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Abstract The improved performance of polymers and their composites in industrial
and structural applications by the addition of particulate fillers has shown a great
promise and so has lately been the subject of considerable interest. In the present
study, titanium oxide (TiO2) particles of average size 75 μm are reinforced in
unsaturated polyester resin to prepare particulate filled composites of three different
compositions (with 0, 10, and 20 wt% of TiO2). Dry sliding wear trials are
conducted following design of experiments (DOE) using a standard pin-on-disc test
set-up. Significant control factors predominantly influencing the wear rate are
identified. Effect of TiO2 content on the wear rate of polyester composites under
different test conditions is studied. An Artificial Neural Networks (ANN) approach
taking into account training and test procedure to predict the dependence of wear
behavior on various control factors is implemented. This technique helps in saving
time and resources for large number of experimental trials and predicts the wear
response of TiO2- polyester composites beyond the experimental domain.

Keywords TiO2-polyester composites . Sliding wear . Artificial Neural Networks .

Design of experiments

Introduction

It has been observed that by incorporating hard filler particles into polymer based
composites, synergistic effects may be achieved in the form of higher modulus and
reduced material cost [1–3]. The inclusion of such particulate fillers into polymers
for commercial applications is primarily aimed at the cost reduction and stiffness
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improvement [4, 5]. However, study of the effect of such filler addition is necessary
to ensure that the mechanical properties of the composites are not affected adversely
by such addition. Available references suggest a large number of materials being
used as fillers in polymers [6–9]. Various kinds of polymers and polymer–matrix
composites reinforced with metal particles have a wide range of industrial
applications such as heaters, electrodes [10], composites with thermal durability at
high temperature [11], etc. Ceramic filled polymer composites have also been the
subject of extensive research in recent years and consequently, a number of reports
are available on the use of ceramics such as Al2O3, SiC etc. as particulate fillers [12–
15]. But the potential of titanium oxide as a filler material in polyester matrix has not
been reported so far. This work investigates and analyses the sliding wear response
of these polyester composites filled with micro-sized TiO2 particles using artificial
neural networks (ANN) which is inspired by the biological neural system and has
been used to solve a wide variety of problems in diverse fields [16, 17].

Experimental details

Sliding wear test

Wear tests are carried out in a pin-on-disc type friction and wear monitoring test rig as
per ASTM G 99. The counter body is a disc made of hardened ground steel (EN-32,
hardness 72 HRC, surface roughness 0.6 μm Ra). The specimen is held stationary and
the disc is rotated while a normal force is applied through a lever mechanism. A series of
tests are conducted with three sliding velocities of 165, 250, and 335 cm/s under three
different normal loadings of 5, 10 and 15 N (Table 1). The material loss from the
composite surface is measured using a precision electronic balance with accuracy
±0.1 mg and the specific wear rate (mm3/ N-m) is then expressed on ‘volume loss’
basis as:

Ws ¼ Δm=ðrt Vs:FnÞ ð1Þ

Where Δm is the mass loss in the test duration (gm), ρ is the density of the
composite (gm/mm3), t is the test duration (sec), Vs is the sliding velocity (m/sec),
and Fn is the average normal load (Newton). The specific wear rate is defined as the
volume loss of the specimen per unit sliding distance per unit applied normal load.

Symbols Control factors Level

I II III Units

Factor A Sliding velocity 165 250 335 cm/sec

Factor B Normal load 5 10 15 N

Factor C Filler content 0 10 20 wt%

Factor D Sliding distance 1,200 1,600 2,000 m

Table 1 Control factors and
their selected levels for dry
sliding wear test
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Results and discussion

Dry sliding wear test results

The specific wear rates obtained for all the 9 test runs along with the corresponding
S/N ratio are presented in Table 2. From this table, the overall mean for the S/N ratio
of the wear rate is found to be −2.984 dB. This is done using the software MINITAB
14 specifically used for design of experiment applications. The S/N ratio response
analysis shows that among all the factors, sliding velocity is the most significant
factor followed by filler content and normal load while the sliding distance has the
least or almost no significance on wear rate of the particulate filled composites under
this investigation. The analysis of the results leads to the conclusion that factor
combination of A1, B3, C3 gives the minimum specific wear rate.

Test
run

Sliding
velocity
(cm/sec)

Load
(N)

Filler
content
(wt %)

Sliding
distance
(m)

Sp. wear
rate
(mm3/ N-m)

S/N ratio
(dB)

A B C D E

1 165 5 0 1,200 1.496 −3.49863
2 165 10 10 1,600 1.008 −0.06921
3 165 15 20 2,000 0.789 −2.05846
4 250 5 10 2,000 1.342 −2.55505
5 250 10 20 1,200 1.128 −1.04618
6 250 15 0 1,600 1.436 −3.14309
7 335 5 20 1,600 1.598 −4.07154
8 335 10 0 2,000 1.876 −5.46466
9 335 15 10 1,200 1.768 −4.94965

Table 2 Specific wear
rates obtained for different
test conditions with S/N ratios

Expt. no. Sp. wear rate
(Experimental)

Sp. wear rate
(ANN Predicted)

Error (%)

(mm3/N-m) (mm3/N-m)

1 1.496 1.458 2.54

2 1.008 1.050 4.17

3 0.789 0.752 4.69

4 1.342 1.367 1.86

5 1.128 1.212 7.45

6 1.436 1.491 3.83

7 1.598 1.569 1.82

8 1.876 1.912 1.92

9 1.768 1.708 1.91

Table 3 Comparison of
experimental results with
ANN predicted values
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Analysis using ANN

Wear process is considered as a non-linear problem with respect to its variables:
either materials or operating conditions. To obtain minimum wear rate, appropriate
combinations of operating parameters have to be planned. In this work, a statistical
method, responding to the constraints, is implemented to correlate the operating
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Fig. 1 The three layer neural network
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Fig. 2 Variation of specific wear rate with sliding velocity
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parameters. This methodology is based on ANN, which is a technique that involves
database training to predict input-output evolutions. In the present analysis, the
sliding velocity, filler content, normal load and sliding distance are taken as the four
input parameters. As already described, each of these parameters is characterized by
one neuron and consequently the input layer in the ANN structure has four neurons.
Different ANN structures with varying number of neurons in the hidden layer are
tested at constant cycles, learning rate, error tolerance, momentum parameter, noise
factor and slope parameter. Based on least error criterion, one structure, shown in
Table 3, is selected for training of the input-output data. A software package
NEURALNET for neural computing using back propagation algorithm is used as the
prediction tool for specific wear rate of the composite samples under various test
conditions. The three-layer neural network having an input layer (I) with four input
nodes, a hidden layer(H) with twelve neurons and an output layer (O) with one
output node used in this work is shown in Fig. 1.

Table 3 presents a comparison between the experimental and the ANN predicted
results. The errors associated in each test run with respect to the experimental results
are also given in the table. It is observed that the error in ANN prediction lies in the
range of 0–8% which establishes the validity of the neural computation. The
simulated specific wear rates indicating the effect of varying sliding velocity is
presented in Fig. 2. It is interesting to note that the specific wear rate increases
almost exponentially with the increase in sliding velocity.

Conclusions

Dry sliding wear characteristics of these composites can be experimented following
a design-of-experiment approach. This study reveals that TiO2 possesses good filler
characteristics as it improves the sliding wear resistance of the composite. ANN
technique is successfully applied in this investigation to predict and simulate the
wear response of the composites under various test conditions within and beyond the
experimental domain. The predictions of wear rates as functions of filler content and
testing conditions thus prove a remarkable capability of well-trained neural networks
for modeling concern.
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