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SYNOPSIS

Linear and star-branched polyoxybenzoate-polyoxyphenoxybenzoate copolymers ( POB-
co-POPB) at a 65/35 molar ratio were synthesized via melt acidolysis using AB-type
monomers and branching agents. By controlling the molecular weight and topology of these
polymers, both melt processability and solid-state CO, gas absorption behavior were en-
hanced. POB-POPB copolymers with a molar ratio 65/35 showed a glass transition of
143°C and completion of melting at ca. 300°C. POB-POBP copolymers with a systematically
increasing branching agent content showed a systematically decreasing peak intensity in
wide-angle X-ray diffraction, indicating that increasing branch-point concentration leads
to a decrease in liquid-crystal ordering. Star-branched POB-POPB copolymers showed
greatly enhanced carbon dioxide gas absorption behavior relative to their linear counterparts.
Whereas CO, blown foams of linear POB-co-POPB produced by the gas supersaturation
technique had a relatively high density and showed highly anisotropic bubble growth, well-
defined, nearly isotropic foams of star-branched POB-co-POPB with a mean cell size from
200 to 400 px were made using the gas supersaturation technique. Structural features were
characterized via scanning electron microscopy, and mechanijcal properties were determined
by indentation testing with a 0.25 in. ball indenter. These LCP foams exhibit relative
mechanical properties similar to polystyrene and microcellular polycarbonate foams. A
strong inverse relationship was noted between cell size and modulus for liquid crystalline

foams with a cell size below 400 um. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

The motivation to produce polymeric liquid crys-
talline foams arises from the fact that due to the
ease of molecular orientation in these materials un-
der melt flow it is difficult to produce liquid crys-
talline materials with isotropic or nearly isotropic
physical properties. If a polymeric liquid crystalline
foam could be produced, the foaming process could
produce a more isotropic low-density material, since
foaming tends to promote biaxial extension in the
cell walls. Furthermore, a liquid crystalline foam
could possess the high stiffness characteristic of
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conventional liquid crystalline polymers on a local-
ized scale combined with more isotropic physical
properties on a larger scale. Whereas high molecular
orientation is likely to occur in liquid crystalline
foams within the cell walls during blowing, if bubbles
nucleate and grow isotropically within the material,
the resultant structure should possess globally iso-
tropic orientation (Fig. 1). Unlike many conven-
tional foams, these materials might be well suited
for high-temperature applications and possibly pos-
sess improved barrier properties if the foam is a
closed-cell foam. An additional advantage this class
of materials offers is that no environmentally haz-
ardous gases are used in the CO, supersaturation
technique of foam production.

The gas supersaturation process has been recently
used to produce microcellular foams of several poly-
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mers including polystyrene and polycarbonate.!?
Two variables that are essential in the utilization
of the gas supersaturation technique are adequate
processability as well as good gas solubility and per-
meability in the polymer-gas system. In this study,
linear and star-branched liquid crystalline polyoxy-
benzoate-polyoxyphenoxybenzoate copolymers
(POB-co-POPB) at a 65/35 molar ratio were pro-
duced via melt acidolysis using AB-type monomers
and tetrafunctional branching agents. By controlling
the molecular weight and topology of these polymers,
both processability and gas-absorption behavior of
these materials were enhanced. The motivation be-
hind using a star-branched topology in this liquid
crystalline system was that a star-branched topology
might enhance melt processability, and the branch
points within the star-branched liquid crystalline
polymers (LCPs) might disrupt some of the liquid
crystalline order, resulting in improved gas perme-
ability and solubility (Fig. 2). As will be shown, well-
defined, liquid crystalline foams of star-branched
POB-co-POPB with a mean cell size from 140 to
800 u were produced by the gas supersaturation
technique.

EXPERIMENTAL

Materials

Although further details of the synthesis of the POB-
co-POPB polymers utilized will be published later,®
the synthetic scheme utilized to produce branched
POB-co-POPB is summarized in Figure 3. To con-
trol the branching topology within these polymers,
an A-B monomer combined with either A-type
endgroups for a linear topology or branch points with
A-type functionality for a star-branched topology
were used. The molecular weight and topology were

Figure 1 A simplified illustration of globally isotropic
orientation in liquid crystalline foams.
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- Highly ordered system-
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Branched liquid crystal polymer
-Disrupted order-

Figure 2 A schematic illustration of liquid crystal dis-
ruption of order due to inclusion of branch points.

controlled by adding the branching or end-capping
agents in an appropriate stoichiometric ratio. The
predicted molecular weight and topology of the four
copolymers used in this study based on stoichio-
metric ratio are linear (10 K), four-arm (10 K),
linear (20 K), and four-arm (20 K) (see Table I).
The four-arm (10 K) LCP had a mol fraction of
1.56% branching agent and the four-arm (20 K)
LCP had a mol fraction of 0.77% branching agent.
Throughout this article, the samples will be referred
to according to the topology and molecular weight
predicted by stoichiometric offset via the well-known
Carothers equation.*

Rheological Characterization

These polymers were also characterized according
to their melt viscosities. Samples for rheoclogical ex-
periments were compression-molded into 25 X 1 mm
discs. All measurements were performed on an RMS
800 shear rheometer. Time sweeps were performed
for approximately 5 min at a shear rate of 10 rad/
s at 350°C to ensure that the rheological behavior
of the materials did not change substantially during
the course of the experiments due to chemical re-
actions (Fig. 4). During this time period, only a
slight increase in melt viscosity was noted; however,
this change was not significant. Strain sweeps were
performed from 0.5% to 6% strain at 350°C, no effect
of strain on viscosity on any of the samples was
noted. Frequency sweeps were performed from 0.1
to 100 rad/s also at 350°C (¥ig. 5). Temperature
sweeps were performed from 370 to 300°C at a rate
of 3°C /min and at a frequency of 1 rad/s (Fig. 6).
Although the data from the temperature sweeps was
not in the Newtonian region of the frequency re-
sponse, data from the temperature sweeps was put
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Figure 3 An outline of the synthetic scheme used to produce branched POB-co-POPB.

into the form of Arrhenius plots to determine in-
formation about the relative molecular weight of
the polymers as well as the flow activation energy
(Fig. 7).

Foam Generation

As illustrated in Figure 8, the gas supersaturation
technique of producing liquid crystalline foams in-

Table I Characteristics of Samples

volves three steps: First, compression-molded
plaques of POB-co-POPB polymers with dimensions
of 2 mm thickness and 25 mm diameter were placed
in a high-pressure cell filled with Coleman grade 4
CO, (99.99% purity) at a pressure of 6500 kPa (950
psi) at 23°C. Samples were periodically removed and
weighed on a Mettler balance to monitor mass up-
take of CO,. After 1 week, at which point gas sat-
uration was approached in all samples, these samples

Sample Designation Mol % of Branching Agent Molecular Wt Topology
Linear (10 K) 0 10,000 Linear
Linear (20 K) 0 20,000 Linear
Four-arm (10 K) 0.77 10,000 Four-arm
Four-arm (20 K) 1.56 20,000 Four-arm
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Figure 4 Viscosity-time sweeps at 10 rad/s and 350°C: (A) linear (20K ) POB-co-POPB;

(B) four-arm (10K) POB-co-POPB.

were removed from their high-pressure environment
and placed in an oven equilibrated at a foaming
temperature above the disordering of the LCPs. At
this point, bubbles nucleated and grew within the
LCP melts. After being held at the foaming tem-
perature for 60 s, the LCPs were removed from the
oven and quickly solidified as they cooled to room
temperature.

Structural Characterization

All WAXD experiments were performed on a Nicolet
diffractometer operating at 40 kV and 30 mA and
equipped with a STOE Bragg-Bernatto-type goni-
ometer. CuKa X-rays (1.54 A) were passed through
a graphite monochrometer prior to collimation. Data
were collected at 0.05° increments between scatter-
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Figure b Viscosity-frequency sweeps at 350°C: (A) linear (20K) POB-co-POPB; (B)
linear (10K) POB-co-POPB; (C) four-arm (20K ) POB-co-POPB; (D) four-arm {10K)

POB-co-POPB.
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Figure6 Viscosity-temperature sweeps at 1 rad/s and 3°C/min: (A) linear (20K ) POB-
co-POPB; (B) linear (10K) POB-co-POPB; (C) four-arm (20K) POB-co-POPB; (D)

four-arm (10K ) POB-co-POPB.

ing angles of 10° and 30°. Data collection and anal-
ysis was performed using the Siemens Polycrystal-
line Software Package.

Samples for polarized optical microscopy (POM)
experiments were microtomed from the foams using
a razor blade. A Zeiss polarizing optical microscope

equipped with a 35 mm camera was used for all POM
experiments.

Samples were prepared for SEM by either sec-
tioning with a razor blade (low magnitude) or frac-
turing them after freezing them in liquid nitrogen
for 60 s (high magnitude). Prior to microscopy,
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Figure 7 Arrhenius plots obtained from temperature dependence of viscosity: (A) linear
(20K) POB-co-POPB; (B) linear (10K) POB-co-POPB; (C) four-arm (20K) POB-co-

POPB; (D) four-arm (10K) POB-co-POPB.
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samples were sputter-coated with gold to a depth of
ca. 200 A in a BioRad E5400 high-resolution SEM
sputtercoater. All SEM experiments were performed
on a Cambridge Instruments Stereoscan 200 scan-
ning electron microscope set at an operating voltage
of 15 kV.

Mechanical Testing

Indentation testing was performed on a Model 4505
Instron mechanical tester interfaced to a Mackin-
tosh computer. The test geometry consisted of a steel
plate upon which samples would rest and a 0.25 in.
stainless-steel spherical ball indenter that was
driven into the samples at a rate of 1 mm/s (Fig.
9). The data collected in this geometry are in the
form of load on the indenter head, P, vs. displace-
ment of the indenter head, h. Sample thickness did
not vary greatly from a mean value of approximately
3 mm, so that the strain rate in each case varied
little from sample to sample. T'o ensure homogeneity
within each sample and reproducibility of experi-
mental results, each sample was indented in three
locations. All tests were performed at 23°C.

DATA ANALYSIS

Rheological Behavior

The behavior of both linear and star-branched poly-
mers has been explained by the entanglement cou-
pling model for polymer melts. At temperatures well
above the glass transition temperature, the zero
shear viscosity of a polymer may be represented by >®

mo=M[{(T)]) = M[5(T)]W/ED1 (1)

LCPbecomes  Pressureisrelsased.  Solidification
saturated with @ Supersaturated LCP m occurs as polymer
carbondioxide  isheated above Tm. cools.

Ps
Tm

_{Platm.)

Figure 8 A schematic of the supersaturation process
used to produce liquid crystalline foams.

instron Indentation Test Fixture

Indentation
. Testing Bit

\| Steel Backing

Figure 9 A schematic of the Instron indentation test
fixture.

where the monomeric friction factor, {(7T), can be
expressed in the Arrhenius form as

g‘(T) =CeEa/{Il—n(f)]RT} (2)

where n(f) is the coupling parameter. Ngai and
Plazek® showed that the primitive flow activation
energy, E,, is more a function of bond rotational
energies than of topology. Therefore, the coupling
parameter, n(f ), of linear or star-branched systems
may be determined from the temperature depen-
dence of viscosity. A plot of In(5) vs. 1/ T has slope
E¥/R,Ef=E,/[1—n(f)].Since E, is essentially
a function of bond rotational energy and indepen-
dent of topology,® n(f), a measure of the effective
interaction between polymer chains may be deter-
mined.

Mechanical Behavior

Gibson and Ashby identified deformation mecha-
nisms within a variety of foams and applied their
knowledge in conjunction with simple models of cell
structure to arrive at equations relating mechanical
properties to a foam’s material composition and
structural features.” Gibson and Ashby based their
model of closed-cell foam behavior on two param-
eters: the density of the foam, p*, relative to that of
the solid polymer, p,, and the proportion of material
in the cell edges (struts) & (Fig. 10). The inden-
tation tests performed in this study give a measure
of the initial modulus of a foam and a foam’s be-
havior in compressive collapse.

Foam Modulus

The contributions to foam modulus, E*, for a closed-
cell foam come from bending of cell edges, stretching
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Figure 10 Interpretation of &; cell walls vs. cell edges: (A) cell wall; (B) cell edge.

and bending of cell walls, and gas compression.
These factors are considered in the following equa-
tion:

E* = E{®*p}+ [1 - ®)p,]
+ (Po/E)[(1—2u*)/(1—p)]} (3)

*

where p, = B—; E, is the modulus of the bulk poly-
p

$
mer; P,, the initial gas pressure in the foam, ap-
proximately 1 bar; and u*, the Poisson’s ratio of the
foam, ca. 0.33.8

Compressive Collapse

The stress at which elastic collapse takes place,
¢%, is dictated by the polymer modulus’:

ok = (0.05)E,(p*/p,)* (4)

The stress at which plastic collapse occurs, o5, is
governed by the polymer yield stress”:

08 = 04i0a(0.3) (p*/ ps) /" (5)

Equations (4) and (5) define the onset of compres-
sive collapse. Elastic collapse occurs when elastic

deformation leads to cell wall collapse, whereas
plastic collapse occurs when plastic deformation
leads to cell wall collapse. Often, cell wall collapse
involves both plastic and elastic deformation. Post-
collapse behavior is more complicated, but the rise
in stress above the collapse value, A¢*, may be given
as a function of initial gas pressure and strain’:

Ac* = Poe/(1 — € — p*/ ps) (6)

Mechanical Testing

A comparison between the raw data obtained from
mechanical testing may be obtained by placing data
in the form of average applied indenter pressure
(stress) vs. a quantity representative of strain. To
do this, the contact diameter, d = 2a, is computed
from the indenter penetration, h, by

d=V(Dh—-h?):h<D/2 (7)
d=D:h=>=D/2 (8)

where D is the diameter of the ball indenter. The
average stress is calculated from

oc=P/A, = 4P/xd® (9)
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.

Figure 11 The load distribution produced by a spherical
indenter.

peak

indenter (Fig. 11). The load distribution, however,
no longer remains parabolic after cell wall collapse.
The peak value of stress occurs at the center of the
indenter; it has a value op.,, = 1.50.° The strain, in
this case, is represented as the ratio of penetration
depth, h, to sample thickness, due to the fact that
the sample thickness is on the order of the size of
the indenter radius. The Young’s modulus of the
material may be estimated by the following equation
that describes the elastic contact behavior developed
by Hertz for a spherical indenter®

E =(37/4)0/¢ (10)

RESULTS AND DISCUSSION

Rheological testing was performed on these samples
to extract information about how adding the
branching agent affected the interchain interactions
in the polymer melt as well as to extract relative
information about the molecular weight of these
polymers since GPC experiments could not be per-
formed due to their insolubility—recall Figures 5
and 6. The decreased frequency dependence of star-

branched POB-co-POPB on viscosity relative to
that of linear POB-co-POPB is not surprising since
recent studies have shown that the relaxation spec-
tra of star-branched polymers are broader than those
for linear polymers.!! The broadened relaxation
spectra and exponential dependence of viscosity on
arm length for star-branched polymers are attrib-
uted to modes of diffusion based primarily on chain
retraction.!’!® The differences in temperature de-
pendence between linear and star-branched poly-
mers is likely due to competition between chain re-
traction and constraint release. Watanabe et al.
showed that in low molecular weight star-branched
polymers the characteristic relaxation time asso-
ciated with constraint release can be comparable to
that for the terminal chain retraction mode, i.e.,
constraint release may have a significant contribu-
tion to the viscoelastic response of low molecular
weight star-branched polymers.!* This picture is
complicated by the fact that our system may possess
liquid crystalline ordering as well. These phenomena
may also be responsible for the slightly nonlinear
response at high temperatures in the Arrhenius
plots. Noting the nonlinear response at higher tem-
peratures, Arrhenius slopes and intercepts were ob-
tained from the data in the 310-350°C range for the
linear polymers and from the 310-335°C range for
the star-branched polymers—recall Figure 7. Al-
though all the samples did not show zero-shear vis-
cosity behavior at the strain rate used, 1 rad/s,
regression analysis combined with equations (1) and
(2) can provide at least semiquantitative informa-
tion about molecular weight and flow activation en-
ergy.

Regression analysis in these regions produced R?
values of at least 0.99, indicating that at least in this
region the entanglement coupling model describes
the molecular dynamics in this system well. The
greater than exponential dependence of viscosity on
temperature observed in the star-branched polymers
at higher temperatures is likely due to a mechanism
of diffusion with a higher activation energy such as
constraint release or to the loss of liquid crystalline

Table II Parameters Determined from Arrhenius Plots

Arrhenius E} Relative Molecular
Sample Designation Intercept (kecal/mol) Weight
Linear 10 K —8.7 0.1 174 £ 0.8 1
Linear 20 K —7.93 £ 0.05 20.0 £ 0.3 2.15
Four-arm 10 K —-10.2 +0.1 20.1 + 0.8 0.23
Four-arm 20 K —8.0 0.1 18.7 £ 0.8 1.95
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ordering. A significant increase in the slope of the
Arrhenius plot was noted in this region. Since a lin-
ear fit to the Arrhenius plots reflects diffusion-based
modes of reptation, activation energies and inter-
cepts extracted from the high-temperature region
are inaccurate. The data extracted from the Ar-
rhenius plots are summarized in Table II. Relative
molecular weights for the polymers were extracted
from the Arrhenius intercept. Since there is little
difference in the Arrhenius slope as a function of
topology and molecular weight, this indicates that
the flow activation energies of POB-co-POPB vary
little as a function of topology in this molecular
weight range. In each case, the flow activation energy
measured in this manner was much greater than
that measured for flexible chain polymer in the same
manner. The flow activation energies for the POB-
co-POPB polymers used in this system (ca. 20 kcal /
mol.) were approximately three times that measured
for linear polyethylene with ( Mw ) ~ 10° (6.40 kcal/
mol)!® The increased dependence of the Arrhenius
intercept on molecular weight may well be partially
due to the exponential dependence of viscosity on
the number of entanglements per arm for star-
branched polymers.!*>** Nonetheless, the results of
the viscosity measurements suggest that the relative

molecular weights predicted by the stoichiometric
offset are consistent with the rheological data.

The extent to which the liquid crystalline order
was disrupted within POB-co-POPB is evident
through the attenuation of the wide-angle X-ray dif-
fraction (WAXD) peak at ~ 20° (Fig. 12). The
intensity of this peak systematically decreases with
increasing branch-point concentration, indicating
that the branch points cause a disruption of the lig-
uid crystalline order. Although the order is disrupted,
however, the WAXD patterns still indicate that lig-
uid crystalline order is present, even in the samples
with 1.56% branch-point content. The presence of
liquid-crystalline ordering in these systems is further
supported by the granular texture observed in the
POM experiments [see Fig. 13(A) and (B)]. The
granular texture characteristic of LCPs was observed
in samples with both 0.77 and 1.56% branching
agent content.

Differential scanning calorimetry (DSC) scans
performed at 10°C /min indicated a decrease in the
magnitude of the disordering transition between 280
and 300°C with increasing branch-point concentra-
tion (Fig. 14). The decrease in this melting endo-
therm also suggests disrupted order within the LCPs
containing branch points.
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Figure 12 WAXD scans of POB-co-POPB; effects of branching: (A) linear (20K ) POB-
co-POPB, 0% branching agent; (B) four-arm (20K ) POB-co-POPB, 0.77% branching agent;
(C) four-arm (20K) POB-co-POPB, 1.56% branching agent.
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Figure 13 Polarized optical photomicrographs of branched LCPs: (A) four-arm (20K)
POB-co-POPB; (B) four-arm (10K) POB-co-POPB.

The WAXD results suggested that gas perme-
ability and solubility within the branched LCPs
might be expected to be enhanced. Figure 15 shows
the gas-absorption behavior as a function of molec-

ular weight and topology. The linear LCPs both
showed significantly poorer gas-absorption behavior,
with the 20 K molecular weight LCP absorbing a
mass fraction of only 1.4% CO, and the 10 K mo-
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Figure 14 DSC scans of POB-co-POPB; effects of branching: (A) linear (20K) POB-
co-POPB, 0% branching agent; (B) four-arm (20K ) POB-co-POPB, 0.77% branching agent;
(C) four-arm (20K) POB-¢o-POPB, 1.56% branching agent.

lecular weight LLCP absorbing a mass fraction of
1.6% CO; after 1 week. In the same time period, the
20 K molecular weight LCP with 0.77% branch-
point content absorbed a mass fraction of 3.5% CQ,

1

and the 10 K molecular weight LCP with 1.56%
branch-point content absorbed a mass fraction of
7.5% CO,! Thus, the inclusion of branch points and
the resulting disruption of the liquid crystalline order
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Figure 15 Gas absorption in POB-co-POPB; effects of branching: (A) linear (20K)
POB-co-POPB; (B) linear (10K) POB-co-POPB; (C) four-arm (10K) POB-co-POPB;

(D) four-arm (20K ) POR-co-POPB.
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Figure 16 Cross section of a liquid crystalline foam.

dramatically increases the absorption of CO,in these
POB-co-POPB copolymers.

Although the linear POB-co-POPB polymers
produced foams with relatively high densities and
highly anisotropic bubble nucleation and growth,
both the 10 K and 20 K molecular weight star-
branched POB-co-POPB polymers produced well-
defined foams with densities from 0.3 to 0.4 g/cc,
ca. 30% of the initial density of the compression-
molded plaques (1.24 g/ce) (Fig. 16). These foams
contained both open and closed cells, although the
cells were predominately closed. The nucleation
density of bubbles in the four-arm (10 K) foam was
greater than that in the four-arm (20 K) foam, and
the mean cell size in the four-arm (10 K) foam was
less than half that of the four-arm (20 K) foam. The
nucleation density alsc appeared to increase with
increasing temperature in both systems (Fig. 17).
A highly anisotropic cell shape near the outer skins
of these foams suggests that some molecular ori-
entation that occurred during compression molding
may have persisted through the subsequent pro-
cessing of these materials. The characteristic sheet-
like structure of LCPs was clearly evident in the cell
walls of the liquid crystalline foams, suggesting that
the liquid crystalline order and molecular orientation
occurred within the cell walls (Fig. 18). Additionally,

optical photomicrographs obtained from micro-
tomed sections of the foams revealed the granular
texture characteristic of liquid crystalline ordering
in the cell walls [see Fig. 13(A) and (B)].

One of the primary goals of this study was to
determine the effects that liquid crystalline order
within cell walls has on the mechanical behavior of
foams. Since the cell sizes produced in POB-co-
POPB foams via the gas supersaturation technique
varied substantially, the effects of cell size on me-
chanical properties was also studied. Representative
data from indentation tests in the form of stress—
strain plots are shown in Figure 19. This figure com-
pares the mechanical response of a POB-co-POPB
foam (mean cell size = 140 um) with that of micro-
cellular polycarbonate foam produced by the authors
{(mean cell size = 10 um) and that of a standard
commercial polystyrene foam produced by DOW
(mean cell size = 75 um). The low values of stress
achieved for testing in the polystyrene foam are due
to its much lower density (p* = 0.05 g/cc) compared
to that of the other foams tested (ca. 0.35 g/cc).
None of the foams showed a definite yield point, but
all three showed a significant decrease in the slope
of the stress—strain curve, indicative of cell wall col-
lapse between 5 and 10% strain.

Whereas the polystyrene and polycarbonate
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Figure 17 Effects of blowing temperature on nucleation density and cell size: (A) four-
arm (20K ) POB-co-POPB foamed at 310°C; (B) four-arm (20K ) POB-co-POPB foamed
at 325°C; (C) four-arm (20K ) POB-co-POPB foamed at 350°C; (D) four-arm (10K ) POB-
co-POPB foamed at 310°C; (E) four-arm (10K) POB-co-POPB foamed at 325°C; (F)
four-arm (10K ) POB-co-POPB foamed at 350°C.

foams showed the onset of densification at relatively
high strains (ca. 70-80%), the POB-co-POPB foams
appeared to begin densification much earlier in the
test. The foams with cell sizes greater than 400 ym
appeared to begin densification as early as 40%
strain (see Fig. 20). As cell size increased in the
POB-co-POPB foams, the initial modulus decreased
and densification occurred earlier in the test. Both
of these trends are attributed to a higher number of
irregularities and defects within the foam structure.
To compensate for differences in foam densities, the
specific moduli (modulus/density) of foams was
compared as a function of chemical composition,
thermal history, and mean cell size in Table III. The
POB- co-POPB foams showed specific modulus val-
ues between 650 and 1000 MPa (g/cc) ™!, with a

strong dependence on cell size. The effects of foam
cell size on the mechanical response of POB-co-
POPB foams are illustrated in Figure 21. There ap-
pears to be a strong inverse dependence between
specific modulus and cell size for cells between cells
of mean diameter 100-450 um, but there is little or
no noticeable effect of cell size on specific modulus
for cells larger than 450 um. This effect of cell size
is not addressed in Gibson and Ashby’s approach to
describing the mechanical response of foams. An ef-
fect of the same magnitude was also noticed by Ben-
ning as well as Clutton and Rice in EVA and LDPE
foams with densities of 0.045 g/cc, but no expla-
nation was proposed for the observed dependence.®'®
In our case, it appears that this cell size effect may
be due to a combination of factors. Since the POB-
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Figure 18 Enlargement of a cell edge showing the sheetlike structure characteristic of

LCPs.

¢co-POPB foams become increasingly irregular in
structure with increasing cell size, it is likely that
defects and an increasing number of open cells may
lead to a decreased initial modulus. Additionally,

this effect may be due to a different distribution of
material between cell walls and struts as a function
of cell size, an effect that is accounted for by Gibson
and Ashby.
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Figure 19 Indentation tests; comparison of different foams: (A) POB-co-POPB foam;
(B) polycarbonate microcellular foam; (C) polystyrene foam.
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Table IV compares modulus values predicted by
eq. {3) with the experimental values. The amount
of material in cell edges or struts for a given foam,
&, is estimated by examination of the respective
SEM micrograph, and the modulus of the solid
polymers are determined by running indentation
tests on standards of solid polymers. Indentation
tests were performed on solid polycarbonate, poly-
styrene, and the POB-POPB copolymers used in
this study. From the indentation tests, the initial
Young’s modulus of the polymers was determined
from the initial slope of stress—strain curves. Our
results agreed well with modulus values obtained
from the literature for polystyrene and polycarbon-

a
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3 4 0D
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Figure 20 Indentation tests; effects of cell size: (A) four-arm (10K) POB-co-POPB
foam, mean cell size = 140 um; (B) four-arm (10K) POB-co-POPB foam, mean cell size

ate.!®* With reasonable estimates of &, the predicted
values of initial modulus for microcellular polycar-
bonate and polystyrene foams agree well with the
experimental values. The predicted modulus for the
foams produced from the four-arm 10 K POB-co-
POPB also agree well with the experimental values,
but the experimental values for the foams produced
from the four-arm 20 K POB-co-POPB foams fell
40% below the predicted values. The predicted mod-
ulus of these foams was greater than that of the
foams produced from the four-arm 10 K due to the
fact that the experimental values of shear modulus
for the higher molecular weight solid polymer ob-
tained by indentation testing was ca. 40% greater.

Table II1 Specific Modulus and Its Dependence on Foam Composition and Microstructure

Modulus Density Mean Cell Size Specific Modulus

Foam (MPa) (g/cm®) (pm) (MPa cm®/g)

Polystyrene 48+ 1 0.05 75 970 + 18

Polycarbonate 500 + 20 0.317 10 1580 + 60
Four-arm

POB-co-POPB foams

(10 K) 350°C 330 + 10 0.336 140 980 + 30

(10 K) 325°C 310 £ 15 0.355 240 870 + 40

(10 K) 310°C 250 = 30 0.371 430 670 + 80

(20 K) 350°C 250 = 30 0.368 430 680 = 80

(20 K) 325°C 255 = 50 0.370 650 690 + 140

(20 K) 310°C 260 £ 50 0.370 800 700 + 140
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Figure 21 Effect of cell size on specific modulus of POB-co-POPB foams.

This may be due to greater ease of molecular relax-
ation in the lower molecular weight system since
molecules in this system are not as likely to be en-
tangled with as many neighbors. Additionally, there
may be less molecular orientation in the cell walls
of the four-arm 10 K foam. The failure of Gibson
and Ashby’s model, in these cases, is attributed to
the irregularities in structure and high number of
structural defects.

The results of indentation testing imply that the
effects of cell size on initial modulus may be ex-
plained in terms of structural features encompassed
by the model of Gibson and Ashby. The POB-co-
POPB foams generated in this study showed an in-
crease in the amount of material in cell edges with

decreasing cell size, leading to an increase in mod-
ulus as predicted by eq. (3). Foams with large, ir-
regular cells failed to behave as predicted by eq. (3).
Several earlier studies have observed a reduction in
the modulus of microcellular foams relative to that
predicted by the simple equation!”?°

E* = E,(p*/p,)? (11)
This reduction of modulus was attributed to struc-
tural defects within the foams. This simple equation,
however, does not account for the structural features
of the foam. Figure 22 shows the structure of mi-
crocellular polycarbonate and polystyrene foams.
Both foams are uniform, apparently defect-free, well

Table IV Comparison Between Observed and Predicted Foam Modulus: Effects of Foam

Composition and Structure

Cell Size E(’;bserved E;redicted
Foam {(um) (MPa) (MPa) &
Polystyrene 75 48+ 1 48 0
Polycarbonate 10 500 + 20 507 0.45
Four-arm
POB-co-POPB foams
(10 K) 350°C 140 330 + 10 320 0.5
(10 K) 325°C 240 310 £ 15 302 0.6
(10 K) 3106°C 430 250 + 30 250 0.8
(20 K) 350°C 430 250 + 30 350 0.9
(20 K) 325°C 650 255 + 50 350 0.9
(20 K) 310°C 800 260 + 50 350 0.9
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characterized, and consist of essentially all closed
cells; however, the cells in the microcellular poly-
carbonate foam have a significantly greater per-
centage of material in the cell edges relative to that
in the cell walls. If the material in the cell edges is
not considered when predicting modulus, eq. (3)
overestimates the modulus of microcellular poly-
carbonate. Conventional foams usually have a very
low density with a very small amount of material in
the cell edges; thus, eq. (11) does a reasonable job
at explaining the behavior. Since the equation de-

veloped by Gibson and Ashby considers the effects
of structural features as well as foam density, it may
applicable for foams regardless of cell size as long as
the structural features of the foam are fairly regular.

In explaining the differences in the collapse and
densification behavior of the different foams, it is
instructive to examine SEMs of the damage left by
the indenter (Fig. 23). In both the microcellular
polycarbonate and polystyrene foams, foam collapse
and densification and collapse occurred through the
buckling of cell walls. In the POB-co-POPB foams,

Figure 22 Structural features of microcellular polycarbonate and polystyrene foams:
(A) microcellular polycarbonate foam, 573X; (B} polystyrene foam; 543X.
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Figure 23 Structural damage produced by indentation testing: (A) POB-co-POPB foam;
(B) polystyrene foam; (C) microcellular polycarbonate foam.

this buckling of cell walls was also accompanied by
cracking in cell walls and at the sample’s surface.
Crack propagation often leads to failure in conven-
tional liquid crystalline materials; however, in these
liquid crystalline foams, cracks are arrested at cell
edges, leading to enhanced toughness. This cracking
eliminates some of the contribution due to the
compression of gas within the cells; however, ac-
cording to eq. (3), this should only account for about
0.05% of the initial modulus observed for these
foams (ca. 47 kPa).

Table V illustrates the plastic and elastic collapse
stresses predicted for the foams based on egs. (4)
and (5) compared to the actual collapse stresses ob-
served for the foams studied. Although the predicted
values of plastic and elastic collapse varied little for
the POB-co-POPB foams (due to a slight increase
in density for the larger cell foams), there was a
significant increase in the observed value of collapse
stress as cell size decreased.

The observed collapse stress of the foams in-
creased from roughly 2 to 3 MPa for the foams with
cell size greater than 400 um to 5 MPa for the foam

with a mean cell size of 140 um. For the POB-co-
POPB foams with mean cell size over 400 um, the
predicted value for plastic collapse stress were close
to the experimentally observed values, although the
determination of collapse stress was difficult due to

Table V Comparison Between Observed and
Predicted Collapse Stress: Effects of Foam
Composition and Structure

Cell Size  ogpserved on oy
Foam (um) (MPa) (MPa) (MPa)
Polystyrene 5 0.6 3.4 0.06
Polycarbonate 10 6 10.0 2.4
Four-arm
POB-co-POPB foams
(10 K) 350°C 140 5.0 10.0 2.5
(10 K) 325°C 240 3.5 11.0 2.8
(10 K) 310°C 430 2-3 12.3 2.8
(20 K) 350°C 430 2-3 13.4 3.0
(20 K) 325°C 650 2-3 13.2 2.9
(20 K) 310°C 800 2-3 13.3 2.9




GENERATION OF NOVEL LIQUID CRYSTALLINE FORMS 951

increased linearity in the stress—strain behavior in
these samples. For the polystyrene, microcellular
polycarbonate, and POB-co-POPB foams with small
cells, the observed collapse stress was intermediate
between the values predicted for plastic and elastic
collapse. It is apparent, since a significant effect of
cell size was observed in collapse stress, that eqgs.
(4) and (5) do not adequately explain the collapse
behavior of foams as a function of structure and cell
size. The data obtained from indentation tests,
however, is unlikely to give a very accurate measure
of collapse stress, due to the fact that the load dis-
tribution is nonuniform before the onset of collapse
and that the load distribution changes as collapse
is initiated first in the regions under the greatest
stress.

CONCLUSIONS

Closed-cell liquid crystalline foams have been pro-
duced by supersaturation with CQO, gas followed by
thermal blowing. To enhance processability and
maximize CO, absorption, four-arm branching
agents were added giving the polymer molecules a
star-branched topology. The modification of the to-
pology was found to substantially alter the rheclog-
ical behavior of these polymers relative to their lin-
ear counterparts of comparable molecular weight. A
decrease in liquid crystalline ordering due to inclu-
sion of the branch points was observed through both
WAXD and DSC experiments. Star-branched POB-
¢co-POPB was found to absorb up to 8.56% CO, by
mass. By varying thermal blowing temperature and
molecular weight, foam cell size was varied from 100
to 800 um. The LCP foams produced by the super-
saturation process exhibited mechanical behavior
comparable to polystyrene and microcellular poly-
carbonate foams. The mechanical behavior of the
foams was found to agree quite well with the general
model proposed by Gibson and Ashby for initial
foam modulus of a closed-cell foam if the foams had
a fairly regular and defect-free structure. A strong
inverse relationship between modulus and cell size
was attributed to differences in the amounts of ma-
terials in cell edges vs. cell walls and structural ir-
regularities. The collapse stress observed for the
foams fell between the values predicted by Gibson
and Ashby for elastic and plastic collapse. The re-
sults of this study imply that if structural features
such as cell size and the fraction of material in cell
edges can be controlled, foam properties may be
controlled as a function of structure as well as den-

sity. This study also illustrates that irregularities
and inhomogeneities within a foam’s structure lead
to decreased initial modulus and yield stress.
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