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ABSTRACT: Ideal nucleating agents are expected to
improve the cell morphology of plastics foams (i.e.,
increasing the cell density, reducing the cell size, and nar-
rowing cell-size distribution) by providing heterogeneous
nucleation sites. A nucleating agent’s surface geometry is
one factor that governs its nucleating power. This paper
discusses the surface geometry of an ideal nucleating
agent. On the basis of computer simulations of a batch

foaming process using polystyrene and carbon dioxide, we
found that nucleating agents having numerous crevices
with small semiconical angles are the most desirable for
polymeric foaming processes. � 2008 Wiley Periodicals, Inc.
J Appl Polym Sci 108: 3997–4003, 2008
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INTRODUCTION

Plastic foams with high cell densities, small cell sizes,
and narrow cell-size distributions are widely used
because they offer improved mechanical,1–6 thermal,7

acoustical,7 and optical8 properties. Moreover, poly-
meric foaming process allow manufacturers to reduce
their raw material costs, which have risen dramatically
in recent years due to ongoing increases in the price of
plastic resins. Nucleating agents are commonly used
for controlling cell nucleation in the production of
high-quality foam products. The effects of nucleating
agents on cell nucleation were studied by Hansen
et al.9–10 in the 1960s. Later studies identified effective
nucleating agents for plastic foaming processes, such
as azodicarbonamide,11 calcium carbonate,11–12 cal-
cium stearate,11,13–14 magnesium silicate,15 the mixture
of citric acid and sodium bicarbonate,11,16–19 rubber
particles,20–22 sodium benzoate,23 stearic acid,24 silica
products,12,25 talc11,13,16–17,26–28, and zinc stearate.11,24

Recent studies also demonstrated the use of nanopar-
ticles (e.g., nanoclay,29–32 carbon nanofibers,33 and sin-
gle-walled carbon nanotubes33) as nucleating agents.

In polymeric foaming processes, the choice of
nucleating agent to be added to the polymer matrix
is often governed by experience and trial-and-error.
As a qualitative guideline, McClurg proposed a set
of criteria for ideal nucleating agents34 which
include:

i. Nucleation on ideal nucleating agents should
be energetically favorable relative to homoge-
neous nucleation in the bulk of the polymer/
gas solution and any other unintentional het-
erogeneous nucleation on other additives and
contaminants in the polymer matrix or on the
surface of the internal walls of the equipment.

ii. Ideal nucleating agents should have uniform
sizes, surface geometries, and surface properties.

iii. Ideal nucleating agents should be easily dispersible.

Leung et al.35 also demonstrated that the surface
geometry of a heterogeneous nucleating site is a crit-
ical factor governing the free energy barrier to nucle-
ating a bubble heterogeneously. Therefore, it is
meaningful to investigate, in detail, the effects of
surface geometries on heterogeneous nucleation, and
thereby on the foam structures.

In this work, based on the proposed modified nucle-
ation theory and the simulation approach adopted in
our previous study,35,36 a series of computer simula-
tions of bubble nucleation and the subsequent bubble
growth processes were conducted to study the effects
on the foaming process of the surface geometry of
nucleating agents and the uniformity of the geometry.

Theoretical framework

Modified nucleation theory

According to the classical nucleation theory, the
heterogeneous nucleation rate, Jhet, depends on the
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surface geometry of the nucleating site.35–37 In gen-
eral, the heterogeneous nucleation rate, Jhet, is given
by35,38

Jhet ¼ N
2
3Q
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where N is the number of gas molecules per unit
volume; glg is the surface tension at the liquid-gas
interface; m is the molecular mass of the dissolved
gas molecules; kB is the Boltzmann constant; Tsys is
the processing temperature; Pbub,cr is the bubble pres-
sure of a critical bubble; Psys is the system pressure;
F is the ratio of the volume of the heterogeneously
nucleated bubble on the nucleating site to the vol-
ume of a spherical bubble with the same radius; and
Q is the ratio of the surface area of the liquid-gas
interface of the heterogeneously nucleated bubble to
the surface area of a spherical bubble with the same
radius. Both F and Q depend on the surface geome-
try of the nucleating agents.

At the microscopic level, some nucleating agents
(e.g., talc) or other unintentional heterogeneous
nucleating sites (e.g., the walls of the processing
equipment) have irregular surface geometries. For
mathematical simplicity, it is assumed that the sur-
face geometry can be approximated by a series of
conical cavities, as shown in Figure 1, with different
semiconical angles b. For bubbles nucleated in conical
cavities, F and Q are functions of the contact angle yc
and b. yc is the angle between the bubble surface and
the solid surface being measured in the liquid phase.
These geometric factors are given by35–37
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2
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Based on the idea proposed by Leung et al.35 that
the sizes of b follow a probability density function,
qb, the heterogeneous nucleation rate is given by

Jhet ¼
Z
b

qb bð ÞN2
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Bubble growth model

The bubble growth simulation was conducted
using the model and approach presented by Leung
et al.39 The computer simulation considered each bub-
ble to be surrounded by a finite shell of viscoelastic
fluid containing a limited amount of gas (Fig. 2). The
simulation further assumed the nucleated bubbles to
be evenly distributed in the foam. The complete set of
governing equations for the bubble growth process
(i.e., mass balance equation, momentum equation,
constitutive equations, and diffusion equation) and

Figure 1 Surface geometry of nucleating agents with
rugged surface.

Figure 2 Cell model in bubble growth simulation system.
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the simulation algorithm, which is illustrated in Fig-
ure 3, are described in detail by Leung et al.39

Overall foaming simulation model

The effects of surface geometries on foaming behav-
iors can be analyzed using the nucleation theories
and bubble growth model described above. Since the
nucleation rate is not constant during the foaming
process, the cell-population density with respect to
the unfoamed polymer volume, Nunfoam, was deter-
mined by integrating the total nucleation rate over
time using eq. (5):

Nunfoam tð Þ ¼
Z t

0

Jhom t0ð Þ þ AhetJhet t
0ð Þ½ �dt (5)

Here Ahet is the surface area of the nucleating
agents per unit volume of polymer-gas solution, and
Jhom is the homogeneous nucleation rate:

Jhom ¼ N

ffiffiffiffiffiffiffiffi
2glg
pm

r
exp � 16pglg

3
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(6)

Furthermore, by assuming that the ideal gas law
can be applied to the gas inside a nucleated bubble,
the average dissolved gas concentration remaining
in the polymer-gas solution, Cavg(t), was determined
by

Cavg tð Þ ¼ C0 �
Z t

0

4pRbub t; t0ð Þ3Pbub t; t0ð Þ
3RgT

J t0ð Þ½ �dt0 (7)

The calculated Cavg(t) for each time step was used
to modify the values of N, glg, and Pbub,cr in eqs. (4)
and (6) when determining the total nucleation rate.
The overall foaming simulation algorithm is illus-
trated in Figure 4.

Methodology

This study of the effects of the surface geometry of
nucleating agents on heterogeneous nucleation used
the overall foaming model discussed in the previous
section to simulate PS/CO2 polymeric foaming sys-
tems. The foaming systems were assumed to have

Figure 3 Bubble growth simulation algorithm.

Figure 4 Overall foaming simulation algorithm.
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conical nucleation sites with the sizes of b stochasti-
cally determined using various qb. A simulation was
run for each qb, and the cell density and cell size
distribution for each case was then extracted. To iso-
late the effects of different surface geometries in
nucleating agents on nucleation behaviors, several
experimental parameters were kept constant
throughout all simulations: the pressure drop rate
was 250 MPa/s, the CO2 gas content was 5 wt %,
and the processing temperature was 1408C. The val-
ues of Pbub,cr were calculated using the Sanchez-
Lacombe Equation of State40 and the thermodynamic
equilibrium condition from Leung et al.36 Further-
more, yc was kept constant at 85.78 and Ahet was
kept constant at 10,000 m2/m3 throughout all simu-
lations.41 This value of Ahet was obtained via an
order-of-magnitude argument: (1) It was assumed
that nucleating agents accounted for 5% of the total
weight of the PS/CO2 solution. (2) Using the specific
gravity of talc at 2.8 as a reference, the percentage of
nucleating agents by volume in the PS/CO2 solution
was calculated. (3) By approximating all nucleating
agents as spheres of 1.7 lm in radius, an estimate of
Ahet was determined. As mentioned earlier, this
study aimed to investigate the effects of surface geo-
metries by varying b only. Since b is independent of
Ahet, any imprecision in the value of Ahet should not
undermine the validity of the analyses, as long as
this value was kept constant throughout all simula-
tions. This argument justifies the use of a rough
estimate for Ahet. On the other hand, yc cannot be
estimated since yc depends strongly on the nucleat-
ing surface. Because such data is unavailable, the
value for yc was obtained by the least square fit so
that the experimentally observed cell density and the
computer-simulated cell density can be matched for
PS/CO2 foaming under the same processing condi-
tions.41 From eqs. (2) and (4), it is evident that F and
hence Jhet depend on yc. Therefore, it should be
emphasized that this study is only valid in the vicin-
ity of the chosen yc. Further investigation is needed
to study the effects of different yc.

It was assumed that b would follow one of two
types of qb: a uniform distribution or a series of
modified normal distributions. The uniform qb used
was based on the assumption that Rhet could take
any value from 08 to 908 [i.e., qb 5 U(08,908)]. Each
of the modified normal distributions used was
obtained by imposing lower and upper limits at 08
and 908, respectively, to a probability density func-
tion of a normal distribution [i.e., N(l,r)] having a
specified mean l and standard deviation r. This
modified normal qb, denoted as N*(l,r) in this
study, was adopted to study the effects of skewness
(i.e., l) and dispersion (i.e., r) in qb on foaming
behaviors. In order that the total area under each qb
equal 1, each qb 5 N*(l,r) was divided by the total

area under the corresponding N(l,r) distribution
between the lower and upper limit of 08 and 908.
Note that the mean and standard deviation of each
N*(l,r) (listed in Table I) are not the same as those
of the corresponding N(l,r) due to the enforcement
of the upper and lower limits. However, l and r
dictate the skewness and dispersion of each qb. In
this study, three groups of N*(l,r) distributions
were considered (refer to Figs. 5a-c):

i. N*(158,58), N*(308,58), N*(458,58), U(08,908)
ii. N*(158,158), N*(308,158), N*(458,158), U(08,908)
iii. N*(158,458), N*(308,458), N*(458,458), U(08,908)

Note that U(08,908) was added in each case to
study the convergence of the modified normal distri-
bution and the uniform distribution at large r. Using
these qb, the expected value of heterogeneous nucle-
ation rate at each foaming simulation time step was
then calculated using eq. (4). Afterward, Nunfoam was
determined using eq. (5) to obtain the cell density
and cell size distribution data for each case.

RESULTS AND DISCUSSION

Effect of b distribution on cell density

As mentioned earlier, plastic foams with a high cell
density, Nunfoam, are desirable. From Figure 6, it is
evident that Nunfoam depends strongly on the distri-
bution of the semiconical angle b. That is, nucleating
agents with conical crevices with small b can lead to
foams with higher cell density, because F takes on
smaller values at small b [see eq. (2)]. A decrease in
F lowers the activation energies for cell nucleation,
leading to an increase in the cell nucleation rate and
ultimately an increase in cell density. This effect of b
on cell density is significant when r is small (i.e., r
5 58); in this case, cell density increased by two
orders of magnitude when l was shifted from 458 to

TABLE I
Real Mean and Standard Derivation of the

qb Distribution

Case Mean
Standard
derivation

N*(158,58) 15.08 5.08
N*(308,58) 30.08 5.08
N*(458,58) 45.08 5.08
N*(158,158) 19.38 11.98
N*(308,158) 30.88 14.18
N*(458,158) 45.08 14.88
N*(158,458) 36.58 23.58
N*(308,458) 40.78 24.18
N*(458,458) 45.08 24.38
U(08,908) 45.08 26.08
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158. As r increases, however, this effect diminished
and cell density converges to approximately the
same value regardless of the value of l. This result
is reasonable: the corresponding qb at different l
converges to the uniform distribution with an
increasing r (Fig. 5c). Also, when l increases, it is
more desirable to have a larger r, because it means
a higher proportion of nucleating sites have the
desired smaller b. In summary, nucleating agents
with conical crevices of small semiconical angles
lead to higher cell density. Using eq. (2), Figure 7
indicates that the optimal size of b, for the particular
materials system being studied, is 2.158.

Effect of b distribution on cell size distributions

Plastic foams with narrower cell size distributions
tend to have better mechanical properties. From Fig-
ure 8, it is apparent that the skewness of qb does not Figure 6 Effect of surface geometries on cell density.

Figure 5 (a) Probability density functions of N*(l,r) for U(0,908) and r 5 (a) 58, (b) 158, and (c) 458.
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have a noticeable effect on cell size distribution
except at a low dispersion of b (i.e., r 5 58). When
r 5 58, narrow cell size distribution and a smaller
cell size is observed when qb is skewed toward a
smaller b angle. On the other hand, for a larger r
(i.e., r 5 158), cell size distribution becomes invari-
ant to further increase of r, regardless of the value
of l.

Relationship between cell size distribution and
cell density

Figure 9 demonstrates the relationship between the
cell size distribution and the cell density, namely
that cell size distribution decreases with increasing
the cell density. Therefore, nucleating agents with
conical crevices of small semiconical angles not only
lead to a higher cell density, but also to narrower
cell distribution and a smaller cell size, which are
both desirable qualities for plastic foams.

CONCLUSIONS

The effects of the surface geometry of nucleating
agents on the quality of plastic foams were studied
using computer simulations of a PS/CO2 foaming
system. Nucleating sites were approximated as coni-
cal crevices with various distributions of semiconical
angles. It was shown that nucleating agents with
many crevices of small semiconical angles lead to
higher quality polymer foams, with a high cell den-
sity, a smaller cell size and narrower cell size distri-
bution.

The authors are grateful to the Consortium of Cellular and
Micro-Cellular Plastics (CCMCP), AUTO21, and the Natu-
ral Sciences and Engineering Research Council of Canada
(NSERC) for their financial support of this project.

NOMENCLATURE

Ahet Surface area of nucleating agents per unit
volume of polymer melt, m2/m3

C Dissolved gas concentration in the poly-
mer-gas solution, mol/m3

Cavg Average gas concentration in the polymer-
gas solution, mol/m3

F Ratio of the volume of the nucleated bub-
ble to the volume of a spherical bubble
with the same radius, dimensionless

Jhet Heterogeneous nucleation rate (per unit
area of nucleating agent), #/m2 s

Jhom Homogeneous nucleation rate (per unit
volume of polymer), #/m3 s

kB Boltzmann constant, m2kg/s2 K
M Molecular mass of gas molecules, kg
NA Avogadro’s number, #/mol
Nb,unfoam Cell density with respect to unfoamed vol-

ume, #/m3 s

Figure 7 Effect of b on F(yc, b) [yc 5 85.78].

Figure 8 Effect of surface geometries on cell size
distribution.

Figure 9 Cell size distribution versus cell density.
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Pbub Bubble pressure, Pa
Pbub,cr Bubble pressure of a critical bubble, Pa
Psys System pressure, Pa
Q Ratio of the surface area of the nucleated

bubble to the surface area of a spherical
bubble with the same radius, dimension-
less

Rbub Bubble radius, m
Rg Universal gas constant, J/K mol
t Current time, s
t’ Time at which a bubble is nucleated, s
Tsys System temperature, K
b Semi-conical angle of a heterogeneously

nucleating site, degrees
glg Surface tension at the liquid-gas interface,

N/m
yc Contact angle, degrees
qb Probability density function of b, dimen-

sionless
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