ELSEVIER

Available online at www.sciencedirect.com

SCIENCE‘dDIRECTQ

Polymer 46 (2005) 5218-5224

polymer

www.elsevier.com/locate/polymer

Synthesis of polystyrene—carbon nanofibers nanocomposite foams

Jiong Shen, Changchun Zeng, L. James Lee™

Department of Chemical and Biomolecular Engineering, The Ohio State University, Columbus, OH 43210, USA

Received 9 January 2005; received in revised form 5 April 2005; accepted 6 April 2005
Available online 22 April 2005

Abstract

In this study, the use of carbon nanofibers (CNFs) as nucleating agents to produce polystyrene nanocomposite foams was demonstrated.

With the addition of CNFs, microcellular foams with uniform cell size distributions were obtained. Compared to nanoclay and single-walled

carbon nanotubes (SWCNTs), CNFs exhibit substantially higher nucleation efficiency in the foaming process. The underlying mechanism is

semi-quantitatively explained by the classical nucleation theory. The homogeneous fiber distribution and favorable surface and geometrical

characteristics of CNFs make them ideal nucleating agents.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymeric foams have been widely used in various
applications such as cushioning, insulation, packaging and
absorbency [1]. However, with the inclusion of voids into the
polymer matrix, the foams usually exhibit low mechanical
strength and poor dimensional stability. Recently, it has been
found that microcellular foams with cell sizes less than 10 pm
and cell densities larger than 10° cells/cm” hold great promise
as light weight materials with excellent mechanical properties
[2-7]. Small and uniform microvoids also make microcellular
foams desirable as small-profile foaming parts for micro-
electronic applications [8].

The production of microcellular foams usually requires a
high pressure drop rate and a low foaming temperature,
resulting in a very narrow operation window [9,10]. In this
context, nucleating agents (nucleants) such as talc [11-13],
zinc stearate [13-16], calcium carbonate [13,17], and
calcium stearate [12,13,18] are used to produce micro-
cellular foams with a high cell density and a uniform cell
size distribution. More recently, nanoparticles have been
studied as the foaming nucleants as well [9,19-27].
Compared to conventional micro-sized nucleants,
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nanoparticles offer unique advantages for controlling both
the foam structures and properties. Due to the extremely
small particle size, it is possible to generate a large number
of nucleants with a relatively low particle loading.
Furthermore, the nano-scaled dimension, the high aspect
ratio, and the large surface area make those particles
desirable as reinforcing elements for the cell walls.

While spherical and plate-like nanoparticles have been
used to synthesize nanocomposite foams, use of cylindrical
nanoparticles such as carbon nanofibers (CNFs) and single
wall carbon nanotubes (SWCNTs) has not been reported. In
this study, both CNFs and SWCNTSs were used to synthesize
polystyrene (PS) nanocomposite foams. PS nanocomposites
were first prepared by means of in situ polymerization. The
resulting composites were then foamed via the batch foaming
process. Supercritical CO, was chosen as the blowing agent
due to its low cost, non-toxic, non-flammable and environ-
mentally benign properties. The nucleation efficiency of the
nanoparticles is semi-qualitatively discussed using the
classical nucleation theory, taking into account the nanopar-
ticle dispersion, particle geometry and surface properties.

2. Experimental

2.1. Materials

Vapor grown carbon nanofibers (PR-24-PS, supplied by
Applied Science Inc.) were pyrolytically stripped to remove
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surface organic contamination. The average diameter of the
CNFs was 100 nm and the original lengths ranged from 30
to 100 pm. SWCNTSs (BuckyPearls™ , Carbon Nanotechnol-
ogies Inc.) have an average tube diameter of 1 nm and tube
length of 500 nm. Styrene and 2,2"-azobis (isobutyronitrile)
(AIBN) were purchased from Aldrich and used as received.

2.2. In situ polymerization

Due to the intrinsic van der Waals attractions,
SWCNTs/CNFs are tightly entangled as bundles and ropes
in their original state [28-30]. Once incorporated into the
polymer matrix, these attractive forces will further increase
due to an entropic penalty, which is induced by the
confinement of the polymer chain configuration. Therefore,
the dispersion of SWCNTs/CNFs becomes a major
challenge in the synthesis of polymer CNTs/CNFs compo-
sites. Strategies proposed to accomplish good dispersion
include the use of ultrasonication, high shear mixing,
surfactants, and functionalization of the carbon surface [28,
31-35]. In this work, we use high-shear mixing and
ultrasonication to facilitate the dispersion of CNFs and
SWCNTs.

Different amounts of CNFs/SWCNTs were added to the
styrene monomer, together with AIBN as the initiator. The
mixtures were then homogenized for 3 min and sonicated
for 30 min. Polymerization was carried out isothermally at
60 °C for 20 h and the composites were post-cured at 105 °C
for 2 h to complete the reaction.

2.3. Batch foaming

PS/CNFs nanocomposites were foamed with supercriti-
cal CO, as the blowing agent via the batch foaming process.
Samples were placed in a stainless steel vessel and CO, was
delivered via a syringe pump. The system was allowed to
equilibrate at 120 °C and 13.8 MPa for 24 h. The pressure
was rapidly released and the foam cells were fixed by
cooling with a mixture of ice and water.

2.4. Characterization

The dispersion of nanoparticles in the polymer domain
was characterized by transmission electron microscopy
(TEM). Samples were microtomed at room temperature
with a diamond knife and mounted on a 200-mesh copper
grid. Images were obtained from a Phillips CM12 apparatus
using an accelerating voltage of 80kV. The foam
morphology was characterized by scanning electron
microscopy (SEM, Philips XL.30). Samples were freeze-
fractured in liquid nitrogen and the fracture surface was
sputter-coated with gold. The resulting micrographs were
analyzed by Scion Image software to determine the cell size
and cell density [9]. Typically, a micrograph showing more
than 50 bubbles is chosen. The number of bubbles () in this
micrograph is determined by the software. If the area of the

micrograph is A cm? and the magnification factor is M, the
cell density (Ny) can be estimated as

M2 3/2
Ny = ("T) M

3. Results and discussion

3.1. PS/CNFs nanocomposite foams

A series of PS/CNFs nanocomposites with CNFs content
of 0.3, 1.0, and 1.5 wt% were synthesized. These nano-
composites were subsequently foamed at 120 °C and a CO,
pressure of 13.8 MPa. The cell morphologies are depicted in
Fig. 1(a)—(c). Pure PS foam [19] (Fig. 1(f)) synthesized at
the same foaming conditions is shown for comparison. In
the presence of only 0.3 wt% CNFs, the cell density
increased from 8.23 X107 cells/cm?® (pure PS foam) to
1.07 X 10° cells/cm?, and the cell size decreased from 20 pm
(pure PS foam) to 9.02 um. By increasing the fiber content
to 1 wt%, the cell density increased to 2.61 X 10° cells/cm®
and the cell size decreased to 6.2 um. A further increase in
the CNFs content to 1.5 wt% yielded foams with the cell
density of 4.59 X 10° cells/cm® and the cell size of 4.82 pm.
All PS/CNFs foams exhibit uniform cell size distribution.
These results indicate that CNFs serve well as a hetero-
geneous nucleating agent during the foaming process.
Moreover, the monotonic increase in cell density with
increasing fiber content indicates that bubble nucleation is
dominated by the heterogeneous mechanism with the
addition of CNFs [36].

To minimize cell interactions and cell coalescence, a
sparse and stable nucleant distribution is preferred.
However, we noticed that in the early stage of polymeriz-
ation, the system viscosity was not high enough to achieve
suitable fiber separation. Thus, the CNFs were still inclined
to attract each other, causing randomly distributed aggre-
gates up to about 1 pm in the polymer matrix, as illustrated
by the TEM result (Fig. 2(a)). Although these aggregates
were observed in all the composites with fiber contents from
0.3 to 1.5 wt%, only one representative TEM image (PS/
1 wt% CNFs) is shown here for illustration.

In order to improve the fiber dispersion, we added
10 wt% PS into the mixture of styrene/CNFs (1 wt%) to
achieve a higher initial viscosity. An extended settling time
for CNFs in a more viscous medium was observed during
the experiment. By increasing the AIBN content from 0.5 to
0.75 wt%, a higher rate of viscosity increase was achieved
due to the increased reaction rate. As a result, the resistance
force opposed to the aggregation of fibers could be
increased. The ultimate fiber dispersion in the polymer is
shown in Fig. 2(b). In this case, most of the fibers have been
completely separated and there are no obvious fiber
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(a) cell size: 9.02 um
cell density: 1.07x10’ cells/cm’

(b) cell size :6.2 um
cell density: 2.61x10” cells/em’

(c) cell size: 4.82 um
cell density: 4.59x10’ cells/cm’

(d) cell size: 2.64 um cell
density:2.78x10" cells/cm’

(e) cell size :7.11um
cell density: 1.44x10°cells/cm’

(f) cell size :20pm
cell density: 8.23x10’ cells/cm’

Fig. 1. SEM images of foams (CO,, 13.8 MPa, 120 °C), (a—e) scale bar 20 pm (f) scale bar 50 pm (a) PS/0.3 wt% CNF, 0.5 wt% AIBN (b) PS/1 wt% CNFs,
0.5 wt% AIBN (c) PS/1.5 wt% CNFs, 0.5 wt% AIBN (d) PS/1 wt% CNFs, 0.75 wt% AIBN, 10% PS (e) PS/0.1 wt% SWCNT 0.75 wt% AIBN, 10% PS (f) pure

PS [19].

aggregates, indicating a noticeable improvement of fiber
dispersion. The composite was subsequently batch foamed
and the foam morphology is shown in Fig. 1(d). Compared
to its counterpart (Fig. 1(b)), the cell density was increased
from 2.61 X 10” to 2.78 X 10'° cells/em®, while the cell size
decreased from 6.2 to 2.64 pm. Although the initiator
concentration will influence the polymerization kinetics and
eventually the molecular weight and polydispersity, a
previous study showed that the effect is insignificant on
the cell densities and cell sizes [37]. Hence, this dramatic

change of the cell structures primarily results from the
improved fiber dispersion.

3.2. PS/SWCNTs nanocomposite foams

SWCNTs were used to synthesize PS nanocomposites
and foams using in situ polymerization and batch foaming
processes as described previously. However, the dispersion
of SWCNTs in the polymer domain is poor. From the
fracture surfaces of both solid composites and foam struts, it

Fig. 2. TEM images of PS/CNFs nanocomposites, dark line: separated CNFs, circled particles: CNF agglomerates (a) PS/1 wt% CNFs, 0.5 wt% AIBN (b)

PS/1 wt% CNFs, 0.75 wt% AIBN, 10% PS.
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is very difficult to observe any dispersed SWCNT. Instead, a
large amount of ball-shaped aggregates with size up to
100 nm form a bouquet-like pattern, which is similar to the
fracture texture of the intercalated PS/nanoclay composite
[38]. The formation of this structure could be caused by the
penetration of polymer chains into the gallery of nanopar-
ticle aggregates. For this reason, nanoparticles can be
completely wrapped by the polymer, forming a large
amount of ball-shaped polymer/particle agglomerates.
However, even with such a poor particle dispersion, the
resultant PS foam with 0.1 wt% SWCNTs still displays a
much higher cell density and a much smaller cell size (Fig.
1(e)), compared to the pure PS foam. The average cell
density is 1.44 X 10° cells/cm® and the average cell size is
7.11 pm.

3.3. Nucleation efficiencies of nanoparticles

Previously, a plate-like surface-modified nanoclay
(MHABS) was also used to produce PS foams under the
same conditions [9,19]. The acrylic groups attached to the
clay surfaces can react with the styrene monomer, thus
enabling the direct growth of polymer chains from the clay
surface. Ultimately, an exfoliated dispersion of nanoclay
was achieved [9]. The final PS nanocomposite foam with
5 wt% MHABS exhibited a cell density of 4.02X 10® cells/
cm® and an average cell size of 10.8 um [19]. However,
despite an exfoliated dispersion and a higher nominal
particle loading (5 wt%), the cell density of PS/MHABS
foam is still lower than any of the PS/CNFs foams attained
in this study.

In heterogeneous nucleation, the highest nucleation
efficiency can only be achieved when the nucleation on
the nucleant surface is energetically favored (relative to its
homogeneous counterpart) and the nucleant is dispersed in
the polymer matrix. In most cases, the observed cell density
is much lower than the potential nucleant density, implying
that either the nucleants are not energetically effective, or
their effects have been compromised due to poor dispersion.
Here we compare the nucleation efficiencies of CNFs,
SWCNTs and exfoliated nanoclay with a simple analysis.

The potential nucleant density in a heterogeneous
nucleation system can be estimated by Eq. (2) [39]:

Nucleants W Pblend
e P (2
p Vp

cm

where w is the weight fraction of the particle in the
composite, pp is the density of the particle, ppjeng 1S the
density of the polymer blend and Vp is the volume of
the individual particle. In the case of CNFs, the potential
nucleant density of the PS composite containing 1 wt%
CNFs is 1.41 X 10'%/cm? according to Eq. (2). Experimen-
tally, the cell density of the foam with the same fiber content
is 2.78 X 10" cells/cm® (shown in Fig. 1(d)). The proximity
of these two values indicates that most of the fibers served

well as nucleants in the PS foaming. The nucleation
efficiency, defined by the ratio of the measured cell density
to the potential nucleant density, is 1.97% for CNFs. Similar
calculations were conducted for PS/MHABS and PS/
SWCNTs foams and the results are listed in Table 1. For
both clay and SWCNTs systems, the potential nucleant
densities are much higher than the final cell densities,
ultimately leading to nucleation efficiencies that are orders
of magnitude lower than that of CNFs.

Based on the classical nucleation theory [16,40], the
heterogeneous nucleation rate is expressed as:

Nhet = Vhelchetexp(_AGlTet/kT) (3)

where Cy. is the concentration of heterogeneous nucleation
sites, k is the Boltzmann constant, 7 is the temperature, Ve
is the frequency factor of gas molecules merging with the
nucleus, and AGy,, is the critical Gibbs free energy to form a
critical embryo on the nucleating sites, i.e.:

* A(;*om
AGhe = = f(m, w) )
* 167—571
Ghom = 3AP2V (5)
T 11/9
Yiv = Yivo {1 - ?c] (6)
N 3
Ffomw) =1+ (1 mw)
g
_ _ 3
() (57|
g g
+ 3w <W_”’ - 1) ™
g
m = cos 6 (3
w = R/r* )
2’Ylv
_ My 1
T* T AP 10
g = (14w —2mw)? (11)

where AG,,, is the homogeneous Gibbs free energy, which
is a function of the polymer—gas surface tension, vy, and the
pressure difference (AP) between that inside the critical
nuclei and that around the surrounding liquid. Assuming
that the polymer is fully saturated with CO, and the partial
molar volume of CO; in the polymer is zero, AP can be
taken as the difference between the saturation pressure and
the atmospheric pressure [14,36]. f is the reduction of
critical energy due to the inclusion of nucleants, which is a
function of the polymer—gas—particle contact angle ¢ and the
relative curvature w of the nucleant surface to the critical
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Table 1
Comparison of potential nucleant density and actual cell density
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Nanoparticle wt% Dispersion® Potential nucleant Measured cell density Efficiency (%)
densityb (#/cm3) (#/cm®)

CNF 1 Complete 1.41x10" 2.78 %10 1.97

SWCNT 0.1 Aggregates 1.59%x 10" 1.44%10° 9.06X107°

MHABS 5 Exfoliated 5.45%10" 4.02%10° 7.37Xx10™*

# Actual particle dispersion observed by TEM images.
® Calculated (Eq. (2)) with the assumption of complete particle dispersion.

radius of the nucleated phase (Egs. (7)—(11)). r* is the
critical radius. Fig. 3 shows how the reduction of critical
energy is affected by the nucleants, in terms of surface
property (contact angle) and particle geometry (nucleant
curvature). Qualitatively, a small contact angle and a large
surface curvature offer a higher reduction of critical energy,
and consequently an increased nucleation rate.

Under our foaming conditions (7=120°C, P=
13.8 MPa), v, was calculated to be ~16.43 mJ/m? from
Eq. (6) and the known PS—CO, surface tension value from
the literature [41,42], r* is 2.38 nm from Eq. (10). Thus the
relative radius w is around 21 for individual CNF. With a
typical contact angle of 20° [14], Eq. (7) yields a reduction
factor f of 0.006 (also marked in Fig. 3), indicating that
the energy required for the bubble nucleation (AG,,) on the
surfaces of CNFs is only 0.003 (f/2) of that in the
homogeneous case (AG;,,,). In addition, since a complete
dispersion of CNFs in the PS matrix was achieved, the
actual nucleant density is close to the calculated one. The
combination of the low energy barrier and the high nucleant
density results in a high nucleation rate and ultimately a
high cell density.

In the PS/SWCNTs system, if the SWCNTs are
completely dispersed, then the relative radius w is only
0.2 considering that the radius of an individual tube is
0.5 nm. In that case, fis 1.8 and the nucleation energy on
any single tube surface would approach the homogeneous
limit (as shown in Fig. 3), completely diminishing the
benefit of heterogeneous nucleation. However,

experimentally, most SWCNTs were observed as spherical
agglomerates with an average radius of approximately
several dozen nanometers. These agglomerates with much
larger radii can serve as lower nucleation energy sites, but
the actual nucleant density is much lower than the
theoretical value owing to poor dispersion, leading to the
compromised nucleation efficiency.

In the PS/ MHABS system, the relatively low nucleation
efficiency can be explained first by incomplete particle
dispersion. Although exfoliated, stacks of multiple layers
are still observable in the polymer domain [9]. A rough
estimation from the TEM image of PS/5% MHANBS
indicates an average stack thickness on the orders of tens of
nanometers [9]. Therefore, the actual nucleant density in the
PS/5% MHABS system would be reduced by one order
from the value shown in Table 1, i.e. from 5.45X 10" to
5.45%10'%/cm ™3, This value, however, is still much higher
than the measured cell density (4.02X 108/cm73),
suggesting that there must be other reasons accounting for
the low nucleation efficiency. On the clay surface, the
nucleation energy should approach to the flat plate limit
(R— ) due to the layered structure of the nanoclay. The
modified clay surface is more compatible with the PS
matrix, and thus the interfacial tension of the PS melt and
the clay is expected to be lower than that of PS and CNFs
(carbon is well known for its non-wetting property to
polymers and a high polymer—particle interfacial tension).
Consequently, the contact angle # would be higher. This
would lead to a significant increase in f, or much less

10

Homogeneous Limit

A=180°

SWCNT f=1.8

a=10k Ke
a=R0c  MHABS

A=40°0 fimin.) =1.4

_ 0.1 (complete dispersion)
z
E
= 001 | Flat Plate Limit . ...\ \.
0.001
0.0001
0.1 1

Fig. 3. Reduction of critical nucleation energy by function f(m,w).
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reduction of nucleation free energy. Using equilibrium
interfacial tension data in the literature [43], the lower limit
of 6 is estimated to be 105.5° [44]. This leads to a minimum
reduction factor f of 1.4 and a reduction of nucleation free
energy by 30%, as illustrated in Fig. 3. Although the PS/5%
MHABS system has a much higher number of potential
nucleants than both the PS/1% CNFs and the PS/0.1%
SWCNTs systems, its nucleation efficiency is greatly
compromised by the relative ineffectiveness of the energy
reduction. This analysis is in favorable agreement with the
previous findings that a weak polymer particle interface is
advantageous for bubble nucleation [14-16].

4. Conclusions

This study demonstrated the use of CNFs as the
nucleating agents to form PS microcellular foams. It was
found that the presence of a small amount of CNFs can
significantly increase the cell densities and reduce the cell
sizes. For comparison, SWCNTs and nanoclay were used to
produce PS foams under the same foaming conditions. The
nucleation efficiency, quantitatively defined as the ratio of
the measured cell density to the potential nucleant density,
is applied to compare the nucleation effectiveness of
different particles. Based on this parameter, CNF exhibits
an excellent nucleation effect on the PS foaming process.
This may be due to its good dispersion in the polymer
matrix, as well as the favorable wettability and surface
curvature in this foaming process.

The classical nucleation theory was used to investigate
the underlying mechanism for the differences in nucleation
efficiencies among various particles. It was found that, with
a complete dispersion and favorable particle size and
surface properties, an energy reduction of 99.7% is achieved
on the surfaces of CNFs. In the case of SWCNTs, the
existence of the agglomerates has a mixed effect on the
bubble nucleation. While the large surface radii of these
agglomerates are energetically favored for the nucleation,
the actual nucleant density will be greatly reduced due to the
poor particle dispersion. In the case of nanoclay, an
incomplete separation of the clay layers as well as the
strong interactions between the clay (MHABS) surfaces and
the polymer (PS) matrix lead to a deteriorated nucleation
efficiency.
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