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Abstract
Acrylonitrile butadiene styrene/nanoclay/polymethyl methacrylate nanocomposites 
were chemically foamed using injection molding process under different processing 
conditions. X-ray diffraction, scanning electron microscopy, and standard experi-
mental tests were employed to study the morphological and mechanical properties 
of nanocomposite foams. The hardness is increased by 54%, and tensile strength is 
improved by 10% in samples containing 2 wt% of nanoclay compared to pure poly-
mer. The effect of input parameters on the morphological and mechanical proper-
ties is studied using Taguchi approach. According to analysis of variance results, 
holding pressure is the most effective parameter on cell size, cell density, and rela-
tive density with the contribution of 90%, 70%, and 41%, respectively. On the other 
hand, nanoclay content is the most effective parameter on the tensile strength and 
hardness with the contribution of 79% and 89%, respectively. Analytical hierarchy 
process is used as a multi-criteria decision-making method in order to select the best 
alternative among different samples considering different morphological or mechan-
ical criteria based on sensitivity analyses. Polymeric nanocomposite foam sample 
produced at 2 wt% nanoclay, injection pressure of 140 MPa, and holding pressure of 
110 MPa was the best alternative in most cases.
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Introduction

Application of materials with high strength-to-weight ratios is growing increas-
ingly due to the high price of energy and climate change in recent years. Poly-
meric nanocomposite foams are materials that can confer demanded mechani-
cal properties together with low weight. The mechanical behavior of polymeric 
nanocomposite foams reflects the geometry of their cellular structure and the 
initial properties of the polymeric matrix. Therefore, in order to study the final 
properties of these materials, the relationship between morphological properties 
and mechanical properties should be elucidated. In addition to the basic polymer 
properties, the dispersion of nanomaterials, bubble cell size, bubble cell density, 
and relative density are also needed to be considered to understand the mechani-
cal behavior of a polymeric nanocomposite foam such as tensile strength, impact 
strength. In other words, to study the mechanical properties of polymeric foam 
in a thorough way, both these two stages should be studied: the relationship 
between process and material parameters and morphological properties of the 
manufactured foam, and then the relationship between morphological properties 
of the foam and final mechanical properties of the manufactured sample. Differ-
ent studies have been performed so far in order to investigate the morphological 
or mechanical properties of polymeric foams [1–3]. The optimal conditions to 
improve the morphological or mechanical properties have been reported in the 
literature review [4–6]. But a comprehensive investigation of optimum conditions 
to achieve both optimal morphological and mechanical properties simultaneously 
was not observed in the literature. One of the main goals of this study is selecting 
the optimal condition to optimize both morphological and mechanical properties.

Statistical approaches are beneficial methods in order to study an engineer-
ing problem comprehensively. One of the applicable statistical approaches is 
design of experiments (DOE) which is used in many engineering applications 
such as ultrasonic-assisted microwave route for flower-like Ta(V)-MOF nano-
structures [7], thermomechanical behavior of polypropylene/high-density poly-
ethylene/nano kaolinite clay composites [8], deep drawing process of composite 
laminated sheets [9], synthesis of CS/PVA biodegradable composite nanofibers 
[10], ultrasound-assisted facile synthesis of a new tantalum(V) metal–organic 
framework nanostructure [11], vulcanization parameters for ethylene–propyl-
ene–diene termonomer (EPDM)/ground waste tire composite [12], performance 
of an integrated biomass gasification, solid oxide fuel cell and high-temperature 
sodium heat pipe system [13], the use of ultrasound energy for the synthesis of 
nickel–metal organic framework compounds [14], friction stir welding (FSW) 
of polymeric nanocomposites [15], in vitro refolding conditions of recombinant 
Lepidium draba peroxidase [16].

Effect of different parameters on the considered results can be studied using 
Taguchi approach as one of the DOE methods with lesser experiments com-
pared to conventional methods [15, 17]. Multi-criteria decision-making (MCDM) 
approach is another statistical method which is used to choose between different 
alternatives due to their effectivity in a complex problem which is particularly 
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useful in problems that have several output parameters affected by plenty of input 
variables [18, 19].

By reviewing former literature researches of this study field, it was concluded 
that the most researches are oriented toward optimizing the mechanical properties 
using different input material or process parameters. Avalle et  al. [20] studied the 
mechanical properties and impact behavior of ABS foams. Different impact, tensile, 
and bending tests were carried out on the samples, and the advantages and disad-
vantages of using foams are investigated. Barma et al. [21] investigated mechanical 
properties of silica-filled polyurethane (PU) foams; the yield stress and elastic mod-
ulus are presented as a function of foam parameters. Geissler et al. [22] worked on 
the strategies to improve the mechanical properties of high-density polylactic acid 
(PLA) foams. The material parameters were found to be the most effective factor 
on the mechanical properties of the foams. Properties of polyethylene (PE)/ethyl-
ene–vinyl acetate (EVA) foam injection molded parts were investigated by Spina 
[23]. The compression properties of the blend consisted of a mixture of low-density 
PE (LDPE), a high-density PE (HDPE), and EVA described as a function of injec-
tion molding process parameters.

One of the main purposes of this study is to see the problem as a two-stage pro-
cess. The mechanical properties of ABS-nanoclay foams are investigated as a func-
tion of morphological properties of the foam samples which is itself a function 
of considered input material parameters (i.e., weight percentage of nanoclay) and 
selected injection molding parameters (i.e., injection pressure and holding pressure). 
X-ray diffractometer (XRD) and scanning electron microscopy (SEM) experiments 
are carried out on the nanocomposite and foam samples to investigate the structural 
and morphological behavior. On the other hand, tensile, and hardness tests are per-
formed on the nanocomposite polymeric foam samples to study the effect of input 
parameters and morphological structure on the mechanical properties of samples. 
Taguchi approach is employed to analyze how input parameters affect the properties, 
and analytical hierarchy process (AHP) decision-making method is used in order to 
select the best possible experiment to achieve elevated mechanical, structural, and 
morphological properties simultaneously.

Materials and methods

Experimental procedures

ABS (trade name of Starex SD0150, Samsung, Korea) with melt flow index (MFI) 
of 1.7 g/10 min (200 °C, 5 kg) and density of 1.04 g/cm3 was used as the polymeric 
matrix. The organically modified montmorillonite with a quaternary ammonium salt 
(Trade name of Cloisite 30B, Southern Clay Products, Inc., USA) was used as the 
reinforcement. Polymethyl methacrylate (PMMA) (trade name of PMMA-IH830, 
LG Chemical, Korea) with MFI of 2.5  g/10  min (230  °C, 3.8  kg) and density of 
1.18  g/cm3 was used as the compatibilizer between the polymeric matrix and the 
nanoparticles.
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In order to provide different melt-compounded compositions, a ZSK-25 twin-
screw extruder (Coperion Werner & Pfleiderer, Dusseldorf, Germany, L/D = 48) 
was employed. The raw materials were dried at 85  °C for 2  h in order to elimi-
nate any possible humidity. First, a masterbatch of 80  wt% of ABS/10  wt% of 
nanoclay/10 wt% of PMMA was produced at a melt temperature of 200 °C and a 
screw speed of 250 rpm. The masterbatch granules were re-dried at 85 °C for 2 h 
in order to remove the water which is absorbed in the water bath of the extruding 
step. According to the literature review [24, 25], nanoclays at high percentages will 
be agglomerated in the polymeric matrix. It is well known that in the agglomerated 
regions the reinforcement advantages of nanoparticles are not effectual. Therefore, 
the highest level of nanoclay content was chosen equal to 4 wt%. In order to inves-
tigate the effect of nanoclay on the different properties of samples, 0 wt%, i.e., pure 
polymeric matrix was selected as the lowest level of nanoclay content. Also, 2 wt% 
of nanoclay was chosen as the middle level. These compositions were produced by 
diluting the masterbatch to the lower weight fractions. The purpose of producing 
masterbatch is this fact the extruding step is performed twice and the blending of 
compositions will be better. The desired compositions are given in Table 1.

The produced nanocomposite granules were dried again at 85 °C for 20 h before 
foaming. In order to provide foaming conditions, 1 wt% of azodicarbonamide was 
added to the nanocomposite granules as the blowing agent. Also, 1 wt% of paraf-
fin oil was added as the softening agent in order to provide better foaming condi-
tions. An NBM-HXF128 (Nekou Behine Machine, Tehran, Iran) injection molding 
machine was used for the foam injection molding process. The ranges of processing 
parameters were selected according to the pre-tests. The highest level of pressures is 
selected based on the capacity of the injection molding machine. On the other hand, 
the lowest level is selected according to this fact that the mold must be fully filled. 
In other words, the lowest required value of pressures by which the complete sample 
could be produced was selected as the lowest level. The parameters and their levels 
are given in Table 2.

Table 1   Melt-compounded 
compositions

Composition Weight percentage (wt%)

ABS Nanoclay PMMA

1 100 0 0
2 96 2 2
3 92 4 4

Table 2   Parameters and their 
levels

Parameter Level

Low Middle High

Nanoclay content (wt%) 0 2 4
Injection pressure (MPa) 110 125 140
Holding pressure (MPa) 110 125 140
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The design of experiments was performed using the Taguchi approach in Minitab 
software. The L9 orthogonal array was proposed by software for three parameters at 
three levels. The list of the experimentations is given in Table 3.

In order to investigate the dispersion of nanoclays and also the presence of agglom-
erated regions in the nanocomposites, XRD test was employed using a LabX XRD-
6000 X-ray Diffractometer (Shimadzu, USA) with copper target and normal focus 
X-ray tube and a scanning rate of 2°/min. Also, a MIRA3 FEG-SEM (Tescan) scanning 
electron microscope device was used in order to observe the cellular structure of nano-
composite foam samples. The Santam STM-150 machine was used in order to perform 
tensile tests. The hardness test was performed using an Indentec universal hardness test 
machine (Zwick Roell, UK).

In order to perform XRD studies, the nanoclay powder, the pure ABS, and the nano-
composite samples containing 2 and 4 wt% of nanoclay were tested using copper target. 
The samples were frozen in the liquid nitrogen before SEM tests because the cellular 
structure should remain intact. Then, the cross section of samples was coated using Au.

The relative density (ρrel) is defined as an index of the foaming degree as Eq. (1).

where ρF and ρP are the foam and polymer densities, respectively, and were meas-
ured using the water displacement method according to ASTM-D792 standard.

Cell density with respect to the unfoamed polymer is one of the main morphological 
properties which is calculated using SEM pictures and is defined as the number of cells 
per cm3 of volume as Eq. (2).

(1)�rel =
�F

�P

(2)Cell density =
(

n

A

)3∕2

× �

Table 3   Design of experiments 
according to the Taguchi 
approach

Experiment 
no.

Nanoclay 
(wt%)

Injection pressure 
(MPa)

Holding 
pressure 
(MPa)

1 0 110 110
2 0 125 125
3 0 140 140
4 2 110 125
5 2 125 140
6 2 140 110
7 4 110 140
8 4 125 110
9 4 140 125
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where n is the number of cells in the selected area (A) of a 2D SEM picture. The 3
2
 

power is applied in order to change the area to the volume in the formula. Also, φ is 
the expansion ratio and can be obtained as Eq. (3).

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

Tensile strength was measured according to ASTM-D638 standard at a tensile 
speed of 5 mm/min at ambient temperature. Hardness test was performed according to 
R-Rockwell (RRH) and ASTM-D785 standard at ambient temperature. It is noteworthy 
that for each sample, tests were repeated at least three times and the average of these 
three tests was presented as the final data.

Analytical hierarchy process (AHP)

MCDM methods are powerful tools used in many engineering fields in order to select 
among several alternatives according to different criteria. Two main stages of these 
approaches are weighting of criteria and then prioritizing the alternatives based on cri-
teria. In the present study, AHP is used for both criteria weighting and prioritizing the 
alternatives. AHP is one of the most common MCDM methods first proposed by Saaty 
[26]. The pairwise comparison between elements to determine the importance one ele-
ment over another element is the base of AHP method. Saaty’s relative importance 
scale is employed to compare the alternatives based on a criterion using numbers 1–9. 
The definition of these numbers is given in Table 4.

After formation of the pairwise comparison matrix, the matrix is used as an input of 
Expert choice software in order to prioritize the elements due to the selected criteria.

The consistency ratio (CR) is defined for the results of AHP method in order to 
determine the consistency of decisions. For consistency, CR must be < 0.1.

Firstly, the consistency index (CI) is calculated for each matrix as Eq. (4).

(3)� =
1

�rel

(4)CI =
�max − n

n − 1

Table 4   Saaty’s relative 
importance scale

Intensity of importance Definition

1 Equal importance
3 Somewhat more important
5 Much more important
7 Very much important
9 Absolutely more important
2, 4, 6, 8 Intermediate values
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where λmax is the largest eigenvalue of the pairwise comparison matrix.
The CR is then calculated using Eq. (5).

where RI is average random index and for a matrix with n = 5, its value is 1.12.

Results and discussion

Firstly in order to ensure that nanoclays are dispersed homogeneously in the poly-
meric matrix, XRD test was performed on the samples. The test was carried out on 
the nanoclay particles, pure polymer, and samples with 2 and 4 wt% of nanoclay. 
The results are shown in Fig. 1. As it can be seen in Fig. 1a, the diffraction peaks 
at 2θ = 6° and 2θ = 26.5° is related to nanoclay. On the other hand, due to Fig. 1b, 
the diffraction peak at 2θ = 20° is related to ABS. By observing Fig. 1c, it can be 
concluded that in samples with 2 wt% of nanoclay no diffraction peak is observed at 
2θ = 6° or 2θ = 26.5°, which means the nanoclays are dispersed properly in the ABS 
matrix, while according to Fig. 1d in the samples with 4 wt% of nanoclay, a small 
diffraction peak occurs at 2θ = 26.5°. This diffraction peak indicates the presence of 
a mass of nanoclays in the polymeric matrix which is because of the agglomeration 
phenomenon.

Two main morphological properties of foam samples are cell density and cell size 
which are calculated using SEM pictures. The number of cells and the average size 
of them can be determined in SEM pictures. Some SEM pictures of the produced 
samples are demonstrated in Fig. 2.

The morphological and mechanical properties of the samples are presented in 
Table 5.

Effect of input parameters

Effect of nanoclay content

As reported in the literature researches, using nanomaterials as reinforcement helps 
to enhance the mechanical properties of materials. To find out the reasons, the effect 
of adding nanoclay to the ABS matrix on the morphological and mechanical proper-
ties of the samples is investigated. The main effect plot of nanoclay content on dif-
ferent properties of samples is shown in Fig. 3.

As it is obvious in Fig. 3a, b, adding 2 wt% of nanoclay leads to increase in 
cell density and decrease in the cell size of foamed samples. It is because the 
dispersion of nanoclays in the polymeric matrix means more potential zones are 
available for nucleation of gas bubbles. Therefore, the final number of cells in 
the foamed sample will increase. On the other hand, more nucleated cells mean 
the gas content has to be shared among more number of cells and each cell will 

(5)CR =
CI

RI
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Fig. 1   Results of XRD test for 
a nanoclay; b pure ABS; c ABS 
with 2 wt% nanoclay, and d 
ABS with 4 wt% nanoclay
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receive a lesser amount of gas. As a result, the final cell size will decrease. In 
contrast, more cells in the polymer–gas mixture lead to higher probability of cell 
coalescence during the growth stage of the foaming process. More cell coales-
cence means more gas loss and therefore the relative density increases as it can 
be seen in Fig. 3c. More increase in nanoclay from 2 to 4 wt% leads to the occur-
rence of agglomeration of nanoparticles in the polymeric matrix as mentioned 
previously in XRD section, therefore, nucleation is deteriorated and cell size will 
increase and cell density will decrease. As a result, as it was explained the rela-
tive density is decreased because of lesser cell coalescence.

Fig. 2   Representative SEM pictures of samples. a 1, b 5 and c 7 of Table 3
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Figure 3d, e indicates an increasing behavior of tensile strength and hardness by 
increasing of nanoclay wt% from 0 to 2. The occurrence of this increase is related 
to two different reasons. The first reason is that nanoclay has the function of rein-
forcement in the polymeric matrix due to the enhancement of the material bonds in 
the sample. The second reason is decreasing in the cell size of the foamed sample. 
By decreasing the cell size the cell density increases which leads to a higher sur-
face area of the cells in the foamed samples. High surface area causes molecular 
orientation. The sample with molecular orientation has a better tensile and hard-
ness strength as reported in the literature review [27]. More increase in nanoclay 
weight percentage from 2 to 4 causes agglomeration of nanoclays in the polymeric 
matrix; therefore, the second effect of nanoparticles, i.e., increase in cell density and 
decrease in cell size, is inoperative. That is why the tensile and hardness of samples 
with 4 wt% of nanoclay is lower compared to the sample with 2 wt%. But due to the 
first effect of nanoparticles as reinforcements, the tensile and hardness strength of 
samples with 4 wt% of nanoclay is still higher than pure ABS samples.

Effect of holding pressure

Holding pressure is one of the most effective parameters on the properties of injec-
tion foamed samples. Three levels of holding pressure were selected in the injection 
molding process. The main effect plots of holding pressure on different properties of 
foamed samples are shown in Fig. 4.

As it is depicted in Fig. 4a, cell density has a decreasing trend followed by an 
increasing trend by increasing the holding pressure. By increasing holding pressure 
from 110 to 125  MPa, the pressure of the polymer–gas system (Psystem) increases 
which leads to increase in critical radius (Rcr) of the initial bubble that can nucleate 
in the mixture as it is obvious in Eq. (6).

(6)Rcr =
2�

Pbubble − Psystem

Table 5   Morphological and mechanical properties

Experi-
ment 
no.

Alternative Property

Cell density 
(cell/cm−3)

Cell size (μm) Relative density Tensile 
strength 
(MPa)

Hardness (RRH)

1 A-1 1.12 × 107 29.37 0.871 30.60 38.74
2 A-2 3.15 × 106 34.87 0.935 30.60 52.26
3 A-3 3.22 × 106 19.24 1.000 32.65 50.77
4 A-4 1.37 × 106 34.74 0.971 36.87 77.60
5 A-5 4.34 × 106 24.15 0.969 33.74 71.40
6 A-6 1.43 × 107 16.72 0.966 32.98 68.93
7 A-7 7.10 × 106 24.55 0.948 33.69 68.30
8 A-8 6.36 × 106 25.78 0.946 33.53 62.07
9 A-9 3.10 × 106 31.95 0.950 33.32 66.36
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where γ is the surface tension and Pbubble is the bubble pressure.
Therefore, lower numbers of cells are nucleated in the system and the cell 

density decreases. By more increase in holding pressure from 125 to 140 MPa, 
despite increasing of Rcr and decreasing of cell nucleation, the cell stability is 
enhanced because high holding pressure prevents bubbles from collapse, coa-
lescence, and coarsening. That is why more of nucleated bubbles are survived 
and remained in the final nanocomposite foam samples and the cell density is 
increased slightly.

As it was explained, cell size and cell density are inversely proportional and by 
increasing of cell density, cell size will decrease. The change in cell size versus 
holding pressure can be seen in Fig. 4b.
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By increasing holding pressure, the bubbles are restricted from growing freely 
in the gas–polymer mixture. That is why lower decrease occurs in the foam den-
sity and the relative density increases as it can be seen in Fig. 4c.

The mechanical properties of nanocomposite foam samples including ten-
sile strength and hardness are plotted versus holding pressure in Fig.  4d, e. It 
is inferred from figures that increase in holding pressure from 110 to 125 MPa 
leads to an increase in the tensile strength and hardness, and by more increase in 
holding pressure from 125 to 140 MPa, the tensile strength and hardness decrease 
slightly. It can be due to this fact that the samples produced with high holding 
pressures are denser (Fig. 4c) and therefore have better mechanical properties. It 
can be concluded that in this state, the density is a predominant parameter on the 
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mechanical properties instead of morphological properties, i.e., cell size and cell 
density.

Effect of injection pressure

Another significant parameter influencing the cell growth is injection pressure which 
controls the foaming process, especially in the runner and gate just before the melt 
enters the cavity. The main effect plots of injection pressure on the different proper-
ties are shown in Fig. 5.

It can be inferred from Fig. 5b that by increasing injection pressure the cell size is 
decreased. The reason is that higher injection pressure decreases the probability of 
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nucleation of premature bubbles in the runner or gate. At higher injection pressure, 
the nucleation starts in the cavity of the mold and the final cell size will be small 
and uniform dispersion of cells is obtained. But with lower injection pressure, some 
bubbles will nucleate in the runner or gate and grow to large bubbles due to the high 
concentration of gas in the mixture in the initial stages.

The same phenomenon happens for cell density by increasing the injection pres-
sure from 125 to 140 MPa, where the high injection pressure decreases the num-
ber of premature cells and uniform cell distribution is achieved and also the pres-
sure drop is increased which leads to higher nucleation. Therefore, the cell density 
increases. But for increase in injection pressure from 110 to 125 an unforeseen 
behavior is observed for cell density, despite the prediction for increasing of cell 
density, the cell density is decreased.

It can be concluded from Fig. 5c that by increasing the injection pressure, rela-
tive density increases significantly which occurs because the number of premature 
bubbles is decreased which leads to the presence of many small cells in the cavity 
and the probability of cell coalescence and cell coarsening increases. As a result, the 
amount of gas loss is increased and the density of foam will be higher.

Due to Fig. 5d, e, it can be concluded that injection pressure does not have a sig-
nificant effect on hardness whiles tensile strength reduced very slightly by increas-
ing injection pressure. The reason might be related to opposite effects of cell nuclea-
tion as restriction of premature bubbles and increase of pressure drop in the cavity.

Contribution of parameters

The contribution of each parameter on the studied morphological and mechani-
cal properties is investigated using analysis of variance (ANOVA) tool of Taguchi 
approach. These results are illustrated in Table 6. According to the results, holding 
pressure is the most effective parameter on the morphological properties. It is con-
cluded that this parameter affects the cell density and cell size by 90 and 70% con-
tribution, respectively. Injection pressure and nanoclay content are the second and 
third effective parameters on the morphological properties, respectively. By increas-
ing holding pressure from 110 to 125 MPa, the cell density is decreased almost by 
76% and cell size is increased by 47%.

Based on the ANOVA results, nanoclay content is the most effective parameter on 
the mechanical properties. Nanoclay content affects tensile strength and hardness by 

Table 6   ANOVA results

Parameter Contribution (%)

Cell density Cell size Relative density Tensile strength Hardness

Nanoclay content 2 4 23 79 89
Injection pressure 8 26 36 9 0
Holding pressure 90 70 41 12 11
Total 100 100 100 100 100
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the contribution of 79 and 89%, respectively. Holding pressure is the second effec-
tive parameter on the tensile strength and hardness. Injection pressure contributes 
to the tensile strength by 9% but as it can be seen in the previous section, injection 
pressure has no effect on the hardness. By increasing nanoclay content from 0 to 2 
wt%, tensile strength and hardness are increased by 10.4% and 54%, respectively.

MCDM results

Alternative ranking

MCDM approach is used to select between experiments of this study as alternatives 
to optimize the different properties of foams as criteria simultaneously. In order 
to perform MCDM methods, firstly the considered criteria (cell density, cell size, 
relative density, tensile strength, and hardness) are needed to be weighted. There-
fore, the pairwise comparison matrix is completed as given in Table 7. The values 
in Table 7 are selected based on the best experience of the authors. It is notewor-
thy that the effect of choosing other values on final results is also investigated and 
reported comprehensively in the following using sensitivity analysis.

For instance, the element 2 for pairwise comparison between cell size over cell 
density means that the cell size is considered to be slightly more important than cell 
density. Also, the number 1/3 for pairwise comparison between hardness over tensile 
strength indicates that tensile strength is considered to be somewhat more important 
than hardness. The pairwise comparison matrix is used as an input in Expert choice 
software, and the criteria weighting results are obtained as demonstrated in Fig. 6.

Due to the results, cell size and tensile strength criteria are the most important 
criteria with the weight of 0.313 and after them, cell density with the weight of the 
0.176 has the next rank. Relative density and hardness are the next criteria with the 
weight of 0.099. The consistency ratio is calculated as CR = 0.00299, which indi-
cates that the judgments have a high rate of consistency because CR is very lesser 
than 0.1.

After determining the weight of criteria, the ranking of alternatives is carried out. 
Based on the calculated weights for criteria, the ranking of experiments A1–A9 is 
obtained as Fig. 7.

Due to the results, A-6 with the weight of 0.188 is selected as the best choice 
based on the defined criteria. Referring to Table 4, it is inferred that this sample 

Table 7   Comparison matrix of criteria

Cell density Cell size Relative 
density

Tensile strength Hardness

Cell density 1 1/2 2 1/2 2
Cell size 2 1 3 1 3
Relative density 1/2 1/3 1 1/3 1
Tensile strength 2 1 3 1 3
Hardness 1/2 1/3 1 1/3 1
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(i.e., A-6) has the minimum cell size therewith cell size and tensile strength were 
the most important criteria. Although A-6 sample has a low tensile strength, it 
has the highest cell density among samples and the cell density has the second 
rank among criteria. In other words, this sample’s superiority in cell density and 
cell size has compensated for its weakness in tensile strength and that is why 
A-6 has been selected as the best sample. 2 wt% of nanoclay, holding pressure of 
110 MPa, and injection pressure of 140 MPa were selected as input parameters in 
order to produce sample A-6. However, if the tensile strength is more important 
in some applications, the priority of alternatives may change. These changes are 
discussed in the sensitivity analysis section. A-4 is the next choice after A-6 with 
the weight of 0.149. Despite its undesired morphological properties (i.e., large 
cell size and low cell density), it has the best mechanical properties among sam-
ples. A-7 is in the third rank and A-1 and A-5 with the weight of 0.108 are both 
in the fourth rank. The lowest priority belongs to sample A-2 with the weight of 
0.048.
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Sensitivity analysis

Figure 8 demonstrates the sensitivity plot. As it can be seen, sample A-6 is the first 
choice in terms of cell density and cell size. Sample A-1 is the first choice in terms 
of relative density while sample A-4 is the best choice in terms of tensile strength 
and hardness. In overall, the A-6 sample has the first rank by a significant distance 
from other alternatives and A-4 has the second rank as it was mentioned above.

In order to investigate the effect of criteria weighting in different applications, 
some changes have been made in weightings. Figure 9 shows the sensitivity plot in a 
situation that weight of hardness and relative density are increased from 10 to 20%. 
Due to the results, A-6 and A-4 are still the first and second ranks, respectively, but 
the A-1 sample has gained the third rank.

Fig. 8   Sensitivity diagram

Fig. 9   Sensitivity diagram when the weight of hardness and relative density increased from 0.1 to 0.2
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In some application, the mechanical properties may have higher importance. This 
state is investigated in Fig. 10. The weights of mechanical properties (i.e., tensile 
strength and hardness) are considered as 0.35 and the weight of morphological prop-
erties are considered as 0.1. In this situation, sample A-4 gets the first rank with a 
great difference with other samples. As it was mentioned, this sample has higher 
tensile strength and hardness compared to other samples. The A-6 sample gets the 
second rank in this case.

If the relative density has a high significance in a specific application (Fig. 11), 
the A-1 sample will be the first choice. This sample has the lowest rank in terms of 
tensile strength and hardness, but in terms of relative density (the most important 
criterion of this case) has the first rank; consequently, it has got the first rank in over-
all. The A-6 sample has the second rank in this case.

Fig. 10   Sensitivity diagram when mechanical properties are important

Fig. 11   Sensitivity diagram when density is important
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Finally, assuming a situation where all criteria have an equal weight of 0.2 
(Fig. 12), the A-6 sample will get the first rank, and sample A-4 and A-1 will get the 
next ranks, respectively.

Conclusion

In the present study, the effect of material parameters (nanoclay weight percent-
age) and injection molding process parameters (holding and injection pressures) is 
investigated on the morphological properties of foams (cell size, cell density, and 
relative density) and consequently on the mechanical properties (tensile strength and 
hardness) of samples. The distribution of nanoclays was investigated by performing 
XRD tests. The results revealed that the nanoclay at high percentage, i.e., 4  wt% 
agglomerated in some regions in the polymeric matrix. The structural properties 
were studied using SEM pictures, and relative density, tensile strength, and hard-
ness of samples were calculated using standard experiments. It was concluded that 
the cell size and cell density have a considerable effect on the mechanical properties 
of nanocomposite foams, the samples with small cell sizes and high cell densities 
represented higher mechanical strength. Analysis of variance (ANOVA) results indi-
cated that holding pressure is the most effective parameter on cell size, cell density, 
and relative density, while nanoclay content is the most effective parameter on ten-
sile strength and hardness, which emphasizes the reinforcement effect of nanoma-
terials on the polymeric matrix and also their effect on decreasing the cell size of 
foam cells. The AHP method and sensitivity analysis were carried out on the results 
to optimize the output properties in terms of morphological and mechanical crite-
ria. Different weighting systems due to the different applications are discussed using 
sensitivity analysis. Giving priority to the mechanical properties, the A-4 sample is 
chosen as the best sample but considering both morphological and mechanical prop-
erties A-6 sample is introduced by the AHP method to be the best choice.

Fig. 12   Sensitivity diagram when all criteria have equal weights (i.e., 0.2)
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Data availability

The raw/processed data required to reproduce these findings cannot be shared at 
this time as the data also forms part of an ongoing study.
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