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Abstract Polycarbonate (PC)/multi-walled carbon nano-

tube (CNT) nanocomposites were prepared using a Haake

internal mixer. The neat PC and nanocomposites were

further soaked under supercritical CO2 (scCO2) atmosphere

for various periods to develop microcellular foams. Mor-

phological results confirmed the fine dispersion of CNTs in

the composites, resulting in superior thermal stability

(44 �C increase at 5 wt% loss) and dynamic storage

modulus (22 % increase at 75 �C) compared with the neat

PC. The composites exhibited a rheological percolation

threshold at 2 wt% CNT loading. The microcellular

structure of foamed samples revealed that longer soaking

periods (B2 h) in scCO2 resulted in larger cell sizes, and

higher CNT loadings caused higher cell densities at similar

soaking periods. Foaming-induced PC crystals were veri-

fied through differential scanning calorimetry and X-ray

diffraction. More crystals (up to 38 %) were developed

with increasing soaking time. The added CNT facilitated

the crystallization of PC and obtained crystals with higher

stability. The two-melting phenomenon exhibited by the

foams represented the melting of the originally less-stable

crystals and heating-annealed crystals. The neat PC foams

or low CNT-loaded composite foams demonstrated

improved thermal stability compared with their unfoamed

counterparts.

Introduction

Thermally insulated products exhibit the advantage of

energy conservation by reducing heat conduction, con-

vection, and radiation. Thus, microcellular polymeric

foams have received much attention in the emerging

energy concern caused by the depletion of fossil fuel

energy resources. Conventional isopentane or dichlorodi-

fluoromethane are used as physical blowing agents to

produce foamed products. However, these blowing agents

potentially destroy the ozone layers and/or produce global

warming effects, which are detrimental to our ecosystems.

The use of eco-friendly foaming agents, such as super-

critical carbon dioxide (scCO2) and water, is increasing. In

particular, polymer foaming using scCO2 (Tc = 31 �C,

Pc = 7.38 MPa) can produce fine cellular structures at

relatively low CO2 content. Various polymers, such as

polyethylene [1], polypropylene [2], poly(ethylene tere-

phthalate) [3], polystyrene [4–6], poly(lactic acid) [7], and

polycarbonate (PC) [8–10] have been evaluated to prepare

microcellular foams using scCO2.

In addition to conventional foaming polymers, using

nanoparticles to enhance the performance of foamed

materials has been pursued [11, 12]. Few studies have been

conducted on PC-based nanocomposite foams [13–16]. Hu

et al. [14] reported that nanoclay can function as an effi-

cient cell-nucleating agent in scCO2-foamed PC systems to

enhance the crystallization of PC. With the addition of

nanoclay, the induction time of crystallization decreases

and the crystallization rate increases. Zhai et al. [15]

indicated that adding nanosilica could result in more uni-

form cell size distribution of PC/silica nanocomposite

foams than that of the neat PC foam by significantly

reducing the energy barrier for heterogeneous cell nucle-

ation. In addition to nanoclay and nanosilica, conductive

S.-M. Lai

Department of Chemical and Materials Engineering, National

I-Lan University, I-Lan 260, Taiwan, ROC

R.-C. Hsu � C.-Y. Hsieh � F.-C. Chiu (&)

Department of Chemical and Materials Engineering, Chang

Gung University, Taoyuan 333, Taiwan, ROC

e-mail: maxson@mail.cgu.edu.tw

123

J Mater Sci (2015) 50:2272–2283

DOI 10.1007/s10853-014-8790-2



carbon nanotubes (CNTs) can function as ideal nanofillers

for PC-based nanocomposites. CNTs possess excellent

properties, including high electrical conductivity, low

density, tremendous mechanical strength, and excellent

flexibility [17]. Incorporating CNTs to achieve PC-based

nanocomposites with enhanced electrical conductivity and

mechanical properties has been well recognized [18–20].

However, to our best knowledge, PC/CNT nanocomposite

foams are lack of comprehensive investigation. Monnereau

et al. [21] recently reported that the efficient foaming of

PC/CNT nanocomposites occurred when low saturation

pressure of scCO2 was applied. No expansion of the sam-

ples was observed at high pressure of scCO2. The great

ability of prepared foams with low CNT loadings to absorb

electromagnetic radiation was demonstrated as well.

However, no detailed thermal (crystalline) properties were

discussed. From academic and practical viewpoints, the

effects of CNT loading and soaking period under scCO2 on

the resulting cellular structure and thermal properties of

PC/CNT nanocomposite foams merit further investigation.

As mentioned above, the combination of PC and CNT

resulted in a material exhibiting electrical conductive

properties with a high modulus and improved heat resis-

tance. Foaming of the PC/CNT nanocomposites can be

further valuable for some applications, such as in structural

electromagnetic interference shielding devices, electro-

static painting of lightweight materials, and thermally

insulating lightweight component for auto applications.

In the present study, we aim to investigate the differ-

ences in the structure and physical properties of PC and

PC/CNT nanocomposite foams and explore the role of

CNTs in scCO2 foaming of PC. Considering that nano-

particles promote heterogeneous cell nucleation during

foaming, we added different amounts of CNTs in the PC

matrix through conventional melt mixing. The thermal

stability and the dynamic mechanical and rheological

properties of the prepared PC/CNT nanocomposites were

analyzed and compared with those of the neat PC. The

cellular morphologies, crystalline characteristics, and

thermal stabilities of the PC and nanocomposite foams

prepared with scCO2 as the physical blow agent were also

investigated. The effects of CNT loading and soaking time

in scCO2 on the complex melting behavior of the prepared

foams were highlighted.

Experimental

Materials

PC with average molecular weight of 22500 g/mol and

melt flow index of 30 g/min (ASTM D1238) was pur-

chased from LG-Dow Co. Multi-walled CNTs were

manufactured by Mitsui Co., Japan and were directly used

as received. According to the supplier, the CNTs possess a

carbon purity of [99 %, minimum length of 10 lm, and

diameter of 40–90 nm. Industrial-grade CO2 was supplied

by Shinn Hwa Gas Co., Taiwan and was used to produce

scCO2 for preparing foamy materials.

Preparation of samples

PC and CNTs were pre-dried in a vacuum oven at 60 �C

for 24 h, and then fed into an internal mixer (Haake

Polydriver) for mixing at 60 rpm and 250 �C for 8 min.

CNT loadings in the PC matrix varied at 0.3, 0.6, 1, 1.5, 2,

and 3 wt% and designated with CNT-filled composite

codes of PC-03, PC-06, PC-1, PC-1.5, PC-2, and PC-3,

respectively. For comparison, neat PC was melt processed

at the same condition. The prepared composites and PC

were compression molded at 250 �C to form 1-mm-thick

disks with 2-cm diameter for foaming experiments. The

disks were first placed in a steel vessel equipped with a

heating jacket and a temperature controller. The vessel was

then flushed with CO2 by connecting to a CO2 cylinder.

Saturation (soaking) pressure of CO2 was adjusted at ca.

19.3 MPa (2800 psi), and the temperature was maintained

at 100 �C. The polymer disks were soaked in the vessel

under scCO2 atmosphere for various time periods (i.e., 0.5,

1, 2, and 4 h). Subsequently, the saturation pressure was

rapidly released (within 3 s) to induce phase instability for

cells (bubbles) nucleation and growth. This pressure-

induced phase separation caused the development of foamy

samples. After depressurization, the vessel was opened to

cool the samples and obtain the stabilized cellular struc-

ture. The code for the individual composite foams is

‘‘composite code-X’’, where X represents the soaking hour

under scCO2. For instance, PC-06-05 denotes the PC-06

composite soaked for 0.5 h and PC-2-4 represents 4-h-

soaked PC-2 composite. For the neat PC foam, the code is

PC-0-X and 2-h-soaked neat PC is coded as PC-0-2.

Characterization

To evaluate the CNT dispersibility within the PC matrix

and the cellular structure of foamed samples, we elucidated

the morphology of the cryo-fractured (in liquid nitrogen)

surfaces of the specimens with or without foaming using a

scanning electron microscope (SEM, Hitachi S-3000 N).

The ultrathin sections (\90 nm) of the cryo-microtomed

composite films were evaluated using a transmission

electron microscope (TEM, JEOL JEM 1230) to confirm

the dispersion status of CNTs within the PC matrix.

Crystalline characteristics (melting behavior) of foamed

samples were evaluated using a differential scanning cal-

orimeter (DSC Q10) and scanned from room temperature
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to 250 �C. A Siemens D5005 X-ray unit operating at 40 kV

and 40 mA was used in XRD experiments to evaluate the

crystalline structure of the prepared foams. The X-ray

source was CuKa radiation with a wavelength of 1.54 Å.

The thermal stabilities of foamed/unfoamed samples were

measured using a thermogravimetric analyzer (TGA, TA

Q50) under an air environment. The heating process was

conducted from room temperature to 700 �C at 20 �C/min.

The rheological properties of unfoamed samples were

determined using an Anton Paar-Physica MCR 101 rhe-

ometer with a parallel plate fixture of 20-mm diameter and

1-mm gap. The samples were maintained between the

preheated plates at 250 �C for ca. four minutes prior to

measurement. Strain amplitude was set within the linear

viscoelastic regime of 1 % [22], and sweep frequency

varied from 0.01 to 100 rad/s. The dynamic mechanical

properties of the rectangular thin-film specimens were

measured using a TA DMA 2980 system. The measure-

ments were carried out in tension mode at 2 �C/min heating

rate and frequency of 1 Hz in air. The density of neat PC

and foamed samples was measured using an A&D GR-200

analytical balance.

Results and discussion

Comparison of PC and PC/CNT nanocomposites

Dispersibility of CNT

Figure 1 shows the SEM images of the unfoamed PC/CNT

composites with different CNT loadings. CNTs were ran-

domly and homogenously dispersed throughout the PC

matrix in all samples. The result could be attributed to the

possible p–p electron interaction between the C=C on the

CNT surfaces and in the phenylene rings of PC, as well as

the efficient mixing process. At a low CNT loading (i.e.,

0.3 %), the individual nanotubes without a developing

network structure was clearly detected. As the CNT load-

ing increased to 2 and 3 %, the network of the nanotubes

was evidently observed. The insets of Fig. 1c, d present the

corresponding TEM images of the composites. The mor-

phology of the finely dispersed CNTs was also observed.

The dispersibility of CNT confirmed that PC/CNT nano-

composites with various CNT loadings were obtained,

which is consistent with previous results [19, 20]. The fine

dispersion of nanoparticles is important to develop uniform

cell size in nanocomposite foams [15].

Rheological properties

In addition to the morphological observations, the disper-

sion and interconnectivity of CNTs within the polymer

matrix were revealed from rheological property measure-

ments. Figure 2a illustrates the results of complex viscosity

(g*) versus angular frequency (x) of the samples, in which

g* increased as the CNT loading increased in the samples.

Remarkably, g* exhibited an evidently non-Newtonian

behavior at low frequencies when CNT loadings were 2

and 3 % (cf. PC-2 and PC-3, respectively). This pseudo-

solid-like response suggested that CNTs developed a per-

colated network structure [23, 24]. In addition to the

complex viscosity, storage modulus (G0) was also mea-

sured, as shown in Fig. 2b. An increase in G0 was noted

with the increasing CNT loading and frequency. PC-2 and

PC-3 showed evidently higher G0 values than those of the

other samples within the low-frequency region (x \ 1).

The slope of the G0 data within the low-frequency region

was more flattened in PC-2 and PC-3 than those in the

other samples. The apparent G0 alterations in the two

samples were ascribed to the CNT network structure for-

mation. The inset of Fig. 2b depicts the increase in the G0

values with the increasing CNT loading in the samples at

x = 0.01 rad/s. The abrupt increase in G0 at 2 % CNT

loading verified the rheological percolation threshold of

PC/CNT nanocomposites. These rheological results were

in agreement with the morphological observations. The

percolation threshold value of our PC/CNT nanocompos-

ites is similar to the value reported by Potschke et al. [25]

but higher than that reported by Lin et al. [26]. The dif-

ferences in the preparation methods of the nanocomposites

and the aspect ratio/purity of CNTs account for the dis-

crepancies in the results.

Thermal stability and dynamic mechanical properties

The thermal degradation behavior of the neat PC and its

nanocomposites is presented in Fig. 3a based on the TGA

data. A typical multi-staged degradation of the PC matrix

in air was observed [27], and the degradation temperature

shifted to higher temperatures as the CNT loading

increased in the samples. The temperature at 5 wt% loss

(T5 %) increased from 448 �C for the neat PC to 492 �C for

the PC-3 nanocomposite. The increase in degradation

temperature was attributed to the combined effects of

superior thermal stability and ability of the scavenging free

radicals of the well-dispersed CNTs, thus forming the

protective layers in the PC matrix during heating. The

representative thermal stability data (T5 % and T50 %) of the

samples are summarized in Table 1.

The mechanical properties of the neat PC and its com-

posites were compared through DMA. Figure 3b depicts

the temperature-dependent storage modulus (E0) of the

representative samples. The neat PC and composites

exhibited similar decreasing E0 trends with the increasing

temperature; the E0 followed the order of PC-3 [ PC-
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1 [ neat PC at similar temperatures. The E0 value at 30 �C

increased from 2.27 GPa for the neat PC to 2.45 GPa for

PC-1 and then further increased to 2.62 GPa (*15 %

increase) for PC-3. The increase was more evident at

75 �C; that is, 2.05 GPa for the neat PC and 2.51 GPa

(*22 % increase) for PC-3. Thus, the stiffness of the neat

PC added with CNTs was evidently enhanced. The abrupt

decrease in E0 within 140 �C demonstrated the glass

transition of PC. The inset of Fig. 3b shows the loss tan-

gent (tan d) versus the temperature of the samples. The

composites exhibited lower tan d peak heights than the neat

PC. Higher CNT loadings resulted in lower peak heights.

These results indicated that the composites with rigid

CNTs exhibited more elastic characteristics. The Tg

determined from the location of tan d peak showed a

negligible increase (ca. 1 �C) when added with CNT.

Fig. 1 SEM images of PC/CNT nanocomposites: a PC-03, b PC-1, c PC-2, and d PC-3. Insets TEM images of the corresponding

nanocomposites
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storage modulus at x = 0.01 rad/s as a function of CNT loading)
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Comparison of PC and nanocomposite foams

Microcellular structure

After confirming the uniform dispersion of CNTs

throughout the PC matrix, Fig. 4 shows the SEM images of

the fractured surfaces of the neat PC foams soaked in

scCO2 for various periods. The microcellular cells with

average size \3 lm was observed for the prepared foams.

It is also noted that longer soaking periods (0.5–2 h)

resulted in larger cell sizes. Without nanoparticle incor-

poration, the foaming process basically prevailed in the

homogeneous nucleation process. Longer soaking periods

increased the solubility and concentration of scCO2 in the

PC matrix. Therefore, higher foaming efficiencies tended

to occur, which accounted for the larger cell sizes with the

increasing soaking periods. However, cell rupture was

observed after a long soaking period of 4 h (Fig. 4d). This

broken cellular structure indicated the overgrowth of cells

(bubbles) caused by the high scCO2 concentration entrap-

ped within the PC matrix. The images with higher mag-

nification are shown in the inset of the individual figures.

The microcellular structure with the apparent ‘‘veins (dense

bands)’’ surrounding the cells was also detected. The

‘‘veins’’ (arrowed) were presumed to be formed by the

strain-induced crystallization (crystalline lamellae) of PC

during expansion process of foaming, which is similar to

those observed on the surface of the bubbles of PC foams

[28].

For the soaking time-dependent cellular structure of

nanocomposite foams, the SEM images of 1 % CNT-added

samples (PC-1-X) are presented in Fig. 5. Other composite

foams exhibited similar trend (data not shown for brevity).

The images revealed that the cell size basically increased

with the soaking period, which was similar to the obser-

vation in the neat PC foams (Fig. 4). The effect of CNT

loading on the growth of microcellular structure is dem-

onstrated by the SEM images in Fig. 6. The representative

0.5 h-soaked foams were selected for investigation. The

foam with higher CNT loading demonstrated more cells

and displayed cells with less-rounded shape. The average

cell size and the cell density of the selected foams calcu-

lated according to the following equation [29] are listed in

Table 2.

N ¼ n �M2=A
� �3=2

; ð1Þ

where N is the cell density, n represents the number of cells

(bubbles), M is the magnification factor, and A is the area

of the SEM image. Generally, cell size and cell density

increased with prolonged soaking periods for the neat PC

foams and nanocomposites foams. The 2-h-soaked nano-

composite foams possessed the cells with higher density

and smaller size than those of neat PC foam. These findings

resulted from the combined effects of CNT-induced cell

nucleation and CNT-enhanced rigidity of composite matrix

(networking capability). Chen [29] attributed the high

foaming efficiency of CNT-filled samples to the high
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Fig. 3 a TGA-scanned curves in air, and b DMA storage modulus versus temperature (inset: loss tangent vs. temperature) of unfoamed samples

Table 1 Representative TGA data of samples scanned in air

Samples neat PC PC-03 PC-06 PC-1 PC-2 PC-3

T5 % (�C) 448 451 454 456 468 492

T50 % (�C) 514 522 524 531 538 544
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aspect ratio of CNTs, which exhibit an important role in

heterogeneous nucleated foaming. In the present system,

CNTs also promoted the scCO2 foaming efficiency (circled

in Fig. 6), thus decreasing the energy barrier for cell

nucleation. The density of neat PC and selected foams

was also measured. The neat PC possesses a density of

Fig. 4 SEM images of the microcellular structures of the neat PC foams: a 0.5-, b 1-, c 2-, and d 4-h soaking periods. Insets a higher

magnification for individual foams

Fig. 5 SEM images of the microcellular structures of the PC-1-X foams: a 0.5-, b 1-, c 2-, and d 4-h soaking periods. Insets a higher

magnification for individual foams
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1.19 g/cm3 and the foams show lower density values as

compared in Table 2. The density decreased with increas-

ing the soaking time from 0.5 to 2 h for the samples having

the identical CNT loading, which is ascribed to the higher

forming efficiency of a longer soaking time. Despite the

cell density increased with increasing CNT loading, the

effect of CNT loading amount on the foams’ density did

not show a simple trend. Both factors of the higher density

of CNT compared to the neat PC and the higher crystal-

linity developed with a higher CNT loading through an

identical soaking time (see the following section) should be

considered for the observation. More systematic study is

required to reveal the effect of foaming-induced crystal-

linity on the density of resultant foams.

Crystalline characteristics

To determine the effects of foaming and CNT additions on

the thermal (melting) behavior of the samples, we scanned

the PC and nanocomposite foams using DSC under heating

processes. Figure 7a illustrates the 20 �C/min-heated DSC

thermograms of the neat PC foam and the selected com-

posite foams soaked in scCO2 for 0.5 h. A glass transition

temperature of approximately 150 �C was observed for

individual samples. PC-1-05 and PC-3-05 displayed

slightly higher Tgs than those of the PC-0-05 and PC-03-05

samples, which could be attributed to the inhibition of the

PC chain mobility by the well-dispersed CNTs. In addition

to the glass transition, two shallow endothermic ‘‘peaks’’

were identified in each thermogram. The low-temperature

‘‘peak’’ (peak I) was located at approximately 185 �C, and

the high-temperature ‘‘peak’’ (peak II) was detected at

approximately 215 �C. These two peaks were not observed

for the unfoamed PC and nanocomposites (data not

shown). They were more evident for the composite foams

than those of the neat PC foam. These peaks were associ-

ated with the melting of PC crystals [30, 31], which were

grown during the scCO2 foaming processes. As shown in

Fig. 6 SEM images of the microcellular structures of: a PC-03-05, b PC-06-05, c PC-1-05, and d PC-3-05

Table 2 Average cell size, cell density, and foam density of representative foams

Samples PC-0-05 PC-0-2 PC-03-05 PC-03-2 PC-2-05 PC-2-2 PC-3-05 PC-3-2

Size (lm)a 1.47 2.31 1.62 2.07 1.96 2.09 1.61 1.79

Cell densityb 0.86 1.41 1.02 1.98 1.62 2.04 1.92 2.46

Foam densityc 0.934 0.874 0.897 0.866 0.944 0.877 0.959 0.835

a Standard deviation ca. \30 %
b Unit: cell/cm3 (91010)
c Unit: g/cm3
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Fig. 7b, the two peaks became more intense for 1-h-soaked

composite foams than those for their 0.5-h-soaked coun-

terparts. Peak I shifted to higher temperatures with

increasing CNT loading, whereas the position of peak II

remained constant. Remarkably, the intensity of the peaks

increased with the CNT loading; PC-3-1 exhibited the

highest intensity. For the peaks of neat PC foam, they

slightly increased when the soaking period was prolonged

from 0.5 to 1 h. These results demonstrated that higher

CNT loadings induced higher amount of PC crystals. CNT-

induced heterogeneous cell nucleation played an important

role for this result. The CNTs led to a more efficient

foaming (expansion) process; hence, the alignment of the

PC chains through similar soaking periods became more

possible. Consequently, higher amounts of crystals were

developed mainly during the expansion (depressurization)

process. It is also believed that minor amount of crystals

might have grown during the soaking process. Figure 7c, d

show the thermograms of 2-h- and 4-h-soaked foams. The

melting peaks were enhanced for all samples, particularly

for the neat PC foam. The intensities of the peaks of the

composite foams almost reached the plateau (maximum

values) for the soaking period of 2 h. However, the neat PC

foam exhibited similar peak intensity at a longer time of

4 h. The evolution of the peak intensity with soaking time

clearly implied that CNT addition facilitated the crystalli-

zation of the PC matrix foam. The temperatures of peaks I

(Tm1) and II (Tm2) are listed in the figures. The result of the

higher CNT loading resulted in higher Tm1 value, which

demonstrated that the presence of more CNTs could induce

Tm1-associated crystals with higher stability. This result

could be attributed to the optimal alignment of the PC

chains within the crystals caused by the higher foaming

efficiency. The increase in Tm with the increasing nanof-

illers’ loading has been reported in other nanocomposite

systems [23, 32]. This increase could also be ascribed to

the decrease in the entropy change during the melting of

crystals caused by the nanoconfined effect of the dispersed

CNTs.

To further confirm the crystalline characteristics of the

prepared foams, we conducted XRD experiments at room

temperature. Figure 8a shows the XRD patterns of the neat

PC and PC foams (cf. PC-0-2 and PC-0-4). The neat PC

exhibited a broad amorphous halo around 2h = 17.2�,

whereas the two foams showed an evident (020)/(-201)

diffraction riding on the amorphous halo and a weak
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(-222)/(303)/(223) diffraction around 2h = 25.6� (mono-

clinic unit cell) [33]. The intensity of the peaks increased

with the soaking time; hence, more crystals were developed

(a higher crystallinity). This result corresponded to the

observations regarding the DSC melting behavior. Crys-

tallinity was estimated for the foamed samples based on the

intensity of the individual amorphous and crystalline

regions [34]. The values were ca. 28 % for PC-0-2 and

38 % for PC-0-4. The XRD patterns of PC-2, PC-2-2, and

PC-2-4 are shown in Fig. 8b. The unfoamed PC-2 dis-

played amorphous feature, whereas the composite foams

exhibited similar intensity of the crystalline diffractions.

The crystallinity determined were ca. 33 and 36 % for PC-

2-2 and PC-2-4, respectively. The comparable crystallinity

values of the two foams implied that the crystallization of

PC was nearly completed through the 2-h soaking process

followed by the cells expansion. Further increasing the

soaking time to 4 h resulted in slight increment in the

crystallinity. In addition to the diffractions of PC crystals, a

weak peak around 2h = 26.2� was detected for the CNT-

added samples. The additional diffraction represented the

interlayer spacing among the graphitic layer of the multi-

walled CNTs. Figure 8c depicts the XRD patterns of the

representative 4-h-soaked foams. The foams (including the

neat PC foam) exhibited comparable diffraction intensities.

This result implied that the inclusion of CNTs minimally

altered the final crystallinity of the foams, whereas CNTs

facilitated the growth rate of the PC crystals.

According to the XRD data, the two-melting peaks in

DSC study should not be caused by different polymorphs.

Four heating rates (4, 20, 40, and 80 �C/min) were used in

DSC analysis for the neat PC foams (Fig. 9a) to disclose

the origin of the two-melting behavior. Two remarkable

features could be observed in the figure. First, peak I

shifted to higher temperatures with the increasing heating

rate, whereas peak II moved to slightly lower temperatures.

The two peaks partially overlapped when the heating rate

was increased to 40 and 80 �C/min. Second, the intensity

ratio of peak II to peak I decreased as the heating rate

increased. On the basis of these two observations, we

speculated that the occurrence of crystals annealing during

heating plays a major role for the two-melting behavior
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[35]. Hence, the meltings comprised the originally formed

less-stable crystals (peak I) and heating-annealed crystals

(peak II). At a slower heating rate, higher amount of

annealed crystals could be developed, resulting in rela-

tively higher intensity of peak II. By contrast, a faster

heating rate provided limited time (less opportunity) for

annealing the crystals; thus, the intensity of peak II

decreased or even appeared at a lower temperature. The

shift of peak I with the heating rate was attributed to the

superheating (thermal lag) effect. Figure 9b shows the

80 �C/min-heated DSC thermograms of 4-h-soaked foams.

All samples, including the neat PC foam, evidently

exhibited similar behavior of the peak I (at ca. 200 �C) that

overlapped with the shoulder peak II. The apparent melting

enthalpy of the overlapped peaks was measured for indi-

vidual foams. The values (within the range of 23–25 J/g)

were similar to one another, confirming that various foams

exhibited similar crystallinity after 4-h soaking. The

enthalpy values are transformed into crystallinity using

109.8 J/g [14] as the heat of fusion of 100 % crystallized

PC. The crystallinity determined by DSC is around 22 %

which is lower than those values measured based on XRD

data. The DSC heating process-caused crystals annealing

(or recrystallization) might be responsible for the different

values obtained by the two methods.

Thermal stability

The advantage of adding CNTs on the improved thermal

stability of PC is revealed in Fig. 3a. Figure 10a shows the

TGA data of the neat PC and its foams. Increased thermal

stability was observed in the PC foams compared to neat

PC, and the foams showed slightly higher degradation

temperatures with increasing soaking time. The thermal

insulation feature of foamed samples was well known,

which attributed to the enhanced thermal stability. How-

ever, the synergistic effect of adding CNTs and foaming

did not affect the representative composite foams, as

observed in Fig. 10b, c. The thermal stability of the com-

posite foams did not constantly increase with the increasing

soaking time. At low CNT loadings (Fig. 10b), the PC-03-

X foams showed improved thermal stability compared with

the unfoamed PC-03; however, the improvement was not

related to the soaking time. At higher CNT loadings

(Fig. 10c), the improvement in thermal stability caused by

the insulating effect deteriorated. This unexpected behavior

was not previously reported. This phenomenon could be

attributed to the effects of foaming on altering the disper-

sion status of CNTs and CNTs’ high thermal conductivity

(network formation), as well as to the thermal insulation

effect of the cells.

Conclusions

PC/CNT nanocomposites were successfully fabricated via

conventional melt mixing. Morphological observations

revealed that CNTs were thoroughly dispersed in the PC

matrix, confirming the affinity between the CNTs and PC.

A rheological percolation threshold at a CNT loading of

2 wt% was determined for the composites. The nanocom-

posites showed improved thermal stability and stiffness

compared with the neat PC; a higher CNT loading resulted

in superior thermal stability and stiffness. The nanocom-

posites and neat PC were further soaked (saturated) under

scCO2 atmosphere for various periods to prepare foamy

materials. The microcellular structure, including cell size

and cell density, of the foams was characterized. The cell

sizes increased with the soaking time, but the cells ruptured

after 4-h soaking time. CNTs played a cell nucleation role

in the foaming process, thus increasing the cell density.

The final cell sizes accordingly decreased when CNTs were

present in the foam. The foaming-induced (mainly during

the expansion process) crystal growth of PC was also
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identified. The presence of CNTs in the foams facilitated

the crystallization of PC and produced crystals with higher

stability. The two-melting endotherms of the foams were

attributed to the occurrence of crystals annealing during

heating. Hence, these meltings comprised the originally

formed crystals and the later annealed crystals. At higher

CNT loadings in the composites, the improved foaming-

stimulated thermal stability deteriorated.
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