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ABSTRACT: Some technical properties (static mechanical properties, dynamic mechani-
cal properties, creep-recovery behavior, thermal expansion, and thermal conductivity)
of low-density foams (50 kg/m3) made of blends of low-density polyethylene (LDPE)
and the ethylene vinyl acetate copolymer (EVA) were studied as a function of the EVA
proportion in the blends. These properties were compared with those of a foam made
of a blend of EVA and ethylene propylene rubber (EPR). The knowledge of how the
EVA proportion influences the behavior of these blend foam materials is a fundamental
factor in order to obtain a wide range of polyolefin foams, with similar density, suitable
for different applications. q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 68: 1237–1244,
1998

Key words: polyolefin foams; technical properties of foams; foams with tailored prop-
erties; polymer blends

INTRODUCTION produced foams are inexorably being driven to-
ward their lowest possible density for a given ap-
plication. As densities become lower, the controlNowadays, foams are important in the man-made
and optimization of the physical properties be-world; the reasons are both technical and commer-
comes more complex. To facilitate the progress incial. From a technical point of view, a variety of
this respect, there is a need for a better under-properties, such as light weight, chemical resis-
standing of the fundamental relationships be-tance and inertness, buoyancy, good aging, cush-
tween composition, cellular structure, matrixioning performance, thermal and acoustic insula-
morphology, and physical properties. The pub-tion, and recyclability, have ensured that poly-
lished literature contains very few fundamentalolefin foams have penetrated the automotive and
correlations on these interrelationships for poly-transport, building and construction, marine,
olefin foams.medical, sports, and leisure markets.

Some comments on the properties of the poly-The commercial driving force is cost reduction.
mers are necessary to understand the experimen-Density reduction can be converted directly to cost
tal results: Ethylene vinyl acetate (EVA) copoly-savings, and it is the reason why commercially
mers with a low VA content, in comparison with
LDPE, are more transparent, more flexible, and

Correspondence to: M. A. RodrıB guez-PeB rez (marrod@wfisic. tougher and have a higher shrinkage at low tem-
eis.uva.es). perature and a lower thermal conductivity. TheseContract grant sponsor: Junta de Castilla y León.

materials are used in many flexible items. BlendsJournal of Applied Polymer Science, Vol. 68, 1237–1244 (1998)
q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/081237-08 of polyolefins with ethylene propylene rubbers
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Table I Density and Chemical Composition Scanning Electron Microscopy (SEM)
of Materials Used

Quantitative image analysis was used to assess
the types of cellular structure and apparent meanMaterials Density (kg/m3) Chemical Compostion
cell diameter. For this purpose, the cross sections

EVA10 49 LDPE 90% EVA 10% of the extrudate were microtomed at low tempera-
EVA30 47 LDPE 70%, EVA 30% ture to provide a smooth surface which, after vac-
EVA90 52 LDPE 10%, EVA 90% uum coating with gold, was examined by SEM
EP25 51 EPR 25%, EVA 75% with a JEOL JSM-820 microscope. Each micro-

graph was analyzed by obtaining data from five
reference lines. The apparent mean cell diameter

have been extensively investigated, primarily was determined by calculating the number of cells
with the aim of improving tensile and impact that intersected each reference line and by divid-
properties. ing the appropriate reference line length in the

The experimental results show that it is possi- number of cells.1

ble to manufacture low-density polyolefin foams
with different physical properties, which is an im-

Dynamic Mechanical Analysis (DMA)portant step for tailoring material properties es-
sential for advanced product design. Dynamic mechanical testing has long been em-

ployed in the study of the viscoelastic response of
polymers. In this work, a preliminary study of the

EXPERIMENTAL influence of the EVA content on the behavior of
our samples was performed. The DMA equipment

Materials and Foaming (Perkin–Elmer DMA7) was calibrated according
to the recommended procedures using the manu-The densities and chemical compositions (re-
facturer’s software. The storage modulus (E * ) ,ported by the company) of the industrial materi-
loss modulus (E 9 ) , and loss tangent (tan d ) wereals used in this investigation are summarized in
obtained in a parallel plate measurement system,Table I. Three of the foamed industrial samples
a configuration suited for the porous nature of theare made of blends of low-density polyethylene
samples. These properties were measured at the(LDPE) and the EVA copolymer (vinyl acetate
frequency of 1 Hz in the temperature range fromcontent of 12%). Another foam has been made of
015 to 1257C with a heating rate of 57C/min. Thea blend of EVA and ethylene propylene rubber
applied static strain and dynamic strain were cho-(EPR with a propylene proportion of 28%). All
sen in the low strain range (4% static strain andmaterials were kindly provided by Alveo (a Seki-
0.30% dynamic strain), where the mechanismsui Co., Roermond, The Netherlands).
that controls the sample’s behavior is the cell wallThe materials are physically crosslinked poly-
bending.2 The plate diameter was 10 mm, andolefin foam sheets. In this foaming method, the
the test specimens were prepared in a cylindricalchains are linked into a network by a high-energy
shape with the same diameter. The thicknesseselectron beam, which serves to control and stabi-
of the specimens ranged from 8 to 11 mm.lize the expansion. After that, the foaming agent

in the sheet is activated by heat. Foaming is free,
and the foaming process is carried out in a hori- Creep-recovery Measurements
zontal plane. After the expansion process is com-
pleted, the foams are passed through cooling rolls Compressive creep recovery at room temperature

(about 247C) was recorded over a range of appliedand wound up.
stresses (s ) . The load program applied to the
samples is shown in Figure 1(a). All experiments

Differential Scanning Calorimetry (DSC) were performed with a plate diameter of 10 mm
and samples with a cylindrical shape of the sameThe thermal properties were studied using a Met-

tler DSC30 differential scanning calorimeter, cali- diameter. The recovery stress (sr ) was 1.3 1 103

Pa. The creep stresses (sc ) used were 3.4 1 105,brated with indium. The weights of the samples
were approximately 4 mg, and the experiments 2.6 1 104, 1.9 1 104, 1.3 1 104, and 7.5 1 103

Pa and the time of the creep and recovery waswere performed in the temperature range from 60
to 2007C with a heating rate of 107C/min. Each 20 min.

In Figure 1(b), a typical creep-recovery curvetype of sample was scanned three times.
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Retarded strain:

Er Å
1max 0 1i

1max
100 (2)

Instantaneous recovery:

Ri Å
1max 0 1ri

1max 0 1p
100 (3)

Retarded recovery:

Rr Å
1ri 0 1p

1max 0 1p
100 Å 100 0 Ri (4)

Plastic strain:

Ep Å
1p

1max
100 (5)

Isocronous stress–strain curves were obtained
from the experiments to characterize the static
mechanical properties of the foams.

Thermal Expansion

The thermal expansion coefficient (a ) was mea-
sured with a Perkin–Elmer DMA 7 test equip-
ment in the thermomechanical analysis (TMA)
mode with an applied stress of 150 Pa, which is
sufficient to ensure that the probe remains in con-
tact with the sample, and the compression strain
is small enough to be neglected. The tests were
performed between 020 and 2007C at the rate of

Figure 1 (a) Load program applied to the samples 57C/min with the same measurement system pre-
in the creep-recovery experiments. (b) Typical creep- viously described. The thermal expansion coeffi-
recovery response. The parameters used to described cient, between two temperatures T1 and T2 , was
this curve are shown. calculated from the usual definition:

of these materials and the parameters used to a Å 1
L0

L1 0 L2

T1 0 T2
(6)

characterize their behavior are shown. If 1 (t ) rep-
resents the strain as a function of the time (in

where L0 is the sample height at 247C, and L1 andminutes), the other parameters were defined as
L2 , the sample heights at T1 and T2 , respectively.1i Å 1 (t Å 0.1 min), 1max Å 1 (t Å 20 min), 1ri

Å 1 (t Å 20.1 min), and 1p Å 1 (t Å 40 min).
The parameters used to compare the response

Thermal Conductivityof each sample were defined as
A Rapid K heat flow meter from Holometrix was
used for the thermal measurements. Heat flowInstantaneous strain:
through the test sample (q ) results from having
a temperature gradient (DT ) across the material.
The thermal conductivity l is defined accordingEi Å

1i

1max
100 (1)

to Fourier’s equation:
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Density

Foam samples were conditioned at 247C and 50%
relative humidity for 24 h and subjected to density
measurements in accordance with ASTM D1622.

RESULTS

DSC and SEM

The morphology of the samples was determined
using these techniques, focusing the study on
some of the characteristics that play a fundamen-
tal role in the physical behavior of the foams. The
DSC scans of the EVA/LDPE blend foams are
summarized in Figure 2. Figure 2 shows that the
blend foams have the typical behavior of continu-

Figure 2 DSC scans of each material. ous polymer blends (where intermixing at the mo-
lecular level rarely occurs3) with one endothermic
peak for each polymer in the blend. The first peak
(857C) is associated with the EVA content, and

q Å lA
DT
d

(7) the second one (1077C), with the LDPE content.
From that figure, it is clear that foams with a low
EVA percentage have a higher thermal stability.

The mean estimated values for the basic pa-where A is the cross-sectional area of the sample
rameter that characterizes the cellular structure,and d is the sample thickness.
the cell diameter, are given in Table II. All foamsThe heat flow meter is a thermopile which gives
present a closed-cell structure with cells almost

an output of 40 mV for a temperature drop of 17C. spherical (some micrographs of these materials
It is a 10-cm-side square which occupies the cen- can be seen in Fig. 3). The cell size is similar for
tral portion in the cold face of the equipment. The all the foams, except for the EVA90 material which
total face area is a square of 30 cm per side, the presents larger cells.
remaining portion acting as a shield that keeps
the heat flow uniform in the measuring central
section. The method is not absolute and therefore Technical Properties
needs to be calibrated using a standard sample.

Isocronous stress–strain curves (time of creep 20Once this has been done, the heat flow per unit
min) are plotted in Figure 4. From Figure 4, thearea can be found from the reading of the heat
static modulus (E ) , defined as the slope of theflow transducer, and the thermal conductivity of
stress/strain curve within the linear region, wasthe sample can thus be calculated using eq. (7).
calculated, and the results are given in Fig. 5(a).The measurements were made under steady
Figure 5(a) shows that the static modulus de-heat flow conditions through the test sample.
creases linearly with the EVA content. On theThese were done in accordance with ASTM C518
other hand, the EP25 material has a lower staticand ISO DIS 8301 methods. Square samples of 30

cm per side and 8-mm thickness were used for all
experiments. A dispersion of less than 1% in two Table II Mean Cell Diameters
consecutive readings was taken as a criterion to of Materials Used
ensure that the measurements were done under
steady-state conditions. The time step between Materials Mean Cell Diameter (mm)
readings was 10 min. The measurements were

EVA10 340performed at 247C, and each experiment was re-
EVA30 320peated five times in order to obtain an average
EVA90 540value. The precision of the apparatus was approx-
EP25 330imately 5%.
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Figure 3 SEM micrographs of two foams: (a) EVA10; (b) EVA90.

modulus than that of a blend of LDPE/EVA with as that of the other materials. Furthermore, its
instantaneous deformation is the highest.the same EVA content (75%).

The parameters that characterize the deforma- In the range of the deformation studied (low
strains), it is well known4,5 that the absorptiontion and recovery behavior are shown in Figure

5(b) for experiments with 1maxÅ 10%. Figure 5(b) capabilities of the foam materials are controlled
mainly by the viscoelasticity of the material inshows that while the instantaneous recovery in-

creases linearly with the EVA content the re- the cell walls. Figure 6(a,b) represents the visco-
elastic response of the samples.tarded recovery and the plastic strain decreases

with it. The instantaneous deformation also in- These materials are blends of EVA and LDPE,
and due to this reason, the tan d curve presentscreases with the EVA content.

The EP25 foam has the best instantaneous re- the typical behavior of an LDPE sample6 (for the
materials with a high LDPE content) and the typ-covery, and its plastic strain has the same order
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Figure 4 Isocronous stress–strain curves for a time
of creep of 20 min.

Figure 6 (a) Storage modulus (E * ) as a function of
the temperature. (b) Loss factor (tan d ) as a function
of the temperature.

ical behavior of an EVA sample7 (for the materi-
als with a high EVA content). For a material with
an intermediate proportion, the viscoelastic re-
sponse would be intermediate between the behav-
iors of the two polymers. On the other hand, the
storage modulus, loss modulus, and loss tangent,
at room temperature, decrease linearly with the
EVA content and have the same behavior as that
of the static modulus. The loss factor at 257C asFigure 5 (a) Static modulus as a function of the EVA
a function of the EVA content is plotted in Fig-proportion in the blends. The static modulus of the EP25
ure 7(a).material is also shown. (b) Instantaneous strain, in-

From an applied point of view, with thesestantaneous recovery, retarded recovery, and plastic
blends, it is possible to obtain materials with astrain as a function of the EVA content for the LDPE/

EVA blends and for the EP25 material. higher damping factor at low temperatures (high
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EVA content) and with a higher damping factor
at high temperatures (low EVA content). If the
time–temperature superposition principle is ap-
plied, the previous results indicate that it is possi-
ble to have materials with a good response in a
broad range of frequencies for applications at
room temperature.

The EP25 foam has a lower storage modulus
than that of the LDPE/EVA blend foams with
a higher EVA content. The tan d value at room
temperature is higher than that of an LDPE/EVA
blend foam with the same EVA content.

The thermal expansion calculated between 25
and 307C is plotted in Figure 7(b). Figure 7(b)
shows that the thermal expansion also follows a
linear relationship with the EVA content and in-
creases as the EVA content increases. The EP25

foam material has a higher thermal expansion
than that of the LDPE/EVA blend foam with the
same EVA content.

On the other hand, a different result can be
obtained when the thermal conductivity is stud-
ied. There is no clear behavior of the thermal con-
ductivity as a function of EVA content [Fig. 7(c)] .
This could be due to the strong influence of cell
size on the thermal conductivity8,9 and to the dif-
ferent cell sizes of the samples. The materials
have different cell sizes, and the effect of this pa-
rameter on the thermal conductivity can be bigger
than the effect of the polymer blend on the cell
walls.

In short, all properties described above (except
thermal conductivity) follow a linear relationship
with the EVA content in the blends (the linear
fits are given in Table III) . Foams with similar
density have different properties if the cell faces
are made of different polymers. In the LDPE/EVA
blend foams, the final properties are controlled by
the EVA content in the cell faces. The trends of
the properties are similar to those of continuous
(noncellular) LDPE/EVA blends.

This happens in all properties that are almost
independent of cell size,2 but for the thermal con-
ductivity (which is strongly dependent of cell
size), the previous trends do not come true due
to the different cell diameters of the samples.

Figure 7 (a) Loss factor at 257C as a function of the
EVA content in the blends. The tan d value for the
EP25 material is also shown. (b) Thermal expansion,
between 25 and 307C, as a function of the EVA propor-
tion in the blends. The behavior of the EP25 material is
also plotted. (c) Thermal conductivity as a function of
the EVA content for the LDPE/EVA blends and for the
EP25 material.
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Table III Linear Fits with EVA Content

Property Å a / b
[EVA Content (%)] a b r2

Static modulus (Pa) 5.4 1 105 (Pa) 4446 (Pa/%) 0.996
Ri (%) 64 (%) 0.192 (%/%) 0.981
Rr (%) 36 (%) 00.192 (%/%) 0.981
Ep (%) 10.6 (%) 00.041 (%/%) 0.983
Ei (%) 45.5 (%) 0.227 (%/%) 0.999
E * at 257C (Pa) 1.53 1 106 (Pa) 01.08 1 104 (Pa/%) 0.998
E 9 at 257C (Pa) 2.7 1 105 (Pa) 02012 (Pa/%) 0.999
Tan d at 257C 0.178 02.52 1 1004 0.979
a (7C01) 3.15 1 1004 (7C01) 2.27 1 1007 (7C01/%) 0.999

On the other hand, the EP25 material presents well known to be strongly dependent on the cell
size), the previous trends do not come true duedifferent properties compared with that of a blend

of EVA/LDPE with the same EVA content. From to the different cell diameters of the samples. For
the thermal conductivity, the control of the cellan applied point of view, it would be possible to

make another group of foams with different proper- size is of the same importance as the chemical
composition in the cell walls.ties with the change of the EVA content in the

blends. The EP25 foam has different properties due
mainly to the effect of the EPR on the properties
of the cell walls. This foam is more flexible and
has a lower thermal conductivity, a lower staticCONCLUSIONS
and storage modulus, and a higher loss factor.

Several technical properties of crosslinked closed- Financial assistance from the Junta de Castilla y León
cell polyolefin foams made of blends of LDPE and is gratefully acknowledged. We also thank Alveo (a
EVA were studied in terms of the EVA proportion Sekisui Co.) for supplying the foams.
in the blends. The properties of these blends were
also compared with those of a blend of EVA and
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