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Abstract

The objective of this paper is to achieve the minimization of warpage for an injection molded part. The techniques that were imple-
mented to minimize the warpage are the design of experiment (DOE), response surface methodology (RSM), firefly algorithm (FA), and
annealing treatment. The packing time, cooling time, and melt temperature were shown to be significant parameters and FA was em-
ployed to seck these suitable values by experimental tests based on simulation software Moldex3D and injection machine. Analysis of
variance (ANOVA) was used to validate experiments. Annealing treatment process was then applied to reduce more warpage phenome-
non; the results showed that warpage phenomenon decreased dramatically compared with popular optimized parameter methodology.
Moreover, the residual stress which was obtained by using photoelasticity showed that it has a direct relationship with warpage reduction.
Therefore, the best solution of warpage mitigation can be solved by popular optimum process parameters and also annealing treatment.
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1. Introduction

Everywhere in daily life plastic products have become part
of our daily routine such as the covers of cellular phones, lap-
top housings, food boxes, and pen or pencil frames. The main
reasons that plastic products have become popular to consum-
ers are that they are lightweight, easy to form the parts, have
low manufacturing costs when compared with other processes,
and so on. The plastic injection molding (PIM) is one of the
plastic forming processes which can produce good plastic
products, provide high productivity, short cycle times for pro-
duction, and perfectly meet complex requirements such as thin
shell features and smooth product surfaces. During the injec-
tion molding process, the molding conditions are one of the
causes of the quality problems of plastic parts. One of the
most important problems is a distorted part referred to as war-
page [1]. Thus, warpage reduction is a topic of interest for
many researchers in seeking the best solution for avoiding this
defect. Currently minimized warpage is a main topic in opti-
mized injection molding process conditions [1-22].

Many publications of research about optimized plastic in-
jection molding (PIM) parameters for reducing warpage oc-
currence have concentrated on computer-aided engineering
(CAE) simulation, finite element and volume analysis, em-
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pirical practice experiments, and also a class of evaluation
algorithm optimization methods. Subramanian et al. [2] used
finite element volume analysis through C-MOLD simulation
software to minimize warpage of the injection-mold part as a
compact disc (CD) optical pickup. There was also use of
complex methods for integration with simulation software to
seek suitable process parameters such as injection location and
bridge rib. The result illustrated that the thickness of the rib is
the most effective constraint for avoiding warpage problems.
Ozcelik et al. [1] and Kurtaran et al. [3] tried to mitigate war-
page problems via genetic algorithm to find the perfect proc-
ess conditions. Packing pressure, mold temperature, melt tem-
perature, packing time, and cooling time are the terms of the
most important process parameters. The results of both re-
searcher groups found that packing pressure has the most ef-
fect on warpage, followed by mold temperature, melt tempera-
ture, packing time and cooling time respectively. Erzurulu et
al. [4] used Taguchi optimization method running on CAE
simulation to minimize warpage and sink index because this
method can reduce experimental test array better than the
usual design of the experiment, especially the full factorial
design experiment. This research considered mold and melt
temperature, packing pressure, rib cross-section types, and rib
layout angle. The results indicated clarify that the different rib
cross-section types and rib layout dramatically affected war-
page and sink index problems. Chiang et al. [5] concentrated
on a thin shell product to avoid shrinkage and warpage prob-
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lems by using the response surface methodology associated
with sequential approximation optimization (SAO) method to
handle the optimal value of machining parameters (such as
mold temperature, packing time, packing pressure, and cool-
ing time). The main effects that were obtained from this result
were the sufficient time of packing and cooling beneficial for
minimizing shrinkage and warpage problems. Gao et al. [6, 7]
had researched the effective warpage optimization method by
using Kriging model and Surrogated-based process optimiza-
tion that is an adaptive method based on the Kriging model.
Two years of development research for minimizing warpage
concluded that packing time was the most important factor
and Surrogated-based process optimization can provide the
reduction of warpage at 38 % compared with the minimal
warpage value of specimens. Ozcelik et al. [8], Hakimian et al.
[9], and Zheng et al. [10] have been continually studying war-
page phenomena by using the Taguchi experimental method.
There was consideration of various machine parameters such
as mold temperature, melt temperature, packing pressure,
packing time, cooling temperature, fiber glass percentage, and
V/P switchover and using Moldflow simulation software
without empirical tests to seek the factors which affected war-
page problems. The results show that packing pressure has the
most important effect on warpage followed by other factors.
Farshi et al. [11] and Kitayama et al. [12] applied sequential
approximate optimization for mitigating warpage problems.
Outcomes from these pieces of research were melt tempera-
ture and packing pressure profiles being the main effects and
also during warped consideration, cycle time and residual
stress during PIM were of concern because they had an effect
in terms of quality products. Many researchers used neural
network modeling research group methodology to minimize
warpage defects of PIM process such as the researches of Yin
et al. [13], Shi et al. [14], and Chen et al. [15]. They consid-
ered melt temperature, injection velocity, packing pressure,
packing time, cooling time, and mold temperature that af-
fected the warped product. The advantages of this research are
short run time for verifying the warpage model and the re-
search concluded that packing time was the most significant
for warpage phenomenon. For practical experiment research
cluster, there was research about machining parameters in-
volved in warpage elimination. For example, Chaing et al.
[16] investigated warpage of electronic battery cover parts that
had a thin-wall part characteristic and verified practical results
through simulation software and experimental results. The
demonstration of this research result illustrated that melt tem-
perature is a main process parameter for eliminating warpage
occurrence based on Acrylonitrile-butadiene-styrene (ABS)
and Polycarbonate + Acrylonitrile-butadiene-styrene (PC+
ABS) materials. Larpsuriyakul et al. [17] were concerned with
the warpage problem of plastic labeling parts that were pro-
duced by PIM process. This research solved the warpage
problem of production of packaging because there were injec-
tion tests to search for suitable process parameters especially
several of mold temperature to reduce warpage under accept-

able values. Sanchez et al. [18] defined the relationship be-
tween cooling factors and warped parts. The emphatic solu-
tion of this research was cooling time factor that was the sig-
nificant key to reducing warpage problem. Wang et al. [19]
studied the warpage problem of the rapid heat cycle molding
process that had a new design screw structure and was exter-
nal gas assisted. It can be noticed that warpage problem is still
mainly affected by packing time and cooling time even if this
research did not use conventional injection molding as previ-
ous researches mentioned. And Wang et al. [20] concentrated
warpage prediction of strip-like plastic parts by using thermal
finite element analysis associated with experimental tests to
define it. The result found that stress relaxation, or equiva-
lently, strain creep impacted warpage predicted phenomenon.
Yang [23] created Firefly algorithm for solving optimal values
problems and many researchers applied this algorithm to op-
timize various problem fields such as using Firefly algorithm
to seek process parameters of vehicle routing problems of a
newspaper distribution system [24], electric discharge machin-
ing (EDM) and abrasive water jet machining (AWIM) [25],
and the multi-pass turning operations problem [26]. Sudsawat
et al. [27] used Firefly algorithm to find optimal process set-
ting of PIM for warpage and volume shrinkage reduction.
While it has rarely been found that this algorithm has been
used to optimize injection molding machine parameters, there-
fore, the first step of the purpose of this research was to em-
ploy Firefly algorithm associated response surface methodol-
ogy to find suitable parameters in PIM process to minimize
warpage through Moldex3D simulation software and empiri-
cal tests.

All literature reviews as previously mentioned were pur-
posed deeply to provide good performance for warped elimi-
nation and all the researches provided the results with the most
process parameter adjustments through software simulations
based on finite element volume analysis theories, experimen-
tal corollary, and also non-conventional algorithm optimiza-
tion methods. Another main factor that impacted directly on
warpage problem is residual stress on the plastic injection
product. There were many researches that concentrated on the
effect of residual stress. For instance, researcher groups of
Chen et al. [28], Tang et al. [29], Acevedo-Morantes et al. [30],
and Kim et al. [31] had the same consideration of cooling
temperature and time analysis that affected residual stress of
the plastic injection part. There was a strong conclusion that
the warpage of injection molded parts during post-
manufacturing thermal cycling occurred because of the resid-
ual stress effect that formed during the cooling stage. Also
Guevara-Morales et al. [32] presented that the processing pa-
rameters that were of the most influence on residual stress and
warpage have been signed as an indicator of residual stress
phenomenon and vice versa. Some researchers concentrated
on residual stress of plastic transparent materials in the injec-
tion molding process; Lee et al. [33] and Weng et al. [34] tried
to mitigate residual stress by using numerical simulation and
creating a predicted model. The result presented that maxi-
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mum residual stress occurred exactly at or near the gate and
the processing parameters formed the highest influence that
might be directly affecting warpage phenomenon. From solv-
ing residual stress researches, it can clearly be concluded that
if the research aim really wants to mitigate warpage problem,
then this must be indicated also through residual stress on a
specimen. Thus, heat treatment is another good choice to im-
prove plastic product quality especially warpage defeat [35]
such as Prashantha et al. [36] who used polypropylene injec-
tion molding by using the Taguchi design of experiment to
optimize process parameters, then there was a comparison
before and after the annealing process of warpage occurrence.
Digital Photoelasticity has become one of the most popular
methods to investigate residual stress via birefringence meas-
urement system. Ramesh et al. [37] researched automation of
white light photoelasticity by using color image processing
hardware to evaluate equivalent wavelength of red, green and
blue (RGB) planes to define material stress fringe values to
define residual stress on a specimen. Ramesh et al. [38] tried
to separate the data acquisition techniques in digital photoelas-
ticity. One of the outcomes from this research was a technique
that used a direct evaluation of total fringe order to seek resid-
ual stress of transparent materials, especially the three fringe
photoelasticity (TFP) method. This method utilized the RGB
values for total fringe order determination before it was em-
ployed into the stress-optic laws to define residual stress on
plastic parts.

From all previous studies, they can be summarized that
warpage mitigated methodology offered two main solutions.
Firstly, they concentrated on optimizing process parameters
and secondly, heat treatment to relieve warpage phenomenon.
These two solutions have not found that these methods were
integrated to handle warpage phenomenon of plastic injection
parts. Thus, this research concentrates on warpage reduction
of transparent polystyrene parts by using response surface
methodology associated with firefly algorithm to seek suitable
process parameters including annealing process after post-
injection molding process for improving the quality of plastic
part occurrence by noticing residual stress via photoelasticity
methodology.

2. Materials and equipment

The design specimen is according to ASTM-D638 Type 1
and the dimensions are 165 mm x 19 mm X 3.2 mm. The
model, cooling system, and setting process parameters are
performed with Moldex3D simulation and illustrated in Fig. 1.
The material setting is general purpose polystyrene (GPPS),
PG-22 that was manufactured by CHI MEI corporation; an
80-ton injection molding machine was used to performed the
experiment. The electronic laboratory oven was used for an-
nealing treatment process. The specifications of the oven are
the maximum annealing temperature at 300 °C, power rating
at 240 volts and 200 watts, holding power at maximum tem-
perature at 800 watts, temperature stability with proportional

Fig. 1. The specimen and cooling system design via Moldex3D simula-
tion and Toshiba IS80 Injection molding machine.

integral derivative (PID) control at £0.2 °C, using 25 minutes
for heat up time to 300 °C and using 4 minutes for recovery
time with door open for 60 seconds. The photoelasticity
method was employed using a polariscope and pictures were
recorded using a digital camera fitted with a polarized filter.

3. The research methodology

The methodology consisted of identification of machine pa-
rameters, screening important process parameters, response
surface implement, firefly algorithm implement, creating op-
timal process model, and annealing treatment for warpage
reduction can be concluded basically as a flow chart which is
indicated in Fig. 2.

3.1 Identification of process parameters

The research goal is warpage reduction based on the identi-
fication of critical process parameters and mitigating warpage
through heat treatment. The selection of machining set-up
factors can be performed starting from many previous scien-
tific research papers. Many studies [1-22] considered the rela-
tionship of several setting injection machine factors during the
injection molding process on final warpage reduction. The list
of related main factors that this research is interested to em-
ploy in experiment tests is: injection flow rate, injection pres-
sure, switching over, packing time, packing pressure, melting
temperature, mold temperature, and cooling time.

After there was a consideration of influent parameters that
impact the injection molding process, a fractional two-levels
factional was used for the initial stage of analysis. The vari-
ability parameter range was indicated based on two levels
being upper and lower limits as shown in Table 1.

Then fractional two-levels run and provide a good screening
performance through Moldex3D simulation software.

3.2 Screening experiment of process parameters

Factor screening is used to evaluate main and interaction ef-
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Table 1. Process parameters and levels.

Table 2. Screening experiment 2°* fractional factorial experiment
through Moldex3D simulation software.

Screening e)fperiment Symbol Level

(Unit) Low High Run Factors Warpage

1. Injection flow rate (%) A 20 70 order | 4 5| C D £ F G | # | (mm)

2. Injection pressure (%) B 60 80 1 70 | 60 | 98 3 80 | 10 | 55 | 60 056

3. Switching over (%) C 90 98 2 20 | 60 | 98 3 80 | 210 | 70 | 20 0.84

4. Packing time (sec) D 3 15 3 20 | 60 | 98 15 60 | 170 | 70 | 60 0.50

5. Packing pressure (%) E 60 80 4 20 | 80 | 98 15 80 | 170 | 55 | 20 0.47

6. Melting temperature (°C) F 170 210 5 20 | 60 | %0 3 60 | 170 | 55 | 20 070

7. Mold temperature (°C) G 55 70 6 70 | 60 | 98 15 60 | 210 | 55 | 20 0.63

8. Cooling time (sec) H 20 60 7 20 | 80 | 98 3 60 | 210 | 55 | 60 0.69

Addition: Water coolant temperature is 55 °C. 8 70 | 80 | %0 15 60 | 170 | 35 | 60 045

9 70 | 80 | 90 3 80 | 210 | 55 | 20 0.86

10 20 | 80 | 90 3 80 | 170 | 70 | 60 0.57

11 70 | 60 | 90 3 60 | 210 | 70 | 60 0.70

— N 12 70 | 80 | 98 15 80 | 210 | 70 | 60 0.51

| Identification orPi-:\':a:: Parameters ‘ 3 20 | 80 | %0 5 0 | 210 1 70 | 20 0.62

Scresning Expariment = CAE 14 70 | 60 | 90 15 80 | 170 | 70 | 20 0.38

(2** Fractional Factorial Expariment) *  (Moldex3D) 15 |70 |8 [ 98| 3 |60 |170 |70 | 20 | 0.67

* 16 20 | 60 | 90 15 80 | 210 | 55 | 60 0.56

Orthogonal Arcay by * CAE
L C-:.mpfsit_a Design (doldex3D) Table 3. Central composite design (CCD) as face centered composite
design type.
Creating Warpags modsl by Raspond Surface Methodologe
to ba the fitness funetion Factors Symbol Level

-a -1 0 1 o

| FA implamantation I:' CAE {Moldax3D) | Packing time (sec) D 3 3 9 15 15

Melt temp (°C) F 170 170 190 | 210 | 210

| Empirical Test H Injection molding machina Cooling time (sec) |  H 20 | 20 | 40 | 60 | 60

Compare results of
xperimant vs. FA

{(zetting Warpags Minimization of Post-injection manufacturing
¥

Annsaling treatment procass H Electronic labosatery oven
¥

Inspaction of rasidual strass that affectsd dirsctly
warpags phenomenon via Photoslasticity

ar= warpass and residusl shess
fezults of Post-imiectad and ammealine

[Providing the bast specimen that is less Warpags phenomenon|

Fig. 2. Flow chart of methodology.

fects without impacting the final second quadratic regression
model. For example, Tsai et al. [39], Mathivanan et al. [40],
Zhang and Jiang [41] applied fractional two-levels for ex-
perimental design to present the initial step of screening ex-

perimental analysis.

The procedures of this step are an indication of the design
space, next the implementation of Moldex3D simulation ex-
periments and then the effected parameters are automatically
optioned. The fractional factorial design of screening 8 factors
with two-levels each is shown in Table 2, then all the design
experiments set for processing parameters in Moldex3D simu-
lation to investigate warpage phenomenon. The warpage re-
sults are screened for providing influent parameters through
analysis of variance (ANOVA).

3.3 Response surface implementation

After screening experiments, screened factors can be clari-
fied to use in response surface method as shown in Table 3.
Three main parameters as indicated in Table 3 are generated
from analysis of variance (ANOVA) that evaluates main and
interaction effects. Response surface methodology (RSM) is a
collection of statistical techniques that is employed to define
the warpage mathematical models. RSM used to evaluate the
relationship between machining process parameters that influ-
ence warpage phenomenon to be a two or three-dimensional
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+
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+

‘ Performing ANOVA ‘

‘ Getting predicted warpage model ‘

Fig. 3. Flow chart of response surface methodology (RMS).

quadratic surface [42]. Fig. 3 shows the response surface pro-
cedure in this research.

3.3.1 Central composite design

Before becoming the forecasting model stage of warpage,
central composite design (CCD) is a necessary step to design
and run the experiments. CCD is a full factorial design with all
combinations of the important parameters and a suitable
method to build the quadratic model. In this research, one kind
of CCD being the central composite face-centered (CCF) is
used to design experiments. This design type for this research
consists of 8 cube points, 4 center points in the cube, 6 axial
points, 2 center points in axial, and a circle of radius (o)) equal
to 1.0 according to Chaing et al. [16] as shown in the design
table in Table 4. The warpage results as illustrated in Table 4
are employed to evaluate the respective impact of three main
parameters and generated the second quadratic model.

3.3.2 Creating predicted model

After establishing CCF design experiments, the second
quadratic model has to be created based on warpage simula-
tion experimental results as shown in Eq. (1).

Y=c,+3eX, + Yo, XX, +¥c, X (1)
i=1 N i=1

i<j

where X; denotes independent variables, Y represents warpage
response, & is the number of design variables, ¢, is the coeffi-
cients of constant, ¢; is the coefficients of linear, ¢; is the coef-
ficients of quadratic, and ¢; is the coefficients of cross product
term.

3.3.3 Analysis of variance (ANOVA)
Filter step before Firefly algorithm methodology is the veri-

Table 4. Design and results of central composite design (CCD) ex-
periments.

Run order Factors Warpage
D F H (mm.)
1 3 190 40 0.66
2 9 190 40 0.43
3 9 210 40 0.52
4 9 190 40 0.43
5 9 170 40 0.36
6 9 190 20 0.48
7 9 190 60 0.42
8 15 190 40 0.42
9 3 210 20 0.86
10 190 40 043
11 190 40 0.43
12 15 170 60 0.33
13 15 210 60 0.51
14 15 210 20 0.56
15 15 170 20 0.37
16 3 170 20 0.65
17 9 190 40 0.43
18 3 210 60 0.69
19 3 170 60 0.56
20 9 190 40 0.43

fication by analysis of variance (ANOVA); to be specific,
either the warpage quadratic model was statistically reliable or
otherwise. All the most influent parameters are indicated in
terms of how they impact the warpage problem. The main and
interaction effects are provided in analysis of variance.

3.4 Firefly algorithm established for optimized process pa-
rameter

Warpage polynomial equation generated from Eq. (1) is
used as the fitness equation in optimization stage. Then Firefly
algorithm from Yang [23] created following idealized rules of
flashing patterns and behavior of fireflies algorithm is used for
optimized process parameters. This algorithm has to establish
the initial population of 7 fireflies as represented in a random
searched set of solutions, the same as warpage solution and
process parameters of the attractiveness, light absorption coef-
ficient, and randomization parameters. A firefly will move
forward to approve other fireflies by finding a firefly which
has a high proportion of brightness that can evaluate the dis-
tance of firefly i to another attractive firefly j in Eq. (2):

X=X+ p*(X; - X)) + a*(rand - 0.5)) @)

where S and a are parameters of attractiveness and randomiza-
tion by which both parameters were affected from Cartesian
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Fig. 4. Flow chart of firefly algorithm.

distance (r;) (distance between two fireflies). The attractive-
ness factor can be generated from Eq. (3).

ﬂ = :Boe_}/rij2 . (3)

Given £ is the attractiveness at distance (r,) = 0 and Tisa
light absorption coefficient. The firefly algorithm can present
the step by step as shown in Fig. 4.

3.5 Optimal injection process model

After verifying fitness function via RSM methodology then
the objective model is employed to minimize warpage phe-
nomenon as indicated in Egs. (4) and (5), respectively.

Find X =[D, F, H] 4
Minimize Y(X) %)
Subject to:3<D<15s

170<F<210°C

20<H<60s.

All process parameters for an injection molding process fol-
lowing Toshiba IS80 Injection molding machine specification.

3.6 Annealing process for warpage reduction

After optimized process parameters, the annealing treatment
process has a role to improve product quality of plastic parts.
The annealing process is a secondary processing procedure
that is employed during post-manufacturing. The certain tem-

perature that should be below melting temperature points and
around the glass transition temperature is used to be the an-
nealing temperature. The purpose of annealing treatment de-
pends on the various properties that need to be improved. For
instance, improving dimensional stability and crack resistance
especially warpage, volume shrinkage and residual stress
problems. Plastic components can be classified to be crystal-
line and amorphous types, thus when amorphous areas be-
come more crystalline under melting temperature, the dimen-
sional accuracy can be shown as a better result. Also when
annealing process is applied, the molecular orientation of plas-
tic will adapt automatically and relieving residual stresses.
Another advantage of heat treatment is the improvement of
mechanical properties and heat resistance due to the annealing
stage; an increase of crystallization will occur then density,
tensile strength, flexural strength, glass transition temperature,
and heat resistance will also be better [35]. Therefore, this
research is concerned with using annealing treatment during
post-manufacturing of plastic injection parts. Annealing tem-
perature tests of 60 °C, 75 °C, 80 °C and 85 °C were used, and
annealing time at 60 mins and 120 mins and cooling down in
air over 12 hours, then the specimens are used to investigate
the relationship of residual stress and warpage behavior. Next,
use of photoelasticity to notice a behavior change of plastic
injection parts.

3.6.1 Inspection of residual stress that directly affected war-
page phenomenon on specimen via photoelasticity
methodology

Presently, several techniques are used to investigate the re-
sidual stress on a specimen including stain gage measurement
technique, X-ray technique, chemical probe testing technique,
and so on. The useful technique is photoelasticity and this
method can provide good practical results and it is not neces-
sary to destruct a specimen which can be used to determine
the stress distribution especially of a birefringent material. For
instance, Realpe et al. [43, 44] had confirmed that they used
the image processing techniques for photoelasticity methodol-
ogy for particles concentration and characterization of shape,
sizes of particles and shear stress. This testing methodology is
used based on electromagnetic waves that pass through trans-
parent materials. The dark-field polarization plan associated
light waves and shows the stress distribution on a specimen
[45] as shown in Fig. 5.

The stress appearance depends merely on the recognition of
color steamer and investigation of the order of stress values
via a color steamer [46]. The stress distribution can be deliv-
ered by using stress-optic law. Firstly, there must be a consid-
eration of a transparent model of polymer subjected to a plane
state of stress. The relationships between stress and indices of
refraction are as shown in Eq. (6) [47].

n, —n=c0,—C,0, ©)

n,—n=c0, -0,
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Light source

Polarizer

~
- o

Photoelastic model

Fig. 5. The photoelasticity technique by the dark-field isochromatic of
a specimen.

where o and o, are the principle stresses that oriented with
reference to a set of axes, n; and n, are the refractive indices
that vibrate from polarizing axes whereas n is the refractive
index in the unstressed condition. ¢, and ¢, are the direct
stress-optic and the transverse stress optic coefficients. When
this model is employed on a plane polarized light then the
relative retardation (J) can be provided as the refractive index
function as show in Eq. (7):

6 =——(n—n,) 0

where /A is light wavelength, 7 is the thickness of a specimen.
Then combination of Egs. (6) and (7) as shown in Eq. (8):

-0, —0,). (®)

¢; and ¢, can combine to be C as referred to as the optical
activity coefficient or Brewster’s constant as shown in Eq. (9):

5:22Lhc(o-l _O-z) . (9)

When there are concerns to relate fringe order (), it can be
rewritten as Eq. (10):

o C
N="=h—(0,-0,). 10
—=h>(0,-0) (10)

From Eq. (10) can be recast to be easier for defending re-
sidual stress as Eq. (11).

o oo S _ N
VT2 2w hxC 2%hxC

(11)

The constant C for polystyrene has a value if 5000 Brewster
or equal to 5000 x 10" [48] and if there are uses of common
geometry such as a thin-wall part or a flat sheet, the stress

should be determined as Eq. (12).

o NxA
o= = .
h*C hx*C

(12)

Before there is the determination of the residual stress on a
specimen that affects warpage problem, there must be identifi-
cation of fringe gradient direction via the relative retardation
() or defining fringe order (N) to implement into Eq. (12).
Common methods use it to investigate the relative retardation
() and defining fringe order (V) is three fringe photoelasticity
(TFP). The first step of this technique is creation of a color
code in terms of R, G, B by a procedure of calibration accord-
ing to ASTM-D4093-95. Then the total fringe order or the
relative retardation in terms of R, G and B at a point on a
specimen that is interested can be compared with the values of
R, G, B in the calibration table. The error verification of values
of R, G and B between the interested point and the calibration
table can provide an error at Eq. (13) [47].

Error=(R,~R) +(G,-G.) +(B.-B.) . (13)

Given, values of the experiment points are subscript “e” and
subscript “c” denotes the values in the calibration table. When
a calculation of “error” should seek till the minimum of Error
values, R, G, B outcome for Error equation is defined as the
total fringe order and the relative retardation for employed Eq.
(12). After it is able to seek residual stress on a specimen, this
research will compare the results of warpage and residual
stress of post-injection process parts and the parts that are
annealed.

4. Results and analysis

The following section illustrates the results of screening
process parameters, face centered composite design, opti-
mized process parameters via Firefly algorithm, and mini-
mized warpage through annealing treatment process.

4.1 Screening experiments step

After identifying machine factors based on an available ad-
justment of Toshiba IS80’s machine parameters, simulation of
warpage based on 2%* fractional factorial experiment design
via Moldex3D was generated as shown in Table 2; next there
is analysis of variance (ANOVA) of eight parameters. The
significant terns of ANOVA that consider an effect are “df”,
“Adj SS”, “Adj Ms”, “F-value” and “P-value”. “df” is a degree
of freedom. “Adj SS” is adjusted sum of squares that is used to
measure a variation of terms. “Adj Ms” is adjusted mean
squares that is used to measure a variation of terms. “F-value”
is a ratio of variation between sample means and variation
within the samples. “P-value” is a probability of finding the
observed results. Especially in this experiment, the factors that
“P-value” is less than 0.05 are the most significant. Then the
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Table 5. ANOVA table for screening factors of warpage phenomenon.
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Source df Adj SS Adj MS F-value P-value
Main effects 8 0.240302 0.030038 7.80 0.007
A4 1 0.001949 0.001949 0.51 0.500
B 1 0.000022 0.000022 0.10 0.942
C 1 0.000074 0.000074 0.02 0.894
D 1 0.134176 0.134176 34.86 0.001
E 1 0.002357 0.002357 0.61 0.460
F 1 0.075598 0.075598 19.64 0.003
G 1 0.001163 0.001163 0.30 0.600
H 1 0.024964 0.024964 6.49 0.038
Error 7 0.026943 0.003849 - -
Addition: S =0.0620408, R-Sq = 89.92 %, R-Sq (adjust) = 78.40 %, R-Sq (prediction) = 47.33 %.
Table 6. ANOVA table for warpage (after backward elimination).
Source df Adj SS Adj MS F-value P-value
Model 7 0.314192 0.044885 33247 <0.001
Linear 0.165577 0.055192 408.83 <0.001
D 1 0.069896 0.069896 517.74 <0.001
F 1 0.019151 0.019151 141.86 <0.001
H 1 0.000202 0.000202 1.50 0.246
Square 2 0.062784 0.031392 232.53 <0.001
D*D 1 0.037613 0.037613 278.61 <0.001
H*H 1 0.001202 0.001202 8.90 0.012
2-way interaction 2 0.004125 0.002063 15.28 0.001
D*H 1 0.003374 0.003374 24.99 <0.001
F*H 1 0.000751 0.000751 5.56 0.038
Error 11 0.001485 0.000135 - -
Lack-of-fit 7 0.001485 0.000212 - -
Pure error 4 0 0 - -

Addition: S=0.011619, R-Sq =99.55 %, R-Sq (adjust) = 99.23 %, R-Sq (prediction) = 97.02 %.

eight factors were presented in Table 5, it shows that the sig-
nificant factors that should be used in central composite de-
sign stage are packing time (D), melt temperature (F) and
cooling time (H) as noticed as the coefficient of determination
“R-Sq” at 89.92 %, “P-value” at less than 0.05 of three factors.

4.2 Creating modelling through face centered composite
design step

Gaining packing time (D), melt temperature (F) and cooling
time (H) being the main effects from initial screening step,
meant that the face centered composite design (FCC) was
simulated to provide warpage results as shown in Table 4.
Analysis of variance (ANOVA) is used to validate and ex-
pertly seek the predicted warpage models through a backward
elimination stage as shown in Table 6. In Table 6, the coeffi-
cient of predicted determination (R-Sq (prediction)) was more

than 99 %, which means high reliability of the warpage model.

Therefore, this table indicates a backward elimination situa-

tion that packing time (D), melt temperature (F) and cooling
time (H) mainly affected warpage phenomenon. There were
also square actions and interaction impacts of both D and H
factors that affected the warpage problem. Following response
surface methodology can produce a polynomial warpage
equation of the main three factors as established as in Eq. (14).

Warpage (W) = 0.072196 - 0.083144D + 0.00536F
-0.002926H + 0.003090D*D

+0.00005H*H + 0.000171 D*H

- 0.000024F*H. (14)

Then the confirmable model was validated by using random
tests of 8 test simulations compared between warpage results
of Moldex3D results and calculated model as illustrated in
Table 7. The deviated percentage of warpage results between
model calculation and Moldex3D simulation were a range of
1.08 and -2.28 that means that the warpage polynomial equa-
tion is reliable to be employed in the firefly algorithm step for
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Table 7. Comparison of predicted vs. actual run based on Moldex3D software and empirical test.

Moldex3D simulation Predicted models % model deviation
No. D . F H based on Moldex3D
(sec) ¢ O (sec) w W W
(mm) (mm) (%)
1 4 175 38 0.5513 0.5545 0.58
2 5 185 40 0.5528 0.5449 -1.45
3 7 188 60 0.4499 0.4548 1.08
4 9 180 55 0.3850 0.3764 -2.28
5 10 195 44 04314 0.4323 0.21
6 14 200 48 0.4446 0.4451 0.11
7 8 205 52 0.5114 0.5019 -1.89
8 15 179 39 0.3792 0.3742 -1.34
% deviation based on Moldex3D was calculated using the equation: [(predicted value — simulated value)/predicted value] x 100
Table 8. Warpage values before and after optimization methods.
Recommended condition method FA method
Objectives Z;Zzi[’; Experiments f;idlj;fo[n) Experiments
Maximum warpage (mm) 0.43 0.49 0.33 0.38

seeking suitable process parameters.

4.3 Optimal step

Substituting Eq. (14) added into Eq. (5) to be a fitness equa-
tion, packing time, melt temperature, and cooling time were
optimized suitable values as shown in Fig. 4. Firefly parame-
ters are set-up as the number of iterations equal to 200, the
size of population equal to 50, the absorption coefficient equal
to 0.5, the maximum attractiveness equal to 0.5, and the ran-
dom perturbation rate equal to 0.2 according to researches of
Sudsawat et al. [27] and Lobato et al. [49]. Then the optimal
results suggest as shown in Fig. 6 and Table 8, the measure-
ment of a deflection used 5 positions, a long dog bone length
compared to warpage results between Moldex3D simulation
and empirical experiment via Toshiba IS80 injection molding.
The highest maximum of warpage was at P5 position as
shown in Fig. 6, and Table 8 presents the maximum warpage
equal to 0.43 and 0.49 mm that was simulated via Moldex3D
software and actual experiments respectively for recom-
mended condition (9 s packing time, 190 °C melt temperature,
and 40 s cooling time). Meanwhile the maximum warpage
that was generated from Firefly algorithm provides 0.33 and
0.38 mm that were simulated through Moldex3D software and
actual experiments respectively at 12 s packing time, 170 °C
melt temperature, and 50 s cooling time.

All the results were based on Moldex3D and actual experi-
ments provide the percentage of averaged error deviation at
13.95 % and 15.15 % of warpage measurement from a ratio of
recommended condition and Firefly algorithm method.

The Firefly algorithm performance can provide the better
warpage reduction than recommended condition results as
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Fig. 6. Measurement of warpage on specimens at each point compared
between experiments and Moldex3D simulations.

23.26 % and 22.45 % by Moldex3D simulation tests and em-
pirical tests respectively.

4.4 Annealing treatment step

In this step, heat treatment process is used to reduce war-
page phenomenon by using an electronic laboratory oven.
Heat provided the effective result of rearranging the amor-
phous structure to become the crystalline structure [35] that
directly affected the mitigation of residual stress on a speci-
men. After annealing treatment process, there is use of pho-
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Fig. 7. Photoelasticity measurement of specimens before and after annealing treatment process.

toelasticity technique along with warpage measurements to
investigate whether residual stress affected warpage phe-
nomenon. Fig. 7 presents a set of 10 variable photoelasticity
tests at each annealing temperature and time. Residual stress
reflection via the pattern of the fringes show that no. 1 pro-
vides various colors more than others especially if there are
comparisons of no. 1, no. 8 and 9, it was the most difference
of colors. The colors that show on a specimen used to verify a
retardation of light wave and fringe order according to three
fringe photoelasticity (TFP) methodology [47] by specifying
33 measured positions (E1 to E33 points) are as shown in Fig.
7. The residual stress results that generated a retardation and
fringe order by TFP methodology and added into Eq. (12) are
illustrated in Fig. 8. When looking at no. 1, maximum and
minimum residual stress outcomes that were calculated from
TFP methodology are 0.101 and 0.017 MPa while the speci-
mens which passed annealing process of no. 8 and 9 provided
0.064, 0.017, 0.058 and 0.017 respectively. These results pre-
sent that annealing process at a suitable temperature can be a
good choice to reduce the residual stress of plastic parts.

4.5 Comparisons of warpage reduction and residual stress
on specimens

Warpage measurement at 5 positions (P1 to P5) as shown in
Fig. 9 can provide good performance. This measurement sug-
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Fig. 8. Measurement of residual stress on specimens before and after
annealing treatment process.

gests that the maximum warpage reflection occurs at the end
of a specimen (P5). If there is a comparison of warpage occur-
rence between a specimen without annealing treatment and a
specimen through annealing process, it can be summarized
that more annealing temperature and time can provide a good
solution for warpage reduction. The specimens that through
annealing process at 85 °C and 120 mins can reduce warpage
at 76.32 % compared with an optimized specimen before an-
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Table 9. Warpage and residual stress values before and after annealing treatment process.

Maximum warpage (mm) Maximum residual stress (MPa)
Methods Before annealing | Annealing process | Annealing process | Before annealing | Annealing process | Annealing process
process (60 mins) (120 mins) process (60 mins) (120 mins)
Post-injection process 0.38 - - 0.101 - -
Annealing at 60 °C - 0.38 0.37 - 0.109 0.092
Annealing at 75 °C . 0.30 0.29 . 0.087 0.082
Annealing at 80 °C - 0.28 0.25 - 0.072 0.071
Annealing at 85 °C - 0.16 0.09 - 0.064 0.058
A ing firefly algorithm (FA) and response surface methodology
‘Ei Y o = 0 (RSM) and heat treatment are employed to minimize warpage
o of thin PIM parts according to ASTM-D638 Typel. The re-
sults of this study are illustrated as follows:
0.46 e bt n £ ek (O (1) According empirical experiment, packing time, cooling
Annealing at 85 celsius (60 mins) . . .
0.40 4 % R ) P5 time, and melt temperature are the most significant factors
—_ ing celsil i . . .
E —— e e Va influencing warpage reduction.
E o]t & e oy (2) According to response surface methodology and Firefly
E - 3 S yay, algorithm optimization, it can seek suitable packing time,
FRl B Y ':2 P:-x" _ v cooling time, and melt temperature that provide a warpage
£ 020 fur” mitigation less than recommended factor setting at 23.26 %
@ . . ..
§ o015+ and 22.45 % by Moldex3D simulation tests and empirical tests
£ o104 \Y /4 . respectively. '
5 P3 . N e (3) In annealing treatment process, warpage phenomenon
0.05 4 = AN p . o .
. \y 5 reduced more from optimization stage at 76.32 % by using
T = B s annealing process at 85 °C and 120 mins.

Fig. 9. Measurement of warpage on specimens at each point compared
between experiments before and after annealing treatment.

nealing process. Therefore, it can be clarified as shown in Fig.
9 that if there is use of annealing treatment that sets the con-
sumption of more temperature and time for solving warpage
phenomenon, the warpage will reduce dramatically. Also,
Table 9 can indicate when enhanced annealing temperature
and time are from 60 °C to 85 °C and 60 mins to 120 mins
respectively, warpage phenomenon will successively decline.
Likewise, for residual stress, when it is given more annealing
temperature and time, the residual stress can be relieved con-
tinually at 42.57 % compared between a specimen without
annealing treatment and using annealing process at 85 °C and
120 mins. Therefore, the warpage can be mitigated dramati-
cally by using Firefly algorithm to optimize process parameter
during PIM process and also if relieving of more warpage
phenomenon is required, annealing treatment is the best
choice to reduce obvious warpage phenomenon from 0.38 mm
to 0.09 mm. Also annealing treatment can relieve the residual
stress from 0.101 MPa to 0.058 MPa which affected the re-
duction of the warpage problem and crack resistance problems
[35].

5. Conclusions

In this research, an efficient optimization methodology us-

(4) In photoelasticity technique, which is a practical, low
cost technique, it can notice residual stresses for injection
molding polystyrene parts. The residual stresses decreased
considerably with high temperature annealing at 42.57 %
compared with a specimen without annealing process and
contrasted with warpage occurrence.
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