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Abstract: Many studies have been done using recycled waste materials to minimise environmental
problems. It is a great opportunity to explore mechanical recycling and the use of recycled and virgin
blend as a material to produce new products with minimum defects. In this study, appropriate
processing parameters were considered to mould the front panel housing part using R0% (virgin),
R30% (30% virgin: 70% recycled), R40% (40% virgin: 60% recycled) and R50% (50% virgin: 50%
recycled) of Polycarbonate (PC). The manufacturing ability and quality during preliminary stage
can be predicted through simulation analysis using Autodesk Moldflow Insight 2012 software. The
recommended processing parameters and values of warpage in x and y directions can also be
obtained using this software. No value of warpage was obtained from simulation studies for x
direction on the front panel housing. Therefore, this study only focused on reducing the warpage in
the y direction. Response Surface Methodology (RSM) and Genetic Algorithm (GA) optimisation
methods were used to find the optimal processing parameters. As the results, the optimal ratio of
recycled PC material was found to be R30%, followed by R40% and R50% materials using RSM and
GA methods as compared to the average value of warpage on the moulded part using R0%. The
most influential processing parameter that contributed to warpage defect was packing pressure for
all materials used in this study.

Keywords: injection moulding process; response surface methodology; genetic algorithms; warpage;
recycle material

1. Introduction

Presently, there are many scrap materials produced by moulding industries such as
rejected parts and gating or feeding systems [1]. Other than the increase in plastic price due
to the increase in oil price, the industrial sector also demands recycled plastic usage in order
to reduce production costs [2]. A great amount of plastic waste occurs due to the increasing
consumption of plastics all over the world [3]. The recycling of polymers and polymer
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composites has become a serious issue that had gained popularity among researchers in
the 21st century [4,5]. There are many socioeconomical, political and technological drivers
that may cause this issue to become more prominent in the near future [5,6].

Waste plastics are an untapped source of recovery for useful polymers. As an example,
the demand for Polycarbonate (PC) in the year 2010 was approximately 3.4 million tons,
with annual growth levels of approximately 6% [7,8]. Furthermore, PC is a thermoplastic
polymer that has high chemical resistance with high temperatures and mechanical impact.
PC is included in the carbonates group but is more expensive than other polymers that
are commonly found in waste. On the other hand, in order to minimise environmental
problems, several studies have also been conducted using recycled wastes of various
thermoplastic materials [7-13].

For instance, Rahimi et al. [14], studied shrinkage, mechanical properties and structure
of recycled Acrylonitrile Butadiene Styrene (ABS) by investigating the effect of reprocessing
virgin material five times, and the results showed that the best mechanical properties of
the moulded parts were achieved by using a 20% mixture of recycled and virgin materials,
while the minimum shrinkage was obtained when using 50% mixture of recycled and
virgin materials. Bhattacharya and Bepari [15] investigated the feasibility of Polypropylene
(PP) recyclability in injection moulding based on a Gray Relational Analysis (GRA) and
found that the injection speed is the most significant processing factor followed by the
injection pressure, virgin-to-recycled ratio and lastly injection temperature. The optimal
setting of processing parameters for recycled High Density Polyethylene (HDPE) using
the Taguchi method was explored, and the results showed that any changes i processing
parameters will eventually change or degrade the performance of the shrinkage, tensile
strength and flexural strength of moulded parts produced. The optimisation methods used
were able to generate an optimal setting of processing parameters to mould [16,17] the
parts using virgin and recycled material in the injection moulding process [1,18,19].

Based on a review that had been done, many researchers defined warpage as a defect
that affects the quality of the product [20-25]. the warpage defect can be minimised by
determining an appropriate setting of processing parameters obtained from many beneficial
optimisation methods. Therefore, the selection of an appropriate plastic material to fulfil
the requirement of product specifications must be critically evaluated by the designer
and manufacturer.

A few researchers used an optimisation method to reduce the defect on the moulded
parts produced in injection moulding process by determining an optimal setting of process-
ing parameters [26,27]. Nasir et al. [28] studied the effects of two types of gating systems
using Autodesk Moldflow Insight (AMI) simulation software to analyse the shrinkage
on parts produced in the injection moulding process. High packing pressure resulted in
lower shrinkage, and it was also found that a single gate (0.3885%) gave a better result com-
pared to the dual gates (0.4981%). Furthermore, Ozcelik and Erzurumlu [22] investigated
the ways to minimise warpage on a plastic cover part by using integrated finite element
analysis (FEA), statistical Design of Experiment (DOE), RSM and Genetic Algorithm (GA).
The warpage of the part model was reduced by 40.4% (from 0.0977 mm to 0.0582 mm)
using the GA optimisation method. Kurtaran and Erzurumlu [29] evaluated GA and RSM
optimisation methods in part to optimise the value of warpage, and their results showed
that warpage was decreased from 2.47 mm to 1.32 mm (46%) after optimisation using the
GA method. It was also reported that the most significant factors influencing the warpage
on the bus ceiling lamp were packing pressure (37.39%) followed by mould temperature
(31.35%), melt temperature (26.94%), packing time (3.65%) and cooling time (0.6%).

Yin et al. [25] explored a hybrid optimising method in a plastic injection moulding
process. This study combined a Back Propagation Neural Network (BPNN) method with
an intelligent global optimisation algorithm, namely GA. After the BPNN/GA method was
implemented, the warpage and the clamp force of the part were optimised and compared
to the recommended value of warpage obtained from AMI simulation software. The
optimised value of warpage was reduced by 66.9% (from 3.307 mm to 1.092 mm) compared
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to the recommended warpage value. In addition, the clamp force was increased 24.1%
(from 63.63 tons to 79.01 tons) as compared to the recommended value suggested by AMI.

The Taguchi method is widely used in moulding industries to improve the warpage
on the moulded part produced. The best combination of processing parameters can be
determined by using the Taguchi method [21,30-33]. Although the Taguchi method can
recommend the best combination setting of processing parameters, it is not suitable to
be used in determining the optimum setting of processing parameter for continuous
value. The major disadvantage of the Taguchi method is that the obtained results only
display relative performance values, and the processing parameters with the highest
effect cannot be determined [34,35]. On the other hand, RSM method is able to create a
predictive model that shows the relation between processing parameters and warpage. The
optimisation using the RSM method was used to reduce the shrinkage of the moulded parts
produced in injection moulding process by obtaining the optimum value of processing
parameters [22]. In addition, GA is one of the non-classical optimisation methods that
has been recently used to obtain the optimal conditions of processing parameters in the
injection moulding process [22,36].

It can be seen that the warpage defect can be minimised by determining an appropriate
setting of processing parameters obtained from many beneficial optimisation methods.
Therefore, the selection of an appropriate plastic material to fulfil the requirement of
product specifications must be critically evaluated by the designer and manufacturer.
On the other hand, in order to minimise environmental problems, several studies have
also been conducted using recycled waste materials [2,4,6,7,37-39]. Therefore, the use
of recycled and virgin blend materials to produce new products through the injection
moulding process, at the same time as minimising defects by employing optimisation
approaches, is a good opportunity to be explored.

In order to achieve a “go green environment”, plastic waste needs to be recycled, but
the defects occurring on the moulded parts produced in the injection moulding process
using recycle materials are hard to be diminished. Therefore, in this study, the effect
of mixing the recycled and virgin materials on the warpage of moulded part produced
is investigated. The optimisation methods are used to evaluate the optimum quality of
moulded parts produced using optimal setting of processing parameters.

The results obtained will become a clear reference for the moulding industries to
produce a new product using recycled materials with acceptable quality, which helps to
increase company profits and minimize environmental waste.

2. Methodology
2.1. Finite Element Analysis Setup

First, simulation studies were conducted using Moldflow simulation software (Au-
todesk Moldflow Insight 2012, Moldflow, Melbourne, Australia) to analyse the flow of
molten plastic material into the cavities [40]. The front panel housing with 2.5 mm thickness
made from PC Panlite L1225LM manufactured by Teijin Kasei Malaysia Sdn, Bhd., Kuala
Lumpur, Malaysia was used for the case study. The front panel housing with a curvature
shape was selected to represent the current market trend of the product design as shown
in Figure 1, while PC was chosen as the material to mould the front panel housing due
to high demand and application of this type of plastic in industries today [4,7], which
provides a good opportunity to explore mechanical recycling and the use of recycled and
virgin blend materials as the materials to produce a new product with minimal defect.
Thus, the warpage defect of recycled ratio on part produced using 30%, 40% and 50%
recycled materials blended with 70%, 60% and 50% of virgin materials, respectively, were
investigated and compared to the 100% virgin material. In addition, simulation studies
were only performed for the 100% virgin material due to the constraint where the material
properties for recycled materials are not available in the simulation software. However, all
recycled materials blended with 100%, 70%, 60% and 50% of virgin materials were used
to mould the parts in experimental works. Feeding systems, including sprue, runner and
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gate, were designed in AMI 2012 simulation software (Autodesk Moldflow Insight 2012,
Moldflow, Melbourne, Australia) based on mould design guidelines [41,42]. This analysis
was conducted to obtain an appropriate setting of processing parameters and also to predict
the warpage on the front panel housing in x and y directions. Then, optimisation methods
such as RSM and Artificial Intelligent methods integrated with simulation analysis were
used to minimise the value of warpage on the moulded part produced.

Figure 1. 3D model of front panel housing.

2.2. Response Surface Methodology (RSM)

A predictive model was created using the RSM method, which shows the relation
between processing parameters and warpage. In this study, the application of RSM and
GA optimisation methods were used to determine the appropriate setting of processing
parameters in order to minimise the warpage defect on the moulded parts. The values
of warpage obtained in simulation studies and experimental work through RSM were
compared with the value of warpage moulded through the GA method. Figure 2 shows
the methodology flowchart to optimise the warpage defect on front panel housing using
the RSM method.

2.2.1. Design of Experiment Setup

Warpage that occurred on the moulded parts produced was analysed using these
two levels (2*) Full Factorial Design (FFD). In addition, 24 factorial design was used in
this study due to the four processing parameters selected as variable parameters [43]. The
range of selected processing parameters, which comprise melt temperature (°C), packing
pressure (MPa), packing time (s) and cooling time (s) based on material specification and
simulation analysis, are shown in Table 1. Therefore, 20 lists of experimental designs based
on these four variables parameters and four centre points were generated. The significant
curvature in FFD was best fit with the second order model in order to allow quadratic
terms. Therefore, another 10 additional data of experimental runs were obtained and
needed to be used as the setting of processing parameters to mould the front panel housing
by performing Face-Centred Central Composite Design (CCD) [38]. An additional 10 runs
were created within the range of minimum and maximum values when Face Centred CCD
was selected. The cool (FEM) + fill + pack + warp analysis was performed using various
settings of processing parameters in DOE (30 settings of processing parameters) to evaluate
the value of warpage on front panel housing in x and y directions.

2.2.2. RSM Regression Analysis

The relationship between variables and responses in this study is shown in the mathe-
matical model obtained from regression analysis and was evaluated using the analysis of
variance (ANOVA). The analysis of responses from all full factorial of experiments showed
that the p-values of the curvature were below 0.05 [38]. The significant processing parame-
ters and factor interactions were depicted through the ANOVA results. The insignificant
processing parameters of the variables were eliminated by selecting the quadratic models.
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The selection process of backward elimination was suggested in a fit summary. Therefore,
the significant model was remained in the hierarchy [38]. The polynomial regression model
based on CCD analysis in RSM correlates the warpage with remaining inputs of process-
ing parameters as stated in ANOVA, namely melt temperature (A), packing pressure (B),
packing time (C) and cooling time (D). All of the mathematical equations obtained were
used to run the analysis using the GA optimisation method.

[ Identifying independent variables }
v
{ Determine the range value for each variables ]

v

[ Perform Full Factorial Design (FFD) ]

w =
YES

{ Perform Face Centered Central Composite Design (CCD) }4—

v
[ Conducting simulation studies / experimental works }
v
[ Develop Regression model ]
v

[ Performing statistical test ]

Are the model good?

YES

[ Obtain optimal setting }:

Figure 2. Methodology flowchart of RSM.

Table 1. Minimum and maximum values of processing parameters in two-level full factorial design
of experiment.

Processing Parameter Minimum Maximum Source
Melt temperature (°C) 270 300 Material specification
Packing pressure (MPa) 34.96 56.85 Fill + Pack analysis
Packing time (s) 1.58 1.77 Cool analysis
Cooling time (s) 15.45 18.02 Cool analysis

2.3. Genetic Algorithm

The GA analysis was run using MATLAB programming language software (MATLAB
R2014a, MathWorks, Natick, MA, USA) in order to execute the global optimum mathemat-
ical function obtained from RSM. The fitness function of mathematical model obtained
from RSM analysis will be used to perform GA analysis. The main purpose of performing
the GA analysis was to obtain the optimal setting of processing parameters to mould the
front panel housing in experimental works and then compare the result of warpage on the
front panel housing with RSM and recommended setting from AMI 2012 analysis. The
methodology flowchart in conducting GA analysis is illustrated in Figure 3.
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Figure 3. The methodology flowchart of genetic algorithm (GA).

The mathematical equation obtained from the RSM using Design Expert software
(Design Expert 7, Stat-Ease, Minneapolis, MN, USA) was used in GA analysis using
MATLAB software as the fitness function. The initial calculation phase was set based on
the selected variable parameters, and the bit number was calculated using Equation (1).
The range of the variable parameters was set to create the solution space [39].

2171 < (b-a) x10* < 2 (1)

where:

i—Bit number
b—Variable parameter maximum limit
a—Variable parameter minimum limit

The selection operator functions to determine the solutions that need to be preserved
and reproduce, and which ones deserve to die out. The selection of genotypes (chromo-
somes) was based on the "fitness of the fittest,” which implies that the best one would
survive and create the new generation according to Darwinian theory. The primary objec-
tive of the recombination operator is to emphasize the good solutions and eliminate the
bad solutions in a population while keeping the population size constant [44—46].

Crossover is the third basic process of GA operators and the process needs two
genotypes called strings combined with their genetic material (bits), to produce a new
offspring that possesses both of their characteristics. Two strings are picked from the
mating pool randomly to crossover and create a genotype that might be better than both of
the parents. The crossover is limited by the crossover rate and is not applied to the entire
population strings [47,48].

The last basic GA operator is mutation. The mutation phase consists of changing each
bit along the string. The mutation probability functions to modify one or more genes in a
genotype from the initial solutions. A better solution can be determined from a new gene
rate produced.

The evaluation of the fitness is done to determine the quality of each solution in the
population. The fitness value can be used to perform the selection process, where the best
ones are preserved and the others are discharged. The process is repeated until the best
fitness is determined by a genotype and taken as an optimal solution [45,49].
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2.4. Experimental Works

Experiments were conducted to evaluate the warpage on front panel housing based
on the optimised processing parameters gained from RSM and GA analyses. The database
of virgin (R0%) PC material can be used as a guidance to mould the front panel housing in
experimental works by using R30%, R40% and R50% materials. This is due to the fact that
the database for recycled material properties is not available in simulation software. The
recycled material was prepared using a crusher machine (XC-GB20HP, Jiangmen Xiecheng
Machinery Co., Ltd., Guangdong, China) to crush the rejected parts and gating system
produced by using the virgin material. A sieve with a mesh size of 6 mm was integrated into
the crusher machine. After crushing, the recycled materials that were larger than 6 mm were
recycled again, while the recycled materials that were smaller than 6 mm dropped through
the sieve into the collector bin placed at the lower part of crusher machine. Then, the digital
weight scale was used to weigh the recycled material in order to prepare the required
recycle material blends ratio. Next, the mixture of virgin and recycled materials was
blended evenly using vertical mixer machine (XC-JB500L, Jiangmen Xiecheng Machinery
Co., Ltd., Guangdong, China). The specimens of the front panel housing were moulded by
using an injection molding machine (Nissei NEX1000, Nissei Plastic Indus-trial Co., Ltd.,
Minamijo, Japan). Then, the measuring point in x and y directions as shown in Figure 4
were measured using Coordinate Measuring Machine (CMM), (Mitutoyo Crysta-Plus M574,
Mitutoyo Corporation, Kanagawa, Japan) after being stored in room temperature for 48 h
according to International Standard Organisation (ISO) 291 [50]. Then, the maximum
warpage in x and y directions was calculated using Equations (2) and (3).

A—-B —B
Maximum warpage in x direction = Maximum value of< 5 >or (C 5 > 2

D—-E F—E
Maximum warpage in y direction = Maximum value of( 5 )01‘( 5 ) (©)]

Figure 4. Measuring points on front panel housing to measure the warpage in y direction.

3. Results and Discussion
3.1. Simulation Results

The recommended setting of processing parameters using PC material was identified
by running the simulation analyses in AMI software. Table 2 shows the setting values of
processing parameters obtained from simulation studies by using virgin material, while
Table 3 presents the predicted value of warpage defect on front panel housing in x and y
directions based on measurement dimensions A, B, C, D, E and F values obtained from
simulation studies through AMI software. The minimum and maximum range of four
selected processing parameters, namely are melt temperature, packing pressure, packing
time and cooling time, are shown in Table 1. The range of melt temperature is obtained
from material specification provided by material manufacturer, while packing pressure,
packing time and cooling time were obtained from simulation analyses.
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Table 2. Recommended setting of processing parameters.

Parameter Setting Value
Melt temperature 285 °C
Mould temperature 95°C
Cooling Inlet Temperature 80 °C
Fill time 2.64s
V /P switch over 12 mm
Packing pressure 46.98 MPa
RAM position 62 mm
Cooling time 16.7 s
Packing time 1.5425s

Table 3. Warpage on front panel housing from simulation using AMI 2012 software.

Directions Nodes Initial Dimension  Distance after Warpage

Coordi A 119.5 mm

X()Clqr inate B 120 mm 119.5 mm 0
irection C 119.5 mm

Coordi D 79.62 mm

Yodér inate E 80 mm 79.12 mm 0.25
irection F 79.62 mm

A simplified statistical analysis of ANOVA in two-level factorial for the warpage on
front panel housing in y direction is tabulated in Table 4, while the statistical analysis
of ANOVA for the warpage in the x direction could not be determined due to the zero
values of warpage obtained. A significant effect is considered when the probability value
is less than 0.05 (p-value < 0.05), while probability values greater than 0.05 (p-value > 0.05)
indicate that it is an insignificant term [43]. All of the models are significant as the p-values
are lesser than 0.05 [43]. An insignificant lack of fit obtained in the results of experimental
works means a weak lack of fit. This indicates that a desirable property has been achieved,
and there was no value of lack of fit found in simulation studies due to the same values
of warpage obtained using the same values of processing parameters at the centre point
of FFD. Therefore, the results of experimental works showed that the model fits the data
well [51]. The R? value for R0% (virgin) material in the simulation studies is 0.9857, while
for R0% (virgin), R30%, R40% and R50% materials in experimental works, the values are
0.8011, 0.9107, 0.8455 and 0.8588 respectively. These show that the R? value is almost 1 and
is desirable. The difference between Pred R? and Adj R? values is less than 0.2, and this
also represents that all models are reasonable [51]. In addition, all of these models have
an adequate signal that can be used to navigate the design space due to the values being
greater than 4 [51]. The significance of processing parameters that contribute the warpage
defect was also analysed in the full factorial stage.

The DOE created 30 experimental runs, as shown in Table 5, which consist of 16 factorials,
eight axial points and six centre points, yielding a quadratic effect towards the model [43].
Face-Centred CCD was selected in order to create the processing parameters within the
range of minimum and maximum values. There was no significant curvature or warpage
shown by the model in the front panel housing in the x direction. Thus, only the warpage
that occurred in the y direction (from simulation studies) was taken to be measured and
continued to be analysed in simulation studies and experimental works. All 30 settings
of processing parameters used in the simulation study were used to set on the injection
moulding machine in standard order to mould the front panel housing by using R0%
(virgin), R30%, R40% and R50% materials. The values of warpage that occurred on the
moulded part in the experimental works are shown in Table 5. CMM was used to measure
the warpage on the moulded parts.
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Table 4. Statistical analysis of ANOVA in two-level factorial for the warpage on the front panel
housing moulded using virgin material in simulation studies and experimental works.

Simulation .
Studies Experimental Works

Virgin Virgin R30% R40% R50%
Model <0.0001 0.0012 <0.0001 0.0010 <0.0001
Curvature 0.0272 0.0395 0.0032 0.0030 0.0038
Lack of fit - 0.0940 0.4298 0.3978 0.2796
R? 0.9857 0.8011 0.9107 0.8455 0.8588
Adjusted R? 0.9802 0.7016 0.8538 0.7171 0.8045
Predicted R? 0.9637 0.5369 0.7169 0.5416 0.6931

Adequate R? 38.672 10.484 17.208 11.546 13.51

Table 5. Warpage results of DOE for front panel housing in y direction from simulation studies and experimental works.

Simulation .

Std Data MT PP PT CT Studies Experimental Works
order Source Q) (MPa) (s) (s) RO% RO% R30% RA0% R50%
1 270 34.96 1.58 15.45 0.200 0.3841 0.3741 0.3801 0.3854
2 300 34.96 1.58 15.45 0.260 0.3647 0.3647 0.3627 0.3654
3 270 56.85 1.58 15.45 0.230 0.3684 0.3584 0.3534 0.3714
4 300 56.85 1.58 15.45 0.275 0.3128 0.3228 0.3248 0.3118
5 270 34.96 1.77 15.45 0.195 0.3837 0.3837 0.3837 0.3798
6 300 34.96 1.77 15.45 0.260 0.3459 0.3369 0.3469 0.3478
7 270 56.85 1.77 15.45 0.220 0.3680 0.3780 0.3380 0.3676
8 300 56.85 1.77 15.45 0.275 0.2630 0.2630 0.2830 0.2732
9 DOE 270 34.96 1.58 18.02 0.190 03647 03547 03537 03598
10 300 34.96 1.58 18.02 0.245 0.3931 0.3931 0.4031 0.3931
11 270 56.85 1.58 18.02 0.225 0.3128 0.3428 0.3438 0.3428
12 300 56.85 1.58 18.02 0.265 0.3758 0.3658 0.3598 0.3660
13 270 34.96 1.77 18.02 0.190 0.3551 0.3595 0.3595 0.3605
14 300 34.96 1.77 18.02 0.245 0.4021 0.3921 0.3321 0.3892
15 270 56.85 1.77 18.02 0.205 0.3630 0.3630 0.3630 0.3593
16 300 56.85 1.77 18.02 0.270 0.3315 0.3345 0.3345 0.3405
17 285 4591 1.68 16.74 0.240 0.3220 0.3192 0.3092 0.3210
18 285 4591 1.68 16.74 0.240 0.3281 0.3291 0.3241 0.3309
19 Centre 285 4591 1.68 16.74 0.240 0.3320 0.3382 0.3332 0.3402
20 285 4591 1.68 16.74 0.240 0.3411 0.3411 0.3311 0.3391
21 270 4591 1.68 16.74 0.210 0.3572 0.3729 0.3629 0.3784
22 300 4591 1.68 16.74 0.270 0.3464 0.3660 0.3653 0.3657
23 285 34.96 1.68 16.74 0.235 0.3456 0.3756 0.3853 0.3762
24 , 285 56.85 1.68 16.74 0.255 0.3598 0.3789 0.3801 0.3792
25 Axial 285 4591 1.58 16.74 0.240 0.3428 0.3821 0.3761 0.3892
26 285 4591 1.77 16.74 0.235 0.3630 0.3519 0.3618 0.3678
27 285 4591 1.68 15.45 0.260 0.3765 0.3890 0.3890 0.4013
28 285 4591 1.68 18.02 0.240 0.3906 0.3794 0.3864 0.3965
29 285 4591 1.68 16.74 0.240 0.3460 0.3785 0.3676 0.3791
30 Centre 285 4591 1.68 16.74 0.240 0.3490 0.3970 0.3690 0.3991

3.2. Analysis of Variance Result

The ANOVA results for virgin, R30%, R40% and R50% materials can be found in
Table 6. The calculated value of F is greater than the value of F tabulated at the p = 0.05
level of significance, and this indicates that mathematical models obtained from regression
analysis were significant [52]. It can be seen that R? for R0% (virgin) material in the
simulation studies is 0.9765, while for R0% (virgin), R30%, R40% and R50% materials in
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experimental works are 0.8149, 0.8222, 0.8156 and 0.8663, respectively. All R? values are
close to 1, which indicates that all the models fit the data.

Table 6. ANOVA of response surface model for straight drilled cooling channels.

Mean F-Value F-Value 5
Sum of Squares DF Square (calculated) (tabulated) R
R0% of Model 0.017 6 0.002833 152.22 2.55 0.9765
simulation Residual 0.0004094 22 0.00001861
studies Cor Total 0.018 29
R0% of Model 0.019 8 0.002379 11.01 2.45 0.8149
experimental Residual 0.004324 20 0.0002162
work Cor Total 0.024 29
R30% of Model 0.015 8 0.001918 11.56 2.45 0.8222
experimental Residual 0.003318 20 0.001659
work Cor Total 0.023 29
R40% of Model 0.012 8 0.001518 11.06 245 0.8156
experimental Residual 0.002746 20 0.0001373
work Cor Total 0.02 29
R50% of Model 0.015 8 0.001879 16.2 245 0.8663
experimental Residual 0.002321 20
work Cor Total 0.024 29

DF = Degrees of Freedom
R? = Coefficient of determination

F-value (Calculated) = Calculation of Mean Square for the term divided by the Mean Square for the Residual.
F-value (Tabulated) = Critical values for the F distribution (from Table)

3.3. RSM Regression Analysis Result
The summary of ANOVA results of CCD for simulation studies and experimental

works is shown in Table 7.

Table 7. Summary of ANOVA results of CCD for simulation studies and experimental works.

Si;r;:ilai:!ison Experimental Works
Virgin Virgin R30% R40% R50%
Model <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Lack of fit - 0.0602 0.3657 0.3272 0.5281
De?/t;r’fo?\r,dSD 0.0043 0.0150 0.0130 0.0120 0.0110
R? 0.9765 0.8149 0.8222 0.8156 0.8663
Adjusted R2 0.9701 0.7409 0.7511 0.7419 0.8128
Predicted R2 0.9554 0.4940 0.6012 0.5487 0.6978
Adequate R? 42.145 14.948 16.911 15.747 18.755

All of the models are significant due to the p-values being below 0.05 [43]. An
insignificant lack of fit obtained in the results of experimental works means a weak lack of
fit, indicating that a desirable property has been achieved. Meanwhile, there was no value
of lack of fit found in simulation studies due to the same values of warpage obtained using
the same values of processing parameters at the centre point of FFD and CCD. Therefore,
the results of experimental works showed that the model fits the data well [51]. The
coefficient of determination (R?) values for R0% (virgin) material in simulation studies
is 0.9765, while that for R0% (virgin), R30%, R40% and R50% materials in experimental
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works are 0.9765, 0.8149, 0.8222, 0.8156 and 0.8663, respectively. These show that the
R? value is close to 1 and hence is desirable. The difference between Predicted R? (Pred
R?) and Adjusted R? (Adj R?) values is less than 0.2, and this also represents that all
models are reasonable [51]. In addition, all of these models have an adequate signal that
can be used to navigate the design space due to the values that are greater than 4 [51].
Equation (4) presents the relationship between the variable parameters and response of
front panel housing moulded using R0% (virgin material) from simulation studies, while
Equations (5)—(8) present the relationship between variables parameters and responses
from experimental works using R0% (virgin), R30%, R40% and R50% recycled materials.
All of these equations were used to run the analysis using the GA optimisation method.

Warpage in y direction using R0% (virgin material) (Simulation studies) = —1.20175 — 1.08674 x 1073 x (A) @)
+1.0158 x 1073 x (B) + 1.64481 x (C) — 4.32339 x 1073 x (D) + 1.75439 x 10% x (A) x (C) — 0.64635 x (C)?

Warpage in y direction using R0% (virgin material) (Experimental works) = 6.39468 — 4.93917 x 10 x (A)
+0.014541 x B + 1.77058 x (C) — 0.84758 x (D) — 5.60758 x 107> x (A) x (B) — 6.30263 x 103 x (A) x (C) ®)

+1.05285 x 1073 x (A) x (D) + 0.016516 x (D) x (D)

Warpage in y direction using R30% material (Experimental works) = 3.45178 + 4.51867 x 104 x A
+0.017389 x B +2.12017 x C — 0.62456 x D — 6.50601 x 107> x A x B — 7.63596 x 10® x A x C 6)

+8.82944 x 107% x A x D +0.011290 x D x D

Warpage in y direction using R40% material (Experimental works) = 3.83903 + 3.81661 x 1073 x A
—0.010588 x B +1.99811 x C — 0.63615 x D — 7.32895 x 1073 x A x C+4.77626 x 107* x A x D (7)

+5.63927 x 1074 x B x D +0.014262 x D x D

Warpage in y direction using R50% material (Experimental works) = 5.91214 — 5.69484 x 1073 x A
+0.016071 x B +1.10949 x C — 0.70778 x D — 6.07583 x 107> x A x B —4.09649 x 1073 x A x C ®)

+8.83268 x 1074 x A x D+0.013760 x D x D

3.4. Analysis of Variance Result

An optimal setting of processing parameters was suggested for the regression models
based on polynomial model in order to obtain minimum warpage on the front panel
housing produced through RSM method. Table 8 shows the optimised setting of processing
parameters and predicted warpage value from simulation studies and experimental works.

Table 8. The optimised processing parameters and results of predicted warpage on the front panel
housing using Response Surface Methodology (RSM).

Sisnt‘::cll?zison Experimental Works
Virgin Virgin R30% R40% R50%
Melt
temperature 270 300 300 300 300
°O)
;f:rerf;:i presz?frl;i?ﬁpa) 35.18 56.85 56.85 56.85 56.85
Packing time (s) 1.77 1.77 1.77 1.77 1.77
Cooling time (s) 17.69 16.09 15.93 16.16 16.13
Output Predicted 0.1899 0.2906 0.2995 0.3050 0.3073

warpage (mm)

The optimum processing parameters and predicted values of warpage using R0%
(virgin) material through GA method was obtained through simulation studies, while the

predicted values of warpage on front panel housing moulded using R0% (virgin), R30%,



Materials 2021, 14, 1416 12 of 18

R40% and R50% materials were obtained from experimental works. The optimal processing
parameters obtained for simulation studies and experimental works through GA method
are summarised in Table 9.

Table 9. The values of processing parameters and predicted warpage obtained through GA optimisa-
tion method.

Simulation .
Study Experimental Works
Virgin Virgin R30% R40% R50%
Melt
temperature (°C) 270 300 300 300 300
, Packing 34.96 56.85 56.85 56.85 56.85
Processing pressure (MPa)
arameters .
P Packing 1.74 1.74 1.74 1.74 1.74
time (s)
Cooling 18.02 160973 160925 161500  16.0925
time (s)
Output Predicted 0.1861 0.2824 0.3014 0.3053 0.3109

warpage (mm)

3.5. Experimental Work Results

The recommended settings of processing parameters obtained from AMI software
are shown in Table 10 and were validated in experimental works. The results of warpage
obtained using optimum processing parameters proposed by both optimisation methods
(RSM and GA) were compared between simulation studies and experimental works. All of
these results are presented in Table 11.

Table 10. The recommended settings obtained from AMI software.

Recommended Setting

Melt temperature (°C) 285
Packing pressure (MPa) 46.98

Packing time(s) 1.54
Cooling time (s) 16.70

Predicted warpage (mm) 0.25
Validated warpage (mm) 0.3276

Table 11. Optimised results of warpage on front panel housing based on simulation studies and experimental works
through RSM and GA methods.

Simulation Experimental
Studies Works
RSM GA RSM GA
Melt temperature (°C) 270 270 300 300
. Packing pressure (MPa) 35.18 34.96 56.85 56.85
Processingparameter
Packing time (s) 1.77 1.74 1.77 1.74
Cooling time (s) 17.69 18.02 16.09 16.0973
Warpage (mm) 0.1899 0.1861 0.3182 0.3256
Percentage Improvement (%) 24.04 25.56 2.87 0.61

The warpage values on the front panel housing in the y direction from simulation
studies were improved by 24.04% and 25.56% using RSM and GA methods, respectively.
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Meanwhile, the result of warpage values from experimental works improved by 2.87% and
0.61% using RSM and GA methods, respectively, as compared to recommended processing
parameters suggested by AMI 2012. Based on the results of the analysis, it was found
that there are minor differences between the results obtained from simulation studies and
experimental works. This is due to the assumption that certain values of the processing
parameters at the minimum and maximum melt temperature yield different results of
warpage values. This indicates that, the simulation findings alone are not completely
reliable and are less advantageous to the injection moulding industry. The results from
simulation studies need to be validated in experimental works. Nevertheless, the results
from simulation studies can be used as guidance for engineers in moulding industries.
The average results of warpage using RSM and GA methods for each material used in
this study (R0%, R30%, R40% and R50%) are shown in Table 12. The percentage differences
of R30%, R40% and R50% materials through the RSM method are 3.94%, 7.00% and 8.77%,
respectively, while for those found using the GA method, the percentage differences are
3.29%, 5.76% and 7.14%, respectively, as compared to R0% material. Therefore, the results
imply that the optimal ratio of the recycled materials to mould the front panel housing
obtained from both RSM and GA optimisation methods through experimental works is
R30%, followed by R40% and R50%. However, all predicted average warpage for all
recycled material ratios are in the acceptable range, which is 0.4 mm of profile tolerances.

Table 12. The results of warpage on front panel housing in y direction moulded using optimal processing parameters
through RSM and GA methods.

RSM GA
R30%  R30% R40% R50%  R0%  R30%  R40% R50%
Melt temperature (°C) 300 300 300 300 300 300 300 300
Processing Packing pressure (MPa) ~ 56.85 56.85 56.85 56.85 56.85 56.85 56.85 56.85
parameters Packing time (s) 1.77 1.77 1.77 1.77 1.74 1.74 1.74 1.74
Cooling time (s) 16.09 15.93 16.16 1613 16.0973 16.0925 16.1500  16.0925

Average warpage (mm)  0.3182 03310  0.3413  0.3474  0.3256  0.3365 0.3449 0.3497

Percentage Different (%) - 3.94 7.00 8.77 3.29 5.76 7.14

As can be seen in Figure 5, the most influential processing parameter that contributes
to warpage defect is packing pressure when using R0% (virgin), R30%, R40% and R50%
of PC material. The shrinkage phenomenon can be reduced by an appropriate setting
of packing pressure in order to supply enough melt volume of molten material during
the packing stage. An increment in the percentage of recycled material will increase
the density of the melt polymer. Moreover, higher melt temperatures also contributed
to a higher density and loosen the bonding between molecules. Therefore, an increase
in polymer density as close as solid density required a high packing pressure to pack
the molten material into mould cavities and reduce the warpage defect of the moulded
parts produced. The second highest processing parameter that affects the warpage on
the front panel housing moulded using R0% (virgin), R30% and R50% materials is melt
temperature. On the other hand, melt temperature is the third processing parameter that
influenced warpage on the front panel housing moulded using R40% material, while the
second highest is packing time. However, packing time is the third processing parameter
influencing warpage on the moulded part produced using R0% (virgin), while cooling time
is the third processing parameter influencing warpage on parts produced using R30% and
R50% materials. However, cooling time is less significant for the parts produced using R0%
(virgin) and R40% materials, while packing time is less significant for the parts produced
using R30% and R50% materials.
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Figure 5. The percentage contribution of each processing parameters for virgin, R30%, R40% and R50%.

Table 13 shows the percentage difference of average warpage values for all materials
used in this study (R0%, R30%, R40% and R50%) obtained through RSM and GA methods.
The average warpage on the front panel housing moulded using R0% (virgin) material
through RSM was improved by 2.29% (from 0.3256 mm to 0.3182 mm) as compared to
the GA method. In addition, it can be seen that the average values of warpage in the y
direction on the front panel housing moulded using R30%, R40% and R50% materials also
improved by 1.65% (from 0.3365 mm to 0.3310 mm), 1.05% (from 0.3449 mm to 0.3413 mm)
and 0.66% (from 0.3497 mm to 0.3474 mm), respectively, through RSM as compared to
the GA method. As can be seen in Figure 6, the results showed that the RSM method
offers a better value of average warpage on the front panel housing as compared to the
GA method. However, the difference between both optimisation methods only showed a
slight difference (less than 2.3%). The results of both optimisations (RSM and GA) showed
an increment in warpage of values with the increase of the recycled ratio. Therefore, the
lowest average warpage between the recycled material ratios was R30% followed by R40%
and R50% for both optimisation methods (RSM and GA). Hence, the lower blend of virgin
and recycled ratio offers a minimum warpage to mould the front panel housing part.

Table 13. Percentage difference of warpage on front panel housing moulded using R0% (virgin), R30%, R40% and R50%
through RSM and GA methods.

Processing Parameters Output
. Optimisation ;
Recycle Ratios K’Iethods Melt Packing Packing Cooling Average Pel.‘centage
Temperature Pressure Time (s) Time (s) Warpage Different
(W@ (MPa) (mm) (%)
R0% (Virgin) RSM 300 56.85 1.77 16.09 0.3182 299
GA 300 56.85 1.74 16.10 0.3256
RSM . 1.77 15. 331
R30% S 300 56.85 5.93 0.3310 1.65
GA 300 56.85 1.74 16.09 0.3365
RA0% RSM 300 56.85 1.77 16.16 0.3413 1.05
GA 300 56.85 1.74 16.15 0.3449
RSM . 1.77 16.1 3474
R50% S 300 56.85 6.13 0.3 0.66
GA 300 56.85 1.74 16.09 0.3497
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Figure 6. The warpage value for each type of materials used.
3.6. Validation Result of Simulation Studies with Experimental Works
The validation tests were performed by comparing the average warpage of five
measured parts obtained from experimental works with the predicted warpage results
from RSM and GA optimisation methods. The percentage errors were calculated for R0%
(virgin), R30%, R40% and R50% materials using Equation (9) [25] in order to evaluate the
validity of the simulated results. All of the percentage errors shown in Table 14 were below
15%, which is in good agreement and satisfies the validation of the experimental test [53].
Approximate value — Exact value
Percentage error (%) = ( PP _ ) x 100 )
Approximate value
Table 14. Percentage errors of validation tests for experimental works.
Melt Packing Packing Co?hng Predicted Average Percentage
Temperature Pressure Time (s) Time Warpage Warpage Error (%)
(@) (MPa) (s) (mm) (mm)
R0% RSM 300 56.85 1.77 16.0900 0.2906 0.3182 8.67
(Virgin) GA 300 56.85 1.77 16.0973 0.2824 0.3256 13.27
R30°% RSM 300 56.85 1.77 15.9300 0.2995 0.3310 9.52
GA 300 56.85 1.77 16.0925 0.3014 0.3365 10.43
RA0% RSM 300 56.85 1.77 16.1600 0.3050 0.3413 10.64
o
GA 300 56.85 1.77 16.1500 0.3053 0.3449 11.48
R50% RSM 300 56.85 1.77 16.1300 0.3073 0.3474 11.54
GA 300 56.85 1.77 16.0925 0.3109 0.3497 11.10

4. Conclusions

The results from this study provide beneficial scientific knowledge and solutions to the
moulding industries in improving the quality of moulded parts produced using a mixture
of virgin and recycled blends of materials by employing optimisation methods such as
RSM and GA. Therefore, from the obtained findings, the following can be concluded:
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e  The warpage in x direction was neglected as no warpage value was formed on front
panel housing in simulation studies.

e  Packing pressure was found to be the most influential processing parameter that con-
tributed to the warpage defect for all mixture blend materials by 20.9%, 19.18%, 22.01%
and 24.23% for R0%, R30%, R40% and R50%, respectively, in experimental works.

e  The percentage difference of average values of warpage using RSM for R30%, R40%
and R50% materials are 3.94%, 7.00% and 8.77%, respectively, as compared to the
average value of warpage for R0% (virgin) material. Meanwhile, the percentage
difference of average warpage using GA method for R30%, R40% and R50% materials
are 3.29%, 5.76% and 7.14%, respectively, as compared to the average value of warpage
moulded using R0% (virgin) material.

e  The optimal ratio of recycled PC material using the RSM and GA method is R30% fol-
lowed by R40% and R50% as compared to the value of average warpage that occurred
on the front panel housing in the y direction moulded using R0% (virgin) material.

e  RSM has been identified to be able to minimise the warpage on front panel housing
moulded using R0%, R30%, R40% and R50% by 2.30%, 1.65%, 1.05% and 0.66%,
respectively, based on validated warpage values that were measured by percentage
difference as compared to the GA method in experimental works.

o All of the percentage errors of validation tests are below 15%, which is in good
agreement and is satisfied by comparing the average warpage of experimental works
with the predicted warpage results from RSM and GA optimisation methods.

Nonetheless, the results of average warpage on the front panel housing moulded
using all ratios used in this study (R0%, R30%, R40% and R50%) are in an acceptable range
of 0.4 mm (profile tolerances).

In the future, it will be beneficial to expand this kind of research to optimise the
moulded part using hybrid methods such as hybrid GA-Particle Swarm Optimization(PSO);
to replace the amorphous material (PC) with crystalline materials such as Polypropylene
(PP), Polystyrene (PS); to study the effect of recycled material ratio; and to investigate the
effect of recycled material ratio on the strength of the moulded parts produced.
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