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Impact—-Compression—-Morphology
Relationship in Polyolefin Foams*

MARTIN N. BUREAU,” MICHEL F. CHAMPAGNE
AND RICHARD GENDRON
Industrial Materials Institute
National Research Council Canada
75 de Mortagne Blvd., Boucheruville
Québec, J4B 6Y4, Canada

ABSTRACT: The relationship between the morphology and the mechanical
properties of polyethylene (PE) foams has been studied. Experiments have been
made on closed cell low density foams at low testing speed as well as in impact
conditions. A careful characterization of the cell size distribution and anisotropy
was performed and related to the foams mechanical response. The results
indicate that the mechanical response of the foams is anisotropic and can be
expressed as a function of the foam morphology, using a unique morphological
parameter taking into account the cell size in the appropriate direction and foam
density. Previously developed for polystyrene foams, the use of this parameter
is thus successfully extended to PE-based foams.

KEY WORDS: foams, polyethylene, mechanical behavior, compression, impact,
morphology, predictions.

INTRODUCTION

I i‘ oams, as engineering materials, are used in all industrial sectors
and represent an extraordinary class of materials, due to their
properties extending beyond the limits of all other classes of engineering

*This revised paper was presented in its original form at the Annual Technical Conference
ANTEC 2004, Chicago IL, May 16-20 2004, and the copyright is held by the Society of
Plastics Engineers.
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materials. A great challenge in engineering foams is to address specific
requirements such as specific weight and cost, while answering func-
tional requirements such as properties. In their textbook [1], Gibson and
Ashby have developed an approach to correlate the mechanical perfor-
mance of foams to their density, based on Optimization Theory for
Materials Selection in Design [2]. According to the latter, semi-analytical
equations of the fundamental mechanical properties of foams such as
Young’s modulus, E, and the yield strength, o,, have been developed. In
uniaxial compression, these two properties can be expressed as follows:

E 445 pi(l —2v)
o "y + (1 = P)or +E70(1 ) 1)
% _0.30% + (1 g)p + B L) @)

where, the subscript ‘o’ refers to the unfoamed polymer properties, p, is
the relative density of the foam, 1 — ¢ is the fraction of solid in the cell
faces, p; and p,; are the gas pressure in the foam cells and the atmos-
pheric pressure, and v is the Poisson’s ratio. Since most of the material
is concentrated in the cell struts and edges, Equations (1) and (2) can be
simplified to their first term provided the Poisson’s ratio is close to that
of the dense solid (v~0.3), and the internal cell pressure equals the
atmospheric pressure. This explains why foam properties are generally
expressed as normalized with respect to their solid counterpart values
and plotted against their relative density.

Equations (1) and (2) predict that foams with similar density have the
same properties, with no respect to cell size and cell orientation, which
obviously does not represent the true foam behavior. A refinement of the
description of the mechanical behavior of foams with respect to their
characteristics of their morphology, namely their cell size, has been
proposed, based on the use of the ratio of density to average cell diameter,
old, instead of simply using the density [3]. The compressive properties
and impact properties of commercially available closed-cell PS foams
have been expressed as a function of this single microstructural
parameter p/d, with limited data scatter, according to the following:

E=cy-(p/d)" 3
oy =cz - (p/d)" 4)

where n and m are constants equal to 1, and c¢; and ¢y are propor-
tionality constants. Equations (3) and (4) suggest that the mechanical
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performance of a foam could be maintained at a lower density by
decreasing its average cell size, or inversely that improved mechanical
performance should be anticipated with smaller average cell size. Such
a result could represent obvious economic advantages and supports to
some extent claims related to microcellular foams (MCF's) [4].

While good agreement was observed for PS foams, the proposed
methodology to relate mechanical properties and microstructure of
foams with a microstructural parameter p/d requires validation for
other materials, and over a wider range of densities. It is the objective
of this work to provide further ground to this approach by applying it
to PE foams.

EXPERIMENTAL

Two series of PE foams, kindly provided by Dow Chemical and Sealed
Air, were studied. The first series (Dow’s Ethafoams) has a nominal
density ranging from 28 to 102 kg/m?, while the other (made specifically
for this work by Sealed Air) exhibits constant foam density (=~ 35 kg/m?)
but different cell distributions (see Table 1). The morphology of the
foams was characterized by image analysis of scanning electron
microscopy (SEM) observations of foam specimens prepared by razor
blade cutting. The morphology of the first series was characterized in
the plane normal to the machine direction, designated as M-plane, and
to the thickness direction, designated as T-plane. For the second series,
the morphology in the plane normal to the lateral direction, designated
as L-plane, was characterized in addition to the previous planes. A
schematic of these plane designations is provided in Figure 1.

The cell size was calculated from the area of individual cells as
the equivalent diameter of a circle. The cell size distribution, the
number-average diameter d,,, the volume-average diameter d,, and their
ratio d,/d,, used as a measure of the cell dispersity, were obtained.
A minimum count of 200 cells was employed for the determination of
each cell size distribution.

Compression testing was performed according to ASTM D1621 [5]
standard test method. For all tests, the thickness of the specimens was
that of the as-received boards (between 25 and 50 mm). The tests were
done at low (2.5 mm/min) and high (3 m/s) compression speeds. The low
speed tests were performed using a computer-controlled Instron
mechanical tester on specimens with a cross section of 50 x 50 mm?.
The high-speed tests were performed using an impact tower equipped
with a displacement transducer and load cell on specimens with a cross
section of 50 x 50 mm?. The load-displacement curves were monitored
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Table 1. Foam morphology (series 1: samples from Dow Chemical; series 2:
samples from Sealed Air).

Foam Plane pld x 102

Series sample p (kg/m®) normal to: d, (um) (kg/m®pum™)
1 1 28.5 M 1790 1.59
T 1336 2.13
2 38.7 M 971 3.99
T 873 4.43
3 64.4 M 883 7.29
T 703 9.16
4 102.0 M 602 16.94
T 613 16.64
2 5 35.0 T 1044 3.35
M 1492 2.35
L 1601 219
6 35.1 T 1401 2.51
M 1879 1.87
L 1845 1.90
7 35.2 T 1027 3.43
M 1293 2.72
L 1588 2.22
8 35.7 T 892 4.00
M 1182 3.02
L 1476 2.42

Extrusion
EE——

(T) T /!

— L)
M)

Figure 1. Schematic representation of the plane designation with respect to the extrusion
or machine direction; the plane normal to the machine, thickness, and lateral directions
are designated as M-, T-, and L-planes, respectively.

during these tests. The compressive modulus of elasticity and
compressive stress at yield, defined as the transition between the
linear and plateau regions of the load-displacement curves, were
calculated according to ASTM D1621 for the low-speed tests, but only
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the compressive stress at yield could be obtained with acceptable
reproducibility for the high-speed tests.

RESULTS

The cell size dispersity ratio d,/d,,, obtained from the characterization
of the cell size distribution, was respectively 1.16 and 1.32 for foam
series 1 and 2, i.e., relatively close to 1, which indicates that the cell size
distribution is close to statistically perfectly normal. The number-
average cell diameter was thus assumed to reflect the cell size distri-
bution. The densities and cell sizes measured are listed in Table 1. These
results show that the cell size varied between 0.6 and 1.9 mm and that
p/d ranged between 0.016 and 0.170 kg/m® pm 1, i.e., slightly more than
one decade. For the foams in series 1, the mean cell diameter is nearly
the same in the two planes tested, with a trace of anisotropy detected
with the decrease in the foam density. For the foams of series 2, huge
anisotropy prevails, with the smaller cell diameters detected in the
T-plane and the larger diameters observed in the L-plane. T-plane values
of p/d are the highest and L-plane p/d-values the lowest, in general.

Figure 2 displays the density as a function of the mean cell size for all
foams. In the hypothetical case that the density is proportional on a one-
to-one basis with the reciprocal of the cell diameter, no improvement
would be obtained through the use of Equations (3) and (4). However, as
displayed in Figure 2, the data exhibit scatter that should be considered
as additional information relevant to the use of a more complex model.

Low-speed compression tests on both foam series were performed.
Examples of the compressive stress—strain curves obtained are shown
in Figure 3 for two foams (samples #2 and #5) with almost the same
density (35-38 kg/m®), but different cell sizes. Despite the close densities
considered in Figure 3, these curves and their associated compressive
modulus of elasticity and yield stress differ significantly depending on
the plane investigated and foam considered. These curves demonstrate
the limitations of the Gibson—-Ashby models (Equations (1) and (2)),
which do not capture the specific morphological characteristics of foams,
and cannot thus predict the resulting properties accurately. A confirma-
tion of this is provided in Figure 4, in which the compressive modulus of
elasticity and yield stress obtained from the compressive stress—strain
curves are reported as a function of density. Figure 4 exhibits very
important data scatter, and poor correlation factors (r*<0.3) were
obtained. This figure also indicates that, while properties increase with
higher density, they cannot be expressed simply as a function of density
but should also depend on other structural parameters of the foam.
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Figure 2. Foam density plotted against the mean cell diameter. Dotted lines correspond
to typical p/d values covered in this work. Slash-dotted line illustrates the hypothetical 1: 1
relationship between p and 1/d.
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Figure 3. Typical compressive stress—strain curves for two PE foams; PE foam #5 (a) in

T-direction; (b) in L-direction; and (c¢) in M-direction, and PE foam #2 (d) in T-direction
and (e) in M-direction.
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Figure 4. Low-speed compression test results of foam series 1 (o) and 2 (A ) plotted against
density: (a) compressive modulus of elasticity (**=0.11) and (b) compressive yield stress
(72 =0.30). The lines represent fits based on the simplified power-law Equations (1) and (2).

This is especially true for the data associated with the foam series 2,
with the properties spanning along the y-axis over nearly half a decade.

To account for the foam morphology, the compressive modulus of
elasticity and yield stress obtained from the compressive stress—strain
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curves are reported in Figure 5 as a function of the microstructural
parameter p/d. This figure shows that, while some scatter in the data
remains, plotting the compressive properties according to Equations (3)
and (4) results in improved data representation (correlation factors

10 ¢

Compressive modulus of elasticity (MPa)

0.1 . —
0.01 0.1 1

Density/cell size (kg/m 3uln'l)

—~
o
~

0.1

Compressive yield stress (MPa)

0.01 — —
0.01 0.1 1

(b) Density/cell size (kg/m 3um’l)
Figure 5. Low-speed compression test results of foam series 1 (o) and 2 (A) plotted

against p/d: (a) compressive modulus of elasticity (*>=0.65) and (b) compressive yield
stress (r2=0.68). The lines represent fits based on the power-law Equations (3) and (4).
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r2>0.65). This validates the use of Equations (3) and (4) based on p/d.
Results from series 2 now display a trend sensitive to the cell diameter,
with higher modulus and yield stress associated with foams having
smaller cells. It is proposed that this approach should be used to
correlate properties of foams, since it captures the essential character-
istics of the foam morphology and provides properties prediction within
an acceptable range of error. The success of this approach is especially
interesting considering that no specific information regarding the exact
PE matrix composition is available at this time.

To extend the validity of this approach to a wider range of testing
conditions, high-speed compression tests were also performed. The
results for the high-speed compressive stress at yield are shown in
Figure 6 as a function of density. As observed previously in Figure 4,
Figure 6 still exhibits very important data scatter, with lack of
correlation for data from series 2.

Replacing the density by p/d to report the high-speed compressive
stress at yield led to quite different results, as shown in Figure 7. In this
case, a different power-law exponent of 0.5 had to be used for the linear
regression based on Equation (4). This change in slope is related to a
viscoelastic effect to which PE-based foams are subjected at room
temperature, i.e., above their glass transition temperature, due to
their rubbery state; higher values of yield stress are obtained at higher

Ly

0.] j

Compressive impact yield stress (MPa)

0.01 S e
10 100 1000

Density (kg/m3)

Figure 6. High-speed compressive stress at yield of foam series 1 (o) and 2 (A) plotted
against density (+2=0.55). The line represents fit based on the power-law Equation (2).
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Figure 7. High-speed compression yield stress of foam series 1 (o) and 2 (A) plotted
against p/d (#2=0.62). The line represents fit based on the power-law Equation (4), with
however an exponent of 0.5.

strain rates. While the correlation factor was not dramatically changed,
its slight improvement is associated with the compressive stresses at
yield for foams of series 2 exhibiting again a positive trend with the
parameter po/d.

DISCUSSION

The results obtained from PE foams of two different series suggest
that mechanical properties can be expressed as a function of p/d. Similar
results were obtained and have been presented for closed-cell PS foams
[3]. These PS foams had a density varying between 25 and 74 kg/m® and
an average cell size between 78 and 231 um. Since the results presented
here were correlated using the same power-law relationships obtained
in the previous study, both families of foams appear to follow the same
trends with respect to p/d. The results obtained from the two studies are
reported in Figure 8, with the mechanical properties and microstruc-
tural parameter extending over two decades, which shows graphically
how well the properties of these different foams scale with p/d according
to power-law relationships. This is confirmed by the good correlation
factors obtained (2> 0.7 9), considering the diversity in foams char-
acteristics and properties: semi-crystalline and amorphous polymeric
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Figure 8. Mechanical properties of different foams and different conditions plotted
against p/d: (a) modulus of elasticity (r?=0.87) and (b) stress at yield (r2=0.79) for PS
foams (from [1]) from low-speed compression (o) and falling dart impact (<) tests, PE
foams series 1 from low-speed ([J) and high-speed (x) compression tests, and PE foams
series 2 from low-speed (A ) and high-speed (+) compression tests. The lines represent fits
based on the power-law Equations (3) and (4).

foams, with densities between 20 and 100kg/m?, cell sizes between
78 um and 1.9 mm and various levels of anisotropy.

In light of the success of this approach, some general guidelines for
foam processing might be suggested. The first is that the properties of
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foams could be optimized by using the power-law regressions proposed
in Equations (3) and (4). Foam properties at a given density could be
enhanced by a reduction of the average cell size, or properties could be
maintained at a lower density by reducing the cell size, to keep the
microstructural parameter p/d constant. This indication provides
support to MCFs, which show properties claimed to be maintained
with respect to the unfoamed polymer for density reduction of typically
30%, as a result of a very fine cellular structure [4].

Provided that it is validated for a specific system, the correlation
between the properties and the microstructural parameter p/d also
indicates an opportunity in terms of material costs, since the same
properties could be obtained for a lower density, i.e., for a smaller
amount of materials. This effect of microstructure is not predicted in
the Gibson-Ashby model (Equations (1) and (2)), since the latter only
considers the relative density and thus predicts that lower amount of
materials leads to lower properties. The Gibson-Ashby model should be
considered as a macroscopic comparison tool between different foams, or
even different materials, and not as a property predicting means.

CONCLUSIONS

The results in this study show that the compressive properties of PE
foams, tested at low and high speeds (impact), cannot be successfully
correlated using the Gibson—Ashby model, since the latter only considers
the density as the sole parameter describing the foam. To account for the
specific characteristics of the PE foams tested (densities between 28 and
102kg/m?, and average cell size between 600 and 1900 pm), a micro-
structural parameter, p/d, previously proposed for PS foams [3], was used
instead of the density. The compressive modulus of elasticity and stress
at yield of the PE foams could be expressed as a function of p/d, with good
resulting correlation factors. This correlation of PE foams properties was
extended to previously reported PS properties. The latter showed the
validity of the proposed microstructural parameter p/d to reflect the
morphology of foams of different nature, structure, and properties.
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