Foam Stability Related to Polymer Permeability.
l. Low Molecular Weight Additives
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ABSTRACT: In the production of polyethylene foams by extrusion with alkanes as a
blowing agent, significant changes in the dimensions of extruded products are encoun-
tered. The dimensional stability of a foam with a structure of closed cells is improved
by blending the polymer with small amounts of a low molecular weight additive. It is
believed that the dimensional stability is related to the ratio of the blowing agent to
air permeability. It is shown in this article that the additive reduces the blowing agent
permeability more than it does the air permeability only if the additive has migrated
to the surface of the polymer. The presence of the additive at the polymer surface
has been confirmed by electron microscopy and infrared spectroscopy. The (partially)
ordening of the additive at the surface, as shown with wide-angle X-ray diffraction,
explains the low gas permeabilities of the additive compared to the corresponding
permeabilities of polyethylene. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65: 2679—

2689, 1997
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INTRODUCTION

In foam extrusion, there has been a considerable
effort directed toward the replacement of
(H)CFCs by environmentally friendlier blowing
agents. For low-density foams (i.e., foam densities
below 100 kg/m?), this now has resulted in the
use of isobutane as a blowing agent. The main
problem that can occur when foaming with isobu-
tane, postextrusion shrinkage, has been solved by
using specific additives that influence the air/
blowing agent exchange in the foam.'
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Understanding of the function of the additives
was the objective of this study. Low-density poly-
ethylene (LDPE) was used as the polymer, be-
cause it shows severe volumetric changes in foam
extrusion with alkanes as blowing agents.? Per-
meability measurements were performed with
LDPE films, blended with certain amounts of
stearyl stearamide. Gases used are isobutane and
air. Heat treatment, which is shown to influence
the gas permeabilities, does lead to analysis of the
polymer films with scanning electron microscopy,
infrared spectroscopy, and wide-angle X-ray dif-
fraction. In the following article, the dimensional
stability of foams will be discussed.?

EXPERIMENTAL

Film Preparation

Low-density polyethylene (LDPE), Stamylan
from DSM (NL), is blended with stearyl steara-
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Table I Isobutane and Air Permeabilities at 30°C of As-Prepared and Heat-Treated LDPE Films

Not Treated

With Heat Treatment

Additive Pigyputane P, Pigiputane Py,
(w/w) (barrer) (barrer) (barrer) (barrer)
0.00 14.7 1.1 14.7 1.6
0.01 16.0 1.5 9.7 1.7
0.02 14.7 1.1 4.3 0.9
0.05 13.3 1.0 6.3 0.9

Films are blended with an indicated weight fraction w of stearyl stearamide. Thickness of the films is 100—120 ym. 1 barrer

= 10" {[cm?® (STP) cm}/[cm? s cmHg]}.

mide, Kemamide S-180 from Witco Chemicals
(U.S.A.), with the help of a twin-screw extruder.
The melt flow index of LDPE is 2 g per 10 min
(at 190°C and 5 kg load) and the density is 921
kg m 2. The melting point of stearyl stearamide
was determined to be 93°C. Films are made by
compression molding of the extruded blend of
LDPE and stearyl stearamide for 5 min at 160°C
with an applied weight of 2—5 tons. Films are
cooled, while at the same time a weight of 50 tons
is applied for another 5 min. In this way, obtained
films have a thickness of 100—120 ym and contain
0, 1,2, or 5 wt % stearyl stearamide. Stearyl stear-
amide content compares with the amount of addi-
tive needed to produce dimensionally stable
foams.

Permeability Measurements

Gas permeabilities of the LDPE films are deter-
mined in so-called time-lag permeation experi-
ments. In this setup, permeabilities and diffusion
coefficients can be obtained. The polymer film is
clamped into a test cell. Both the feed and perme-

ate side are evacuated to remove all gas molecules
from the film. At time ¢ = 0, a gas with a pressure
pi1 is applied at the upstream side of the film. At
the same time, the vacuum pump is disconnected
from the downstream side. Due to the pressure
difference across the film, gas molecules will sorb
at the upstream side of the film and diffuse
through the film where they desorb from the
downstream side. The gas flow is determined by
monitoring the pressure p, as a function of time
in the calibrated volume V, connected to the down-
stream side of the film. Mathematics of the time-
lag permeation experiment were described by
Crank.* After a certain time, there will be a con-
stant increase of the pressure with time. The vol-
ume flux J through the film is given by

L2
t=—"—

P(p, — p2)
J =" 2
3D

7 (1)

Here, P is the permeability; D, the diffusion coef-
ficient of the gas in the polymeric film; ¢, the time;
p, the pressure, and L, the film thickness. Sub-

Table II Isobutane and Air Diffusion Coefficients at 30°C in As-Prepared and Heat-Treated LDPE

Films Obtained from Time-Lag Experiments

Not Treated

With Heat Treatment

Additive Digoputane D, D;goputane D,
(w/w) (em? s7! 108) (cm? s7! 108) (cm? s 10%) (em? s71 108)
0.00 4.8 72 4.8 72
0.01 4.1 67 3.2 55
0.02 3.1 60 1.9 54
0.05 2.9 67 14 67

Films are blended with an indicated weight fraction w of stearyl stearamide. Thickness of the films is 100—120 ym.
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Figure 1 Electron microscope picture of cross section
of LDPE blended with 5 wt % stearyl stearamide. The
film was heated for 1 h at 83°C.

scripts 1 and 2 refer to the upstream and down-
stream sides of the film.

The pressure increase in the downstream com-
partment is related to the volume flux in eq. (1)
using the ideal gas law. Knowing the exact volume
of the downstream compartment (V. ) and the film
area A, available for permeation, the volume flux
can be calculated with eq. (2):

ps v v (STP)
RTA

where V,,(STP) is the molar volume at standard
temperature and pressure.

In a steady-state condition, i.e., dps/dt is con-
stant, the diffusion coefficient D of the permeant
can be obtained from the intersection by linearly
extrapolating to p, = 0. The gas permeability P
can be calculated from eq. (1).

In Table I, the obtained permeabilities of isobu-
tane and air through the blended films are given
with and without heat treatment for 1 h at 83°C.
Permeabilities are determined at absolute up-
stream pressures of 4 bar, film thicknesses of
100-120 ym, and a temperature of 30°C. From
Table I, it is clear that isobutane permeabilities
are always larger than are air permeabilities.
Blending LDPE alone with the additive stearyl
stearamide has no effect on both the isobutane
and air permeabilities compared to the un-
blended film. After heat treatment, however, of
1 h at 83°C, a tremendous decrease in the isobu-
tane permeabilities is noticed, whereas the ef-
fect on the air permeabilities is negligible. The
isobutane permeability decreases by a factor 2—
3 by blending it with only 1-5 wt % of stearyl

stearamide. The possible mechanism of the re-
duction of isobutane permeability by blending
the polymer with an additive will be discussed
later.

In general, both diffusion and solubility con-
tribute to permeability. At 30°C, pure LDPE is in
the rubbery state and permeation is expected to
take place through amorphous material.’ Differ-
ences in permeation behavior for different gases
will then be controlled by the difference in solubil-
ity. To know which effect is responsible for the
observed decrease in isobutane permeability, the
solubility or the diffusion coefficient of this compo-
nent should be measured. The latter property can
be determined in a time-lag permeation experi-
ment. The solubility S can be calculated according
to

P=DxS (3)

Although permeabilities represent an intrinsic
value, analysis of time lag in a permeation experi-
ment may not give true diffusion coefficients,
since the application of eq. (1) is valid for homoge-
neous films only. With reserve, the calculated dif-
fusion coefficients in heat-treated films are pre-
sented in Table II, together with true diffusion
coefficients in as-prepared films. One can see that
the diffusion coefficient of air, like its permeabil-
ity, is hardly influenced by blending LDPE with
stearyl stearamide. The diffusion coefficient of iso-
butane decreases with an increasing amount of
stearyl stearamide. This effect is stronger after
heat treatment. Films with 2 and 5 wt % of stearyl
stearamide have diffusion coefficients that are, re-
spectively, a factor 1.5 and 2 lower for the heat-
treated films than for the corresponding as-pre-
pared films.

These results indicate that the decrease in
permeability of the foam blowing agent is due
to a decrease in diffusivity of this component in
the film. However, this decrease will only occur
after a certain heat treatment was applied to
the sample.

The reason for this behavior has not been clari-
fied yet. After the heat treatment, the initially
transparent films became hazy. Similar results
have been obtained in the work of Frisch et al.,®
in which a protective thin surface film was intro-
duced at the polymer surface of a polyurethane
and a polyethylene film, causing a decrease of
both permeability and diffusivity of the penetrant.
A theoretical approach of this problem was given
by Frisch.” The blooming might be due to phase
separation of the two components. To understand
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Figure 2 Infrared spectra measured in ATR geometry, with a KRS-5 crystal, and an
angle of incidence of 45°. The spectrum of infrared absorbance of (a) an LDPE film,
(b) a pressed stearyl stearamide bar, (¢) an LDPE film blended with 5 wt % stearyl
stearamide, which has had no heat treatment, and (d) an LDPE film blended with 5
wt % stearyl stearamide, which has had a heat treatment of 1 h at 83°C.
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Figure 2 (Continued from the previous page)

what happens during and after heat treatment, Electron Microscopy
the LDPE films were characterized by electron

microscopy, infrared spectroscopy, and wide- An LDPE film with 5 wt % stearyl stearamide
angle X-ray diffraction. and a thickness of 97 + 10 um was given a heat
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Table III Wavenumbers k£ and Corresponding Vibrations of Peaks in the
Spectra of Pure Components (LDPE and Stearyl Stearamide) Identified

with ATR-IR
Stearyl
k(cm™) Vibration LDPE Stearamide

1450 C—H y y
1520, 1620 C=0/C—N y
2830 C—H y y
2910 C—H y y
3300 N—H y

Penetration depth = 1.4 ym.

treatment for 1 h at 83°C. By breaking the film
in liquid nitrogen, a sample for scanning electron
microscopy was prepared. The cross section was
sputtered with gold. Figure 1 shows an electron
microscope picture of the cross section of the
LDPE film. In this picture, one can vaguely see a
small layer at the top with an estimated thickness
of 1-2 ym. A similar layer can be observed at the
bottom side of the film. This could indicate that
the top and the bottom sides of the film contain
other material than pure LDPE, resulting from a
kind of phase separation during the heat treat-
ment whereby the additive has migrated to both
surfaces of the film. If, for simplicity, the values
for the density of LDPE and stearyl stearamide
are set equal, a maximum layer thickness of the
additive of 5.0 um is expected. This confirms the
idea that at a least a considerable fraction of the
additive is present at the surface of the film.

Attenuated Total Reflectance-Infrared
Spectroscopy

Electron microscopy revealed a layer present at
an LDPE film blended with stearyl stearamide
after heat treatment. With attenuated total re-
flectance—infrared spectroscopy (ATR-IR), one
can characterize the surface of a sample. Absorp-
tion bands in the infrared spectrum are assigned
to specific molecular vibrations, indicating, quali-
tatively, the kind of chemical groups at the sur-
face. The penetration depth d, of the infrared
beam into the sample depends on the wavelength
\ of the infrared beam, the refractive indices n,
and n, of the crystal and the sample, respectively,
and the angle of incidence 6 of the infrared beam®:

d, = A (4)

2
27m1\/sin2(0) - <%>
1

ATR-1IR spectra of LDPE films were measured
on a Biorad FTS-60. Peaks are in the region with
wavenumbers larger than 1500 cm ™', which cor-
responds to a wavelength of 6.7 um. The refractive
index of the KRS-5 crystal is 2.37 and the refrac-
tive indices of polyethylene and stearyl steara-
mide are estimated to be 1.5. The angle of inci-
dence is 45°. The maximum penetration depth will
then be 1.4 ym. The layer thickness observed with
the electron microscope is 1-2 um, which is
roughly equal to the penetration depth of the in-
frared beam. Therefore, the expected surface lay-
ers on heat-treated films can qualitatively be ana-
lyzed with this technique.

Figure 2 shows infrared spectra of four differ-
ent samples: a pure LDPE film, a bar of pressed
stearyl stearamide, an as-prepared LDPE film
blended with 5 wt % stearyl stearamide, and a
heat-treated LDPE film blended with 5 wt %
stearyl stearamide. In Table III, peaks that are
present in the infrared spectra of Figure 2(a) and
(b), i.e., for LDPE and stearyl stearamide, respec-
tively, are tabulated for those wavenumbers
where the penetration depth of the infrared beam
is about or less than 1.4 ym.

In the spectrum of LDPE, three peaks are iden-
tified resulting from C—H vibrations, namely, at
2910, 2830, and 1450 cm '. These absorption
bands are also seen in the spectrum of stearyl
stearamide due to the C—H groups in its two fat
tails. Additionally, one can observe in the spec-
trum of the additive vibrations of the N—H bonds
at 3300 cm ' and of the C=0 and C—N bonds
at 1520 and 1620 cm™*. The spectrum of the as-
prepared film of LDPE blended with stearyl stear-
amide is almost similar to the spectrum of pure
LDPE. Of course, there will be a small amount of
the additive present near the surface of the film,
but the peaks of the N—H, C=0, and C—N
bonds of stearyl stearamide are relatively small
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compared to the C—H peaks. In the spectrum of
the heat-treated LDPE film with stearyl steara-
mide, the N—H, C=0, and C—N bonds are
more pronounced and the spectrum resembles the
spectrum of the pure stearyl stearamide, indicat-
ing that due to the heat treatment the additive
has (partially) migrated to the surface of the
LDPE film.

Wide-angle X-ray Diffraction

With wide-angle X-ray diffraction (WAXD), it is
possible to investigate the ordening of a material.
The characteristic distances in a crystal lattice
or periodic structure are related to the angle of
incidence by the Bragg equation®:

n\ = 2d sin(0) (5)

with n being an integer; \, the wavelength of the
X-ray beam; d, a characteristic distance in a crys-
tal lattice; and 6, the angle of incidence of the X-
ray beam.

An importance difference compared to ATR-
IR is the penetration depth. With ATR-IR, the
surface layer alone can be investigated. However,
with WAXD, this is impossible. An identical set
of samples as in the ATR-IR analysis has been
analyzed with WAXD. In Figure 3, X-ray diffrac-
tion patterns are depicted of a pure LDPE film, a
pressed bar of stearyl stearamide, an as-prepared
LDPE film blended with 5 wt % stearyl steara-
mide, and the corresponding heat-treated film.

The X-ray diffraction patterns of pure LDPE
and of the as-prepared LDPE film are almost simi-
lar. The diffraction pattern of pure stearyl steara-
mide has three peaks at relatively large d -spacing
which can be used to distinguish between LDPE
and stearyl stearamide. The angles 26 between
the incident and reflected X-ray beam correspond-
ing to the three peaks are 4.4° 6.2°, and 10.6°.
The largest peak at 6.2°, although very weak, is
also present in the diffraction pattern of the heat-
treated film. This indicates that some ordening of
the additive occurs. Such an ordening can only
take place when the amount of additive is locally
increased compared to the film without heat treat-
ment. The peak itself indicating this local orden-
ing in Figure 3 is not very pronounced, but this
is due how wide-angle x-ray diffraction evaluates
the sample. With this technique, the whole sam-
ple is evaluated, while ordening of the additive
only can be found in 5% of the total sample. This
observation indeed supports the hypothesis of

phase separation after heat treatment which re-
sults in a layer of additive at the surface of the
film with some ordening.

DISCUSSION AND CONCLUSION

In polymeric foam extrusion, low molecular
weight additives can be used to improve the di-
mensional stability of the expanded product when
the additive affects the permeabilities of blowing
agent and air in such a way that they will be
equal, i.e., the improved dimensional stability is
accomplished by decreasing the permeability of
the blowing agent while maintaining the air per-
meability at the same level.

Permeation experiments on polymer LDPE
films with a varying amount of additive (stearyl
stearamide) do show the desirable decrease in
permeability of isobutane, only after a heat treat-
ment was applied to the film. Time-lag experi-
ments reveal that the diffusion coefficient of the
blowing agent is affected by the presence of the
additive. Similar results, but at a much larger
time scale, have been obtained for mass transport
of tributyl phosphate through polyethylene and
polyurethane films in the presence of a small per-
centage of so-called film-forming additives.®

Results from different techniques presented in
this article indicate that phase separation occurs,
resulting in migration of the low molecular addi-
tive to the surface. Formation of a more or less
structured layer of the additive at the surface can
explain the low isobutane permeability. Ordening
is considered to diminish permeability.® The over-
all sorption in the heat-treated film is unaffected
but the permeability decreases because perme-
ation through the additive layer is diffusion-con-
trolled. The diffusion coefficient of air is large
compared the diffusion coefficient of isobutane
and therefore the air permeability is hardly in-
fluenced by this stearyl stearamide layer.

This hypothesis can be applied to foam extru-
sion itself. Foam extrusion occurs at relatively
high temperatures. Suppose that during such a
heat treatment the additive migrates to the sur-
face of the LDPE; then, the additive should also
be present at all surfaces, external as well inter-
nal, of the extruded foam. An extruded foam has
a large internal surface. To cover the complete
surface of a foam with the additive, one can derive
the following condition [eq. (6)] in which the left-
hand side expresses the surface area per unit vol-
ume of foam assuming that the gas cells are spher-
ical and the right-hand side expresses the area of
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Figure 3 X-ray diffraction pattern of (a) an LDPE film, (b) a pressed stearyl stearamide
bar, (¢c) an LDPE film blended with 5 wt % stearyl stearamide, which has had no heat-
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treatment, and (d) an LDPE film blended with 5 wt % stearyl stearamide, which was
heat treated for 1 h at 83°C.
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a monolayer of the additive corresponding to the
amount of additive per unit of foam volume:

6 % ppolymer - pfoam
dcell Ppolymer — Pgas

< AW Ppolymer % Pfoam — Pgas (6)
Mw Ppolymer — Pgas

In eq. (6), p denotes the density; d..; is the diame-
ter of a cell; a, the area occupied by one additive
molecule; w, the weight fraction of additive with
respect to the mass of additive and polymer; and
M,,, the molecular weight of the additive. The
polymer density is 921 kg m ?, the molecular
weight of the additive 535.5 g mol !, and the area
a is assumed to be of the same order as the area
occupied by stearic acid which is 0.205 nm?.'°

Blending the polymer with only a 1.5 wt % of
stearyl stearamide is sufficient to cover the com-
plete internal and external surfaces of a low den-
sity foam (p = 30—100 kg m™®), when the cell
diameter in the foam is larger than 100 ym. Al-
though it is theoretically possible that all internal
and external surfaces of commercial foams are
covered with the additive, the presence of such a
layer at the surfaces of these extruded foams can-
not be confirmed with electron microscopy, ATR—
IR, or the WAXD technique.

It has been shown here that the additive is ef-
fective only when it is present at the surface of
the film. The additive should be preferentially at
the surfaces of the polymeric foam, i.e., the solu-
bility of the additive in the polymer should be
lower than the amount of blending. Furthermore,
the additive should reach the surface within a
short time compared to the time needed to ex-
change the blowing agent by air. This time de-
pends on the diffusion coefficient of the additive
in the polymer at the temperature of extrusion
and it depends on the thickness of the polymeric
layers that constitute the foam. As diffusion pro-
cesses relate to each other with the square of film
thickness, the latter condition is usually no prob-
lem, because the thicknesses of polymer layers in
a cellular foam are, in general, of the order of 5
pm or less and cooling of foam is relatively slow.
On the other hand, if the permeability is to be
measured from relatively thick films blended with
a certain amount of the additive, the heat treat-
ment is essential in order to obtain the true per-
meabilities (see Table I).

The permeability of the additive toward the blow-
ing agent should be considerably lower than the
corresponding polymer permeability. This can be

accomplished by finding an additive with a low solu-
bility and/or a low diffusion coefficient of the blow-
ing agent. The additive in this work shows an orden-
ing as has been revealed by WAXD experiments.
Therefore, it can explain the low blowing agent per-
meability, because of the expected low diffusion co-
efficient and low solubility in this layer.

It is sufficient to measure the permeability of
the pure additive in order to calculate an overall
permeability. The ratio of total film thickness and
overall permeability equals the summation over
all layers of the ratio of a layer thickness and its
corresponding permeability. The measurement of
the permeability of pure additive is not easy, be-
cause it is difficult to obtain a coherent film that
can withstand the pressure difference in a perme-
ation experiment. Therefore, it is more convenient
to measure the permeability in an indirect way,
e.g., from a kinetic sorption experiment or in a
permeation experiment with no hydrostatic pres-
sure difference but only a partial pressure differ-
ence across the membrane.™

NOMENCLATURE

a area occupied by one molecule of additive
(m?)

d characteristic distance in a periodic
structure (m)

deen diameter of a cell in a foam (m)

d, penetration depth of infrared beam (m)

k wavenumber of infrared beam (¢cm™1)

n integer in the Bragg equation

ni, ny refractive indices of crystal KRS-5 and

sample, respectively
pressure (Pa)
time (s)
weight fraction of additive
angle of incidence of infrared or X-ray
beam
wavelength of infrared or X-ray beam (m)
density (kg m™3)
film area available for permeation (m?)
diffusion coefficient (m? s™1)
gas volume flux [m®(STP) m 2 s ]
thickness of polymer film (m)
molecular weight of additive (kg mol )
permeability [m*(STP) m m 2 s~ * Pa™!]
gas constant (J mol * K1)
solubility [m®(STP) m ® Pa ']
absolute temperature (K)
calibrated volume (m?)
molar volume [m?(STP) mol 1]
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