plotting the results in terms of the depth wear rate w, (Fig. 4), one can see
according to the fitting curve that w, increases with the product of applied pressure and
sliding speed in a quasi-linear fashion, at a slope which corresponds to an average
specific wear rate of 0.7x10° mm*/Nm over a pv-product of 9 MPa-m/s. Only under the

pv-conditions of 3x1 MPa-m/s, there is a remarkable deviation from the fitting curve.

5 Discussions

5.1 Hybrid reinforcement: short carbon fibers and sub-micro TiO, particles

The mechanical properties of multi-phase materials can be generally considered as a
function of the respective contribution of each phase [27]. The situation is more
complicated with regard to the wear behavior, since some chemical reactions and
physical interactions among these phases may occur during the wear process and
dominate the wear performance of polymer composites. It is well known that short
carbon fibers serve as a fundamental load bearing element in the wear process of
polymer composites [6, 28]. Moreover, they have a lubricating function and enhance the
thermal conductivity of matrix [29]. Generally, the wear process of short carbon fiber
reinforced composites can be summarized in the following stages: (i) after wear of the
matrix material on and around the fibers, (ii) the fibers get exposed to the counterpart
asperities, and are thinned down. (iii) Subsequently they get cracked, eventually
pulverized and removed, or pulled-out from matrix [30]. These mechanisms can be
recognized in the SEM microphotograph of the worn surfaces, as displayed in Fig. Sa.
In Fig. 5b, the wear grooves and the material fragments indicate that the solely
incorporated sub-micro TiO, particles, in particular at high content, result in a severer

wear, though the hard particles also help to develop the toughness and stiffness of the
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matrix to some extent. This effect is ascribed to that the particles act as an abrasive third
body and meanwhile increase the discontinuities in matrix. The combination of the two
kinds of fillers, however, promotes a pronounced change in wear process. It can be seen
in Fig. Sc that a considerable amount of compacted wear debris are collected around the
fibers, acting temporarily as a distance holder between the composite pin and the steel
counterpart, and thus protect the fibers. Furthermore, the matrix is much smoother with
fewer small scratches in comparison to the PPS filled with short carbon fibers alone. An
additional positive effect of the sub-micro-particles is considered to be occurring. The
sub-micro TiO, particles, when being used in combination with the much larger short
carbon fibers, are not easily ploughed out of the matrix by counterpart asperities.
Instead, they are gradually released and likely start to act as a rolling body between the
two mating surfaces. As illustrated in Fig. 6a, the effect of sub-micro-particles may
involve two aspects:

1. The rolling action of sub-micro-particles protects the short carbon fibers,
especially at their edges, from being easily pulled out of the matrix [18]. Moreover, the
particles can polish the exposed fiber surfaces during the sliding, since they are slightly
harder than short carbon fibers. In this way, they reduce the hard abrasion between the
two contact surfaces to mild one.

2. The sub-micro-particles, either operating alone or being wrapped by the matrix
material, act as a ball-bearing component, which means that the particles roll rather than
slide between the two mating surfaces, and reduce the shear stress, the friction
coefficient and the contact temperature. This concept was also reported with the
fullerene-like WS, nano-particles as additives for lubrication fluids [31].

Fig. 6(b-e) elucidate the positive rolling effect of sub-micro-particles in detail, which
can be divided into four stages. (i) During the wear the particles are ploughed out by the
counterpart tip together with matrix material. These complexes play a role as a rolling
third body between the hard metal disk and the soft polymer composite pin (Fig. 6b). (ii)
When counterpart tip comes to the front edge of fiber, the complexes prevent the tip
from directly scraping the fiber (Fig. 6¢). Meanwhile, they are hindered by the exposed
fiber and accumulate there. (iii) The particles become an abrasive component and polish
the fiber surface (Fig. 6d). (iv) Finally, the counterpart tip moves through the whole

surface of fiber, sometimes damaging the back edge of the fiber (Fig. 5c.), and then



starts to plough the soft matrix again (Fig. 6e).
5.2 Wear under high pv-conditions

The wear of materials usually becomes severer under high pv-conditions. However,
sliding speed and applied pressure has different influence on the wear behavior. In the
present work, the rise in sliding speed leads to a relatively gentler increase of wear in
comparison with that in applied pressure. As already shown in Fig. 4, pv-condition of
3x1 MPam/s leads to a higher depth wear rate than that at 1x3 MPa.m/s or even 2x3
MPa-m/s. It is believed that this phenomenon is related to the contact temperature in the
process of wear, which is mainly controlled by the sliding speed. Table 2 lists the
maximum value of contact temperature under different pv-conditions for PPS with 15
vol.% SCF and 5 vol.% TiO,. This peak temperature generally occurs at the early stage
of wear, accompanied with the peak of friction coefficient. It is found that the maximum
contact temperatures at pv-product of 2x3 MPa-m/s and 3x3 MPa-m/s reach 113.9 °C
and 120.1 °C respectively, which are higher than the glass transition temperature of the
PPS composie (110.3 °C, measured by dynamic mechanical thermal analysis (DMTA)).
This indicates that under these pv-conditions the PPS matrix on the surface of the
composite pin can easily deform plastically when transfer film is initialized on the
counterpart surface, and contribute to develop a compact and smooth transfer film with
better adhesion to the disk. In consequence, the wear was reduced from hard abrasion to
milder one.

Fig. 7 gives the SEM micrographs of the worn surface of PPS with 15 vol.% SCF and
5 vol.% TiO; and the corresponding wear track on the steel counterpart at different
pv-products ((a-b) 3x1 MPam/s; (c-d) 2x3 MPa-m/s). It can be seen that the worn
surface of the sample at pv-product of 2x3 MPa.m/s (Fig. 7c) is much smoother than
that at py-product of 3x1 MPa-m/s (Fig. 7a). Despite much higher sliding speed and
similar applied pressure, the fibers remain well embedded in the matrix, whilst less
pulverization and peeling-off of the fibers takes place on the worn surface. Likewise,
the wear track on the steel disk at pv-product of 2x3 MPa-m/s is smoother with fewer
apparent scratches (Fig. 7d), in contrast with that at pv-product of 3x1 MPa-m/s (Fig.
7b). It is noteworthy that there are substantially more sphere-shape debris evenly
distributing on the wear track at pv-product of 2x3 MPa-m/s, as shown in Fig. 7d. The

debris (presumably TiO, wrapped by PPS), which act in a rolling fashion, is considered



to be one of main factors that reduce the friction coefficient as well as severity of wear.
Therefore, it is considered that the TiO, particles can be released faster at an
appropriately high sliding speed. This may enhance the positive rolling effect, which
provides a lasting protection to the worn surface from the aggressive damage by the

hard asperity tips of counterpart.

6 Conclusions

1. The application of artificial neural network technology permitted to analyze the
wear and friction behavior of the PPS composites filled with short carbon fibers and
sub-micro TiO; particles. The ANN prediction and the experimental observation show a
good agreement.

2. A synergistic effect of the two fillers on improving the wear resistance was reported.
The lowest specific wear rate of approximately 4.0x107 mm’/Nm was found for PPS
with 15 vol.% SCF and 5 vol.% TiO,. A more optimal composition of PPS with 15
vol.% SCF and 6 vol.% TiO, was estimated by ANN prediction.

3. The possible interaction of short carbon fibers and TiO, could be interpreted in
terms of a positive rolling action of sub-micro TiO, particles, which protected the short
carbon fibers from being pulled-out from the matrix by the counterpart asperities and
finally resulted in an enhanced wear resistance of the composites.

4. Sliding speed and applied pressure have their respective influence on the wear of
PPS with 15 vol.% SCF and 5 vol.% TiO,. Under higher pv-conditions, the increase in
sliding speed results in a relative milder increase of depth wear rate in comparison to
that in applied pressure. The phenomenon indicates that a combination of appropriately
high sliding speed and applied pressure can augment the hybrid reinforcement effect of
the two fillers and develop a compact and smooth transfer film, and consequently

reduce the severity of wear.
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Fig. 1. A schematic illustration of the artificial neural network.

Fig. 2. Measured and predicted (a) specific wear rate and (b) friction coefficient vs. the
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content of TiO, particles for the PPS composites with different content of short carbon
fibers. The measured data points with error bars are shifted along X-axis to the right
side for a clearer display.

Fig. 3. ANN predicted 3D profiles of (a) the specific wear rate, (b) the friction
coefficient as function of the sliding speed and applied pressure for PPS with15 vol.%
SCF and 5 vol.% TiO,. The measured data are plotted as black points with error bars.
Fig. 4. Measured and predicted depth wear rate as a function of pv-product. A
quasi-linear increase trend can be observed.

Fig. 5. SEM micrographs of the worn surfaces under standard test conditions (sliding
speed = 1 m/s, applied pressure = 1 MPa) for (a) PPS with 15 vol.% SCF, (b) PPS with
5 vol.% TiO,, (c) PPS with 15 vol.% SCF and 5 vol.% TiO,. The arrows in the top-left
corner indicate the sliding direction of the pin.

Fig. 6. Illustration of the rolling effect of sub-micro-particles protecting the short carbon
fibers. (a) A whole view. (b) Matrix-wrapped particles roll on the matrix, and reduce the
abrasion of matrix. (c) Particles prevent the counterpart tip from directly scraping the
fiber. However, the debris ploughed by the tip are blocked by the exposed fiber and
accumulate nearby. (d) Particles act as an abrasive component to polish the fiber surface.
(e) The counterpart tip moves through the fiber surface, sometimes result in the damage
of fiber edge.

Fig. 7. SEM micrographs of PPS with 15 vol.% SCF and 5 vol.% TiO,: (a) worn surface
and (b) wear track at 3x1 MPa-m/s; (c) worn surface and (d) wear track at 2x3 MPa-m/s.

The arrows on the top-left corner indicate the sliding direction of the pin.

Table 1
Measured parameters for input and output of ANN.
Input
Material PPS matrix Short carbon fiber  Nano-TiO, Lubricant
compositions  (65-100 vol.%) (0, 10, 15 vol.%) particle PTFE
©, 1,3,5 7 (0,5,10vol.%)
vol.%) Graphite
(0, 5, 10 vol.%)
Testing Sliding speed Applied pressure
conditions (1, 3 m/s) (1,2, 3 MPa)
Output
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Wear Specific ~ wear Friction coefficient
characteristics  rate

Table 2
Maximum contact temperature of PPS with 15 vol.% SCF and 5 vol.% TiO, at different
pv-products.

pv-product [MPa-m/s] 1 2 3 3 6 9
Sliding speed [m/s] 1 1 1 3 3 3
Applied pressure [MPa] 1 2 3 1 2 3
Maximum contact temperature [°C] ~ 45.0 47.3 54.6 575 113.9 120.1

[\"Input Iayer;\ !:Hidden Iayerj\ (’Output Iayer‘/

Output variables
—»

Neuron

Weighted
inter-connection

Fig. 1. A schematic illustration of the artificial neural network.
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Fig. 2. Measured and predicted (a) specific wear rate and (b) friction coefficient vs. the

content of TiO, particles for the PPS composites with different content of short carbon

fibers. The measured data points with error bars are shifted along X-axis to the right
side for a clearer display.
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Fig. 3. ANN predicted 3D profiles of (a) the specific wear rate, (b) the friction
coefficient as function of the sliding speed and applied pressure for PPS withl15
vol.% SCF and 5 vol.% TiO,. The measured data are plotted as black points with

error bars.
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Fig. 4. Measured and predicted depth wear rate as a function of pv-product. A

quasi-linear increase trend can be observed.
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Fig. 5. SEM micrographs of the worn surfaces under standard test conditions (sliding
speed = 1 m/s, applied pressure = 1 MPa) for (a) PPS with 15 vol.% SCF, (b) PPS
with 5 vol.% TiO,, (¢) PPS with 15 vol.% SCF and 5 vol.% TiO,. The arrows in the
top-left corner indicate the sliding direction of the pin.
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Fig. 6. Illustration of the rolling effect of sub-micro-particles protecting the short carbon
fibers. (a) A whole view. (b) Matrix-wrapped particles roll on the matrix, and reduce the
abrasion of matrix. (c) Particles prevent the counterpart tip from directly scraping the
fiber. However, the debris ploughed by the tip are blocked by the exposed fiber and
accumulate nearby. (d) Particles act as an abrasive component to polish the fiber surface.
(e) The counterpart tip moves through the fiber surface, sometimes result in the damage

of fiber edge.
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(d)
Fig. 7. SEM micrographs of PPS with 15 vol.% SCF and 5 vol.% TiO,: (a) worn
surface and (b) wear track at 3x1 MPa-m/s; (c) worn surface and (d) wear track at 2x3
MPa-m/s. The arrows on the top-left corner indicate the sliding direction of the pin.s
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