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M
icrocellular foams are foamed plastics characterized by a cell density typical-

ly greater than 109 cells/cm3, with fully grown cells on the order of 10 μm, and

a weight reduction ranging from 5 to 95%. An inert gas such as CO2 or N2 is

usually used as the blowing agent. Compared to the unfoamed polymers, 

microcellular foams exhibit improved mechanical and physical properties, for instance,

high strength-to-density, high toughness, high fatigue life, thermal properties, low

dielectric constant, and reduced material weight and cost. In this paper, the influence

of the saturation pressure and its drop rate on the microstructures of unfilled and glass

filled ABS prepared in a batch process were investigated. Cell size distribution and cell

density of foamed samples are also compared at various pressure drops and rates.

The results show that although pressure drop has a significant effect on the nucleation

at room temperature, its rate does not, however, affect the microstructure of the

foamed samples, considerably.

INTRODUCTION

The need to reduce the amount of

consumed material in products is

obvious provided that functional

requirements are met. Material cost

can constitute up to 75% of the

total cost of a plastic product [1].

One method to reduce the con-

sumption of plastic materials is to

use foamed plastics. Polymeric

foams have been widely used in

many applications because of their

low-weight, excellent heat and

sound insulations, high energy

absorption and materials saving,

etc. [2].

Microcellular foams refer to

those thermoplastic foams contain-

ing a very large number of cells,
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typically exceeding 109 cells/cm3 of very small in size

(order of 10 μm in diameter). Microcellular foams

were first introduced in early 1980’s as a means to

reduce the amount of plastic material without com-

promising their working functions [1]. Martini et al.

[3] studied mechanical properties of polystyrene

microcellular foams. Colton et al. [4] suggested a

nucleation theory for microcellular foams of amor-

phous thermoplastic, both homogeneous and hetero-

geneous. Park [5] carried out his research on the

extrusion process of these novel materials with main

emphasis on the dissolution of gas into the polymer

melt and more importantly, showed that a rapid pres-

sure drop is the main driving force for a high nucle-

ation rate in this process. Competition between cell

growth and nucleation was well explained by Park to

describe the positive effect of pressure drop rate on

the increasing cell density. In his reported studies

Behravesh [6,7] has focused his work on producing

low density microcellular foams in an extrusion

process and produced extruded parts with higher than

twenty fold expansion. Leung et.al [8] have worked

on the effect of gas content and pressure drop rate on

batch foaming at high temperature and showed that an

increase in pressure drop rate and gas content causes

a higher nucleation and therefore smaller cell size.

The recent studies in batch process mostly have

focused on investigating the mechanical properties of

various materials [9,10] and specially on foaming

nanocomposites [11]. 

Objectives

The main objective of this research work was to study

the effect of pressure drop rate on the microstructure

of microcellular foams in unfilled and glass-filled

acrylonitrile butadiene styrene (ABS) material in a

batch process. Many research works have been con-

ducted to study the effect of processing parameters on

the microstructure of the foamed materials. However,

very few investigations have been performed in a

batch process to study the influence of pressure drop

rate on microstructure of microcellular foams in solid

state [8].

Microcellular foams are produced via other

processes such as injection and extrusion in addition

to batch Process. In injection and extrusion methods,

pressure drop rate (dP/dt) is one of the key parameters

in producing a sound microcellular structure. Park [5]

has shown that at least a pressure drop rate of 1000

MPa/s is required to produce an acceptable microcel-

lular structure in an extrusion process. The effect of

pressure drop rate on the final structure of microcellu-

lar foams is well explored by Park in an extrusion

process. Higher pressure drop rate could cause

increase in the number of nucleations due to the fur-

ther dominating nucleation in a competition with con-

suming gas molecules for cell growth. On the other

hand, classical nucleation theory (Colton et al. [4])

states that although nucleation rate depends on the

pressure drop, it does not directly depend, however,

on the pressure drop rate.

To explore this relationship further, the effect of

pressure drop rate on the nucleation is suggested to be

conducted in a batch process where the material is in

solid state. In this process, the sample is placed in a

pressurized vessel and allowed to absorb gas to the

saturation level. Then the pressure of the vessel is

allowed to drop in various rates. Consequently, the

sample is removed and it is placed in a hot bath of

glycerol to develop expansion. The final cell density

is then measured to find the possible effect of pressure

drop rate on the number of cells. The cell size distri-

bution is also extracted from the microstructures.

Process 

Batch process of foam consists of three major stages: 

1- CO2 saturation by placing the polymeric sample

in a pressurized chamber for a certain period of time.

2- Cell nucleation by pressure release to destabi-

lize the system by increasing the gas insolubility in

the polymer matrix and inducing a super-saturation

state. 

3- Cell growth where the sample is heated in a

high temperature (glycerol) bath. 

It is assumed that the tiny nuclei nucleated at the pres-

sure drop stage are grown in heating stage to produce

expanded foam.

A detailed description of the batch process is pre-

sented in literature [12,13]. The main emphasis is that

when the polymeric sample is placed in a pressurized

chamber, a certain time length is required to let the

specimen to be fully saturated with the gas (the blow-

ing agent). Saturation time is a function of polymer

thickness. On the other hand, gas diffusivity in poly-
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mers is too slow at room temperature. The time

required for the complete saturation of the polymer

can be estimated by eqn (1) [14]:

(1)  

where, h and D are the sample thickness (cm) and the

diffusion coefficient (cm2/s), respectively.

EXPERIMENTAL

Equipment and Materials 

Due to the wide application of ABS material and its

composites in industries such as home appliance,

computer parts, automotive, etc., unfilled ABS (LG

Chemical HI-151) and its glass filled (LG Chemical

Lupos GP-2300) were chosen as the experimental

materials. The unfilled ABS (an amorphous polymer)

had a glass transition temperature (Tg) of 100ºC and a

bulk density of 1.038 g/cm3. The bulk density of glass

filled ABS was measured to be about 1.19 g/cm3.

The batch system shown in Figure 1 was prepared

for microcellular foaming. The squared specimens

with 20×20×1.5 mm in dimensions were produced in

an injection moulding process. As a blowing agent,

CO2 was used which was supplied in a cylindrical

container. An Adam equipment leveler with 0.0001g

resolution was used to measure the mass gain after

saturation. Bulk density was measured using

Archimedes method. Micrographs were captured

Figure 1. Schematic of batch processing setup.

from the cross section of the samples using a Philips

X130 scanning electron microscope.

Procedure

There are four main variables in a batch foaming

process: saturation pressure, saturation time, foaming

temperature, and foaming time. Kazemi et al. in their

study determined the time required for complete satu-

ration of unfilled and glass-filled ABS polymers [12].

Samples with 1.5 mm thickness took about 8 h to be

completely saturated with CO2 at room temperature.

Their results showed good agreement with the predic-

tion derived by eqn (1). Therefore, in this study, the

specimens were allowed to remain in the chamber for

8 h for all experiments to ensure full saturation. The

optimum foaming temperature and time were also

determined in their work. 

As the purpose of this study was to investigate the

effect of pressure drop rate, this parameter along with

the amount of pressure drop were considered as the

processing variables. Thus, the experiments based on

these two variables were performed to study the influ-

ence of the degree of saturation pressure and the pres-

sure drop rate. For the first case, unfilled ABS sam-

ples were placed in a pressurized vessel at various lev-

els of pressures, i.e., 2, 4, and 6 MPa. The pressure

was then released suddenly. To investigate the influ-

ence of pressure drop rate, samples were first placed

in the pressurized vessel at 6 MPa (maximum cylinder

pressure). The samples were then forced to experience

a pressure drop of various rates (dP/dt) 6, 0.2, 0.01

and 0.005 MPa/s. In other words, the pressure of the

vessel was diminished at various times of 1, 30, 600

and 1200 s. Then, the samples were weighed to obtain

the amount of mass gained. Samples were then dipped

in a glycerol container maintained at a constant tem-

perature of 100ºC for 60 s. At these specific tempera-

tures and times, a desirable expansion occurred [12].

Bulk densities of the foamed samples were measured

using Archimedes method. 

To carry out microstructural studies, the samples

were dipped into liquid nitrogen and fractured and

then gold coated for SEM observations. Cell sizes and

their numbers were extracted using SEM micro-

graphs. To quantify the microstructural characteristics

of the foams, cell density of the unfilled material,

defined as the number of cells per cubic centimeter 
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Figure 2. SEM Micrographs of unfilled-ABS foamed sam-

ples saturated at various pressures: (a) 2 MPa, (b) 4 MPa,

and (c) 6 MPa.

was calculated. The number of cells per square cen-

timeter of the foam microstructures of the material

could be easily counted from SEM micrographs, and

then compensation was made for the volume expan-

sion. Cell density was calculated from the following

equation [13]:

(2)

where, n, ρp , and ρF are the number of cells in a L×L

area (L in μm) of the SEM micrographs, the bulk den-

sity of the solid polymer, and the bulk density of the

foam, respectively. The size of the cells was also

measured utilizing appropriate software and then the

distribution of cell sizes was plotted for each experi-

ment. 

RESULTS AND DISCUSSION 

Effect of Saturation Pressure

Figures 2a-2c show the SEM micrographs of the

unfilled foamed specimens and indicate that the high-

er saturation pressure has led to the generation of

more cells. As expected, this is attributed to the

absorption of more gas in the samples at the higher

pressure which promotes more nucleation sites. 

Relative bulk density of foamed samples is depict-

ed in Figure 3. which is defined as the ratio of densi-

ty of foamed sample to the unfoamed one. As the

graph reveals the highest relative density is related to

the lowest saturation pressure. An increase in satura-

tion pressure leads to a decrease in relative density. As

Figure 3. Relative bulk density of unfilled-ABS samples 

versus saturation pressure.
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Figure 4. Cell size distribution of ABS foamed samples 

saturated at various pressures: (a) 2 MPa, (b) 4 MPa, and

(c) 6 MPa.

mentioned before, it is at higher pressure that more

gas is absorbed. It can be seen that a very low bulk

density of 0.1 g/cm3 can be achieved. 

Figures 4a-4c show the cell size distributions of

the foamed samples saturated at various pressures. As

it can be seen in Figure 4a for the sample saturated at

Figure 5. Effect of saturation pressure on cell density of

unfilled-ABS foamed samples.

2 MPa, the cells distribution tends toward larger sizes

with an average size around 10-15 μm. For samples

saturated at 4 and 6 MPa (Figures 2b and 2c, respec-

tively) the tendency is toward smaller size cells. It is

seen that, increase in the amount of saturation pres-

sure leads to an increase in the nucleation rate and a

decrease in the cell size. Figure 4c shows that in satu-

ration pressure of 6 MPa, the majority of cells have

sizes below 5 μm (even less than 2 μm).

Cell densities of the unfilled ABS samples were

measured and depicted against saturation pressure

which is shown in Figure 5. As it was expected, the

cell density increased with increasing the saturation

pressure. As more gas was dissolved in the polymer

matrix, greater contribution was made to the nucle-

ation sites.

Pressure Drop Rate

Figure 6 shows SEM micrographs of the foamed

unfilled ABS at various rates of pressure drop. In this

set of micrographs the microstructure of unsaturated-

unfoamed ABS is shown in Figure 6a and the

microstructures of foamed unfilled ABS produced at

various pressure drop rates of 6, 0.2, 0.01, and 0.005

MPa/s are shown in Figures 6b-6e, respectively. It is

observed that the pressure drop rate does not show

any significant effect on the microstructure of foamed

ABS samples. Figure 7 represents a brief schematic of

pressure drop rate and its corresponding structure of

ABS foamed specimens.

Similar to the unfilled-ABS samples, experiments

were conducted for the glass-filled ABS (GR-ABS)

and the SEM micrographs were produced for similar
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Figure 6. SEM Micrographs of unfilled-ABS samples: (a) unsaturated-unfoamed ABS and at pressure drop rates of (b) 6 MPa/s,

(c) 0.2 MPa/s (d) 0.01 MPa/s, and (e) 0.005 MPa/s.



microstructural studies. Figure 8a shows the

unfoamed micrograph of GR-ABS (because of large

magnification (5000x), the glass fibres are not seen in

the picture). The micrographs of foamed GR-ABS

samples at different pressure drop rates are shown in

Figures 8b-8e, respectively. As it is noticed, cell size

of GR-ABS samples is much smaller than that of the

foamed unfilled-ABS ones. As the SEM micrographs

show, no considerable change is noticeable in the

microstructure while changing the pressure   drop

rate.  

Figure 9 depicts the measured cell densities for the

unfilled- and GR-ABS at various pressure drop rates

extracted from the SEM micrographs. It is clearly

seen that pressure drop rate does not have any signif-

icant effect on the cell density. A small decrease in the

cell density with decrease in the pressure drop rate

may be related to the gas loss during the long time of

pressure drop rate, which in turn, may have caused

reduction in the gas present in the polymer matrix.

Consequently, the lower amount of gas in the polymer

matrix resulted in less nucleation sites.

Figure 10 depicts relative bulk densities of the

unfilled- and GR-ABS foamed samples. The results

show a high volume expansion of up to 10 times for

the unfilled-ABS. It is seen that pressure drop rate

does not have a significant effect on the relative bulk

density of the unfilled- and GR-ABS foams. Little

increase in the bulk density due to the decrease in the

pressure drop rate (increase in the pressure drop time)

could be due to the gas diffused-out which resulted in

the gas reduction in the matrix (as mentioned earlier).

Figure 11 depicts the cell size distribution of the

unfilled-ABS foamed samples at different pressure

drop rates of 6, 0.2, 0.01, and 0.005 MP/s. It is seen

that, the pressure drop rate does not have any notice-

able effect on the cell size distribution of the foamed

samples. This was also expected because no effect

was noticed either for cell density which has a direct

relationship with cell size.

Figure 12 shows the cell size distribution of the

foamed GR-ABS samples produced at various rates of

pressure drop. It is similarly seen that no significant

effect is observed in cell size distribution versus pres-

sure drop rate. The results indicate that pressure drop

rate does not have any noticeable effect on the cell

structure of the microcellular foams in the batch

process (produced at room temperature). 
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Figure 7. Diagram of  pressure drop rate and corresponding microstructures for

unfilled-ABS samples.
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Figure 8. SEM Micrographs of GR-ABS samples: (a) Unsaturated-unfoamed GR-ABS and at pressure drop rate of (b) 6

MPa/s, (c) 0.2 MPa/s, (d) 0.01 MPa/s, and (e) 0.005 MPa/s.
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Figure 9. Cell density of unfilled- and GR-ABS samples ver-

sus pressure drop rates.

As known, the pressure drop rate has considerable

effect on the cell structure of microcellular foams in

extrusion and injection process where the polymeric 

material is in the melt state. An explanation for this

effect is clearly given by Park [5] based on the com-

petition between the two phenomena of nucleation

and cell growth. Cell growth is permitted due to the

soft structure of material at the melt state. Therefore,

it can be concluded that when the permission to cell

growth is inhibited (by conducting experiment at

room temperature) via stiffening the polymeric

matrix, cell growth is suppressed and the nucleation is

the only dominating phenomenon. Hence, in this

state, the pressure drop rate could not create a com-

petitive situation, and as a result, nucleation rate

would not depend anymore on the pressure drop rate.  

The results could also suggest that there is no

nucleation occurring during the pressure drop. If even

Figure 10. Effect of pressure drop rate on relative bulk den-

sity of unfilled- and GR-ABS samples.

Figure 11. Cell size distribution of unfilled-ABS foamed

samples produced at various pressure drop times.
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one nucleus is allowed to form, then any number of

nuclei is possible and therefore the rigidity of the

matrix may not be a strong reason to explain the

insensitivity of the material to the pressure drop rate.

In other word, the nucleation is occurred only in heat-

ing stage and the pressure drop has only affected the

driving of the solution into a super-saturation state;

thus it makes the gas available for nucleation. The

state of competition in the melt state can be also fur-

nished by the statement that when the pressure is

dropped, there are a definite number of cells that can

be nucleated. This is only dependent on the amount

of pressure drop (and not its drop rate) considering a

homogeneous nucleation. 

But the cell coalescence phenomenon causes a

reduction in the number of cells. A faster pressure

drop does not give enough time for larger number of

cells to collide with each other. Therefore, the faster

the pressure drop the smaller the number of colliding

cells, and consequently, there would be finally the

larger number of cells. Although the result of this

explanation is the same as Park’s, but it clearly repre-

sents the fact that pressure drop rate does not have

any intrinsic relationship with the nucleation rate. 

Colton [15] explained nucleation rate of microcel-

lular foams using a classical nucleation theory given

by the following equations:

(nuclei/m3s)      (3)

(4)

where f0 is a complex function that depends on the

vibrational frequency of the gas molecules, the acti-

vation energy of the diffusion of the gas in the liquid,

and surface area of the nuclei, C0 is the number of gas

  

(a) (c)

(b) (d)

Figure 12. Cell size distribution of GR-ABS samples produced at various pressure drop rates.
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molecules in solution per unit volume, γlg is the liq-

uid/gas interfacial energy, ΔP is pressure drop and k

and T represent Boltzmann’s constant and tempera-

ture (in Kelvin), respectively. 

It is observed, however, that nucleation rate

depends on the pressure drop, but not on its rate.

Hence, it could be concluded that there is no intrinsic

relationship between the rates of nucleation and pres-

sure drop. This indirect relationship is generated by

coupling the nucleation and cell growth phenomena

(or equations) which are mostly manifested in the

melt state. Besides it could be suggested that the role

of pressure drop in the formula may indicate the

amount of gas available in the matrix, and thus, the

amount of gas dissolved should substitute the pres-

sure drop term. Further investigations are required to

study the nucleation rate at various temperatures of

gas saturation in a batch process. 

CONCLUSION 

In this work, the influence of saturation pressure

value and its drop rate on microcellular foaming of

the unfilled- and GR-ABS were investigated in a

batch process. The followings results have been

obtained:

- The amount of pressure drop has a dominant

effect on the number of nucleation. A higher pressure

drop causes an increase in the number of cells and

expansion ratio and a decrease in the cell size. These

results were expected as shown in previous research

studies.

- Pressure drop rate does not have any noticeable

effect on the number of nucleation, and neither on the

cell size, and the expansion ratio, when the material

is at the solid state. This could indicate that no nucle-

ation occurs during pressure drop and it is thus creat-

ed during heating. In the pressure drop stage, there is

only a super-saturation state driven by a drop in the

solubility of the gas in the polymer matrix.
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