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1. Introduction

Polymer composites form important class of engineering materials and are commonly used
in mechanical components. Because of their high strength-to-weight and stiffness-to-weight
ratios, they are extensively used for a wide variety of structural applications as in aerospace,
automotive, gear pumps handling industrial fluids, cams, power plants, bushes, bearing
cages and chemical industries. Whereas, wear performance in nonlubricated condition is a
key factor for the material selection and fabrication procedure (Hutchings, 1992). Glass fiber
reinforced polymer composites traditionally show poor wear resistance due to the brittle
nature of the fibers. Many researchers have been reported on the effect of fiber, filler and
matrix materials so far in the literature regarding economical and functional benefits to both
consumers and industrial manufacturers (Budinski, 1997; Chand et al., 2000; Tripathy and
Furey, 1993). The addition of hard particulate ceramic fillers not only improves the wear
performance of the particulate filled polymer composites but also reduce the cost of the
composites. In order to obtain improve wear performances many researchers modified
polymers using different fillers (Briscoe et al. 1974; Tanaka 1986; Bahadur et al, 1994;
Bahadur and Tabor,1985; Kishore et al. 2000; Wang et al. 2003).

Silicon carbide (SiC) is one such ceramic material that has great potential for overcoming the
current inadequacies of abrasive products due to its inherent characteristic of being
chemically inert and consequently resistant to improve mechanical and wear resistance
material. It has an excellent abrasive nature and has been produced for grinding wheels and
other for more than hundred years. Now-a-days the material has been developed into a high
quality technical grade ceramic with very good mechanical properties. It is used in
abrasives, ceramics, refractories, and other high-performance applications. Silicon carbide is
composed of tetrahedra of carbon and silicon atoms with strong bonds in the crystal lattice.
This produces a very strong material and not attacked by any acids or alkalis or molten salts
up to 800°C (Nordsletten et al. 1996).

To this end, the present research work is undertaken to develop a new class of glass fiber
based polymer composite filled with SiC particulate and study the effect of various
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454 Silicon Carbide — Materials, Processing and Applications in Electronic Devices

operational variables, material parameters and their interactive influences on erosive wear
behavior of these composites. A finite element (FE) model (AUTO-DYN) of erosive wear is
established for damage assessment and validated by a well designed set of experiments. The
eroded surfaces of these composites are analyzed with scanning electron microscopy (SEM),
and the erosion wear mechanisms of the composites are investigated.

2. Experimental

2.1 Preparation of composites

In this study, short E-glass fiber with 6mm length (Elastic modulus of 72.5 GPa and density
of 2.59 gm/cc) is taken to prepare all the particulate filled (SiC) glass fiber reinforced
polyester composites. The unsaturated isophthalic polyester resin (Elastic modulus 3.25GPa
and density 1.35gm/cc) is manufactured by Ciba Geigy and locally supplied by Northern
Polymers Ltd. New Delhi, India. The composite fabricated in two different parts. One part
having different fiber loading with varying the fiber weight fraction from 10wt% to 50wt%
at an increment of 10wt% and the second part, SiC filled short glass fiber reinforced
polyester resin with three different percentages (Owt%, 10wt% and 20wt% of SiC). The
mixture is poured into various moulds conforming to the requirements of various testing
conditions and characterization standards. The entrapped air bubbles (if any) are removed
carefully with a sliding roller and the mould is closed for curing at a temperature of 30°C for
24 h at a constant pressure of 10 kg/cm?2.

2.2 Air-jet erosion tester

The solid particle erosion test rig as per ASTM G76 used in the present study consists of an
air compressor, a particle feeder, an air particle mixing chamber and accelerating chamber.
The equipment was designed to feed erodent particles into a high velocity air stream, which
propelled the particles against the specimen surface (Strzepa et al., 1993; Routbort et al.,
1981). The erodent particles entrained in a stream of compressed air and accelerated down
to a 65mm long brass nozzle with 3mm inside diameter to impact on a specimen mounted
on an angle fixture. The velocity of the eroding particles is determined using rotating disc
method (Ruff and Ives, 1975). The steady state erosion rate was determined by weighing the
sample before and after the end of each test. While the impingement angles ranges from 30°
to 90° and the test duration was 20min for each run. The erodent used for this test was river
silica sand particle of three different sizes, i.e. 250, 350 and 450pm. The sample was cleaned
with a blast of compressed air before each weighing to remove all loosely adhering debris.
The mass loss from the target was measured with an analytical balance of £0.01mg accuracy.
The process is repeated every 10 minutes till the erosion rate attains a constant value called
steady-state-erosion-rate. Finally, the worn surfaces of some selected samples are examined
by scanning electron microscope JEOL JSM-6480LV.

2.3 Finite element model

In the present work, the erosive wear processes are modeled using an explicit dynamic code
ANSYS/AUTO-DYN. The eight-node brick hexahedral elements with one integration point
are used in the 3D simulation. The mesh is refined to a standard cubic element in order to
calculate the erosion rate at the targeted area on the composites. It has been studied in
literature that simulating a single particle was not sufficient to get valid results therefore
subsequently considered three or more particles were needed to simulate the erosion
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process instead of single particle (EITobgy et al., 2005). In this study, 125 spherical shaped
particles were used to ensure the accuracy of the proposed model. All the particles are
striking the target area at random locations. There are 10 groups which contain 125 particles
aggregately in the proposed model.
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Fig. 1. Schematic diagram of target composite material and nozzle (a: 30° impingement
angle, b: 45° impingement angle, c: 60° impingement angle and d: 90° impingement
angle)
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Each group has 12 particles which would impact the surface simultaneously and followed
by another simultaneous particles group, and so on. According to the researchers, the
distance between any two particles’ centers in the same group is no less than 0.6r (r is the
radius of the particles) to avoid the damage interaction (Woytowitz and Richman, 1999). The
finite element model of the target material and simulated nozzle is shown in Figure 1. For
the particles, the rotation degrees of freedom are constrained. Generally, the erosion rate
(g/8) was used to characterize the erosion performance of the target materials.

2.4 Taguchi experimental design

Taguchi method is a statistical tool for the purpose of designing experimental procedure
and mainly improving product quality. It uses the orthogonal array to set up the experiment
for the advantages of less number and optimizes the process parameters by the analysis of
signal-to-noise (SN) ratio. Taguchi method has become a powerful analysis tool for
improving the experimental results to get high quality at low cost (Peace, 1993; Phadke,
1989). Therefore, a large number of factors are included so that non-significant variables can
be identified at earliest opportunity. The impact of five such parameters are studied using
L7 (313) orthogonal design. The operating conditions under which wear tests are carried out
are given in Table 1. In conventional full factorial experiment design, it would require 35 =
273 runs to study five parameters each at three levels whereas, Taguchi's factorial
experiment approach reduces it to only 27 runs offering a great advantage in terms of
experimental time and cost. The experimental observations are further transformed into
signal-to-noise (S/N) ratio. There are several S/N ratios available depending on the type of
performance characteristics. The S/N ratio for minimum wear rate can be expressed as
“lower is better” characteristic, which is calculated as logarithmic transformation of loss
function as shown below (Peace, 1993).

Smaller is the better characteristic:

S 1 )
> 10log~YY
N 08 2 (1)

where, n the number of observations and y the observed experimental data.

The plan of the experiments is as follows: the first column is assigned to impact velocity (A),
the second column to SiC content (B), the fifth column to impingement angle (C), the ninth
column to stand-off distance (D) and the tenth column to erodent size (E), the third and
fourth column are assigned to (AxB); and (AXB), respectively to estimate interaction
between impact velocity (A) and SiC content (B), the sixth and seventh column are assigned
to (BxC);and (Bx C), respectively to estimate interaction between the SiC content (B) and
impingement angle (C), the eight and eleventh column are assigned to (AxC); and (AxC);
respectively to estimate interaction between the impact velocity (A) and impingement angle
(©) and the remaining columns are used to estimate experimental errors. The output to be
studied is erosion rate (E;) and the tests are repeated twice corresponding to 54 tests.
Furthermore, a statistical analysis of variance (ANOVA) is performed to identify the process
parameters that are statistically significant. With the S/N and ANOVA analyses, the optimal
combination of the process parameters can be predicted to a useful level of accuracy. Finally,
a confirmation experiment is conducted to verify the optimal process parameters obtained
from the parameter design.
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Level
Control factor I I 1 Units
A:Impact velocity 43 54 65 m/sec
B: SiC content 0 10 20 %
C:Impingement angle 30 60 90 Degree
D:Stand-off distance 65 75 85 mm
E:Erodent size 250 350 450 um

Table 1. Levels for various control factors

3. Results and discussion

3.1 Erosive wear of the composites

The results have been organized and discussed in two sections. Firstly, the steady state
erosion characteristics of the composites are determined for selected level of optimally
controlled operating variables and compared the steady state results with the simple finite
element simulation results to observe the variations in erosion rate with respective to
impingement angle and the next, simulations results have been analyzed under Taguchi’s
experimental technique.

3.2 Steady state erosion rate

3.2.1 Influence of impingement angle

Solid-particle erosion is a complex wear phenomena influenced by a number of control
factors such as impact velocity, angle of impingement, erodent particle size, stand-off-
distance, materials properties, erodent particles geometry and environment temperature etc.
Among these, impingement angle is the one of the most important parameter and widely
studied parameter in the erosion study of materials (Hutchings, 1992; Tsuda et al., 2006).
The erosion rate is measured of function of impingement angle, two types of material
behavior generally observed in the target material i.e. ductile and brittle nature. The ductile
nature of materials is characterized by maximum erosion rate at acute angle (15-30°) and for
brittle behavior of materials, the maximum erosion rate is observed at normal impingement
angle (90°). But as far as polymer matrix composites are concerned the composite materials
show versatile in nature depending upon the fabrication procedure and type of reinforcing
material. The reinforced composites show a semi-ductile behavior having the maximum
erosion rate in the range of 45-60° (Hutchings, 1992), unlike the above two categories. This
classification, however, is not absolute as the erosion of material has a strong dependence on
erosion conditions such as the properties of target material.

In the present study of SiC filled glass fiber-polyester composites, the erosion rate increases
monotonically with the increase in impingement angle and reaches maximum at 45°
impingement angle for particulate filled composites. However, for unfilled composite the
maximum erosion rate is found to be at 60° impingement angle. This indicated that all the
particulate filled and unfilled composites show semi-ductile erosion behaviour irrespective of
filler content. Similarly, the finite element analysis simulated results are in good agreement
with the experimental results as observed in Figure 2. As far as erosion resistance is concerned
20wt% SiC filled composites show better erosion resistance among other particulate filled and
unfilled composites. Whereas, unfilled composites shows maximum erosion rate as compared
with 10wt% and 20wt% SiC filled glass fiber reinforced polyester composites both in
experimental and finite element analysis simulated results as shown in Figure 2.
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Fig. 2. Influence of impingement angle on erosion rates of composites

3.2.2 Influence of impact velocity
Similarly, the variation of erosion rate of unfilled and SiC filled composites with impact
velocity is shown in Figure 3. Erosion trials are conducted at five different impact velocities.
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(Impingement angle: 60°, stand-off distance: 75mm and erodent size: 450pm)

Fig. 3. Influence of impact velocity on erosion rates of composites

It is seen, in the Figure 3 that for all the composite samples, the erosion rates gradually
increases with the increase in impact velocity from 43m/sec to 65m/sec respectively. The
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increase in erosion rate with increase in impact velocity can be attributed to increased
penetration of particles on impact as a result of dissipation of greater amount of particle
thermal energy to the target surface. This leads to more surface damage, enhanced sub-
critical crack growth etc. and consequently to the reduction in erosion resistance.

3.3 Taguchi analysis and response optimization

The analysis is made using the computational software MINITAB 15. Table 2 shows the
experimental design using Ly; orthogonal array. The overall mean for the S/N ratio of
erosion rate is found to be 61.92db for erosion rate is mentioned in the response table.

Expt. Impa?t SiC Impingement St'and-off Erodent Erosion S/ N
No. Velocity | content | angle Distance | size (E) |rate (Er) | Ratio
(A)m/s) | (B) (%) | (C) (Degree) | (D)mm) | (um) | (g/g) | (db)

1 43 0 30 65 250 0.0003303 | 69.6224
2 43 0 60 75 350 0.0002466 | 72.1588
3 43 0 90 85 450 0.0001246 | 78.0908
4 43 10 30 75 350 0.0004458 | 67.0165
5 43 10 60 85 450 0.0002775 | 71.1347
6 43 10 90 65 250 0.0023721 | 52.4974
7 43 20 30 85 450 0.0006133 | 64.2461
8 43 20 60 65 250 0.0003333 | 69.5424
9 43 20 90 75 350 0.0006175 | 64.1873
10 54 0 30 75 450 0.0014625 | 56.6981
11 54 0 60 85 250 0.0028121 | 51.0194
12 54 0 90 65 350 0.0027000 | 51.3727
13 54 10 30 85 250 0.0000917 | 80.7558
14 54 10 60 65 350 0.0022625 | 52.9082
15 54 10 90 75 450 0.0027392 | 51.2476
16 54 20 30 65 350 0.0005450 | 65.2721
17 54 20 60 75 450 0.0001229 | 78.2078
18 54 20 90 85 250 0.0007804 | 62.1535
19 65 0 30 85 350 0.0024783 | 52.1171
20 65 0 60 65 450 0.0045143 | 46.9082
21 65 0 90 75 250 0.0031857 | 49.9359
22 65 10 30 65 450 0.0004354 | 67.2217
23 65 10 60 75 250 0.0009611 | 60.3442
24 65 10 90 85 350 0.0004091 | 67.7625
25 65 20 30 75 250 0.0002840 | 70.9336
26 65 20 60 85 350 0.0034362 | 49.2785
27 65 20 90 65 450 0.0035105 | 49.0927

Table 2. Experimental design using Ly7 orthogonal array
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The Effect of control factors on erosion rate is shown in Figure 4. It is observed from
response graph that the combination of factors settings are Aj, B3, C;, D3 and E; have been
found to be the optimum factor level for the erosion rate is concerned on the basis of
smaller-the-better characteristics. The corresponding interaction graphs are plotted in the
Figures 5a-c.
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Fig. 4. Effect of control factors on erosion rate

www.intechopen.com



Silicon Carbide Filled Polymer Composite for Erosive Environment
Application: A Comparative Analysis of Experimental and FE Simulation Results 461

Interaction Plot for SN ratios
Data Means
754 B
—— 0
—B— 10
70 20
w 651
2
hd
(]
™
2 60
»
554
504

Signal-to-noise: Smaller is better

Fig. 5a. Interaction graph between factor A and factor B (AxB) for erosion rate

Interaction Plot for SN ratios
Data Means
c
70 = ~ —— 30
N —8— 60
> %0
N
i N
65 N
N
(7]
N
g N
© |
E 60+ N
%) N
N
AN
N
55+ AN
N
N
]
50_ T T T
43 54 65
A
Signal-to-noise: Smaller is better

Fig. 5b. Interaction graph between factor A and factor C (AxC) for erosion rate
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Fig. 5c. Interaction graph between factor B and factor C (BxC) for erosion rate

3.4 Surface morphology

The erosion wear mechanisms of SiC filled glass fiber reinforced polyester composites eroded
surfaces are observed as per Taguchi experimental design by scanning electron microscopy
(SEM). Figure 6a and 6b shows the SEM of eroded composite sample studied at lower
impingement angle (see Table 2, Experiment 4). The random distribution of SiC fillers on the
composite surface and removable of matrix material on the composite surface are clearly
observed from the figures. Figure 6c shows the increase in erosion rate with higher impingement
angle (90°) for 10wt% of SiC filled glass-polyester composites (see Table 2, Experiment 6). Figure
6d shows a hole formed after SiC particle was removed from the surface. The inside surface of
the hole seemed very smooth and clear which indicated that SiC particles debonded from the
matrix surface with the propagation of interfacial cracks due in part to the poor interfacial bond
strength (see Table 2, Experiment 11). This is due to the increase in impact velocity from 43m/s to
54m/s and more energy to chip-off the target material.

Similarly Figure 6e and 6f show the fibers are protruded above the worn surface due to SiC
particles are removed from the upper surface of the composites. However, there is a
significant difference between Figures 6e and 6f due to the change in impingement angle
and change in impact velocity. Thus, after the removal of the matrix material, there could be
a layer of glass fiber and SiC particulates bonded on the matrix material. This indicated the
favorable effect of good interfacial bond strength on the wear performance for the
composites which helped prolong the lifetime of the SiC particulates to bear erosion and
protect the matrix material before it was removed away. It has been reported by few of
researchers that the impact on brittle materials at an oblique angle produced radial cracks at
an angle to the surface and they can contribute to only matrix material loss (Scattergood et
al., 1981; Lawn, 1993). Radial cracks can also contribute to material removal when they drive
through a relatively thin wall. In such a case, the material loss will occur without the
formation of a lateral crack. Due to the above wear mechanism the larger erodent produce
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Fig. 6. SEM micrographs of the eroded glass fiber-polyester composites filled with SiC
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deeper radial cracks on the eroded surfaces. The tendency for material loss to occur from
radial cracking should increase with increase in erodent size (Lee et al., 2005; Milman et al.,
1999). However, with the increasing content of the SiC particles in the composites from
10wt% to 20wt%, the wear rate of the composites increased gradually, reached a maximum
and then declined gradually. With the further increase in impact velocity from 54m/sec to
65m/ sec for 20wt% SiC filled short glass fiber reinforced polyester composites the material
removal on the surface is more but the erosion resistance become more as compared with
other particulate filled glass-polyester composites as shown in Figure 6g and 6h (see Table 2,
Experiment 25). In the present study, the matrix material is removed from the composite
surface due to continuous impact of erodent particles with sharp angles and high impact
velocity, but the reinforcing glass fibers and SiC particulates are removed slowly then the
matrix material. This may be due to the inclusions of high hardness of SiC particles.

3.5 ANOVA and the effects of factors

The results of the experimental trials were investigated using the ANOVA statistical
analysis method. Table 3 shows the results of the ANOVA with the erosion rate (E) for
SiC filled short glass fiber reinforced polyester composites. The objective of ANOVA is to
analyze the influence of impact velocity (A), SiC content (B), impingement angle (C),
stand-off distance (D) and erodent size (E) on the total variance of the results. This
analysis was undertaken for a level of significance of 5% that is for a level of confidence of
95%.

From Table 3, it is concluded that impact velocity (p = 0.191), impingement angle (p = 0.365),
stand-off distance (p = 0.470) and SiC content (p = 0.539) have great influence on the erosion
rate. The interactions of impact velocity and SiC content (p = 0.283) has most significant
effect on erosion rate but the factor erodent size (p = 0.828), interaction between SiC content
and impingement angle (p = 0.717) and impact velocity and impingement angle (p = 0.684)
have less significant contribution on erosion rate.

Source DF Seq SS Adj SS Adj MS F P
A 2 510.00 510.00 255.00 2.58 0.191
B 2 143.49 143.49 71.75 0.73 0.539
C 2 258.94 258.94 129.47 1.31 0.365
D 2 181.24 181.24 90.62 0.92 0.470
E 2 39.22 39.22 19.61 0.20 0.828

AxB 4 733.23 733.23 183.31 1.85 0.283
BxC 4 213.85 213.85 53.46 0.54 0.717
AxC 4 237.42 237.42 59.35 0.60 0.684
Error 4 395.79 395.79 98.95

Total 26 2713.18

Table 3. ANOVA table for erosion rate
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3.6 Confirmation experiment

To determine the optimal conditions and to compare the result with the predicted
performance, it is necessary to perform a confirmation experiment. If the generated design
fails to meet the predicted requirement, the process must be reiterated using a new system
unit and finally the required criteria are satisfied. The confirmation experiment is performed
by conducting a new series of test condition in combination of the significant factors and
their respective interaction levels on erosion rate as reported in Table 3. The final step is to
predict and verify the improvement of the erosion resistance. The predictive value 1 using
the optimal levels of the input parameters can be calculated as:

01 =T+(Ay =T)+By ~T)+[(AyBy ~T)= (A = T)=(By ~T)]+(C3 ~T) +(Dy - T)+(E; - T)

(3)

1) : Predicted average

T': Overall experimental average

Aj,By,C3,DyandE, Mean response for factors and interactions at designated levels.

By combining like terms, the equation reduces to

After solving the above predictive equation the erosion rate is found to be 1, =57.61dB

and the experimental result is 56.33 dB. The resulting model seems to be capable of

predicting wear rate to a reasonable level of accuracy. An error of 2.22% for the S/N ratio of

wear rate is observed. This validates the development of the mathematical model for
predicting the measures of performance based on knowledge of the input parameters.

4. Conclusions

1. The present work successfully fabricated SiC filled short glass fiber reinforced polyester
composites by simple hand-lay-up techniques and also showed that it was feasible to add
SiC particles to the glass-polyester resin composites to improve their erosion resistance.

2. The particle filled composites show good tribological properties as compared with the
unfilled glass fiber reinforced polyester composites. The erosion rate for 20wt% SiC
filled composites shows superior erosion resistance as compared with the rest of the
filled and unfilled composites.

3. The variation of erosion rate with impingement angles, the material loss is dictated
mainly more at 60° impingement angles for unfilled composites and for filled
composites the maximum erosion resistance show around 45° impingement angle both
in experimental and finite element simulated results.

4. On comparision with the experimental results, the FE model (ANSYS/AUTO-DYN) is
much closer to the experimental results. The major advantages of simulated results are
during experimental study it is very difficult to analysis the flow direction and particularly
at low impingement angle most of the erodent particles are sliding on the target composite
materials instead of reback of erodent particles from the composite surface. However, finite
element simulated model can be easily implemented to measure the residual stress and the
depth of penetration which is difficult to determine by experimental method.
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5. In eroded samples observed in SEM shows mostly two types of wear mechanisms i.e.
micro-cutting and micro-ploughing actions. As far as SiC filled glass polyester composite
is concerned the matrix material is removed at faster rate from the composite surface due
to continuous impact of erodent particles with sharp angles and high impact velocity, but
the reinforcing glass fibers and SiC particulates are removed slowly then the matrix
material. This may be due to the inclusions of high hardness of SiC particles.
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