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Abstract

This paper evaluates the shrinkage and strength of weld line using Design of Experiment and Response Surface Methodology
in multi-objective optimisation utilising the injection moulding parameters. A simulation process was conducted to determine
the recommended setting of injection moulding parameters and the range of the variable parameters. An experimental work
was conducted according to the experimental design, where regression models were established to predict the shrinkage
and weld line strength. A new set of process parameters setting was found to achieve the optimum shrinkage and weld line
strength of the moulded part. The results of shrinkage and weld line strength using an optimal parameter setting after opti-
misation process were compared with the results obtained using the recommended setting from Autodesk Moldflow Insight
software. It was found that the shrinkages in the normal to and parallel to the melt flow directions were reduced by 5.969%
and 4.375%, respectively, through the predicted model generated using RSM. On the other hand, the weld line strength
improved by 3.758% as compared to the weld line strength obtained from the recommended setting. The shrinkages in both
parallel to and normal to the melt flow directions using multi-objective optimisation were reduced by 5.891% and 4.160%,
respectively, while the weld line strength was improved by 3.756%, using the combination of the following parameters;
69.93 °C of coolant inlet temperature, 270 °C of melt temperature, 70 MPa of packing pressure and 8 s of cooling time. The
predicted errors ranged between 0.2 and 14.5% during the validation experiments. The packing pressure was found to be the
most significant parameter affecting the shrinkage in both parallel to and normal to melt flow directions. The coolant inlet
temperature on the other hand was the most significant parameter affecting the weld line strength.

Keywords Shrinkage - Weld line strength - Injection moulding - Response surface methodology (RSM) - Multi-objective
optimisation

1 Introduction

04 S. M. Nasir The demand for the plastic product is very high in the market
nasirsaad @unimap.edu.my as a wide variety of shapes can be produced using the injec-
D4 Z. Shayfull tion moulding process. However, a number of defects usually
shayfull @unimap.edu.my occur during the process, affecting the quality and cost of the

Green Design and Manufacture Research Group, Center
of Excellence Geopolymer and Green Technology
(CEGeoGTech), Universiti Malaysia Perlis, 01000 Kangar,
Perlis, Malaysia

Faculty of Mechanical Engineering Technology, Universiti
Malaysia Perlis, Kampus Tetap Pauh Putra, 02600 Arau,
Perlis, Malaysia

Faculty of Engineering, Universiti Teknologi Malaysia,
81310 UTM Skudai, Johor, Malaysia

Laboratory of Mechanics, Physics and Mathematical
Modelling (LMP2M), University of Medea, 26000 Medea,
Algeria

products. The undesirable defects such as weld lines, shrink-
ages and warpage affect the quality of the moulded parts
in terms of their mechanical strength, causing poor overall
quality [1-5]. Defects such as weld line occur when plastic
melt splits and then recombines at a certain location during
the injection moulding process [6]. These defects can be
minimised using a good combination of parameters setting
during the injection moulding process [7-10]. Numerous
research works regarding this problem have recently been
conducted due to the ever-growing technologies for quality
improvement of injection moulded parts [11-14]. In order
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to increase the mechanical strength at the critical location
on the moulded parts, many researchers had used a variety
of techniques such as mechanical assistance [15], thermal
assistance[16—18] and material additives methods such as
adding fillers to the parent material or blending two or more
materials [19, 20]. On the other hand, parameter’s optimisa-
tion methods were widely used as a technique to improve the
strength of the moulded part [21, 22].

The process of strengthening the product especially at
the location of weld line formation through mechanical
assistance had been found in the early 1980s by Tom et al.
[23] in his study of VAIM method using polystyrene (PS)
as a moulded material. In the VAIM method, the vibrational
forces were used to induce flow of the melted polymer
during the filling and packing phases of injection mould-
ing process. In recent years, Lu et al. [24] reported using
an ultrasonic oscillations technique which was applied to
improve the weld line strength of the moulded parts. Ultra-
sonic signal from the ultrasonic generator was induced to a
core side of the mould via the ultrasonic horn. The ultrasonic
oscillations were induced into the mould after the filling
phase of the injection moulding process was effective to
enhance the weld line strength for PS and PS/HDPE blends.
In the following year, Lu et al. [25] utilised the same equip-
ment to improve the mechanism of ultrasonic oscillations
that increases the molecular diffusion across the weld line
formation. These combined methods resulted in an increase
in the weld line strength of the moulded parts.

Kikuchi et al. [15] conducted a study on VAIM technique
using polystyrene to improve the mechanical behaviour of
the moulded part. The result indicated that the improvement
of the strength of the moulded part depends on vibration
amplitude, frequency, duration and delay time between the
injection start and vibration start. The strength was improved
as much as 28% compared to the conventional method. Li &
Shen [26] also studied the improvement of mechanical prop-
erties of the plastic part using VAIM technique and found
that the tensile property of the PP part was increased with an
increase in vibration pressure amplitude, but the elongation
at the break was decreased.

Xie & Ziegmann [20] studied the weld line strength using
PP material which was compounded at various weight frac-
tions (10%, 20%, 30%, 35%) of carbon nanofibres (CNFs)
and titanium dioxide (TiO,) nanoparticles through co-screws
internal mixing in microinjection moulding process. Results
showed that the weld line strength of moulded part was
lower than the virgin PP when the CNFs is filled higher
than 10%.

Mechanical and thermal assistance in injection moulding
processes are successful techniques to improve the strength
of moulded parts, as well as the strength at the weld line
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position, but the shrinkage problem is not considered con-
currently during the improvement. The disadvantages of
these techniques include their lack of practicality due to the
higher setup cost, and the complex mould design requires
higher knowledge and skill during the operation. Due to
these reasons, these techniques are not widely used in the
industry.

In addition, one of the well-known improvement meth-
ods was parameter optimisation which involves Design of
Experiment (DOE) and artificial intelligence techniques
such as Taguchi method, artificial neural networks (ANN),
genetic algorithm (GA) and response surface methodology
(RSM) where some parameters were attuned to the suitable
value in order to obtain an optimum value of shrinkage and
weld line strength [1, 27-30]. Some researchers had also
combined more than one optimisation methods known as
the hybrid optimisation method [31, 32]. The combination
of more than one response is becoming more popular among
researchers. This technique is called the multi-objective opti-
misation method [33, 34].

The improvement of weld line strength and shrinkage
on the moulded part by optimising the injection moulding
parameters is an alternative technique, as well as simpler
and easier to implement. There are many optimisation tools
that can be used to improve the strength of weld line, as
well as shrinkage, in order to optimise the product quality
by using single and multiple objectives (responses) method.
The improvement of the weld line strength and shrinkage of
the moulded parts should be done in parallel, especially for
the part which requires the strength for its functionality with
precision critical dimensions. It is hard to find studies which
consider both elements (shrinkage and weld line strength)
as defects. Therefore, this study focuses on improving both
shrinkage and weld line strength using a multi-objective
optimisation method. This optimisation technique is pow-
ered by response surface methodology (RSM) in choosing
the best combination and proposing the minimum shrinkage
and maximum weld line strength to the parts.

2 Methodology

Autodesk Moldflow Insight (AMI) software was used for
simulation to obtain the recommended processing param-
eters, as well as the range of selected parameters, while Nes-
sei NEX1000 injection moulding machine was employed
for the experimental process. The details of mould design
were calculated and designed according to the guideline in
ISO standard. Design-Expert software was used to generate
the list of experiment and analysis of results using RSM
technique [35].
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Fig. 1 Thick flat part; a feed system design using tab gate; b cooling
channel design

2.1 Part and mould design

The design of a thick flat part was based on ISO
3167:2002(E) [36] international standard of multipurpose
test specimen for plastic injection moulding as shown in
Fig. 1a which includes the feed system design. The mould
was designed according to part design of ISO 294-1:1996(E)
[37] standard for two-cavity mould. The relative runner
diameter used in this study is 8 mm. Tab gate was used in
this study as recommended in ISO 294-1:1996(E)[37]. The
selected material for mould was P20 steel, and the plastic
resin was acrylonitrile butadiene styrene (ABS). The proper-
ties of ABS are shown in Table 1.

The pressure drop for each design is estimated to deter-
mine the significance of the design [35]. The pressure drop,
AP, is calculated using Eq. 1 [35],

n

melt

1
o (3+1)dorv

AP
R nR3

ey

where k and n are the reference viscosity (Pa.s") and power-
law index of the polymer melt at the melt temperature,
respectively, L is the length of feed system (m), R is the
radius of feed system (m) and V ,,, is volumetric flow rate
at the inlet (m?/s). The acceptable pressure drop is below
30 MPa [35].

The cooling time for the runner is estimated to ensure
that the runner size does not affect the cooling time of the
moulded part. The cooling time for the runner must be less
or slightly more than the cooling time for the moulded part

Table 1 Material properties of a plastic resin [30]

Plastic material ABS

Supplier Chi Mei Corporation
Trade name/grade Polylac PA-777B
Material structure Amorphous
Mould temperature (°C) 40-90

Melt temperature (°C) 220-270
Maximum shear stress (MPa) 0.3

Maximum shear rate (1/s) 50,000

Specific heat, C, (J/kg°C) 1464.7

Thermal conductivity, k (w/m°C) 0.178

Thermal diffusivity, a (m%s) 1.266% 1077

Melt density (g/cm?) 0.96

Elastic modulus, £ (MPa) 2.24%10°
Poisson’s ratio, v 0.392
Reference viscosity, k (Pa.s") 17,000
Power law index, n 0.35

[30]. If not, the size of the runner needs to be changed. The
cooling time, f, ,,,,.,» fOr the runner is calculated using
Eq. (2) and the cooling time, 7, ., for the moulded part
is calculated using Eq. (3) [35],

2 T T..
Le runner = —D In [0692 < ~ melt—~ coolant >] 2
’ 23.1(a) Teject— Tcoalanz
t = h—zln ( i > Tmelt— TCOolant 3
c,part 7[2((1) T Teject— Tcoolant 3)

where D is the diameter of the runner (m), 4 is the wall
thickness of the moulded part (m), « is the thermal diffu-
sivity of the material (m?%s), T,.c; is the specified ejection
temperature (°C), T, ,..; 1S the coolant temperature (°C) and
T,,.;1s the melt temperature of the material (°C). The esti-
mated cooling time for the runner can be calculated using
Eq. (2) as follows; T, Tooptany Tnerr @nd @ are taken from
the material properties shown in Table 1.

Apart from the cooling time, shear rate for the gate also
needs to be calculated because the gate is the smallest area
in the feed system. The shear rate at the gate should not
exceed the maximum shear rate allowed as stated for the
material properties [35]. The shear rate of this study for

dual gate is calculated using Eq. (4) [35],
2(2 + l)v
Wh?

. )

where 7 is the power-law index of the polymer melt, V is a

volumetric flow rate (m>/s), W is the width of the gate (m)
and £ is the thickness of the gate (m).
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The design of the cooling channel used in this study
is illustrated in Fig. 1b according to the requirement pro-
posed in ISO 294-1:1996(E) [37] document. Four channels
are needed for each insert to absorb the heat released from
the molten plastic as mentioned in ISO 294-1:1996(E)
[37]. The size of the cooling channel is estimated by cal-
culating the heat capacity of the moulded part.

The total amount of heat that needs to be removed by
the cooling system, Q (J) can be calculated using

molding
Eq. (5) [35],
Qmolding = mmalding ( CP) (Tmelt - Teject) (5)
where m,,,,4,, 15 the mass of the moulded part including feed

system (kg), C, is the specific heat of material (J/kg.°C),
T,1; 1s the melt temperature (°C) and T, is the ejection
temperature (°C).

With the consideration of the coolant control pressure,
AP (kPa) and the length of cooling channels, the minimum
diameter of the cooling channels can be calculated from
Eq. (6) with the allowable pressure drop assumed to be
100 kPa which is half of the maximum pressure supplied
from the coolant controller [35]. The coolant pressure drop

is due to friction of hoses, turns, plugs and connectors.

D _ i/pcoolam‘ (Lline) ( Vconlunt ) ? (6)
min AP(107)

where p,,un; 15 density of the coolant (kg/m®), L, is the
total length of the cooling channels at core and cavity sides
(M), V.., i the coolant flow rate (m*/s) and D is the diam-
eter of cooling channels (m).

After the diameter of cooling channel has been esti-
mated, the distance between mould surface and cooling
channel is calculated. The linear distance between the
cooling channels and the mould surface, H,, (m) can be
calculated using heat conduction equation state as shown

in Eq. (7) [35],

mold

hconduction - H (7)
line

where is the convection heat transfer coefficient

conduction

(W/°C), and K, is the thermal conductivity of mould
material (W/m°C).

By referring to P20 mould steel properties for endur-
ance limit stress and assuming the nominal compressive
stress as 150 MPa [35], the value of stress concentration
factor, K, in this study is calculated to be 3.51. Thus, in
this study, the diameter of the cooling channel was selected
to be 8 mm which complies with the calculated values. The
distance of cooling channel is selected to be 12 mm as
classified within the calculated range.
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2.2 Variable parameter and range

Four independent parameters were selected as the variables
in this study namely coolant inlet temperature, melt tempera-
ture, packing pressure and cooling time based on the previ-
ous results of significant parameters that affect shrinkage and
weld line strength [21, 38—42]. Coolant inlet temperature
was chosen instead of mould temperature because the mould
temperature was controlled by coolant inlet temperature. The
range of variable parameters was determined based on the
recommended simulation results and material specification
as shown in Table 2.

2.3 Experimental design and analysis of data

The results obtained from the experiment for shrinkage and
strength of weld line were analysed using Design-Expert
software with RSM method. All the results from the experi-
ments were arranged in a list of experiments and used to
generate a relationship between input parameters setting and
output responses which are shrinkage and strength of weld
line on the specimen. Two levels of full factorial design were
selected using four factors which are coolant inlet tempera-
ture (°C), melt temperature (°C), packing pressure (MPa)
and cooling time (s). Shrinkages in both parallel to and
normal to melt flow directions, and weld line strength were
selected as the responses. A list of experiments generated in
Design-Expert software based on four factors and four centre
points is depicted in Table 3 for Run numbers 1-20. Then,
the full factorial design was augmented to RSM using centre
composite design (CCD) that consists of additional ten runs
as shown in Table 3 for Run numbers 21-30. Based on these
results, a model was generated for each response based on
the required backward model selection (alpha out=0.05).
The insignificant parameters or interaction between param-
eters were removed and excluded from the generated models
for both shrinkage and strength of weld line. These models
were used during the optimisation process.

2.4 Tensile test

Tensile strength, o), (N/m?), was obtained from the maxi-
mum tensile stress of the specimen. Universal testing
machine (UTM) was used to measure the tensile strength
of the moulded part. Extensometer was used as the aid to

Table 2 Selected process variable range for ABS material

Level Coolant inlet ~ Melt temp. Packing pres- Cooling
temp. (°C) °C) sure (MPa) time (s)

Minimum 50 250 50 8

Maximum 70 270 70 12
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Table 3 List of experiments and results of shrinkage and weld line strength

Experiment type Run  Variable parameter Responses
Coolant inlet Melt temp. (°C)  Packing pres- Cooling  Shrinkage (%) Weld line
temp. (°C) sure (MPa) time (s) strength (N/
Normal to the Parallel to the mm?)
melt flow direc-  melt flow direc-
tion tion
Full factorial 1 50 250 70 1.33 0.51 40.2451
2 70 270 70 1.06 0.46 41.5181
3 70 250 70 1.07 0.48 41.1915
4 60 260 60 10 1.55 0.58 40.4282
5 50 250 50 8 1.67 0.67 40.5520
6 70 250 70 12 1.30 0.49 40.7418
7 50 270 50 12 1.68 0.66 40.2625
8 70 270 50 8 1.53 0.64 40.7765
9 50 250 70 12 1.24 0.53 40.0301
10 70 250 50 8 1.66 0.67 40.5995
11 50 270 70 12 1.09 0.49 40.0180
12 60 260 60 10 1.60 0.60 40.4561
13 50 270 50 8 1.65 0.67 40.4126
14 50 250 50 12 1.68 0.68 40.4964
15 70 250 50 12 1.69 0.60 40.8620
16 60 260 60 10 1.58 0.59 40.4531
17 70 270 70 12 1.14 0.46 41.2646
18 60 260 60 10 1.58 0.59 40.4520
19 70 270 50 12 1.66 0.65 40.8541
20 50 270 70 8 1.37 0.50 40.5764
CCD 21 60 260 60 10 0.62 1.63 40.5862
22 40 260 60 10 0.65 1.69 40.0241
23 80 260 60 10 0.56 1.60 41.5126
24 60 280 60 10 0.56 1.59 40.7475
25 60 260 60 14 0.60 1.61 40.3665
26 60 240 60 10 0.61 1.63 40.7867
27 60 260 60 10 0.59 1.56 40.7257
28 60 260 60 6 0.58 1.61 40.5623
29 60 260 80 10 0.31 1.08 41.1588
30 60 260 40 10 0.72 1.75 40.7076

increase the accuracy of the data collected. The speed of
testing used in this study was 50 mm/min according to ISO
527-1:2012 [43]. Five specimens were used for tensile test-
ing for each set of moulding conditions.

2.5 Shrinkage measurement

Shrinkage was measured according to the ISO 294-4:2001
[44] standard to determine the shrinkage of the moulded
part. The shrinkage measurement (post-moulding) was
measured 48 h after the moulding process.

The specimens were trimmed from the gating system
just after the moulding process and stored at room tempera-
ture between 16 and 24 h. Five specimens for each of the

mouldings were selected for shrinkage measurement. The
results of the moulding shrinkage measurement can be cal-
culated for shrinkage in parallel to the melt flow direction,
Sy, (%) and normal to the melt flow direction, Sy, (%).

3 Results and discussion

3.1 Analyses of full factorial experiment

The results of average shrinkage and weld line strength for
full factorial experiments are shown in Table 3, row numbers

1 until 20. Average shrinkages were calculated based on the
shrinkage values both parallel to and normal to the melt

@ Springer
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flow direction in both cavities. Besides, weld line strength
was obtained from the maximum stress of the thick flat part
during the tensile test. The minimum value of shrinkages in
both normal to and parallel to the melt flow directions for
full factorial experiments is 1.06 mm and 0.46 mm, respec-
tively, and maximum weld line strength is 41.5181 N/mm?.
From these results, Analysis of Variance (ANOVA) was con-
ducted for each response in order to analyse the curvature of
the model that will be created. The shrinkages and weld line
strength can be improved using response surface methodol-
ogy (RSM) if the curvature is present in the model.

3.2 Significant factors affecting shrinkage and weld
line strength

Table 4 shows the percentage contribution of each fac-
tor and significant interaction for shrinkage and weld line
strength obtained from ANOVA. The most significant factor
of shrinkage for both normal to and parallel to the melt flow
directions was packing pressure with 85.24% and 90.64%
contribution, respectively. Packing pressure influenced the
density of the molten plastic during the packing process.
Packing pressure plays a vital role to pack the molten plastic
until the solid density is achieved, since the density of poly-
mer varies from melt to solid. Change in packing pressure
will also affect the density of molten plastic that leads to
the shrinkage issue. Results also showed that coolant inlet
temperature, melt temperature and cooling time contributed
less significantly towards shrinkage in this study.

Besides, the highest percentage contribution of parameter
for weld line strength is the coolant inlet temperature with
59.37%. Therefore, the coolant inlet temperature was the
most significant factor that affected the weld line strength

Table 4 Percentage contribution of factors

Response Main factor
Factor Percentage
contribution
(%)
Shrinkage (normal) A: Coolant inlet temp 1.70
B: Melt temp 1.15
C: Packing pressure 85.24
D: Cooling time 0.22
Shrinkage (parallel) A: Coolant inlet temp 3.66
B: Melt temp 0.62
C: Packing pressure 90.64
D: Cooling time 0.01
Weld line strength A: Coolant inlet temp 59.37
B: Melt temp 2.03
C: Packing pressure 1.29
D: Cooling time 3.93

of the moulded part. The coolant inlet temperature signifi-
cantly affects the mould temperature, where the increase in
the mould temperature resulted in diffusion on the molecular
chains to a higher degree of bonding at the weld line inter-
face. This molecular chain affects the quality of the bonding
and the strength of the moulded part. The mould temperature
was also found to be the most significant parameter affecting
the weld line strength of the moulded part by Annicchiarico
& Alcock [45].

3.3 Analysis results of shrinkage in normal
to the melt flow direction

Table 5 shows a statistical analysis of ANOVA for two-level
factorial of shrinkage in both normal to and parallel to the
material flow directions, and weld line strength. ANOVA
results indicated several significant terms to the response,
including main factors and interactions. The probability
values less than 0.05 (p value < 0.05) were considered to
have a significant effect [46]. Meanwhile, insignificant terms
(p value > 0.05) have been removed in order to obtain an
accurate empirical model based on the backward elimination
regression with alpha out to exit being 0.05. The significant
terms model was determined with 95% of confidence level
that was applied in an ANOVA analysis. From the analy-
sis, the probability values (p value) below 0.05 indicate that
analysis of shrinkage in normal to and parallel to the mate-
rial flow model is significant with p value <0.0001 [46].
Meanwhile, the curvature is significant because the p value
is less than 0.05. Thus, it is possible that a quadratic model
is a better fit compared to a linear model [46]. Therefore,
the models are best fit with second-order models rather than
first-order by augmenting axial runs to allow quadratic terms
to be incorporated into the model. Data were augmented
using rotatable central composite design (CCD) to produce
a quadratic model. The CCD is a very efficient design for
fitting the second-order model or response surface [47]. It
requires additional 10 axial runs with two replication of cen-
tre runs as recommended by the Design-Expert software.
The models of shrinkage in the normal to and parallel to
the melt flow directions, as well as weld line strength, are
developed based on the CCD results. These models are used
to predict the best combination of parameters in order to

Table5 Summary of ANOVA results for shrinkage in normal and
parallel directions to the melt flow, and weld line strength

Source Shrinkage (Nor-  Shrinkage (Paral- Weld line strength
mal) lel)
Model Significant Significant Significant

(p value<0.0001) (p value <0.0001) (p value<0.0001)

Curvature Significant Significant Significant
(p value=0.0012) (p value=0.0128) (p value=0.0032)
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reduce shrinkages, as well as increase the weld line strength
of the moulded part. The results for all responses are shown
in Table 3 starting from run 21-30.

3.4 Analysis results of CCD for shrinkage in normal
to the melt flow direction

The ANOVA of shrinkage in normal to melt flow direction
after augmentation of full factorial experimental design is
shown in Table 6. The results showed that the model is sig-
nificant with several model terms. The block gives the lowest
sum of square value compared to other terms which indi-
cated that the variation between block 1 and 2 is not critical.
As shown in Table 6, the interaction of AC and the main
effects of A, B and C are significant to the model. After fit-
ting the first-order model, the result shows that only packing
pressure (C) gives a quadratic effect to the model. Besides,
the lack of fit (LOF) value is 0.0932 (p value > 0.05) which
satisfies the model to be fitted.

The values of R? and Adjusted R? are very high which
are close to 1 (~0.9377 and ~0.9243) indicating that the
model is desirable. The Adjusted R? has a difference of only
0.0681 with Predicted R? which implies that it is in rea-
sonable agreement (<(.2). On the other hand, the value of
adequate prediction is above 4 (= 28.9702), which indicates
that the model is adequate [46].

Furthermore, the main effects plot namely coolant inlet
temperature (A), melt temperature (B) and packing pressure
(C), on the shrinkage in normal to the melt flow direction,
are shown in Fig. 2a—c, respectively. The plot of shrinkage

versus coolant inlet temperature shows that an increase in
temperature reduces the shrinkage. This result is in line with
the documented research works where the shrinkage on the
moulded parts was reduced with an increase in mould tem-
perature due to better pressure transmission [48]. The same
pattern is shown for melt temperature, while an increase
in the melt temperature resulted in a decrease in shrink-
age in normal to the melt flow direction [49]. These mould
and melt temperatures affected the stress relaxation of the
moulded material. High mould and melt temperature will
cause the material to be more ‘relaxed’ during the cooling
process [50]. Cooling rate has a significant effect on the
degree of relaxation [50]. Thus, rising the mould and melt
temperature will reduce the shrinkage by allowing the mate-
rial to ‘relax’. Meanwhile, the shrinkage in the normal to the
melt flow direction decreased with the increase in packing
pressure which is in agreement with other research works
[49, 51, 52]. Increasing the packing pressure resulted in the
increase in the density of polymer melt. The shrinkage was
reduced when the melt density increased as close as solid
density of the moulded material. Therefore, shrinkage was
reduced when the packing pressure increased.

Figure 2d shows the contour plot of interaction between
coolant inlet temperature (A) and packing pressure (C).
The response line of both factors tends to crossover, indi-
cating that the interaction is significant. It can be seen that
by increasing the coolant inlet temperature with packing
pressure at high level (70 MPa), the shrinkage in normal
to the melt flow direction was decreased drastically. On the
other hand, at the lowest packing pressure setting (50 MPa),

Table6 ANOVA of CCD for

8 N A . Source Sum of squares  df Mean square  F value p value Summary
shrinkage in normal direction to Prob> F
the melt flow
Block 0.0721 1 0.0721
Model 1.1266 5 0.2253 69.2310 <0.0001 Significant
A-coolant inlet temp 0.0330 1 0.0330 10.1410 0.0041
B-melt temp 0.0176 1 0.0176 5.4091 0.0292
C-packing pressure 0.9560 1 0.9560 293.7447 <0.0001
AC 0.0189 1 0.0189 5.8092 0.0243
o 0.1011 1 0.1011 31.0510 <0.0001
Residual 0.0749 23 0.0033
Lack of fit 0.0711 19 0.0037 4.0200 0.0932 Not significant
Pure error 0.0037 4 0.0009
Cor total 1.2735 29
Additional information
Standard deviation 0.0570
Mean 1.5057
R? 0.9377
Adj R? 0.9242
Pred R? 0.8561
Adequate precision 28.9702
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Fig.2 Main effect plot for factor, a coolant inlet temperature, b melt temperature, ¢ packing pressure, d contour plot of interaction coolant inlet

temperature and packing pressure to the shrinkage

increasing the coolant inlet temperature from 50 to 70 °C
showed no significant effect on the shrinkage. The contour
plots can be used to estimate the effect of the interaction
between variables and responses [45]. The contour graph
in Fig. 2d reveals that the lowest shrinkage can be achieved
when packing pressure is set at a high level (70 MPa) and
the coolant inlet temperature is at a high level (70 °C). This
finding is in agreement with Altan [49].

The empirical model generated by the Design-Expert
software was used to estimate the response of shrinkage in
normal to the melt flow direction at a different setting within
the range investigated. The empirical models in terms of
actual factor are shown in Eq. (8),

(Shrinkage, ,ma) = 0.32456 +0.016917A — 2.70832 x 107B

9.06% error between average experimental results and pre-
dicted results.

3.5 Analysis results of CCD for shrinkage in parallel
to the melt flow direction

Table 7 shows an ANOVA result of shrinkage in parallel to
the melt flow direction after augmentation of full factorial
experimental design. The sum of square value for the block
is 0.00004 which shows that the variations between blocks
are not critical (=~ 0). Besides, the model is significant with
p value lower than 0.0001. Coolant inlet temperature (A),

®)

+0.07175C = 3.4375 x 107%AC - 5.92361 x 107*C?

where A is the coolant inlet temperature (°C), B is the melt
temperature (°C) and C is the packing pressure (MPa).

The experimental and predicted results of shrinkage in
the normal to the melt flow direction are illustrated in Fig. 3.
Overall, the experimental results are in line with the results
from the empirical model. Therefore, the empirical model
has a good prediction in predicting the shrinkage values with

@ Springer

melt temperature (B) and packing pressure (C) are signifi-
cant parameters where the of “Prob >F” is less than 0.05
[45]. No interaction between parameters has been found as
significant for shrinkage in parallel to the melt flow direc-
tion. Moreover, the lack of fit (LOF) is not significantly (p
value > 0.05) relative to the pure error which satisfies the
model to be fitted.
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Fig.3 Experimental and
predicted results of shrinkage

in normal direction to the melt
flow using CCD T:Iﬁ_“
) ¢
& 1t
z 3¢
;
1.00
0.90 *
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Run order
== &= Experiment o« - Predicted
Tab.Ie 7 ANOVA of CCD for Source Sum of squares  df Mean square  F value p value Summary
shrinkage parallel to melt flow Prob>F
direction
Block 0.00004 1 0.0000
Model 0.20721 4 0.0518 157.5374 <0.0001 Significant
A-coolant inlet temp 0.00756 1 0.0076 22.9951 <0.0001
B-melt temp 0.00144 1 0.0014 4.3837 0.0470
C-packing pressure 0.18809 1 0.1881 572.0011 <0.0001
C? 0.01012 1 0.0101 30.7696 <0.0001
Residual 0.00789 24 0.0003
Lack of fit 0.00720 20 0.0004 2.0797 0.2505 Not significant
Pure error 0.00069 4 0.0002
Cor total 0.21515 29
Additional information
Standard deviation 0.0181
Mean 0.5771
R? 0.9633
Adj R? 0.9572
Pred R? 0.9105
Adequate precision 43.6654

The R? and Adjusted R? have high values which are close
to 1 (=0.9633 and ~0.9572), hence, are desirable. There is
only 0.0467 difference between Adjusted R* and Predicted
R? which is in a reasonable agreement because the value is
below 0.2 [45]. The adequate prediction is above the value
of 4 (= 436,654), indicating that the model is adequate.

The main effect plot for coolant inlet temperature (A),
melt temperature (B) and packing pressure (C) is shown in
Fig. 4a—c, respectively. Shrinkage versus coolant inlet tem-
perature plot (Fig. 4a) illustrated that the shrinkage is mini-
mum with the increase in the coolant inlet temperature. This
result shows a similar pattern with shrinkage in normal to
the melt flow direction and agreed with previous researchers
where the shrinkage on the moulded parts was reduced when
the mould temperature was increased [42]. The trend for
the shrinkage in both (parallel and normal) to the melt flow

directions is in line with the finding from previous researcher
[42]. Besides, packing pressure showed a quadratic relation
towards shrinkage, and the graph shows that the shrinkage
was decreased with the increase in packing pressure [49, 51,
52]. The contour plots obtained in this study were used to
estimate the effect of the interaction to the response when
the parameters are at high and low levels [45]. No interaction
was found for the shrinkage parallel to the melt flow direc-
tion. The results from the contour plot (Fig. 4d) showed that
shrinkage was reduced with the increase in packing pressure,
as well as coolant inlet temperature. This finding agreed with
that of Chen [53] in the study of reducing shrinkage of the
moulded part.

The empirical model for the shrinkage parallel to the
melt flow direction in terms of actual factors is expressed
in Eq. (9),

@ Springer
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(Shrinkage o) = 0.75694 — 1.775 x 107°A = 7.5 x 107*B

+0.013639C — 1.87435 x 107*C?
©))
where A is coolant inlet temperature (°C), B is melt tempera-
ture (°C) and C is packing pressure (MPa).

The experimental and predicted results of shrinkage
parallel to the melt flow direction are illustrated in Fig. 5.
The generated graph of experimental versus shrinkage
parallel to the melt flow direction has yielded a good pre-
diction, whereas the pattern shows similarity between the

experimental results and empirical model. Error of average
value between experiment and predicted model is 1.72%,
indicating that the model has a very good relation with the
experimental results.

3.6 Analysis of results of CCD for weld line strength

The analysis of results from CCD for weld line strength of
the moulded part implies that the model is significant (p
value < 0.05) as shown in Table 8. This means that there is
less than 0.0001% chance for F-Value of model occurring

Fig. 5 Experimental and 0.75

predicted results of shrinkage in
parallel to the melt flow using

0.70

CCD 0.65

0.60

0.55

e’

0.50 -—‘. £ ‘

el

0.45

Shrinkage (%)

0.40

0.35

0.30
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Table 8 ANOVA of CCD for

Sum of squares df

Mean square F value  p value Prob>F Summary

weld line strength Source

Block 0.0782
Model 4.1400
A-coolant inlet temp 2.7962
B-melt temp 0.0327
C-packing pressure 0.1165
D-cooling time 0.1253
AB 0.0719
AC 0.3838
BC 0.1178
CD 0.1622
A? 0.0783
B2 0.0773
c? 0.2477
Residual 0.2011
Lack of fit 0.1909
Pure error 0.0102
Cor total 4.4193
Additional information

Standard deviation 0.1088
Mean 40.6456
R? 0.9537
Adj R? 0.9237
Pred R? 0.8167
Adequate precision 22.1196

1 0.0782
11 03764 31.8144  <0.0001 Significant
1 27962 236.3665  <0.0001
1 0.0327 2.7662 0.1146
1 0.1165 9.8509 0.0060
1 0.1253 10.5908 0.0047
1 0.0719 6.0809 0.0246
1 03838 324402 <0.0001
1 01178 9.9578 0.0058
1 0.1622 13.7078 0.0018
1 0.0783 6.6145 0.0198
1 0.0773 6.5335 0.0205
1 0.2477 20.9422 0.0003
17 0.0118
13 0.0147 5.7457 0.0522 Not significant
4 0.0026

29

due to noise [45]. Coolant inlet temperature (A), packing
pressure (C) and cooling time (D) have significant impacts,
while AB, AC, BC and CD indicated significant interac-
tions in the model (p value <0.05). The terms A% B? and
C? are also significant (p value <0.05) in establishing the
polynomial model. The lack of fit (LOF) is insignificant (p
value > 0.05) which indicates that the quadratic model is
fitted.

From Table 8, the R? (0.9537) value is acceptable for the
model (=~ 1). The predicted R? is in reasonable agreement
with the adjusted R?> where the difference between them is
below 0.2, which is only 0.107 in this study. The adequate
precision value is above 4 (x22.1196) which shows that the
model is adequate.

Figure 6a—d shows the main effect of weld line strength
of the moulded part for terms A, B, C and D, respectively.
Terms A, B and C illustrated that the curvature is signifi-
cant (p value < 0.05) representing the second-order terms in
the model. Coolant inlet temperature (A) indicates a posi-
tive effect on the weld line strength of the moulded part,
where an increase in coolant inlet temperature resulted in
an increase in the weld line strength due to the fact that the
molecular chains gained higher ability to flow at a higher
temperature [45]. On the other hand, with the lower tempera-
ture of coolant inlet, the molecular diffusion and subsequent

molecular bonding in weld interface are incomplete, so, it
weakens the interaction of the molecular chain. Thus, the
strength of the weld line area is weak. This result is in line
with that of Chen et al. [54] in their study on thin wall part.

The same trend is illustrated for term B (melt tempera-
ture) as shown in Fig. 6b, but the line is slightly decreased
near the middle and tends to increase subsequently. This
term contributes to the increase in the melt temperature
resulting in increasing the weld line strength. The molecules
carry higher energy at higher melt temperature. This energy
decreases when the melt material enters the mould cavi-
ties due to lower mould temperature compared to the bar-
rel. Thus, higher melt temperature carries more molecular
energy bonding compared to low melt temperature. This
result is in line with those of Chen et al. [54] and Ozcelik
etal. [41].

The trend of factor C (packing pressure) also illustrated
similar trend with A and B as shown in Fig. 6¢. Increas-
ing the packing pressure led to an increase in the weld line
strength. Low pressure at the flow front of material does
not promote molecular chain entanglement, resulting in
poor strength of the moulded part. This result agrees with a
research by Chen et al. [54] and Ozcelik et al. [41].

In this study, cooling time (D) was found as a signifi-
cant factor for weld line strength of the moulded part. The
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graph shown in Fig. 6d indicates that weld line strength
decreases with an increase in cooling time. Residual stress
on the moulded parts depends on the cooling rate where
the cooling rate after the moulded part was ejected from
the mould is faster than the cooling stages inside the mould
[55]. Thus, shorter cooling time in the mould increases the
residual stress of the part. Furthermore, tensile stress on the

temperature of 60 °C and melt temperature of 260 °C. Dif-
fering from other interactions, the interaction of CD shows
that the weld line strength is optimal when the cooling time
is at the minimum parameter (8 s) with the maximum pack-
ing pressure (70 MPa).

The empirical model of the weld line strength in terms of
the actual factors is shown in Eq. (10),

Strengthy, = 104.64646 — 0.29657A — 0.36123B — 0.36159C + 0.2659D
+6.70528 x 107™*AB + 1.54873 x 107AC + 8.58055 x 10™*BC
— 50337 x 1073BC + 5.28646 x 107*A% + 5.25396 x 10™*B>

+9.40648 x 1074C?

(10)

moulded part is increased with the increase in residual stress
[56].

Figure 6e illustrates the contour plots of factors A and
B at packing pressure of 50 MPa and cooling time of 10 s.
The maximum strength of the moulded part is achieved at
high melt temperature (270 °C) and high coolant inlet tem-
perature (70 °C). The contour plot of factors A (coolant inlet
temperature) and C (packing pressure) at melt temperature
of 260 °C and cooling time of 10 s are shown in Fig. 6f.
High packing pressure (70 MPa) and high coolant inlet tem-
perature (70 °C) increase the weld line strength. The con-
tour plots of factors B (melt temperature) and C (packing
pressure) at coolant inlet temperature of 60 °C and cooling
time of 10 s are shown in Fig. 6g, respectively. The interac-
tion of BC (B is melt temperature; C is packing pressure)
showed similar trends with the interaction of AB (A is cool-
ant inlet temperature; B is melt temperature) and AC (A is
coolant inlet temperature; C is packing pressure) where the
maximum weld line strength can be achieved at high pack-
ing pressure (70 MPa) and high coolant inlet temperature
(70 °C). Figure 6h illustrates the contour plots of factors
C (packing pressure) and D (cooling time) at coolant inlet

where A is coolant inlet temperature (°C), B is melt tem-
perature (°C), C is packing pressure (MPa) and D is cooling
time ().

The experimental and predicted results of weld line
strength are illustrated in Fig. 7. The generated graph of
experimental versus predicted results of weld line strength
showed a similar pattern. It can be concluded that the pre-
dicted value is in a very good agreement with the experi-
mental results because the error between experiment and
predicted values is about 0.20%. Based on the predicted
model of CCD, the result of optimisation of shrinkages
and weld line strength is discussed in the next section.

3.7 Optimisation result of CCD

The predicted optimal solution of parameters for the shrink-
age in both parallel to and normal to the melt flow directions,
and the weld line strength of the moulded part using RSM
are concluded in Table 9. To obtain the significant result of
this study, the optimal solution of the parameters in experi-
mental works was compared to the recommended value

Fig.7 Experimental and pre- 41.90
dicted results of the weld line
strength using CCD =
& 41.40 *5 i
: 1w b f
k= ] 3 3 ] \ ;1
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Table 9 Predictive optimal solution of shrinkage and the weld line strength in multi- and separate objectives

Variable/response  Item Recom- Multi-objectives  Separate objectives Improvement (%)
mended —
setting Separa}te Multi-objectives
objectives
Variable Coolant inlet temp. (°C) 53 69.93 70 70 69.99
Melt temp. (°C) 270 270 270 270 269.87
Packing pressure (MPa) 70 70 70 70 70
Cooling time (s) 12 8 8.11 8.56 8
Response Shrinkage (normal) (%) 1.29 1.214 1.213 N/A N/A 5.969 5.891
Shrinkage (parallel) (%) 0.48 0.460 N/A 0.459 N/A 4.375 4.160
Weld line strength (MPa) ~ 40.12 41.627 N/A N/A 41.628  3.758 3.756

obtained from the simulation. Results showed that shrinkage
was reduced significantly by 5.969% and 4.375% in normal
to and parallel to the melt flow direction, respectively, while
the weld line was improved 3.758% compared to the recom-
mended setting from the simulation. Meanwhile, the reduc-
tion in shrinkage in parallel to and normal to the melt flow
direction using multi-objective optimisation was 5.891%
and 4.160%, respectively, and the weld line strength of the
moulded part was increased by 3.759%. These improvements
are according to the combination of parameters setting used
during experimental works to improve the shrinkage and
weld line strength on the moulded part.

The result of shrinkages and weld line strength in multi-
objectives is found to be almost similar. Therefore, the multi-
objective optimisation using RSM was preferable due to the
same parameters that were employed to obtain the mini-
mum shrinkage, as well as the maximum weld line strength
conditions.

Table 10 Results of verification test

3.8 Verification test

A series of verification tests were conducted in order to vali-
date the predicted model solutions. Three empirical models
had been generated using ANOVA in Design-Expert soft-
ware, by comparing the results from prediction and confir-
mation tests using the following equation;

Result of conformation tests — Predicted value % 100

11

The verification results from all experiments are repre-
sented in Table 10. The results indicated that the predicted
errors ranged from 0.2 to 14.5%. The prediction system is

in good agreement with the verification experiments where
the errors are below 20% [57].

Error =

Result of conformation tests

Responses Variable Predicted value  Actual value Error (%)
RSM
Coolant Melt temp. (°C) Packing Cooling time (s) ( )
inlet temp. pressure
(°C) (MPa)
Separate objec-  Shrinkage (nor- 70 270 70 8.11 1.214% 1.08% 12.3
tive mal)
Shrinkage (par- 70 270 69.99 11.79 0.460% 0.45% 22
allel)
Weld line 69.99 269.87 70 8 41.627 MPa 41.52MPa 0.3
strength
Multi-objectives ~ Shrinkage (nor-  69.93 270 70 8 1.213% 1.06% 14.5
mal)
Shrinkage (par- 0.459% 0.46% 0.2
allel)
Weld line 41.628 MPa 41.52MPa 0.3
strength
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4 Conclusions

Optimisation process using RSM has been applied to find
the best parameters setting in order to reduce shrinkage and
increase the weld line strength, through injection moulding
process. Packing pressure was found to be the most signifi-
cant factor affecting the shrinkage, while the coolant inlet
temperature had the most significant effect on the weld line
strength. Final result revealed that the coolant inlet tempera-
ture of 69.93 °C, melt temperature of 270 °C, packing pres-
sure of 70 MPa and cooling time of 8 s are the best combi-
nation of parameters to reduce the shrinkage up to 5.969%
and increase the weld line strength up to 3.758% compared
to the values from the recommended setting obtained from
the simulation in experimental research. Validation process
shows that the prediction system is in good agreement with
the verification experiments with an error of less than 14.5%.
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