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ABSTRACT

This work is on modeling injection moulding parameters for a bio-fibre filled polymer composite in
this case its flexural response. Mercerization and acetylation treatments were applied in surface
modification of the bio-fibre. These fibres were ground and sieved into three particle sizes and
applied as fillers in the matrix (high density polyethylene). The composites were compounded
applying Taguchi robust design of experiment considering seven injection moulding parameters
and one non-machine parameter being volume fraction of the reinforcing fibre. An L,g orthogonal
array at mixed levels was adopted for the experiment and response evaluation. Analysis on the
composites of the three particle sizes show that volume fraction was control factor that has the
highest influence on the flexural properties of the composites. Analysis of variance (ANOVA)
showed that the independent variables in the models can explain over 80% of the response, hence
indicating response model fit. The generated predictive models indicated a goodness of fit, hence
can comfortably predict the response.
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1. INTRODUCTION

Flexural test measures the force required to bend
a beam under three or four point loading
conditions. The data is often used to select
materials for parts that will support loads without
flexing. Flexural strength represents the highest
stress experienced within a material at its
moment of yield. Flexible materials such as
elastomers have lower flexural values than fibre
reinforced engineering polymers used as metal
substitutes such as the plantain pseudo-stem
fibre reinforced high density polyethylene
(PFRHDPE) developed by this research.
However, this research is motivated by the fact
that the common practice of considering a
natural fibre as an undesirable waste, results in
its burning or disposed on landfils and
contributing to environmental pollution.
Therefore, in order to preserve the environment,
it is necessary to find economically feasible
solution to the increasing amount of natural fibre
wastes. This can be achieved through the
understanding of natural fibres as recyclable
materials, which could be used for different
applications ranging from handicrafts to
reinforcement elements for composites [1].

Fibre reinforced polymeric based composite
materials are being used for many life
applications, such as; automotive, sporting
goods, marine, electrical, industrial, construction,
household appliances, oil and gas pipelines and
accessories, etc. [2]. These engineering
materials offer many benefits ranging from high
strength, light weight, water resistance, chemical
resistance, high durability, electrical resistance,
fire resistance to corrosion resistance. However,
the properties and performance of fibre
composites can be engineered according to the
requirements and thus cost effective in most
usage and applications [3-6].

The underlying principle in fibre composites is to
utilize fibres as reinforcement in matrix of resin.
The fibres usually provide the greatest share of
strength while resin provides binding to the
fibers. Ticoalu, Aravinthan, and Cardona [4] state
that fibres themselves cannot be used to sustain
actual loads, hence, resin is used to bind and
protect the fibres. The properties of fibre
composites can be tailored to achieve the
desired end product depending on the type of
fibres, type of resin, the proportion of fibre-resin
and the type manufacturing process [7,8].

51

Pipeline integrity management program (PIMP)
which is a program through which oil and gas
companies manage and control the problem of
corrosion along pipeline and piping systems has
become extra ordinarily expensive. Corroding
infrastructure is  costing developed and
developing nations alike ftrillions of dollars
annually in repairs and replacement costs. A
recent estimate of the worldwide direct cost of
corrosion- for prevention as well as repairs and
replacement exceeded $1.8 frillion, or 3 to 4
percent of the Gross Domestic Product (GDP) of
industrialized countries [9]. Composites are
actually finding application in the oil and gas
industry, onshore and offshore. The most
significant advances have been made in the
areas of pipe works and fluid handling, driven by
light weight and corrosion resistance compared
to metals. Expansion is therefore expected to
continue into all sectors of oil and gas industry
[10-12].

The plantain pseudo-stem particulate filled high
density polyethylene composites produced from
this research is designed for application in oil and
gas pipeline transport system. Objective of this
research is to find an alternative material for
application in place of corroding carbon based
steel pipes to mitigate against corrosion as
pipeline material are unavoidably operated or
applied in pro-corrosion environments. This
informs the mechanical tests to which these
composites were subjected to, of which flexural
response is one of them.

2. MATERIALS AND METHODOLOGY
2.1 Fibre Surface Modification

A major disadvantage associated with the use of
natural fibres as reinforcements in composites is
their high hydrophilic nature which leads to low
mechanical properties and sometimes
delamination. This reduction in mechanical
properties cannot be unconnected to poor
interfacial bonding the hydrophobic matrices and
the hydrophilic natural fibres. Therefore, to
enhance the effective interfacial bonding
between fibre and matrix, the fibre surface needs
to be chemically modified [13-15]. Mercerization
is one of the treatments and fibre modification
technique that was adopted in this research.
Mercerization increases the number of possible
reactive sites, allows better fibre wetting and gets
an effect on the chemical composites of the
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fibores. Mercerization also takes out certain
portion of hemicelluloses, lignin, pectin, wax and
oil covering the fibres, as a result, the fibre
surface becomes more uniform due to the
elimination of micro voids and thus stress
transfer capacity between the ultimate cells
improves [16].

Acetylation is the second fibre surface
modification practice this research engaged in
the development of its fibre materials, hence we
shall further review its applications and findings
in literature. Moreover, acetylation can reduce
the hygroscopic nature of natural fibres and
increase the dimensional ability of composites. It
was used in surface treatment of fibres for use in
fibre reinforced composites by researchers.
Mishra et al. [17] reported an improvement in
fibre-matrix adhesion for an alkali treated sisal
fibre soaked in glacial acetic acid and later in
acetic anhydride containing one drop of H,SO,
for 5mins. Bledzki and Gassan [18] in their work
reported a reduction of about 50% of moisture
uptake for acetylated jute fibres and up to 65%
for acetylated pine fibres.

2.2 Application of Taguchi Robust Design
Analysis

In designing the experimental runs or processes
for this research we applied the Taguchi design
of experiment (DOE). The DOE consists of 8
(eight) controllable parameters or factors or
variables at 3-levels of design (Table 1) for which
we choose the Lqg orthogonal array. Though the
DOE has 8 factors and three levels, one would
have simply gone for the L7 array but this would
certainly have increased the cost of the
experiment, hence the adoption of a mixed Lqg
(2" x 37) array.

Meanwhile, signal-to-noise ratio (S/N) is an
important quality characteristics of Taguchi DOE
which we will compute using the Larger the
Better position as in equation (1);

S/N 10 LR ! 1
=l st o
Where yq vy, ...y, are the responses for a trial
condition repeated n times and S/N ratio of
each response will be computed for each frial.
The main effects of factors along with their
percentage contribution will be computed. The
difference between  highest and lowest values
of S/N ratio or means will be used to calculate
the delta values. The delta values along with
percentage contributions are used to rank the
individual factor [19]. This Taguchi analysis
usually produce a first-order model. The first
order model is likely to be appropriate when
the experimenter is interested in approximating
the true response surface over a relatively small
region of the independent variable space in a
location where there is little curvature in f. For the
case of two independent variables, the first-order
model in terms of the coded variables is;

V2

Y = Bo + B1x1 + Boxan .. (2)

The form of the first-model in equation (2) is
sometimes called a ‘main effects model’ because
it includes only the main effects of the two
variables x; and x,. If there is an interaction
between these variables, it can be added to the
model easily as follows;

y = ﬁo + ﬁlxl + ﬁzXz + ﬁ12x1x2 vee s (3)

This is the first-order model with interaction, but
adding the interaction term introduces curvature
into the response function. Often the curvature in
the true response surface is strong enough that
the first order model (even with the interaction
term included) is inadequate.

Most importantly, Taguchi DOE and optimization
technique has shortcomings as it only identifies
the linear effect of factors, while ignoring the
quadratic effect and little or no interaction effect.

Table 1. Design factors and levels

S/No Design factors Levels
1 2 3

F1 Screw Speed (SS) rpm 20 40 40
F2 Volume Fraction (Vi) % 10 30 50
F3 Barrel Temperature (TB) °C 150 200 250
F4 Mold Temperature (TM) °C 30 35 40
F5 Injection Pressure (IP) MPa 70 87.5 105
F6 Holding Pressure (HP) MPa 56 70 84
F7 Back Pressure (BP) MPa 0.4 0.8 1.2
F8 Clamping Force (CF) tons 133 140 147
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Table 2. Populated Taguchi l;5 (2' x 37) orthogonal array

Experiment  SS (rpm) V¢ (%) TB(°C) TM(°C) IP (MPa) HP (MPa) BP (MPa) CF (tons)
1 20 10 150 30 70 56 0.4 133
2 20 10 200 35 87.5 70 0.8 140
3 20 10 250 40 105 84 1.2 147
4 20 30 150 30 87.5 70 1.2 147
5 20 30 200 35 105 84 0.4 133
6 20 30 250 40 70 56 0.8 140
7 20 50 150 35 70 84 0.8 147
8 20 50 200 40 87.5 56 1.2 133
9 20 50 250 30 105 70 0.4 140
10 40 10 150 40 105 70 0.8 133
11 40 10 200 30 70 84 1.2 140
12 40 10 250 35 87.5 56 0.4 147
13 40 30 150 35 105 56 1.2 140
14 40 30 200 40 70 70 0.4 147
15 40 30 250 30 87.5 84 0.8 133
16 40 50 150 40 87.5 84 0.4 140
17 40 50 200 30 105 56 0.8 147
18 40 50 250 35 70 70 1.2 133

2.3 Composite Development

The plantain pseudo stem particulate reinforced
high density polyethylene composites developed
in this research were compounded using three
different sieve sizes of the fibre particulate
designated as particle sizes (PS1, PS2, and
PS3). To enhance wettability between matrix and
filler, two compatibilizers or coupling agents of
graphted maleic anhydride polyethylene were
also employed. However, through the tests
carried out composites of compatibilizer 09
showed better mechanical properties than ‘08,
hence all analysis will be based on the results
obtained from those of '09. It has been foregone
established that compatibilized reinforced
polymer composites have better properties than
neat reinforced polymer composites used as
control, therefore, it is not necessary to analyze
the results of the control.

2.4 Experiments and Flexural Tests

Flexural tests on the developed PFRHDPE
materials were conducted in accordance with
ASTM D790 standards specifications. During the
flexural tests, it was observed that the PFRHDPE
materials could not failed under flexural loading
but continue bend to a point where more strain
did not show further significant effect on the
material. The flexural strength of the material
was therefore established at this point of no
strain effect in accordance with the stipulated
standard. However, flexural strength of an
engineering material is the maximum flexural
stress sustained by a test specimen during a
bending test. Some materials like the one under
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study, that do not break at certain strains may
give a load deflection curve that shows a point at
which the load does not increase with increase in
strain i.e. yield point. This flexural strength can
be calculated applying the following relation:

...... 4)
Where o; = Maximum flexural stress (MPa); Y =
Yield point load (N); L = Support span mm (in); b
= Width of specimen mm (in); d Depth of
specimen mm (in).

The results obtained from the flexural tests for
compatibilizer 09 of the three particle sizes were
reported using the design matrix as in Table 3.

3. RESULTS AND DISCUSSION

Results obtained from the flexural experiments
as mentioned earlier were presented in the form
of design matrix of Table 3 and every analysis

was carried out employing these design

matrices.

3.1 Taguchi DOE Analysis of Flexural
Responses

Experimental design matrix was formed for the
Flexural response of particle size 1 (Table 3),
changing only the mean response with that for
two other particle sizes, the experimental
matrices were formed for other particle size
results and analyzed using Minitab 17 version.
Therefore, from this matrix every other analysis
was performed, and results reported as follows.
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The first approach to the analysis included
interaction effects, as this is at the point of
curvature for Taguchi robust design, the ANOVA
results showed a point of saturation with zero
degree of freedom for error effect. This resulted
to a situation where F and P values were not
evaluated due to saturation of model, hence, we
carried out a model re-fit in all cases of the
particle sizes. The response tables for all particle
size for signal to noise ratio (larger is better) and
means followed the same sequence.

3.1.1 Analysis for flexural response particle
size 1

The response tables (Tables 4 and 5) are those
of signal-to-noise ratios and means analysis for
the refit model. The ranks in these response
tables show or indicate that volume fraction (Vfr)
of Fibre has the greatest influence on Flexural
response of particle size 1. This is followed by
the mould temperature (TM) in Rank 2 and back
pressure (BP) as rank 3.

ANOVA analysis result for the re-fit produced the
coefficient of determination (R?) of 75.4% and
77.5% for both S/N ratio and mean respectively.
The main effect plots for S/N ratios and that of
Means (Figs. 1 and 2 respectively) indicated the
same outcome of optimum. They showed that
the optimal flexural strength of this particle size is
produced at the factor levels combination of; 40
rom Screw Speed, 30% Volume Fraction of fibre,
200°C Barrel Temperature, 40°C Mould
Temperature, 87.5 MPa Injection Pressure, 84
MPa Holding Pressure, 0.4MPa Back Pressure,
and 133 tonnes Clamping Force.

The main effect plots, ranks of factors, values of
sum of squares from ANOVA tables are all in
conformity with coefficients of the linear models
produced for the response. The absolute value of
these coefficients shows the importance of each
factor to the response, hence, volume fraction
still remains the best factor of influence.

The estimated model of coefficients for S/N ratios
for flexural response particle size 1 is obtained
as,

Flexuralps, = 38.3736 — 0.25575S — 0.7976Vfr +

1.0782Vfr — 0.0183TB + 0.0373TB — 0.4429TM +
0.2179TM — 0.0494IP + 0.0691IP +

0.0091HP — 0.0292HP + 0.2706BP — 0.2498BP +
0.3034CF —

1.1637CF 5)

The estimated model of coefficients for Means of
PS1is,
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Flexuralps, = 83.5706 — 2.4350SS — 7.8372Vfr +

10.4494V fr — 0.2856TB + 0.5728TB — 4.2906TM +
2.2878TM — 0.28561P + 0.3261IP —

0.2839HP — 0.2439HP + 2.8994BP — 2.6156BP +
2.8961CF —

1.3872CF

(6)
3.1.2 Analysis for flexural response particle
size 2

The response tables for signal-to-noise ratios
and mean (Tables 6 and 7) for the re-fit model
showed the same results about variables’ rank
as Volume Fraction (Vfr) is Rank 1, Screw Speed
(SS) is Rank 2, Clamping Force (CF) is Rank 3
and so on. The ranking was according to each
variable’s influence on the Flexural strength of
particle size 2.

Analysis of variance for signal-to-noise reported
a 91.0% coefficient of determination (R%) while
the ANOVA for means for same refit reported R?
of 89.9%. The main effect plots of Figs. 3 and 4
(signal-to-noise ratios and means) predicted that
an optimum Flexural strength value can be
obtained for particle size 2 at the following
factors levels combination; 20 rpm Screw Speed,
50% Volume fraction, 150°C Barrel Temperature,
40°C Mould Temperature, 87.5 MPa Injection
Pressure, 70 MPa Holding Pressure, 0.8 MPa
Back Pressure, and 147 tonnes Clamping Force.

The main effect plots, ranks of factors, values of
sum of squares from ANOVA Tables are all in
conformity with coefficients of the linear models
produced for the response. The absolute value of
these coefficients shows the importance of each
factor to the response, hence, volume fraction
still remains the best factor of influence.

The estimated model of coefficients for S/N ratios
for particle size 1 is obtained as,

Flexuralpg,

=39.2381 + 0.4110SS — 1.8397Vfr + 0.5603Vfr
+0.0929TB + 0.0547TB + 0.0896TM

0.2072TM — 0.0375IP + 0.0917IP
—0.0518HP + 0.0700HP — 0.2084BP + 0.2118BP
0.1545CF

—0.2560CF %)

The estimated model of coefficients for Means is,

Flexuralps, = 93.0033 + 4.76225S — 18.8617Vfr +

5.5517Vfr + 1.4300TB + 0.5717TB + 1.3883TM —
2.2450TM — 0.3250IP + 1.2250IP —

0.2850HP + 0.6533HP — 2.5317BP + 2.3700BP —
1.9600CF —

2.8983CF 8
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Table 3. Experimental design matrix of Taguchi analysis for flexural responses of particle size1

Exp. Runs SS (rpm) Vir (%) TB ('C) ™ (°C) IP (MPa) HP (MPa) BP (MPa) CF (tons) Response (MPa)
1 20 10 150 30 70 56 0.4 133 78.63
2 20 10 200 35 87.5 70 0.8 140 76.92
3 20 10 250 40 105 84 1.2 147 78.39
4 20 30 150 30 87.5 70 1.2 147 87.45
5 20 30 200 35 105 84 0.4 133 102.88
6 20 30 250 40 70 56 0.8 140 90.88
7 20 50 150 35 70 84 0.8 147 69.81
8 20 50 200 40 87.5 56 1.2 133 76.92
9 20 50 250 30 105 70 0.4 140 68.34
10 40 10 150 40 105 70 0.8 133 75.20
11 40 10 200 30 70 84 1.2 140 68.34
12 40 10 250 35 87.5 56 0.4 147 76.92
13 40 30 150 35 105 56 1.2 140 94.31
14 40 30 200 40 70 70 0.4 147 97.74
15 40 30 250 30 87.5 84 0.8 133 90.86
16 40 50 150 40 87.5 84 0.4 140 94.31
17 40 50 200 30 105 56 0.8 147 82.06
18 40 50 250 35 70 70 1.2 133 94.31
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Main Effects Plot for Means
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Fig. 1. Main effects plot of signal-to-noise (larger is better) for

flexural response particle size 1

Fig. 2. Main effects plot of means for flexural response particle size 1
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Main Effects Plot for SN ratios
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Main Effects Plot for SN ratios Main Effects Plot for Means
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Fig. 3. Main effects plot of signal-to-noise (larger is better) for Fig. 4. Main effects plot of means for flexural response particle
flexural response particle size 2 size 2
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3.1.3 Analysis of flexural response particle
size 3

Tables 7 and 8 are response tables for signal-to-
noise ratios and for means respectively. The
results of these response tables showed that, for
signal-to-noise ratios the variable or factor
Volume Fraction is Rank 1, with Screw Speed in
Rank 2, while Back Pressure came up to Rank 3.
But the tables of means show that the Barrel
Temperature is Rank 3 instead of Back Pressure.

Analysis of variance (ANOVA) results of S/N
ratios and means analyses produced coefficients
of determination (Rz) of 91.3% and 93.5%
respectively. Moreover, the main effects plot for
signal-to-noise ratios and means (Figs. 5 and 6)
produced the optimum factor levels for obtaining
optimal Flexural strength at; 20 rpm screw speed,
50% volume fraction, 250°C barrel temperature,
35°C mould temperature, 70 MPa injection
pressure, 84 MPa holding pressure, 0.4 MPa
back pressure, and 147 tonnes clamping force.
In the same token, the main effect plots, ranks of

factors, values of sum of squares from ANOVA
tables are all in conformity with coefficients of the
linear models produced for the response. The
absolute value of these coefficients shows the
importance of each factor to the response,
hence, volume fraction still remains the best
factor of influence.

The estimated model of coefficients for S/N ratios
is obtained as,

Flexuralps; = 37.5041 + 0.0903SS — 1.8302Vfr +

2.0526Vfr — 0.0567TB — 0.3749TB + 0.3348TM —
0.4340TM — 0.1671IP — 0.3219IP —

0.0607HP + 0.3493HP + 0.7524BP — 1.0926BP —
0.4674CF +

0.4092CF ©)

The estimated model of coefficients for Means is,

Flexuralpg; = 76.9400 + 0.6614SS — 15.4322Vfr +
18.2982Vfr + 0.2205TB — 2.8660TB +
2.4250TM — 2.8660TM — 2.2047IP —
2.8658IP — 0.8817HP — 1.5433HP + 6.3932BP —
8.8183BP — 4.1887CF +

4.4092CF (10)

Table 4. Response table for signal-to-noise ratio (larger is better) for flexural response particle

size 1
Level SS (rpm)  Vir (%) TB (°C) TM(’C) IP(MPa) HP (MPa) BP (MPa) CF (tons)
1 38.12 37.58 38.36 37.93 38.32 38.38 38.64 38.68
2 38.63 39.45 38.41 38.59 38.44 38.34 38.12 38.21
3 38.09 38.35 38.60 38.35 38.39 38.35 38.23
Delta 0.51 1.88 0.06 0.67 0.12 0.05 0.52 0.47
Rank 4 1 7 2 6 8 3 5
Table 5. Response table for means for flexural response particle size 1
Level SS (rpm)  Vir TB ('C) TM (°C) IP(MPa) HP(MPa) BP (MPa) CF (tons)
(%)
1 81.14 75.73 83.28 79.28 83.28 83.29 38.64 86.47
2 86.01 94.02 84.14 85.86 83.90 83.33 38.12 82.18
3 80.96 83.28 85.57 83.53 84.10 38.35 82.06
Delta 4.87 18.29 0.86 6.58 0.61 0.81 0.52 4.40
Rank 4 1 7 2 6 8 3 5
Table 6. Response table for signal-to-noise ratio (larger is better) for flexural response particle
size 2
Level SS (rpm)  Vir (%) TB(°C) TM(C) IP(MPa) HP(MPa) BP (MPa) CF (tons)
1 39.65 37.40 39.33 39.33 39.20 39.19 39.03 39.08
2 38.83 39.80 39.29 39.03 39.33 39.31 39.45 38.98
3 40.52 39.09 39.36 39.18 39.22 39.23 39.65
Delta 0.82 3.12 0.24 0.32 0.15 0.12 0.42 0.67
Rank 2 1 6 5 7 8 4 3
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Main Effects Plot for SN ratios Main Effects Plot for Means
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Fig. 5. Main effects plot of signal-to-noise (larger is better) for Fig. 6. Main effects plot of means for flexural response
flexural response particle size 3 particle size 3
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Table 7. Response table for means for flexural response particle size 2

Level SS(rpm) Vfr(%) TB(C) TM(°C) IP(MPa) HP(MPa) BP (MPa) CF (tons)
1 97.77 74.14 94.43 94.39 92.68 92.72 90.47 91.04
2 88.24 98.56 93.58 90.76 94.23 93.66 95.37 90.11
3 106.31 91.00 93.86 92.10 92.63 93.17 97.86
Delta 9.52 32.17 3.43 3.63 213 1.02 4.90 7.76
Rank 2 1 6 5 7 8 4 3
Table 8. Response table for signal-to-noise ratio (larger is better) for flexural response particle
size 3
Level SS(rpm) Vfr(%) TB(C) TM(’C) IP(MPa) HP(MPa) BP (MPa) CF (tons)
1 40.09 37.82 39.75 39.82 39.93 39.83 40.08 39.61
2 39.50 40.19 39.60 39.83 39.91 39.65 39.63 39.86
3 41.37 40.04 39.74 39.54 39.92 39.68 39.93
Delta 0.58 3.55 0.44 0.10 0.39 0.27 0.45 0.32
Rank 2 1 4 8 5 7 3 6
Table 9. Response table for means for flexural response particle size 3
Level SS (rpm)  Vir (%) TB (°C) TM(°C) IP(MPa) HP (MPa) BP (MPa) CF (tons)
1 101.90 78.43 99.41 99.41 100.84 98.84 102.27 97.41
2 96.71 102.31 96.80 99.37 100.23 98.23 97.94 100.23
3 117.18 101.70 99.13 96.84 100.84 97.70 100.27
Delta 5.20 38.75 4.90 0.29 4.00 2.61 4.57 2.86
Rank 2 1 3 8 5 7 4 6
4. CONCLUSION ACKNOWLEDGEMENT

The following conclusions are drawn from the
research, thus:

1. Taguchi robust design approach in this
work was able to develop predictive
models that are fit in explaining the
relationships  between the injection
moulding parameters that actually affect
the compounding of PFRHDPE
composites thus produced.

The response tables of signal-to-noise
ratio and that of the means showed that
fibre volume fraction (Vi) has the greatest
influence or effect on the flexural strength
of the three particle sizes of fillers.

For optimum flexural strength to be
achieved at material formation for each
particle size, the analysis through the main
effect plots was able to give the optimal
parametric setting that could yield the best
flexural property.

Analysis of variance (ANOVA) showed that
the independent variables in the models
can explain over 80% of the response,
hence indicating response model fit.

The analysis produced estimated model
coefficients that expressed conformity with
all foregone inferences drawn from
preceding analytical results.
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