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ABSTRACT: The use of block copolymer micelles as novel nucleating agents for foaming thermoplastics
is explored. Diblock copolymers can self-assemble into a large number of spherical micelles, making them
promising nucleants for the production of microcellular foams with >109 cells/cm3. Different types of
A-B diblock copolymers were added to a polystyrene matrix in low concentrations, and the resulting
blends were foamed in a batch process using carbon dioxide as the blowing agent. Polystyrene-b-poly-
(ethylene propylene) and polystyrene-b-poly(methyl methacrylate) diblocks were not effective as nucleants.
Diblocks containing poly(dimethylsiloxane) as the core block showed a bimodal cell size distribution and
a small increase in cell concentration. The increased solubility of carbon dioxide in poly(dimethylsiloxane)
(PDMS), and the reduced surface tension of PDMS, lowered the minimum work of bubble formation and
increased the cell concentration. None of the foams showed an increase in cell concentration proportional
to the large number of potential nucleants present. Block copolymer micelles as nucleants were not able
to sufficiently lower the work of formation for cell nucleation. They are too small in size, can still
agglomerate into larger, nonequilibrium structures, and have large contact angles due to the high surface
tension of most polymers.

Introduction

New applications for foamed materials and the ability
to foam a wider variety of plastic materials will push
their US consumption to a projected 7.8 billion pounds
in 2005.1 Almost half of this demand stems from
polystyrene (PS), poly(vinyl chloride) (PVC), and other
thermoplastic foams. Despite their significant success,
continued growth of foamed polymers into new markets
depends on the ability to enhance control over the
cellular structure. The number and size of cells have a
significant effect on the mechanical properties and
ultimately the applications for thermoplastic foams.2,3

Conventional thermoplastic foam processing methods
result in a broad cell size distribution with cell concen-
trations lower than 106 cells/cm3 and an average cell
size greater than 300 µm.4 These large, nonuniform cells
lead to a deterioration of the mechanical properties of
the final product. Smaller and more uniform cells can
improve mechanical properties and allows for the
production of thinner parts while maintaining the
physical integrity of the material.

Foams with cell sizes of 30 µm or less at high
concentrations are classified as microcellular foams.5
These foams were originally invented to reduce material
consumption in mass-produced plastic parts without
significant penalties in mechanical properties through
the introduction of a large number of extremely small
cells. Microcellular polymers have shown improved
fatigue life and energy absorption,6-8 increased tough-
ness,9,10 high thermal stability,11 and good insulating
properties.3 The microcellular foam process can also
reduce production cost and improve processing efficiency
by allowing for reduced cycle times and faster demolding
of thick parts in injection molding applications.12 The
process typically requires higher nucleation rates and

higher inert gas concentrations than conventional pro-
cesses.13

As early as the 1960s, Hansen and Martin showed
the use of nucleating agents to aid in foam nucle-
ation.14,15 Several experimental and theoretical studies
have been performed since then on the effect of nucleat-
ing agents in the processing of thermoplastic foams.16-25

Inorganic particles such as talc, silicon oxide, titanium
oxide, diatomaceous earth, and kaolin are among the
most commonly used nucleants.3 They are generally
micron-sized but can be prone to agglomeration. Yang
and Han22 studied nine different nucleating agents, but
only a trial-and-error process is outlined for selecting
an appropriate nucleating agent. While the use of a
variety of nucleating agents to give some control over
the number of cells initially formed is well established,
a clear understanding of their effect is lacking. More
importantly, traditional nucleating agents are too large,
and prone to agglomeration, to be suitable for the
processing of microcellular materials where the final cell
size ideally is less than 1 µm.

We investigate the use of block copolymer micelles as
heterogeneous nucleation agents. Our goal is to increase
the cell concentration, decrease the cell size, and widen
the processing conditions under which a microcellular
material may be obtained. Small, uniformly distributed
block copolymer micelles have several of the desired
requirements to form a favorable nucleation site.26 This
is believed to be the first use of micelles as heteroge-
neous nucleation sites for foam formation. Block copoly-
mers have been reported as components in foam
formulations,27-29 but no details as to their role in the
foam nucleation process are offered. Here we present a
systematic study of three different block copolymers, as
well as two solid nucleation agents, in an attempt to
understand how the type and size of a nucleation site
affects the thermoplastic foaming process. Before we
present our experimental results, we describe ideal* To whom correspondence should be addressed.
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nucleants and how block copolymer micelles could act
as nucleants.

Ideal Nucleants

Nucleating agents, or nucleants, are added to a
polymer matrix to influence the bubble number density
and/or size distribution in the final foam. The goal is to
provide a controlled number and spatial distribution of
sites that promote heterogeneous nucleation in a brief
period of time so that the bubbles grow in tandem to a
uniform size. The interplay between nucleation, whose
rate is very sensitive to the blowing agent concentration,
and bubble growth, which locally depresses the blowing
agent concentration, determines the number density
and size distribution of bubbles in the final foam. Ideal
nucleants have four qualities that contribute to the
desired behavior.26

• Nucleation on ideal nucleants is energetically favor-
able relative to homogeneous nucleation and heteroge-
neous nucleation on other additives and/or contami-
nants in the polymer matrix. Favorable energetics are
found for surfaces with weak interactions with the
polymer matrix and for radii of curvature that are large
relative to the radius of the critical nucleus.30,31

• Ideal nucleants have uniform size and surface
properties. If the nucleant population contains a distri-
bution of sizes and/or surface properties, then they will
activate over a wider time interval than if they had been
uniform. In particular, a few easily activated nucleants
can lead to a skewed or bimodal bubble size distribution
in the foam.

• Ideal nucleants are easily dispersible. Aggregated
nucleants are less efficient than dispersed ones since
the first nucleant to activate in an aggregate depletes
the blowing agent near the others.

• Ideal nucleants are plentiful. If there are insufficient
nucleants, nucleation at unintended nucleation sites and
homogeneous nucleation can be significant before the
supersaturation is depressed by the growth of the
bubbles resulting from nucleant activation. The result
of insufficient nucleants is a skewed or bimodal bubble
size distribution as a result of parallel nucleation
mechanisms.

Block Copolymer Micelles

Block copolymer micelles are potentially favorable
nucleants adhering to the above qualifications. Spheri-
cal domains called micelles form when small amounts
of a diblock copolymer are added to a homopolymer
melt.32-34 Diblock copolymers consist of two distinct
polymers A and B covalently coupled together. When
added to homopolymer A, for instance, the B chains of
the diblock copolymers aggregate together in spherical
domains to avoid unfavorable interactions with the A
homopolymer. Typical micelles have a diameter on the
order of tens of nanometers, dictated by the length and
type of diblock copolymer.

The size and number of micelles present can be
determined via several techniques. A direct observation
can be made via transmission electron microscopy
(TEM). An upper bound on the number of micelles (nm)
can then be established by assuming all of the copolymer
resides in micelles:

where w is the amount of diblock present, Nav is
Avogadro’s number of chains/mol, and Mn is the molec-
ular weight of the diblock. Nc is the number of copoly-
mers per micelle, also known as the aggregation num-
ber, and is estimated independently.35

Alternatively, theoretical expressions exist that can
give an estimate of the size and number of micelles
present in block copolymer/homopolymer systems. Whit-
more and Smith35 present such a theory based on
minimizing the free energy of the micellar system. They
present the following expressions for core radius lb,
number density of micelles nm, and number of copoly-
mers per micelle Nc:

where ø is the polymer-polymer interaction parameter,
F0 is the geometric mean of the monomer number
densities F0A and F0B, ZcB is the degree of polymerization
of polymer B, b is an average Kuhn length, and φcB
represents the overall volume fraction of B due to the
block copolymer. These parameters are readily obtained
from tabulated data.36-38

The cellular structure of foams results from the
formation of bubbles through a nucleation process.
There is a unique radius such that a bubble is in both
chemical and mechanical equilibrium with its surround-
ings. J. W. Gibbs first introduced the concept of this
critical nucleus and gives its value as39

Using a value of 34.5 mN/m for the surface tension (σ)
of polystyrene40 and a saturation pressure (∆P) of 3.5
MPa, we estimate a critical nucleus radius of 20 nm for
our system. The radius of curvature of a micelle is
comparable to this critical nucleus size. Even at low
concentrations of block copolymer, the number density
of micelles can easily exceed the number of cells
observed in homogeneous nucleation. Block copolymer
micelles are of the appropriate size for nucleation and
exist in high concentrations and therefore could form a
favorable nucleant.

Experimental Section
We followed the batch process first outlined by Suh and co-

workers in 1984.41 Their process consists of three distinct steps.
First, the polymer is saturated with a blowing agent in a
pressure vessel at ambient temperature, then the pressure is
released, and the sample is heated to produce a supersaturated
sample. Density fluctuations in this metastable sample induce
the nucleation of a large number of bubbles. Growth and
possible coalescence of the nucleated cells leads to the final
foam structure.

The matrix material for the blends described in this work
is Styron 685D polystyrene with a weight-average molecular
weight of 315 000 g/mol (The Dow Chemical Co.). The manu-
facturer reports that this polymer has no additives that could
interfere with the nucleation behavior. Block copolymer is
added to the polystyrene by melt-blending in a batch mixer
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(Thermo-Haake Instruments, System 90) at various weight
percentages from 1/2 to 4%. Materials are mixed using roller
blades in a 25g chamber at 200 °C. The mixer is operated at
35 rpm for the first 2 min as components are added and then
increased to 75 rpm for an additional 5 min of mixing. The
material is then pressed into circular disks (∼1 g) at 200 °C
using a hydraulic press. The samples are brought to temper-
ature for 5 min, pressed at a low pressure (130 kPa) for 2 min,
and pressed at a high pressure (900 kPa) for 8 min. They are
then quenched to room temperature in approximately 3 min
using cooling water. The disks have a final thickness of 2 mm
and a diameter of 25 mm.

A small 300 mL pressure vessel (Parr Instrument Co., model
4760Q) is used to saturate the samples at room temperature
with carbon dioxide gas. A minimum of 20 h was allowed to
ensure uniform saturation for polystyrene samples. Finally,
the samples are depressurized over 15 s and submerged in a
silicon oil bath maintained at the desired foaming tempera-
ture. After the desired foaming time, samples are removed
from the oil bath and quenched in ice water. All samples are
foamed within 5 min of depressurizing the pressure vessel.

The foamed samples are analyzed in several ways. Bulk
foam density (Ff) is determined via water displacement. The
amount of water displaced when submerging a sample in a
small-diameter graduated cylinder and the weight of the
sample determine its density. It is assumed that the foam is
a predominantly closed-cell foam, and no water is absorbed
by the sample. Cell concentration is calculated from scanning
electron micrographs (JEOL FEG-SEM 6500). Foamed samples
are frozen in liquid nitrogen, fractured, and sputter-coated
with a thin layer (100 Å) of platinum. An accelerating voltage
of 5 kV at a working distance of 15 mm is typically used.
Images containing a minimum of 100 cells are then obtained
at several magnifications. The number of cells per unit volume
(cm3) of original, unfoamed polymer is determined from42

where n is the number of cells in the micrograph, M the
magnification of the micrograph, A the area of the micrograph,
and Vf the void fraction of the foamed sample. The void fraction
is defined as

where F is the density of the unfoamed material (1.04 g/cm3).
N0 therefore is the number of cells nucleated per cm3 of
polymer before the foaming began, assuming no coalescence
occurred. The average cell size and size distribution are
calculated using the aid of a software program (ImageTool,
University of Texas Health Science Center). The same digital
images used to estimate the cell concentration were loaded in
the software, and the image scale bar was used to calibrate
the software. The average diameter was determined by manu-
ally measuring the mean diameter of a minimum of 50 cells.

A particle size analyzer was used to further probe the size
and distribution of particles in several of our blends. The
particle size analyzer (Coulter LS230, Coulter Beckman Co.)
uses Mie light scattering theory to determine size distributions
of particles suspended in fluids. Details on the Mie theory and
the LS230 can be found elsewhere.43 The suspension fluid used
for our materials was tetrahydrofuran (THF), which dissolves
away the polystyrene matrix, leaving any insoluble matter
suspended in THF.

Reproducibility. Processing conditions, such as temper-
ature and pressure, can have a decided impact on the
nucleation and growth of bubbles in the foaming process.
Additionally, varying levels of small, solid contaminants can
also act as nucleants.44,45 During the course of this work, a
significant variation in cell concentration was observed. In this

section, we lay out processing and experimental conditions that
reduce the effect of these variations on the interpretation of
the results.

The melt blending, sample pressing procedure and foaming
steps can all contribute to variations in the cell concentration.
It is difficult to control the cleanliness in and around the batch
mixer on the scale where nucleation effects are important. The
presence of dust or other heterogeneous particles can drasti-
cally affect the nucleation rate. The mixer was manually
cleaned, purged, and cleaned again to minimize impurities
incorporated in the blend. The pressing procedure to create
the circular samples can lead to residual stresses within the
sample. Kweeder et al. theorize that microvoids created during
a fast quench of polystyrene samples from the molten state
can nucleate foam bubbles.46 For the samples in this work,
the cooling rate as described in the Experimental Section was
kept constant, minimizing the differences in residual stresses
between samples. The effect of variations in saturation pres-
sure can also be significant. Especially at low pressures, the
nucleation rate is a strong function of saturation pressure. At
the saturation pressure of 3.5 MPa (500 psi) typically used in
this paper, pressure fluctuations up to 0.35 MPa (50 psi) are
expected as a result of the sensitivity of the pressure gauges.
Variations in the cell concentration of less than 20% are
expected due to the uncertainty in the saturation pressure.

Uncertainty also exists in the analysis of the digital images.
To assess the error in using a single SEM image to estimate
the cell concentration according to eq 6, nine SEM images were
taken through the 2 mm thickness of one foamed polystyrene
sample. The sample was saturated with carbon dioxide blowing
agent at 3.5 MPa (500 psi) and foamed for 30 s at a temper-
ature of 105 °C. The average cell concentration was 1.06 ×
1010 cells/cm3 with a standard deviation of (0.21 × 1010. Thus,
our procedure of calculating the cell concentration from one
micrograph gives 20% variability.

The effect of variations in the experimental conditions can
be minimized through sound experimental design. Four sepa-
rate polystyrene samples prepared with an identical processing
history were foamed simultaneously. The cell concentration
varied by no more than 20%. Carefully matching processing
and foaming histories thus leads to consistent foaming per-
formance. We recognize that the foaming procedure using this
particular polystyrene intrinsically generates a high nucleation
density. While we have no way of determining whether
nucleation is homogeneous or heterogeneous or both, the base
nucleation level is consistent and will be referred to as the
homogeneous nucleation level throughout this paper. This is
plausible since it is now recognized that homogeneous nucle-
ation in foams takes place at much lower levels of supersatu-
ration than was previously believed.47

For each series of additives reported in this paper, a
polystyrene control sample with identical processing history
was added to the pressure vessel. The effect of an additive on
the cell concentration is then described with the following ratio:

where N* is the nucleation density of the sample containing
additive and N0 is the nucleation density of the unmodified
PS685D control sample. Wherever possible, the nucleation
ratio is taken as the average of three independent foaming
experiments for that particular blend.

Results
Polystyrene Homopolymer and Solid Nucleating

Agents. Polystyrene disks were pressurized to 3.5 MPa
at 25 °C and absorbed an average of 6.5% carbon dioxide
by weight after complete saturation. Immediately fol-
lowing depressurization, samples were foamed for 15,
30, 60, and 120 s at 105 °C and quenched in ice water.
Figure 1 shows SEM micrographs of the resulting
foams. The cell concentration, calculated using eq 6, is
close to 1010 cells/cm3 for all four samples, independent

N0 ) [nM2

A ]3/2[ 1
1 - Vf] (6)

Vf ) 1 -
Ff

F
(7)

nucleation ratio: N*/N0 (8)

6876 Spitael et al. Macromolecules, Vol. 37, No. 18, 2004



of foaming time. This suggests that no coalescence of
growing cells occurs during the experimental time
frame. But bulk foam density decreases and average cell
diameter increases with increased foaming time due to
cell growth (see Table 1).

Solid nucleating agents were melt-blended into the
polystyrene matrix to check their impact on the nucle-
ation mechanism. Talc and carbon black nucleants were
added to the polystyrene at 1/2 wt %. Using the particle
size analyzer described above, the median particle size
was 0.8 µm for talc and 0.6 µm for carbon black.
Assuming uniformly distributed spherical particles with
the above diameters, an estimate of the number of
available nucleation sites can be obtained as

where xadd is the weight fraction of additive, Fadd and
Fblend are the density of the additive and the blend, and
Vp is the volume of one particle. Using eq 9, the
maximum number of potential nucleation sites is 0.7 ×
1010 per cm3 for talc and 1.8 × 1010 per cm3 for carbon
black, potentially providing a modest improvement over
the nucleation in pure polystyrene.

Figure 2 shows the effect on nucleation due to the
additives. A drop in cell concentration of over 2 orders
of magnitude is seen with the carbon black additive,
while adding talc did not affect the cell concentration
significantly. The cell size distribution is heterogeneous
for the samples containing talc, while it is more homo-
geneous for the samples containing carbon black. None
of the samples tested here showed an increase in the
cell concentration over the pure polystyrene material.
For both additives, the actual number of cells in the final
foam is significantly lower than the number of nuclei
estimated from eq 9. Figure 3 shows the particle size
distribution in blends containing 1% of talc and carbon
black as determined via the particle size analyzer. The
blend containing carbon black shows a large peak
around 0.7 µm, close to its median size of 0.6 µm, but a
few larger aggregates around 2-3 µm are also present.
Samples containing talc show a small peak around 0.3

µm, but also a large peak around 2 µm, and a significant
presence of particles up to 10 µm diameter. Increasing
the intensity of mixing in the batch mixer to 150 rpm
for up to 15 min provided no significant improvement
in the final cell size and distribution for a select number
of samples containing talc. Talc and carbon black are
poorly dispersed and thus are ineffective nucleants.

Polystyrene-block-poly(ethylene propylene) Di-
blocks. The first block copolymer tested as a nucleation
site was a commercial Kraton PS-b-PEP diblock mate-
rial. Kraton polymers and compounds are frequently
used as processing additives to modify a variety of
properties and are therefore appealing materials to
consider here. Reedy and Rider29 report on the use of
styrene-ethylene/butylene-styrene block copolymer in
a masterbatch formulation to be used in foam extrusion,
yet no elaboration as to its specific role on the nucleation
behavior is offered. In the current study, Kraton G1701,
a diblock with a total molecular weight of 110 000 g/mol
and PEP volume fraction of 0.67, is used.48 The diblock
was blended into PS 685D at 1/2 and 2 wt % and

Figure 1. SEM micrographs of PS 685D samples foamed for 15-120 s at 105 °C. The nearly constant cell density indicates
negligible coalescence during the experimental time frame.

Table 1. Physical Properties of Polystyrene Foams at
Various Foaming Times

foam time
(s)

bulk density
(g/cm3)

cell diameter
(µm)

cell density
(1010 cells/cm3)

15 0.47 5 0.90
30 0.33 9 1.07
60 0.21 12 0.94

120 0.06 19 0.85

nuclei
cm3

)
xadd

Fadd

Fblend

Vp
(9) Figure 2. SEM micrographs of polystyrene foams containing

talc and carbon black nucleating agents dispersed at 0.5 wt %
and foamed for 30 s at 105 °C. Homopolymer polystyrene
shows a uniform cell distribution (A). Talc leads to a highly
polydisperse cell size distribution (B), while carbon black yields
far fewer cells (C).
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saturated with CO2 at 3.5 MPa. Figure 4 shows SEM
images of the foams obtained after 30 s of foaming at
105 °C. Foams containing the diblock material attained
a much larger cell size. Significantly fewer cells are
present, giving the much coarser structure observed. As
was true for the homopolymer foams, Figure 5 shows a
constant cell concentration as a function of foaming
time, indicating that coalescence of growing bubbles is
insignificant.

Confirmation of the existence of micelle sites was
obtained by staining a sample containing 4 wt % of the
PS-b-PEP diblock using ruthenium tetraoxide to provide
contrast for TEM imaging. The TEM image in Figure
6A indicates potential micelle nucleants with an ap-
proximate radius of 50 nm exist in concentrations
exceeding 1012 micelles/cm3. Much larger structures
with radii up to 300 nm, as shown in Figure 6B, are

also observed in a different region of the same sample.
These surfaces present a lower energy of activation for
nucleation due to their increased radius of curvature.
Particle size analysis with the light scattering method
also indicates the large structures are present in the
neat PS-b-PEP diblock. Figure 3 shows a peak in the
PS-b-PEP diblock at 2.5 µm when dissolved in THF. It
is not clear what this peak may represent, but filtering
the dissolved PS-b-PEP material through a 0.2 µm filter
and reprecipitating from THF before blending in the
PS685D matrix had no effect on the nucleation behavior.
This suggests the larger sites observed are nonequilib-
rium aggregates of block copolymer formed during the
blending process, rather than an insoluble impurity.
Regardless of their origin, the larger nucleation sites
are more favorable and obscure any effect from the block
copolymer micelles. A more uniformly distributed nucle-
ant is needed for effective heterogeneous nucleation.

Polystyrene-block-poly(methyl methacrylate)
Diblocks. The second diblock copolymer tested as a
nucleation site was a well-characterized polymer syn-
thesized in our laboratory. This polystyrene-b-poly-
(methyl methacrylate) (PS-b-PMMA) diblock copolymer
consists of 80 kg/mol of styrene and 80 kg/mol of methyl
methacrylate for a total molecular weight of 160 kg/mol.
The diblock was blended into the PS 685D homopolymer
at 0.5 and 2.0 wt %. The resulting blend was saturated
with CO2 at 3.5 MPa and foamed for 30 s at 105 °C.
Carbon dioxide solubility is larger in the methacrylate
block than in the ethylene-propylene hydrocarbon block
considered above. The solubility of carbon dioxide in
various polymers is shown in Figure 7 at temperatures

Figure 3. Particle size distribution detected for 1% of talc
and carbon black in PS685D. The presence of larger aggregates
around 2 µm in size are observed in blends containing carbon
black (solid line) and talc (dashed line). The neat PS-b-PEP
diblock also shows larger particles present with a 2 µm average
size ([).

Figure 4. SEM micrographs of polystyrene foams with (A)
0.0, (B) 0.5, and (C) 2 wt % of a PS-b-PEP diblock added as a
nucleating agent. The addition of this block copolymer leads
to fewer large cells.

Figure 5. Cell concentration of polystyrene foams with
various weight percentages of poly(styrene-b-ethyl propylene)
diblock as a function of foaming time. Little coalescence is
observed for any of the materials, but significantly fewer cells
are present with the additive.

Figure 6. TEM images of a 4 wt % blend of PS-b-PEP in
polystyrene 685D. (A) Micelles with a PEP core and an
approximate radius of 50 nm. (B) Larger, nonequilibrium
structures with a radius of up to 300 nm found in a different
region of the same sample.
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near 50 °C.49-52 Carbon dioxide is almost twice as
soluble in PMMA than it is in PS or polyethylene (PE).
This increased solubility near the micelle nucleants
could lead to localized blowing agent concentration
enhancement and increased probability of nucleation.

SEM images of the resulting foams are shown in
Figure 8. The nucleated foam structure was significantly
better for these blends than for the PS-b-PEP blends.
Foams from blends with 1/2 and 2 wt % of diblock
nucleated an average of 4.8 × 1010 and 3.0 × 1010 cells/
cm3, respectively, similar to the average cell concentra-
tion in neat polystyrene foams. Cell size and distribution
appear very uniform across these foams. A TEM image
of the 1/2 wt % blend is shown in Figure 9, showing
uniformly dispersed micelles with an approximate ra-
dius of 30 nm. Assuming a nominal thickness of 50 nm
for the TEM image, the concentration of micelles is
estimated as 4.4 × 1013 micelles/cm3. In this estimate,
we have divided the number of micelles observed per
volume by a factor of 2, which accounts for double-

counting micelles above and below the cutting plane.
Equations 2 and 3 predict a micelle core with a radius
of 18 nm and micelle concentrations of 9.3 × 1013 for a
0.5 wt % blend. Both the theoretical calculation and
visual image indicate a much higher number of potential
nucleation sites than the observed cell concentration.

Silicone-Based Diblocks. The final block copolymer
tested as a nucleation site was a diblock containing a
poly(dimethylsiloxane) block. Silicones and fluorine-
containing polymers have been shown to have a high
solubility in CO2 at easily accessible temperatures and
pressures.53 Figure 7 shows that PDMS can take up
more than twice as much CO2 than PS at a pressure of
3.5 MPa. Two different PS-b-PDMS diblocks were
blended into the polystyrene matrix at various concen-
trations. SD40 has a total molecular weight of 40 kg/
mol, while SD156 has a total molecular weight of 156
kg/mol. Each diblock is symmetrical in polystyrene and
poly(dimethylsiloxane) content, but the higher molecu-
lar weight diblock (SD156) forms larger micelles. Equa-
tions 2 and 3 predict a core radius of 16 nm and micelle
concentration of 2.5 × 1014 for a 0.5 wt % SD40 blend
and 40 nm and 1.6 × 1013 micelles/cm3 for a 0.5 wt %
SD156 blend. These calculated values are comparable
to the lamellar repeat distance of the neat diblock
copolymers as reported by Maric and Macosko.54 The
lamellar repeat distance can give a good estimate of the
radius of a micelle formed using the same material in a
homopolymer polystyrene matrix. Using small-angle
X-ray scattering (SAXS) experiments, they found the
spacing between lamella to be 22 nm for SD40 and 55
nm for SD156.

Both diblocks were blended into polystyrene at weight
concentrations ranging from 0.5 to 2%. SEM images of
the foams obtained from these blends are shown in
Figure 10. The foams show a distinct heterogeneity in
cell size distribution. Larger cells, similar in size to the
uniform cell size found in the neat polystyrene control
samples, are present along with cells that are signifi-
cantly smaller. This bimodal cell size distribution
indicates the added diblock did act as a preferred
nucleant. Total cell concentration increased for both of
the PS-b-PDMS diblocks. The presence of the micelles
positively influenced the nucleation density, but the
final cell concentration is still well below what would
be expected from the number of potential nucleation
sites present.

Discussion

Uniformly dispersed spherical micelle sites were
formed in number concentrations larger than the cell

Figure 7. Solubility of carbon dioxide in several homo-
polymers.49-52 Carbon dioxide solubility is significantly larger
in PDMS and PMMA than polystyrene.

Figure 8. Cell concentration of blends containing (A) 0.0, (B)
0.5, and (C) 2.0 wt % of polystyrene-b-poly(methyl methacry-
late) diblock copolymer. No significant change in cell size and
number is observed.

Figure 9. TEM image of a 0.5 wt % blend of PS-b-PMMA
diblock in PS685D polystyrene. Uniformly distributed micelles
of about 30 nm core radius are seen at a concentration of 4.4
× 1013 micelles/cm3.
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nucleation density observed in homopolystyrene foams.
If these sites can act as ideal nucleants and effectively
lower the minimum energy required to form a bubble,
an increased nucleation rate would result. An almost
2-fold increase in cell concentration was observed for
the PS-b-PDMS diblocks with a larger CO2-philic micelle
core, yet the cell concentration was still much lower
than the number of potential sites present. None of the
additives studied attained a final cell concentration on
par with the number of potential nucleation sites
present. In the case of the PS-b-PEP diblock, a signifi-
cant decrease in cell concentration was actually ob-
served. While micelles adhere to three of the four
criteria for optimal nucleants, the energetics and/or
kinetics of nucleation in/on the micelle are apparently
not favorable. Table 2 summarizes the properties of the
diblocks and the resulting foams.

When the amount of diblock additive is increased from
0.5 to 2%, Table 2 shows the number of cells present in
the final foam decreased slightly for all blends. This
indicates that the nucleation mechanism may not
consist solely of heterogeneous nucleation at micelle
nucleants. If this were so, an increase in the number of
nucleants should increase the cell concentration. At 2
wt %, there may also be more aggregation of block
copolymer than at 0.5 wt %.

The rheological behavior of the blend is one factor that
could influence the nucleation and growth of cells.
Changes in viscosity can influence both the nucleation
and growth rates of bubbles. However, at the very small
weight percentages of additives present in these studies,
the rheological properties of the blends are not expected
to change significantly. In both shear and extension, the
differences in viscosity are small and considered to be
within the reproducibility limits of these measure-
ments.55

Heterogeneous nucleation is influenced by the type
and size of the nucleation site. The work of formation
for a nucleus on a flat, impermeable surface can be
significantly lower than for homogeneous nucleation.56

Fletcher found that nucleation on a strongly curved
surface enjoys much less of this benefit.31 As the radius
of the nucleant decreases, approaching the size of the
critical bubble nucleus, the reduction in the critical work
of formation approaches the homogeneous limit. Simi-
larly, as the contact angle θ approaches 180°, the
reduction in the minimum work barrier decreases. Thus,
surfaces with small radii of curvature and/or strong
repulsive interactions (large contact angles) with the
mixture are ineffective heterogeneous nucleation agents.
Fletcher’s work illustrates that there is a minimum
effective nucleant size.

Figure 10. Cell concentration of foams from blends containing small weight percentages of polystyrene-b-poly(dimethylsiloxane)
diblock copolymer compared to the neat polystyrene foam (A). With both 0.5 wt % (B) and 2.0 wt % (C) of the shorter SD40
diblock and 0.5 wt % (D) and 2.0 wt % (E) of the longer SD156 diblock, a modest increase in cell concentration is observed. There
is also a distinct polydispersity in cell size with the addition of either diblock.

Table 2. Summary of Additives and Effect on Foam Nucleation Density; Nucleation Density Reported after 30 s of
Foaming at 105 °C

additive CO2
a Mn (kg/mol) fPS core radius (nm) wt % additive N* (1010 cells/cm3) N*/N0

talc 0.5 0.98 0.72
carbon black 0.5 0.029 0.009
PS-b-PEP 0.7b 110 0.37 50c 0.5 0.014 0.005

2.0 0.012 0.004
PS-b-PMMA 2.0 160 0.5 18d 0.5 4.8 0.8

30c 2.0 3.0 0.5
PS-b-PDMS 1.7 40 0.49 16d 0.5 6.1 1.8

2.0 5.5 1.6
156 4.49 40d 0.5 5.2 1.8

2.0 2.7 1.1
a Relative solubility of CO2 in block core compared to PS at 3.7 MPa and 50 °C. Also see Figure 7. b Estimate using CO2 solubility in

PE. c Estimated from TEM images. d Estimated using eq 2.
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All of the diblock systems listed in Table 2 form
micelles with a radius close to the estimated critical
radius of 20 nm, indicating their effectiveness as
heterogeneous sites may be limited. However, the role
of the micelles in the nucleation process is somewhat
ambiguous. Unlike solid nucleants, nucleation could
occur outside, on, or inside a block copolymer nucleant,
i.e., on the corona of the micelle, at the A-B interface,
or within the interior of the micelle. Nucleating on the
corona of the micelle would not be energetically favored
over homogeneous nucleation, as the corona consists of
the same polymer as the matrix homopolymer. Nucle-
ation on the A-B interface necessitates vacating part
of the interface to be occupied by the nucleated bubble.
This would require additional energy. Nucleation within
the interior of the micelle seems most likely. The
different properties of the B core block relative to the
matrix material can provide a more favorable environ-
ment for nucleation to take place. In particular, a lower
surface tension and higher blowing agent solubility in
the core of the micelle would promote bubble nucleation
inside the micelle. An ever thinning layer of block
copolymers would then surround the growing bubble.
This surface-active layer could reduce the surface energy
of the nucleus. For this mechanism to be operative, a
minimum nucleant size is required to provide sufficient
diblock material to significantly reduce the surface
energy of the critical nucleus.

Blends containing the PS-b-PDMS diblock copolymers
were the only systems able to effectively increase the
cell concentration of polystyrene foams. All three diblocks
formed micelles similar in size, and both the PMMA and
PDMS core blocks offered improved carbon dioxide
solubility over the polystyrene matrix. PDMS is unique
in that it offers the lowest surface tension. The work
required to form a critical nucleus is proportional to the
surface tension to the third power;39 hence, small
changes in surface tension can have a significant impact
on the nucleation rate. The Guggenheim equation,
originally developed for small-molecule liquids, has been
found to describe the temperature dependence of surface
tensions of polymer melts as well:40

where σ0 is the surface tension at T ) 0 K and Tc is the
critical temperature. Values for σ0 and Tc are obtained
by least-squares regression of σ vs T and are readily
available.40 They are shown in Table 3 with the calcu-
lated surface tensions of PS, PMMA, and PDMS at the
foaming temperature of 105 °C. The value for PE is also
given for comparison. The surface tensions of PS and
PMMA are identical, while the PDMS surface tension
is significantly lower. Homogeneous nucleation within
the PDMS core is thus favored over nucleation within
the PS matrix. If nucleation were to happen at the
interface, the lower PDMS surface tension would also
translate into a smaller contact angle, again indicating

a lowered work of formation and increased nucleation
rate.

Conclusions

We have investigated the use of spherical block
copolymer micelles as novel nucleation sites in the
formation of microcellular foams. Micelles are signifi-
cantly smaller than solid nucleating agents and can be
dispersed uniformly in high concentrations, making
them promising nucleants. Using several different
diblock copolymers added at low weight percentages to
a polystyrene matrix, the nucleation behavior of the
resulting blends was studied in a batch foaming process.
None of the foams showed a large increase in cell
concentration, as was originally anticipated from the
number of potential nucleation sites present. We iden-
tify three key issues that may hinder the effectiveness
of these block copolymer micelle nucleants. First, the
size of the micelle is near the critical size of a nucleating
bubble, which may be smaller than the minimum
effective size. Second, aggregation of micelles (and solid
nucleants) leads to a distribution of nucleation sites
including a small number of larger, more favorable
nucleation sites. This contributes to a heterogeneous cell
size distribution in the foam. Finally, the high surface
tension of most core components increases the work of
formation and reduces the effectiveness of the micelles.

Blends containing micelles with a PDMS core com-
ponent showed a bimodal cell size distribution and
modest increase in cell concentration. The bimodal cell
size distribution indicates a competition between mul-
tiple nucleation mechanisms. Thus, micelle nucleants
appear to affect the cell nucleation mechanism in this
system under these conditions. The batch foaming
system used here intrinsically generates a large number
of nuclei. This remarkably high cell concentration could
be masking the effect of the block copolymer nucleants.
Using a different polymer system with a lower carbon
dioxide solubility could be helpful in isolating the effect
of the block copolymer.

Several avenues for further study are identified from
this work. Core components with lower surface tensions
(such as PDMS), as well as larger micelles, will be better
able to lower the work of formation and increase cell
concentrations. Increasing the molecular weight of the
block copolymer would increase the micelle size but
typically also would make it harder to disperse and form
monodisperse micelles. A micelle core containing a
fluoropolymer would give a high affinity for CO2 and
also promote the formation of critical nuclei. Pursuing
these avenues would further enhance our understanding
of nucleation in polymeric foams.
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