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ABSTRACT

This research work reports the optimization and modeling of injection moulding parameters in the
production of plantain fibre particles reinforced high density polyethylene (PFRHDPE) for impact
responses evaluation. Composite materials have some limitations, and one of the most significant
is their response to localized impact loading. The injection moulding process was designed using
Taguchi robust design of experiment. Eight performance parameters were considered as control
factors affecting the responses with the volume fraction of the fibre particulates being the only non-
machine related parameter. The composite materials produced were prepared with three different
particle sizes of the reinforcing plantain particulates. The optimization and modeling process for the
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impact responses evaluation was carried out through a classical use of two independent
experimental approaches which we named integrated Taguchi-Response Surface Method (TRSM).
This TRSM did optimally analyze the ultimate impact strength of plantain fibre particle filled HDPE
matrix. The developed second order linear regression models for these composites were significant
at the chosen 95% confidence interval, hence showing full response predictability.

Keywords: Impact; injection moulding; optimization; plantain fibres; taguchi-response surface method.

1. INTRODUCTION

Impact is defined as the collision between two or
more bodies, where the interaction between the
bodies can be elastic, plastic, fluid or any
combination of these [1]. When two materials
collide with each other at normal speeds, one will
absorb most of the impact by deforming and then
dispelling the energy in the form of heat and/or
sound energy as result of the deformations and
vibrations induced in the struck object [2]. After
impact event, a series of physical phenomena
takes place, such as, elastic, shock, and plastic
wave propagation, fracture and fragmentation,
perforation, and spallation [3].

Composites are much more susceptible to
damage caused by heat and ultra-violet light than
metals, these can degrade the resin component
by initiating chemical reactions such as oxidation.
Though composites are not atmospherically
oxidized, but oxidation of resins due to heat
damage can reduce the overall strength of
composite  materials both  physical and
mechanical strength [4]. Composites have been
widely used in aircraft, aerospace, marine,
automotive, and oil and gas structures.
Composite materials have some limitations, one
of the most significant amongst them is their
response to localized impact loading.

The capacity for the impact damage resistance of
high performance composite materials is one of
the most important aspect to be considered in
these materials’ engineering applications. Impact
damage could be expected to occur and could
not be ignored , which was induced by the
dropped tools, and other objects during
transportation and maintenance of composites
structures or flying debris during takeoff and
landing of aircrafts body, which in recent times
are made of composites [5]. The load carrying
capacity of composites could be reduced
significantly even if the impact damage is
undetected by visual inspection. This can lead to
decrease in designed allowable strain of the
material, hence more attention should be paid to
impact and compression after impact of
composites.
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Composite materials’ response to impact loading
and the dissipation of the incident energy of the
impactor or projectile is very different when
compared to metals. The damage zone of a
composite is generally complex in nature and
very difficult to characterize, hence, the
prediction of the post-impact load bearing
capability of a damaged composite structure is
more difficult than for metals [6]. The complex
nature of impact damage of composites has two
important consequences;(a) there is no single
quantitative descriptor of impact damage and
impact resistance measure for composite
structures (b) there is no single established
testing technique for detecting and quantifying
damage mechanisms in composite [7]. However,
impact behaviour of composite structures is
usually quantified through impact damage
resistance (IDR) and impact damage tolerance
(IDT).

Fibre reinforced composite materials when
subjected to impact loading are capable of
absorbing and dissipating large amount of
energy in a wide variety of elastic and fracture
processes [8,9]. This ability to absorb energy
elastically is dependent upon a large number of
parameters including, the mechanical properties
of both fibres and matrix, the fibre/matrix
interfacial strength, the velocity of the impinging
projectile and the size of the structural
component [10].

2. THEORETICAL OVERVIEW
APPLICABLE TECHNIQUES

AND

Two classical independent experimental
approaches that are wusually applied for
experimental data optimization are Taguchi
robust design and the response surface method.
Taguchi robust design uses experimental
developed orthogonal array that considers the
number of experimental parameters (control or
design factors) and noise factors to design a
laboratory experiment to optimize a response,
considering minimization and maximization.
Taguchi approach is limited in the sense that
statistical analysis of variance is not applicable
and the higher order and interaction effects of
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factors are not considered. Above all regression
models produced with Taguchi method is not
significant. The Taguchi response model for

maximization (the greater the better) is
expressed as
S/y = —10LOG(MSD) (D
Where
n
1
MSD =2y @

i=1

MSD = mean squared deviation, y represents the
response of interest, S/N is the signal-to-noise
ratio.

The response surface method fits second order
polynomial to response surface, it captures main
effects (linear), higher other effects and
interaction effects between factors. The method
is applicable to statistical analysis of variance.
The number of experiments needed for modeling
is higher than as needed in Taguchi DOE. The
general response model expressed as

y=f(x1, X2,X3,X4, (3)

Where

y is the corresponding response, x;(1,2,...,) are
coded levels of k quantity process variables.

The Taguchi robust design produces a 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. A second-order model will likely be
required in these situations; hence a response
surface method of analysis is brought in to

complete the optimization process where

Taguchi DOE stops.

3. MATERIALS AND APPLICABLE
METHODOLOGY

3.1 Materials

The major materials are high density

polyethylene obtained from Eleme petrochemical
(INDORAMA) and plantain pseudo stem fibres
obtained from Akigwe Farms Awa. The fibres are
prepared in three particle sizes PS1 (75um), PS2
(150um) and PS3 (300um). Other materials
include maleated polyethylene (MAPE) used as a
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compatibilizer to bring about perfect bonding
between the natural fibre and the polymer matrix,
Also tensile composite samples were prepared
according to ASTM standard for impact plastic
composite samples, ASTM D638-02a. While the

Charpy impact tests were conducted in
accordance with ASTM D6110 standard
specifications.

3.2 Formulation and Compounding of
Samples

3.2.1 Composition and molding

The acetylated fibres were ground to three
particle sizes of standard sieve sizes of 75um,
150 ym and 300 pm and subsequently the
density of fibre was determined according to
ASTM D2395. Each of the particle sizes were
then compounded with HDPE resin in three
volume fractions (10%, 30% and 50%). To each
of the compounds were added 3% maleic
anhydride grafted PE (MAPE) by weight
respectively. The composite samples were then
prepared through injection molding using molds
developed according to ASTM638 for tensile test.
The most important aspect of this section is the
composite composition which relates the volume
fractions of composite to the weight fraction of
composite.

The weight fraction of fibre is related with
composite parameters as

M V,

w 4
ToMe peVe pe T @
By knowing the mass of composite needed
equation (4) becomes very useful for
composition.
where,

vy = volume fraction of fibre, My = weight of fibre,
M, = weight of composite, p. density of
composite, many researchers have
recommended optimum formulations for different
polymer composites of different reinforcements
while it is recommended that wood filler of up to
40% weight fraction is appropriate for wood
plastic composite(WPC) to be produced through
extrusion and injection.

3.2.2 Injection moulding, mould design and
clamping force

The mold design of clamping force is carried out
to ensure that actual injection force is
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established. The ASTM D638-2a specified the
cavity projected area which depending on the
number of cavities intended to be used, is used
in the evaluation of clamping force as expressed
in equation (5).

Clamping Force (CF)
Stons

= Projected Area of Cavity X (5)

in?
3.3 Design of Experiment (DOE)

The process of design and manufacturing of
composite materials always involve experimental
procedures which need to be designed for
optimum output and response. Design of
experiment (DOE) can be highly effective when
you wish (a) to optimize product and process
designs, study the effect of multiple factors (i.e.
variables, parameters, ingredients etc.) on the
performance, and solve production problems by

objectively laying out the investigative
experiments, (b) to study the influence of
individual factors on the performance and

determine which factor has more influence and
which ones have less. DOE using the Taguchi
approach has become a much more attractive
tool to practicing engineers and scientists in
designing and manufacturing of new products
and processes, because of its systematic
approach to finding optimum values of design
factors which lead to economical design with low
variability [11].

In order to model and optimize the responses of
these our material samples produced through the
injection moulding process, the Taguchi L4g
Orthogonal array was employed. These control
variables are basically machine parameters
which include; Screw speed, Barrel temperature,
Mold temperature, Injection pressure, Holding
pressure, Back pressure, Clamping force and of
course Fibre volume fraction. Table 1 shows

these eight (8) control variables or design factors
with their various levels of application for sample
formation.

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. Hence, further
analysis and optimization of responses has to be
carried out with application of Response Surface
Methodology (RSM) for each response. The
RSM model includes the linear, quadratic and
interaction terms in its expression.

Response surface methodology (RSM) is an
assortment of mathematical and statistical
techniques that are useful for the modeling and
analysis of problems [12]. A response model can
be obtained by applying regression analysis and
RSM. A second order polynomial is usually
applied in fitting a response surface and in the
general case; the response surface is
represented by (6):

k-1

Bij xix; (6)

K
Zﬁiixiz +

-1 k
i=1 i=1j=2

k
y=P5o+ Z Bix; +
i=1
where, y is the corresponding response,
x;(1,2,...,) are coded levels of k quantity process
variables, the termsg, , §; , B;; , fi; are second
order regression coefficients, the second term in
the summation sign in the polynomial equation
accounts for linear effects, whereas the third
term accounts for higher order effects, the fourth
term represents the interactive effects of the
process parameters.

For analysis of experimental data, the checking
of the adequacy of fit of the model is also
necessary, this includes tests for significance of
regression model, test of significance of model
coefficients and test for lack of fit. Regression
analysis is applied to the experimental results to

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 (V) % 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 Lqs (2' x 37) orthogonal array

Exp. SS (rpm) Vi (%) 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

find a suitable model and subsequently a
desirability function is further applied to obtain
optimal response and response variables

The most popular, important and common design
available for fitting a second-order model is the
central composite design (CCD). It is a design
which consists of two-level factorial or fractional
factorial chosen as to allow the estimation of all
first and second-order and two factor interaction
terms augmented with further points which
allow pure quadratic effects to be estimated
[13,14]. This class of designs was introduced by
[15].

However, the analysis of a second-order model
is usually cumbersome hence usually carried out
using software. In developing the CCD design for
our choice 3-level, 8 factor DOE using Minitab 17
statistical software yielded a 90 run central
composite design. This invariably, will be costly
to execute, therefore we adopted the mixture of
Taguchi design of experiment and response
surface methodology for our experimental result
analysis and optimization, which we termed
‘Integrated Taguchi-Response Surface Method’
(TRSM).

But, in order to achieve TRSM, the Taguchi DOE
experimental data was transformed by fitting
multilinear regression model of the form,

Y = Po + Prx1 + Baxz + Baxz + BaXs + BsXs + Bexs
+ B7x7 + Pgxg (7
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This model is then transformed by linearization
[16] and fitting a power law model of the form,

Y = Bo g xy* af" x gy 8)
This can be expressed in terms of applicable

variables as

y
= Bo SSP1V frB2TBPs TMP+ [PBs HPBs BPP1CFPs (9)

The power law model of equation (6) will now aid
in integrating our experimental data into the
responses of the adopted CCD experimental
matrix of 90 runs, which implies that the TRSM
has been established and thereby can be
analyzed linearly.

The response surface model of this study with
eight variables is obtained by expansion of
equation (6) as

y
= Bo + B1x1 + Bax, +2,83x3 + fi4x4 + ﬁszxs + 363;6
+ B7x7 + Bexg + Br1xi + Prax; + ,3333753 + Baaxi

+ Bssxé + Beexé + BrrxZ + Pgaxs + Z Bizxix,

=1
+ Bizxixz + BiaxiXy + Bisxixs + PieXiXe + PizxiX7
+ Bigxixg (10)

The summation of equation (10) is obtained by
adding equations (11-17)
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For i=1
BiaXyxz + P13x1X3 + PraX1 Xy + PisXiXs + BreX1Xe + P17X1%7 + BraX1Xg (11)
For i=2
B2aXaXg + Pa3XaXs + PaaXaXy + PasXaXs + PaeXaXe + ParXaX7 + PagXaXs (12)
For i=3
BaaXx3Xy + PazXaXz + PaaX3Xy + PasXaXs + PaeX3Xe + Pa7X3x7 + PagXaxg (13)
For i=4
BazXaXy + BazXaXs + BaaXaXy + PasXaXs + PagXaXe + PazXaX7
+ BasXaXsg (14)
For i=5
Bsaxsxy + Psaxsxs + PsaXsXy + BssXsXs + BeXsXe + Psrxsxy + PsgXsXg (15)
For i=6
Be2XeX2 + Posxexs + PeaXeXs + BesXeXs + BesXeXe + PorXeX7 + PogXeXs (16)
For i=7
Br2x7%3 + Braxyxs + BraXsXy + BrsX7Xs + BreX7Xe + Br7X7X7 + PrgXsXg 17)

Equation (10) therefore expands to:

Y = Bo + Bix1 + Boxy + Baxz + Paxy + Psxs + PeXs + Brx7 + Bgxg + ﬁ11xl2 + /))229522 + ﬂssxaz + Baaxi

+ [”55’552 + ﬁssxg + Byrx5 + ﬂasxg + Br2X1X + 13X X3 + BraX1 Xy + PrsXiXs

+ BreX1X6 + Pr7X1X7 + P1gX1Xg + Ba3XaX3 + BaaXoXy + PosXaXs + BagXaXe + BarXaxy

+ Bagxaxg + BapX3Xy + P3aX3xs + BasxzXs + PaeX3Xe + B3rx3X7 + PagX3Xg + BarXax;

+ BazXaxs + PasXaXs + BacXaXe + PazXaX7 + PagXaXg + Ps2XsX; + Ps3XsXz + PsaXsXy

+ Bexsxe + BsyXsX7 + PsgXsxg + BeaXeX2 + Pe3XeXs + BeaXeXs + PosXeXs + BerXeXs

+ Begxexs +

+[)’11x12 + ﬁzzxz2 + ﬁ33x§ + Baaxi + ﬂssxg + ﬂssxg + Br7x% + ﬂssxé + Br2%x7x, +

Br3x7X3 + BraX7X4 + Pr5X7X5 + Pr6X7X6 + PrgX7Xs (18)
4. RESULTS AND DISCUSSION three particle sizes (as an example) are reported
in Table 3. For clarity of purpose and
understanding of concept, Table 3 should be
placed here (i.e. immediately after the above
statement).

The composite materials under study were
prepared based on three distinct particle sizes of
modified plantain fibres in HDPE matrixes
produced through injection moulding process

according to the Taguchi DOE of Table 2, and
impact tests carried out on each of the samples
for each experimental run in four (4) replications.
The tests were performed at the laboratory of
Standard Organization of Nigeria (SON), Enugu.
Results of the impact responses for one of the
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4.1 Power Law Models of Impact Tests
Reports

The power law models of the impact tests on
composites of particle sizes 1-3 are as presented
in equations (19-21):
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Ylmpacl: ps1 = 182515.61550'0949VfT0'0590TB_0'0883TM0'1505 IP—0.1490HP—0.19503P0.174—5CF—1.3358 (19)

YI ¢ ps2 = 1 371255—0.0393Vfr0.1356TBO.11SITM—0.664—41P0.3433HPO.3747BP0.0601CFO.4—983 (20)
mpac .

YI ¢ ps3 = 0 538255‘0'03Vfr0'1615TB°'°988TM_0'10661P°'1765HPO'123ZBP_0'°716CF°'6164 (2 1)
mpac .

These power law models were obtained through linearization of Taguchi robust design responses
(Table 3 as an example) , by the application of equation (7).

4.2 Central Composite Design Matrix of TRSM

The central composite design (CCD) matrix for each of the particle sizes was initiated to obtain fitting
for a second order model which could not be obtained through Taguchi application. The results of the
analyses conducted using the CCD is shown in Table 4, which is that for particle size 1 as an
example. For clarity of purpose and understanding of concept, Table 4 should be placed here (i.e.
immediately after the above statement).

4.3 Response Surface Models

The response surface models (RSM) in terms of actual factors of three composite samples of three
particle sizes are presented in the following equations for particles sizes 1-3 respectively:

Yps1 = 353.1+ 1.0048SS + 0.7483Vfr — 0.1429TB + 1.336TM — 0.5289IP — 0.8694HP — 74.686BP
— 2.985CF — 0.00486255% — 0.003882V fr? + 0.000120TB? — 0.00508TM? + 0.001105/P2
+ 0.002351HP? — 12.254BP? + 0.00771CF? + 0.000673SS * Vfr — 0.000121SS = TB
+ 0.0011445S * TM — 0.000466SS = IP — 0.000807SS * HP + 0.07321SS * BP
—0.002868SS * CF — 0.000094V fr » TB + 0.000897Vfr * TM — 0.000361Vfr * [P
—0.000606Vfr x HP + 0.05303Vfr * BP — 0.002098V fr x CF — 0.000130TB * TM
+ 0.000074TB * IP + 0.000120TB * HP — 0.009968TB = BP + 0.000404TB * CF
—0.000707TM * IP — 0.001152TM * HP + 0.09549TM * BP — 0.003880TM * CF
+ 0.000419/P = HP — 0.03873IP = BP + 0.001499IP = CF — 0.06333HP * BP
+ 0.002484HP x CF — 0.21395BP * CF (22)

Ypsz = 11.4 — 0.2400SS + 0.5771Vfr + 0.0603TB — 1.963TM + 0.3970IP + 0.5394HP + 8.61BP + 0.331CF
+0.00212552 — 0.007255Vfr? — 0.000113TB2 + 0.04004TM?2 — 0.001296]P2
—0.002104HP? — 4.381BP? — 0.00052CF?2 — 0.000602SS * Vfr — 0.000124SS * TB
+0.002343SS * TM — 0.000354SS * [P — 0.000504SS * HP — 0.01574SS * BP
+0.000278SS * CF + 0.000271Vfr x TB — 0.008666V fr * TM + 0.001797V fr * IP
+0.002453Vfr * HP + 0.03787Vfr * BP + 0.00459V fr * CF — 0.000951TB * TM
+0.000195TB * IP + 0.000265TB * HP + 0.00459TB * BP + 0.000171TB * CF
—0.006322TM = IP — 0.00TM * HP — 0.1331TM * BP — 0.005658TM * CF + 0.001784IP
« HP + 0.02732IP * BP + 0.001101IP x CF + 0.03727HP * BP + 0.001519HP * CF
+0.02411BP = CF (23)

Yps3 = 10.5 —0.077725S + 0.05214V fr + 0.0349TB — 0.280TM + 0.1479IP + 0.1288HP — 7.95BP — 0.235CF
—0.007352Vfr? — 0.000082TB? + 0.00442TM? + 0.0006921P? — 0.000783HP?
+ 5.477BP% — 0.00013CF? + 0.000243V fr « TB — 0.001473V fr * TM + 0.000985V fr * IP
+ 0.000858Vfr x HP — 0.04741fr * BP + 0.002122Vfr « CF — 0.000100TB * TM
+ 0.000077TB * IP + 0.000067TB * HP — 0.003692TB * BP + 0.000166TB * CF
—0.000469TM * IP — 0.000410TM * HP + 0.02127TM * BP — 0.001011TM = CF
+ 0.000260IP * HP — 0.01501/P * BP + 0.000652[P * CF — 0.01310HP = BP
+ 0.000551HP * CF — 0.03235BP * CF 24

4.3.1 Optimization and desirability function

The optimum combination of material and injection machine parameters for three particles composites
are reported in Table 5 and Figs. 1-3 respectively:

21



Nnaemeka et al.; IMSRR, 7(4): 15-30, 2021; Article no.JMSRR.66847

Table 3. Experimental design matrix of Taguchi analysis for impact responses of particle size 1

Exp. SS (rpm) Vfr (%) TB (°C) ™ (°C) IP (MPa) HP (MPa) BP (MPa) CF (tons) Mean Response
Runs (MPa)
1 20 10 150 30 70 56 0.4 133 72.28
2 20 10 200 35 87.5 70 0.8 140 64.24
3 20 10 250 40 105 84 1.2 147 70.44
4 20 30 150 30 87.5 70 1.2 147 60.60
5 20 30 200 35 105 84 0.4 133 65.90
6 20 30 250 40 70 56 0.8 140 60.87
7 20 50 150 35 70 84 0.8 147 68.63
8 20 50 200 40 87.5 56 1.2 133 73.86
9 20 50 250 30 105 70 0.4 140 67.90
10 40 10 150 40 105 70 0.8 133 76.49
11 40 10 200 30 70 84 1.2 140 71.28
12 40 10 250 35 87.5 56 0.4 147 63.41
13 40 30 150 35 105 56 1.2 140 65.32
14 40 30 200 40 70 70 0.4 147 62.40
15 40 30 250 30 87.5 84 0.8 133 64.78
16 40 50 150 40 87.5 84 0.4 140 65.98
17 40 50 200 30 105 56 0.8 147 66.55
18 40 50 250 35 70 70 1.2 133 67.55

22
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Table 4. Central composite design matrix of TRSM analysis for impact responses of particle size 1

Std order Run order  Blocks PtType SS Vfr B ™ IP (MPa) HP BP CF Response Y
(rpm) % (c) (¢ (MPa) (MPa) (tons) (MPa)
1 1 1 1 40 50 150 30 105.0 84 1.2 147 96.80725
2 2 1 1 20 10 150 30 105.0 84 1.2 147 82.43296
3 3 1 1 40 10 250 40 105.0 56 0.4 147 78.51458
4 4 1 1 20 10 250 40 70.0 56 1.2 147 94.5971
5 5 1 1 30 30 200 35 87.5 70 0.8 140 96.5637
6 6 1 1 30 30 200 35 87.5 70 0.8 140 96.5637
7 7 1 1 20 10 150 40 70.0 84 0.4 133 86.28456
8 8 1 1 20 50 250 40 70.0 84 0.4 147 79.34537
9 9 1 1 40 50 250 30 70.0 56 0.4 147 87.82868
10 10 1 1 40 10 250 40 105.0 84 0.4 133 82.92281
11 11 1 1 40 10 250 40 70.0 56 0.4 133 95.33435
12 12 1 1 30 30 200 35 87.5 70 1.2 140 103.6434
13 13 1 1 40 10 200 40 70.0 56 1.2 133 120.8082
14 14 1 1 30 30 150 35 87.5 70 0.8 147 90.47097
15 15 1 1 40 10 200 40 70.0 84 0.4 147 77.06375
16 16 1 1 20 10 250 40 105.0 84 1.2 147 82.28155
17 17 1 1 20 50 150 30 105.0 84 0.4 133 85.53502
18 18 1 1 30 30 200 35 105.0 70 0.4 140 85.56264
19 19 1 1 20 50 250 40 105.0 84 0.4 133 85.3779
20 20 1 1 20 50 250 30 87.5 56 1.2 147 93.77535
21 21 1 1 30 30 200 35 105.0 84 0.8 14 93.19091
22 22 1 1 20 50 250 40 105.0 56 0.4 147 80.83916
23 23 1 1 30 30 200 35 70.0 70 0.8 140 99.82826
24 24 1 1 40 50 250 30 105.0 56 0.4 133 94.50619
25 25 1 1 40 10 150 40 70.0 84 1.2 147 97.65557
26 26 1 1 20 10 250 30 105.0 56 0.4 133 80.47357
27 27 1 1 20 10 250 30 70.0 56 0.4 147 74.78757
28 28 1 1 20 10 250 30 105.0 84 0.4 147 65.051
29 29 1 1 30 30 200 35 87.5 70 0.8 140 96.5637
30 30 1 1 40 10 150 30 70.0 84 0.4 147 77.20556
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Std order Run order  Blocks PtType SS Vir B ™ IP (MPa) HP BP CF Response Y
(rpm) % (°c) (¢ (MPa) (MPa) (tons) (MPa)

31 31 2 1 20 50 150 40 70.0 84 1.2 147 100.5469
32 32 2 1 30 30 250 35 87.5 70 0.8 140 94.67968
33 33 2 1 40 50 250 30 105.0 84 0.4 147 76.3943
34 34 2 1 40 10 150 40 105.0 56 1.2 147 99.49408
35 35 2 1 30 30 200 35 87.5 70 0.8 140 96.5637
36 36 2 1 30 30 150 35 87.5 70 0.8 140 99.04807
37 37 2 1 40 50 250 40 105.0 56 1.2 133 119.5387
38 38 2 1 40 10 150 40 105.0 84 1.2 133 105.0802
39 39 2 1 30 30 200 35 87.5 70 0.8 140 96.5637
40 40 2 1 40 10 150 30 105.0 56 0.4 147 78.65907
41 41 2 1 20 10 250 40 105.0 56 1.2 133 101.7892
42 42 2 1 30 30 200 35 87.5 56 0.8 140 100.8582
43 43 2 1 20 50 250 30 70.0 84 1.2 147 92.04252
44 44 2 1 40 10 250 30 105.0 56 1.2 147 91.07878
45 45 2 1 20 10 150 40 105.0 84 0.4 147 71.06144
46 46 2 1 30 50 200 35 87.5 70 0.8 140 99.51831
47 47 2 1 40 50 150 30 105.0 56 1.2 133 119.7587
48 48 2 1 40 50 250 40 105.0 84 1.2 147 96.62943
49 49 2 1 40 50 150 30 70.0 84 1.2 133 117.5458
50 50 2 1 20 10 150 40 70.0 56 0.4 147 81.69762
51 51 2 1 30 30 200 35 105.0 70 0.8 140 93.97577
52 52 2 1 20 50 150 40 105.0 56 1.2 147 102.4398
53 53 2 1 20 10 250 40 70.0 84 1.2 133 99.90829
54 54 2 1 40 10 150 30 105.0 84 0.4 133 83.0754
55 55 2 1 40 50 150 30 70.0 56 1.2 147 111.297
56 56 2 1 20 50 150 30 105.0 56 0.4 147 80.98792
57 57 2 1 40 10 250 30 70.0 84 1.2 147 89.39578
58 58 2 1 30 10 200 35 87.5 70 0.8 140 90.50316
59 59 2 1 20 50 250 30 70.0 56 1.2 133 113.8643
60 60 2 1 20 10 150 30 105.0 56 1.2 133 101.9765
61 61 3 1 20 10 150 40 105.0 56 0.4 133 87.90899
62 62 3 1 40 10 250 30 70.0 56 1.2 133 110.5901
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Std order Run order  Blocks PtType SS Vir B ™ IP (MPa) HP BP CF Response Y
(rpm) % (°c) (¢ (MPa) (MPa) (tons) (MPa)

63 63 3 1 20 10 150 30 70.0 56 1.2 147 94.77118
64 64 3 1 30 30 200 30 87.5 70 0.8 140 94.3507
65 65 3 1 20 50 150 40 70.0 56 1.2 133 124.3849
66 66 3 1 40 50 150 40 70.0 84 0.4 133 101.3305
67 67 3 1 30 30 200 35 87.5 70 0.8 140 96.5637
68 68 3 1 40 10 150 30 70.0 56 0.4 133 95.50978
69 69 3 1 20 50 150 40 105.0 84 1.2 133 108.1913
70 70 3 1 40 50 250 40 70.0 84 1.2 133 117.3298
71 71 3 1 40 50 250 40 70.0 56 1.2 147 111.0925
72 72 3 1 40 30 200 35 87.5 70 0.8 140 99.23631
73 73 3 1 20 50 150 30 70.0 56 0.4 133 98.33754
74 74 3 1 40 10 250 30 105.0 84 1.2 133 96.19243
75 75 3 1 20 50 250 30 105.0 84 1.2 133 99.0404
76 76 3 1 20 50 250 40 70.0 56 0.4 133 98.15691
77 77 3 1 30 30 200 35 87.5 70 0.8 140 96.5637
78 78 3 1 40 50 250 30 70.0 84 0.4 133 92.75985
79 79 3 1 30 30 200 35 87.5 70 0.8 133 103.4119
80 80 3 1 30 30 200 35 87.5 70 0.8 140 96.5637
81 81 3 1 20 30 200 35 87.5 70 0.8 140 92.91864
82 82 3 1 40 50 150 40 105.0 84 0.4 147 83.45282
83 83 3 1 30 30 200 40 87.5 70 0.8 140 98.52261
84 84 3 1 20 10 250 30 70.0 84 0.4 133 78.98654
85 85 3 1 20 10 150 30 70.0 84 1.2 133 100.0921
86 86 3 1 40 50 150 40 105.0 56 0.4 133 103.2382
87 87 3 1 40 50 150 40 70.0 56 0.4 147 95.94369
88 88 3 1 20 50 150 30 70.0 84 0.4 147 79.49139
89 89 3 1 30 30 200 35 87.5 70 0.8 140 96.5637
90 90 3 1 30 30 200 35 87.5 70 0.8 140 96.5637
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Optimal $S VR 8 ™ P Hp BP CF
Diogp b 400 500 2500 400 1050 840 120 1470
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Fig. 1. Optimization plot at full quadratic effects for impact response particle size 1

Optimal $S VR 8 ™ P Hp BP CF
D000 gh 400 500 2500 400 1050 84.0 120 1470
Cur  [200] 50.0] [250.0] 30.0) [105.0] [84.0) [1.20) [147.0)
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Fig. 2. Optimization plot at full quadratic effects for impact response particle size 2

Optimal ss VR B ™ P HP BP CF
D100 gh 400 50.0 250.0 400 105.0 840 1.20 1470
Cur [20.0] (50.0] 2500 30.0] [105.0] [84.0] [040] [147.0]
Predict Low 200 100 150.0 300 700 56.0 040 1330
I | 111 TLL |
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Maximum / )
y = 1004974 /
d=1.0000 /

Fig. 3. Optimization plot at refit-full quadratic effects for impact response particle size 3

4.3.2 Response table for optimum production
of plantain fibre reinforced HDPE

Optimum performance parameters of material
and injection machine parameters are reported in
Table 5 for optimum impact strengths of
132.2996 kJ/m® 128.2498kJ/m® and 100.4974
kJ/m? corresponding to three particle sizes.

4.3.3 Regression and analysis of models

Regression analysis is applied to the
experimental results to find a suitable model and
desirability function is further applied to obtain
the optimal processing parameter composition
and operating window [17].

Table 6 shows significant effects of main effects,
higher order and interaction effects at 95%
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confidence interval while the fitness of the model
was confirmed with the coefficient of
determination of 99.99% at full quadratic analysis
result of ANOVA. Linear effects showed highest
contribution of 98.28% to the tensile response, in
which Clamping Force gave the maximum effect
to response.

Optimization analysis of impact response particle
size 1 (Fig.1, Table 5) showed that at full
quadratic effects an optimum impact strength of
132.2996 kJ/m? could be obtained at parametric
settings of 40rpm of screw speed, 50% volume
fraction, 150°C barrel temperature, 40°C mould
temperature, 70MPa injection pressure, 56MPa
holding pressure, 1.2MPa back pressure, and
133Tonnes clamping force at desirability of
1.000.
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Table 5. Response table of optimum material and injection machine parameters

Optimum setting

Process Parameter PS1 PS2 PS3
Screw Speed (SS) rpm 40.00 20.00 20.00
Volume Fraction (Vi) % 50.00 50.00 50.00
Barrel Temperature (TB) °C 150.00 250.00 250.00
Mold Temperature (TM) °C 40.00 30.00 30.00
Injection Pressure (IP) MPa 70.00 105.00 105.00
Holding Pressure (HP) MPa 56.00 84.00 84.00
Back Pressure (BP) MPa 1.20 1.20 0.40
Clamping Force (CF) tons 133.00 147.00 147

Table 6. Analysis of variance for ‘full quadratic’ TRSM design for impact response particle size
1

Source DF SeqSS AdjSS Adj MS F-Value P-Value Contributions
Model 44 12075.3 120753 274.44  29269.90 0.000 99.99%
Linear 8 11868.6  11868.6  1483.57 158228.72 0.000 98.28%
SS (rpm) 1 629.9 629.9 629.89  67180.57  0.000 5.22%
Vifr (%) 1 1310.9 13109  1310.93  139815.24 0.000 10.86%
TB (°C) 1 296.5 296.5 296.47  31619.30  0.000 2.46%
™ (°C) 1 272.7 272.7 272.72  29086.33  0.000 2.26%
IP (MPa) 1 531.7 531.7 531.72  56710.29  0.000 4.40%
HP (MPa) 1 910.5 910.5 91049  97107.08  0.000 7.54%
BP (MPa) 1 5318.1 5318.1 5318.09  567195.25 0.000 44.04%
CF (tons) 1 2508.3  2598.3  2598.27 277115.66 0.000 21.52%
Square 8 123.7 123.7 15.46 1648.73  0.000 1.02%
SS*(rpm) 1 101.7 0.5 0.54 57.50 0.000 0.84%
VFr* (%) 1 12.8 5.5 5.50 586.60 0.000 0.11%
TB* (°C) 1 0.0 0.2 0.21 21.92 0.000 0.00%
™ (°C) 1 0.3 0.0 0.04 3.93 0.000 0.00%
IP? (MPa) 1 0.0 0.3 0.26 27.84 0.000 0.00%
HP? (MPa) 1 0.1 0.5 0.48 51.66 0.000 0.00%
BP*(MPa) 1 8.5 8.8 8.77 935.03 0.000 0.07%
CF*(Tons) 1 0.3 0.3 0.33 34.71 0.000 0.00%
2-Way 28 83.0 83.0 2.97 316.29 0.000 0.69%
Interaction

SS*Vir 1 1.2 1.2 1.16 123.72 0.000 0.01%
SS*TB 1 0.2 0.2 0.23 24.91 0.000 0.00%
SS*TM 1 0.2 0.2 0.21 22.32 0.000 0.00%
SS*IP 1 0.4 0.4 0.42 45.32 0.000 0.00%
SS*HP 1 0.8 0.8 0.82 87.18 0.000 0.01%
SS*BP 1 5.5 5.5 5.49 585.42 0.000 0.04%
SS*CF 1 2.6 2.6 2.58 275.12 0.000 0.02%
VfrTB 1 0.6 0.6 0.57 60.42 0.000 0.00%
Vfr*TM 1 0.5 0.5 0.52 54.94 0.000 0.00%
Vfr*IP 1 1.0 1.0 1.02 109,06 0.000 0.01%
Vfr*HP 1 1.8 1.8 1.85 196.85 0.000 0.02%
Vfr*BP 1 11.5 11.5 11.52 1228.56  0.000 0.10%
Vfr*CF 1 5.5 5.5 5.52 588.78 0.000 0.05%
TB*TM 1 0.1 0.1 0.07 7.22 0.010 0.00%
TB*IP 1 0.3 0.3 0.27 28.35 0.000 0.00%
TB*HP 1 0.5 0.5 0.45 48.22 0.000 0.00%
TB*BP 1 25 25 2.54 271.29 0.000 0.02%
TB*CF 1 1.3 1.3 1.28 136.77 0.000 0.01%
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Source DF Seq SS Adj SS Adj MS F-Value P-Value Contributions
TM*IP 1 0.2 0.2 0.24 26.12 0.000 0.00%
TM*HP 1 0.4 0.4 0.42 44.40 0.000 0.00%
TM*BP 1 2.3 2.3 2.33 248.98 0.000 0.02%
TM*CF 1 1.2 1.2 1.18 125.89 0.000 0.01%
IP*HP 1 0.7 0.7 0.67 71.81 0.000 0.01%
IP*BP 1 4.7 4.7 4.70 501.65 0.000 0.04%
IP*CF 1 2.2 2.2 2.16 230.29 0.000 0.02%
HP*BP 1 8.1 8.1 8.05 858.61 0.000 0.07%
HP*CF 1 3.8 3.8 3.79 404.35 0.000 0.03%
BP*CF 1 23.0 23.0 22.97 2449.54 0.000 0.19%
Error 45 04 0.4 0.01 0.00%
Lack of Fit 36 0.4 0.4 0.01 0.00%
Pure Error 9 0.0 0.0 0.0 0.00%
Total 89

S = 0.0968304 R?=199.99% R?(adj) = 99.98% PRESS = 2.05713 R%(pred) = 99.97%

The standard deviation of the analysis is
0.0968304 which is close to zero, this implies
that the data are clustered very closely around
the mean value; hence the response model is
reliable. The regression model equation (22) for
impact response of particle size 1 show that
99.99% proportion of variance in the dependent
variable can be explained by the independent
variables. In other words, all the independent
variables (main effect) explain or accounts for
99.98% of the variability of the tensile response.
This model is also statistically significant with a
P-value of 0.000. This indicates that the
generated model can statistically predict the
tensile strength of our composite.

Similar model for impact response of particle size
2 at refit-full quadratic analysis in ‘uncoded’ units
is obtained as in equation (23). At full quadratic
analysis result of ANOVA for impact response
particle size 2, the coefficient of determination
was 99.98% hence needs no refitting. The
ANOVA result also showed that at 95%
confidence interval linear effects were completely
significant, while in the square effect (higher
other effects) only squares of screw speed and
clamping force were not significant and only
interaction between SS and CF did not show
significance at two-way interaction effects Linear
effects showed highest contribution of 97.45% to
the impact response, in which volume fraction
(Vfr) gave the maximum effect to response.

Optimization of impact response of particle size 2
(Fig. 2, Table 5) showed that at full quadratic
effects an optimum impact strength of 128.2498
kJ/m? could be obtained at parametric settings of
20rpm of screw speed, 50% volume fraction,
250°C  barrel temperature, 30°C  mould

28

temperature, 105MPa injection pressure, 84MPa
holding pressure, 1.2MPa back pressure, and
147Tonnes clamping force at desirability of 1.00.

The standard deviation of the analysis is
0.0759622 which is close to zero, this implies
that the data are clustered very closely around
the mean value; hence the response model is
reliable. The regression model equation for
impact response of particle size 2 shows that
99.98% proportion of variance in the dependent
variable can be explained by the independent
variables. In other words, all the independent
variables (main effect) explain or accounts for
99.98% of the variability of the tensile response.
This model is also statistically significant with a
P-value of 0.000. This indicates that the
generated model can statistically predict the
dependent variable, Impact strength of our
composite.

Unlike those of particle sizes 1 and 2, at full
quadratic analysis, ANOVA result for impact
response particle size 3 produced a coefficient of
determination of 100% which is an indication of
saturation, hence the TRSM analysis was
refitted. The ANOVA result for refit-full quadratic
analysis gave a coefficient of determination of
99.99%. At 95% confidence interval, linear
(main) effects were completely significant, while
in the square effect (higher order) only squares
of mould temperature and clamping force were
non-significant and only interaction of HP and BP
showed significance at two-way interaction
effects. Linear effects (main effects) showed
highest contribution of 99.75% to the tensile
response, in which Holding Pressure gave the
maximum effect of 43.76% to the response
amongst the factors.
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Optimization analysis of impact response particle
size 3 (Fig. 3, Table 5) showed that at refit-full
quadratic effects an optimum impact strength of
100.4974 kJ/m? could be obtained for particle
size 3 at parametric settings of 20rpm of screw
speed, 50% volume fraction, 250°C barrel
temperature, 30°C mould temperature, 105MPa
injection pressure, 84MPa holding pressure,
0.4MPa back pressure, and 147Tonnes clamping
force at desirability of 1.00.

The standard deviation of the analysis is
0.129070 which is still close to zero, implies that
the data are clustered very closely around the
mean value; hence the response model is
reliable. The regression model for impact
response of particle size 3 shows that 99.99%
proportion of variance in the dependent variable
can be explained by the independent variables.
In other words, all the independent variables
(main effect) explain or accounts for 99.99% of
the variability of the tensile response. This model
is also statistically significant with a P-value of
0.000. This indicates that the generated model
can statistically predict the dependent variable,
impact strength.

5. CONCLUSION

e Predictive regression models were
developed for three particle sizes of
plantain fibre reinforced HDPE

Optimum settings of impact response
parameters were established for plantain
fibre reinforced HDPE

Optimum ultimate impact strengths of
plantain fibre reinforced HDPE were
evaluated as a function of injection
machine parameters and volume fraction
of fibres,

The new composite material has an impact
strength range of 128 kJ/m” to 132 kJ/m°.
Integrated Taguchi-Response  Surface
Method (TRSM) has optimally analyzed
the ultimate impact strength of Plantain
fibre particle filled thermoplastic HDPE
matrix.

The second order linear regression models
developed for these composites were all
significant at 95% confidence interval,
therefore, they can comfortably predict the
impact responses.
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