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Abstract

In the present investigation two different types of fiber reinforced polymer composites were prepared by hand lay-up
method using three different parameters (curing temperature, pressing load and fiber volume fraction). These
composites were prepared from the polyester resin as the matrix materia reinforced with glass fibers as first group of
samples and mat Kevlar fibers as the second group, both with different volume fractions (4%, 8%, and 12%) of fibers.
They were then tested by tensile strength and impact strength. The main objective in this study isto use Taguchi method
for predicting the better parametersthat give the better tensile and impact strength to the composites, and then preparing
composites at these parameters and comparing them with the randomly used once. The experimenta and anaytical
results showed that the Taguchi method was successful in optimizing the parametersthat give the highest properties and
it can find the most influential parameter regardless of the material used. Also it showed that the volume fraction was
the most influential parameter on the tensle and impact strength. The difference between these composites was in the

properties values and that the Kevlar composites have higher tensile and impact strength.

Keywords. Fiber reinforced composites, Taguchi method, Tensile strength, Impact strength.

1. Introduction

Composite material is well known as an
excellent structural material. It consists of two or
more materials (i.e. fiber and matrix) combined to
give superior performance compared to the
properties of the individual components. Fiber
reinforced plastic composites using resin such as
epoxy, polyester and vinylester are extensively
used as structural materials for many applications
such as automotive industry, aerospace and civil
engineering structures due to their high specific
stiffness, strength, and cost and weight
advantages. Manufacturing of structural materials
made from fiber composites calls for an improved
strength to weight ratio [1,2, 3].

Glass-fiber-reinforced polymers (GRPs) have
received considerable attention as alternatives to
steel and aluminum as structural materials; on the
other hand, Kevlar fibers asreinforcement became
more popular in specific applications such as
parachute webbing, rocket motor casings, jet-

engine containment, aircraft seats, and automobile
tires due to their improved stiffness and density
properties in relative to glass and ther
considerably lower cost than that of boron or even
graphitefibers[4, 5].

The quality of any composite material is
influenced by varying processing parameters.
Among these parameters, there must be one or
two that have the most influence. It has been
realized that the full economic and technical
potential of any manufacturing process can be
achieved only while the process is run with the
optimum parameters. One of the most important
optimization processes is Taguchi method [6].
This technique helps to study effect of many
factors (variables) on the desired quality
characteristic most economically. By studying the
effect of individual factors on the results, the best
factor combination can be determined. Taguchi
designs experiments using specially constructed
tables known as “orthogonal array” (OA). The use
of these tables makes the design of experiments
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very easy and consistent and it requires relatively
lesser number of experimental trials to study the
entire parameter space. As aresult, time, cost, and
l[abour saving can be achieved. The experimental
results are then transformed into a signal-to-noise
(S/N) ratio. Taguchi technique recommends the
use of the S/N ratio to measure the quality
characteristics deviating from the desired values.
Usually, there are three categories of quality
characteristic in the analysis of the S/N ratio, i.e.
the-lower-the-better, the-higher-the-better, and the
nominal-the-better. The S/N ratio for each level of
process parameters is computed based on the S/N
analysis. Regardless of the category of the quality
characteristic, a greater S/N ratio corresponds to
better quality characteristics. Therefore, the
optimal level of the process parameters is the
level with the greatest S/N ratio. Furthermore, a
statistical analysis of variance (ANOVA) can be
performed to analyze which process parameters
are statigtically significant. With the S/N and
ANOVA analyses, the optimal combination of the
process parameters can be predicted. Finally, a
confirmation experiment may be needed to verify
the optimal process parameters obtained from the
parameter design [7,8]. Taguchi method provides
a simple efficient and systematic approach to
optimize design for performance, quality and cost.
The methodology is valuable when design
parameters are qualitative and discrete. Taguchi
parameter design can optimize the performance
characteristic through the setting of design
parameters and reduce the sensitivity of the
system performance to source variation [9,10].
The Taguchi approach reduces the experimental
trials to aminimum number and it is a multi — step
process which follow a certain sequence for the

Table1,
General Propertiesof the Used Materials.

experiments to yield an improved understanding
of product or process performance [11].

2. Materialsand Methods

In this study, general purpose unsaturated
polyester resin is used as the matrix and two types
of reinforcing fibers (i.e. glass fibers and Kevlar
fibers). Table (1) shows the mechanical properties
of these materials.

Two types of composites were prepared by the
hand lay-up method (i.e. glass fiber reinforce
polyester GFRP and Kevlar reinforced polyester
KFRP). At first a glass mold of the dimensions
(30*30*5 cm) was used with clean and regular
inner surfaces, and then the resin was mixed with
2% methyl-ethyl-ketone peroxide (MEKP) as a
hardener. After a short time, the mixture became
as a gel which is then poured into the mold. The
fibersin a mat shape were put between two layers
of the matrix. The layered structure was put under
different loads for about 24 hours for proper
curing at room temperature and allowed to harden
on cure. It was cured at room temperature for 24
hours and followed by oven cure at different
temperatures so that the matrix completely seeps
in and become dry. Three volume fractions (4%,
8% and 12%) of reinforcements were used for
each type of composites. The resulted composites
were then cut into appropriate specimens for the
tensile and impact tests. After some preiminary
tests, the experimental conditions shown in Table
(2) were chosen to study the effects of processing
parameters (Curing temperature, pressing load
and volume fraction) on the tensile and impact
strength of the composites.

Property U-Polyester E-Glassfibers Kevlar fibers(49)
Tenslle strength (M Pa) 40-90 1500 2800

Modulus of elasticity (GPa) 2-45 76 125

Density (gm/cm?) 1.2-15 2.59 1.44

Elongation (%) 2 3.8 21

Linear coefficient of thermal 75 5 -2

expansion (*10°K™)
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Table 2,

Control Factorsand Their Levels.

Factor Control factor Level 1 Level 2 Level 3
A Curing Temperature (°C) 20 40 60

B Pressing load (gm) 100 150 200

C Volume Fraction (%) 4 8 12

3. Application of Taguchi Method

The Taguchi method of design of experiments
is a datistical tool based on the systematic
approach of conducting minimal number of
experiments using a mathematical instrument
called orthogonal arrays. Traditionally, the
method has been used to predict the significance
of contribution of each design variables and their
level to achieve optimum combination by
conducting areal time experiment.

In our work, an orthogonal array of the type
(Lo 3°) was chosen since we have three factors
(variables) and three levels. Table (3) represents
the standard orthogonal array of type (Ls 3°).
During the composites preparation method, three
process parameters for each type of compaosites
were considered. These arer (1) curing
temperature; (2) pressing load, and (3) fibers
volume fraction. Each is at three levels as listed
in Table (2). The degree of freedom for three
parametersin each of the three levelsis calculated
asfollows [6]:

Degree Of Freedom (DOF) = number of levels-1
..(1)

For each factor, DOF equals to:

For (A); DOF=3-1=2

For (B); DOF=3-1=2

For (C); DOF=3-1=2

Table 3,

The Standard (Lo 3% Orthogonal Array [9].

Experiment number P1 P2 P3
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 3
5 2 2 1
6 2 3 2
7 3 1 2
8 3 2 3
9 3 3 1

* (P) represents factors.

55

In this research nine experimental trails were
conducted at different parameters, for each type of
composites and they were cut and tested by tensile
and impact tests. Figure (1) shows some of the
specimens. The tensile tests were performed by
using the Time testing machine according to
(ASTM D638- 87) standard in which the gage
length is (60mm). The impact tests were
performed by Time testing machine (I1zod) type
XJU-22 according to (D256- 87) standard with the
dimensions (55 * 10 * 4mm).

Tables (4) and (5) indicate the used parameters
and the result values of tensile and impact
strength for (GFRP) and (KFRP) respectively.

A standard three level (Lo 3°) orthogonal array
with nine experimental runs was selected. The
total degree of freedom is calculated from the

following [6]:
Total DOF = no. of experiments— 1 ..(2

The total DOF for the experiments is: Total DOF
=9-1=8
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Fig. 1. Some of the Prepared Specimens (upper: GFRP, lower: KFRP).

Table 4,

Experimental Runs of the OA (Lo 3°) for the GFRP.

Experiment Control factor Response factor

number A B C Tensle strength (M Pa) Impact strength (M Pa)
1 20 100 4 56 49.7
2 20 150 8 62 61.9
3 20 200 12 78 76.4
4 40 100 12 74 714
5 40 150 4 58 53.3
6 40 200 8 65 63.2
7 60 100 8 69 67.1
8 60 150 12 91 78.4
9 60 200 4 60 56.1

GFRP: Glass Fiber Reinforced Polyester.
A: Curing Temperature (°C); B: Pressing Load (gm); C: Volume Fraction (%) and E: Error.

Table5,

Experimental runs of the OA (Lo 3°) for the KFRP.

Experiment Control factor Response factor

number A B C Tensle strength (M Pa) Impact strength (M Pa)
1 20 100 4 59 68.6
2 20 150 8 81 87.4
3 20 200 12 107 101.4
4 40 100 12 101 98.7
5 40 150 4 64 70.5
6 40 200 8 92 89.8
7 60 100 8 93 90.2
8 60 150 12 119 105.1
9 60 200 4 77 739

KFRP: Kevlar Fiber Reinforced Polyester.
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Taguchi method stresses the importance of
studying the response variation using the signal —
to— noise (S/N) ratio, resulting in minimization of
quality  characteristic  variation due to
uncontrollable parameter. Since the tensile and
impact strength were required to be high, the
concept of "the larger the better" is considered.
The SIN ratio used for this type of response is
given by [6]:

1 i 1
Ni = 2

iog—1

SN; = —10log

..(3)
Where

i experiment number.

u: trail number.

Ni: number of trails for experiment i.

V.. the response (property) value for a tria
condition repeated (u) times.

Table6,

SN Ratio of Tensileand Impact Strengthsfor the GFRP.

The composite preparation  parameters,
namely: (A) curing temperature, (B) pressing load
and (C) particles volume fraction were assigned to
the 1st , 2nd and 3rd column of the (Le 3%) array,
respectively. The 4th column was assigned as
eror (E). The SIN ratios were computed for
tensile strength and impact strength in each of the
nine trial conditions for each type of compasites
and their values are given in Tables (6) and (7).
Computation scheme of pareto ANOVA (Analysis
Of Variance) for three level factors is shown in
Table (8).

In order to study the contribution ratio of the
process parameters, pareto ANOVA was
performed for tensile and impact strengths. The
details are given in Tables (9) and (10)
respectively for the GFRP and Tables (11) and
(12) for the KFRP.

Experiment A B C E S/N Ratio (Tensile S/N Ratio (Impact
number strength) strength)
1 1 1 1 1 34.96 33.93

2 1 2 2 2 35.85 35.83

3 1 3 3 3 37.84 37.66

4 2 1 3 2 37.38 37.07

5 2 2 1 3 35.27 34.53

6 2 3 2 1 36.26 36.01

7 3 1 2 3 36.78 36.53

8 3 2 3 1 39.19 37.89

9 3 3 1 2 35.56 34.98
Table7,

SN Ratio of Tensile And Impact Strengthsfor the KFRP.

Experiment A B C E S/N Ratio (Tensile S/N Ratio (Impact
number strength) strength)
1 1 1 1 1 35.42 36.73

2 1 2 2 2 38.17 38.83

3 1 3 3 3 40.59 40.12

4 2 1 3 2 40.09 39.89

5 2 2 1 3 36.12 36.96

6 2 3 2 1 39.28 39.07

7 3 1 2 3 39.37 39.1

8 3 2 3 1 41.51 40.43

9 3 3 1 2 37.73 37.37
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Table8§,
Pareto ANOVA for Three Level Factors[6].
Factors A B C E Total
Sum. at factor level Aq B, C = T
A, B, G, E,
As Bs Cs Es

Sum. of squares of differences Sa S S S Sr
Degree of freedom
(Contribution ratio)/100 Su/ Sr S/ Sr S/ Sy S/ Sr 1
T= A+ A+ Az
Sa=( Ai- Az)z +( Ar- A3)2 +( Ar As)z
Ss=( Bs:- Bz)z"'( B: - Bs)z"'( B - 53)2
Sc=( Ci- CY+( Ci- Cof’+( Co- Cof
S=( Ei- Ez)z"'( E:- Es)z"'( E.- Es)z
Sr=Sa+S+Sc+
Table9,
Pareto ANOVA of Tensile Strength for the GFRP.
Factors A B C E Total
Sum. at factor level 108.65 109.12 105.79 11041 329.09

108.91 110.31 108.89 108.79

111.53 109.66 114.41 109.89
Sum. of squares of differences 15.226 2.13 114.385 4.105 135.846
Degree of freedom 2 2 2 2 8
(Contribution ratio)/100 11.208 1.568 84.202 3.022 1
Optimum level 2 3 1

As B, Cs

60 150 12
Table 10,
Pareto ANOVA of Impact Strength for the GFRP.
Factors A B C E Total
Sum. at factor level 107.42 107.53 103.44 107.83 324.43

107.61 108.25 108.37 107.88

109.4 108.65 112.62 108.72
Sum. of squares of differences 7.161 1.933 126.64 15 137.234
Degree of freedom 2 2 2 2 8
(Contribution ratio)/100 5.218 1.409 92.28 1.093 1
Optimum level 2 3 1

As Bs Cs

60 200 12
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Table 11,
Pareto ANOVA of Tensile Strength for the KFRP.
Factors A B C E Total
Sum. at factor level 114.18 114.88 109.27 116.21 348.28
115.49 115.8 116.82 115.99
118.61 117.6 122.19 116.08
Sum. of squares of differences 31.075 11.485 252.766 0.0734 295.4
Degree of freedom 2 2 2 2 8
(Contribution ratio)/100 10.52 3.888 85.567 0.025 1
Optimum level 2 3 1
A3 B3 C3
60 200 12
Table 12,
Pareto ANOVA of Impact Strength for the KFRP.
Factors A B C E Total
Sum. at factor level 115.68 115.72 111.06 116.23 348.5
115.92 116.22 117 116.09
116.9 116.56 120.44 116.18
Sum. of squares of differences 2.506 1.071 135.102 0.03 138.71
Degree of freedom 2 2 2 2 8
(Contribution ratio)/100 181 0.77 974 0.02 1
Optimum level 2 3 1
Az Bs Cs
60 200 12

4. Results and Discussion

Tables (4) and (5) represents the values of
tensile and impact strengths for both types of
composites and it shows that Kevlar composites
gave higher tensile and impact than the glass fiber
composites. This is true since the Kevlar fibers
have more toughness.

From Table (9), it can be seen that the third
level of factor (A) give the highest summation
(i.e. Az, which is 60°C curing temperature). The
highest summation for factor (B) is at the second
level (i.e. By, which is 150 gm) and the highest
summation for factor (C) is at the third level (i.e.
Cs, which is 12% volume fraction). These
predicted parameters are aready used in the
GFRP composite preparation asindicated in Table
(4).

It can be seen from Table (10) for the impact
results of GFRP that the optimum levels were As,

59

B; and C; (i.e. 60°C, 200 gm and 12%). These
parameters were not used in the composite trails
as indicated in Table (4). An experiment was
conducted at the predicted parameters (A = 60°C,
B = 200 gm, and C = 12 % volume fraction), and
the resulted specimen was tested by impact. The
resulted impact strength was (82 MPa) which is
greater than the impact strength values in Table
4.

The optimum levels of Kevlar composites
parameters for the tensile and impact strengths are
similar to the results of impact of the glass fiber
composites in which Az, Bs and C; (i.e. 60°C, 200
gm and 12%) had gave the highest contribution
ratio. These parameters were also not used in the
composite trails as indicated in Table (5). Two
additional specimens of Kevlar fiber reinforced
polyester were prepared at the predicted
parameters (A = 60°C, B =200 gm, and C =12 %
volume fraction), and were tested by tensile and
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impact. The resulted tensile strength was (121
MPa) while the impact strength was (109 MPa)
which are greater than the strength values in Table
(5).

These results proved the success of Taguchi
method in the prediction of the optimum
parameters for higher tensile and impact strengths.
In Tables (9, 10, 11 and 12), it was found that the
fiber volume fraction contributes a larger impact
on tensile and impact strength of the compasites
followed by curing temperature and then finally
pressing load.

5. Conclusions

In this research Taguchi's off — line quality
control method was applied to determine the
optimal process parameters by which a glass fiber
reinforced polyester and Kevlar fiber reinforced
polyester were prepared. For this purpose,
concepts like orthogonal array, S/N ratio and
ANOVA were employed. After determining the
optimum process parameters, a confirmation
experiments were conducted. In light of our
analysis the following conclusions were drawn:

1. The optimum level of process parameters to
obtain good tensile and impact strengths for
the composites prepared by the hand lay-up
method are 12% volume fraction of fibers,
60°C curing temperature, and 150 gm pressing
load for tensile strength and 200 gm for impact
strength for the glass fiber reinforced
polyester. While it is 12% volume fraction of
fibers, 60°C curing temperature, and 200 gm
for tensile and impact strengths for the kevlar
fiber reinforced polyester.

2. Taguchi method was successful in predicting
the parameters that give the highest properties
and it can find the most influential parameter
regardiess of the material used.

3. From the Pareto analysis it was evident that
the volume fraction is a major contributing

factor for improving tensile and impact
strengths.
4. Taguchi method proved its success in

predicting the optimum parameters to reach the
best properties.
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