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Abstract—The effect of process parameters of foam injection molding on the morphologicalproperties of
acrylonitrile butadiene styrene (ABS)-nanoclay polymeric foam has been investigated. Polymethyl methac-
rylate (PMMA) was used as the compatibilizer between polymeric matrix and nanoclay. Different nanocom-
posite polymeric foam samples were produced in a chemical foam injection molding process. X-ray diffrac-
tion (XRD) test was carried out to analyze the dispersion of nanoclays with different percentages in the poly-
meric matrix and scanning electron microscopy (SEM) pictures were used to study the cellular structure of
nanocomposite foamed samples. The effect of input parameters including nanoclay weight percentage (0, 2,
and 4%), Injection Pressure (110, 125, and 140 MPa), and Holding pressure (110, 125, and 140 MPa) on cell
density, cell size and expansion ratio of foamed samples have been investigated. Taguchi approach was used
for the design of experiments and statistical analysis of results. Based on the results, 2 wt % of nanoclay and
injection and holding pressures of 140 MPa is beneficial in order to have polymeric foam with small cell size.
On the other hand, to achieve foams with higher cell density, 2 wt % of nanoclay, injection pressure of
140 MPa, and holding pressure of 110 MPa should be used.

DOI: 10.1134/S0965545X19030131

INTRODUCTION

Complex parts with cellular structure can be man-
ufactured during foam injection molding process with
less material compared to conventional injection
molding process. Furthermore, polymeric foams have
exclusive properties such as low density and high spe-
cific strength which is demanded in many fields of
industry including automobile and spacecraft [1].
Polymeric nanocomposites are highly-functional
materials with basic polymeric matrix and nanosized
particles, tubes or clays as reinforcements [2]. Acrylo-
nitrile butadiene styrene (ABS) is a common thermo-
plastic polymer known especially for its high tough-
ness and impact strength. Nanoclays are made of lay-
ered mineral silicates. Different types of nanoclays are
categorized according to chemical composition and
nanoparticle morphology. By adding nanoclay to mol-
ten polymer strong chemical bonds are made between
layers of nanoclays, therefore, a high strength com-
pound is obtained [3].

Advantages of both foams and nanocomposites can
be obtained simultaneously by manufacturing nano-
composite foams. A broader range of properties
including mechanical [4], electrical [5], optical [6]

! The article is published in the original.

and thermal-insulation [7] properties is achievable
through this process. Several factors are effective
during manufacturing of nanocomposite foams.
Investigating the role of each parameter and their
interaction is necessary to define a thorough process-
property relationship.

Tsuchiya et al. [8] investigated the effect of differ-
ent fillers on cellular structures in ABS microcellular
foams. Two different types of nanomaterial were used
including carbon fiber and calcium carbonate parti-
cles. The results showed that in carbon fiber/ABS sys-
tem, the average diameter of cell decreased, and the
cell density increased as a function of fiber concentra-
tion. On the other hand, by using calcium carbonate,
the diameter increased, and cell density decreased
with higher concentration. Saraeian et al. [9] studied
polystyrene (PS)/nanoclay nanocomposite foam and
effect of using nanoclay particles on the foam cell size.
Due to their results, the cell density was increased and
smaller cell sizes were obtained in samples with 4 and
5 wt % of nanoclay. But decreasing in cell density and
increasing in cell size was observed in samples with 6
weight percent of nanoclay because of agglomeration
of clays. Structural properties of batch foamed
ABS/nanoclay nanocomposites were investigated by
Azerag et al. [10]. They concluded that effective
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Table 1. The different blend of materials
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Material, wt %
Blend
ABS PMMA Nanoclay Azodicarbonamide Paraffin oil
1 98 0 0 1 1
94 2 2 1 1
3 90 4 4 1 1

parameters on cell size are foaming temperature, satu-
ration pressure, foaming time, and nanoclay percent-
age, respectively and also cell size was decreased by
using of nanoclays which is desirable.

Design of experiments (DOE) is an advantageous
method to decrease the number of trials in an experi-
mental research. Taguchi approach is one of the main
DOE methods which is widely used in engineering
studies [11, 12]. Azdast et al [13] used Taguchi method
to optimize the impact strength of friction stir welded
polycarbonate (PC)/nanoalumina nanocomposites.
Daryadel et al. [14] studied the foaming properties of
polypropylene (PP)/ferrous oxide nanocomposites
during the batch process using Taguchi approach. Lee
et al. [15] investigated the effect of injection molding
processon the tensile and hardness properties of
PC/nanoalumina nanocomposites using Taguchi
method.

In this study, the effect of different material and
process parameters on structural properties of chemi-
cal foamed ABS-nanoclay nanocomposites in injec-
tion molding has been investigated using Taguchi
approach. Polymethyl methacrylate (PMMA) is used
in order to compatibility between ABS and nanoclays.
Parameters including nanoclay percentage, injection
pressure, and holding pressure are studied in order to
find out their influence on the morphological proper-
ties including cell density, cell size, and expansion
ratio. XRD and SEM tests are performed to observe
the effect of parameters on dispersion and deployment
of nanolayers.

EXPERIMENTAL
Materials and Equipment

ABS (Starex SDO0150, Samsung, melt flow index
(MFI) = 1.7 g/10 min, and specific gravity =
1.04 g/cm?®) as polymeric matrix, nanoclay particles
(Cloisite 30B, Southern Clay Products Inc., USA,
particle size = 1—5 nm) as reinforcement, and PMMA
(IH830, LG Chemical, MFI = 2.5 g/10 min, and spe-
cific gravity = 1.18 g/cm?) as a compatibilizer were
melt compounded in a twin-screw extruder (ZSK-25,
Coperion Werner and Pfleiderer, Germany, extruding
capacity = 10 kg/h). The foam injection molding pro-
cess was carried out usingan NBM HXF-128 injection
molding machine with screw diameter of 37 mm, and
L/D ratio of 21 : 1. The chemical foaming process was
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controlled by using azodicarbonamide as the blowing
agent. Shimadzu X-ray diffractometer was used to per-
form XRD test and MIRA3 FEG-SEM (Tescan)
scanning electron microscope device was used in order
to take high-qualitypictures of the cellular structure of
the samples.

Preparation of Samples

Firstly, the polymeric matrix and the compatibi-
lizer were dried at 85°C in an oven for 2 h in order to
eliminate any possible humidity. Afterward, a master
batch of 80 wt % of ABS, 10 wt % of nanoclay, and
10 wt % of PMMA was melt compounded at a screw
speed of 250 rpm, and melt temperature of 200°C. The
master batch was dried at 85°C for 2 h and then diluted
to achieve desired weight percentages. In order to have
foam structure in injection molded parts, 1 wt % of
azodicarbonamide and 1 wt % of paraffin oil was
added to the nanocomposite granules as foaming and
softening agents, respectively. The weight percentage
of used raw materials is given in Table 1.

The compounded material was transformed into
granules and the produced nanocomposite granules
were dried again in the drier unit of injection molding
machine at 85°C for 20 h. The injection molding pro-
cess was carried out at the final stage to produce the
samples. Variety of parameters are involved in the
injection molding process and in this stage finding the
most optimum parameters two produce proper and
complete samples is crucial. One of the main issues is
to make sure that the mold cavity will be completely
filled by the polymer melt. Two of injection molding
parameters (injection and holding pressure) was
selected as input parameters and their selection reason
and levels are explained comprehensively in the design
of experiments part. But other injection parameters
which were held constant during injection molding
process were selected according to the best experience
of authors and trial and error to reach high quality and
complete samples. The constant parameters and their
values are as: injection temperature of 195°C, mold
temperature of 60°C, holding time of 1 s, and cooling
time of 15 s.

Taguchi Design of Experiments

Taguchi method, which is also called the robust
design method, greatly affects engineering research.
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Fig. 1. (Color online) The not fully-filled produced sample using pressure under 85 MPa.

Many different parameters are included in an engi-
neering process. Taguchi method divides parameters
into two groups called signals and noises. Signals are
parameters that are controllable but noises are the
parameters that are not controllable through the pro-
cess. Taguchi approach considers both kinds of
parameters in the statistical equations. Also, an opti-
mal design of experiments is possible using Taguchi
orthogonal arrays which help to reduce the number of
experiments and consequently the research cost.

Investigating the effect of nanoclay on the struc-
tural properties was one of the main goals of this study;
therefore nanoclay weight percentage is selected as
one of the input parameters. On the other hand, based
on the best experience of the authors, injection pres-
sure and holding pressure are effective parameters on
the different stages of foaming process and accordingly
on the final structural properties. It is reported in for-
mer researches that high nanoclay weight percentages
lead to agglomeration behavior of layers of nanoclays
[9, 16]. As a result, 4 wt % of nanoclay was selected as
the highest level of nanoclay percentage. On the other
hand, the lowest level was selected to be 0 wt % to
compare results of nanocomposite foam samples with
pure ABS foams. The highest level for injection and
holding pressures is selected based on the capacity of
the injection molding machine, and the lowest level
was selected by try and error to determine the lowest

possible pressure to achieve a complete sample. The
samples produced using pressures under 85 MPa were
not fully-filled. One of these samples is shown in
Fig. 1. The selected input parameters (weight percent-
age of nanoclay, injection pressure, and holding pres-
sure) and their levels are as following:

Nanoclay content: 0, 2, 4 wt %
Injection pressure: 110, 125, 140 MPa
Holding pressure: 110, 125, 140 MPa

After selecting the input parameters and their lev-
els, the list of experiments according to Ly orthogonal
array of Taguchi suggested by Minitab software is given
in Table 2.

The samples were produced according to the
experimental conditions of Table 2. Some of the pro-
duced samples are depicted in Fig. 2.

Signal to noise ratio (S/N) is a statistic ratio
defined due to the conditions of the problem. Signals
are the input parameters that are controllable during
the process but the noises are input factors that are not
controllable or measurable and do not have a regular
effect on the results [17]. The S/N ratio can be calcu-
lated using Eqgs. (1) and (2) [18]. The “Larger is better”
equation is used when we want to maximize the result,
and the “Smaller is better” equation is used when the
lower values of the result are desirable. It is noteworthy

Table 2. Design of experiments according to Ly orthogonal array of Taguchi approach

Experiment no. Nanoclay, wt %
1 0
2 0
3 0
4 2
5 2
6 2
7 4
8 4
9 4

Injection pressure, MPa Holding pressure, MPa
110 110
125 125
140 140
110 125
125 140
140 110
110 140
125 110
140 125
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Fig. 2. (Color online) The produced samples with different nanoclay content.

that all the statistical analysis of this study is performed
using Minitab software version 17.0.
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Characterization

X-Ray diffraction (XRD) test is one of the main
structural tests in order to determine the distance
between layers of nanoclays. The nanocomposite
samples and nanoclay powder were tested at the scan-
ning rate of 2 grad/min and at room temperature con-
dition using copper target with A = 1.5406 A. The
spacing between clay layers was determined using
Bragg’s law as Eq. (3) [19]:

nh =2dsin@ (3)

in which nis an integer, A is the wave length of incident
wave, d is the spacing between the planes in the atomic
lattice, and O is the angle between the incident and the
scattering planes.

In order to perform SEM tests, because the cellular
structure in cross section of samples should remain
intact, the samples were first frozen in the liquid nitro-
gen to ensure that the fracture is completely brittle and
then samples were coated by gold.

Expansion ratio € is considered as foaming degree
index and it can be calculated using Eq. (4) [20]:

C))

where p, is the density of solid polymer and p is the
density of foamed sample and therefore expansion
ratio is a dimensionless index. The density of samples
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is measured using water displacement method accord-
ing to ASTM-D792 standard.

Cell density respect to the unformed polymer is
one of the main morphological properties which is
calculated using SEM pictures and is defined as the
number of cells per cm? of volume as Eq. (5) [21]:

(%)

where 7 is the number of cells in the selected area A of
the 2D SEM picture. The 3/2 power is applied in order
to change the volume to the area in the formula.

Cell size is the average diameter of cells that are
observable in a selected SEM picture. For each sam-
ple, sizes of sufficient number of cells are measured
and the average value is reported as the final result.

3/2
Cell density =(i) X €,

RESULTS AND DISCUSSION
XRD Results

In order to investigate the dispersion of nanoclays
in ABS matrix, firstly an XRD test was carried out on
the nanoclay powder. Figure 3 shows XRD plot of the
nanoclay used in this study, as it can be seen the first
diffraction peak occurs at 20 = 6°, which means the
spacing between different layers of pure nanoclay is
approximately 1.49 nm. The second diffraction peak
occurs at 20 = 26.5°. The next test was performed on
the pure polymer and the result can be seen in Fig. 4.
It is obvious that the main peak is around 26 = 20°
which is related to ABS.

The XRD test of the master batch is demonstrated
in Fig. 5. Both diffraction peaks related to nanoclay
(26 = 6° and 26.5°) and diffraction peak related to
ABS (26 = 20°) are observable in Fig. 5.

Afterwards, XRD tests were carried out on the
samples with 2 and 4 wt % of nanoclay and the results
are shown in Fig. 6. There is not any diffraction peak
around 20 = 6° or 26 = 26.5° for the samples with
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Fig. 3. (Color online) The XRD test of nanoclay powders.
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Fig. 4. (Color online) The XRD test of ABS.

2 wt %, which means the nanoclay is dispersed appro-
priately in the polymer matrix. But for the samples
with 4 wt % of nanoclay, a slight peak can be seen
around 26 = 26.5°, that must be because of agglomer-
ation of nanoclays in higher concentration.

SEM Results

Two main morphological properties that can be
obtained using SEM pictures are the cell density and
the cell size. These two parameters play an important
role in the different properties of foams because foams
with cell size in the range of micrometer and nanome-
ter show a range of special and elevated features. Cell
density and cell size are inversely proportional and the
main purpose of studies is to maximize the cell den-

POLYMER SCIENCE, SERIES A Vol. 61

sity, which means minimizing the cell size at the same
time. The representative SEM results are depicted in
Fig. 7.

Cell Density

The cell density of the foamed polymer is signifi-
cantly depended on the nucleation stage of foaming
process which means that the cell nucleation should be
enhanced in order to increase the cell density. Among
different ways to increase the nucleation, one of the
effective methods is using nucleation agents.
Nanoparticles dispersed in the polymer-gas mixture
are potential regions for nucleating of bubbles. The
next concern is the possibility to retain the nucleated
bubbles during the growth stage of foaming which can

No.3 2019



COMPREHENSIVE INVESTIGATION OF MORPHOLOGICAL PROPERTIES

1, CPS
2000

1500

1000

500

20, deg

Fig. 5. (Color online) The XRD test of masterbatch.
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Fig. 6. (Color online) The XRD test of nanocomposite samples containing (a) 2 and (b) 4 wt % of nanoclay.
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Fig. 7. The representative SEM results of different samples.

be controlled by parameters such as applied pressures.
The results of cell density of the different samples are
listed in Table 3.

The plot of main effects of input parameters on the
cell density is demonstrated in Fig. 8. Because the
larger values of cell density are desired, the “Larger is
better” approach of Taguchi method is used.

It is observable in the graph that increasing of
nanoclay wt % from 0 to 2 increases the cell density. As
it was explained, the addition of nanoclays to the poly-
mer-gas mixture leads to the presence of more poten-
tial regions for nucleation. Therefore, the cell density
is higher in samples containing 2 wt % of nanoclay
compared to pure polymer foams. By increasing of
nanoclay from 2 to 4 wt %, the occurrence of agglom-
eration in the clay layers leads to weak dispersion of

POLYMER SCIENCE, SERIES A  Vol. 61

nanoclays, and consequently, there will be lesser
potential nucleation regions. That is why the cell den-
sity decreases.

The cell density has decreasing behavior followed
by an increasing behavior versus injection and holding
pressures. By increasing pressure from 110 to 125 MPa,

the pressure of system (P, ) increases and accord-

ystem
ing to Eq. (6) [22], the minimum critical radius (R_,)
of the bubble to initiate nucleation and growth is
increased which leads to lesser cell nucleation and
therefore lower cell density.

Rcr = ¢5 (6)

})bubble - Psystem

No.3 2019



Table 3. The cell density results

Sample Cell density, cell/cm?

1.12 x 107
3.15 x 108
3.22 x 10°
1.37 x 10°

4.34 x 10°

1.43 x 107

7.10 x 10°
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ment of different properties such as mechanical, elec-
trical, thermal, and optical properties by decreasing
the size of the cells in foams has been reported in the
literature review [23—25]. Plastic foams are classified

to four groups according to their cell size: conventional
(cell size > 100 pm), fine-cell (10 um < cell size <
100 um), microcellular (1 pm < cell size < 10 um), and

nanocellular (cell size < 1 um) [26]. The results of cell
size of different samples are given in Table 4.

The graph of main effects of input parameters on
the cell size is shown in Fig. 9. Because the smaller val-

O 00 NN O U AW~

6.36 x 10°
3.10 x 10°

where v is the surface tension and B, . is the bubble
pressure.

More increase in the pressure from 125 to
140 MPa, has a significant effect on the cell stability
during the growth process. The nucleated cells at the
pressure of 110 and 125 MPa have the possibility of
collapse or coalescence with other bubbles during the

growth process. Despite lower nucleation in 140 MPa

due to the increase of R_., the final density increases
because the cell stability is higher at high pressure and

more nucleated bubbles are retained in the final
foamed sample.

Cell Size

The goal of many recent types of researches is to
decrease the cell size of polymeric foams. Enhance-

Cell density x 107, cell/cm?

ues of the cell size are desired, the “Smaller is better”
approach of Taguchi method is used.

Figure 9 demonstrates that the cell size has a
decreasing trend followed by an increasing trend by
the increase of wt % of nanoclay. Increasing the nano-
clay wt % from 0 to 2 leads to having more nucleation
agents in the mixture and this means more nucleated
bubbles in the polymer-gas mixture. Therefore, the
amount of gas produced by the decomposition of azo-
dicarbonamide will be consumed for growing higher
number of cells. As a result, the final cell size of each
cell will decrease. But by more increase in the nano-
clay from 2 to 4 wt %, the agglomeration of layers of
clay leads to insufficient dispersion of nanoparticles,

therefore, the number of cells decreases and the final
cell size increases.

Increasing of injection pressure leads to decrease of
cell size. The same phenomenon happens for holding
pressure from 125 to 140 MPa. It is because more pres-
sure on the gas-polymer mixture prevents the cells
from growing too much, and the final cell size will be

smaller. But increasing pressure from 110 to 125 MPa,

leads to increase of cell size. As it was explained for the
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Fig. 8. (Color online) The main effect graph of cell density vs (a) nanoclay content, (b) injection pressure, and (c) holding pressure.
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cell density according to Eq. (6), the reason is the

P, makes it difficult for the cells
to nucleate and survive and the final cell density is
decreased. Cell size and cell density are inversely pro-
portional, that is why by decreasing of cell density the

increase of pressure

cell size will increase.

Expansion Ratio

Two main approaches are used in foam injection
injection molding

(LPFIM) and high-pressure foam injection molding
(HPFIM). In HPFIM, the cavity is filled completely
with molten material and the expansion occurs either

molding: low-pressure foam

because of shrinkage in polymer or opening of the
mold whereas in LPFIM a partial filling with a short
shot is carried out and then the cavity is filled by
occurring of expansion to produce a completely filled
sample. Therefore, in LPFIM (the method used in
this study), the expansion ratio can be defined as the
ratio of cavity size to shot size. During the experi-
ments, shot size of each experiment was selected by try
and error in order to select the minimum shot size that
leads to a complete final sample. In other words, the
results are the maximum achievable expansion ratios
in that specified condition. The results of expansion
ratio for different samples are given in Table 5.

The graph of main effects of input parameters on
the expansion ratio is depicted in Fig. 10. It is note-
worthy to mention that because the larger values of
expansion ratio are desired, the “Larger is better”
approach of Taguchi method is used.

As it can be seen in the graph, the expansion ratio
has a decreasing behavior followed by an increasing
behavior versus nanoclay content. By increasing the

Cell size, pm

Table 4. The cell size results

Sample

Cell size, um

O 0 NN N U AW N =

29.37
34.87
19.24
34.74
24.15
16.72
24.55
25.78
31.95

nanoclay percentage from 0 to 2, the dispersed
nanoparticles play the role of nucleation agents which
leads to increase in the number of cells. More number
of cells in the growth stage means more cell coales-
cence occurrence among the cells and consequently
more gas loss during the growing stage. Therefore, the
final expansion ratio will decrease. But by more
increase in the nanoclay percentage from 2 to 4, the
agglomeration of nanoclays leads to lower nucleation
performance of them, and therefore, the expansion

shows an increasing behavior.

By increasing both injection and holding pressures,
the expansion ratio decreases. By the increase of pres-
sure on the molten polymer-gas mixture, the nucle-

ated bubbles cannot grow freely in the mixture, there-
fore, the final expansion decreases.
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Fig. 9. (Color online) The main effect graph of cell size vs (a) nanoclay content, (b) injection pressure, and (c) holding pressure.
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Fig. 10. (Color online) The main effect graph of expansion ratio vs (a) nanoclay content, (b) injection pressure, and (c) holding pressure.

CONCLUSION

In the present study, the effect of nanoclay content,
and process parameters including injection and hold-
ing pressures on the morphological properties of
nanocomposite polymeric foams have been studied
using Taguchi approach. To study the dispersion
behavior of nanoclays in ABS in the presence of
PMMA as the compatibilizer, XRD tests were per-
formed on the nanoclay powders and nanocomposite
foam samples. The results showed that the sufficient
dispersion is obtained in samples with 2 wt % of nano-
clay, but a little agglomeration was observed in sam-
ples with 4 wt % of nanoclay. SEM pictures were also
taken from the nanocomposite foam samples to
extract their morphological properties. According to
the results, adding nanoclay up to 2 wt % had a posi-
tive and beneficial effect as it helped to decrease the
cell size and to increase the cell density simultane-
ously. But more increasing of nanoclay led to agglom-

Table 5. The expansion ratio results

Sample

Expansion ratio

1.148
1.070
1.012
1.030
1.032
1.035
1.055
1.057
1.053

7.

O 00 N N L AW N =
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6.

eration and had a negative effect on the properties.
The process parameters (injection and holding pres-
sure) had multiple contradictory effects on nucleation
and growth stages of foaming process. Therefore, they
should be astutely studied and controlled during the
process. Studying the effect of process and material
parameters on the morphological behavior of poly-

meric foams is the first step of determination of pro-
cess-properties relationship.
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