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ABSTRACT

Processing parameters of composite materials have a significant influence
on the mechanical properties of the final product. Typically, the most
important processing parameters are temperature, heating time and
pressure but there are cases where more or fewer parameters are involved
depending on the type of the materials, fabrication techniques including the
capabilities of the processing equipment. The traditional approach in
experimental work is costly and time consuming due to evaluation of
multiple dependent variables. In this paper, design of experiments (DOE)
technique based on statistical analysis has been employed to optimize hot
press parameters on tensile properties of unidirectional kenaf fibres
reinforced polylactic-acid (PLA) composite. The kenaf/PLA composite
samples were fabricated using hot press method by stacking the aligned
kenaf fibres with the PLA films. The stacked materials were hot pressed at
varying processing parameters specifically the temperature, pressure and
heating time. The Box-Behnken Design (BBD) through Response Surface
Methodology (RSM) was employed to identify the cause and effect of
relationship between the processing parameters with the composite’s tensile
strength and Young’s modulus. Results from ANOVA showed that all three
parameters and interactions significantly affect the composite’s tensile
strength. For Young’s modulus, pressure and heating time are the
significant parameters. Optimal processing parameters for composite
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fabrication for optimum tensile properties are at 200 MPa, 3MPa and 7
minutes.

Keywords: kenaf fibres, polylactic-acid composite, tensile properties,
optimization, response surface methodology

Introduction

Nowadays, there has been an increasing demand from industrial around the
world for natural fibre polymer composites due to the advantages they offer
in terms of biodegradability, renewability as well as reduced emission of
green house gas. The most important and widely-used natural fibres is
plant-based which can be derived from the seed, bast, leaf, stalk, wood and
fruits of a plant [1]. Fibres obtained from the bast are the strongest and are
often used as reinforcement in polymer composites for automotive
application [2]. Some of the plants that can be used to provide bast fibres
are kenaf, flax, hemp and jute. Kenaf or known as Hibiscus Cannabinus L.
is from the Malvaceae family and has existed since 4000 years ago. Kenaf is
a short-term plant and can grow up to a height of five meters and has a short
maturity of three to six months under wide range of weather [3].

Green composites produced by a combination of natural fibres and
bio-polymers are gaining more attention with new regulations,
environmental concerns and the need for sustainability. One of the most
promising bio-polymersis polylactic-acid (PLA) due to its biodegradability
and eco-friendly material with comparable properties to those of synthetic
polymers such as polypropylene (PP), polyethylene(PE) and
polystyrene(PS) [4]. PLA can be processed by injection moulding,
compression moulding, extrusion, thermoforming, or spinning in a similar
manner to synthetic polymers [5]. PLA exhibits good mechanical
performance, good aesthetics, biocompatibility and easy processing with
most equipment [6]. It is usually used in consumer packaging, biomedical,
automotive as well as electrical applications [7].

Processing parameter is one of the important things to consider in
order producing composites with good mechanical and physical properties
[8]. For every types of polymer, the processing parameters are different,
depending on the structure, type and shape of the material including the
capabilities of the processing equipment [9]. Numerous studies have
successfully carried the processing and fabrication of biocomposites [8, 9,
13, 14], but there is still lack of studies on the optimization of
biocomposites processing and formation methods, especially for biopolymer
reinforced with natural fibres. According to Mukherjee and Kao [14], the
processing conditions directly affect the mechanical properties of the fibre
composites. In order to obtain the optimum composite properties according
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to its intended application, the suitable processing parameters must be
cautiously selected. In the traditional approach, one factor is designated as
the dependent variable while keeping all the other factors fixed; the
experiments are repeated with different factors as the dependent variable
each time. This method is time consuming and does not produce reasonable
results suitable for a wide range of experimental settings [15]. Therefore,
design of experiments (DOE) technique based on statistical analysis has
been introduced so that an effective result and valid conclusions can be
produced from experimental data.

Response surface methodology (RSM) is one of the available DOE
techniques to optimize the operating parameters or conditions in a system
[16]. RSM is particularly applied in circumstances where a number of
potential input variables affect a performance or characteristic of the
process or product [17]. Kumar and Balachandar [18] used the Box-
Behnken Design (BBD) technique and demonstrated that the optimum hot
press parameters for high flexural strength of glass reinforced with
polypropylene (PP) composites is at high temperature but with low holding
time. Wu [17] also used BBD and found that the optimization parameters
for moulding conditions for foam material and cup depths of mould are
moulding temperature and dwell time length. Kiran et al. [19] used Taguchi
method and found that press forming temperature has the most significant
effect on the composite’s mechanical properties. Hence, this paper attempts
to study the effects of hot pressing method on tensile strength of
unidirectional long kenaf fibre/PLA composite.

In our study, Box-Behnken design (BBD) was implemented as
experimental strategy to design and analyze the influence of the processing
parameters. The BBD was chosen among the other RSM methods because
fewer number of experimental runs is required than the Central-Composite
design (CCD) and full-factorial design (FFD). In addition, quadratic model
fitting is improved because of the final matrix is completed with several
replications of the central point as well as there are no extreme values in
experimental points in all of the factors. The main objective was to identify
the optimized processing parameters for fabrication of kenaf/PLA
composite with the highest tensile properties and simultaneously to create a
mathematical model which could predict the variation of tensile properties
within the range of the investigated parameters.

Materials and Method

Materials

Continuous long fibres from kenaf bast were supplied by Innovative
Pultrusion Sdn. Bhd. Kenaf fibre bundles were then combed and cut to the
desired length of 175 mm (same length with the hot press mould). PLA
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polymer in form of pellets and microfine powders with 20 pm size were
purchased from Shenzun Esun Ltd. China. Kenaf fibres, PLA pellets and
powders were dried in a vacuum oven for 10 hours at 80 °C before usage to
remove any moisture. The fibres weight content was set to 50% wt with
50% wt matrix and used throughout the experiment [20]. Based on
preliminary study, ratio of polymer was fixed to 70:30 portions for pellets
and powders.

Composite Fabrication and Characterization
Prior to fabrication of the composites, the PLA pellets were pressed at
190°C with 5 MPa pressure for 7 minutes to produce PLA film. Kenaf fibres
were placed and shaken manually in a container with PLA powders to
improve adhesion and distribution of the fibres. Next, the fibres were evenly
aligned and stack between PLA films in a hot press mould. Stacked
materials were pressed at temperature range between 190 °C to 210 °C,
pressure range between 3 to 7 MPa and heating time of 5 to 15 minutes. A
similar cooling time approach was employed to ensure the cooling and
solidification of the final composites. A shearing machine was used to cut
the composite plates into rectangular shape for tensile tests. The sample
thickness was 2 mm with 115 mm length and 20 mm width.

ZwickRoell tensile machine with 100 kN load was used to performed
the tensile tests. An average of five samples were tested according to the
ASTM D3039 standard with 5 mm/min cross-head velocity.

Response Surface Methodology with Box-Behnken design

A response surface methodology (RSM) using the Box-Behnken Design
was utilized for the experimental investigation. A total of 15 experimental
runs including 3 replicates of centre points were performed. The settings of
the parameters were as shown in Table 1. These parameter settings were
considered based on a preliminary study. Design Expert software version 10
(US, Stat-Ease Inc.) was used as the tool for data statistical analysis.

Table 1: List of parameters and levels

Parameter (Unit) Levels
Low (-1) Medium (0) High (+1)
A: Temperature (°C) 190 200 210
B: Pressure (MPa) 3 5 7
C: Heating Time (mins) 5 10 15

The influence of these three parameters on the tensile properties can
be approximated by following second-order polynomial model equation:
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where Y is the predicted response value (tensile strength and young
modulus), Sy is the model constant, g; is the linear coefficient, gj is the
quadratic coefficients, g; is the interaction coefficient, x is the independent
variables in coded values, and e is the experimental error.

Results and Discussion

Experimental results

Table 2 shows the design and results obtained from the experimental runs.
The average tensile strength ranged from a minimum of 72 MPa to a
maximum of 185 MPa while for Young’s modulus, the values obtained
were ranged between 9.4 GPa and 14.6 GPa.

Table 2: Experimental design runs and responses results

Variables Responses
A: B: C: Tensile Young’s
Runs  Temperature  Pressure Heating Strength Modulus
(°C) (MPa) Time (MPa) (GPa)
(min)

1 190 3 10 153 11.7
2 200 3 15 162.8 14
3 200 3 5 184.8 14.3
4 210 3 10 172.1 14.4
5 210 5 15 97.3 12

6 190 5 5 158.8 12.7
7 200 7 15 99.2 11.4
8 200 5 10 172 14.3
9 200 7 5 136.1 12.4
10 210 5 5 146.6 14.6
11 200 5 10 177 14.6
12 200 5 10 178 14.6
13 210 7 10 71.6 94
14 190 7 10 161.9 13.7
15 190 5 15 154.3 12.5
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Analysis of Variances (ANOVAS)

Table 3 and Table 4 show the analysis of variances (ANOVAs) for tensile
strength and Young’s modulus respectively. The ANOVA table is
commonly used to make conclusions and to provide case statistics for
further interpretation.

From the ANOVA in Table 3, the model was found to be significant
with P-value less than 0.05 and F-value of 111.84. The process parameters
with P-values less than 0.05 indicate that the terms of the model
significantly affected the response in the design space. In this case A, B, C,
AB, AC, A% B? and C? were significant model terms, except for BC. The
values exceeding 0.1000 indicate that the model terms were insignificant.
However, the term BC was maintained in the model to avoid significant
changes to the mathematical equation. Furthermore, the determination
coefficient R? of 0.9951 and adjusted R? of 0.9862 indicate that there is a
relationship between the variables under consideration and they are
represented adequately by the model.

Table 3: ANOVA results for tensile strength

Source Sum of DF Mean F Value P Value
Squares Square Prob> F
Model 15698.09 9 1744.23 111.84 0.0001
A-Temperature  2464.02 1 2464.02 157.99 0.0001
B- Pressure 5196.90 1 5196.90 333.22 0.0001
C-Heating Time  1587.66 1 1587.66 101.80 0.0002
AB 2992.09 1 2992.09 191.85 0.0001
AC 501.76 1 501.76 32.17 0.0024
BC 55.50 1 55.50 3.56 0.1179
A? 1666.65 1 1666.65 106.87 0.0001
B? 805.58 1 805.58 51.65 0.0008
c? 849.80 1 849.80 54.49 0.0007
Residual 77.98 5 39.21
Lack of Fit 57.31 3 67.75 1.85 0.3699
Pure Error 20.67 2 17.80
Cor Total 15776.07 14
R? 0.9951

The ANOVA result in Table 4 shows that the model was found to be
significant with a P-value of less than 0.05 and F-value of 10.82. The
significant model terms were B, AB, A% and B% The coefficient R? of
0.9511 and adjusted R? of 0.8632 also indicate that the model adequately
represents the real relationship between the variables under consideration.
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Table 4: ANOVA results for Young’s modulus

Source Sum of DF Mean F Value P Value
Squares Square Prob >F
Model 31.88 9 3.54 10.82 0.0087
A-Temperature  1.25x10°% 1 1.25x10°  3.18x10° 0.9531
B- Pressure 7.22 1 7.22 333.22 0.0054
C-Heating Time 2.10 1 2.10 101.80 0.0523
AB 12.60 1 12.60 191.85 0.0016
AC 1.44 1 1.44 32.17 0.0901
BC 0.12 1 0.12 3.56 0.5675
A? 4.67 1 4.67 106.87 0.0129
B? 4.07 1 4.07 51.65 0.0168
c? 0.67 1 0.67 54.49 0.2129
Residual 1.64 5 1.64
Lack of Fit 1.58 3 1.58 1.85 0.0545
Pure Error 0.060 2 0.060
Cor Total 33.52 14 3352
R? 0.9511

Development of second order equation

Next, the second order statistical equation model as in Equation (2) and
Equation (3) were developed based on the experimental results in Table 3.
Since the R® was above 90%, this model equation could be applied to
predict the values of the responses within the limited range of the
investigated parameters.

X (Tensile Strength) = 175.67 — 17.55 *A —25.49 *B—14.09 *C— 27.35 *AB—
11.20 *AC — 3.73 BC —21.25 *A* —14.77 *B? —15.17 *C? 2)

Y (Young’s Modulus) = 14.5 + 0.20 *4 — 1.16 *B — 0.51 *C — 2.20 *AB —
0.61*AC — 0.17 BC — 0.91*A% — 0.84*B? — 0.64*C? (3)

where A is the temperature, B is the pressure and C is the heating time.

Model accuracy check

Figure 1 and Figure 2 depict the normal probability plot of residuals for the
tensile strength and Young's modulus of the composite respectively. They
reveal that the residuals followed normal distribution and generally fell on a
least-square line closely with no reasonable outliers. In addition, all the data
was within the limit with no unusual structure in the model.
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Figure 1:
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Figure 2: Normal probability plot of residuals for Young's modulus.

Optimization of Parameters

The maximum and optimal values predicted for tensile strength and
Young’s modulus from the experiment could be determined by the equation
from the response surface. The relationships between tensile strength and
Young's modulus with interaction of the parameters involved have been
presented in 3D surface plots shown in Figure 3, Figure 4 as well as Figure
5. Each of the 3D surface plots shown had been generated by keeping one
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factor constant at centre point and varying the others within the
experimental range.

As can be seen from the plot in Figure 3, at 10 minutes heating time
and minimum pressure of 3 MPa, the tensile strength increased with
increasing temperature from 190 °C to 200 °C. On the other hand,
increasing temperature beyond 200 °C caused a slight decrease in tensile
strength and the lowest value occurred at the highest pressure of 7 MPa.
Therefore, the temperature and pressure needs to be carefully controlled.
The temperature and pressure need to be at certain values so that polymer
matrix can flow easily between the fibres but at the same time the values
cannot be too high or fibre degradation will occur [19].

Tensile Strength (MPa)

A: Temperature (oC)

21073 B: Pressure (MPa)

Figure 3: 3D Response surface plots representing the significant interaction
on tensile strength - interaction temperature and pressure when heating time
was 10 minutes.

With respect to the interaction between temperature and heating time
at constant pressure of 5 MPa as depicted in Figure 4, it was clear that the
tensile strength increased with increasing heating time from 5 to 9 minutes.
Conversely, beyond 9 minutes, the tensile strength started to decrease and
reached the lowest value at maximum temperature and heating time of 210
°C and 15 minutes respectively. The heating time must be suitable to allow

for good wetting as it leads to better impregnation of the fibres into the
matrix.
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Tensile Strength (MPa)
8

A: Temperature (oC) 205

210 5

Figure 4: 3D response surface plots representing the significant interaction
on tensile strength - interaction temperature and heating time when pressure
was at 5 MPa.

Figure 5 indicates the changing response surface for Young’s
modulus at heating time of 10 minutes. The plot shows an ascending trend
when the temperature was increased from 190 °C to around 200 °C at
pressure below 4 MPa. However, the Young’s modulus started to decrease
when the temperature and pressure exceeded the above values
simultaneously. In addition, an apparent interactive effect existed between
the temperature and pressure as shown by the elliptic contours pattern. This
could have been due to the high processing pressure which may have caused
damage to the fibres and also lead to matrix starvation [21]. According to
Kiran [19], high temperature causes thermal degradation to the fibres. In
general, thermal degradation of natural fibres occurs in three stages where
the first stage occurs as a result of waxes decomposition at lower
temperature of 120 °C. It is followed by the second stage at approximately
180 °C where it leads to pectin decomposition and the last stage occurs at
approximately 230 °C where decomposition of cellulose takes place.
Consequently, some compromise must be made where the range of
temperature is limited in order to obtain good wetting and at the same time
avoiding fibre degradation. Bodros [11] suggested that viscosity of polymer
especially for thermoplastic has to be close to 100 Pa, for better
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impregnation of the fibres to the matrix which will lead to the enhancement
of the mechanical properties.

Young modulus (MPa)

210 3

B: Pressure (MPa)

Figure 5: 3D response surface plots representing the significant interaction
of temperature and pressure on Young’s modulus when heating time was10
minutes.

Confirmation test

The maximum predicted values for tensile strength and Young’s modulus as
well as experimental optimum values for maximizing both responses could
be gained from the model equations. By using point prediction from the
numerical optimization available in Design-Expert of RSM, the optimal
parameters setting was at a temperature of 200 °C, a pressure of 3 MPa and
a heating time of 7 minutes with desirability of 1. Confirmation runs were
conducted to verify whether the predictions were accurate. This was to
ensure that nothing had changed and that the response values were close to
the predicted values. Under the optimal parameter setting conditions, the
values of tensile strength and Young’s modulus were predicted and the
values from the confirmation run were obtained as shown in Table 5. The
percentage error was calculated to compare the predicted and the actual
values. The average error was 4.04% for tensile strength and 6.25% for
Young’s modulus.
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Table 5: Confirmation run results with optimal setting parameters

Temperature  Pressure Heating Tensile Strength  Young's Modulus

(°C) (MPa)  Time (mins) (MPa) (GPa)
Predicted Actual Predicted Actual
200 3 7 190 198 144 15.3
Conclusion

The influence of hot pressing parameters on tensile strength and Young’s
modulus of the green composites were investigated through response
surface methodology. Hot press parameters such as temperature, pressure
and heating time as well as the temperature-pressure and temperature-
heating time interactions were found to have significant effect on the tensile
properties of the green composite. However, the main factor that contributes
greatly for the Young’s modulus was the pressure and the interaction
between temperature and pressure. The optimum area in the designated
range of process parameters was found using 3D response surface plots and
optimum hot press parameters were achieved at temperature of 200 °C, 3
MPa pressure and heating time of 7 minutes. Validity of the model was
verified through confirmation runs results and the errors yield was as low as
10%. The highest tensile properties achieved through the optimized
parameters were 198 MPa for the tensile strength and 15.3 GPa for the
Young’s modulus. In this study, it is evident that the parameters of hot
pressing is important for the fabrication of green composites and highly
influence their tensile properties. Future research can include more
parameters as well as adding more responses such as flexural properties,
impact and hardness.
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