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ABSTRACT: A new method was developed for the micro-
cellular processing of polycarbonate (PC) thin sheets by
compression molding above PC’s glass-transition tempera-
ture and below its melting temperature within a few min-
utes. The effects of the foaming time, foaming pressure,
foaming temperature, and foaming agent active ratio on the
cell size, cell density, and relative density were studied. The
structures of the microcellular PC foam were controlled in
the foaming process by carefully choosing the foaming pa-
rameters. In addition, the thermal, dynamic mechanical ther-
mal, and electrical properties of the microcellular PC foam
were investigated. A differential scanning calorimetry anal-
ysis showed that the microcellularly processed PC may have

a plastication effect. The variation of the storage modulus,
loss modulus, and tan � under dynamic mechanical thermal
analysis was in accord with the calorimetry analysis. The
measurement of the electrical property demonstrated that
the insulation ability of the microcellular PC thin sheet was
obviously enhanced and the dielectric strength of the micro-
cellular PC foam was decreased compared to the unfoamed
PC. © 2005 Wiley Periodicals, Inc. J Appl Polym Sci 99: 1760–1766,
2006
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INTRODUCTION

Microcellular foam was invented at the Massachusetts
Institute of Technology under the direction of Nam P.
Suh.1–3 The cell size in microcellular foams is on the
order of microns, generally between 1 and 10 �m,
which is below the critical flaw size of polymer mate-
rials, so it will absorb the energy and increase the
strength as additives (fillers) do when force is applied
to microcellular foam.4 It is more interesting that, in
many cases, these novel materials display high perfor-
mance,5–7 implying that they have much potential for
applications in daily life. Moreover, the tiny size and
uniform distribution of the microcells make it possible
to produce small-profile foaming parts for insulating
purposes, such as microelectronic circuit board insu-
lators, electronic signal-wire insulation, and read-only
memory storage, which cannot be produced with tra-
ditional foaming processes.8 Therefore, the technology
of microcellular foaming developed rapidly in the past
few decades. At present, microcellular foams are pro-
duced by several techniques, such as phase separation,
precipitation with a compressed fluid antisolvent, po-

lymerization, gas supersaturation, compression mold-
ing, and so forth.9

However, earlier research concentrated on gas su-
persaturation, such as the batch process, continuous
extrusion, and the injection process; but high costs
restricted their development. Until now, the research
on microcellular foams has been mainly directed at
polystyrene,10–18 polypropylene,19 poly(methyl meth-
acrylate),20 polyamide,21 polysulfone,9,22,23 poly(ether
sulfone),23,24 poly(ether imide),24 or their blends.25–31

Only a few studies have been conducted on the
preparation of microcellular polycarbonate (PC)
foam,5,32,33 one of the most important engineering
plastics. Because of weak melt strength and melt elas-
ticity, its foaming is more difficult than other plastics.
In this study a microcellular PC thin sheet is prepared
by a compression molding method invented by our
group. Microcellular foaming by compression mold-
ing is between the glass-transition temperature (Tg)
and the melting temperature (Tm) but close to the
glass-transition temperature of PC; the foaming occurs
in the solid state of the PC matrix. The advantages of
using compression molding for microcellular process-
ing of PC thin sheets are a short foaming time, sim-
plicity, ease of operation, as well as being more eco-
nomical. In addition, compared to conventional extru-
sion or injection molding to prepare a microcellular
foam, this method is much easier to prepare thin
sheets, because the conventional polymer foams that
typically have cell sizes of 0.25 mm or larger are not
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suitable for use in applications involved in thin wall
products because of the excessive loss of strength.
Thus, our method to prepare thin microcellular PC
sheets is very theoretically and practically significant.

Until now, the focus of research was to investigate
the influence of the microstructure,8–14,20–26,34,35 ther-
mal properties,20,35 tensile strength,9,16,36 impact
strength,5,15 compression strength, and any other me-
chanical properties. However, the electrical properties
of microcellular PC sheets are also investigated in this
article, which will facilitate their application in the
electronics industry in the near future.

EXPERIMENTAL

Materials

A commercial-grade PC sheet with a thickness of 0.15
mm was used as received from GE. Low-density poly-
ethylene (LDPE) pellets from Maoming Factory
(Maoming, China) with a melt index of 2 g/10 min at
190°C were used as received. Commercial-grade azo-
bisformamide (AC), a foaming reagent, and dicumyl
peroxide (DCP) and zinc oxide (ZnO) were used with-
out any further purification.

Foam preparation

The microcellular foam processing experiments were
carried out as follows. We first mixed LDPE, AC, DCP,
and ZnO in a two-roll mill as a gas source for PC
foaming. Next, the PC sheets and the mixed LDPE
were placed in a 250 � 250 � 2 mm mold and loaded
in a hydraulic hot press under set experimental con-
ditions.

Once the required foaming time and other condi-
tions were reached, the mold was taken out of the hot
press. Then, we unloaded the mold, quenched it at
room temperature within 30 s, and removed the mi-
crocellular PC foam from the mold. Thus, the micro-
cellular PC samples were ready for property charac-
terization.

Foam characterization

Differential scanning calorimetry (DSC) analysis was
performed in a NETZSCH DSC 204 differential scan-
ning calorimeter at a scanning rate of 20°C/min under
a nitrogen flow. To delete the thermal history effect
during microcellular processing, a second heating
scan was carried out at the same scanning rate and
taken as the DSC analysis results.

Dynamic mechanical thermal analysis (DMTA) was
done on a Rheometric DMTA III at a heating rate of
3°C/min and a frequency of 1 Hz in tension mode.

The cell size of the foamed samples was observed
under an Olympus BX51 polarizing microscope (using

a 100� camera lens). The cell structure parameters,
such as the average cell sizes and cell densities, were
characterized using the method suggested by Kumar
et al.37 The cell diameter (D) is the average cell size
measured from the photographs, which was usually
more than 100 cells. The cell density (Nf), which is the
number of cells per cubic centimeter of foam, is cal-
culated as

Nf � �nM2

A � 3/2

(1)

where n is the number of cells in the photographs, A is
the area of the micrograph (cm2), and M is the mag-
nification factor. In addition, the cell density (N0)
based on the pristine unfoamed sample is calculated
as

Vf �
�

6 D3 � Nf (2)

N0 �
Nf

1 � Vf
(3)

where Vf is the void fraction of the foamed material.
The relative density was determined according to

ISO 1183-1987. The mass of the sample in air and
distilled water was measured with an analytical bal-
ance with an accuracy of 0.1 mg. The density of the
sample (d) is calculated as

d �
mgas

mwater
� �water (4)

where �water is the density of the distilled water at
room temperature and mgas and mwater are the mass of
the sample in atmosphere and in distilled water, re-
spectively. Then, the density of the foamed sample is
divided by the density of the unfoamed sample to
obtain the relative density.

The electrical properties were measured, including
the insulating property, electrical resistivity, and di-
electric strength. The investigation of the insulating
property was carried out in a Zc-36 107 � superhigh
resistance instrument, following the method of vol-
ume resistivity and surface resistivity, with aluminum
foil as the electrode material, a sample size of 50 � 50
mm, and a test voltage of 500 V at 23°C and 86%
relative humidity (RH). The dielectric strength mea-
surement was performed based on the strength test
method of the working frequency electronics of insu-
lation materials by continuously increasing the volt-
age at a rate of 1 kV/s at 23°C and 86% RH. The
sample size was the same, and measurements were
carried out separately in air and pure transformer oil.
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RESULTS AND DISCUSSION

Processing parameter effects on microcellular
PC foam

During the processing of microcellular PC foam, the
cell size, cell density, and relative density are affected
by the foaming temperature, foaming time, foaming
pressure, and foaming agent active ratio.

Foaming time

The foaming time plays an important roll in the cell
size, cell density, and relative density of microcellular
PC foam. Results of this analysis are presented in
Figures 1 and 2. They show that the cell size, cell
density, and relative density of microcellular PC foam

are a function of the foaming time. When the foaming
time reaches 8.5 min, the minimum cell size and max-
imum cell density are obtained. After that, the cell size
increases and the cell density decreases with increases
in the foaming time. Therefore, the foaming time
should not exceed 10 min when using compression
molding to prepare a microcellular PC foam under our
experimental conditions.

Foaming pressure

Foaming pressure is another effective controlling pa-
rameter for microcellular foaming. Figures 3 and 4
present the results for the cell size, cell density, and
relative density of microcellular PC foam at different
pressures and a constant foaming temperature (413 K),
foaming time (8 min), and foaming agent active ratio
(1). These curves exhibit a decrease of the cell size with
increasing pressure and a change of slope at 13 MPa.

Figure 1 The effect of the foaming time on the cell size and
cell density of microcellular PC foam with a pressure of 13.5
MPa at 413 K and a ZnO/AC ratio of 1 : 1.

Figure 2 The effect of the foaming time on the relative
density of microcellular PC foam with a pressure of 13.5
MPa at 413 K and a ZnO/AC ratio of 1 : 1.

Figure 3 Effect of foaming pressure on the cell size and cell
density of microcellular PC foam T�413K, t�8 min and
ZnO : AC�1 : 1.

Figure 4 The effect of the foaming pressure on the relative
density of microcellular PC foam at 413 K for 8 min with a
ZnO/AC ratio of 1 : 1.

1762 XIANG ET AL.



It is evident from these figures that the foaming pres-
sure plays a significant role in the cell size and cell
density. When the foaming pressure is less than 11
MPa, no detectable cell structure can be observed be-
cause the produced gas largely escapes out of the
mold rather than diffuses into the PC matrix to initiate
nucleation. Increasing the foaming pressure causes the
cell size to decrease (Fig. 3) and the cell density to
increase (Fig. 4). Apparently, the increased pressure
favors cell nucleation.

Foaming temperature

It has been reported that the foaming temperature is
an important parameter to control the cell structure of
microcellular PC foam. Figures 5 and 6 illustrate the
effect of temperature on the cell size, cell density, and

relative density for microcellular PC foam. The cell
size and cell density have an exponential relationship
with the foaming temperature. From Figure 5 we can
see that the cell size increases quickly with foaming
temperature increases from 413 to 418 K. With the
variation of the foaming temperature on a small scale,
the cell size increases substantially and the cell density
decreases as well.

In addition to the cell nucleation being depressed
upon increasing the temperature, the foaming temper-
ature can affect cell growth through the gas diffusion
rate, the interfacial surface energy (i.e., surface ten-
sion), and the viscoelastic behavior of the polymer–
gas matrix.

Foaming agent active ratio

Figures 7 and 8 explicitly show the influence of the

Figure 5 Effect of foaming temperature on the cell size and
cell density of microcellular PC foam t�8min, P�13.5MPa
and ZnO : AC�1 : 1.

Figure 6 The effect of the foaming temperature on the
relative density of microcellular PC foam at a pressure of
13.5 MPa for 8 min with a ZnO/AC ratio of 1 : 1.

Figure 7 Effect of active ratio on the cell size and cell
density of microcellular PC foam t�8min, P�13.5MPa and
T�413K.

Figure 8 The effect of the active ratio on the relative den-
sity of microcellular PC foam at a pressure of 13.5 MPa for 8
min at 413 K.
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active ratio (mZnO/mAC) on the cell size, cell density,
and relative density of microcellular PC foam. It is
evident from the figures that the foaming agent active
ratio has a larger effect on the cell size and cell density.
With the increase of the active ratio, the cell size first
decreases slightly and then increases, whereas the cell
density first increases largely and then decreases. Ap-
parently, 12% AC content can provide the gas needed
to initiate the satisfied cell nucleation, and an active
ratio of 0.6 can activate it. However, considering the
experimental deviation, we actually selected 1 as the
fixed active ratio throughout all our experiments.

The increase of the active ratio actually increases the
rate of foaming agent degradation, increases the gas
concentration, and reduces the foaming temperature
and chain moving ability inside the PC, leading to cell
size decreases and cell density increases. These are the
reasons for the initial cell size increases and cell den-
sity decreases. When the active ratio is increased fur-
ther, the rate of foaming agent degradation increases
quickly and a lot of gas escapes through the gap of the
mold before diffusing into the PC matrix, so the equi-
librium time is shortened to a large extent. As a result,
the cell size increases and the cell density decreases, as
shown in Figure 7.

In the study of microcellular foaming processing of
PC, it is usually assumed that the cell size is an indi-
cation of cell growth and the cell density is an indica-
tion of cell nucleation. Moreover, the cell density and
cell size exhibit an explicit interaction. Because the PC
used in our experiment is a nearly amorphous poly-
mer, according to classical nucleation theory, the role
of homogeneous nucleation is determined by process-
ing parameters such as the foaming temperature,
foaming pressure, and surface tension.38 The growth
rate of the cells is limited by the diffusion rate and the
stiffness of the viscoelastic polymer–gas solution. In
general, the cell growth is affected primarily by the
time allowed for the cell to grow, the temperature of
the system, the state of supersaturation, and the vis-
coelastic properties of the polymer–gas solution.19

Therefore, the structures of the microcellular PC foam
could be successfully controlled through careful
choices of foaming conditions.

Properties of microcellular PC foam

DSC

The thermal analysis data of microcellular PC foam at
different foaming times throughout the heating scan

are listed in Table I. As shown in Figure 9, the glass-
transition temperature (Tg) of the microcellular PC
foam is lowered slightly with increasing foaming time,
suggesting that the microcells may play the role of
plastification.

DMTA

To confirm the DSC analysis results, DMTA is carried
out to investigate the effect of the foaming time on the
DMT behavior. From Figure 10 and Table II we can see
that the tan � decreases with increasing foaming time,
a result of the microcellular plastification effect. We
have no doubt that the tan � variation is quite in
accord with the Tg variation from the DSC analysis.

TABLE I
DSC Data of Microcellular PC Foam

Sample

A B C

Tg(°C) 152.65 151.73 150.02

Figure 9 DSC curves of microcellular PC foam either un-
foamed (curve A) or foamed at a pressure of 13.5 MPa at 413
K with a ZnO/AC ratio of 1 : 1 for 8 (curve B) or 9 min
(curve C).

Figure 10 The effect of the foaming time on the tan � of
microcellular PC foam either unfoamed (curve A) or foamed
at a pressure of 13.5 MPa at 413 K with a ZnO/AC ratio of
1 : 1 for 8 (curve B), 8.5 (curve C), or 9 min (curve D).

1764 XIANG ET AL.



The effects of the foaming time on the loss and
storage moduli are shown in Figures 11 and 12, re-
spectively. We can clearly see that the storage and loss
moduli increase when the foaming time is less than 8.5
min and decrease when the foaming time is longer
than 8.5 min. The larger cell PC foam has smaller
slopes in the transition regions compared to the un-
foamed PC. In other words, at a given temperature in
the transition region the microcellular PC foam has a
higher relative storage modulus compared to the un-
foamed PC. This broadening of the transition region
may provide for a higher design temperature for mi-
crocellular PC foam compared with the unfoamed PC.
One possible reason for the increased slope in the
transition region is molecular orientation in the cell
walls of the microcellular PC foam. The cell wall ori-
entation may be induced during foaming because of
the biaxial extensional strain experienced by the cell
wall material during cell growth. Such microcellular
orientation could restrict the mobility of the polymer
chain segments, thereby broadening the transition re-
gion. Another possible reason for the broad transition
regions is the effect of increasing gas pressure in the
cell during analysis heating. Although the cell gas
pressure tends to lower the effective static tensile
modulus, it may tend to increase the effective dynamic
modulus through its effect on cell wall bending.5

Electrical properties

Considering the future applications of microcellular
foam, such as in the electronics industry, several mi-
crocellular PC foam samples were selected to measure
their electrical properties. It is evident from Table III
that the microcellular PC has higher surface resistivity
than the unfoamed PC. The volume resistivity of air is
5.86 � 1015 � cm at room temperature, and the un-
foamed PC value is 2.38 � 1014 � cm from the mea-
surements. Hence, the microcells introduced into the
polymer matrix act as insulators; thus, it is reasonable
to think that the volume resistivity of microcellular PC
foam should be higher than the unfoamed PC. That is,
the microcellular PC has better insulation properties.
Moreover, the smaller cell size and larger cell density
may lead to better insulation properties of microcellu-
lar PC foam. After microcellular processing, the dry
and wet dielectric strength of PC sheets also changed,
as listed in Table III.

CONCLUSIONS

A new method was developed for microcellular pro-
cessing of thin PC sheets with a general hydraulic
press above PC’s Tg and below its Tm within a few
minutes. This method is simple, easy to perform, and
economical. The processing window to prepare micro-
cellular PC was a foaming time between 7.5 and 10
min, a foaming pressure between 11 and 16 MPa, a
foaming temperature between 408 and 418 K, and a
foaming reagent active ratio between 0.3 and 0.9 un-
der our experimental conditions.

The structures of microcellular PC foam (such as cell
size, cell density, and relative density) were controlled

Figure 11 The effect of the foaming time on the loss mod-
ulus of microcellular PC foam either unfoamed (curve A) or
foamed at a pressure of 13.5 MPa at 413 K with a ZnO/AC
ratio of 1 : 1 for 8 (curve B), 8.5 (curve C), or 9 min (curve D).

TABLE II
Tan � Data of Microcellular PC Foam

Sample

A B C D

Tan � �T (°C) 164.50 162.90 160.72 158.68
Peak of tan � 1.87 2.43 2.75 2.03

Figure 12 The effect of the foaming time on the storage
modulus of microcellular PC foam either unfoamed (curve
A) or foamed at a pressure of 13.5 MPa at 413 K with a
ZnO/AC ratio of 1 : 1 for 7.5 (curve B), 8 (curve C), 8.5 (curve
D), 9 (curve E), 9.5 (curve F), or 10 min (curve G).
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in the foaming process by carefully choosing the foam-
ing parameters (such as foaming time, foaming tem-
perature, foaming pressure, foaming agent active ra-
tio). After microcellular processing, PC’s Tg only de-
creased a small amount. The DMTA results were in
good agreement with the DSC analysis. Furthermore,
the insulation ability of the microcellular PC was ob-
viously enhanced and the dielectric strength of the
microcellular PC was decreased compared to the un-
foamed PC.
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TABLE III
Effect of Cell Structure on Electrical Properties

Property

Sample

A B C D E F G

Cell size (�m) 0 4.12 3.27 2.15 2.29 2.30 2.47
Relative density (g/cm3) 1 0.992 0.978 0.946 0.943 0.937 0.914
Surface resistivity (� E14�) 0.79 1.3 2.27 7.41 5.87 7.3 6.39
Volume resistivity (�E15� cm) 0.238 1.34 1.89 5.86 5.55 4.9 1.8
Dielectric strength (kV/mm)

Dry 91.6 84.1 83.0 89.1 76.5 88.8 83.1
Wet 85.0 85.1 82.3 83.8 77.0 87.8 83.9
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