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1

Flexible Low Density, Polyethylene Foam Produced with
Environmentally Friendly Blowing Agents

1.1

Polymeric foams

A polymeric foam is a dispersion of a gas in a polymeric material. The solid, cellular
structure of the polymer is filled with one or more gases. The physical and mechanical
properties differ significantly from the unfoamed polymer. Foams can have excellent
heat- and sound-insulation properties due to their high resistance against mass
transport. Other foams have the ability to absorb a lot of energy, which makes them very
useful in cushioning and packaging applications1.
Another advantage of polymeric foams is the low amount of polymer mass needed to
obtain the same volume as the unfoamed polymer. This is due to the introduction of
gases. A disadvantage is the relatively expensive production process and the fact that
the knowledge about foams and foaming is mainly based on empirical observations.

1.1.2

Distinguishing factors

Polymer choice
A foam can be made from nearly every polymer. The polymer selection for foam
applications mainly depends on the properties of the polymer, the foam production
process and the economics of the process. Polyurethane (PUR), and to a lesser extent
polystyrene (PS), and polyvinylchloride (PVC) foams, combine excellent physical and
mechanical properties with relative easy and cheap production processes.
Approximately 70 – 80% of all produced polymeric foams is based on PUR, PS, or
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PVC2. In the last few years the production of polyethylene foams is rapidly increasing.
Their good mechanical properties and the low polyethylene price are responsible for this.
The choice of the polymer determines whether the resulting foam will be rigid or flexible.
In general one can say that elastomers will result in flexible foams, whereas glassy
polymers will produce rigid foams.
Density
An important property of polymer foams is their density. In general one can distinguish
three different classes of foams, when considering their density3. High density foams
have a density, which is between 500 kg/m3 and 1000 kg/m3. Main applications of high
density foam are in coaxial cables, due to their relative low dielectric constant, in wood
substitutes and in automotive applications. Medium density foams have a density
between 100 kg/m3 en 500 kg/m3. These foams are mainly used in packaging
applications and in construction working. Low density foams are foams with a density
lower than 100 kg/m3. In these foams the ratio of the gas volume to polymer volume is
equal to or larger than 10. Due to their low heat- and sound conductivity these foams are
mainly used in insulation applications.
Cell structure
Another important factor is the cell structure. In figure 1 the two extreme cases are
shown, an example of an open cell foam (figure 1(a)) and a closed cell foam (figure
1(b)).

Figure 1 (a) Open cell and (b) closed cell foam4 structure.
In case of an open cell foam the individual cells are interconnected. In general open cell
foams have a high gas and vapour permeability and a high compression modulus,
making them very suitable for packaging. In closed cell foams the macroscopic flow of
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gases is extremely low. Gas flow through closed cell foams is governed by the
permeation through (a large number of) cell walls, resulting in a very low gas and vapour
permeability. Relative to open cell foams they have a lower compression modulus due to
the fact that no (macroscopic) glas flow occurs out of the foam structure.
This thesis will be dedicated to the post-production stability of polyethylene foam with a
low density (30 kg/m 3) consisting of closed cells produced by an environmentally friendly
blowing agent.
1.1.3

The production of polyethylene foam

In order to make a polymeric foam, a vapour or a gas (blowing agent) is applied, which
expands within the polymer. Basically there are two ways to introduce gases in
polyethylene to produce a foam. Firstly, polyethylene foam can be produced using a
chemical blowing agent5. Chemical blowing agents are materials, with a relatively low
decomposition temperature. Decomposition of these materials results in the release of a
large amount of gas. In figure 2 an example of a chemical blowing agent is shown.
H2N-C(O)-N=N-C(O)-NH2
Figure 2 Azodicarbanamide (ACA), a chemical blowing agent.
Azodicarbanamide will decompose at about 200 °C, and will release 200 and 300 cm3
vapour or gas per gram ACA, mainly nitrogen and carbon monoxide. In chemical
foaming the chemical blowing agent will be mixed with polyethylene. Subsequent
heating will have two effects:
-

decomposition of the chemical blowing agent;
the polyethylene will melt and the viscosity will be decreased;

Combination of these two processes will result in bubble nucleation and the formation of
a cellular structure. However due to the fact that the decomposition of chemical blowing
agents is an endothermic process and the temperature will be increased, crosslinking of
the polyethylene is necessary to provide mechanical stability of the resulting foam.
Disadvantage of this crosslinking is that the foam can not be recycled anymore. This
process is mainly applicable for high density foams.
The use of a physical blowing agent is the second, important technique to obtain a
polyethylene foam. A physical blowing agent is an easy condensable gas or a liquid with
a low boiling point. Physical foams can be produced in a two step extrusion process,
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schematically represented in figure 3. In the first extruder the polymer is blended with
other compounds, such as additives or other polymers, and mixed with the blowing
agent under high temperature (T > 100 °C) and pressure (between 10 and 100 bar). This
mixture is fed to a second extruder, which homogenises and cools this composition to
the optimal foaming temperature. Extrusion into ambient conditions results in the
nucleation of bubbles due to expansion of the blowing agent. Subsequent cooling, also
due to the expansion of the blowing agent, freezes in this structure and the foam is
formed.
polyethylene/additives

blowing agent

extruder 1

extruder 2

foam
Figure 3 Schematical representation of physical foam extrusion.
Until 1990 mainly ChloroFluoroCarbons (CFCs) were used as physical blowing agent,
especially dichlorotetrafluoroethane (CFC-114). It is known however, that CFCs are
largely responsible for the depletion of the ozone layer 6 and contribute to the greenhouse
effect. The Montreal protocol stated in 1987 that after 1995 the use of CFCs would be
prohibited. For polyethylene this led to the use of hydrocarbons, especially (iso-) butane
and (iso-)pentane, as alternative blowing agent. These gases however, contribute to the
greenhouse effect as well and it is anticipated that in the near future this will lead to the
use of carbon dioxide as physical blowing agent for the production of low density, closed
cell polyethylene foam. Compared to hydrocarbons, carbon dioxide does have a relative
low greenhouse potential, which means that the contribution of carbon dioxide to the
greenhouse effect is considerably smaller, when using the same volume.

1.2 Dimensional instability of low density, closed cell polyethylene foam
After the production of a closed cell foam the cells are filled with the, gaseous, blowing
agent. This means that there will be a partial pressure gradient for the blowing agent,
causing permeation out of the foam. At the same time there is a partial pressure gradient
for air, resulting in an air flux into the foam. Consequently the blowing agent will be
replaced by air.
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To simulate this process, foam samples were saturated with isobutane and transferred
into air. The results of this experiment are shown in figure 4. In each picture two foam
samples are compared. These samples were placed on a millimeter grid and were
scanned just after this transfer into air (a), after almost 9 hours (b), after approximately
29 hours (c) and after 135 hours (d). The sample on the left contains 2 wt.% of the
additive stearyl stearamide, whereas the sample on the right does not contain any
additives. One can observe that the sample without an additive collapses when 4(a) is
compared to 4(b), but increases in volume via 4(c), and returns to about 95 % of its
original volume after 135 hours, 4(d). The dimensions of the sample, containing 2 wt% of
stearyl stearamide however, are stable. Although this exchange is isothermal, whereas
the exchange of gases after foam production already starts during the cooling of the
foam, this picture nicely shows the dimensional changes of low density, closed cell
polyethylene foam after it is being produced.

(a)

(b)

(c)

(d)

Figure 4 Two foam samples, with 2 wt.% of stearyl stearamide (left sample) and without
additives, saturated with isobutane and transferred into air. The times denoted
correspond to the time after the transfer into air, (a) directly, (b) after 8 hours and 54
minutes, (c) after 29 hours and 5 minutes and (d) after 135 hours.
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It is believed that this collapse is caused by the fact that the blowing agent, which is
present in the closed cell structure of the foam, permeates faster out of the foam than
the air into the foam 7,8. Addition of the additive stearyl stearamide however, prevents this
collapse. It is suggested that the presence of this additive reduces the flux of the blowing
agent out of the foam8,9, but experimental evidence is questionable. Furthermore,
nothing is known about the working mechanism of this additive.

1.3 Structure of this thesis
The use of an environmentally friendly blowing agent in the production of low density,
closed cell polyethylene foam is desirable. In the beginning of the 90’s CFCs were
replaced by hydrocarbons, such as isobutane, as physical blowing agent. In the previous
paragraph the dimensional instability of these foams was shown, but that this
phenomenon could be solved by the addition of only 2 wt.% of a low molecular weight
additive. In chapter 2 the hypothesis from literature that the dimensional instability of
these foams is caused by a discrepancy in the fluxes into and out of the foam will be
verified. Furthermore the working mechanism of the additive will be elucidated.
In chapter 3 the gas transport in closed cell foams is modelled, showing the influence of
additives. Furthermore by varying important parameters such as the blowing agent/air
selectivity and the dimensions of the foam, more insight is obtained in the fundamental
aspects of gas transport in a closed cell foam.
Chapter 4 presents the results of dielectric experiments on foams. It will be shown that
this is a very powerful technique to characterise small amounts (< 0.06 vol.%) of
additives in polymer foams. In chapter 5 these results will be interpreted by means of
modelling the dielectric response of a closed cell foam. This provides more knowledge
about the location and the nature of low molecular weight additives in a polymer foam.
It might be anticipated that in the near future isobutane will be replaced by carbon
dioxide, being a more environmentally friendly blowing agent. In chapter 6 permeation
properties of a series of polyethylenes is determined for carbon dioxide, air and helium
and described with two different models available from literature. Furthermore the
influence of different low molecular weight additives on gas transport properties is
investigated.
Chapter 7 describes another option to obtain dimensional stable polyethylene foams.
Blending with other polymers might be the solution to produce carbon dioxide blown
foams. In this chapter the gas transport through a special class of polymers, so-called
ionomers, is characterised.
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2

Dimensional Geometry Stabilisation of Low Density,
Closed-Cell Polymer Foams by Low Molecular Weight
Additives

Abstract
In the production of polyethylene foams by extrusion with alkanes as blowing agent,
significant changes in the dimensions are encountered. 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 this is related to the ratio
of blowing agent to air permeability. It will be shown in this chapter that the additive
reduces the blowing agent permeability more than the air permeability in case the
additive has been 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) crystalline state of the additive, as shown with wide-angle
X-ray diffraction, explains the low gas permeabilities of the additive compared to the
corresponding permeabilities of polyethylene.
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2.1

Introduction

In foam extrusion a considerable effort has been directed towards the replacement of
(hydro-) chlorofluorocarbons ((H)CFC) by environmentally friendlier blowing agents. For
low density foams having foam densities below 50 kg/m3 this has resulted now in the use
of isobutane as a blowing agent. The occurrence of post-extrusion shrinkage, which
used to be the main problem in foaming with isobutane, has been solved by using
specific additives that influence the air/blowing- agent exchange inside the closed cells
of the foam1.
Table 1 Permeability measurements on polyethylene films with and without the presence
of stearyl stearamide1.
polyethylene
permeating gas

polyethylene + 2 wt% stearyl stearamide

P (Barrer)*

P/Pair

P (Barrer)*

P/Pair

air

1.0

1.0

0.6

1.0

FC-12**

2.8

2.6

0.6

1.6

n-butane

26.2

24.8

1.1

0.96

isobutane

5.3

5.0

0.2

0.31

54.5

6.5

9.7

isopentane

57.5
-10

3

2

* 1 Barrer = 10 cm (STP)·cm/(cm ·s·cmHg)
** FC-12: dichloro-difluoro-methane
Table 1 shows that addition of stearyl stearamide (figure 1) results in a decrease of all
blowing agent permeabilities (FC-12, n-butane, isobutane and isopentane). The
permeability of air decreases as well, but to a lesser extent. This results in a decrease of
the permeability ratio of blowing agent to air and in fact, for isobutane, the ratio is below
one indicating a faster permeation rate of air into the foam than permeation of isobutane
out of the foam at an equal driving force. Finally this will result in more dimensional
stable foams.

=O
N-H

Figure 1 Stearyl stearamide.
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Watanabe2 demonstrated that other fatty acids or amines (such as octadecylamine,
stearine acid and palmitine acid) work as well. However, very little is known about the
working mechanism of these additives.
The objective of this chapter is to analyse the properties of the polymer/additive mixture
and to propose a model explaining the improved dimensional stability. Low density
polyethylene (LDPE) has been used as the polymer, because it shows severe volumetric
changes in foam extrusion with alkanes as blowing agents3. Permeability measurements
have been performed with LDPE films, blended with certain amounts of stearyl
stearamide. The gases used are isobutane and air. A heat treatment was performed on
the films and the structural changes were characterised with scanning electron
microscopy, infrared spectroscopy and wide-angle X-ray diffraction. These structural
effects will be related to the permeability changes.

2.2
2.2.1

Experimental
Film Preparation

Low density polyethylene (LDPE), Stamylan 2102TH00 from DSM, has been blended
with stearyl stearamide, Kemamide S-180 from Witco Chemicals, with a twin screw
extruder. The melt flow index of LDPE is 2 gr/10min and the density is 921 kg/m3. The
melting point of stearyl stearamide is 98 °C. Films were made by compression moulding
of the extruded blend of LDPE and stearyl stearamide for 5 minutes at 160 °C with a
weight of 2 to 5 tons. The films were cooled while at the same time a weight of 50 tons
was applied for another 5 minutes. The films have a thickness of 100 to 120 µm and
contain 1, 2 or 5 wt.% of stearyl stearamide respectively, comparable to the amount of
additive needed to produce dimensionally stable foams.
2.2.2

Permeation experiments

The experimental method to determine the permeability P of a polymer is based on the
principle that molecules permeating through a polymer film from the high-pressure, feed
side of a membrane cause an increase in pressure in the low-pressure, permeate side.
This low-pressure side has a constant volume Vc. In figure 2 this permeation set up is
schematically shown.
Before the experiment starts the polymer film is fixed into the cell and evacuated for two
hours below 1 mbar on both sides to remove residual gases. Then a feed pressure of 1
bar was applied on the feed side until the flow of the gases through the membrane
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reached a constant value (constant increase of the permeate pressure in time). At this
point the equilibrium concentration profile is established.
gas
feed
P1

polymer
film

teflon rings

permeate
pressure
p2

temperature
control

Vc

p2

τ

vacuum

2*τ
(a)
(b)
time
Figure 2 (a) Schematic representation of the permeation set up and (b) pressure
increase on permeate side (p2) as function of time, after the start of the experiment.
From the steady state pressure increase on the downstream side in a calibrated volume
Vc the permeability P of the permeating gas can be calculated according to equation 1:

P=

dp2
⋅
dt

Vc ⋅Tref ⋅l
P1 + P2
A ⋅T ⋅
⋅76
2

(

(1)

)

in which:
Vc
calibrated volume [cm3];
l
membrane thickness [cm];
A
membrane area [cm2];
T
temperature during the measurement [K];
Tref
standard temperature 273.15 K;
P1, 2
feed pressure before and after the experiment [mbar];
p2
permeate pressure [mbar].
Throughout this thesis the permeability will be given in the unit Barrer.
1 Barrer =10

−10

cm3 (STP)⋅ cm
cm2 ⋅ s⋅ cmHg
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The diffusion coefficient is found by linearly extrapolating the pressure p2 from steadystate permeation to p2=0. The intersection with the time-axis is equal to the time-lag τ:
2

τ =

l
6⋅D

(2)

where l is the film thickness (cm) and D is the effective diffusion coefficient (cm2/s)4.
Using equation 2 the effective diffusion coefficient can be calculated.
Throughout this chapter we will use air as the (inert) gas permeating into the foam
instead of accounting separately for the permeation of oxygen and nitrogen. This is
justified since respective fluxes are nearly the same. Although the permeability for
oxygen is about three times as large as the permeability of nitrogen, this is counteracted
by the driving force (partial pressure difference), which is 0.8 bar for nitrogen and 0.2 bar
for oxygen initially.

2.3
2.3.1

Experimental Results
Permeability experiments

In table 3 the isobutane and air permeabilities are given of as-prepared LDPE films
blended with various weight fractions (wt.%) of stearyl stearamide. After permeation
characterisation the films were heated for 1 hour at 83 °C according to the description of
Park.1 In this patent no reason is given for this heat-treatment. Then the isobutane and
air permeabilities were measured again. These permeabilities are determined at an
absolute upstream pressure of 4 bar, film thicknesses of 100 to 120 µm and a
temperature of 30 °C.
Table 2 clearly shows that the isobutane permeabilities are always higher than the air
permeabilities. Without heat treatment blending LDPE with the additive stearyl
stearamide has no effect on the isobutane nor air permeabilities. After the heat-treatment
a tremendous decrease in the isobutane permeabilities is observed, but the effect on the
air permeabilities is negligible. The isobutane permeability decreases a factor 2 to 3 by
blending it with only 1 to 5 weight percent of stearyl stearamide. This is not in agreement
with literature where an increase of the permeability of gases in polyethylene (without
additives) has been reported after a heat-treatment5. This effect was explained in terms
of an increased solubility of the gases in polyethylene. This means that the presence of
the additives causes a significant effect.
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Table 2 Isobutane and air permeabilities at 30 °C of LDPE films blended with stearyl
stearamide at different weight fraction (wt.%).
without heat treatment

with heat treatment (1 hr @ 83°C)

wt.%

Pisobutane (Barrer)

Pair (Barrer)

Pisobutane (Barrer)

Pair (Barrer)

0

14.7

1.1

14.9

1.6

1

16.0

1.5

9.7

1.7

2

14.7

1.1

4.3

0.9

5

13.3

1.0

6.3

0.9

Since the permeability P is the product of the diffusivity D and the solubility S
P =D·S

(3)

the decrease in permeability may result from a change in diffusivity as well as solubility.
By measuring either one, more insight is obtained in the factors influencing the
permeability of the heat-treated polymer-additive blend. Table 3 lists the measured
diffusion coefficients of the blends for the untreated and the heat-treated films as
determined from the time-lag experiments using equation 2. One must keep in mind that
the diffusion coefficients are calculated directly from equation 2 without assuming any
physical model about the morphology of the films. The diffusion coefficients must
therefore be considered as an apparent diffusion coefficient.

Table 3 Effective diffusion coefficients of isobutane and air in LDPE films at 30 °C. Films
are blended with indicated weight fraction (%) of stearyl stearamide.
without heat treatment
-8

2

with heat treatment (1 hr @ 83°C)
-7

2

wt.%

Disobutane (10 cm /s)

Dair (10 cm /s)

Disobutane (10-8 cm2/s)

Dair (10-7 cm2/s)

0

4.8

7.2

4.8

7.2

1

4.1

6.7

3.2

5.5

2

3.1

6.0

1.9

5.4

5

2.9

6.7

1.4

6.7

One may observe that the diffusion coefficient of air, like its permeability, is hardly
influenced by blending of LDPE with stearyl stearamide. The diffusion coefficient of
isobutane decreases with an increasing amount of stearyl stearamide. This effect is
stronger after the heat-treatment. The films with 2 and 5 weight percent of stearyl
stearamide have diffusion coefficients that are respectively a factor 1.5 and 2 lower for
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the heat-treated films than the diffusion coefficient of the corresponding as-prepared
films.
Table 3 suggests that the decrease in blowing agent permeability is mainly due to a
decrease in diffusivity. These results indicate that a successful dimensional foam stability
can be achieved by blending low molecular weight additives that reduce the blowing
agent permeability, and keep the air permeability unchanged. Furthermore, the
experiments suggest that the films must have been heat-treated to result in a decrease
in isobutane permeability and diffusivity, respectively.
In the following paragraph, we will characterise the initial and the heat-treated films by
electron microscopy, infrared microscopy and wide angle X-ray diffraction. Purpose of
the characterisation is to elucidate the effect of the heat treatment on the film
morphology. Ultimately we propose a relationship between the change in morphology
and the permeation properties.

2.3.2

Scanning Electron Microscopy

Upon heat-treatment one observes visually a certain haziness of the initially transparent
films. This is frequently referred to as ‘blooming’ and might be caused by phase
separation and migration of the additive to the film surface. A LDPE film with 5 weight
percent stearyl stearamide and a thickness of 100 µm has had the heat-treatment of 1
hour at 83 °C. A sample for scanning electron microscopy has been prepared by
cryogenic breaking in liquid nitrogen. The cross-section is sputtered with gold. Figure 3
shows an electron microscope picture, with a part of the cross-section of the LDPE film.
One can see clearly a layer with a thickness of 1 to 2 µm. There is an identical layer on
the other side of the film, which gives a total layer thickness of 2 to 4 µm. In the
untreated film this layer is not present. This observation supports that the additive has
been migrated to the surface of the LDPE film. If, for simplicity, the LDPE and stearyl
stearamide densities are assumed to be equal, a maximum layer thickness of 5.0 ± 0.5
µm is expected for this particular film. This confirms the idea that at least a considerable
fraction of the additive is present at the surface of the film.
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Figure 3 Electron microscope picture of the cross-section of LDPE blended with 5 wt. %
stearyl stearamide. The film has been heated for 1 hour at 83 °C.

The question to be answered is whether the additive layer can be observed on the cell
walls as was observed for the relatively thick films. An extruded foam has a large internal
surface. In order to cover the complete surface of a foam with the additive, one can
derive the following condition:

6 ρpolymer − ρfoam a ⋅NA ⋅ w ⋅ ρpolymer ρfoam − ρ gas
⋅
<
⋅
d cell ρpolymer − ρgas
Mw
ρ polymer − ρ gas

(4)

Here the left-hand side expresses the surface area per unit volume of foam assuming
that the gas cells are spherical, and the right-hand side gives the area of a monolayer of
the additive corresponding to the amount of additive per unit of foam volume. In equation
(4) ρ is the density, dcell is the cell diameter, a is the area occupied by one additive
molecule, N A represents Avogadro’s number (6.02·1023/mol), w is the weight fraction of
additive with respect to the mass of additive and polymer, and Mw is the molecular
weight of the additive. The polymer density is 921 kg/m3, the molecular weight of the
additive is 535.5 g/mol and the area a is assumed to be at least of the same order as the
area occupied by one stearic acid molecule which is 0.205 nm2 6.
Blending the polymer with only 1.5 wt.% of stearyl stearamide is sufficient to cover the
complete internal and external surface of a low density foam (ρ < 50 kg/m3) in case the
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cell diameter in the foam is larger than 100 µm. One might expect that the surfaces of
commercial foams are covered with the additive. However, the presence of a layer at the
surfaces of cell walls in foams cannot be detected with electron microscopy. In closedcell LDPE foams the cell walls usually have a thickness of less than 5 µm. In foam
extrusion roughly 2 percent of low molecular weight additives is added to produce
dimensionally stable foams. A resolution better than 50 nm is required to show the
presence of the additive. This corresponds to 20-30 monolayers. Furthermore it is not
proven yet that the layer consists of the additive and whether this layer is defect free.
Later on, in appendix 1, the hypothesis of phase separation is supported by solubility
calculations, which indicate a decreasing solubility with increasing temperature.

2.3.3

Attenuated Total Reflectance - Infrared Spectroscopy

Electron microscopy showed the existence of a layer present at a heat-treated LDPE film
blended with stearyl stearamide. With attenuated total reflectance - infrared
spectroscopy (ATR-IR) it is possible to characterise the surface chemistry of a sample.
Absorption bands in the infrared spectrum are assigned to specific molecular vibrations
indicating qualitatively the kind of chemical groups at the surface. The penetration depth
dp into the sample depends on the wavelength λ of the infrared beam, the refractive
indices n1 and n2 of the crystal and the sample, respectively, and the angle of incidence θ
of the infrared beam7.

dp =

λ

(5)

n 2
2π ⋅n1 ⋅ sin (θ) −  2 
 n1 
2

In the infrared spectra most of the peaks are in the region with wavenumbers larger than
1500 cm-1, which corresponds to a wavelength of 6.7 µm. The refractive index of the
KRS-5 crystal is 2.37 and the refractive indices of polyethylene and stearyl stearamide
are estimated to be 1.5. The angle of incidence is 45°, resulting in a maximum
penetration depth of 1.4 µm. The layer thickness observed with electron microscope is 1
to 2 µm, which is roughly equal to the penetration depth of the infrared beam. This
estimation shows that it is possible to analyse qualitatively the surface layer on the heattreated film.
Figure 4 shows the infrared spectra of four samples, measured on a Biorad FTS-60. The
samples are (a) a pure LDPE film, (b) a bar of pressed stearyl stearamide, (c) an asprepared LDPE film blended with 5 wt.% stearyl stearamide and a (d) heat-treated LDPE
film blended with 5 wt.% stearyl stearamide.
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Figure 4 (a) Spectrum of infrared absorbance of a polyethylene film in ATR-IR mode.
In the spectrum of LDPE three peaks are identified as resulting from C-H vibrations,
namely at 2910, 2830 and 1450 cm-1. These absorption bands are also seen in the
spectrum of stearyl stearamide due to the C-H groups in its two aliphatic tails. The
vibrations of the N-H bonds at 3300 cm-1 and of the C=O and C-N bonds at 1520 and
1620 cm-1 cannot be observed in PE making it a useful tracer to characterise the surface
of the blended films. The spectrum of the as-prepared film of LDPE blended with stearyl
stearamide is almost similar to the spectrum of pure LDPE.
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Figure 4 (b) Spectrum of infrared absorbance of a pressed stearyl stearamide bar (ATRIR).
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Figure 4 (c) Spectrum of infrared absorbance of a LDPE film blended with 5 wt.% stearyl
stearamide, without heat-treatment, in ATR-IR mode.
In the as-prepared LDPE film there will be a small amount of the additive near the
surface of the film, but the peaks of the N-H, C=O and C-N bonds of stearyl stearamide
are relatively small compared to the C-H peaks. In the spectrum of the heat treated -
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Figure 4 (d) Spectrum of infrared absorbance of a LDPE film blended with 5 wt.%
stearyl stearamide, with a heat-treatment of 1 hour at 83 °C, in ATR-IR mode.
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LDPE film with stearyl stearamide the N-H, C=O and C-N bonds are more pronounced
and the spectrum supports the SEM-observation that the additive has (partially) migrated
to the surface of the LDPE film due to the heat-treatment.
Table 4 lists the peaks that are found in the infrared spectra of figures 2a and 2b, i.e. for
LDPE and stearyl stearamide respectively.
Table 4 The wavenumbers and corresponding vibrations of the peaks in the spectra of
pure LDPE and pure stearyl stearamide as identified with ATR-IR.
wavenumber (cm-1)

vibration

LDPE

1450
1520,1620
2830
2910
3300

C-H
C=O/C-N
C-H
C-H
N-H

*
*
*

stearyl stearamide
*
*
*
*
*

From table 4 it can be concluded that the additive is present at the surface of the films,
when these films have been subjected to a heat treatment, whereas it is absent in the
untreated films. This means that demixing of additive and polymer is accelerated due to
this treatment.
2.3.4

Wide-Angle X-Ray Diffraction

With wide-angle X-ray diffraction (WAXD) it is possible to investigate the crystalline
content of a material. The characteristic distances in a crystal lattice or periodic structure
are related to the angle of incidence as given by the Bragg equation8.

n ⋅λ = 2⋅d ⋅sin(θ )

(6)

with n being an integer, λ the wavelength of the X-ray beam, d a characteristic distance
in a crystal lattice and θ the angle of incidence of the X-ray beam.
An important difference compared to ATR-IR is the penetration depth. With ATR-IR only
the surface layer could be investigated while in WAXD the bulk properties are analysed.
An identical set of samples as with ATR-IR, i.e. a pure LDPE film, a pressed bar of
stearyl stearamide, an as-prepared LDPE film blended with 5 wt.% stearyl stearamide
and the corresponding heat-treated film, have been analysed with WAXD and the results
are given in figure 5.
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Figure 5 (a) X-ray diffraction pattern of a low density polyethylene film, (b) a pressed
stearyl stearamide bar, (c) a LDPE film blended with 5 wt.% stearyl stearamide, without
heat-treatment and (d) a LDPE film blended with 5 wt.% stearyl stearamide, with a heattreatment of 1 hour at 83 °C.
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The X-ray diffraction patterns of pure LDPE and the as-prepared LDPE film are almost
similar. The diffraction pattern of pure stearyl stearamide has three peaks at relatively
large d-spacing, which can be used to distinguish between LDPE and stearyl
stearamide. The angles 2θ between the incident and reflected X-ray beam
corresponding to the three peaks are 4.4°, 6.2° and 10.6° respectively. The largest peak
at 6.2°, although very weak, is also present in the diffraction pattern of the heat-treated
film. It indicates that the additive that has migrated to the surface of the LDPE film is in a
(partially) crystalline state. This may explain the low isobutane permeability. Usually
crystals are even considered to be impermeable9. The overall sorption in the heattreated film is unaffected but the permeability decreases, because permeation through
the additive layer is diffusion controlled. The diffusion coefficient of air is large compared
to the diffusion coefficient of isobutane and therefore the air permeability is hardly
influenced by the stearyl stearamide layer.

2.4

Model

From the experimental results the following physical model is proposed explaining the
effect of low molecular weight additives on the dimensional stability of low density,
closed cell polyethylene foam.

blowing agent/air

polymer
additive

Figure 6 Schematical representation of the proposed model.
The dimensional instability of these foams is caused by the fact that the blowing agent
permeates faster out of the foam than the air into the foam (Pisobutane/Pair≈15). This is an
intrinsic property of polyethylene. The addition of small amounts of the additive stearyl
stearamide reduces this ratio to about 5. This means that the respective fluxes are closer
in this situation, explaining more dimensional stable foam. Additional analysis using SEM
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and ATR-IR revealed that only when the additive is present as a surface layer on top of
the film, it is effective. With WAXD it was shown that when this layer is present a small
peak in the spectrum is visible, which means that the additive is partly crystalline when
present at the surface of the polyethylene film. The crystalline nature of the film explains
the decrease of the permeability ratio. The decrease in permeability is mainly caused by
a decrease in diffusion coefficient. The diffusion coefficient is strongly a function of
molecular diameter10,11. This explains the fact that the permeability of isobutane is
decreased to a larger extent than the air permeability, since the molecular diameter of
isobutane is significantly larger than oxygen and nitrogen12,13.
With respect to the proposed model the following questions will be answered throughout
this thesis:
Chapter 3 : To what extent do the individual permeabilities of blowing agent and air as
well as their ratio influence the stability of the closed cell foams and the time-scale of gas
exchange?
Chapter 4: Surface layers of stearyl stearamide have proven to be present on relatively
thick PE films. Is it also present on the cell walls in a closed cell foam? Is this layer also
crystalline?
Chapter 5: When this layer is present, what is the thickness of the layer and is this a
function of the temperature?
Chapter 6: Are these additives also effective for closed cell, carbon dioxide blown foams,
and what is the influence of the crystallinity of the polyethylene?
Chapter 7: Can the problem of dimensional instability of carbon dioxide blown foams be
solved by blending polyethylene with a special class of polymers, called ionomers?

2.5

Conclusions

In polymeric foam extrusion low molecular weight additives can be used to improve the
dimensional stability of the expanded product when the additive affects the
permeabilities of blowing agent and air in such a way that they become equal. The
improved dimensional stability is accomplished by decreasing the permeability of the
blowing agent while maintaining the air permeability at the same level.
It has been shown here that the additive is effective, only when it is present at the
surface of the film. The additive should be at the surfaces of the polymeric foam, i.e. the
solubility of the additive in the polymer should be lower than the amount which has been
added. Furthermore the additive should reach the surface within a short time compared
to the time needed to exchange the blowing agent by air. This time depends on the
diffusion coefficient of the additive in the polymer at the temperature of extrusion and it
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depends on the thickness of the polymeric layers that constitute the foam. As diffusion
processes relate to each other with the square of the film thickness, the latter condition is
usually met. The thickness of the cell walls in a closed cell foam are in general of the
order of 5 µm or less and the cooling of the 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-treatment is essential in order to obtain the true
permeabilities by accelerating the demixing of polymer and additive. To carry out an
effective heat-treatment, the stearyl stearamide must be molecularly dispersed
throughout the amorphous polyethylene phase. This means that an additive will only be
effective when it is soluble in polyethylene at foaming conditions (high pressure and
temperature) and demixes at ambient conditions into a surface layer.
The permeability of the additive towards the blowing agent should be considerably lower
than the corresponding polymer permeability. This can be accomplished by finding an
additive with a low solubility and/or a low diffusion coefficient for the blowing agent. The
additive in this work is in a (partially) crystalline state when present at the surface of a
polymer film. Therefore it can explain the low blowing agent permeability, because of the
expected low diffusion coefficient and low solubility of gases in this relatively thin layer.

List of symbols
a
d
dcell
dp
k
n
n1,n2
p
t
w
q
l
r
A
D
J
L
Mw

area occupied by one molecule of additive [m2]
characteristic distance in a structure
[m]
diameter of a cell in a foam
[m]
penetration depth of infrared beam
[m]
wavenumber of infrared beam
[cm-1]
integer in the Bragg equation
[-]
refractive indices of KRS-5 crystal 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/m3]
film area available for permeation
[cm2]
diffusion coefficient
[cm2/s]
gas volume flux
[cm(STP)/(cm2·s·cmHg)]
thickness of polymer film
[cm]
molecular weight of additive
[g/mol]
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P
R
S
T
Vc
Vm

[cm(STP)·cm/(cm2·s·cmHg)]
[J/(mol·K)]
[cm3(STP)/(cm3·cmHg)]
[K]
[cm3]
[cm3(STP)/mol]

permeability
gas constant
solubility
absolute temperature
calibrated volume
molar volume
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3

Numerical Simulations of Isothermal Blowing Agent/Air
Exchange in Closed Cell Foam

Abstract
In the production of polymer foams with closed cells a change in the dimensions of the
extruded product may be observed. This is caused by the difference between the flow of
the blowing agent out of the foam and the flow of air into the foam, in combination with
the small compression modulus of a low density foam. In this chapter the exchange of
the blowing agent by air in a foamed structure will be modeled. The main input
parameters are the blowing agent and air permeabilities, which are obtained from
measurements on polymer films. The foam itself is characterised by its density and by
the cell-diameter, the latter obtained from scanning electron microscopy. Numerical
results are in good agreement with experimentally observed changes in foam
dimensions.
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3.1

Introduction

Low density, closed cell polymeric foams can be produced by extrusion of a polymeric
melt, in which a blowing agent has been dissolved, into an atmosphere of lower
temperature and pressure. However, it has been observed that the volume of the
extruded products may change drastically in time, well after the formation and the
crystallisation of the foam. Due to governmental regulations demanding for the reduction
of the emissions of chloro-fluorocarbons, other blowing agents such as alkanes and
carbon dioxide are used nowadays, but these latter generally result in less ‘dimensional
stable’ foams. In literature it has already been mentioned that alkanes and carbon
dioxide show a higher permeability in the polymer, compared to traditionally used chlorofluorocarbons1. Therefore the gas flux leaving the foam directly after extrusion may
become large compared to the flux of air entering the foam. In order to reduce the flow
rate of the blowing agent, one may add specific additives to the polymer melt prior to
extrusion. A hypothesis for the working mechanism has been described earlier this
thesis2.
In this chapter the dimensional stability of foams will be simulated numerically using
experimental data of the polymer permeability towards a blowing agent and air, the foam
density and cell-diameter. A numerical method is chosen, because in sorption
experiments it was observed that the sorption of gases in foam could not well be
described with the existing theories3,4. Two kinds of extruded foam samples will be
investigated; the first one is a pure polyethylene foam, the second one contains 1.5 wt.%
of stearyl stearamide.
Permeability experiments on dense films have been performed at various temperatures
to obtain permeability and diffusion coefficients of both the blowing agent and air. The
foam structure will be modeled and the gas content in the foam will be monitored in time
during the exchange of blowing agent by air. The numerical results will be compared with
experimental data on the dimensional stability of the aforementioned samples with
appropriate dimensions. With this model one can systematically vary the important
parameters determining the stability of low density, closed cell polyethylene foam, i.e.
the ratio of the permeabilities of the blowing agent and air, cell diameter and the
dimensions of the foam sample.

3.2

Existing models

The dimensional instability of closed cell polyethylene foam has not been described in
literature yet. However, gas transport in rigid closed cell foam has been the subject of a
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number of publications5. In general two different approaches were chosen to describe
gas transport in closed cell foam:
1. Continuous diffusion models in which the foam is treated as homogeneous medium
with one effective diffusion coefficient. Brodt et al6 found the following equation:

δpi = D eff ⋅ ∇2 p i

(1)

with pi the partial pressure of component i and D eff the effective diffusion coefficient in the
foam.
2. Discrete permeation models represent the foam structure as a series of parallel
polymer layers, e.g by Bart and Du Gauze De Nazelle 7, and calculate fluxes between the
different cells, resulting in a (partial) pressure profile across the foam structure.
Discrete models have a few advantages in our case: first of all is the determination of the
effective diffusion coefficient difficult, secondly it is possible with discrete permeation
models to vary typical foam characteristics, such as the density, cell diameter and cell
wall thickness5. However, in this chapter we will derive a continuous model based on our
discrete model. In this continuous model are the permeability and the foam density
present, instead of an unrealistic effective diffusion coefficient. In contrast to Bart et al
the model presented in this chapter is also capable to calculate concentration profiles
inside the polymer cell walls and can easily be extended to materials, which have a
different sorption behaviour, such as glassy polymers.

3.3
3.3.1

Experimental
Permeation

The permeabilities of isobutane and air have been measured at various temperatures
between extrusion and ambient temperature. These measurements are performed with
polyethylene films with a varying amount of stearyl stearamide (Kemamide S180, Witco
chemicals). The films are prepared by mixing low density polyethylene (Stamylan, DSM)
and stearyl stearamide in an extruder, and melt-pressing the mixture into a film. The
films are then subjected to a heat-treatment2,8.
Furthermore the diffusion coefficient, which can be obtained from these time-lag
permeability experiments, is given as well. This technique is described elsewhere9. It is
clear that the additive, although present in a relatively small amount, decreases the
isobutane permeability substantially. Its effect on the air permeability is much smaller
relatively and therefore the ratio of isobutane and air permeabilities becomes smaller.
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Table 1 Permeability (P) and diffusion coefficient (D) of isobutane and air in polyethylene
blended with indicated amount of stearyl stearamide. Data correspond to (a) 30 °C, (b)
45 °C and (c) 60 °C.
(a) 30 °C
Pisobutane

Pair

Pisobutane/Pair

Disobutane

Dair

wt.%

(Barrer)

(Barrer)

-

(10-8cm2/s)

(10-8cm2/s)

0

14.9

1.6

9.2

4.8

72

1

9.7

1.7

5.6

3.2

55

2

4.3

0.9

5.0

1.9

54

5

6.3

0.9

6.9

1.4

67

Pisobutane

Pair

PIsobutane/Pair

DIsobutane

Dair

wt.%

(Barrer)

(Barrer)

-

(10-8cm2/s)

(10-8cm2/s)

0

13.2

2.5

5.3

9.7

91

1

14.7

3.3

4.4

8.0

74

2

6.7

2.0

3.3

6.3

83

5

8.7

2.0

4.3

4.0

72

Pisobutane

Pair

Pisobutane/PAIR

Disobutane

Dair

wt.%

(Barrer)

(Barrer)

-

(10-8cm2/s)

(10-8cm2/s)

0

37.1

6.5

5.7

27.5

70

1

24.9

4.4

5.7

15.2

62

2

14.7

4.3

3.4

9.7

53

5

17.6

4.6

3.8

8.8

98

(b) 45 °C

(c) 60 °C

The two gases used in the so-called time-lag permeability experiments are isobutane,
representing the blowing agent, and air. In tables 1a through 1c both the permeabilities
of isobutane and air are given as well as their ratio.
From the measured diffusion coefficients one might conclude that the decrease of all
permeabilities is due to a decrease in the diffusion coefficient (P=D·S). However, one
should be careful, because the relation between the time lag and the diffusion coefficient
is known only for homogeneous films. Nevertheless this is a strong indication that the
decrease of the permeability is due to a decrease in the (effective) diffusion coefficient
and that the total solubility of the film is unaffected.
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3.3.2

The stability of foams

To study the influence of stearyl stearamide on the dimensional stability of a low density
closed cell polyethylene foam two different foam samples, which contained 0 and 1,5
wt.% stearyl stearamide, were saturated at 1 bar for 1 week. After this period the
samples are exposed to ambient conditions (1 bar air at 25°C) and the area of the
samples is monitored in time. The measured area of the samples is multiplied by the
square root of their area A to obtain a volume. This is justified, because we only use
relative volumes. This relative volume is plotted as function of time in figure 1.
1

0.8

0.6

1.5 wt. stearyl stearamide

A√A (t)
A√A (0)

no additives
0.4

0.2

0
0

50000

100000

150000

200000

t [sec]

Figure 1 The relative volume of two foam samples without or with 1.5 wt.% of the
additive, versus time after exchange of isobutane with air. The thickness of the sample is
0.5 cm, the density is 30 kg/m 3, average cell size is 450 µm and cell wall thickness is 4-5
µm.
Two striking differences can be observed comparing the two foam samples. First of all
the sample without additive shows more dimensional instability than the one containing
1.5 wt.% stearyl stearamide indicated by a minimum of 0.41 for the foam without additive
versus 0.56. Furthermore the position of the minimum on the time scale shifts to longer
times when an additive is present. From these experiments it is clear that the
dimensional stability increases when an additive is present, but that the exchange of
blowing agent and air is slower.
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It is the aim of the modeling to describe the geometric instability of the closed cell foam
and to perform a parametric analysis of factors influencing it.

3.4

Model description

In a closed-cell foam every wall between two cells acts as a membrane/barrier. The
permeation across the wall is the rate-determining step since diffusion in the gas phase
is much faster. Although the transport is 3-dimensional because of the organization of
the cell walls, see figure 1, the transport in the foam is on average from the outside to
the inside of the foam or vice-versa. Therefore the foam is represented by (n-1) cells
confined by n parallel polymer layers, see figure 2.

Pi-1

∆L

1

Pi+1

Pi

∆x

n

Figure 2 The schematic diagram representing a foam with a closed-cell structure. For
explanation of symbols, see text.
In the following, we consider the foam to be a rigid morphology having permeable walls.
Due to partial pressure differences, exchange of blowing agent and air will occur. We will
calculate the change of composition and the partial pressure by summing up the molar
fluxes into and out of each cell for the three components; oxygen, nitrogen and blowing
agent (isobutane). The fluxes from the compartments i+1 and i-1 to compartment i can
be calculated by equation 1a en 1b respectively, assuming the area of permeation A* to
be equal to 1.

J i+ 1→ i =
J i− 1→ i =

P ⋅ pi + 1 − pi

(

)

1(a)

∆x
P ⋅ pi − 1 − pi

)

1(b)

(

∆x
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where J is the flux, pi is the (partial) pressure of a gas in compartment i; P the
permeability of a gas, and ∆x the thickness of the cell walls. Adding 1a to 1b will lead to
the total flux Jtot:

J tot =

(

P ⋅ pi − 1 + pi +1 − 2pi

)

1(c)

∆x

From the fluxes at time t, the new value of the partial pressure at times t+∆t can be
calculated according to equation 2. Assuming a cell volume of A* times ∆l, and assuming
ideal gas behaviour we now can calculate the pressure change in the fixed volume due
to the gas fluxes of the individual components. Using the molar volume of an ideal gas
we take the change of molar mass per cell as a measure for the change in volume.

pi (t + ∆t) = pi (t) + P ⋅

(p

(t ) + pi + 1(t) − 2pi (t)

i −1

∆x ⋅ ∆L⋅Sc

) ⋅ ∆t

(2)

where S is the solubility of the gases in the cells (i.e. Sc=1 cm3(STP)/(cm3·76cmHg)), ∆L
the distance between the polymer layers confining compartment i, t the time and ∆t the
time-increment of an iteration step. Eq. (2) describes how the pressure in a cell changes
when there is a flux to or from the adjacent cells due to pressure differences.
The relation between the polymer wall thickness ∆x, the number of polymer layers n and
the total foam thickness Lfoam is given by

∆x =

1 ρfoam
⋅
⋅L
3n ρpolymer foam

(3)

where ρfoam and ρpolymer are the densities of the foam and the polymer respectively. The
factor 1/3 is somewhat arbitrary chosen, but is based on the assumption that all cells in
the foam have a cubic shape. Only 1/3 of the polymer volume is active then as a barrier
in the gas transport. The remaining 2/3 of the polymer volume plays a role in the sorption
and desorption of gases. However, considering low density foams only, this effect can
safely be neglected, because the polymer fraction is very low (≈0.03). The interlayer
distance ∆L then equals

∆L =


1 
1 ρ
⋅  1− ⋅ foam  ⋅Lfoam
n −1  3 ρpolymer 

(4)

The assumptions made in the numerical simulation are:
- the transport is in one dimension only, the other two dimensions are infinite,
- the volume of the foam remains constant,
- 1/3 of the polymer volume is active in gas transport,
- gas transport takes place under isothermal conditions,
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- the permeability coefficient and diffusion coefficient of a gas are constant and are not
influenced by the presence of another gas,
- the concentration profiles in each individual cell wall remains constant, whereas within
a cell no concentration gradient exists.
In a more elaborate form of the simulation procedure the development of the
concentration profile in each polymer wall has been taken into account, using Fick's first
law. It appears from these calculations that the last assumption is correct and the
retardation of gas transport in a foam is fully due to its closed-cell structure, and is not
influenced by the development of concentration profiles in the individual cell walls,
because this process is relatively fast (few seconds). In the initial state, time t=0, the
foam is filled with isobutane at a pressure of 76 cmHg (=1atm). During the simulation the
pressure outside the foam remains 76 cmHg and the surrounding atmosphere consists
only of air. Out of the simulation follows that at time t=∞ the foam is completely filled with
air at a pressure of 76 cmHg.
First of all the measurements presented in figure 1 will be verified. The permeabilities of
isobutane and air at 30 °C, and corresponding to 0 and 2 wt.% of the additive stearyl
stearamide, are taken from table 1a. The foam dimensions correspond to the samples
used for the measurement of the dimensional stability (see figure 1). In figure 3 the
volume of gas present in the cells, with respect to the initial volume, has been plotted
versus time.
1

0.8

2 wt.% stearyl stearamide

0.6
V(t)
V(0)

no additive

0.4

0.2

0
0

50000

100000

150000

200000

t [sec]

Figure 3 Simulation of the exchange of i-butane with air in a polyethylene foam with
foam dimensions corresponding to the samples used in figure 4 and measured
permeabilities of dense films density (28 kg/m3, Dcell=450 µm, ∆x=4 µm).
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The amount of gas sorbed into the polymer walls has not been taken into account, as
this is not responsible for the dimensional instability of a foam. The minimum in the curve
of gas volume in the foam and the time corresponding to this minimum are 39.4 % and
3
3
5.8⋅10 seconds respectively for the pure polyethylene foam and 54 % and 16⋅10
seconds for the foam with 2 wt. % of stearyl stearamide. There is an excellent
agreement between figures 1 and 3, concerning the respective minima in these curves
and the times corresponding to these minima. It may be concluded that the calculated
volume decrease is in very good agreement with the experimental data. The numerical
method describes the respective flow rates for the blowing agent and air quite well.
1000000

100000
t [sec]
10000

1000
0.01

0.1

1
L

2
foam

10

100

2

[cm ]

Figure 4 The time corresponding to the minimum of gas volume in a low density (28
kg/m3, Dcell=450 µm, ∆x=4 µm), closed cell polyethylene foam without additive due to the
exchange of isobutane with air, as a function of the square of the foam thickness.
3.4.1

The influence of foam dimensions on the gas exchange

The foam dimensions directly influence the time-scale on which the exchange of blowing
agent and air take place. This effect is simulated by varying the foam thickness while
maintaining the polymer volume fraction of the foam constant, i.e. 3n⋅∆x/Lfoam=0.03.
Exchange of isobutane with air is simulated with permeabilities corresponding to a
temperature of 30 °C and without an additive present. Typically at a foam thickness of
0.5 cm the permeation thickness is 50 µm and the number of layers is 12. In figure 4 the
time corresponding to the minimum in the gas volume is plotted versus the square of
foam thickness.
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The almost linear relationship indicates that the permeation processes scale with the
square of foam thickness. Mathematically this can be justified: for large n, one can
rewrite equations (3) and (4 ) into (3*) and (4*) respectively:

1 ρfoam
⋅
⋅ ∆X
3 ρpolymer


1 ρ
∆L ≈  1− ⋅ foam  ⋅ ∆X
 3 ρpolymer 

(3*)

∆x ≈

(4*)

where ∆X=∆l-∆x. For n>>1 then ∆X ≈ Lfoam/n. When 3 * and 4 * are substituted in equation
2, equation 5 is obtained:

(

)

pi t + ∆t − pi (t)
∆t

=P⋅

(p

)

(t) + pi +1 (t) − 2pi (t)
 1 ρ

1 ρ
∆X 2 ⋅Sc ⋅ ⋅ foam ⋅ 1− ⋅ foam 
3 ρpolymer  3 ρpolymer 
i −1

(5)

In differential form this equation can be represented as:

dp
=
dt

1 ρ
Sc ⋅ ⋅ foam
3 ρpolymer

P
∂ 2p
⋅
 1 ρ
 ∂X 2
⋅ 1− ⋅ foam 
 3 ρpolymer 

(6)

This equation shows that the permeation processes in closed cell foams scale with the
square of foam thickness, which is comparable to diffusion processes in homogeneous
media as described by Fick’s second law. This equation is only valid for relatively thick
foams, implying that the number of cell walls (n) is large.
However, the calculated pressure profile over the entire foam thickness is not a smooth
curve in case there are just a small number of polymer walls in the foam and therefore a
deviation may be expected as can be seen in figure 7a for the thinner foams. In this
respect the permeation in a foam can not be compared with the so-called Case I
diffusion and permeation processes in dense films that scale with the square of film
thickness irrespective of this thickness10.
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Figure 5 The relative minimum of gas volume in a low density (28 kg/m3, Dcell =450
µm, ∆x=4 µm), closed cell polyethylene foam without additive due to the exchange of
isobutane with air, as a function of the foam thickness.
The minimum of gas volume in the foam relative to the initial state, versus the foam
thickness is plotted in figure 5. The foam is less dimensionally stable at a small
thickness. Only when the foam dimensions are increased, a higher minimum is
observed. This is due to the fact that in case of thick foam the driving forces for
permeation are relatively fast divided over a large number of cell walls, which in turn
effectively slows down the flux of the blowing agent. In the case of air, which has a lower
permeability, the development of the pressure profile throughout the foam is slower.
Initially the permeation of air is still restricted to the outer layers, maintaining high driving
forces for permeation and correspondingly high fluxes. However, there is a limit to the
increase of the minimum in gas volume with increasing foam thickness because the
permeabilities of the blowing agent and air are different indicating that the corresponding
fluxes can never match.

3.4.2

The influence of the temperature on the gas exchange

The deformation of foam after production however, is not an isothermal process. Directly
after the production, when temperatures are significantly higher than ambient conditions,
the exchange will start. To investigate the influence of higher temperatures on the
exchange of blowing agent and air, permeation experiments were performed at 45 and
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60 °C. The effect of the temperature on the simulated dimensional stability is shown in
figure 6.
1
60 °C
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45 °C
30 °C

0.6
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0
0

20000

40000

60000

80000

100000
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Figure 6 Simulation of the effect of temperature on the exchange of isobutane with air in
a low density (28 kg/m3, Dcell=450 µm, ∆x=4 µm), closed cell polyethylene foam.
The dimensions of the foam are as before and the permeabilities of isobutane and air
correspond to values for the pure polymer at 30, 45 and 60 °C, respectively (table 1).
The exchange of isobutane with air is enhanced with increasing permeabilities and is
noticed by the faster recovery of the initial gas volume. When the ratio of isobutane and
air permeability decreases the transport of isobutane out of the foam and air into the
foam proceeds more equally. This results in a shallow minimum, which means that the
foam is more dimensionally stable.
In the presented model the temperature has been kept constant. This assumption needs
further consideration, when applying the model to the volume changes in the physical
foam extrusion process, where the foam initially has a high temperature (110-120°C). In
a homogeneous material the following equation applies to the non-stationary heat
conduction in one dimension10:

dT
α
∂ 2T
=
⋅ 2
dt
ρ ⋅C p ∂x

(7)
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where T is the temperature, t is the time, x is a space co-ordinate, α is the heat
conduction coefficient, ρ is the density and Cp is the heat capacity.
In the previous paragraph gas transport in closed cell foam was found to obey equation
6.
Comparing equations (6) and (7), a similar behaviour may be observed between heat
flow and mass transport. If in a homogeneous material the thermal diffusion coefficient
(α/ρc) is much larger than the mass diffusion coefficient P/S, then the temperature
(distribution) reaches a final state much faster than the corresponding concentration or
pressure (distribution).
A similar behaviour to the modelled mass transport is expected for the heat flow in a low
density foam, when the thermal conduction in the cell walls is the rate determining step
for heat transport, like the assumption of the model that permeability in the cell walls is
the rate determining step for mass transport. Then, one can derive the thermal
equivalent of equation 2. This implies that for the foaming process equation 7 applies.

1 ρ
Sc ⋅ ⋅ foam
3 ρpolymer

P
α
 1 ρ
 < ρ ⋅Cp
⋅ 1− ⋅ foam 
 3 ρpolymer 

(8)

Inequality 8 justifies the application of exchange of blowing agent and air at constant,
ambient temperature to simulate the observed volume evolution in foam extrusion.
In case of polyethylene foam extrusion the heat conduction coefficient of polyethylene
equals 0.17 W/mK11. The permeability of blowing agent and air are about 14.9 and 1.6
Barrer2. For the cells one can take a density 1.3 kg/m3, a heat capacity of air of 1.02·103
J/kgK11 and a solubility of 1/76 cm3 (STP)/(cm3cmHg). For a polyethylene foam the
thermal “diffusion” coefficient is about 1.3 cm2/s and the gas “diffusion” coefficient is
about 10-5-10-6 cm2/s, thereby complying with inequality (8). The latter value is in good
agreement with experimental data obtained from literature5,12,13. However, one should
keep in mind that this value does not represent a true diffusion coefficient, but a
permeability coefficient divided by a constant, which depends only on the foam density.

3.4.3

The influence of the ratio of blowing agent and air permeability

With the knowledge that the measure for dimensional stability of a foam, i.e. the
minimum in the curve of relative gas volume versus time, is a constant for relatively thick
foams, one can investigate the dimensional stability systematically by varying the ratio of
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blowing agent and air permeability (figure 7). This curve is generally valid for low density
foams, which have a low compression modulus and do not have too small dimensions.
Furthermore the exchange of blowing agent with air should be isothermal. It is obvious
that the dimensional stability decreases when the ratio of blowing agent and air
permeability increases. In this case the instability (Vtmin/V0) is only a function of the ratio
of the blowing agent and the air permeability, whereas the time after which this minimum
is reached is a function of the respective permeabilities.
1
0.9
0.8
V(tmin )
V(0) 0.7
0.6
0.5
0.4
0

2
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6

8

10

Pblowing agent /Pair

Figure 7 The dimensional stability of a foam versus the ratio of blowing agent and air
permeability for infinite foam thickness (ρfoam=28kg/m3, dcell=450 µm, ∆x=4 µm)

3.5

Conclusions

A model has been presented that can simulate the experimental observation of
subsequent shrinkage and expansion of low density foams due to the exchange of a
blowing agent and air. The blowing agent refers in this respect to a condensable gas
(e.g. alkanes or carbon dioxide) which is used in the process of physical foam extrusion.
In this technology there are three distinct processes: 1) nucleation of “cells” due to the
lower solubility of blowing agent in the extrudate at the lower temperature and pressure
of the ambient atmosphere, 2) cooling and crystallisation of the extrudate or polymer
matrix, and 3) exchange of blowing agent and air. The nucleation phase is believed to
occur at a small time-scale compared to the other processes14. In this chapter it was
shown that thermal diffusion in closed cell foams is also much faster than the gas
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transport (inequality 8). These two observations justify the use of the proposed model to
describe the exchange of blowing agent by air.
According to Fick’s second law non-stationary mass transport in a homogeneous
material is diffusion controlled, whereas we find that non-stationary mass transport in
closed cell foams is controlled by permeation and by the density of the foam (equation
6). This means that permeation of the respective gases is responsible for establishing a
(partial) pressure profile across the foam, whereas in dense media the concentration
gradient is established by the diffusion coefficient.
The model has proven to describe the isothermal gas exchange of the blowing agent by
air very well, in both qualitative as in quantitative way. The main parameter determining
the dimensional stability of a low density, closed cell polyethylene foam is the ratio of
blowing agent permeability and air permeability. The absolute values of the
permeabilities determine the time scale of the process. The dimensions of the foam have
less influence on the stability. Only with thin samples the discrete character of the foam
causes a less stable foam. However, the dimensions of the foam have a large influence
on the time-scale of the gas exchange. It was found that the time corresponding to the
minimum in the exchange curve scales with the square of foam thickness in a double
logarithmic plot. This corresponds to gas transport in dense materials. However, the
important difference is that in the latter case the mass transport is diffusion controlled,
whereas in closed cell foam the mass transport is governed by the permeability of the
gases, because the solubility of a gas in a cell is constant.
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List of Symbols

P
D
S
Mt
M∞

permeability
diffusion coefficient
solubility
mass uptake at time t
mass uptake at infinite time

[Barrer]
[cm2/s]
[cm3(STP)/(cm3·cmHg]
[mol]
[mol]

Deff
l
i
n
p
t
∆t
∆x

effective diffusion coefficient
film thickness
index
number of polymer layers
(partial) pressure
time
time increment
cell wall thickness of foam

[cm2/s]
[cm]
[-]
[-]
[cmHg]
[s]
[s]
[m]

A
L
∆L

area
foam thickness
cell diameter of foam

[m2]
[m]
[m]

V
ρ
α

volume
density
heat conduction

[m3]
[kg/m3]
[W/(m·kg]

Cp

heat capacity

[J/(kg·K]
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4

Low Frequency Dielectric Spectroscopy on Low Density,
Polyethylene Foams

A. Analysis of Cell Stabilising Additives

Abstract
Low frequency dielectric spectroscopy can be used to study interfacial polarisation in
heterogenic polymeric systems. Interfacial polarisation occurs within systems in which
the different components have different conductivities. A stabilised low density, closed
cell polyethylene foam can be regarded as a three phase system with a polyethylene
matrix, a filler consisting out of the gas phase and an intermediate additive layer. At
higher temperatures the additive layer will become conductive. This will result in
interfacial polarisation, thereby shielding the entire filler volume. This is reflected in an
increase of the dielectric constant of the foam from 1.0 to about 300 at the melting point
of the additive. The frequency independent positions of the peaks suggest that the
additive layer is crystalline.
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4.1

Introduction

The addition of low molecular weight additives is essential to obtain a dimensionally
stable low density polyethylene foam (ρ < 50 kg/m3). It is believed that the working
mechanism of these low molecular additives, in general fatty acids, is based on an
interfacial effect. The additives are assumed to form a (partly) crystalline layer at the
surface of the cell walls, thereby reducing the gas flux of the blowing agent out of the
foam1. However, due to the small dimensions (layer thickness up to 20 nm) and
heterogeneity of these foam systems, common techniques like Scanning Electron
Microscopy, Infrared Spectroscopy, and X-ray Diffraction are not very useful to
characterise these additives inside polymeric foams.
From these additives it is known that they also exhibit antistatic properties. Antistatic
agents are chemicals which provide a conductive coating on a polymer surface so that
static charges can be leaked off2,3. The conductivity of the surface layers can cause
interfacial polarisation when they are present in a non-conductive polymer matrix, i.e. a
foam. Interfacial polarisation can increase the dielectric constant substantially. In this
paper it will be shown that dielectric spectroscopy is a powerful technique to study
distribution and nature of polar additives in polymer foams.

4.2

Dielectric spectroscopy on foams

When a material is placed in an electric field, two interaction mechanisms can be
observed. Firstly the storage of field energy (expressed by the dielectric constant or ε’)
and secondly the dissipation of field energy (expressed by the loss factor or ε”). Both
dielectric constant and loss factor are functions of the frequency of the alternating
electric field and temperature.
The storage of field energy is a capacitive effect, caused by the polarisibility of the
material. Distinction can be made between three polarisation mechanisms:
1. Electric/atomic polarisation: the displacement of binding electrons or atoms from their
equilibrium position on a molecular level (induced dipoles). This process is very fast
and can be regarded as frequency independent.
2. Dipole orientation: the orientation of permanent dipoles along electric field lines. This
process has typical relaxation times of 10-6 – 10-8 s.
3. Interfacial or Maxwell-Wagner polarisation: a macroscopic build-up of charges at
internal interfaces. This occurs, when two materials with dissimilar conductivities are
subjected to an electric field. This process is relatively slow (relaxation time > 1 s)
and can be investigated by low frequency dielectric spectroscopy.
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The dissipation of field energy is an irreversible effect. Main mechanisms are:
4. The conductivity of the material: field energy will dissipate as heat of conduction.
This process takes place only at low frequencies.
5. Friction energy: the polarisation effects (1,2,3) can cause atomic/molecular
displacement, dissipating field energy as heat of friction.
The polarisibility of a material is given by its relative dielectric constant εr. This is the ratio
between the permittivity of the examined material and the permittivity of vacuum εo (8.85
pF/m). To describe both storage and dissipation properties the relative dielectric
constant is expressed in its complex form ε* (ω, T):

ε * (ω,T ) = ε'(ω,T ) − jε"(ω,T)
with: ε*(ω,T)
ε’(ω,T)

complex dielectric constant;
real part of the dielectric constant (capacitive component) or
dielectric constant;
imaginary part of the complex dielectric constant or loss index.

ε”(ω,T)
4.2.1

(1)

Heterogeneous systems

The dielectric behaviour of heterogeneous systems has been described by numerous
authors. The approach of Sillars4, Wagner5 and Maxwell-Garnett6 was limited to rather
small filler volume fractions (<30 vol%). Böttcher 7, Looyenga8 and Bruggeman9 extended
the equations to higher filler volume fractions. Bruggeman derived the following relation:

ε c* − ε 2*
ε1* − ε2*

 ε* n
⋅  1*  = 1− ϕ 2
ε c

with:

ε*C
ϕ2

complex dielectric constant of the composite;
volume fraction component 2;

n

shape factor.

(

(2)

)

For a composite consisting of a non-conductive filler material embedded in a nonconductive matrix material, both having a frequency independent dielectric constant,
equation 2 can be simplified to equation 3 giving the dielectric constant of the composite:

ε c − εf
ε m − εf

 ε 1 / 3
⋅  m  = 1− ϕ2
 εc 

(

(3)

)
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with:

εc
εm/f
ϕ2

dielectric constant of the composite;
dielectric constant of the matrix/filler;
volume fraction of filler material.

A low density polymer foam can be considered as an extreme case of a heterogeneous
system. The polymer is the continuous phase with a volume fraction of less than 0.05.
The gaseous component, consisting of air, the blowing agent or a mixture of these, is the
filler with a volume fraction larger than 0.95.

4.2.2

Heterogeneous systems with conducting interlayer

Steeman10 described a special case of such a two phase system, namely a two phase
system with a conducting interlayer. In case of spherical filler particles Steeman has
derived the following equation for low limiting frequencies (fully relaxed situation):

 1+2 ⋅ϕ 
f 
ε s = εm ⋅ 

 1−ϕ f 
with:

εs
εm
ϕf

(4)

dielectric constant of the composite, ω →0;
dielectric constant of the matrix;
filler volume fraction.

In this case, the dielectric constant of the composite is only a function of the dielectric
constant of the matrix material and the filler volume fraction. This is because the
conducting interlayer shields the entire filler volume. In dielectric point of view the system
is then reduced to a two phase system consisting of a non-conducting matrix and a filler
with infinite dielectric constant. At high filler volume fraction (ϕf → 1), very high values of
the dielectric constant of the composite can be expected.
The case of a low density polyethylene foam with a conductive additive layer on the cell
walls might be described by this model. The high filler volume fraction (ϕf>0.95) will
cause a considerable increase of the dielectric constant of the foam in case a conducting
additive layer is present.

4.3

Experimental

4.3.1

Set-up

The dielectric measurements were performed on the dielectric set up at DSM Research,
Geleen, The Netherlands. A schematic representation is shown in Figure 1. The parallel
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plate electrode set-up is cooled and heated with a nitrogen gas flow. The Solartron 1260
Frequency Response Analyser (FRA) applies a sinusoidal voltage with a frequency
between 50 mHz and 40 GHz and an amplitude of 10 Veff to the upper plate. The
resulting current is amplified by a dielectric electrometer, built by TNO, The Netherlands.
The FRA measures the phase and amplitude relations between the applied signal and
the obtained sample current. From these, the dielectric properties can be calculated. An
extensive description of this procedure can be found in Steeman10.
Data
analysis
+
control

HP310

-190°C<T<190°C
Temperature control

50 mHz<ω<40 GHz
Solartron
Cref
Rref

-

+
Amplifier

Figure 1 Schematic representation of the dielectric spectrometer.

4.3.2

Materials

Low density polyethylene (LDPE), Stamylan from DSM (NL), was blended with glycerol
monostearate (GMS), stearyl stearamide (St.St), dodecylamine, or an ethoxylated amine
(GAn). The polyethylene and additives were kindly supplied by DSM. The resulting
compositions were foamed according to the method as described in chapter 1 using
carbon dioxide or isobutane as blowing agent. The composition and the density of the
investigated foams are listed in Table 1.
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Table 1 Composition and density of investigated foams.
sample

additive

structural formula

concentration

ρ

blowing
3

[wt %]

[kg/m ]

agent

-

31.4

isobutane

1

none

2

GMS

C3H7O3-C(O)-C17H35

1.5

38.4

carbon dioxide

3

St.St.

C17H35-C(O)-N(H)-

1.5

31.9

isobutane

1.5

39.0

carbon dioxide

1.5/1.0

39.5

carbon dioxide

C18H37
4

GAn

(C2H5O)2-N-C12H25

5

GMS/GAn

C21H25-NH2

A blend containing 4 wt% of GMS in polyethylene was prepared with a mini-extruder.
Compression moulding of this blend was done at 160°C and 35 kN to produce a 100 µm
thick film. The film was annealed for 1 hour at 83°C to accelerate demixing of the
additive and polymer1,11. Dielectric spectroscopy was applied to both films and foams.
Additionally X-ray Photoelectron Spectroscopy was performed on the films and foams to
verify the existence of the additive layer at the surface and Differential Scanning
Calorimetry was performed to characterise the pure components.

4.4

Results and Discussion

4.4.1

Dielectric Spectroscopy

The dielectric properties of the pure components of the foams as well as their melting
temperature are listed in Table 2.
Figure 2 shows the dielectric constant of an isobutane blown foam without additives as
function of temperature (-10°C -110°C) and frequency (125 mHz – 4 kHz). Within these
intervals no dependence of the dielectric constant on temperature or frequency was
observed. This situation corresponds to a two phase system, a polymer matrix filled with
gas, as described by Bruggeman9. The numerical values of Table 2 substituted in
equation (3) give a dielectric constant of the foam of 1.03. This is consistent with the
measured values, which vary between 1.0 and 1.1. This is within the experimental error.
The loss index does not depend on temperature and frequency either within these
intervals and is close to 0, indicating that there are no conduction or polarisation losses.
One also can see that the composition of the cell gases is only of minor importance,
because their dielectric values do not differ significantly.
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Table 2 Dielectric constant and melting temperature, determined with DSC, of the pure
components.
material

dielectric

Tm(DSC)

constant
(ε’)

[°C]

[-]
polyethylene (PE)

2.3

112

isobutane

≈1.000

-

carbon dioxide

1.0005612

-

glycerol monostearate (GMS)

not known

68

stearyl stearamide (St.St)

not known

98

dodecylamine (dod.)

not known

16

ethoxylated amine (GAn)

not known

1.8

10

9

9

8

8

7

7

6

6

5

5

4

4

3

3

2

2

1

1

0
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Figure 2 Dielectric constant of an isobutane blown polyethylene foam, without additives,
as function of temperature and frequency.
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The effect of an additive, present in the foam, becomes clear in figure 3, where the
dielectric constant is plotted as a function of the temperature for different frequencies.
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80

90

100
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Figure 3 Dielectric constant (ε’) of LDPE foam containing 2.0 wt% glycerol monostearate
as function of temperature and frequency.
The dielectric constant starts to increase at 20 °C. This is explained by the fact that the
additive layer starts to conduct, resulting in interfacial polarisation. This effect is most
pronounced at the lowest frequencies. From this figure one can expect that at even
lower frequencies the dielectric constant will even be higher. This means that in case of
a frequency of 125 mHz the system not has reached complete relaxation 13. This explains
why the observed dielectric constant of 60 is considerably lower than the theoretically
calculated value (ε’ = 193) using (4). At frequencies higher than 2 Hz the system is fully
unrelaxed: the measured dielectric constant is now close to 1.03 and does not depend
on both temperature and frequency, indicating that no interfacial polarisation occurs. The
change in direction of the electric field lines is now too fast to be followed by the charged
ions, which are responsible for the conductive properties of these additives. Figure 4
schematically describes both situations.
In all curves the melting point of glycerol monostearate is distinct (Tm=68°C). After this
point a plateau is reached until 100°C, indicating a dielectric transition. The frequency
independent position of the onset of the plateau indicates a first order phase transition,
which is related to the S-L transition of GMS. Comparing with Figure 2 where no change
in dielectric constant is observed, one may conclude that at this point the additive
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crystals at the polymer surface melt, thereby increasing the mobility of the conducting
ions in this layer, resulting in interfacial polarisation.
+ + + + + + + + + +

+

-

+
+
-

+ + + + + + + + + +

--+

-

+
-

+

+

-

+
+ + +

- - - - - - - - - -

- - - - - - - - - -

(a)
(b)
Figure 4 A schematical representation of a foam cell between two electrodes: (a) fully
unrelaxed situation (no interfacial polarisation) and (b) fully relaxed situation (maximal
interfacial polarisation)

In Figure 5 the same behaviour can be observed for the loss index. The phase transition
of the additive however is less distinct at the lower frequencies. In the partly unrelaxed
state, interfacial polarisation causes dynamic conduction losses. In chapter 5 this
hypothesis will be verified by doing conductivity measurements on the pure additive.
To compare these results with a system without blowing agent, polyethylene films
containing 4 wt% glycerol monostearate were prepared. To accelerate demixing of the
additive and the polymer, the films were annealed1. Three films were stacked, thereby
creating two internal surfaces. In this configuration one can assume the filler volume
fraction (gas fraction) to be close to 0. The results of the dielectric experiments
performed on these films are plotted in Figure 6. At very low temperature or at high
frequency the dielectric constant of the system has the value of 2.6, which is in
agreement with literature14. At temperatures T > -10°C and frequencies ω < 64 Hz the
dielectric constants starts to increase to a maximum of approximately 4.5. So also in this
configuration with internal additive layers, the dielectric constant is increased, however to
less extent than in case of the foams. The dielectric constant increases only to a value of
5, whereas in case of the investigated foams the dielectric constant was close to 70 (and
even 193 according to theory, equation 3 with φf=0.965). This shows clearly the influence
of the high filler volume fraction, which in case of a thin conducting interlayer can shield
the entire filler volume. In this case the foam is reduced to a pseudo 2-phase system: a
non-conductive polyethylene matrix with a conducting filler phase.
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The small peak between 80 and 90°C is not understood, but might be an experimental
anomaly. The same behaviour around 100°C is observed, the dielectric constant drops
to its original value for all frequencies.

Tm

40

125 mHz
35
30
250 mHz
25
ε" [-]

20
500 mHz

15
10

1 Hz

5

2 Hz

0
-10

0

10

20

30

40

50

60

70

80

90

100

110

T [°C]

Figure 5 Loss index (ε”) of LDPE foam containing 2.0 wt% glycerol monostearate as
function of temperature and frequency.
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Figure 6 Dielectric constant of 3 layers LDPE film containing 4 wt% glycerol
monostearate as function of temperature and frequency.
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Additionally, dielectric experiments were performed on foams containing two other
additives. Firstly, a foam, which contained 1.5 wt% stearyl stearamide, was prepared
using isobutane as blowing agent and with a final density of 31.9 kg/m3 (figure 7).
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Figure 7 Dielectric constant of a polyethylene foam containing 2.0 wt% stearyl
stearamide as function of temperature at 125, 250 and 500 mHz.
Also the melting point of this additive is clearly observed at 98°C. In this case the system
again is not completely relaxed, possibly explaining the relatively low value of the
dielectric constant. Directly after the maximum is reached, the dielectric constant starts
to decrease, whereas in the case of glycerol monostearate a plateau is observed. In
both cases however, the dielectric constant drops to the original value. Three
hypotheses can be proposed to explain this behaviour.
1. Melting of the LDPE destroys the foam structure, resulting in higher densities/lower
filler volume fractions and consequently a lower dielectric constant (equation 3).
2. At temperatures above the melting point of the additive, the mobility of the additives
at the polymer surface strongly increases, thereby forming micelles/aggregates. This
can lower the conductivity of the additive layer directly, or indirectly by entrapping the
ions, which are responsible for the conduction of the additive, inside the micelles.
3. At higher temperatures the solubility of the additive in the amorphous phase of
polyethylene will increase. This combined with a lower crystallinity of the polymer at
higher temperatures can reduce the additive layer thickness to be close to zero15. In
this case the system is reduced to a system similar as in figure 2.
ad 1. Melting of LDPE does not occur before 110°C, whereas the decrease of the
dielectric constant does. The melting of the polyethylene matrix takes place between 110
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and 120°C. In this interval the dielectric constant increases from around 1.0-1.1 to 2.3,
the intrinsic value of the dielectric constant of LDPE. This rejects hypothesis 1.
ad 2. In literature we did not find evidence for the formation of micelles of this kind of
surfactants on polymer surfaces.
ad 3. By modelling the dielectric response of foams in which the additive layer thickness
was included, a clear indication supporting this hypothesis was obtained.13,14
With two other additives however, we did not find this large increase of the dielectric
constant. In dielectric experiments on foams containing 1.5 wt.% of an ethoxylated
amine (GAn) or dodecylamine, no dependence of the dielectric constant or loss index
was observed on the measured temperature and frequency interval. The dielectric
behaviour of these foams was exactly the same as the foam containing no additives
(figure 2). Two explanations can be given for this behaviour: firstly, these additives are
not present at the surface of the cell walls or secondly, that these additives form a poorly
conducting interlayer. However, this latter explanation is not very likely because these
additives are liquids at room temperature (the melting temperatures Tm are 2 and 16 °C,
respectively). In general liquids have a relatively high conductivity compared to solids,
due to increased mobility of the ions present in the material. In chapter 5 this hypothesis
will be verified by doing conductivity measurements on the pure additives and by
estimating the solubility of the additives in polyethylene using a group contribution
method.
A strange behaviour however, is observed when the ethoxylated amine is used in
combination with glycerol monostearate as additive in foam extrusion. In Figure 8 the
dielectric constant of a foam containing 1.5 wt% glycerol monostearate and 1.0 wt% of
an ethoxylated amine is plotted as function of temperature and frequency. The maximum
value of the dielectric constant (260), is already higher, even at 125 mHz, than the
theoretically expected maximum (235). This may be caused by the fact that foam density
is still decreasing during the experiment, due to the expansion of the cell gases.
However, when the graph is compared to Figure 3 it is clear that the system is closer to
complete relaxation (decreasing distances between curves when going to lower
frequencies). This probably means that the additive layer is thicker when GAn is present.
This can be explained by the fact that also GAn is present in the layer, thereby
increasing layer thickness, or that GAn is increasing the demixing kinetics of LDPE and
GMS16.
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Figure 8 Dielectric constant of a polyethylene foam containing 1.5 wt% glycerol
monostearate and 1.0 wt% of and ethoxylated amine as function of temperature and
frequency.

4.4.2

X-ray Photoelectron Spectroscopy

To verify whether the additive layer is present on the surface of the cell walls, X-ray
Photoelectron Spectroscopy (XPS) was performed on films and foams 18. XPS has a
typical penetration depth up to 10 nm, which is suitable to characterise the surface
composition of these foams. The experiments were carried out on cross-sections of foam
rods, thereby characterising the surface composition of the cell walls. The results of
these experiments are listed in Table 3.
The surface composition of LDPE film and foam without additives is in good agreement
with the expected composition. The low concentration of oxygen at the surface can be
assigned to oxidation of the surface, which can introduce oxygen up to levels of 1
atomic%17. The film, which contains 1.5 wt% glycerol monostearate shows good
agreement between measured and expected value (14 vs. 16 atomic% oxygen). The
corresponding foam has a lower atomic% oxygen. We have three explanations for this
observation:
1. This can be caused by the fact that the penetration depth of XPS in this system is
higher than the layer thickness, thereby also detecting LDPE underneath this layer,
which lowers the relative amount of oxygen detected.
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2. Low molecular weight LDPE or LDPE-waxes can be present in the top layer too,
which lowers the percentage of atomic oxygen at the surface.
3. The XPS measurements were done on a cross section of the foam. Possibly no
additive layer is present at a cross section of a cell wall, which decreases the relative
amount of oxygen measured.
The observed shift of the oxygen peak (from 285 eV to 287 eV) indicates double bonded
oxygen, as present in glycerol monostearate. From these arguments one may conclude
that in both systems a surface layer is present, containing mainly glycerol monostearate.
Table 3 Surface composition of LDPE films and foams as determined with X-ray
Photoelectron Spectroscopy.
composition
additive

in theory*

film**

foam

c

C1s

O1s

N1s

C1s

O1s

N1s

C1s

O1s

N1s

[wt%)

[%]

[%]

[%]

[%]

[%]

[%]

[%]

[%]

[%]

-

100

0

0

99.3

0.5

≈0

99.3

0.5

≈0

GMS

1.5

84

16

0

86.0

14.0

≈0

92.1

7.9

≈0

GAn

1.5

73.7

9.5

5

99.5

0.4

≈0

99.7

0.3

≈0

GMS/

1.5/

74.7

13.4

2

85.1

13.4

≈0

97.2

2.7

≈0

GAn

1.0

no additive

* in case of a complete demixed system and additive layer completely covering the cell
wall surface
**
annealed to accelerate demixing.
Films and foams containing 1.5 wt% of an ethoxylated amine did not show the presence
of the additive at the surface. This observation fully supports the results, which were
obtained with dielectric spectroscopy. The (low) atomic% oxygen can again be assigned
to the oxidation of the surface17. No nitrogen was detected at the surface, whereas
almost 5% was expected in case of a fully covered surface. From this observation one
may conclude that no surface layer of the ethoxylated amine is present at the surface of
the cell wall.
In the foam with both glycerol monostearate and an ethoxylated amine, oxygen can be
found as well on the surface of the cell walls. The amount of oxygen and the shift of
peak indicate that glycerol monostearate is present at the surface. The absence of a
nitrogen peak again demonstrates that no ethoxylated amine is present at the surface of
the cell walls.
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4.5

Conclusions

Dielectric spectroscopy is a very useful method to show the presence of an additive layer
at the surface of the cell walls of a closed cell, low density polyethylene foams. The
important condition to be fulfilled is that the additive is conductive in order to establish
interfacial polarisation. This effect occurs in case of low frequencies in which the
dielectric constant (ε’) of a foam may go from 1.03 (no interfacial polarisation) up to 350
(fully relaxed interfacial polarisation)! Dynamic conduction losses during the interfacial
polarisation also show a strong increase of the loss index (ε’) from approximately 0 in the
unrelaxed situation to about 40 in the fully relaxed situation.
Two of the four investigated additives, glycerol monostearate and stearyl stearamide
showed a strong increase in both the dielectric constant and the loss index of the foam,
implying the presence of a surface layer at the cell walls. The frequency independent
positions of the melting peaks suggest a (partly) crystalline character of this surface
layer. Due to migration of this layer into the polymer at 90 – 100 °C, as a result of the
increasing solubility of the additive in the polymer, the interfacial polarisation is reduced.
A third additive, an ethoxylated amine, does not increase the dielectric constant of the
foam. This is caused by the fact that the ethoxylated amine is not present at the surface
of the cell walls. The solubility of this additive in polyethylene might be higher than the
added amount, which means that the additive will be present in the bulk instead of the
surface. Obviously only the presence of the additive at the surface of the cell walls is
responsible for the large increase of the dielectric constant19.
The combination of the ethoxylated amine with glycerol monostearate increases the
dielectric constant to 350. It seems that the presence of the ethoxylated amine
accelerates demixing of the polyethylene and glycerol monostearate or produces a more
conducting surface layer.
Results obtained with X-ray Photoelectron Spectroscopy fully support these results.
Glycerol monostearate was found to be present at the surface of the cell walls. The
ethoxylated amine however, could not be detected. Also in the foam with both glycerol
monostearate and the ethoxylated amine only glycerol monostearate was present at the
surface.
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List of symbols
ε*(ω,T)
ε’(ω,T)
ε”(ω,T)
εc
εf
εm
εs
ω
ϕf

complex dielectric constant
real part of the dielectric constant or dielectric constant
imaginary part of the complex dielectric constant or loss index
dielectric constant of the composite
dielectric constant of the filler
dielectric constant of the matrix
dielectric constant of the composite, ω →0
field frequency
volume fraction filler material

[-]
[-]
[-]
[-]
[-]
[-]
[-]
[Hz]
[-]

c
n
Tm

concentration
shape factor
melting temperature

[wt%]
[-]
[°C]
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5

Low Frequency Dielectric Spectroscopy on
Low Density, Polyethylene Foams

B. Modelling the Dielectric Response

Abstract
A new model has been developed to describe the dielectric response of low density,
closed cell polymeric foams. Existing models could only be used for medium and high
density foams (ρ>500kg/m3). In our model the foam structure is assumed to consist out
of elementary cubic cells (ECC). An electrical circuit analysis has been proposed to
describe the dielectric properties of each component. Important parameters to be
determined independently are the conductivity and the solubility of the additives in the
polymer. The agreement between the numerically calculated dielectric constant and the
experimentally obtained dielectric constant was very good. The peak in the curves can
be ascribed to the conductivity of the additives, whereas the rapid decrease of the
dielectric constant around 100°C is caused by the re-solubilisation of the additive
(glycerol monostearate) into the polymeric cell walls. Finally the thickness of the additive
layer can be calculated as a function of the temperature with this ECC-model.
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5.1

Introduction

In chapter 4 the analysis of cell stabilising additives in low density polyethylene foams by
means of low frequency dielectric spectroscopy has been discussed1. It was shown that
the presence of an additive at the surface of the closed cells did increase the dielectric
constant of the foam from 1.03 to 350. This increase was ascribed to the interfacial - or
Maxwell-Wagner – polarisation, which occurs at the interfaces of two materials with a
different conductivity. With increasing temperature the additive layer starts to conduct
and a pseudo two phase system is established, with a non-conductive matrix
(polyethylene), a non-conductive filler material (a gas, consisting of a mixture of blowing
agent and air) and a conducting interlayer (the additive). A comparable system, glass
bead filled high density polyethylene with a conducting water layer, has been
investigated by Steeman2. In our system however, the filler degree is much higher (97
vs. 20 vol.%). In his research Steeman modelled his system with spherical filler particles
in a cubic matrix, which means that his model is limited to filler volume fractions up to 52
vol.%. In this chapter we will propose a new model describing the dielectric response of
a heterogeneous system with or without conducting interlayer up to filler fractions very
close to 1. Extending this model with a solubility term for the additive in polyethylene
should describe the dielectric behaviour of closed cell foams.
The objective of this chapter is to explain the observations, descibed in chapter 4, using
a model description of a foam. The observations, which need to be clarified, include:
1. The large dielectric response in foams with only a small amount of additive;
2. The shape of the curve, dielectric constant vs. temperature (e.g. the place of the
peaks);
3. The sudden decrease of the dielectric constant between 90°C and 110°C.
Finally the dielectric constant will be linked to an additive layer thickness at the cell walls
in the polyethylene foam.

5.2

The model

An exact description of the foam morphology is very difficult. Therefore it was decided to
simplify the morphology to a matrix consisting of elementary cubic cells. The cubic cells
contain an outer matrix wall covered internally with an additive layer. The remaining
volume consists of filler material. In figure 1 a two-dimensional representation of this
system is shown. These elementary cubic cells have a constant edge length equalling
unity, by definition. Similar to the approach by Van der Poel3, each of these cubic cells
can now be used to model the entire matrix.
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filler

matrix (PE)
interlayer

Figure 1 Two-dimensional representation of the model.
The model can be based on a two- or a three-dimensional structure; here a threedimensional model will be worked out.
Considering only a single elementary cubic cell, this can again be divided into various
components, schematically shown in figure 2.

Lm= 1
1

Lil= t

dm= ∆x

3
2

4

dil= ∆l
L f= q
Hil = q 5

Hf = q

Hm= t
6
7

Figure 2 Various parts of the elementary cubic cell (ECC): t=1-2∆x, q=1-2∆x-2∆l.
(1) The top of the matrix cubic cell (Lm=1, dm=∆x)
(2) The shell of the matrix cubic cell (Lm=1, Hm=t, dm=∆x)
(3) The top of the interlayer cubic cell (Lil=t, dil=∆l)
(4) The shell of the interlayer cubic cell (Lil=t, Hil=q, dil=∆l)
(5) The cubic cell representing the filler (Lf=q, Hf=q)
(6) The bottom of the interlayer cubic cell (Lil=t, dil=∆l)
(7) The bottom of the matrix cubic cell (Lm=1, dm=∆x)
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The value of ∆x, which is half the wall thickness of an elementary cubic cell, is only a
function of the volume fraction polyethylene (ϕPE) in the foam, assuming uniform cell
size:

∆x =

1 
⋅  1− 1−ϕ PE
2 

(

)

1/3





(1)

The thickness of the additive interlayer in an elementary cubic cell, ∆l, depends on both
the volume fraction of polyethylene (ϕPE) in the foam as well as the volume fraction of the
additive (ϕa) in the polyethylene matrix:

∆l =

1 
⋅  1− ϕ PE
2 

(

)

1/3

(

(

− 1− ϕPE 1+ ϕ a

))





1/3

(2)

It is assumed in this formula that the additive is uniformly divided as a surface layer over
the cell walls.
5.2.1

Electrical circuit analysis

An electrical circuit as shown in figure 3 can represent the dielectric properties of a
material.

C2

R2

R1
Figure 3 Schematical representation of the dielectric properties of a material.
It is possible to distinguish two different properties:
1. Capacitive properties; these are represented by a conductor and capacitor, placed
in series. Where the ratio between conduction and capacity, given by equation (3)

tanδ =

where

YR 2
YC2

=

(3)

R2
ωC2

Y

Admittance

[1/(Ω.m)];

C
R
ω

Capacity
Resistivity
Frequency

[F];
[Ω];
[Hz].
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2.

Equation (3) is a measure for the ideality of the capacitive property. For a good
isolator this ratio is low and the conductors can be neglected.
Conductive properties; these are modelled with a single conductor (R1). When a
material is a good conductor the system is short-circuited through the conductor side
and the capacitor side can be neglected.

The general relations for the capacity, C, and conductance, G, are given in equations (4)
and (5).

εε 0 A
l
1 A
G=
=
R ρl

(4)

C=

where G
ε
ε0
ρ
A
l

(5)
conductance
dielectric constant
permittivity of vacuum
specific resistivity

[Ω-1];
[-];
[8.85pF/m];
[Ωm];

area
length

[m2];
[m].

Table 1 shows the analytical values of both A and l. Substitution of these values into
equations (4) and (5) will lead to the value of C and G for each part of the cubic cell as
represented in figure 2.
Table 1 The area, A, and thickness, l, of each separate unit in the Elementary Cubic
Cell.
unit #
A [m2]
l [m]
with
∆x
1
1
2

1-t2

3

2

t
2

2

t
∆l

t=1-2∆x
t=1-2∆x

4

t -q

q

q=1-2∆x-2∆l

5

2

q=1-2∆x-2∆l

q

6

t

q
∆l

7

1

∆x

2

t=1-2∆x

Combining the seven components of the elementary cubic cell into a single circuit using
units as in figure 3 the following electrical circuit is obtained, figure 4(a).
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a.
b.
Figure 4 (a) The theoretical electrical circuit analogue for the Elementary Cubic Cell and
(b) the circuit used after neglecting the conductive properties of the matrix and the filler.
Each unit represents a different part of the cubic cell as indicated by its number. This
circuit gives rise to an admittance, which can be calculated from the individual
contributions of the units to the total admittance. The admittance of capacitors and
conductors is given by eq. 6 and 72.

Yc = jωC
YG = G =

(6)
(7)

1
R

To simplify the calculations a few assumptions will be made:
1. The matrix (PE) is non-conductive. Only the capacitor is of influence in units 1, 2, and
7.
2. The interlayer is either conductive or non-conductive. When the interlayer is
conductive, this unit will short-circuit through the conductor, which implies that the
conductor on the capacitive side can be skipped in units 3, 4 and 6.
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3. The filler material (gas) is non-conductive. Unit 5 can only be represented by a single
capacitor.
When these simplifications are implemented into figure 4(a), figure 4(b) is obtained.
The admittance of the circuit shown in figure 4 (b) is now given by eq. 8:

Ytotal =

A
⋅
l  2 
 +

 jωC1/7 

1

(8)

1
1
2

1

+ jωC2

 1
+ 1


+ jωC3 / 6 
+ jωC4 + jωC5 
 R3 / 6
  R4

total admittance

[Ω-1];

C1-7
R1-7

capacity of unit 1-7
resistance of unit 1-7

[F];
[Ω];

A
l

area of an elementary square
length of an elementary edge

[m2];
[m].

where Ytotal

When (by definition)

(

Ytotal = jωε 0ε * = jωε0 ε ' −jε"

)

(9)

and A and l are unity, then eq. 8 can be rearranged to give ε’ and ε” after separation of
the real part and imaginary part, with both ε’ and ε” being functions of (ω, R1-7, C1-7).
Finally when the relations for R1-7 and C1-7 using eq. 4 and eq. 5 inserting the values of
table 1, then ε’ and ε” can be calculated as function of the experimental parameter (ω),
the foam parameters (∆X and ∆l) and the pure material properties (εm, εil, εf and ρil).
5.2.2

Limiting configurations

There are a number of limiting configurations, which can be solved analytically, which
contribute significantly to the understanding of the observed dielectric phenomena. The
following configurations will be discussed:
1. The interlayer is non-conductive.
2. The interlayer is conductive at low limiting frequencies
3. The interlayer is conductive at high limiting frequencies
ad 1. When the interlayer is non-conductive the circuit as shown in figure 4 (b) can be
simplified furthermore by replacing the units 3, 4 and 6 by a single capacitor. When the
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capacity of the filler is much larger than that of the separate interlayer, q>>∆l, then ε’ and
ε” are given by:

ε 0 ε' =

(

C1 C2 + C5

(C

1

)

(10)

+2C2 +2C5

)

ε "= 0

(11)

First of all it should be realised that both ε’ and ε” are independent of frequency.
Secondly a numerical value for the dielectric constant, ε’, can be calculated now in case
of an interlayer, which is non-conductive, or not present. When the dielectric constants of
both matrix and filler are considered to be independent of temperature and frequency
and the foam density is about 30 kg/m3, the dielectric constant was calculated to be 1.03
[-].
This value can be verified using one of the classical mixture equations, e.g. Bruggeman 4,
which is applicable on the whole filler volume range (chapter 4, equation 3). The same
value (ε’≈1.03) is obtained, when Bruggeman’s equation is used.
ad 2. Configuration for a conductive interlayer at limiting low frequency.
When the interlayer is conductive the circuit in figure 4(b) is further simplified by
neglecting the capacitors in the units 3, 4, 5 and 6. The relations for ε’ and ε” are now
given by:

ε 0 ε' =

(

(

C1 2+ ω 2C2 A2 C1 +2C 2

(

4 + ω 2 A2 C1 + 2C2

ε 0 ε"=

ωA2 C12
4 + ω 2 A2 C1 + 2C2

with

A=(R3+R4+R5)

(

)

))

(12)

(13)

)
[Ω].

For limiting low frequencies, ω→o, equations (12) and (13) reduce to:

ε' =

C1
2ε 0

(14)

ε "= 0

(15)

When equations (1) and (4) are substituted into equation (14) then equation (16) is
obtained.
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1
ε foam = εPE ⋅ 
1 − 1− ϕ PE


(

)

1/3

(16)





This equation implies that the dielectric constant of a closed cell foam is only a function
of the dielectric constant of the matrix material and the density of the material in case
very low frequencies are applied. In figure 5 the dielectric constant of a foam with a
conducting interlayer at limiting low frequencies is drawn as a function of the foam
density.
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Figure 5 The dielectric constant of a foam with conducting interlayer of a closed cell
polyethylene foam (εPE=2.3, ρPE=921 kg/m3), with enlarged the area of interest.
The shape of the curve is almost equal to the one obtained by Steeman2. Steeman’s
model however, is restricted for foams with densities between 500 and 900 kg/m3,
whereas our model covers the whole density range and can be used for low density
foams as well.
ad 3. Configuration for a conductive interlayer at limiting high frequency.
When the limiting high frequency configuration is considered, units 3, 4 and 6 again are
short-circuited. At these high frequencies although, the capacitive properties of the filler
should not be neglected completely and the following relations, eq. 17 and eq. 18 can
now be derived respectively.
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ε 0 ε' =

(

(

(

4 + ω 2 A2 C1 + 2C2 + 2C5
ω A C
4 + ω A C1 + 2C2 + 2C 5
2

ε 0 ε"=

)(

C1 2+ ω 2 A2 C2 + C5 C1 +2C 2 +2C5

2

2

(

2
1

)

))

(17)

(18)

)

In case of limiting high frequencies equations. (19) and (20) are obtained.

ε 0 ε' =

(

C1 C2 + C5

(C

1

)

+2C2 +2C5

(19)

)

ε "= 0

(20)

These latter equations are identical to eq. 10 and eq. 12. At high frequencies the change
of the electrical field is so fast, that no interfacial polarisation will take place anymore.
This means that in case of high frequencies the dielectric constant and the loss index will
be equal to the situation without an interlayer: ε’foam≈1.03 and ε”foam≈0. Again this is in
good agreement with Bruggeman and our experimental results (5.5).

5.3

The conductivity of additives

The conductivity of the additive layer (ρil) is a very important input-parameter of the ECC
model. For this reason the conductivity of several additives has been determined as a
function of the temperature. Experiments were performed on additives, with a varying
melting temperature from 16°C to 68 °C to cover part of the temperature interval of our
interest (-10 °C-110°C).

5.3.1

Experimental

The conductivity of the additives was measured with a high current IDEX sensor, which
is a set of two electrodes placed on an insulator, on which the material (the additive) is
molten. This way of measurement was chosen for two reasons; firstly because of the
reproducibility, and secondly because of the fact that a surface conductivity is being
measured. This is comparable to the thin surface layers, which might be present inside a
polyethylene foam. In table 2 properties of 3 additives are listed.
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Table 4 Additives used in conductivity measurements
chemical name

structural formula

glycerol monostearate
sorbitol stearate
dodecylamine

C3H7O3C(O)C17H35
C6H13O6C(O)C17H35
C12H25NH2

Mw
(g/mol)
358
448
185

Tm*
(°C)
68
52
16

* Determined with DSC

5.3.2

Results

In figure 6 the conductivity of the various additives are plotted as a function of the
temperature.
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Figure 6 The conductivity of (a) glycerol monostearate and (b) dodecylamine and (c)
sorbitol stearate as a function of the temperature.
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For glycerol monostearate, figure 6(a), a gradual increase from 10-12 S/cm to 10-8 S/cm is
observed. Around the melting temperature of glycerol monostearate a small peak is
observed. Conductivity in this kind of materials is mainly caused by ionic impurities.
When the material melts, this will result in an increased mobility for these ions, reflected
in a higher conductivity. The conductivity of dodecylamine, figure 6(b), is slightly higher
at lower temperatures and slightly lower at higher temperatures. In contrary to glycerol
monostearate the melting point of this material (16 °C) is not observed in the conductivity
curve.
In case of sorbitol stearate, figure 6(c), the conductivity increases from 5·10-11 to 10-7
S/cm. An explanation for these relative high values is the bulky polar headgroup, which
causes a relatively large free volume in the melt. This increases the ion mobility,
resulting in a higher conductivity. Also in the case of sorbitol stearate the melting point is
not observed in the conductivity curve.

5.4

The solubility of additives in polyethylene

The solubility of additives in polyethylene could be calculated with the DSM UNIFAC FV
method. In Appendix 1 this method is shortly described as well as the detailed results.
With this method the solubility of the additives in the amorphous phase is calculated.
Figure 7 shows the calculated solubility of dodecylamine (dod.) and glycerol
monostearate (GMS) as a function of the temperature for complete amorphous
polyethylene and semi-crystalline (ρ=921 kg/m3) polyethylene.
The solubility of both additives strongly increases with temperature. The decrease in
crystallinity with temperature causes the curves for the amorphous and the semicrystalline polyethylene to coincide. On the complete temperature interval the solubility
of dodecylamine is higher than the amount, which is added in foam formulations. This is
not the case for glycerol monostearate: only for temperatures above 105 °C the solubility
in polyethylene exceeds 2 wt.%.
Also for sorbitol stearate the solubility in polyethylene was calculated. Sorbitol stearate
however, was nearly insoluble in (amorphous) polyethylene, which is due to the relatively
large head-group (sorbitol).
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Figure 7 The solubility (S) of dodecylamine (dod.) and glycerol monostearate (GMS) as
a function of the temperature as determined with the DSM UNIFAC FV method, for
amorphous and semi-crystalline (ρ=921 kg/m3) polyethylene

5.5

Elementary Cubic Cell model - results and experimental verification

Earlier in this chapter the ECC-model was discussed and it was pointed out that both the
conductivity and the solubility of the additives play an important role. In this chapter the
results of the ECC model calculations on foam, containing glycerol monostearate,
sorbitol stearate or dodecylamine will be presented. The reason for this choice is that
these three additives differ strongly in solubility in polyethylene. Sorbitol stearate has a
very low solubility (close to zero at the investigated temperature interval), dodecylamine
has relative high solubility (between 10 and 100 wt.%) and glycerol monostearate has an
intermediate solubility (between 0 and 10 wt.%)
5.5.1

Glycerol monostearate

The results of model calculations of a polyethylene foam containing 2 wt.% of glycerol
monostearate are given in figure 8 (a) and can be compared with the experimentally
obtained graph (figure 8(b)).
The agreement is quite good for all calculated frequencies both qualitatively as well as
quantitatively. Until 60°C no interfacial polarisation occurs, and both the calculated and
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the experimentally obtained dielectric constant is close to 1.03. Both graphs clearly show
a peak around the melting point of the additive (Tm= 68°C), which can be ascribed to the
conductivity of the additive: also in figure 6(a) where the conductivity of the additive is
plotted against temperature a small peak exists at exactly the same temperature. It is
clear that a small change in conductivity has a large effect on the calculated value of the
dielectric constant. The small shift in the location of the peak (68 vs.70°C) might be
caused by the fact that the conductivity of the pure additive was measured on a glass
plate, whereas the additive in a foam is located on a polyethylene cell wall.
In chapter 4 three hypotheses were given to explain the strong decrease of the dielectric
constant between 100 and 110 °C. From the analysis of our model calculations it may be
concluded that the re-solubilisation of the additive into the polyethylene accounts for this
effect. Due to the fact that the additive layer becomes thinner, the interfacial polarisation
effect will decrease. As is shown in figure 7, the solubility of glycerol monostearate in
polyethylene, is about the same as the fraction, which has been added to the
polyethylene (2wt.%). This explains the observation that the value of the dielectric
constant of the foam drops to its original value of nearly 1 and no interfacial polarisation
takes place anymore.
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Figure 8 (a) Dielectric constant calculated with the ECC-model for polyethylene foam
(ρ=30 kg/m3) containing 2 wt.% of glycerol monostearate and (b) experimental curves
(ρfoam=30 kg/m3, φa=2 wt.%) as a function of temperature at various frequencies.
The maximum value of the dielectric constant (the low frequency limit), which
theoretically can be obtained, strongly depends on the density of the foam. For a foam
with a density of 30 kg/m3 this maximum value should be around 230 (see figure 5). In
both the calculated and the measured curve this maximum value is not obtained.
Obviously the lowest applied frequency, 125 mHz, is not sufficiently low to have
complete relaxation of this system. This means that for this specific case the
(macroscopic) interfacial polarisation process has a relaxation time which is larger than 8
sec (1/(0.125 s-1)).
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5.5.2

Sorbitol stearate

According to the DSM UNIFAC FV model calculations, sorbitol stearate has a very low
solubility in polyethylene within investigated temperature interval (-10 - 110 °C). This
explains why in figure 9 no decrease of the dielectric constant is observed, but a
continuous increase to a constant value. For the numerically simulated foam this value is
equal to the maximum value of 230 in case of a foam with a density of 30 kg/m3. From
this it can be derived that the relaxation time of the interfacial polarisation is less than 8
sec. This may be explained as follows: firstly the conductivity of a sorbitol stearate layer
is larger than that of a glycerol monostearate (see figure (6(a) vs. figure 6 (c)). Secondly
due to the fact that the additive layer is thicker in case of sorbitol stearate, the mass
transport resistance of the ions in the layer will be smaller, resulting in lower relaxation
times.
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Figure 9 (a) Dielectric constant calculated with the ECC-model for polyethylene foam
(ρ=30 kg/m3) containing 2 wt.% of sorbitol stearate and (b) experimental curves
(ρfoam=30 kg/m3, φa=2 wt.%) as a function of temperature at various frequencies.
The quantitative agreement is less good than in case of glycerol monostearate. In both
curves initially no interfacial polarisation occurs. In the calculated curve, 9 (a), the
interfacial polarisation starts at approximately 40 °C whereas in the experimentally
obtained graph this onset temperature is around 50 °C. This discrepancy is possibly
caused by the conductivity measurement. As was shown with glycerol monostearate the
conductivity of the additive strongly determines the shape of the curve and small
differences can have a large influence on the calculated curves.
A more significant difference between the calculated and the experimentally obtained
curves is the maximum value, which is obtained, which is about a factor 2 higher! A
further analysis of this foam however, revealed that sorbitol stearate has an additional
effect. Sorbitol stearate increases the amount of open cells in the foam, whereas foam
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produced with glycerol monostearate results in an almost complete closed cell structure.
One of the main assumptions of the ECC-model however, is that all the cells in the foam
are closed and have the same dimensions, which is not the case with the sorbitol
stearate produced foams. When a foam is partially open, part of the cells is
interconnected and forms so-called pseudo-cells. If the surrounding cells are closed,
then a relative large closed cell is obtained. This situation is schematically shown in
figure 10.

pseudo-cell

Figure 10 Schematical representation of a pseudo-cell: open cells (dashed lines)
surrounded by closed cells (filled lines).
The cell walls surrounding it however, have the same thickness as in the normal
elementary cells. This will mean that such a (closed) pseudo-cell can be regarded in a
dielectric experiment as an area with a (very) low density. In figure 5 can be seen that in
case of low density foams the dielectric constant very strongly depends on the foam
density. This might explain the fact that the measured dielectric constant is much larger
that the theoretically obtained value in case part of the cells is interconnected.
5.5.3

Dodecylamine

Dodecylamine has a relative high solubility in polyethylene (figure 8), this in contrast to
both glycerol monostearate and sorbitol stearate. Within the complete temperature
interval the solubility of dodecylamine is larger than the added amount in the foam.
Hence, one might expect no demixing of the polymer and the additive to take place. This
hypothesis is supported by the experiment as well as by the numerical calculations of the
dielectric constant as function of temperature of a foam containing 2 wt.% of
dodecylamine. These data are given in figure 11 (a) and (b) respectively. In both curves
the dielectric constant does not depend on temperature or frequency (125 mHz – 2 Hz).
In this case no interfacial polarisation takes place, which explains why a dielectric
constant close to 1 is obtained. This situation is equal to the situation in which no
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additives were present in the foam (see figure 2 of chapter 4). From these observations
one may conclude that an additive only increases the dielectric constant of a foam when
it is present at the surface of the cell walls. In case it is randomly dispersed in the foam
matrix no measurable influence on the dielectric constant is observed due to its low
fraction (2 wt.% ≈ 0.06 vol%). The only deviation between figure 11 (a) and 11 (b) is that
the measured value of the dielectric constant is slightly higher. This is caused by the fact
that the thickness of the foam sample has a relative error of about 10% and this has also
some effect on the measured dielectric constant.
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Figure 11 (a) Dielectric constant calculated with the ECC-model for polyethylene foam
(ρ=30 kg/m3) containing 2 wt.% of sorbitol stearate and (b) experimental curves
(ρfoam=30 kg/m3, φa=2 wt.%) as a function of temperature at various frequencies.

5.6

Conclusions

The ECC model, a model that describes the entire foam structure as an electrical circuit
consisting out of three cubic cells, placed inside each other, describes the dielectric
response of a low density, closed cell foam very well. The major input-parameters in this
model are the conductivity of the additive and the solubility of the additive in
polyethylene. The conductivity can be measured using an IDEX electrode. The
conductivity of sorbitol stearate was approximately one decade higher than the
conductivity of glycerol monostearate and dodecylamine. The solubility differs much:
sorbitol stearate, with the largest polar group, was virtually insoluble, glycerol
monostearate was partially soluble and dodecylamine, with the smallest polar group, has
a relative high solubility in polyethylene.
The conductivity has an important effect on the calculated curves of the dielectric
response of a foam; small changes in conductivity have large effects on the dielectric
constant of a foam. This has been clearly demonstrated for a foam containing glycerol
monostearate. The small peak in the conductivity curve can also be found in the
dielectric constant as function of the temperature, but is much more pronounced.
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The solubility of the additive in the foam also has an important effect. It determines the
amount, which is available to form a layer on the cell walls upon demixing. In case of
glycerol monostearate this layer re-solubilises in the polyethylene cell walls as
temperature is increased. A decrease of the dielectric constant from about 200 to about
1 demonstrates this behaviour in both the experimental and theoretical description. From
both the dielectric experiments and the solubility calculations using the DSM UNIFAC FV
model an effective layer thickness of glycerol monostearate can be estimated as a
function of the temperature. This is shown in figure 12.
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Figure 12 Thickness of the glycerol monostearate layer in a closed cell polyethylene
foam (ρfoam =30 kg/m3, dcell=400 µm) as function of the temperature, calculated points
fitted with an Arrhenius equation.
It is obvious that the thickness of this layer strongly depends on the temperature. Two
effects cause the decrease. Firstly the solubility in the amorphous polyethylene will
increase with temperature and secondly the crystallinity of polyethylene decreases with
temperature, which increases the amorphous volume fraction available for solubilisation
of the additive.
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The other two additives showed different behaviour. The very low solubility of sorbitol
stearate in polyethylene and the high conductivity resulted in a high dielectric constant,
compared to glycerol monostearate. The thickness of this surface layer was nearly
constant over the entire temperature interval, approximately 34 nm.
Dodecylamine has a solubility, which is higher than the amount added on the complete
temperature interval. This means that dodecylamine and polyethylene will not demix and
consequently no surface layer is formed. In both the calculated and measured curve of
the dielectric constant as function of the temperature this was found as well.
It may be concluded that an additive layer on the surface of the cell walls causes the
increase in dielectric constant in foams with additives such as glycerol monostearate and
sorbitol stearate. When this surface layer is conducting, this three phase system of a
polyethylene matrix, an additive interlayer and a gaseous filler, reduces to a pseudo two
phase system consisting of a polyethylene matrix with a conductive filler, which is
completely shielded by the additive layer.
The large effect of a relative small amount of additive (2 wt.% or 0.06 vol%)
demonstrates that dielectric spectroscopy is a very powerful technique to study the
distribution of low molecular weight additives in polymeric foams.
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Appendix

1

The solubility of additives in polyethylene
In the model as presented in chapter 5 it is assumed that the additive forms a continuous
layer on the surface of the cell walls. This is due to a very low solubility in polyethylene at
the investigated temperature interval, which results in a complete demixing of the
additive and the polyethylene. The additive will then migrate to the cell walls and form a
surface layer. Dielectric spectroscopy was applied to confirm this hypothesis. In addition,
solubility data are required as well and in this appendix the solubility of the used
additives in polyethylene is described.
So far few investigations have been published on the solubility of additives in
polyethylene5,6,7. Moisan6 investigated the solubility of low molecular weight additives. He
measured the thickness of a stack of several polyethylene films and additive layers as a
function of time. In this way he could determine both the diffusion coefficient and the
solubility coefficient. However, his results showed a wide variation in solubility and
diffusivity for the various additives and the reproducibility is rather questionable.
Furthermore this method is very time consuming.
A UNIFAC group contribution method may be used as well to calculate the additive
solubility in polyethylene. By adding an extra term taking into account the differences in
free volume between gases, solvents and polymers, the UNIFAC model was extended to
polymers8 and gas solubilities9. With the introduction of an elastic contribution that
accounts for the tension on the inter-crystalline tie chains, Doong et al were able to
calculate the sorption of solvents in semi-crystalline polymers10. These different
modifications and extensions of the UNIFAC model were combined in the DSM UNIFACFV group contribution model, which will be described in the next paragraph.
A1.1 The DSM UNIFAC FV-model
The thermodynamic equilibrium between a vapour phase and a liquid phase of
component i (µi(G)=µi(L))is given by:

φvi y iP = γ i x i Pi sat
where φiv

(21)

Vapour phase fugacity coefficient of component i

83

[-];

Chapter 5

yi
P
γi

vapour mole fraction of component i
total pressure
liquid phase activity coefficient of component i

[-];
[bar];
[-];

xi
Pisat

liquid mole fraction
saturated vapour pressure

[-];
[bar].

In polymer systems the molecular weight of the polymer is in general much higher than
that of the solvent or additives. The DSM UNIFAC FV model gives the activity, a, of
component i in terms of a combinatorial (C), a residual (R), a free volume (FV)
contribution8 and an elastic free energy contribution (EL).

lnai = ln aCi + lnaiR +ln aiFV +ln aiEL

(22)

The combinatorial contribution takes into account the entropy effect arising from
differences in molecular size and shape. In the DSM UNIFAC FV model the original
UNIFAC combinatorial part is used11. The residual contribution accounts for the
interactions between the functional groups in the mixtures and the approach developed
by Oishi and Prausnitz was used12. The free volume contribution accounts for the
changes in free volume, which is caused by mixing. Also for this term the approach by
Oishi and Prausnitz12 was used, which is derived from the Flory equation of state. The
swelling of the amorphous phase by the sorption of the additive molecules causes a
tension on the inter-crystalline tie chains. This tension is accounted for in this model by
the elastic free energy contribution (aiEL). In the DSM UNIFAC FV model the approach
originally derived by Michaels and Hausleinn was used13:

EL
i

lna

 
 lna R +ln aFV    3

 1 1 
Vi 




=  ∆Hfus ρa  −  − φi +  i 2 i φi2  / 
−1
φpol
 T Tm  


   2fφpol
 R 

where Vi
∆Hfus
Tm
f

molar volume of the additive
heat of fusion per gram of crystalline polymer

(23)

[cm3/mol];
[J/g];

melting temperature of crystalline polymer
[K].
fraction of elastically effective chains in the amorphous phase

The factor f is characteristic for each semi-crystalline polymer and should be
independent of temperature and additive concentration13.
The relationship, which describes the solubility of component i as a function of the
temperature in a liquid mixture or polymer melt is given in equation (24)14.

84

Low frequency dielectric spectroscopy on low density, polyethylene foams. B. Modelling

ln

ai,L
∆HS →L  1 1  ∆C p,S→L
=
−
+
ai,S
R  Tm T 
R

where ∆HS→L
∆Cp,S→L

 T T

ln
+ m −1
 Tm T


(24)

melting enthalpy
[J/mol];
difference in heat capacities in liquid and solid state
for component i

[J/mol/K].

In the most common case the solid phase consists of only pure component: the activity
of component i in the solid phase ai,S becomes unity. In general the liquid phase behaves
as a non-ideal mixture and the activity of solute ai,l can be determined by a predictive
group contribution model, such as DSM UNIFAC FV.
A1.2

Results of the solubility calculations

To calculate the free volume activity coefficient (see eq. 23) the density of the additive as
function of the temperature is an important parameter to be determined. The density
data were modelled using the Rackett equation.

A

ρ=
B


 1+ 1−T / T c


(

where ρ
Tc
A, B

)

(25)


2 / 7




additive density

[kmol/m3];

critical temperature
constants

[K];
[-].

In table 3 the values of A, B and Tc are listed for the three different additives, which were
used in the solubility calculations.
Table 3 Constants in Rackett equation for the various additives.
additive

Tc (K)

A

B

glycerol
monostearate

865

0.1434

0.2193

sorbitol stearate

941

0.0721

0.1644

dodecyl amine

756

0.1768

0.2078

The solubility of the additive in amorphous polyethylene can now be calculated by
applying eq. (24), assuming that a pure additive is in equilibrium with the polyethyleneadditive mixture.
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Table 4 Solubility (wt.%) of additives in amorphous and semi-crystalline (ρ=926 kg/m3 @
25 °C)) polyethylene.
glycerol
monostearate
T (°C)

sorbitol stearate

dodecylamine

Samorph.
(wt.%)

Ssemi-cryst.
(wt.%)

Samorph.
(wt.%)

Ssemi-cryst.
(wt.%)

Samorph.
(wt.%)

Ssemi-cryst.
(wt.%)

≈0

≈0

≈0

≈0

9.90

5.20

27.1

0.01

0.005

45

0.04

0.022
≈0

≈0

15.0

8.40

25

50
60

0.11

0.064

70

0.22

0.13

25.5

15.1

75

0.30

0.19

29.8

18.4

80

0.41

0.26

36.3

22.9

85

0.55

0.36

46.1

30.0

90

0.73

0.49

62.6

42.2

100

1.30

0.978

99.5

74.1

105

1.72

1.40

99.8

81.0

110

2.00

1.79

99.97

89.7

120

2.69

2.68

≈0

≈0

≈0

≈0

The crystallinity of polyethylene within the temperature interval, of interest, has been
determined with DSC. These results, combined with the calculation of the solubility of the
additives in amorphous polyethylene using the DSM UNIFAC FV method are presented
in table 4. The solubility in the semi-crystalline phase (Ssemi-cryst.) was calculated by
multiplying the solubility in the amorphous phase (samorph.) with the crystallinity.
These results show that the solubility of the three additives is completely different.
Sorbitol stearate is virtually insoluble in amorphous polyethylene at the investigated
interval. This implies that when both phases are in equilibrium, polyethylene and sorbitol
stearate will demix completely. Glycerol monostearate, which has a slightly smaller polar
head group, is partially soluble in polyethylene. The solubility of glycerol monostearate in
polyethylene increases from close to 0, at 25 °C, to almost 2.7 wt.% at 120 °C. The
same behaviour is shown for dodecylamine. However, the solubility of dodecylamine in
polyethylene is much larger than for glycerol monostearate: it increases from 5.2 wt.% to
almost 90 wt.% at 110°C. The relative large polar group of glycerol monostearate might
be responsible for the lower solubility in polyethylene.
The results as presented in table 6 were implemented in the ECC model. To interpolate
between the calculated points an Arrhennius type of equation was used.
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List of symbols
γi
ε
ε0
ρ
ρ
φiv
ω

liquid phase activity coefficient of component i
dielectric constant
permittivity of vacuum
additive density
specific resistivity
Vapour phase fugacity coefficient of component i
frequency

[-]
[-]
[8.85pF/m]
[kmol/m3]
[Ωm]
[-]
[Hz]

A
A, B
C
G

area
constants in Rackett equation
capacity
conductance

[m2]
[-]
[F]
[Ω-1]

Mw
P
Pisat
R

molecular weight
total pressure
saturated vapour pressure
resistivity

[g/mol]
[bar]
[bar]
[Ω]

Tc
Tm
Vi
Y

critical temperature
melting temperature
molar volume of the additive
admittance

[K]
[K]
[cm3/mol]
[1/(Ω.m)]

f
ladd
l
xi
yi
∆Hfus
∆HS→L
∆Cp,S→L

fraction of elastically effective chains
additive layer thickness
length
liquid mole fraction
vapour mole fraction of component i
heat of fusion per gram of crystalline polymer
melting enthalpy
difference in heat capacities in liquid and solid state

[-]
[m]
[m]
[-]
[-]
[J/g]
[J/mol]
[J/mol/K]
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6

Permeation Properties of Polyethylene

Abstract
The permeation properties of polyethylene are mainly determined by the crystallinity of
the material. As crystallinity increases, the permeability of the gases strongly decreases.
This decrease is larger for relatively large molecules. This is caused by the fact the
crystallites will act as physical crosslinks and restrain the mobility of the amorphous
polymer chains. This effect is larger when molecular size of the diffusing molecules
increases. The similar molecular diameter of nitrogen and carbon dioxide explains why
no dependence on the selectivity (P(CO2)/P(N2)) was found, whereas the
helium/nitrogen selectivity increased with increasing crystallinity.
The addition of low molecular weight additives did not have a measurable effect on the
gas transport through polyethylene films. With Atomic Force Microscopy three different
kind of surface images were obtained. One class of additives did not demix (e.g.
dodecylamine), one class of additives formed non-interconnected crystals on the surface
and a class of additives (e.g. glycerol monostearate) demixed and formed a continuous
layer on the polyethylene film. Also in the latter case gas the carbon dioxide/nitrogen
selectivity was unchanged.
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6.1

Introduction

In the previous chapters it was shown that low molecular weight additives can improve
the dimensional stability of low density, closed cell polyethylene foams, using isobutane
as blowing agent. However, when carbon dioxide is used as blowing agent postextrusion collapse still takes place, with and without the presence of these additives.
Obviously the addition of these materials does not change the permeability of carbon
dioxide relative to air. In this chapter two approaches will be tested to reduce the ratio of
carbon dioxide and nitrogen permeability. First of all, from literature we have indications
that with an increase in crystallinity of polyethylene, the carbon dioxide permeability is
decreased to a larger extent than the nitrogen permeability. It might be anticipated that
this would result in more dimensional stable foams (chapter 3). The other approach is to
test a series of additives and to investigate whether these additives can decrease the
carbon dioxide/air selectivity (α(CO2/N2)).

6.2

Gas transport through semi-crystalline polymers

The permeation of gases through polymers can be described by a solution-diffusion
model:
P =D·S

(1)

where P is the permeability, D the diffusion coefficient and S the solubility of the gas in
the polymer. In the most simple case these coefficients are constant as can be found
with simple permanent gases as helium, hydrogen, nitrogen and elastomers as polymer.
In semi-crystalline materials, like polyethylene, the situation is a little more complicated
and the degree of crystallinity should be taken into account. Michaels and Bixler1,2
showed that the permeability of gases through polyethylene strongly depends on the
crystallinity (ψ) of the polymer film, as can be seen in table 1.
Table 1 Results gas permeation experiments on different polyethylenes by Michaels and
Bixler2
ψ [-]

α (CO2/N2)

α(He/N2)

9.5

16.3

-

15.8

4.0

12.1

3.9

12.6

4.9

0.97

13.0

5.1

0.36

1.1

0.14

2.5

8.0

PCO2

PHe

PN2

[Barrer]**

[Barrer]

[Barrer]

0*

154

-

0.29

48.4

0.43
0.77

* Natural rubber
** 1 Barrer = 10-10 cm3(STP)·cm/(cm2·s·cmHg)

90

Gas Transport Through Polyethylene

They compared the permeability of polyethylene with varying crystallinities with the
permeability of natural rubber, which is completely amorphous, but has a comparable
molecular structure. A strong decrease in permeability of all gases was observed. The
rate of this decrease however, was not the same for all gases, as reflected in the ratio of
two permeabilities, the selectivity (α):

α(i , j ) =

Pi
Pj

(2)

For carbon dioxide and nitrogen this ratio seems to decrease with increasing crystallinity,
for this behaviour no explanation is given. In contrast to this observation the (He/N2)permselectivity increases with crystallinity. To explain this behaviour one should divide
the effect on the permeability in to two parts: an effect caused by the solubility and an
effect which is caused by the difusivity.
6.2.1

Solubility effect

Michaels and Bixler1 presented evidence that the solubility of gases is linear proportional
with the fraction of amorphous material in semi-crystalline polyethylene. Analytically their
findings were expressed as:

S = α ⋅SO

(3)

where α is the fraction of amorphous phase (1-ψ; ψ = crystallinity) and S 0 is the solubility
in a, hypothetical, completely amorphous polyethylene. This equation implies that gas
solubility in the crystalline regions can be neglected. Within experimental error, no
dependence on molecular weight, mode of polymer synthesis or sample preparation was
observed.
6.2.3

Diffusivity effect

For the influence of crystallinity on the diffusion coefficient several models have been
developed. Michaels and Bixler2 state that the presence of, impermeable, crystallites can
have two effects. Firstly the effective pathlength, or tortuosity (τ), will increase, due to the
fact that the diffusing molecules have to bypass the crystallites. Secondly the presence
of crystallites can have an effect on chain mobility in the amorphous phase. They
quantify this effect with the chain immobilisation factor (β). They relate the measured,
effective diffusion coefficient (Deff) with the diffusion coefficient in a completely
amorphous polyethylene (D 0), the tortuosity (τ) and the chain immobilisation factor (β), in
the following way:
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Deff =

D0
τ ⋅β

(4)

To determine the tortuosity they assumed the chain immobilisation factor for He to be
1.0, and that the tortuosity does not depend on the size of the diffusing molecules.
Michaels and Bixler determine the effective diffusion coefficient using the time lag
method3. Consequently the error in the effective diffusion coefficient is relatively large
and will result in relatively large errors in the tortuosity and the chain immobilisation
factor as well. Furthermore the determination of D0 is questionable, since they use
literature values of the diffusion coefficient of these gases in natural rubber, which they
call the analogue of amorphous polyethylene.
Bitter4 related the effective diffusion coefficient to the diffusion coefficient in fully
amorphous polymers with the following relation:

ψn
)
B

(5)

D = D0 ⋅ (

where n and B are material parameters and do not relate to the permeating species.

6.3

Experimental

6.3.1

Materials

In table 2 the used polyethylene-grades are listed. Films for permeation experiments,
Differential Scanning Calorimetry (DSC) and density measurements were prepared by
compression moulding (Lauffer), using 100 µm polyester sheets. Initially the polymer
was melted at 160°C. Next a pressure of 20 bar was applied and increased every minute
with 10 bar until a final pressure of 100 bar was reached. Then the films were cooled in
air and stored dry for at least 3 days. The resulting films had a final thickness varying
between 100 and 130 µm. The thickness of each film was determined at different 10
places. The average error in the film thickness was 10%.
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Table 2 Polyethylenes used, density according to producer.
PE-type
Linear Low Density Polyethylene
(LLDPE)

Low Density Polyethylene
(LDPE)

High Density Polyethylene
(HDPE)

6.3.2

density [kg/m3]

sample

producer

Engage-A

Dow

870

Exact-B

Exxon

902

Lufluxen-C

Exxon

903

Stamylex-D

DSM

910

Stamylan-E

DSM

918

Stamylan-F

DSM

920

Stamylan-G

DSM

924

Stamylan-H

DSM

926

Lupolen-I

Exxon

930

Stamylex-J

DSM

934

Stamylex-K

DSM

944

Stamylan-L

DSM

954

Stamylan-M

DSM

964

Differential Scanning Calorimetry

DSC experiments were performed using a Perkin Elmer DSC 7. Samples were pressed
films with a weight of about 10 mg. Heating and cooling rates were set at 20°C/min and
ranged from 30 to 150°C. The reproducibility of the crystallisation enthalpy was relative
low (10%). The densities of the films obtained were almost similar to the density of the
granules, from which they were prepared.
6.3.3

Density measurements

The density of the polymer samples was determined with a Micromeretics AccuPyc
pycnometer. This is a fully automatic gas displacement pycnometer, using helium
(Praxair, 99.999%) as displacing gas. The reproducibility was found to be within 3 ‰.

6.4

Results

6.4.1

Thermal characterisation

The melting temperature (Tm), the crystallisation temperature (Tc) and the heat of
crystallisation (∆Hc) were determined by DSC and plotted versus density in figure 1
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250

160
140

Tm
Tc

200

120
100
T [°C]

∆Hc
[J/g]

80

150
100

60
40

50

20
0
860

880

900

920

940

960

ρ [kg/m ]

0
860

880

900

920

940

960

ρ [kg/m ]

3

3

a.
b.
Figure 1 (a) Melting temperature and crystallisation temperature as obtained with DSC
and (b) the crystallisation enthalpy of various polyethylenes as function of the respective
density.
Both the melting- and the crystallisation temperature increase with increasing
polyethylene density. This is in agreement with the observations of Progelhof and
Throne5. The relatively large difference between them is due to the fast heating and
cooling rates. The crystallisation strongly depends on the kinetics, i.e. when the cooling
rate is infinitesimally slow the crystallisation temperature will be equal to the melting
temperature.
The crystallinity of polyethylene is linearly proportional to the density, according to the
following formula:

ρPE = ψ ⋅ ρ crystalline + (1− ψ) ⋅ ρ amorphous

(6)

where ψ is the crystallinity and ρ the density. Equation 6 implies that the measured ∆Hc
should be linearly proportional to the density of polyethylene. From extrapolating ∆Hc the
density of a completely amorphous polyethylene can be obtained, which is 873 kg/m3.
This is in good agreement with the value obtained from DSM6 (870 kg/m3). The melting
enthalpy of completely crystalline polyethylene is 277.1 J/g, which is in good agreement
with literature7. From this value it is possible to calculate the density of the crystalline
polyethylene, which is 989 kg/m3. This is only slightly higher than a value from literature
(985 kg/m3)8. With both the values of the density of the amorphous phase and the
crystalline phase the crystallinity of the polymer films can be calculated as a function of
the density as determined with the pycnometer (figure 2).
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1

0.8

0.6
ψ [−]
0.4

0.2

0
870

890

910

930

950

970

990

ρ [kg/m ]
3

Figure 2 Crystallinity as a function of polyethylene density.
6.4.2

Permeation properties

The permeability of CO2, N 2 and He was measured as function of the density at 30 ˚C.
The results are shown in figure 3.
In all three cases a strong dependency of the permeability with the polymer crystallinity
is observed. As expected CO2 shows the highest permeability, followed by helium and
nitrogen has the lowest permeability. The obtained values are in good agreement with
literature values2, except for the values at high crystallinities for carbon dioxide, where
Michaels and Bixler found a much lower permeability for carbon dioxide. This difference
is also reflected in the (CO2/N2)-permselectivity at higher degree of crystallinity.
200

20
CO2
He

160

16

120

12

P
[Barrer]

P(N2)
[Barrer]

80
40

8
4

0

0
0

0.2

0.4

0.6

0.8

1

0

0.2

0.4

0.6

0.8

ψ [-]

ψ [-]

Figure 3 (a) The CO 2 and He permeability and (b) N2 permeability as a function of the
polyethylene crystallinity.
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In figure 4 the (CO2/N2)-permselectivity and the (He/N2)-permselectivity are given as a
function of the crystallinity.
14
12
10
8
α (i/j)

6

CO2/N2
He/N2

4

CO2/N2
2

He/N2

0
0

0.2

0.4

0.6

0.8

1

ψ [−]

Figure 4 The (CO2/N2)- and the (He/N2)-permselectivity as function of the crystallinity
Contrary to Michaels and Bixler2 we do not find any dependency of the (CO2/N2)permselectivity on the degree of crystallinity. The (He/N2)-permselectivity however,
shows an increase with increasing crystallinity, which was also found by Michaels and
Bixler.
To understand this behaviour the solution-diffusion model has been combined with the
model presented by Michaels and Bixler (1) and the model first presented by Bitter (2).

ad 1.
When the solution-diffusion (eq. 1) model is combined with the Michaels and Bixler
diffusion equation (eq. 4) and in addition it is assumed that the gas solubility in the
amorphous phase can be neglected, the following equation is obtained:

P = P0 ⋅

(1−ψ )
β ⋅τ

(7)

where P0 is the permeability of fully amorphous polyethylene. When it is assumed that
the tortuosity and the chain immobilisation factor are close to 1 at the lowest crystallinity
(3.5%), P0 can be calculated for all three gases. This results in 164.9, 39.3 and 14.5
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Barrer for CO2, N2 and He, respectively. The corresponding selectivities are 11.4 and 2.7
for (CO2/N2) and (He/N2) respectively, which are in agreement with figure 4.
The tortuosity can now be calculated when it is assumed that the chain immobilisation
factor for He is 1.0. The results are shown in figure 5 (the squares represent the
experimentally obtained values for the tortuosity).
6
Mackie & Meares
experimental

5
4
τ [−]
3
2
1
0
0

0.2

0.4

0.6

0.8

1

ψ [−]

Figure 5 Tortuosity as function of polyethylene crystallinity, experimentally and
theoretically (Mackie and Meares9).

Mackie and Meares9 linked the tortuosity factor in a gel in which the matrix is
homogeneously distributed and a heterogeneous dispersed filler phase, which is nonconducting, with the following equation:
(1+ ψ )
(8)

τ =

(1−ψ )

This equation calculates the increase in pathlength when impermeable particles are
present, which have to be by-passed. This equation is plotted as a function of the
crystallinity and is compared to the experimentally obtained values in figure 5.
Considering the error in the experimentally obtained tortuosity factors the agreement is
reasonable, from which can be concluded that the continuous amorphous phase is
homogeneously distributed and that no gas dissolves in the heterogeneous dispersed
crystalline regions of polyethylene.
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In case the tortuosity is known, the chain immobilisation factor (β) can be calculated for
CO2 and N2. Now the product of β and τ can be calculated. This value represents the
total decrease of the permeability due to crystallinity and is given in figure 6 as a function
of the crystallinity.
20
CO2
He
N2

16

12
β∗τ
8

4

0
0

0.2

0.4

0.6

ψ

0.8

1

Figure 6 β*τ as a function of the polyethylene crystallinity
It can be seen that this product is significantly higher for both CO2 and N2, which is
caused by the higher value of the chain mobilisation factor of CO2 and N2. The chain
immobilisation factor is strongly related to the molecular diameter of the diffusing gases2.
For CO2 and N 2 this factor is similar, at the highest crystallinity, 74%, they both are equal
to 2.8, whereas, by definition, this is 1.0 for He. This can be explained by the fact that
molecular diameters of CO2 and N2 are similar, whereas He is a significantly smaller
molecule.
This may explain why the (CO2/N2) selectivity is constant and for (He/N2) the selectivity
increases with increasing crystallinity (see figure 5). When the crystallinity increases for
all three molecules, the pathlength will be increased to the same extent. However, the
crystallites may act as physical crosslinks, which will reduce the chain mobility in the
amorphous phase. This effect will be less for the smallest molecules, which explains why
the (He/N 2) increases with increasing crystallinity, and that the (CO2/N2) permselectivity
remains constant.
ad 2.
When the solution-diffusion (eq. 1) model is combined with Bitter’s equation (eq. 5) and
when it is assumed that the gas solubility in the crystalline phase can be neglected, the
following equation is obtained:
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P=

P0
⋅(1− ψ ) ⋅ψ n
B

(9)

When the experimentally measured results are fitted according to this equation, thereby
using the P0 values as obtained with the Michaels and Bixler-model, figure 7 is obtained.
1000

P, CO2
P, He
P, N2
Bitter, CO2

100

Bitter, He
Bitter, N2
10
P
[Barrer]
1

0.1
0

0.2

0.4

0.6

0.8

1

ψ [−]

Figure 7 Permeability as a function of the crystallinity, experimental values compared to
theoretical values according to equation 9.
The agreement between the experimentally and theoretically values is fairly good for
both CO 2 and N2. However, when the same values for B (15.8) and n (-0.87) are used,
the deviations for the He permeability to the model values are large especially at higher
crystallinity. Again this is an indication that with increasing polyethylene crystallinity the
diameter of the diffusing molecule is important. When two different molecules have
comparable kinetic diameter the influence of the crystallinity on permeability is equal.
The transport of smaller molecules is more favoured when the crystallinity increases, as
can be seen in figure 5, due to the fact that the decreasing chain mobility has a larger
effect on the larger molecules.
6.4.3

The influence of additives on gas transport through polyethylene

In chapter 2 it was shown that low molecular weight additives can have a large influence
on the gas transport properties of polyethylene. The additive stearyl stearamide formed a
surface layer on top of the polyethylene film, thereby increasing the resistance against
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mass transport. This resulted in lower permeabilities. This was mainly the case with
isobutane, a relative bulky gas molecule, whereas the permeability of air was practically
unchanged. In this paragraph the influence of a number of additives on the permeability
of carbon dioxide and nitrogen will be investigated. In chapter 2 it was demonstrated that
this kind of additives are only effective when they are present at the surface of a film. To
accelerate the demixing of additive and polymer all films were subjected to a heat
treatment of 1 hour at 83 °C. The results from these experiments are listed in table 3.
Table 3 The permeability of polyethylene films (ρ=926 kg/m3), blended with 2 wt.% of
indicated additive. The characteristic parameter, compared to stearamide, is given as
well. All films are annealed for 1 hour at 83 °C.
Additive

Structural formula

parameter

P (CO2)

P (N2)

α

investigated

[Barrer]

[Barrer]

(CO2/N2)

no additive

-

-

12.0

1.0

12.0

stearamide

C17H35-C(O)-NH2

-

10.8

1.0

11.3

stearyl stearamide

C17H35-C(O)-N(H)-C18H37

MW, 2 fat-tails

11.0

1.0

11.6

glycerol

C3H7O3-C(O)-C17H35

polar group

8.9

1.0

8.9

palmitamide

C19H39-C(O)-NH2

longer fat tail

9.6

0.8

12.4

erucamide

C17H33-C(O)-NH2

unsaturated tail

10.1

0.9

11.4

behenamide

C21H43-C(O)-NH2

longer fat tail

9.6

0.8

12.4

oleamide

C11H23-C(O)-NH2

shorter fat tail

9.8

0.8

11.6

dodecylamine

C21H25-NH2

polar group

12.4

1.0

12.2

ethoxylated amine

(C2H5O)2-N-C12H25

polar group

11.0

0.95

11.6

isobutyricamide

C4H9NH2

low Mw

12.5

1.0

12.5

monostearate

Additives were varied to investigate the influence of the (apolar) fat tail (size and
saturation degree) and the nature of the polar group. Stearamide has been used as
reference additive. The results in table 3 do not show significant differences on both the
carbon dioxide and the air permeability for the various additives. Hence the carbon
dioxide over nitrogen selectivity is for most of the films in the same range as for the
annealed. Only the film containing glycerol monostearate shows a moderate decrease in
selectivity, but this is not comparable to the decrease of the isobutane/air selectivity2,
with stearyl stearamide. However, this explains the observation9 that when these
additives are used in foam extrusion no dimensionally stable foam is obtained.
Additional analysis with Atomic Force Microscopy (AFM) revealed that the various
additives showed three different kinds of behaviour. As a reference the unmodified
polyethylene film was characterised by means of AFM. Figure 8 (a) shows a typical scan
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of a polyethylene surface. The presence of a lamellar crystal structure is very clear in the
phase image11. Similar images were obtained with the annealed polyethylene films
containing ethoxylated amine and dodecylamine. From this it can be conclude that these
additives do not migrate to the surface, which is in agreement with the earlier
observations in this thesis12,13.

Figure 8 (a) AFM height- (left) and phase-(right) image of an annealed polyethylene film
(10 X 10 µm).
A complete different behaviour is observed in figure 8 (b), where an AFM scan is
presented of an annealed polyethylene film containing 2 wt.% of glycerol monostearate.
Both the phase and the height image show a roof-tile like structure. The lamellar
structure as observed in figure 8 (a) is not observed.

Figure 8 (b) AFM height- (left) and phase-(right) image of an annealed polyethylene film
containing 2 wt% of glycerol monostearate (10 X 10 µm).
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From this it can be concluded that the surface is completely covered with an additive
layer. Similar images were obtained with stearamide, stearyl stearamide and
behenamide as additives; also these additives form a continuous surface layer.
However, gas permeation experiments showed that the presence of this layer does not
have a large influence on the gas transport properties of the film.

Figure 8 (c) AFM height- (left) and phase-(right) image of an annealed polyethylene film
containing 2 wt% of Isobutyric amide (4 X 4 µm)
This was also the case when isobutyric amide was used as additive. In figure 8 (c) an
AFM scan of a film, which contained 2 wt.% of isobutyric amide (IBA) is presented. With
this additive demixing occurs as well, but no continuous layer is formed. In both the
height and the phase scan relative large (≈1 µm) IBA crystals are present. This
observation is in agreement with the gas permeation result, in which the presence of
isobutyric amide did not have any influence on the permeability of the film.

6.5

Conclusions

The permeation properties of polyethylene are mainly determined by the crystallinity of
the material. According to the solution-diffusion model there will be a solubility- and a
diffusivity effect. An increase in crystallinity will cause a decrease in the amorphous
phase fraction through which gas transport exclusively takes place, thus lowering the
permeability. Crystallinity will have two effects on the diffusion coefficient. Firstly the
pathlength of the diffusing molecules will be increased, which results in an increase in
tortuosity. This has been measured and theoretically verified with the Mackie and
Meares model. Secondly the crystallites will act as physical crosslinks and restrain the
mobility of the polymer chains in the amorphous phase. This will cause an additional
decrease of the diffusion coefficient. This effect strongly depends on the diameter of the
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gas molecule, the larger the diffusing molecule, the larger this effect will be. This results
in an increase in (He/N2) selectivity as a function of the crystallinity of polyethylene.
The decrease in (CO2/N2) permselectivity with increasing crystallinity, which was
reported by Michaels and Bixler, was not observed. This is probably caused by their
assumption that natural rubber is the analogue for fully amorphous polyethylene. This is
not correct because it overestimates the carbon dioxide-permeability.
The presence of low molecular weight additives did not have a significant effect on the
permeabilities of carbon dioxide and nitrogen. Three different kinds of behaviour
however, were observed using Atomic Force Microscopy. One class of additives
(dodecylamine and ethoxylated amine) did not form a surface layer, which can be
explained by their relative high solubility in polyethylene. Isobutyric amide demixes from
the polyethylene phase, but does not form a continuous surface layer. With these
classes of additive it is obvious that they do not have much influence on gas transport
properties of polyethylene due to their relative small amount (2 wt.% or less). Additives
like glycerol monostearate, stearyl stearamide and stearamide however, do form a
continuous surface layer, but this layer does not affect the carbon dioxide and nitrogen
permeability significantly. This explains why these additives will not be able to stabilise
carbon dioxide blown low density, closed cell polyethylene foam.
The main conclusion from this chapter however, is that both the crystallinity as well as
the addition of low molecular weight additives do not change the carbon dioxide/nitrogen
selectivity, which is the most important condition to obtain a dimensional stable low
density, closed cell polyethylene foam.
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List of symbols

α
α (i,j)
β
ρ
τ
ψ

fraction amorphous phase
permselectivity (Pi/Pj)
chain immobilisation factor
density
tortuosity
crystallinity

[-]
[-]
[-]
[kg/m3]
[-]
[-]

B,n
D
D0
Mw
P
S
S0
Tm
Tc

material constants (Bitter)
diffusion coefficient
diffusion coefficient in amorphous material
molecular weight
permeability
solubility
solubility in completely amorphous material
melting temperature
crystallisation temperature

[-]
[cm2/s]
[cm2/s]
[g/mol]
[Barrer]
[cm3(STP)/(cm3·cmHg)]
[cm3(STP)/(cm3·cmHg)]
[K]
[K]
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7

Gas Transport through Ethylene Based
Ionomers

Abstract
Despite the fact that ionomers have a completely different internal structure than
polyethylene, their permeation properties do not differ significantly. This is caused by the
fact that a higher solubility is opposed by a lower diffusion coefficient. It is believed that
ionomers consist of three different phases; an amorphous phase, a crystalline phase
and ionic aggregates. The presence of the ionic aggregates is mainly responsible for this
behaviour. Firstly crystallinity is decreased explaining higher solubilities and secondly
they have a relative high affinity towards carbon dioxide. Nevertheless the diffusion
coefficient is being decreased. This is in contrast to what is observed in general, where a
lower crystallinity is accompanied by a higher diffusivity. These ionic domains however,
restrict the chain mobility in the amorphous phase, resulting in a lower diffusion
coefficient and a lower crystallinity. From these results it can be concluded that the
addition of ionomers to polyethylene will not increase the dimensional stability of
polyethylene foams, because the overall effect of all investigated parameters (acid
degree, degree of neutralisation and kind of counterion) on the CO2/N2 selectivity is too
small.
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7.1

Introduction

Ionomers are polymeric compounds consisting of a hydrophobic organic backbone chain
and a small amount of ionic groups. The introduction of these ionic groups has a
considerable effect on the physical properties of these kind of polymers, such as the
modulus and hardness1,2, optical properties3, thermal properties4 and gas transport
properties5-9. It is believed that these changes can be attributed to the formation of
microphase separated ionic domain or ionic clusters within the polymer matrix. The
structure and formation of these ionic domains has been extensively studied by various
authors10,11. However not much is known of the effect of the ionic clusters on the
amorphous phase and the crystalline phase.
Gas transport through polymers mainly takes place through the amorphous regions, but
it may strongly be influenced by the presence of other phases. These effects can have
different backgrounds. First by circumventing the impermeable regions, like crystallites,
the effective pathlength of diffusing molecules will be increased, which is reflected in a
decrease in the effective diffusion coefficient. Secondly the other phases can act as
physical cross-links which may reduce the chain mobility in the amorphous phase, which
results in a lower diffusion coefficient as well12.

crystalline phase
amorphous phase
ionic aggregates

Figure 1 Structure model of an ethylene based ionomer as proposed by Longworth and
Vaughan13.
Ethylene based ionomers consist of three different phases: the ionic aggregates, an
amorphous phase and a (polyethylene) crystalline phase13, figure 1. The thermal
properties and the transport of gases through semi-crystalline polyethylene have been
described in chapter 6 of this thesis. The presence of a third phase, the so-called ionic
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aggregates, has been investigated by determining the thermal properties and the gas
transport properties.
The purpose of the present work is to investigate the thermal properties of ionomers and
to relate these properties to their gas transport properties. The used ionomers were
(random) copolymers of ethylene and acrylic acid. Ethylene based ionomers were
chosen, because of their ability to be blended with polyethylene in foam extrusion The
acid groups in the ionomer were neutralised by reaction with bases, such as metal
hydroxides and metal acetates. In a neutralisation reaction the protons in the acid group
are being replaced by monovalent or bivalent metal ions. The purpose of the present
work is to investigate the influence of the degree of neutralisation (the relative amount of
metal ions in the carboxyl groups), the kind of metal ion and the acid degree of the
precursor copolymer, on both the thermal and the gas transport properties of the
ionomers.
7.1.1

Thermal properties of ionomers

Differential Scanning Calorimetry (DSC) is the most common technique to study the
thermal properties of an ionomer. Besides the melting temperature Tm and the
crystallization temperature T c, a third transition temperature can be found, which is a socalled order-disorder transition at Ti1, 10,14,15. Below the order-disorder temperature a
crystal-like order exists inside the ionic clusters, which is being destroyed when the
temperature is increased above Ti. The formation of these crystal-like structures is a
relaxational process: when ionomers are stored below their Ti, ordering is slowly
established. The thermal characterisation of ionomers was mainly done on a few
commercially available ionomers.
7.1.2

Gas transport properties

Del Nobile et al 5,9 reported about results of sorption experiments of carbon dioxide and
nitrogen with ionomers, based on ethylene and acrylic acid with zinc and sodium as
counterions. The results are presented in Table 1.
From their experiments they concluded that the ionomers with a higher ionic content and
bivalent counterions show a lower permeability coefficient. Although the diffusion
coefficient is lowered, this effect is not completely counterbalanced by a higher in
solubility coefficient (P=D·S). They report a Henry type of sorption isotherms for carbon
dioxide, whereas Itoh et al 7 found a sorption isotherm, which could be described by a
dual mode sorption model. They explain this behaviour by stating that the CO2
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preferentially is adsorbed at the ionic domains in the ionomer. Both performed their
experiments on commercially available ionomers.
Table 1 Literature values of gas transport properties of various ionomers at 25°C5,9
ionomer*

D (CO2)
-7

2

[10 cm /s]

S (CO2)
-3

3

[10 cm /

P (CO2)

D(N2)

[Barrer]

-7

2

[10 cm /s]

3

S(N2)
-3

P(N2)
3

[10 cm /

[Barrer]

3

cm ·cmHg]

cm ·cmHg]

E4.6AA12Zn

1.98

5.08

10.0

1.43

0.43

0.608

E6.5AA25Zn

1.22

5.99

7.32

0.563

0.79

0.447

E3.7AA35Na

2.20

4.38

9.62

N.A.

N.A.

N.A.

*E represents ethylene, the following number the mole% of acrylic acid (AA) followed by
the degree of neutralisation (%) and the counterion
The aim of the present work is a to give more complete characterisation of the gas
transport properties of ionomers in terms of the degree of neutralisation, the kind of
counterion (mono- as well as bivalent) and the degree of acid in the copolymer. These
ionomers will be prepared by neutralisation of copolymers of ethylene and acrylic acid by
metal hydroxides or metal acetates. The permeation experiments will be carried out with
three gases: carbon dioxide, nitrogen and helium. Their physical properties are listed in
Table 216. Carbon dioxide and nitrogen have similar kinetic diameters, but carbon dioxide
has a higher interaction towards the ionomer. Nitrogen and _elium are both considered
to be inert, but their kinetic diameters differ significantly.
Table 2 Physical properties of used gases16
gas

Tb*

Tc

Pc

Vc
3

dg
-1

[K]

[K]

[MPa]

[cm ·mol ]

[Å]

CO2

194.7

304.1

7.375

94

4.3

N2

77.4

126.2

3.39

90

3.7

He

4.2

5.2

0.227

57

2.2

*

Tb is the boiling temperature, Tc, Pc, are temperature and pressure at the critical point,
Vc is the molar volume at the critical point, dg is the kinetic diameter of one molecule

7.2

Experimental

7.2.1

Materials

Ethylene ionomers were prepared by neutralisation of ethylene-acrylic acid copolymers
(99%, Aldrich), according to the following chemical reaction:
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[-CH2-CH2-]n-[CH2-CH-]m +MOH à [-CH2-CH2-]n-[CH2-CH-]m + H2O
COOH
COO-M+

(1)

This reaction takes place according to a patent of Rees17. The copolymer is dissolved in
ortho-xylene at 100°C and an aqueous solution of a metal acetate (bivalent counterions:
Mg2+, Ca2+, Mn2+, Ni2+, Cu2+, Zn2+), Aldrich (99%), or a metal hydroxide (monovalent
counterions: Na+, Li+, K+), Aldrich (98%), was added to the solution. The solution is
stirred for one hour and the final product is precipitated with methanol. Finally the
ionomer is washed with water and acetone and dried in vacuum for 7 days at 30°C. After
this period no water was detected in the final product with DSC. Additional Atomic
Absorption Spectrometry was used to determine the final amount of the counterions in
the product. These experiments revealed that conversion of the reactions of the metal
hydroxide with the copolymer reached conversions between 80 and 95% (monovalent
counterions), whereas the reaction between the metal acetates reached conversions
which were between 60 and 80% (bivalent counterions). Since the metal hydroxides are
stronger bases compared to the metal acetates, higher conversions are obtained when a
reaction takes place with a weak acid, like the ethylene acrylic acid copolymers.
Films for permeation experiments were prepared by compression moulding (Lauffer),
using 100 µm polyester sheets. Initially the ionomer was melted at 160°C. Next a
pressure of 20 bar was applied and increased every minute with 10 bar until a final
pressure of 100 bar. Then the films were cooled in air and stored dry for at least 3 days.
The resulting films had a final thickness varying between 100 and 130 µm. Thickness of
each film was determined at 10 places and the average error in the film thickness was
10%.
The permeability coefficient P of the films was determined in a permeation set-up as
described in chapter 2.

7.2.2

Sorption experiments

The pressure decay sorption method18 is a relatively easy way to determine both
solubility coefficient and diffusion coefficient of a gas in a polymer. Here a polymer film is
put in contact with a gas in a closed cell, then the pressure decay is measured due to
gas sorption into the polymer. In a dual volume set up this pressure decay is measured
relative to the pressure in an empty reference cell. A schematic representation of a dual
volume sorption set up is shown in figure 2.
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5
2

gas feed

4

3
∆P

vacuum

1

T

sample

reference

Figure 2 The dual volume sorption set up.
The equilibrium concentration in the polymer at a certain pressure can be calculated with
equation 2:

c=

dp ⋅(Vc −VP )⋅Vmol
R ⋅T ⋅VP

(2)

in which:
c
dp
VC
VP
Vmol
R

total amount of sorbed gas
pressure difference
cell volume
polymer volume
molar volume
universal gas constant, 8.314

[cm3(STP)/cm3];
[Pa];
[cm3];
[cm3];
[m3/mol];
[J·mol-1·K-1].

From the initial part of the pressure decay an effective diffusion coefficient can be
calculated from the slope of the relative mass uptake against the square root of time19:
(3)
Mt
4 Deff ⋅t

M∞

=

π

l2

in which:
Mt
mass uptake at time t
M∞
mass uptake at infinite time

[g];
[g];

Deff
l

[cm2/s];
[cm].

effective diffusion coefficient
film thickness
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The permeation and sorption experiments were carried out with carbon dioxide (Praxair,
99.999%), nitrogen (Hoek Loos, 99.9%) and helium (Praxair, 99.996%).
7.2.3

Differential Scanning Calorimetry

DSC experiments were carried out with a Perkin Elmer DSC 7. Samples were pressed
films with a weight of about 10 mg. Heating and cooling rates were set at 20°C/min and
ranged from 25 to 150°C. A typical example from a DSC run of an ionomer is displayed
in figure 3, in which clearly the various transitions can be observed (Tm, Ti and Tc). It
should be noticed that the order-disorder-transition (T i) is absent in the 2 nd heating curve,
which is directly after the cooling. Afterwards this peak slowly returns in time and these
kinetics did not depend on kind of ionomer. This illustrates the relaxational behaviour of
the formation of the ionic aggregates. All experiments were done on completely relaxed
ionomers.
35
Tm

first heating
Ti

30
second heating
∆H [J] 25

20
cooling
Tc
15
-20

0

20

40

60

80

100

120

140

T [°C]

Figure 3 DSC run of E8.9AA28Na with typical transitions.

7.3
7.3.1

Results and Discussion
Thermal properties

The results of the DSC-experiments on the various ionomers are shown in table 3.
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Table 3. Results of DSC measurements on ionomers
investigated

Ionomer

sample #

∆Hc
[J.g ]

Tc
[°C]

Ti
[°C]

Tm
[°C]

-1

variable
degree

E2.0AA

1

79.8

75.1

-

105.1

of

E4.1AA

2

82

64.8

79.7-

93.4

acrylic acid

E6.4AA

3

83.7

48.1

71.7

88.9

(not neutralised)

E8.9AA

4

87.3

47.5

45.3

80.9

degree

E2.0AA48Na

5

78.3

86.4

49.1

100.9

of

E4.1AA42Na

6

88.7

72.3

51.4

93.2

acrylic acid

E6.4AA32Na

7

84.9

51.9

51.1

87.2

(neutralised)

E8.9AA36Na

10

100

-

53.0

81.2

E8.9AA12Na

8

88.0

48.9

48.1

82.2

degree

E8.9AA24Na

9

95.8

37.8

50.4

80.8

of

E8.9AA36Na

10

100

-

53.0

81.2

E8.9AA55Na

11

100

-

53.7

81.8

E8.9AA88Na

12

100

-

56.3

82.2

E8.9AA97Na

13

100

-

57.1

84.7

E8.9AA35Mg

14

92.9

42.9

52.3

82.2

neutralisation

E8.9AA32Ca

15

96.5

35.7

52.1

81.4

by

E8.9AA40Mn

16

95.3

40.4

53.8

81.9

bivalent cations

E8.9AA38Ni

17

97.7

36.5

57.1

79.4

E8.9AA35Cu

18

98.4

32.8

54.9

79.4

E8.9AA41Zn

19

98.0

41.1

73.5

82.2

neutralisation

E8.9AA36Na

10

100

-

53.0

81.2

by

E8.9AA44Li

20

100

-

54.7

80.2

monovalent cations

E8.9AA42K

21

100

-

50.8

80.8

+

Na -neutralisation

α=fraction amorphous phase

∗

The melting temperature Tm is strongly dependent on the acid degree in the copolymer:
with increasing acid degree the melting temperature decreases, from 105°C for the
copolymer containing 2.0 mole% of acrylic acid to 81°C for the 8.9 mole% acrylic acid
copolymer. Also the degree of crystallinity calculated from the crystallisation peak
decreases with an increase in acid degree. This is in agreement with the results, which
were obtained with DSC experiments on a series of polyethylenes with different degrees
of crystallinities (see chapter 6). This can be explained by the fact that larger crystallites
show a higher endothermic melt enthalpy, which in general means a higher
crystallisation temperature20.
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Two factors can explain the decrease in degree of crystallinity with increasing amount of
acrylic acid. Firstly, less ethylene is present to crystallise and secondly the formation of
polar domains might have a physical cross-linking effect, which might reduce the chain
mobility so that crystallisation is less likely to occur. This hypothesis might be verified by
the determination of diffusion coefficient of gases in the ionomers, which may be linked
directly to chain mobility in the amorphous phase.
The neutralisation degree however, has no significant effect on the melting temperature.
Only for the copolymers with 2.0 mole% acrylic acid the melting temperature decreases
clearly with the introduction of Na+ ions. For the other acid degrees the melting
temperature is independent on the degree of neutralisation as well as on the kind of
counterion and valency for the copolymer containing 8.9 mole% acrylic acid. Here the
melting point varies between 79 and 82°C, which is within the experimental error. This
clearly indicates that the crystalline regions consist of ethylene fractions, because the
composition of the polar part of the polymer does not effect the melting point of the
crystallites.
The degree of crystallinity decreases with increasing degree of neutralisation. For Na+
neutralised ionomers the crystallinity decreases with increasing degree of neutralisation.
For all three monovalent ionomers the DSC curves do not show a crystallisation peak
anymore at a degree of neutralisation higher than 35%. The ionomers neutralised by
bivalent counterions still are semi-crystalline. A competition between the formation of the
polyethylene crystallites and the formation of the ionic domains might be responsible for
this behaviour. Again this might be verified by the gas transport parameters of the
ionomers.
The order-disorder temperature gradually increases with degree of neutralisation, from
45 for the non-neutralised ionomer (8.9 mole% AA) to 57°C for the almost completely
neutralised ionomer. This implies that more thermal energy is required to break the
ordering in the ionic clusters. This can be explained by the fact that the specific strength
of interactions is much higher for the ionic dipoles (O2---2M+) than for the hydrogen
bonding between –COOH groups. At equal degree of neutralisation Ti does not depend
on the type of monovalent counterion. Bivalent counterions seem to have a little higher
Ti, since these ions are more covalently bonded to the polymer15. This is specially the
case with Zn2+(Ti=73.5°C).
7.3.2

Gas transport properties

First the gas transport parameters of the pure copolymers were determined. Sorption
experiments were performed to determine both the solubility coefficient and the diffusion
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coefficient of CO2, whereas permeation experiments were done to determine the
permeability of CO2, N2 and He. The results are shown in table 4. The solubility
coefficient in the amorphous phase (Sα) was calculated by dividing the measured
solubility coefficient (S) by the fraction amorphous phase, which can be obtained from
the crystallinity content as determined with DSC.
Although the crystallinity of the copolymers is decreasing with increasing fraction of
acrylic acid, the diffusion coefficient decreases as well. This is not consistently with the
data obtained from polyethylene. With the ionomers the increase in ionic domains can
have two effects. First the pathlength of the diffusing molecules is enlarged and secondly
due to physical cross-linking of the polar domains in the hydrophobic matrix the diffusion
coefficient of CO2 is decreased. Also the increase in CO2-solubility with increasing acid
content is not in agreement with the results obtained with polyethylene. The increase in
the fraction amorphous phase however cannot explain this increase alone.
Table 4 Influence of acid degree, unneutralised copolymers, on the gas transport
properties
ionomer

10-7D (CO2)
2

[cm /s]

10-3S (CO2)
3

[cm (STP)/

P(CO2)

P (N2)

P (He)

α

α

[Barrer]

[Barrer]

[Barrer]

(CO2/N2)

(He/N2)

3

cm *cmHg]
S

Sα

E2.0AA

4.8

2.9

3.6

8.8

0.64

2.6

13.8

4.1

E4.1AA

3.3

3.2

3.9

15.0

1.1

7.3

13.6

6.6

E6.4AA

2.9

5.0

6.0

N.A.

N.A.

N.A.

N.A.

N.A.

E8.9AA

1.0

5.5

6.3

12.2

0.78

10.0

15.6

12.8

Also the value of Sα, the CO2 solubility in the amorphous phase, increases, which means
that an increase in polarity of the amorphous phase by the introduction of Na+ ions,
increases the CO2 solubility. This is also reflected in the CO2/N2 permselectivity, which
seems to increase a little bit. The permselectivity (PCO2/PN2) equals the product of the
diffusion selectivity (DCO2/DN2) and the sorption selectivity (SCO2/SN2). Since the CO2
molecules have a slightly larger kinetic diameter than the N2 molecules, one might
expect that due to the physical cross-linking the diffusion selectivity would decrease.
Hence the increase in permselectivity means that the sorption selectivity is also
increased with increasing acid content in the ionomer, which supports the hypothesis
that an increase in polarity in the polymer matrix is more beneficial for CO2 than for N2.
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The effect on the permeabilities of CO2 and N2 is not clear. This is in contrast to the
observation, that the permeability of He continuously increases. The He/N2
permselectivity increases as well, which can be explained by the relatively large
difference in molecular size between the He and the N2 molecules. The physical
crosslinking of the polar domains in the polymer affect the larger molecule more,
resulting in an increasing He/N2 diffusion selectivity. This will be the main reason for the
increasing selectivity, because one might expect a similar influence on the solubility of
both gases, because their interaction with the polymer can be considered as being low.
In Table 5 the results of sorption and permeation experiments on neutralised
copolymers, the so-called ionomers with comparable degree of neutralisation are
presented.
Table 5 Influence of acid degree on the gas transport properties of Na+ neutralised
ionomers.
acid degree/
neutr.degree
(mole%)

10-7D
(CO2)
2

[cm /s]

10-3S (CO2)
3

[cm (STP)/c

P(CO2)

P (N2)

P (He)

α

α

[Barrer]

[Barrer]

[Barrer]

[CO2/N2]

[He/N2]

3

m *cmHg]
S

Sα

E2.0AA48Na

5.0

3.0

3.8

7.9

0.63

4.5

12.5

7.1

E4.1AA42Na

3.7

3.1

3.5

9.9

0.81

6.1

12.2

7.5

E6.4AA32Na

4.5

3.2

3.8

11.5

0.86

9.3

13.4

10.8

E8.9AA36Na

1.2

7.7

7.7

13.5

0.97

9.9

13.9

10.2

Compared to the unneutralised copolymers both the absolute values (P, D, S) and the
relative values (α(CO2/N2), α(He/N2) are in good agreement. The increase in the CO2
permeability however, would suggest that the increase in CO2 solubility is larger than the
decrease of the diffusion coefficient of CO2. This is not consistent with the data from the
sorption experiments. This inconsistency can be explained by the fact that the relative
errors in the independent determination of P, S and especially D are relative large, but
trends in general can be observed very well.
To investigate whether the neutralisation does not have any effect on the gas transport
properties, a series of Na+ ionomers with constant acid degree (8.9 mole percent) were
prepared with varying degree of neutralisation (ν). The results of the sorption
experiments are presented in figure 4(a) en 4 (b). At low degree of neutralisation the
diffusion coefficient in the ionomer is higher than in the copolymer. However with ν>10%,
D decreases until about one third of the original value. The solubility shows an opposite
behaviour, first a, minor, decrease followed by an increase. The observed behaviour, a
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decreasing diffusion coefficient and an increasing solubility can be explained by changes
in chain mobility. According to Eisenberg et al11 the ionic domains, which are small
domains with a diameter smaller than 10Å, are surrounded by a shell in which the chain
mobility is restricted. As the ion content is increased these areas can overlap and larger
parts of the amorphous phase will show a restricted mobility. The diffusion coefficient of
gases in polymers strongly depends on the chain mobility. An increased mobility results
in an increase in diffusion coefficient.

2.5

25

2

20

1.5
10 7*D
[cm2/s] 1

10 3*S 15
[cm3(STP)/
cm3.cmHg] 10

0.5

5

0

0
0

20

40
60
ν (Na+) [%]

80

100

0

20

40
60
+
ν (Na ) [%]

80

Figure 4 (a) The diffusion coefficient and (b) solubility of CO2 as function of Na+
neutralisation (ν) degree at 30°C.

The solubility coefficient was obtained as the slope of a sorption isotherm. All these
isotherms show Henry-type behaviour. This is in agreement with Del Nobile et al5, but
Itoh et al 7 found a small deviation at low pressures. They propose a dual mode sorption
from which they concluded that preferential sorption takes place at the ionic aggregates.
We did not find any evidence for this. It is more likely that the increasing ion-content,
also in the amorphous phase, increases the polarity of the polymer. It is known that with
increasing polymer polarity the affinity of the polymer towards CO2 increases which is
reflected in a higher solubility21. Although CO2 is a non-polar molecule it possesses a
large polarisibilty and a large quadrapole moment, which explains this behaviour.
In figure 5 the results of the permeation experiments on CO2 and N2 are presented.
Both permeabilities increase with increasing ion content. Obviously the decrease of the
diffusion coefficient of the gases, is counteracted by the solubility increase, which was
also found for the sorption experiments. At very high degrees of neutralisation the
overlap of the areas of restricted mobility will be so large that the decrease of the
diffusion coefficient will be larger than the increase of the solubility.
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Figure 5(a) Permeabilities of CO2 and N2 and (b) CO2/N2 selectivity (α) as function of
degree of Na+-neutralisation (ν Na+).
This also can be seen in figure 5 (b) where at very high degrees of neutralisation the
permselectivity decreases. This is an indication that the diffusion selectivity decreases
due to the fact that CO2 is a larger molecule than N2. To verify this hypothesis,
permeation experiments were carried out with He. These results are presented in figure
6, where the (He/N2) permselectivity is drawn as a function of neutralisation degree.
These results are not very clear though. This selectivity seems to decrease with
increasing degree of neutralisation. This might be caused by the fact that the crystallinity
decreases too in this direction. This is consistent with the results obtained in chapter 6
with various polyethylenes.
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Figure 6(a) Permeabilities of He and N2 and (b) He/N2 selectivity (α) as a function of
degree of Na+-neutralisation (ν Na+).
So far the experiments were carried out with Na+ as counterion. To investigate the
influence of the type of counter counterion, permeation and sorption experiments were
carried out at constant acid content of the copolymer with various mono- and bivalent
counterions. The results of the monovalent counterions are presented in table 6 and the
results of the bivalent counterions are presented in table 7.
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Table 6 Influence of monovalent counterion on gas transport properties, 8,9 mole%
acrylic acid
counterion/
neutr.degree

radius

10-7D
2

[Å]

[cm /s]

10-3S
3

[cm (STP)/

P(CO2)

P (N2)

P

α

α

[Barrer]

[Barrer]

(He)

(CO2/N2)

(He/N2)

3

(mole%)

cm *cmHg]

E8.9AA36Na

0.97

1.2

7.7

13.5

1.0

9.9

14.0

10.2

E8.9AA44Li

0.68

1.2

3.8

11.4

0.9

10.1

12.6

11.2

E8.9AA42K

1.33

0.52

4.3

8.5

0.8

7.6

11.4

10.1

Table 7 Influence of bivalent counterion on gas transport properties, 8.9 mole% acrylic
acid
cation

10-7D
(CO2)
2

(cm /s)

10-3S (CO2)
3

(cm (STP)/

P(CO2)

P (N2)

P(He)

α

α

(Barrer)

(Barrer)

(Barrer)

(CO2/N2)

(He/N2)

3

cm *cmHg)
S

Sα

E8.9AA35Mg

2.0

3.3

3.6

10.0

0.72

9.6

13.9

13.3

E8.9AA32Ca

2.7

2.8

2.9

12.8

0.96

11.7

13.4

12.2

E8.9AA40Mn

2.5

3.1

3.3

9.6

0.65

9.3

14.7

14.3

E8.9AA38Ni

2.1

3.4

3.5

12.2

0.82

10.7

14.8

13.0

E8.9AA35Cu

2.2

3.4

3.5

13.0

0.95

11.1

13.7

11.7

E8.9AA41Zn

1.3

3.0

5.1

11.5

0.81

10.5

14.3

13.0

The influence of the kind of monovalent counterion is not very clear. Compared to Na+
and Li+, K+ seems to have a lower permeability for all three gases. This is mainly caused
by a relatively low diffusion coefficient. This is also reflected in a relative low (CO2/N2)
permselectivity. The (He/N2) selectivity is about the same for all three ionomers.
In table 7 the results on permeation and sorption experiments are presented on
ionomers neutralised with a bivalent counterion. Also these results do not show a large
dependency on the kind of counterion. When the Zn2+ ionomer is concerned a relative
high solubility can be observed while the diffusivity is lower. This Zn2+ ionomer also
exhibits the highest order-disorder temperature. This in agreement to the Na + neutralised
ionomers where a higher order-disorder temperature was accompanied by a higher CO2
solubility. The (CO 2/N2) permselectivities seem to be independent on the type of bivalent
counterion. The values however, are slightly higher than the ones for the ionomers,
which are neutralised with a monovalent counterion. The higher (He/N2) permselectivity
might be caused by the fact that the bivalent counterion neutralised ionomers still are
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semi-crystalline. This observation is in agreement with the result from the previous
chapter, where an increase in crystallinity was accompanied by a higher (He/N2)
selectivity.

7.4

Conclusions

The neutralisation of ethylene–acrylic acid copolymers has two very clear effects on gas
transport properties. Firstly the increased polarity of the ionomer causes a higher
solubility for CO2, due to the fact that the ionomer will be less crystalline and the affinity
towards CO2 is increased. In the second place the diffusion coefficient decreases
considerably, despite the lower crystallinity. This is due to the fact that the ionic
aggregates act as physical crosslinks. This effect will be larger at higher degrees of
neutralisation, as is in agreement with the Multiplet-cluster model, first presented by
Eisenberg11. These two effects combined result in the observation that, despite the lower
crystallinity, the permeability does not show a clear dependency on neutralisation
degree. The (CO2/N2) permselectivity decreases gradually with increasing neutralisation
degree. Obviously the decrease in diffusion selectivity is larger than the increase in
sorption selectivity.
The effect of the acid degree on the gas transport properties is similar. An increase in
the acid content is accompanied with a lower diffusion coefficient and a higher solubility.
The crystallinity decreases with increasing acid content as might be expected. Both
(CO2/N2) and (He/N2) selectivity increase with increasing acid content. The first
observation can be explained by the fact that neutralisation increases the polarity of the
ionomer resulting in a higher CO2 solubility relative to N2. The second observation is
caused by the fact that with increasing acid content, amorphous chain mobility is
decreased. This effect explains why the permeability of the largest molecule (N2) has
been decreased to a larger extent.
For a dimensional stable CO2 blown foam a low (CO2/N2) permselectivity is required20.
The lowest permselectivities are achieved with ionomers with a high degree of
neutralisation and a low acid content in the copolymer. In that case the use of
monovalent or bivalent counterions do not give large differences. Zn2+ probably will have
the largest effect. This can be explained by the fact that especially Zn2+ ions are more
covalently bonded to the polymer, which means that amorphous chain mobility is
restricted to a larger extent. It is also reflected by the high order-disorder temperature of
the Zn2+ neutralised ionomer. In general one can conclude that a high order-disorder
temperature is accompanied by a high CO2 solubility, and a low diffusion coefficient.
However, the main conclusion from this chapter is that by blending polyethylene with
ionomers the dimensional stability of the resulting foam will not be improved.
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List of symbols
α
ν
∆Hc

fraction amorpous phase
neutralisation degree
crystalisation enthalpy

[-]
[-]
[J/g]

c
dg
l
D
Deff
Mt
M∞

total amount of sorbed gas
kinetic diamater gas molecule
film thickness
diffusion coefficient
effective diffusion coefficient
mass uptake at time t
mass uptake at infinite time

[cm3(STP)/cm3]
[Å]
[cm]
[cm2/s]
[cm2/s]
[g]
[g]

P
Pc
R
S
Sα

permeability
critical pressure
universal gas constant, 8.314
solubility
solubility in the amorphous phase

[Barrer]
[Pa]
[J/(mol·K)]
[cm3(STP)/cm3*cmHg]
[cm3(STP)/cm3*cmHg]

Tb
Tc
Tc
Ti
Tm
Vc
VC
VP
dp
Vmol

boiling temperature
critical temperature
crystallisation temperature
order-disorder temperature
melting temperature
volume at critical point
cell volume
polymer volume
pressure difference
molar volume

[K]
[K]
[K]
[K]
[K]
[cm3]
[cm3]
[cm3]
[Pa]
[m3/mol]
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Summary and Conclusions

Low density, closed cell polyethylene foams show severe post-extrusion collapse when
isobutane or carbon dioxide are used as physical blowing agents. This dimensional
instability is caused by the fact that the blowing agent permeates faster out of the foam
than the air permeates into the foam. Permeation experiments on polyethylene films
showed that this is an intrinsic property of polyethylene: for both isobutane and carbon
dioxide the permeability is 12 to 15 times larger than the air permeability. However, it
was observed that the addition of small amounts (<2 wt.%) of certain additives, such as
stearyl stearamide or glycerol monostearate, could improve the dimensional stability of
isobutane blown foams considerably. The working mechanism of these additives was
found to be a surface effect. The additive forms a (partially) crystalline surface layer,
which decreases the isobutane permeability to a larger extent than the air permeability. It
reduces the isobutane to air selectivity from about 15 to 4. The presence of this layer on
the polyethylene films was confirmed with electron microscopy and infrared
spectroscopy. The crystalline character of this layer was revealed by X-ray diffraction.
Numerical simulations on the exchange of blowing agent by air in closed cell foams
revealed that the most important parameter determining the foam stability is the ratio of
blowing agent to air permeability. The absolute values of the permeabilities determine
the time-scale of this exchange. The dimensions of the foam play only a minor role in the
stability of the foam, but are important when the time-scale is considered. The minimum
in foam volume during the exchange of blowing agent and air was found to scale with
the square of foam thickness in a double logarithmic plot, which is in agreement with
transport in homogeneous materials. However, the build up of a partial pressure profile
in a foam is determined by the permeability, whereas a concentration gradient in a
dense materials is governed by the diffusion coefficient of the gas.
Until now the presence of the additives at the cell walls of foams, was not demonstrated
yet. Due to the fact that the additives start to conduct just below their melting point,
interfacial polarisation within the foam is established. This results in a strong increase of
the dielectric constant and the loss index of these foams, which were measured using
dielectric spectroscopy. From this observation it was concluded that the additive had to
be present at the surface of the foam and furthermore that the frequency independent
position of the observed peaks indicated that this layer is crystalline. However, the exact
shape of the curves was not fully understood yet.
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To solve that problem the dielectric behaviour of closed cell foam was modelled. This
was done by representing the foam as three cubes, placed inside each other, forming
the Elementary Cubic Cell (ECC). The ECC-model was able to describe the
experimental observed curves very well and was very valuable in the interpretation. The
response was mainly determined by two parameters: the conductivity of the additive
layer (predominantly at relative low temperatures) and the solubility of the additives in
polyethylene (predominantly at relative high temperatures). With the help of the ECCmodel we were able to calculate the thickness of the additive layer at the cell walls.
Whereas these low molecular weight additives were able to stabilise isobutane blown
foams, carbon dioxide blown foams still showed post-extrusion collapse. From literature
there was evidence that the crystallinity of polyethylene could decrease the carbon
dioxide/air selectivity, the parameter determining the stability of these foams. However, it
was found that this selectivity was independent of the crystallinity of polyethylene. Also
the addition of low molecular weight additives did not decrease the ratio of carbon
dioxide and air permeability. This observation can be explained by the fact that the
molecular diameter of nitrogen and carbon dioxide molecules is very close. When the
crystallinity of a material increases, the diffusion coefficient of gases is being decreased
due to two factors: firstly the pathlength of the diffusing molecules is increased and
secondly the chain mobility in the amorphous phase is reduced. The first effect is
independent on the type of gas, the second however, strongly depends on the diameter
of the diffusing molecules; the larger the molecular diameter of the gas molecule, the
more its diffusion coefficient is depressed. This also explains why the addition of low
molecular weight additives do not improve the dimensional stability of low density, closed
cell polyethylene foam, when carbon dioxide is used as the blowing agent. The presence
of a (semi-) crystalline layer will have equal effect on carbon dioxide and nitrogen (air)
permeability, and does not show an effect on the permeability ratio. This is in contrast to
isobutane, which has a significantly larger molecular size. The (partially-) crystalline
character of the additive layer will decrease the isobutane diffusion coefficient, hence
permeability, more than the nitrogen permeability, resulting in a more stable foam.
A different approach to obtain a more stable polyethylene foam is to blend polyethylene
with high molecular weight materials (polymers) to decrease carbon dioxide/air
selectivity. It might be anticipated however, that the working mechanism in this case will
be based on a bulk- instead of a surface effect, since demixing into a surface layer is not
very likely on short time-scales. From literature it is known however, that polyethylene
already has one of the lowest intrinsic carbon dioxide/air selectivities. Nevertheless the
gas transport through a special class of polymers, called ionomers, was characterised to
investigate the blending of polyethylene with the ionomer to obtain a stable foam. Three
parameters were varied: the acid degree present in the ionomer, the degree of
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neutralisation and the kind of counterion. Compared to polyethylene the solubility of
gases was increased and the diffusion coefficient was decreased, but these effects were
counterbalanced, explaining the observation that the carbon dioxide/nitrogen selectivity
decreased only to minor extent. From the results it can be concluded that a low acid
degree, a high degree of neutralisation and Zn2+ as counterion is the best option to be
used, although the effect will be too small.

Future opportunities

At the present dimensionally stable low density, closed cell polyethylene foams can be
produced using isobutane as blowing agent. However, the addition of low molecular
weight additives such as stearyl stearamide or glycerol monostearate is necessary to
adjust the gas fluxes out and into the foam structure. For environmental and safety
reasons the use of another blowing agent is preferred. From this research it can be
concluded that the use of carbon dioxide will not result in a dimensional stable foam,
even when it is blended with low molecular weight additives or polymers. To obtain
dimensional stable low density, closed cell foam, thereby not using CFC or hydrocarbon
blowing agent, some concessions should be made, which can be divided in two classes:
firstly in the use of the blowing agent, secondly in the choice of foam parameters.
Blowing agent
Two approaches can be followed to obtain dimensional stable foam. The first obvious
possibility is the use of nitrogen, or air as blowing agent. It is clear that in this case a
dimensional stable foam is obtained, because no or only small partial pressure
differences are present, resulting in very low fluxes into and out of the foam. The
problem using these gases in foam extrusion is that their solubility in the polyethylene
melt is very low compared to carbon dioxide and other physical blowing agents. This will
mean that a very high pressure is needed to obtain a high concentration of blowing
agent in the polymer melt, hence in the foam-extruder. These high pressures can not be
reached yet, but future research might overcome this problem.
A second possibility is to use a mixture of blowing agents. For instance by using a
50/50% mixture of isobutane and carbon dioxide a stable foam can be obtained. In this
case the use of isobutane is reduced by 50%, which is an improvement.
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Foam parameters
Three approaches can be followed by varying other physical parameters.
Firstly by blending polyethylene with other polymers. This does not have a positive
influence on the exchange of blowing agent and air. However, it can have another effect:
it might increase the mechanical properties, since it may give the structure sufficient
strength to withstand the absolute pressure difference between the inside and the
outside of the foams.
A second possibility is to allow a certain open cell percentage. In this research it was
already observed that the use of certain additives increased the open cell content of the
foam and that this resulted in a more dimensional stable foam. Also different production
conditions might increase this content. The disadvantage is that open cells might
influence other foam-properties, such as the thermal conductivity, in a negative way.
A third possibility is to allow the use of foams with a higher density. In this case the
exchange of blowing agent and air is not changed, but the mechanical strength of the
foam matrix is increased, This might give the structure enough mechanical strength to
withstand absolute pressure differences. The disadvantage is that more polyethylene is
needed in these foams and that other properties like flexibility and thermal conductivity
are changed.
Future research should be directed at the relation between proposed changes in blowing
agent composition or foam parameters, and the resulting changes in morphology and
properties of the foam.
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Polyetheen schuimen met een lage dichtheid (<50 kg/m3) en gesloten cellen vertonen
een sterke volumereduktie nadat ze geproduceerd zijn met isobutaan of koolstofdioxide
als blaasgas. Deze instabiliteit wordt veroorzaakt doordat het blaasgas sneller uit het
schuim stroomt (‘permeëert), dan lucht erin. Permeatie-experimenten aan polyetheen
films lieten zien dat dit een materiaaleigenschap van polyetheen is: zowel isobutaan als
koolstofdioxide hebben een 12 tot 15 maal zo hoge permeabiliteit in polyetheen dan
lucht. Toevoeging van kleine hoeveelheden additief, zoals stearyl stearamide of glycerol
monostearaat, verbetert de stabiliteit van isobutaan geblazen schuimen echter in hoge
mate. Het werkingsmechanisme van deze additieven moet gezocht worden in een
oppervlakte-effect: het additief vormt een (gedeeltelijk) kristallijne oppervlaktelaag, welke
de isobutaan-permeabiliteit in grotere mate verlaagd dan de lucht-permeabiliteit. De
selectiviteit- (dit is het quotiënt van de isobutaan- en de lucht-permeabiliteit)- wordt
hierdoor verlaagd van 15 naar 4! De aanwezigheid van het oppervlaktelaagje op
polyetheen films werd bevestigd door middel van elektronen mikroskoop opnames en
infrarood spectroskopie.
Door numerieke simulaties, die de uitwisseling van blaasgas en lucht als functie van de
tijd beschreven, werd ontdekt dat de selectiviteit sterk gerelateerd is aan de stabiliteit
van het schuim. De absolute waarden van de permeabiliteiten bepalen hoeveel tijd deze
uitwisseling kost. Het minimum in schuimvolume bleek rechtevenredig te zijn met het
kwadraat van de schuimdikte in een dubbel-logaritmische grafiek, wat in
overeenstemming is met het transport in homogene materialen. Het verschil echter is dat
concentratieprofiel in een schuim wordt bepaald door de permeabiliteit van het gas,
terwijl in homogene materialen het concentratieprofiel wordt bepaald door de
diffusiecoëfficiënt van het gas.
Tot zover was de aanwezigheid van deze additieven op het oppervlak van een
celwandje in een schuim nog niet aangetoond. Doordat deze additieven beginnen te
geleiden wanneer ze verwarmd worden, zal oppervlakte-polarisatie ontstaan als zo’n
schuim in een elektrisch veld wordt geplaatst. Dit resulteert in een sterke toename van
de diëlektrische constante en de verliesfactor, welke gemeten kunnen worden met
behulp van diëlektrische spektroskopie. Verder kon worden geconcludeerd uit deze
metingen dat dit laagje kristallijn is. De exacte vorm van de curves was echter nog niet
geheel duidelijk. Dat probleem werd opgelost door het dielektrisch gedrag van gesloten
cel schuimen te modelleren. In dit model werd de schuimstructuur beschreven door drie
kubussen die inelkaar geplaatst zijn, de zogenaamde Elementaire Kubische Cel. Met dit
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model konden we de waargenomen curves zeer goed beschrijven en konden we de
vorm van de gemeten curves begrijpen. Uiteindelijk waren we in staat de dikte van dit
oppervlakte-laagje als functie van de temperatuur te berekenen.
Deze laagmolekulaire additieven waren dus in staat om isobutaan geblazen schuimen te
stabiliseren. Koolstofdioxide geblazen schuimen vertoonden echter nog steeds volumeinstabiliteit, zelfs met deze additieven. We hadden echter aanwijzingen vanuit de
literatuur dat de kristalliniteit van het polyetheen een grote invloed kon hebben op de
selectiviteit, de parameter die direkt gerelateerd is aan de stabiliteit van deze schuimen.
Wij konden deze metingen echter niet reproduceren. Ook het toevoegen van additieven
had nauwelijks invloed op deze permeabiliteitsverhouding. Deze twee waarnemingen
werden verklaard uit het feit dat beide molekulen een vergelijkbare grootte hebben. Als
de kristalliniteit van een materiaal toeneemt, zal de diffusiecoëfficiënt van een gas in dat
materiaal omlaag gaan. Dit wordt veroorzaakt door twee effecten: ten eerste zal de
effectieve weglengte toenemen, omdat deze molekulen niet door de kristallijne gebieden
kunnen diffunderen en ten tweede doordat de keten-bewegelijkheid in de amorfe fase
sterk wordt beïnvloed door de aanwezigheid van kristallijne gebieden. Dit eerste effect is
onafhankelijk van het type gas, het tweede echter hangt sterk af van de grootte van het
gasmolekuul: hoe groter het molekuul hoe meer de diffusiecoëfficiënt gereduceerd zal
worden. Dit verklaart de waarneming dat de toevoeging van deze additieven niet tot een
verbetering van de stabiliteit van koolstofdioxide geblazen schuimen leiden. De
aanwezigheid van een (gedeeltelijk) kristallijne laag zal relatief gezien evenveel effect
hebben op de permeabiliteiten van koolstofdioxide en lucht, zodat de verhouding van
deze permeabiliteiten ongewijzigd blijft. Dit in tegenstelling tot isobutaan dat een
significant groter molekuul is. De kristallijne oppervlaktelaag zal de diffusiecoëffieciënt
van isobutaan, en dus de permeabiliteit, in hogere mate verlagen dan de lucht
permeabiliteit, wat zal resulteren in een stabieler schuim.
In plaats van het polyetheen te mengen met laag molekulaire additieven is ook
onderzocht of de toevoeging van hoog molekulaire additieven (polymeren) zou kunnen
leiden tot een verbetering van de stabiliteit van koolstofdioxide geblazen schuimen. In dit
geval zal er echter sprake moeten zijn van een bulk-effect in plaats van een oppervlakte
–effect, omdat het ontmengen van twee polymeren een veel langzamer proces is. Uit de
literatuur is het echter bekend, dat polyetheen al één van de laagste koolstof
dioxide/lucht permeabiliteitsverhoudingen heeft. Desondanks werd het gastransport door
een bijzondere klasse van polymeren, de zogenaamde ionomeren, onderzocht om uit te
zoeken of het toevoegen van deze ionomeren aan polyetheen, er voor zou kunnen
zorgen om stabiele schuimen te produceren. Drie parameters werden onderzocht: de
zuurgraad van het ionomeer, de neutralisatie graad en het soort tegenion. Vergeleken
met polyetheen hadden de ionomeren een hogere gasoplosbaarheid, maar de
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diffusiecoëffieciënt was verlaagd. De permeabiliteit is echter gelijk aan het produkt van
de oplosbaarheid en de diffusiecoëfficiënt, en het totaal effect op de permeabiliteit van
koolstofdioxide en lucht was dus klein. Ionomeren met een lage zuurgraad, een hoge
neutralisatiegraad en Zn2+ als tegenion lijken de beste mogelijkheden te bieden, maar
waarschijnlijk zal het effect te klein zijn om lage dichtheid, gesloten cel schuimen volledig
te stabiliseren.
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polyetheen films en polyetheenschuimen. Dit werk vormde de basis voor het in dit
proefschrift beschreven onderzoek. In augustus 1994 werd het ingenieursdiploma
behaald. Van 1 juni 1994 tot 1 juni 1995 vervulde hij de militaire dienstplicht bij de 43e
Afdeling Veldartillerie te Havelte, waar hij als onderofficier verantwoordelijk was voor
munitie en munitietransporten.
Op 1 maart 1996 trad hij in dienst als Assistent in Opleiding aan de Universiteit Twente
bij de vakgroep Membraantechnologie. Onder begeleiding van de professoren
Strathmann, Mulder en Wessling werd het onderzoek uitgevoerd, dat beschreven is in dit
proefschrift. Dit onderzoek zal worden afgerond met een openbare verdediging op 9 juni
2000.
Vanaf 1 maart 2000 is Warner Nauta werkzaam als wetenschappelijk medewerker bij
TNO Industrie te Eindhoven.

