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Cell nucleation in solid-state polymeric foams:
evidence of a triaxial tensile failure mechanism
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The mechanism for nucleation phenomenon in solid-state microcellular foams is identified
as a solid-state failure process. This process originates at internal flaws within the
gas-polymer matrix, where it is induced by the presence of a state of hydrostatic tensile
stress within the polymer matrix. The hydrostatic tensile stress is caused by the presence of
the saturating gas within the polymer. The nucleation phenomenon is thermally activated
at the effective glass transition temperature of the gas-polymer mixture. At this critical
temperature, the hydrostatic tensile stress within the gas-polymer mixture is sufficient to
cause the polymer matrix to fail, thereby creating a foam cell nucleus. In general, the
nucleation sites are observed to be flat, approximately circular, fracture sites. After the
appearance of the initial fracture, gas diffuses from the gas-polymer matrix into the
fracture. The fracture seam inflates during the growth process, in which growth begins with
the appearance of a disk shaped fracture and concludes with an approximately spherical
cell. The results and conclusions presented herein suggest a new avenue to explain the cell
nucleation phenomena observed in this process. © 1999 Kluwer Academic Publishers

Nomenclature plication areas. Some examples are the production of

T temperature of the specimeiC)) parts with very thin walls, machinable bulk foam stock,

Tgerr effective glass transition temperatur€} and engineered integral plastic composites.

Th nucleation threshold temperatufe&] In the solid-state microcellular process, a solid ther-

C gas concentration within the polymer specimenmoplastic polymer is placed in a pressure vessel and
(mg/mg) exposed to an inert gas under high pressure. The con-

Cini initial gas concentration level of the centration of the gas within the polymer is determined

gas-polymer mixture (mg (gas)/mg (polymer)) by the diffusion dynamics of gas into the polymer. Af-
AV  change in polymer volume due to the presenceter a sufficiently long time, the polymer acquires a

of the saturating gas uniform gas concentration level throughout its cross-
Vo initial volume of the polymer volume priorto  section. In this fully saturated condition, the polymer
gas saturation (f) exhibits a volumetric expansion due to the presence of
the gas. This expansion is referred to as a gas-induced
Subscripts: polymer dilation. Upon removal of specimens from the
net the netdilation strain due to internal and high pressure saturation environment, a net state of hy-
external hydrostatic stresses drostatic tensile stress in the polymer is known to re-
HT  hydrostatic tension sult from this dilation strain. The gas-saturated speci-
HC  hydrostatic compression men, once removed from the pressure vessel, is heated.
H hydrostatic stress The increase in temperature causes a drop in mixture

strength. At a critical mixture temperature, the state of
tensile stress within the polymer matrix causes rupture
of the polymer matrix at numerous locations. Gas diffu-
1. Introduction sion from the mixture surrounding the nucleation sites
Microcellular foams produced using the solid-state proprovides the driving force for cell growth.
cess have extremely small individual cells, in the range Microcellular plastics have been produced using the
of 2-25um in diameter. By contrast, other foam pro- solid-state method in several gas-polymer systems. The
duction processes produce individual foam cells thatnert gases used are predominately nitrogeg) @nd
are on average greater than 108 in diameter and in  carbon dioxide (C@). The polymers to which the solid-
many cases will exceed 10@On (1 mm). The small state process have been applied are polystyrene (PS),
cells produced by the solid-state microcellular processigh impact polystyrene (HIPS), polyethylene tereph-
qualify microcellular foams for a number of unique ap- thalate (PET), polycarbonate (PC), polyvinylchloride
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(PVC), polymethylmethacrylate (PMMA), and acrylo- address the plasticizing effect of the gas present in the
nitrile-butadiene-styrene (ABS). polymer matrix upon the elastic modulus of the gas-
polymer mixture.
In this paper, we first discuss the effects of plastici-
zing gases on polymers and then propose a new mode

1.1. Previous work on nucleation of cell nucleation specific to the solid-state process,
phenomenon in solid-state where the creation of cell sites occurs while the poly-
microcellular plastics mer is in a solid-state and the cell sites originate as

The microcellular process was developed at MIT in thejnternal fractures. Second, we review a closely related
early 1980s redefining a similar process described byody of research associated with failure of elastomeric
IBM researchers in the 60s [1]. Martini used this pro- composites. Finally, we present experimental evidence

cess produce foam in high impact polystyrene sheetgt the failure process responsible for cell nucleation in
using nitrogen and carbon dioxide as the inert satmicrocellular polycarbonate.

urating gas [2—-4]. Martini performed experimental
work to assess the relative mechanical strength of the
foams produced and derived models for cell nucleation
and growth. Martini concluded that classical nucle-1.2. Polymer plasticization and
ation theory is not directly applicable to the solid-state gas-polymer interactions
process [2]. Plasticization of polymers by the addition of a low-

Following Martini’s lead, a number of researchersglass-transition second-phase polymer or a plasticizing
have focused their attention on the nucleation phesolventis a well documented phenomenon [16, 17] that
nomenon in microcellular systems. Colton [5-8] stud-causes the following effects: (1) small depression in
ied bubble nucleation in the nitrogen-polystyrene systhe apparent polymer melting point; (2) significant de-
tem, with and without various nucleating agents. Hepression in the effective glass transition temperature;
proposed nucleation models built around classical nu¢3) significant depression in the effective yield stress
cleation theory that dates back to J.W. Gibbs. Coltorof the mixture; (4) increase in both the effective yield
suggests that additives do not exist as second-phase patrain and the percent elongation at break; and (5) sig-
ticles at very low additive concentrations and thereforenificant decrease in the effective viscosity of the melt.
do not provide sites for heterogeneous nucleation. IiThe glass transition temperature is representative of the
this case, homogeneous nucleation occurs within théeemperature at which the polymer shows the first sig-
free volume of the polymer. Conversely, at additive nificant sign of polymer mobility [18]. The behavior of
concentrations above the solubility limit of the poly- gas-saturated plastics have been shown to exhibit ex-
mer Colton concludes that additives do exist as distinctellent correlation with the published behavior of plas-
second-phase particles and are advantageous nuckeizer systems. This is best documented for effective
ation sites for heterogeneous nucleation to occur. Thiglass transition temperature [19-27]. Fig. 1 illustrates
correlates qualitatively with a critical second-phase sizehe general strength versus temperature behavior of gas
argument presented by Ramestal. [9]. plasticized amorphous thermoplastics.

Kweedert al.[10] of Clarkson University suggested  In Fig. 1, three strength curves are shown for three
that nucleation occurs at pre-existing microvoids resultdifferent gas concentration level<Cif 4 > Cini.z >
ing from previous processing history of the polymer. Ciy; 2). The higher the gas concentration level, the larger
This hypothesis followed from the work of Adams [11], the shift of the strength curve to the left. The precipi-
who concluded that prior processing history can causéous drop in mixture strength occurs near the effective
significant addition of very small cracks or microvoids glass transition temperature of the mixture. In addition
in the polymer matrix. to any external stresses placed upon the specimen, a

Ramesh further investigated nucleation in the poly-state of triaxial tensile stress exits due to the presence
styrene (PS) and high impact polystyrene (HIPS) sysef the saturating gas. Evidence of this state of stress
tem using nitrogen and carbon dioxide as the physicahnd strain is observed by measurement of volume di-
blowing agents [9]. The focus of this research was tdation. The dilation phenomenon (polymer swelling)
experimentally investigate the hypothesis that the elasexhibited by specimens raised to high equilibrium gas
tomeric inclusions in the HIPS acted as nucleation sitesconcentration levels (via high exposure pressures) has
Ramesh concluded that2n inclusions provided ex- been reported by several investigators in polycarbonate
cellent nucleation sites. However, below a critical ra-and polycarbonate blend systems [28-32].
dius, Ramesh observed that the elastomeric inclusions The correspondence of the phenomenon of cell nu-
were not effective as nucleation sites. In further workcleation in solid-state microcellular systems to the pres-
on this topic, Ramesh combined the earlier work ofence of gas is related to a similar phenomenon known
Kweeder with the concept that the elastic forces in theasexplosive decompression failurghich is observed
polymer matrix are significant in the transition from in elastomers and plastics used in high pressure envi-
a microvoid to a viable bubble [12—14]. In this work, ronments [33]. In this phenomenon the elastomers ex-
Ramesh concluded that including elastic forces, surhibitinternal failure and rapid fracture expansion when
face forces and widely differing glass transition tem-rapidly depressurized.
peratures between the polymer matrix and the included Gent and Lindley [34] examined the internal rup-
particulate was responsible for the observed nucleatioture of bonded rubber cylinders in tension using the
phenomenon. The Ramesh nucleation model does ngbker chiptest. In the poker chip test, a nearly uniform
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Figure 1 lllustration of the strength of gas-polymer mixtures as a function of temperature and gas concentration level.

state of triaxial tension is produced at the center othe specimen in the steady-state. They assumed that
the test specimen. Their experimental parametric studypon release of the external gas pressure, triaxial tensile
provided a characterization of the failure modes exhibstress varies linearly across the specimen. Flaws with
ited as a function of the hydrostatic tensile (HT) stresghe copolymer of sufficient size acted as initiation sites
field intensity. The failure phenomenon produced by thefor rapid cell expansion. Tearing of the elastomer ma-
HT field was observed to be a dense set of randomlyrix was also observed. In this study, Gent and Tomkins
oriented circular cracks. also observed the expansion of small satellite bubbles
Williams and Schapery in 1965 [35] examined theformed around a single large expanding central bub-
stability of spherical inclusions in an elastic body sub-ble. Gent and Tomkins concluded that good agreement
jected to a HT stress field. Their theoretical work exam-between the analysis predictions and experiment was
ined the limiting behavior for very small and very large observed.
cavities and correlated the results to existing critical Briscoe and Zakaria examined the phenomenon of
stress values for material fracture. damage produced in elastomers exposed to high gas
In 1967 Lindsey [36] published a study contain- pressures and then exposed to rapid decompression
ing both theoretical and experimental components exf33, 39, 40]. Their experiments were performed using
amining the triaxial tensile failure characteristics of aDOW Sylgard S-184 silicone polymer. Various fillers
polyurethane using the poker chip test. The nucleationvere used in their experiments with both treated and
sites observed were circular, planar cracks that werentreated surfaces to alter the bonding efficiency of the
theorized to initiate at small entrained air pocket within Sylgard to the filler material. A significant conclusion
the cast urethane specimens. of the research of Briscoe and Zakaria was that if fail-
The correlation between internal flaw size and theure can be induced to occur at many sites the resulting
hydrostatic tensile stress required for matrix failure wadailure fractions will be smaller and evenly distributed
examined analytically by Gent and Tomkins in 1969throughout the matrix.
[37]. Their analysis Ieoad themtothe conclude thatsmall This body of experimental and theoretical work pro-
holes with radii of 10A or so require very high stress vides the foundation supporting our association of a
levels in order to overcome both the elastic and surfaceéew mechanism of cell nucleation with solid-state mi-
energy restraining fracture growth as expected for suclkrocellular systems.
small defects, where surface energy forces dominate.
Later in 1969 Gent and Tomkins presented an ex-
perimental work [38] expanding on their earlier ana-2. Proposed mechanism for solid-state
lytic work [37]. In this experimental work, a butadiene-  cell nucleation
styrene copolymer was saturated with carbon dioxid€.1. Hydrostatic tension in gas-polymer
maintained at two different fixed high pressures on solutions
opposite sides of each test specimen. The specimeWe propose a mechanism for cell nucleation in the
attain a gas concentration that varies linearly acrossolid-state microcellular process that is the result of
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Figure 2 Equilibrated states in a gas-polymer system up to the nucleation of void in the mixture.

a hydrostatic tensile stress in the polymer matrix in3. Experiment

excess of the material strength. This proposed meclB.1. Foam specimen preparation

anism is similar to mechanisms presented in a bodyGE LEXAN®9030 polycarbonate specimens, 1.5 mm
of work performed by researchers in the field of elas-thick and machined to 31 mmin diameter from extruded
tomer failure in high gas pressure environments uporsheet stock, were exposed to 4.83 MPa carbon dioxide
rapid decompression. As suggested by Briscoe and Zazas at 25C. The specimens were maintained in
karia [33], gas-polymer solutions below their effective the pressurized carbon dioxide environment until an
glass transition temperature do not possess the requiredjuilibrium, uniform, gas concentration profile was
chain mobility to expand in the presence of the stresseachieved (approximately 72h). The gas saturation
in the polymer that cause swelling. Therefore, thesdevel at equilibrium was determined to be 0.0874 mg
gas-polymer solutions exist in a state of triaxial tension(CO,)/mg (PC), nominal. Small fluctuations in gas sat-
Fig. 2 illustrates the processing steps with the polymeuration level occurred due to variations in ambient
matrix during solid-state processing up to the void (cell)temperature£6.0°C) and environmental gas pressure
nucleation event. (£0.21 MPa).

The process begins with a gas-free polymer, Fig. 2a. Each saturated specimen was immersed in the heated
The polymer is placed in a pressurized environment anglycerin bath at the desired temperature for the prede-
initially experiences a hydrostatic compression, Fig. 2btermined length of time, and then quenched in ice wa-
As gas diffusesinto the specimen, the gas-polymer mixter to arrest cell growth. Five different glycerin bath
ture expands and a net positive volume expansion is oltemperatures were examined for the foam growth ex-
served, Fig. 2c. The gas-saturated specimen is removegriments: 60C, 80°C, 100°C, 120°C, and 140C
from the high pressure environment and returned tg+0.1°C). A set of desired foaming timest(Q.5s)
atmospheric pressure resulting in further volume exwas tabulated prior to foaming the saturated speci-
pansion, Fig.2d. When heated the mixture strengtimens. Foaming times were more tightly clustered at
decreases while still remaining solid and a densehort foaming times when the nucleation process was
population of internal fractures appear in the solid,expected to occur. For each of the five glycerin bath
Fig. 2e. temperatures examined, the process was repeated for

Once cell nucleation is activated, gas will leave theincrementally longer foaming times on specimens with
gas-polymer mixture to fill growing cells. This gas de- the same initial geometry and gas saturation level.
pletion will reduce the local state of polymer swelling
and, therefore, the state of local hydrostatic tension. Be-
cause the local state of hydrostatic tension is decreased,2. Preparation of foam specimens for
the driving force for cell nucleation is diminished. The SEM micrographs
loss of gas from activated cells with time suggests alraditional characterization of foam structure exam-
critical dependence of cell nucleation density upon theénes the fracture surface produced by snapping speci-
rate of gas-polymer mixture temperature increase. mens quenched in liquid nitrogen. The fracture surface
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propagates through the specimen following a randonaway from the blade and removed from the specimen
path determined by internal flaws and weak zones iholder. All specimens were severed using a new razor
the foam structure [43]. blade edge. The severed surface is sputter coated with
The random surface, though useful for rapid exami-Au-Pd and examined using a scanning electron micro-
nation of general foam characteristics, does not define scope (SEM). Fig. 3 shows a comparison of the surfaces
true planertest probe, which is desirable for quantitativgoroduced by the liquid nitrogen quench/snap and razor
assessment of foam structure from SEM micrographélade preparation procedures.
(e.g., estimation of local foam void fraction) [43, 44]. Images shown in the left column of Fig.3 demon-
We fabricated a device that allowed planer surfacestrate the random fracture surfaces produced by the
to be produced in the polycarbonate foams. The basitquid nitrogen quench/snap procedure. The planer sur-
principle of operation for the apparatus requires thafaces produced using the razor blade severing method
a cleaving blade be passed through a foam specimeare showninthe right column of Fig. 3. Each of the three
to produce the desired test surface. The blade is helchicrographs in the right column show planar surfaces
stationary and the specimen is moved relative to thavith clearly defined cell edges. No cell distortion is ob-
blade with a relative motion having a component di-served in the micrographs prepared from severed speci-
rectly into and tangent to the blade edge. During normaimens. The images in each row of Fig. 3 were taken from
use the specimen is moved relative to the razor blade ithe center of a single foam specimen. However, the im-
the specimen feed direction at a rate of approximatelyages in the left column appear to have more void space
130m/s until the razor edge has passed through théhan their severed counterparts in the right column. Two
specimen completely. The specimen is then droppethctors contribute to this effect. First, a random fracture

Liquid Nitrogen Room Temperature
Brittle Fracture Razor Blade Severing

~ =
s

NN
10
Iil (1500X Magnification)

Figure 3 Comparison of planer intersection surfaces produced in various foam microstructures using the traditional liquid nitrogen quench/snap
procedure and the razor blade severing procedure.
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surface will propagate through the foam following ain the form ofcracks The cracks, shown at all foaming
path defined by minimum strength and will thereforetemperatures, provide evidence of a fracture process
selectively propagate through a path within the foamassociated with the nucleation. If the mixture is main-
with the minimum solid material. Whereas, a planertained very close to the effective glass transition tem-
section is constrained to pass through solid materiagberature, Fig. 4a, it appears that relatively few regions
as well as the void space of the foam cells. Secondn the gas-polymer mixture are sufficiently weak for
small location-to-location variations in foam structure the state of tensile stress to initiate internal matrix rup-
are observed in polycarbonate solid-state foams. Methture. However, once a failure zone is initiated at a pref-
ods of quantitative stereology, used for the assay oérential site, then the fracture surface is observed to
three dimensional structure from two dimensional im-propagate through the foam along the polymer sheet
ages, require images of planer specimen sections [44grientation plane. Because few sites activate, the gas
During specimen preparation, 20% of the specimensvailable goes to the limited number of fracture sites
prepared exhibited cell distortion and were not usedand these cracks become quite large. Examination of
The cell distortion in polycarbonate foams was traced-ig. 4b shows cracks that develop in foams produced
to inconsistent quality of the razor blade edge. at 80°C where the largest cracks are shorter than those
produced at 60C, and many very small fracture cracks
are observed as well. We believe that a larger number of
4. Results and discussion triaxial tensile fracture sites are activated if the mixture
Fig. 4 shows the SEM images of foam structure at exis heated fast enough and to sufficient extent beyond
posure times during the foaming process very near théhe effective glass transition temperature. The net ef-
time nucleation occurs for foaming temperatures of 60fect of this internal failure throughout the mixture is to
80, 100, 120, and 14@. Data correlating changes in diminish the state of triaxial tensile stress in the matrix
foam density to foaming temperature demonstrate thatapidly and uniformly. This rapid and uniform reduc-
nucleation occurs when the temperature of the mixturgion of the triaxial tensile stress field is hypothesized
is nearly equal to the effective glass transition temperto impede the propagation of large cracks in favor of
ature (see Fig. 1). many smaller cracks.
Two process characteristics of Fig. 4 are important The fracture cracks exhibited at 100, Fig.4c,
to note. First, nucleation is observed at longer exposurshows a transitional departure from the behavior ob-
times for lower exposure temperatures. Second, feweserved in the 60C and 80C. At 100°C the failure
void nucleation sites are observed at lower exposureracks are between 0.25 ang® in length and are dis-
temperatures and these sites are significantly larger thaributed with greater uniformity throughout the polymer
those produced at higher temperatures. Examination ahatrix than the one or two order of magnitude larger
Fig. 4areveals that void fraction appears in the polymecracks observed for 6@ and 80C. In the 100C

b
- \

\ »

(a) 60°C, 5.6 s \-\_e‘\ VAN (b) 80°C, 7.2 s

] @) 120°C, 1.85 e

s s

1
LM | 1500X Magnification)

Figure 4 Nucleation phenomenon in the PC-CO2 solid-state foam process. All micrographs were taken at the specimen centerline.
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Figure 5 Dynamic cell growth response at the specimen centerline in &Q4@ated glycerin bath.

specimen, significant regions existin the mixture wherespherical microvoids present in the native polymer
no localized fractures in the form of cells, cracks, oror caused by the addition of approximately spheri-
seams are observed. cal second-phase additives [3, 8,13, 14], and that this
At 120°C and 140C, Fig. 4d and e, small fractures spherical shape is maintained throughout the cell
less than 3um in length are densely packed within the growth process. Our research indicates that in the solid-
volume. We believe this is due to the rapid heating ofstate process cells originate from cracks that appear
the specimens and the dramatic decrease in strength be the result of a fracture process [43]. A body of
over short time period. literature in the related field of failure of elastomers
Fig. 5 presents the dynamic growth sequence at thprovides supporting theory and phenomenological ev-

centerline of the 1.5 mm thick specimens prepared aidence. The internal fracture process we observe in
140°C. Observation of the change in cell geometry withsolid-state microcellular materials, in general, gener-
time shows that cells with a high degree of sphericalates randomly oriented cracks in the mixture with
symmetry begin as individual cracks producedin a solidength less than @m. In all cases, cell nucleation oc-
polymer matrix. curs when a solid gas-polymer mixture is heated to

within a few degrees Celsius of the effective glass tran-

sition temperature. Where, at this temperature, a pre-

cipitous drop in mixture strength occurs for amorphous
5. Conclusions thermoplastics. Thus, the cell nucleation phenomenon
Prior work dealing with nucleation phenomenon in mi- in the solid-state microcellular process is essentially a
crocellular plastics has assumed that cells begin agiaxial tensile failure process.
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