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ABSTRACT: In this research, the effect of crystalline frac-
tion of polypropylene (PP) on cell nucleation behavior was
overcome by an introduction of solvent-plasticized step to
the microcellular foaming in a solid-state batch-foaming pro-
cess. Utilizing the plasticization performance of the solvent
facilitated the PP to be foamed at the temperatures lower
than its melting point with the dramatic development in the
cellular morphology of the final foams. In consequence of the
heterogeneous cell nucleation sites induction and the crystal-

line loss, which were induced by solvent, a high cell density
(i.e., 109–1010 cells/cm3) was promoted without the cell sacri-
ficing at the elevated temperatures (155 and 1658C) and
favorable PP microcellular foams were accomplished. � 2007
Wiley Periodicals, Inc. J Appl Polym Sci 107: 63–70, 2008
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INTRODUCTION

Microcellular foams are classified as a group of po-
rous plastic materials that exhibit a very small bub-
ble size (less than 50 lm) and with the cell density
in excess of 100 million bubbles/cm3.1 This interior
structure of these materials influences the density
reduction and the final foam properties. In addition,
the use of these materials can reduce the consump-
tion quantity of their raw material and cost-pro-
duced plastic parts without compromising on the
mechanical properties. Because of the many advan-
tages of microcellular foams, they have been intro-
duced in many innovative industrial applications
such as lightweight and high-strength automotive
parts, packaging and aerospace industries, etc.2–4 To
create the cellular structure in the polymeric matrix,
the driving force for the activation of cell nucleation
sites is basically induced by the thermodynamic
instability phenomena. For a batch-foaming process,
a solid polymer is exposed to an inert gas under
high pressure5–11 in a pressure vessel after a suffi-
ciently long time by means of the polymer becoming
supersaturated with gas. Then the polymer/gas sys-

tem is removed from the pressure vessel and heated
to the rubbery state9 to acquire as much amorphous
region as possible. In this condition, the polymer
exhibits a volume expansion and a large density of
nuclei.5–11 The earlier studies in microcellular plas-
tics field were mainly focused on the production of
amorphous polymers such as poly(methyl methacry-
late) (PMMA), polycarbonate, poly(vinyl chloride),
and polystyrene.3,5,9,11–13 Because of the difficulties
in controlling the cell nucleation of semicrystalline
polymer foams such as high-density polyethylene
(HDPE), polybutylene, polypropylene (PP), and poly
(ethylene terephthalate),6–8,10 the study of these poly-
mers was very challenging compared with that of
amorphous polymers. The batch-foaming process of
semicrystalline polymers was strongly dependent on
their crystal morphology and the degree of crystal-
linity.6,7,14–17 Namely, the crystalline fraction of the
polymer was a critical factor in the microcellular
foaming process.7,14 Colton18 discussed that the crys-
talline phase was a form of stiff region in the poly-
mer matrix. It inhibited the gas solubility in the
matrix. Therefore, to enhance the gas solubility in
the stiffness phase, the process required a high
foaming temperature; close to its melting point to
soften the matrix and reduce the surface tension of
polymer/gas system.18,19 Moreover, the crystallinity
and morphology of semicrystalline can be modified
by controlling the cooling rate of polymer melt6,7,20

and blending or contamination of another phase (im-
purity or additive) in the matrix.15,16,21–23 The cell
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morphology of blended foams was significantly
improved compared with that of pure foams because
of the presence of the dispersed phase generated in
the heterogeneous nucleation sites in the matrix.20

Rachtanapun et al.15–17 supported the influence of
the blending of HDPE with PP that dramatically
changed the crystalline morphology of polymer sam-
ples through the interfacial regions of the immiscible
HDPE/PP blends, which served a lower activation
energy for cell nucleation. However, the cell mor-
phology gain of the blend samples was dependent
on the blend composition.15–17 In addition, the stiff-
ness effect of the polymer on foaming can be sup-
pressed by the plasticization of some additives such
as gas11 or solvent24, which is found in the continu-
ous process of foaming as the formation of poly-
mer/gas solution.25

This research was motivated to generate the
microcellular structure in PP matrix through the
solid-state foaming process. The solubility parameter
of chloroform is close to that of PP26–28; therefore, it
was selected to be used as a feasible additive to win
over the effect of polymer crystallinity, and also it
was expected to facilitate the development of micro-
cellular foamed structure and foaming approach.
Consequently, the chloroform-plasticized procedure
was introduced in the foaming method before the
gas saturation step. The effects of chloroform and
processing condition on properties of foamed PP
samples and cell morphology were investigated.

EXPERIMENTAL

Materials

PP polymer (Moplen EP380T SW-844), which was
kindly supplied by HMC Polymers, Rayong, Thai-
land, was used to study the foaming. Its properties
were listed in Table I. The original melting point
and crystalline fraction of the polymer pellets were
measured using differential scanning calorimeter
[(DSC), DSC 550, Instrument Specialists] in the range
of 25–2008C and at the heating rate of 108C/min to
survey the processing temperature for sample prepa-
ration and foaming process. Chloroform with 99.8%
purity was used as a solvent in the solvent swelling
step. Commercial grade (99.5% purity) of carbon

dioxide was used as blowing agent in the gas satura-
tion step.

Sample preparation

Polymer pellets were preformed into 0.05-cm-thick
sheets by compression molding machine (Lab Tech
Engineering, Thailand) under a high pressure of 7.0
MPa at 1858C for 5 min, and the sample was cooled
down at room temperature for 3 min. The sheet sam-
ples were cut into two different dimensional types
(Type I: 1.25 cm 3 2.54 cm and Type II: 1.25 cm
3 7.00 cm). Type I samples were used to determine
time requirements in the solvent saturation and
the gas saturation steps, while Type II samples
were used as the specimen in the foaming process.
To transfer the Type I samples easily to the bal-
ance, they were cut into smaller sizes. Both types I
and II samples were prepared in the thickness of
0.05 cm.

Determination of saturation time of chloroform
absorption in PP

This procedure was introduced to estimate the satu-
rated time for swelling the polymer samples with
solvent. Erdogan and Pekcan29 used chloroform as a
swelling agent in the in situ swelling experiment for
PMMA. In general, a similar or an equivalent solu-
bility parameter of a solvent and a polymer is neces-
sary for polymer–solvent system.26,27 Therefore, chlo-
roform was selected to use as a solvent to swell the
polymer samples in the lab scale experiment. The
solubility parameters of chloroform and PP are 17.9
and 19.0 MPa0.5, respectively.28 The swelling behav-
ior of the polymer was investigated by measurement
of the mass uptake of solvent on the polymer sam-
ples and this experiment was performed as the
determination of degree of swelling.30 Ten replicates
of Type I samples were immersed in chloroform at
various periods of time. The mass uptakes of the
samples were measured immediately at 258C 6 28C
(lower than the boiling point of chloroform)31 after
they were taken out of the solvent bottle, and the
solvent on the sample surfaces was wiped out. The
plot of the penetrated solvent quantity and experi-
mental time revealed the saturated time as shown in
Figure 1.

Investigation of chloroform performance on the
crystallinity of PP

The effect of chloroform performance on the poly-
mer crystallinity was investigated by the thermal
analysis of PP polymer using DSC. Preformed sheet
sample was denoted as ‘‘non-solvent sample’’ and
the other was designated as ‘‘chloroform-swollen

TABLE I
Properties of Raw Polypropylene Pellets

Resin properties EP380T SW-844*

Melt flow rate (dg/min) 44
Density (g/cm3) 0.9
Tensile strength at yield (MPa) 24
Melting temperature (8C) 167
Crystallinity (%) 36.9
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sample.’’ Four replicates of both samples were ran-
domly collected (3–5 mg). The sample was heated
up from room temperature to 2008C at 108C/min
under N2 atmosphere. The comparison of the DSC
thermograms of both samples was elucidated as the
DSC thermograms as shown in Figure 2. The crystal-
line fractions of both samples were calculated based
on 209 J/g of heat of fusion for PP32 and they were
listed in (Table II).

Saturation time of CO2 in PP determination

The objective of this experiment was to study the
absorption behavior of the blowing agent (CO2) in
the polymer matrix. In this step, three replicates of
Type I samples were pressurized in a pressure vessel
with 5.5 MPa of CO2 at room temperature for vari-
ous periods of time. Then samples were taken out
and the weight gain of the samples was measured
using the balance at 258C 6 28C and immediately
recorded. The determination of gas saturation time

is a widely well-known method as described in
many research papers.7,15,33,34

The remaining amount of gas in the polymer at
time and the amount of gas at equilibrium state
were Mt and M‘, respectively. The diffusivity (D) for
absorption was calculated using Eq. (1).6,7,23

Mt

M‘
¼ 4ðD=pÞ0:5ðt0:5=LÞ ð1Þ

where, t and L were assigned as the absorption time
(s) and sample thickness (cm), respectively. A plot of
Mt/M‘ as a function of t0.5/L yields essentially a
straight line (for the initial period of test) with a
slope of 4(D/p)0.5, which is readily solved for D.
Figure 3 shows a plateau line and the saturation
time was received from this time period.

Foaming experiment

In this experiment, Type II samples were used and
they were divided into two sets; the first set was proc-
essed as controlled sample (nonsolvent sample) and
the other was immersed into chloroform for 8 h (con-
sidering solvent-saturated time in Fig. 1) at ambient

Figure 1 Solvent absorption curve of chloroform-swollen
PP sheet at ambient condition.

Figure 2 DSC thermograms of (a) chloroform-swollen
sheet and (b) nonsolvent sheet at 25–2008C and the heating
rate of 108C/min under N2 atmosphere.

TABLE II
Thermal Properties and Crystallinity (%) of Nonsolvent

and Chloroform-Swollen Samples

Condition

Onset
temperature

(8C)
Tm

(8C)

Heat of
fusion
(J/g) Crystallinity

Nonsolvent
samples

149 166 95.9 45.9
151 167 92.6 44.3
150 167 91.8 43.9
152 166 90.2 43.2

Average 150 6 1.3 166 6 0.6 92.6 6 2.4 44.3 6 1.1
Chloroform-

swollen
samples

148 163 74.9 35.8
153 165 77.9 37.2
152 165 74.3 35.5
154 166 76.3 36.5

Average 152 6 2.6 165 6 1.3 75.9 6 1.6 36.3 6 0.8

Figure 3 Gas absorption curve of CO2 in PP sheet at 5.5
MPa and 258C.
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condition, which was denoted as chloroform-swollen
sample. After that both samples were pressurized in a
pressure vessel with CO2 at 258C and 5.5 MPa for 8 h
(considering gas-saturated time in Fig. 3). The samples
were removed from the pressure vessel and expanded
in hot glycerin oil at four different temperatures (50,
100, 155, and 1658C) for 3 s. In the case of foaming at
room temperature (258C), the saturated samples were
allowed to foam in the atmosphere. After expansion,
the foamed samples were suddenly quenched in a
media (ethanol/distilled water 5 1/1) to suppress the
cell coalescence and the residue of glycerin oil was
washed. All steps in the foaming process were set up as
shown in Figure 4. The final foamed products of chloro-
form-swollen samples were studied comparatively
with that of nonsolvent samples in terms of the density
reduction, void fraction, cell density, and average cell
size correlated to the processing condition as following.

Characterization of final foams

The effects of chloroform and processing condition
on the final foam characteristics were investigated
by means of percentage of density reduction, void
fraction, cell population density, and cell size. The
density was determined by water displacement
method (ASTM D-792)3,35 and the void fraction (Vf)
was calculated on the basis of the ratio of the bulk
density of foamed sample (qf) and unfoamed sam-
ples (q) as in eq. (2).3,5,15,35

Vf ¼ 1� qf
q

ð2Þ

The cellular structure of foamed samples was inves-
tigated using scanning electron microscopy [(SEM),
JEOL JSM-5910 LV] micrographs. The cell density (N0)
of final foams was calculated using eq. (3).3,5,35

N0 ¼ nM2

A

� �3=2
3

1

1� Vf

� �
ð3Þ

where n is the number of bubbles in the micrograph,
and A and M are the area and the magnification fac-
tor of the micrograph, respectively. In this article, A
and M used for cell density and cell size determina-
tion were 344 cm2 and 5003, respectively. From eqs.

(2) and (3), the average cell size (d) can be deter-
mined as eq. (4).35

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

6Vf

pN0ð1� Vf Þ
3

s
ð4Þ

RESULTS AND DISCUSSION

Saturated time for chloroform absorption in PP

The saturated time for solvent penetration into the
polymer matrix was determined from solvent
absorption curve through the solvent-swelling
experiment as shown in Figure 1. At the initial state,
the solubility was dramatically increased as time
increased, but it was tended to level off after 5 h.
The steady state (in the range of 6–12 h) of the curve
revealed the time required for chloroform to plasti-
cize the polymer. In this experiment, 8 h of satura-
tion time was selected to perform on the solvent-
swelling step. It was found that for more than 12 h
of sample immersion in chloroform, partly dissolu-
tion of the matrix into the solvent occurred, which
yielded the weight reduction of the matrix.

Effect of chloroform on the crystalline
fraction of PP

The foaming process of semicrystalline polymer usu-
ally requires a high temperature near its melting
point.18 Moreover, the thermal property investigation
of raw plastic material used was necessary as a basic
data for polymer manufacture. Therefore, thermal
properties of PP were determined by DSC to use
these values as basic information in the foaming pro-
cess. The melting temperature (Tm) of the original
polymer pellets was 1678C with � 37% of crystalline
fraction. As the results in Figure 2 and Table II
show, the crystallinity of nonsolvent sample was
increased to � 44% because of the secondary crystal-
lization (heat annealing)36 in sample preparation
step. After the samples were softened by chloroform,
the crystalline fraction was significantly reduced to
� 36% of the smaller amount of heat of fusion at the
melting temperature of the sample (76.3 J/g); this is
because chloroform can act as a plasticizer to
decrease the order of polymer chain fold as it was
reported for the blending effect15–17 or the perform-
ance of fast cooling rate in quenching step.6,7 As the
influence of heterogeneous sites was induced to
facilitate the foaming ability of PP resin by using
some additives or contamination of secondary phase
as well as blending of another component into the
main polymer matrix, this made the matrix to be
soft to contribute to the increase of gas solubility.
Since the stiffness of the polymer was reduced as the
interfacial regions occurred, the bubbles with micro-

Figure 4 Experimental set up for a solid-state batch-foam-
ing process.
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cellular characteristics could be nucleated.15–17,20–23

Therefore, chloroform was selected to increase the
stiffness loss in PP resin, and the performance of this
solvent has been investigated. The thermal proper-
ties and the reduction of crystallinity of nonsolvent
and chloroform-swollen samples were shown in
Figure 2 and Table II. The crystalline fraction of
chloroform-swollen samples was lower than that of
nonsolvent samples by about 18%. Moreover, the
melting temperature of chloroform-swollen samples
was slightly lower than that of nonsolvent samples.
This evidenced that chloroform can not only act as a
plasticizer to swell the polymer but it was also effec-
tive enough to lower the order of polymer chain
fold; therefore, chloroform eased the gas absorption
and foaming of PP.

Saturated time for CO2 absorption in PP

It is known that the blowing agent (CO2 gas) absorp-
tion of polymers is different; therefore, the CO2

absorption of PP was determined in order to gain
the gas saturation time. This period of time would
be applied to the gas saturation step prior to the
foaming process.5–11,15,16,23 The CO2 solubility behav-
ior in PP matrix was shown in Figure 3 as the gas
absorption curve. This figure showed the initial lin-
ear relationship between Mt and t0.5/L. After the gas
solubility was eventually converged to a steady
state, it then represented the constancy of gas solu-
bility in the polymer.6,7,23 This plateau revealed the
gas saturation time, which was about 8 h. Therefore,
the samples were exposed to CO2 gas for 8 h before
foaming process.

Effect of chloroform and processing condition
on density and void fraction

After the investigation of physical properties and
morphology of final foams, the samples (nonsolvent

and chloroform-swollen samples) possessed signifi-
cantly different results. The experimental results
showed the temperature dependence of the density
reduction and the void fraction. They increased
when the foaming temperature increased because
the dissolved gas can easily be diffused into the
polymer matrix at the elevated temperature.35 The
research of Rachtanapun et al.16,17 revealed that the
cell morphology of pure PP samples was developed
when the foaming temperature was increased to
1758C. At low temperatures (i.e., 135 or 1608C), the
cellular structure could not be located in the poly-
mer matrix because the temperature was lower than
the melting point of PP. In spite of this, foaming the
samples above the melting temperature potentially
improved the morphology and void fraction in the
matrix; however, the cellular structure was not uni-
form. This is because the crystallinity effect and the
hindrance of polymer sheet thickness could not con-
tribute to the uniform cell nucleation and uniform
heat transfer through the sample. Therefore, a large
cell size was only nucleated on the surface area of
the sample, whereas the center of sample was not
foamed. However, it was found that microcellular
structure was developed in the subsurface. From the
evidence of an introduction of the secondary phase
into PP matrix it was possible to increase crystallin-
ity loss in the PP regions due to a low viscosity of
another phase, resulting in too soft material, which
was too soft to maintain the microstructure.16,17 Our
experimental results showed that utilizing the chlo-
roform-swelling step before the gas saturation proce-
dure could facilitate the reduction of foamed density
and enhance the void fraction as shown in Figs. 5
and 6, respectively. Chloroform acted as a plasti-
cizer, which located between polymer chains and
made the chain far apart. Therefore, the reduction of
crystallinity was observed as shown in Table II.
Figures 5 and 6 show the similar tendency of density
reduction and void fraction with respect to the foam-

Figure 5 Density reduction of foamed samples at various
temperatures.

Figure 6 Void fraction of foamed samples at various
temperatures.
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ing temperature, respectively. For foaming at 25 and
508C, the density reduction and the void fraction of
chloroform-swollen samples were 7–10%. But they
were only achieved � 3–5% when foaming the sam-
ples without chloroform. Foaming at temperatures
higher than 1008C showed theoretically the increase
in the density reduction and the void fraction as the
temperature increased and they were higher than
those of foaming at low temperatures (25 and 50 8C)
� 76–93%. In addition, chloroform-swollen samples
provided an increase of density reduction and void
fraction at all foaming temperatures comparatively
with those of nonsolvent samples. It can be said that
a high void fraction and a high density reduction of
the final cellular structure would be achieved with-
out the deformation of polymer and cell sacrifice at
high foaming temperature when including of the sol-
vent swelling step to the foaming procedure. It can
be seen that including solvent-swelling step was
superior than blending other phase into PP16,17 in
terms of foaming. Because the accomplishment of
blending with the same amount of void fraction had
to be processed at higher foaming temperature (i.e.,
160 or 1758C) for a longer period of time, our stud-
ied method gave the same quality of foamed product
at a lower foaming temperature (at the ambient con-
dition). Moreover, the blended ratio of all compo-
nents was a crucial factor to contribute to the nuclea-
tion area for the uniformity of fine-celled foams,
especially in the case of blending.

Effect of chloroform and processing condition
on cell morphology

It is well known that it was very difficult to receive
a uniform microcellular structure in the solid-state
foaming process when a polymer had a high crystal-
line fraction, which inhibited the gas absorption in
the matrix.6,14,18 However, the stiffness phase of the
polymer could be modified by various methods as

previously mentioned.16–18 After modification of the
polymer matrix, the crystalline phase was shifted to
amorphous phase resulting in the reduction in crys-
talline fraction. A uniform cell distribution with a
large number of cell nucleation was then promoted
due to the ease of gas solubility in amorphous
regions.14–16,21–24 It was reported that for HDPE/PP
blend, even at the foaming temperature above its
melting point, the cellular structure was developed
only at the surface but not at the center.16,17 How-
ever, the uniform cell distribution and microcellular
structure could develop when chloroform was used
to overcome the hindrance of crystallinity in PP
microcellular foaming as the results of this research.
The cell morphology of final foams was investigated
using SEM micrograph; cell density and average cell
size of all samples increased as the foaming temper-
ature increased and they exhibited the cell density in
the range of 108–1010 cells/cm3 with a small cell size
of 3–8 lm. In the case of chloroform-swollen sam-
ples, the uniform distribution of micro-cell number
was increased regardless of the elevated foaming
temperature; a high cell density (�1010 cells/cm3)
could be obtained by using the temperature only at
25 or 508C. On the other hand, to receive the same
amount of cell density for the case of foaming with-
out the solvent-swelling step the samples required a
high foaming temperature (i.e., 100–1658C) to gener-
ate a high density of nuclei. This is because the crys-
tallinity of the polymer inhibited the gas solubility in
the matrix6,14,18 but cell size of samples seemed to be
bigger than those of chloroform-swollen samples as
shown in Figures 7 and 8. Moreover, the cell-to-cell
diffusion of blowing agent was accelerated easily
under a high temperature. Since the blowing agent
diffused through the cell wall of the adjacent cells,
the cells coalescence phenomena resulted in larger
cells in the final foams35 as shown in Figure 9(c–e).
Likewise allowing the samples to expose with chloro-

Figure 7 Cell density of foamed samples at various
temperatures.

Figure 8 Average cell size of foamed samples at various
temperatures.
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form before gas saturation step, fine cell size (in the
range of 3–8 lm) and uniformity of isolated foams
were successfully achieved for all foaming tempera-
tures as shown in Figure 9(f–j). Though chloroform-
swollen samples seemed to exhibit some big bubbles

at the temperatures in the range of 100–1658C, the
interconnected cells did not locate in the polymer ma-
trix as the case of nonsolvent sample (noticeable circle
areas) as shown in Figure 9(c–e). It was discussed that
an introduction of chloroform-swelling step in the
foaming procedure was very effective to create a large
cell-population density and fine-celled PP foams due
to the effect of plasticization and the heterogeneous
nucleation site generation of dissolved chloroform in
the matrix. In addition, a high density of fine cell
without the cell coalescence could be achieved regard-
less the foaming temperature.

CONCLUSIONS

In this research, the influence of the stiffness phase
due to the crystalline fraction of PP was a critical
point to encourage improving the processability of
PP microcellular foam. Chloroform, an organic sol-
vent in the in situ swelling experiment, was selected
to swell the polymer matrix before the gas saturation
step to enhance the stiffness loss in the matrix due
to the comparable solubility parameter of PP and
chloroform. The crystallinity change evidenced the
significant performance of chloroform to allow a
high content of gas to be absorbed into the polymer
matrix during the process which resulted in a high
density of nuclei. To achieve the same amount of
cell density, nonsolvent samples required a high
foaming temperature (near the melting point of the
matrix) and the cell coalescence phenomena still
appeared in the products. Therefore, an introduction
of solvent plasticization using chloroform as a plasti-
cizer was a profit to generate the microcellular struc-
ture in PP matrix for the solid-state batch-foaming
process as an accomplishment of a high cell density
and very fine-celled PP foam. Furthermore, the
resulting microcellular foams could be foamed at
the ambient by using our strategy. In addition, the
researcher has planned to further publish the effect
of solvent plasticization on the mechanical properties
of the microcellular PP foams in a separate article.

HMC polymers, Thailand, is appreciated for their generous
supply of PP polymer for this research.
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