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Abstract

Ethylene Propylene Diene Monomer (EPDM) rubber foams are widely
employed for thermal and acoustic insulation in building construction. How-
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ever, their installation in confined spaces is often complicated, and the capability
of EPDM foams to exhibit shape memory behavior could be a desirable property.
In the literature, several works have demonstrated that blending elastomeric
matrices with paraffin, a well-known Phase Change Material (PCM), could be
an interesting method to obtain shape memory polymers with a tunable switch-
ing temperature. In this work, EPDM foams filled with paraffin wax, having a
melting temperature of 70°C, were produced and characterized from a micro-
structural and thermo-mechanical point of view. By melt compounding and hot
pressing, samples were produced, and the PCM content in the foams was varied
between 0 and 60 wt% (with respect to the EPDM matrix). The results of the
shape memory tests evidenced the crucial role played by the PCM in providing
excellent shape fixability for the expanded rubber. Even a limited amount of par-
affin (i.e., 20 wt%) was able to raise the strain fixity parameter to a value higher
than 80%, and it reached 100% when the paraffin content was increased to 60 wt
%. On the other hand, an increased PCM fraction caused a slower recovery pro-
cess. Consequently, a compromise between a fast recovery and optimum shape
fixability should be accepted. These results are promising for the development of
novel thermal and acoustic EPDM insulating foams easier to be installed.
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1 | INTRODUCTION

conditions of temperature and stress and then recover the
pristine permanent shape when exposed to appropriate

Shape memory polymers (SMPs) are smart materials that external stimuli, generally involving heating.[s’ﬁ]

have drawn much interest due to their practical functions
and potential uses in a multitude of sectors, including
aeronautical engineering, smart biomedical devices, pack-
aging, and textile engineering.!"~*! The peculiar character-
istic of this emerging class of polymers is the capability of
storing and recovering large deformations.!*! More specifi-
cally, SMPs can fix a temporary shape under specific

Shape memory behavior is not an intrinsic property
of a given polymer but is the result of a proper polymer
structure and thermo-mechanical history.l>®! SMPs are
usually flexible polymer networks that consist of stimuli-
sensitive molecular switches and net points. The perma-
nent shape of the polymer is determined by the net
points, which may be chemical or physical in nature. The

Polym Eng Sci. 2023;63:1633-1647.

wileyonlinelibrary.com/journal/pen

© 2023 Society of Plastics Engineers. | 1633


https://orcid.org/0000-0002-2083-7524
https://orcid.org/0000-0001-9987-1786
https://orcid.org/0000-0001-9496-0501
mailto:marica.bianchi@unitn.it
http://wileyonlinelibrary.com/journal/pen
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpen.26312&domain=pdf&date_stamp=2023-04-06

POLYMER

le LEY_§& rnes ENGINEERING

BIANCHI ET AL.

PROFESSIONALS AND SCIENCE

switching segments are responsible for the fixability of
the temporary shape and are characterized by a transition
temperature, T}, that acts as a molecular switch. T4
can be a glass transition or a melting temperature.[”*!
The macromolecules exhibit high mobility when the
material is heated above T, allowing the polymer to
be easily deformed into the appropriate temporary shape.
Cooling the material under load below Tj.,y,s strongly
reduces its mobility, thereby fixing the imposed deforma-
tion. Finally, when the polymer is heated above Ty,
the switching domains progressively regain their mobil-
ity, and the material returns to its original condition.'®!

Taking inspiration from the structure shown by the
most common SMPs, a recent field of research has been
focused on finding methods to confer and tune the shape
memory behavior of other polymer systems. This aim is
of great interest since numerous applications where the
polymer's capability to change shape with a proper exter-
nal stimulus would be desirable, but the structural and
thermal characteristics of the material do not allow such
behavior.

One possible way to obtain this result is polymer
blending.!”~'°! For example, it has been recently observed
that blending elastomers with organic phase change
materials (PCMs), such as poly(ethylene glycol)s, fatty
acids, paraffin waxes, etc., is a potential method to ensure
optimal shape memory properties to the polymers.''~'#!
Organic PCMs have been extensively explored for ther-
mal energy storage (TES) and thermal management
applications because of their capacity to store and release
a significant quantity of latent heat in a restricted temper-
ature range.!'">!! However, the possibility to confer
shape memory behavior to these PCM-containing poly-
mers has only recently come to the attention of the scien-
tific community.**~**! The solid-liquid phase transition
of the PCMs provides the elastomers with the switching
phase, and hence T}, Wwhich otherwise would be miss-
ing in the original elastomer in the interested tempera-
ture interval. In addition, since PCMs are available with
a wide range of melting points, it is possible to select the
most suitable one depending on the application. The
working mechanism of elastomer/PCM shape memory
blends can be explained as follows. While the phase tran-
sition of the PCM allows fixing the temporary shape
imposed on the material, the elastomeric matrix provides
the retractive forces to recover the original permanent
shape. More specifically, when the polymer blend is
heated above T4, the initial solid PCM becomes liquid
and the material can be deformed to a temporary shape.
Once the polymer blend is cooled under load below
Tyans, the PCM crystallizes and blocks the polymer
chains of the matrix in their low entropy state configura-
tion, fixing the deformation imposed. Upon re-heating
the polymer blend above T, the PCM melting causes

the removal of such a constraint and the “frozen” retrac-
tive forces in the elastomeric matrix promote the recovery
to the initial geometry.

In the literature, recent works can be found on elasto-
meric matrices blended with PCMs showing shape mem-
ory properties. For example, the effective role of the
PCMs in improving the shape memory behavior of elasto-
mers has been demonstrated by Weiss and colleagues in
zinc-neutralized sulfonated EPDM and fatty acids
salts,!' Lu and Yu in EPDM paraffin wax blends,!*!
both Sun and Ding in silicone paraffin wax blends!*!*!
and Lai and others in natural rubber/paraffin wax/CNT
composites.l'*! However, only a few of the published
works focus on elastomeric foamed matrices.

Elastomeric foams, also known as expanded rubber,
are elastomer-and-gas mixtures that have good fire per-
formance, great flexibility, resistance to abrasion and
deformation, and low thermal conductivity values.!3*3°
These characteristics have made these cellular polymers
key materials in our daily life, especially for thermal and
acoustic insulation applications.****! The conventional
foaming process for expanded rubber production typi-
cally involves adding a blowing agent to the elastomers,
which as the temperature rises, creates the gases that
cause the polymer to expand. As a result, during proces-
sing, gas bubbles are created in the viscous polymer
matrix, which persists after cooling and creates a cellular
structure.***”! The blowing agents can be subdivided
into chemical and physical blowing agents. The first type
is constituted of solid organic or inorganic chemicals that
degrade thermally and release gases, while the second
type is made up of fluids that evaporate and release gases
to allow for polymer expansion.!**3%]

The preparation of rubber foams has been the subject
of numerous studies.****! Particularly, among expanded
rubbers, EPDM foams have attracted a lot of attention for
outdoor applications such as automotive sealing systems,
wire materials, building profiles, white sidewalls of tires,
electric-electronic components, roofing sheets, and sport-
ing goods due to their peculiar properties.**3"*! More
specifically, EPDM foams boast numerous advantages,
including great resistance to oxidation, ozone, and weath-
ering as well as high chemical stability, impact, and abra-
sion resistance. However, their installation in confined
spaces is often complicated. For example, the installation
of tubular foams for the thermal insulation of pipes can
be sometimes difficult, since the foam should perfectly
adhere and press on the pipe surface. Hence, the capabil-
ity of EPDM foams to exhibit a shape memory behavior
could be desirable to overcome such limitations.

In our previous work,*¥ the thermal, mechanical,
and TES properties of EPDM foams filled with paraffin
(melting temperature 70°C) were investigated, demon-
strating that expanded rubbers produced through
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TABLE 1 Composition of the EPDM compound.
Material Quantity (phr)
Vistalon® 2504 100.00
Carbon black (reinforcing filler) 20.00
Stearic acid (activator) 1.00
Zinc oxide (activator) 3.00
Sulfur (vulcanizing agent) 3.00
TMTD? (accelerator) 0.87
ZDBC® (accelerator) 2.50

“TMTD = tetramethylthiuram disulfide.
®ZDBC = zinc dibutyldithiocarbamate.

conventional foaming techniques show an interesting
potential for thermo-insulating and thermal management
applications. For example, they could be applied for the
thermal management of electronic devices or pipe sys-
tems carrying fluids at temperatures close to 70°C and
suffering from thermal fluctuations. In this work, the
capability of the PCM to confer shape memory properties
to the same EPDM/paraffin foams was explored, in view
of easing their installation and widening their applica-
tions. To the best of the authors' knowledge, this is the
first study to investigate the shape memory performance
of EPDM/paraffin foams.

2 | EXPERIMENTAL PART

2.1 | Materials
All the materials used for the foams’ production were the
same as described in our previous work.* To summa-
rize briefly, Exxon Mobil (Irving, TX) supplied the
Vistalon® 2504 EPDM rubber. Vistalon® 2504 is an amor-
phous terpolymer with a broad molecular weight distri-
bution and a Mooney viscosity (ML 1+ 4, 125°C) of
25 MU. It contains 58 wt% of ethylene and 4.7 wt% of
ethylidene norbornene. Chemicals used in the vulcaniza-
tion process included sulfur, zinc oxide, and stearic acid
and were provided by Rhein Chemie (Cologne,
Germany). As a reinforcing filler, Carbon Black N550
from Omsk Carbon Group (Ontario, Canada) was
employed. During the compounding process, tetra-
methylthiuram disulfide (TMTD) and zinc dibutyl dithio-
carbamate (ZDBC), which were acquired from Vibiplast
srl in Castano Primo (MI), Italy, was added. The composi-
tion of the EPDM compound used for the preparation of
the samples is given in Table 1.

For the expansion of EPDM rubber, Hostatron®
P0168 (H), supplied from Clariant GmbH (Ahrensburg,
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Germany), and Micropearl® F82 (MP), acquired from
Lehvoss Italia S.r.l. (Saronno, Italy), were used. The phys-
ical blowing agent Micropearl® F82 is made up of 20 to
30 pm-diameter microspheres that contain iso-pentane,
which expands when the temperature rises over 115 to
120°C due to the evaporation of the hydrocarbon. The
chemical blowing agent Hostatron® P0168 is made up of
a combination of sodium, calcium, and potassium bicar-
bonates. At 150°C, the bicarbonates decompose, causing
the evolution of carbonates, CO,, and vapor as reaction
byproducts. This causes the expansion.

Rubitherm GmbH supplied Rubitherm® RT70, a par-
affin wax with a melting point of 70°C and a melting
enthalpy of 260 J/g (Berlin, Germany). Paraffin having a
melting temperature of 70°C was selected to provide
EPDM foams (used for thermal insulation of pipes) with
two combined benefits. The first deals with the thermal
management of pipe systems in the event of undesired
thermal fluctuation (exploring the thermal energy storage
capabilities of the PCM). The second, on the other hand,
concerns the possible and desirable installation improve-
ment of the insulating foams by exploring the shape
memory behavior conferred by the addition of paraffin to
the expanded rubbers, since the PCM could be able to
provide EPDM rubber with the switching phase neces-
sary to fix the temporary shape.

2.2 | Sample preparation

Two different kinds of EPDM foams have been prepared
and characterized. H was used to produce the first series
of foams, while MP was adopted to produce a second
series of expanded rubbers. Additionally, the neat foam
(constituted only by EPDM compound) and EPDM foams
containing 20, 40, and 60 wt% of paraffin (relative to the
EPDM compound) were prepared for each series of cellu-
lar rubbers. A sample of bulk EPDM rubber was also pro-
duced to compare the properties of foamed and un-
foamed samples. The procedure followed for the prepara-
tion of EPDM and EPDM/paraffin foams (schematized in
Figure 1) was the same as reported in our previous
work,**! to which the reader is referred for further
details.

The composition of the prepared foams along with
their codes is reported in Table 2. The EPDM rubber that
is not foamed is the sample with the name EPDM. The
term EPDM, the letters that indicate the production pro-
cess (H for Hostatron foaming agent, MP for Micropearl
foaming agent), the letter P, which stands for paraffin
(in foams containing the PCM), and then a number that
represents the weight % of paraffin in the sample make
up the samples’ code.

85U8017 SUOWILLIOD BAITea.D 3edldde ayy Aq pausenob ae Ssppiie YO ‘8sn JO s3I0} AreIqi 8UIjUO AB|IAN UO (SUONIPUOD-PUR-SLLIBILIOD" A 1M ARIq 1 BUIUO//SANY) SUORIPUOD pUe SWB | 8L 88S *[£202/50/80] U0 Afeiq1T8UlUO A8]IM DY OBl L I BISBAIUN AG ZTEIZ Ued/Z00T OT/I0p/WO0D A8 | 1M ATe1q 1 Ul |UO'SUO eol jandadsty//Sdny Lol pepeo|umod ‘S ‘€202 ‘YE9Z8rST



BIANCHI ET AL.

POLYMER
5 L WI LEY—W BN ENGINEERING
PROFESSIONALS AND SCIENCE
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Hot pressing

EPDM compound
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Neat foams
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T: 40°C t: 10 min <: 50 rom

Blowing agent
EPDM compound H/MP

PCM-filled foams . \ I/
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T:70°C t: 10 min w: 50 rpm

Blowing agent

H/MP

T:170°C t: 20 min P: 2.3 MPa

Vulcanization + Foaming process

Paraffin

T: 170°C t: 20 min P: 2.3 MPa

Vulcanization + Foaming process

FIGURE 1 Scheme of the production process of EPDM and EPDM/paraffin foams. T: temperature, t: time, o: rotor speed, P: pressure.

TABLE 2 Prepared samples and their nominal composition.
Sample Vistalon 2504 (phr) RT70HC (phr/wt%/vv%) Micropearl F82 (phr) Hostatron P0168 (phr)
EPDM 100.0 - - -
EPDM_H 100.0 = = 1.3
EPDM_H_P20 100.0 33.0/20.0/22.0 - 1.3
EPDM_H_P40 100.0 87.0/40.0/43.0 = 1.3
EPDM_H_P60 100.0 196.0/60.0/63.0 - 1.3
EPDM_MP 100.0 = 14.0 =
EPDM_MP_P20 100.0 33.0/20.0/22.0 14.0 -
EPDM_MP_P40 100.0 87.0/40.0/43.0 14.0 =
EPDM_MP_P60 100.0 196.0/60.0/63.0 14.0 -
2.3 | Experimental methodologies The primary axis of the ellipse was taken into account for

A field emission scanning electron microscope (FESEM)
AG-SUPRA 40 (Carl Zeiss, Germany) was used to acquire
SEM micrographs of the produced foams' cryofracture
surfaces following Pt/Pd sputtering. The acceleration
voltage was set at 2.5 kV. Image]® software was used to
determine the pore diameter of the produced foams and,
for each type of cellular rubber, 15 pores were measured.

cells that had an elliptical form.

Helium pycnometry was employed to determine the
apparent densities (pqpp) of the produced EPDM and
EPDM/paraffin foams. At a temperature of 23.0°C in
helium, tests were performed on specimens weighing
approximately 0.2 g using a gas displacement AccuPyclI
1330 pycnometer (Micrometrics Instrument Corporation,
USA). For each sample, 60 replicate measurements were
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performed. Ten square specimens, derived from each
EPDM sample, were used to evaluate the geometrical
density (pgeom)- The dimensions of the specimens were
measured by means of a caliper (sensitivity 0.01 mm)
while the mass was determined using a Gibertini E42 bal-
ance (sensitivity 10 * g). By dividing the mass by the
whole volume, which includes bulk material and both
closed and open porosity, pgeon Was determined. Accord-
ing to the ASTM D6226 standard, the fraction of open
porosity (OP), the total porosity (P,,), and the close
porosity (CP) were determined according to
Equations (1-3), respectively.

op=(1-22m ) 100 (1)
Papp
Pgeom
P =(1-22") 100 (2)
Phbulk
CP :Pm[ - OP (3)

where pp, is the material's density without porosity,
which in our prior work was reported to be 1.042 g/cm?
for the unfoamed EPDM sample.!**!

Dynamic-mechanical thermal analysis (DMA) was
conducted using a DMA Q800 apparatus by TA Instru-
ments to examine the temperature dependency of the
storage modulus, loss modulus, and loss factor of the pro-
duced foams. Tests were performed on rectangular speci-
mens (gauge length 10 mm, width 5 mm, thickness
2mm) in single frequency strain mode at 1 Hz, with
strain amplitude of 0.05%, and at a heating rate of 10°C/min
in the temperature range from 0 to 120°C. One specimen
was tested for each composition. From the results, the
storage modulus at 25 and 90°C was determined.

Compression set (CS) measurements were carried out
following ASTM D395-85 standard for 22 h at 25 and
90°C. After 30 min at room temperature, recovery mea-
surements were taken. Cylindrical disks, obtained from
the produced square foams, were used as test specimens.
Depending on the thickness of the foams, dimensions
were selected to maintain a constant aspect ratio as dic-
tated by the standard. In more detail, the bulk EPDM
specimens and foams made with H foaming agent had a
diameter of 14 mm and a thickness of 5 mm, whereas
foams made with MP foaming agent had a diameter of
30 mm and a thickness of 10 mm. To maintain the con-
stant deflection defined by the standard, the spacing bar
used had, for the former, a thickness of 4.19 mm while
for the latter 7.49 mm. Three specimens for each compo-
sition and temperature were tested. The CS has been
evaluated according to Equation (4):

PROFESsIONALS AND SCIENCE

to—t;

CS (%) = -100 (4)

0t

where {, is the initial thickness of the specimen, ¢; the
final thickness, and ¢, the thickness of the spacing bar.
From Equation (4), a CS value of 100% means that the
test specimen remains completely compressed and does
not return to its original state. On the other hand, if the
test specimen returns to its original state a CS value of 0%
is obtained.

The shape memory response of the produced EPDM/
paraffin foams was investigated following a two-step
analysis. First, a preliminary study of the shape memory
behavior of the samples was carried out to verify the
effective role of paraffin in improving the shape memory
performance of neat EPDM foams. After that, a quantita-
tive analysis of the shape memory behavior was per-
formed. In the preliminary analysis, the shape memory
behavior was investigated and evaluated on rectangular
specimens (length 100 mm, width 10 mm, thickness
5mm) through a qualitative bend-recovery measure-
ment. The tests were conducted using the standard
thermo-mechanical cycle for SMPs, which consists of a
programming phase and a recovery step. More specifi-
cally, the specimens were subjected to the following
thermo-mechanical history: (I) heating of the specimens
at 90°C by using an oven, (II) temperature maintenance
for 30 min to promote a complete melting of paraffin,
(III) bending of the specimens at 90° (IV) cooling down
to room temperature under a constant external force,
(V) temperature maintenance for 2 h to allow paraffin
solidification, (VI) re-heating at 90°C to promote shape
recovery. The shape memory recovery behavior was
recorded by a digital camera.

The strain fixity (SF) and strain recovery (SR) param-
eters were used to quantify the shape memory behavior.
The first parameter measures the capability of the mate-
rial of fixing the mechanical deformation imposed during
the programming process, while the second one provides
information about the extent of strain recovery during
the recovery step. In a well-performing SMP, both SF and
SR should be close to 100%. For each test specimen, the
strain fixity (SFy) and strain recovery (SR) were calcu-
lated using Equations (5) and (6), respectively:

SFO(%):QO—(X

.100 (5)

SR (%) :9’20. 100 (6)

where « is the angle presented by the specimen after the
shape is fixed and P is the angle presented by the
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FIGURE 2 Graphical representation of a and f angle utilized

for the determination of the strain fixity (SF) and the strain
recovery (SR) parameters.
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FIGURE 3 Example of the thermo-mechanical cycle adopted

for the characterization of the shape memory behavior of the
prepared foams.

specimen during the shape-recovery process, as repre-
sented in Figure 2. Imagel]® software was used to mea-
sure these angles from digital images. In particular, strain
recovery was evaluated at six different times after the
foams were placed in the oven at 90°C: 0, 100, 200, 500,
1100, and 3600 s. The subscript 0 in Equation (5) indi-
cates that strain fixity was determined immediately after
removing the constraint. Moreover, five digital images,
for each type of foam taken in the oven at 0 s and when
each of the single specimens reaches a complete recovery
of the permanent shape, have been reported.

Using the previously described DMA equipment, a
quantitative analysis of the produced foams' shape mem-
ory behavior was carried out on rectangular specimens
with gauge lengths of 10 mm, widths of 5 mm, and thick-
nesses of 2 mm. The tests were carried out according to a
thermo-mechanical cycle similar to the one adopted in
the qualitative analyses, and a graphical representation of
the cycle is presented in Figure 3. In particular, the speci-
mens were subjected to the following thermo-mechanical
history: (I) heating of the specimen and equilibration at
90°C, (II) isothermal hold for 30 min at 90°C, (III) mea-
surement of the length of the specimen, (IV) application

of a ramp force of 0.3 N/min, (V) drive-off of the motor
when a certain strain eq4e¢ is achieved, (VI) cooling and
equilibrium of the sample at 25°C, (VII) isothermal for
30 min, (VIII) drive-on of the motor, (IX) application of a
constant load equal to 0.001 N to the specimen in order
to maintain proper contact and to monitor continuously
the sample displacement as a function of the tempera-
ture, (X) isothermal for 10 min at 25°C, (XI) heating
ramp of 10°C/min to 90°C, (XII) isothermal for 60 min
at 90°C.

In step III, the specimen length was measured in
order to deform the sample considering as initial length
the one after the thermal expansion of the material to
avoid an underestimation of the specimen’s capability to
fix the temporary shape, caused by the recovery of the
thermal expansion at step IX.

The deformation imposed at step V was chosen by
analyzing the tensile stress—strain curves of the samples
at 90°C (reported in our previous work!**). In particular,
a deformation e4er equal to 15% for all neat foams and
50% for paraffin-filled foams was selected, respectively.

To quantify the shape memory behavior, strain fixity,
and strain recovery were calculated. Strain fixity at load
removal, SF,, and 600 s after load removal, SFs,, Was
determined according to Equations (7) and (8):

E0,un

SFo(%) =2 100 (7)
Edef
SFeo0(%) = 2" 100 (8)
Edef

where g4, is the applied deformation and &gy, and 500un
represent the deformation of the specimen at load
removal and 600 s after load removal, respectively. The
subscript 0 and 600 refer to the time in seconds, after the
beginning of step IX, at which strain fixity was evaluated.

Strain recovery at the end of step XII, SF3gp9, Was
defined according to Equation (9):

Edef — €3600res

SR3600(%) = P
e

100 (9)

where e3600res 1S the residue deformation at the end of the
isothermal step. Also in this case, the subscript 3600
refers to the time in seconds, after the beginning of step
XII, at which strain recovery was evaluated.

3 | RESULTS AND DISCUSSION

The effect of the production process and paraffin concen-
tration on the morphological characteristics of the
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FIGURE 4 Scanning electron
microscope (SEM) micrographs at
different magnifications of the
cryofracture surface of the prepared
foams (A) EPDM_H; (B) EPDM_MP;
(C-E) EPDM_H_P20; (D-F)
EPDM_MP_P20; (G) EPDM_H_P60;
and (H) EPDM_MP_P60. The red arrow
indicates in Figure 4B the microcapsules
containing the physical blowing agent,
in Figures 4E, F the accumulation of
paraffin in the EPDM matrix, and
finally, in Figure 4G the presence of
peculiar morphology.

produced foams was examined using SEM. The morphol-
ogy of the foams has been already presented and dis-
cussed in our previous work on these systems.**! In this
study, some considerations of new morphological aspects
were addressed. Figure 4A-F shows micrographs at vari-
ous magnifications of the cryofracture surfaces of neat
and paraffin-filled foams, while Table 3 gives information
on the average pore diameter of the samples.

As can be observed in Figures 4A, B, the production
process strongly affects the morphology of the foams.
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enaiNeerine_ VA [ LE Y -_L*%*

w INSPIRING
PLASTICS
PROFESsIONALS AND SCIENCE

TABLE 3 Dimension of the pores of the produced foams.

Sample
EPDM_H
EPDM_H_P20
EPDM_H_P60
EPDM_MP
EPDM_MP_P20
EPDM_MP_P60

Diameter of the pores (pm)
271 + 150
254 + 95
366 + 306
110 + 46
82 + 39
64 + 22
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When H is used as a foaming agent, both open and closed
porosity, which have a wide pore dimension distribution,
(271 £ 150 pm), form. On the contrary, in the case of
EPDM_MP, the foam has closed porosity, with a homoge-
neous shape and quite a uniform cell size (110 + 46 pm).
Red arrows in Figure 4B show that some of the fractured
cells still have microcapsules (of the foaming agent MP)
inside them. The cell geometry is another characteristic
that distinguishes the two types of foams: cells are both
spherical and elliptical in EPDM_H, mostly spherical in
EPDM_MP.

The foams produced with 20 wt% of paraffin are
shown in micrographs in Figure 4C-F. Compared to the
corresponding neat sample, the pore size distribution of
EPDM_H_P20 foam (Figure 4C) is more homogeneous,
which is likely connected to the presence of PCM, which
acts as a plasticizer and facilitates the foaming process.
On the other hand, paraffin appears to make rubber
expansion in the EPDM_MP_P20 sample more challeng-
ing since the cells are not only smaller (see Table 3), but
also less spherical and homogeneous in shape than those
in the neat foam. This different behavior may be attrib-
uted to the way paraffin distributes inside the EPDM
matrix. As shown in Figure 4E, F, the PCM tends to form
spherical drops in EPDM_H_P20, while in the case of
EPDM_MP_P20 PCM tends to distribute around the
microcapsules containing iso-pentane. The lower surface
tension of microcapsules compared to the EPDM matrix
may explain the paraffin accumulation on the microcap-
sules’ surface. If the microcapsule shell material has a
surface tension similar to or lower than that of paraffin,
paraffin will tend to accumulate on the surface of the
microcapsules. This low surface tension would also
explain the spherical shape assumed by the PCM in
EPDM_H_P20, as paraffin tries to reduce the contact sur-
face with the EPDM matrix. However, further investiga-
tions should be carried out to confirm this hypothesis.

Finally, Figure 4G, H shows micrographs of EPDM
foams containing 60 wt% of paraffin. As evidenced by the
arrow in Figure 4G, EPDM_H_P60 presents a peculiar
morphology. Between two layers of paraffin, one of
which is dispersed lamellar over the surface of the pores
and the other of which forms the walls of the foam, is a
compact layer of EPDM. This is just another instance of
the two phases’ immiscibility. With increasing paraffin
content, the average diameter of all foams produced with
MP as a foaming agent gradually decreases. As was previ-
ously explained, paraffin probably tends to make rubber
expansion more difficult in these kinds of foams.

Density measurements were performed, together with
estimations of the proportions of closed and total poros-
ity, in order to correlate the morphology of EPDM and
EPDM/paraffin foams with their porosity values.

Figure 5A, B presents the key findings. As well as SEM
analysis, also the porosity evaluation has been discussed
in our previous work. However, since the morphology of
the foams could be one of the parameters affecting the
shape memory properties of the samples, it was found
fundamental to recall the main findings.

Density measurements confirm the conclusions
reported for SEM observations. The results show that
MP-foamed rubbers are mainly characterized by closed-
cell porosity, while the H-foamed samples present a
mixed open-cell/closed-cell morphology. Furthermore,
foams produced with MP show the highest values of total
porosity and, consequently, the lowest density. The mor-
phological differences found among the produced foams
are correlated to the distinct working principle of the two
foaming agents. In the case of MP, the vaporization of
the iso-pentane at 115°C is responsible for the microcap-
sules expansion and, as a result, for the generation of
closed cells. Instead, in foams produced with the foaming
agent H, the expansion is attributable to the evolution of
CO, and vapor deriving from the thermal decomposition
of sodium, potassium, and calcium bicarbonates dis-
persed in the EPDM matrix, which results in the develop-
ment of both open and closed cells.

By adding more paraffin, the total porosity of all the
produced foams decreases. The samples capacity to
expand is likely hampered by the PCM, which inhibits
the release of gases (in the case of the H foaming agent)
and reduces microcapsule expansion (in the case of the
MP foaming agent). As can be observed in Figure 5A, B,
the reduction of P, is more significant in MP-foamed
samples.

The produced foams were characterized through
dynamic mechanical analysis to identify the best condi-
tions for shape memory tests. More specifically, DMA
analysis was performed to identify the temperature
region in which the melting of paraffin occurs and to
select the temperature range in which to study the shape
memory behavior of the EPDM/paraffin foams. Storage
modulus, loss modulus, and loss factor as a function of
temperature are presented in Figure 6A-F while the
results of the DMA tests on the prepared foams are listed
in Table 4.

The first-order transition, due to the melting of paraf-
fin, occurs over a wide temperature range between
40 and 90°C for all EPDM/paraffin foams. This transition
is clearly visible by looking at the loss factor plots
(Figure 6C-F). The storage modulus decreases markedly
in the temperature range 65-90°C and this effect is
increasingly evident with increasing paraffin concentra-
tion. Above 90°C, a well-defined plateau is present, with
values very close to the respective neat EPDM foams. The
intensity of the loss factor and loss modulus progressively
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FIGURE 6 Storage modulus, loss modulus, and loss factor of neat and paraffin-filled foams produced with (A-C) H and (D-F) MP

foaming agents.

increases with the PCM content, while the corresponding
peaks remain in all the cases close to a temperature of
70-80 and 80°C, respectively.

Since at 90 and 25°C the melting and solidification of
paraffin are completed, respectively, these temperatures
were selected for exploring the shape memory behavior

of the foams. The temperature at which the foams were
deformed to the temporary shape was specifically chosen
to be 90°C. On the other hand, 25°C was chosen as the
temperature at which the deformed samples were cooled
down, under a constant strain, to fix the temporary
shape. The storage moduli of the prepared foams at
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TABLE 4 Results of DMA tests on the prepared foams.
Storage modulus Storage modulus
Sample (MPa) at 25°C (MPa) at 90°C
EPDM_H 1.40 1.28
EPDM_H_P20 7.43 1.04
EPDM_H_P40 2413 0.60
EPDM_H_P60 51.04 1.63
EPDM_MP 443 4.01
EPDM_MP_P20 9.02 3.71
EPDM_MP_P40 40.81 2.16
EPDM_MP_P60 146.99 4.33
V) Neat 90 °C
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80 _I_ \\ —
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FIGURE 7 Results of the compression set at (A) 25°C and

(B) 90°C on the prepared foams.

25 and 90°C are reported in Table 4. By passing from
25 to 90°C, the storage modulus drops by two orders of
magnitude for EPDM_H_P60 and EPDM_MP_P60 and

by one order of magnitude for all other samples. A sharp
drop and a reduction at least of 2 orders of magnitude in
storage modulus are required to achieve an excellent
shape memory effect. "] Consequently, optimum shape
memory performance can be expected in EPDM_H_P60
and EPDM_MP_P60 foams.

The results of the compression set (CS) are reported
in Figure 7A, B, which shows the permanent deformation
values obtained from the CS tests at 25 and 90°C.

Focusing at first on CS values obtained at 25°C, it can
be observed that EPDM_MP and EPDM_H foams show
lower recovery properties than bulk EPDM rubber (6%).
Indeed, they present quite high CS values (24% and 21%,
respectively), probably attributable to the collapse of
close cells under compression. In all the prepared foams,
the addition of paraffin leads to an increase in permanent
deformation and this effect is generally more evident
with an increase in the paraffin amount. Comparing the
results at 25°C with those obtained at 90°C, the strong
influence of temperature on both neat foams and
paraffin-filled samples can be noticed. In particular, a sig-
nificant increase in permanent deformation has been reg-
istered moving to 90°C. This result, in samples
containing the PCM, could be probably related to paraffin
solidification occurring during the recovery time. The
progressive solidification could have made the recovery
to original conditions more difficult, as suggested by the
increasing CS values with increasing paraffin content.
Among the produced paraffin-filled samples, foams pro-
duced with MP are almost unable to recover the deforma-
tion. The sample EPDM_MP_P60 deserves special
consideration for which a compression set value equal to
100 is obtained.

The shape memory response of the produced EPDM/
paraffin foams was investigated following a two-step
analysis. Firstly, a preliminary study of the shape mem-
ory behavior of the samples was carried out to verify the
effective role of paraffin in improving the shape memory
performance of neat EPDM foams. After that, a quantita-
tive analysis of the shape memory behavior was per-
formed. Focusing at first on the results obtained in the
preliminary analysis, the digital images representing the
recovery process at 90°C of the produced foams are
reported in Figure 8A, B while the strain fixity (SF,) and
strain recovery (SR) values determined at different times
(0, 100, 200, 500, 1100, and 1800 s) are presented in
Figure 9A, B-D, respectively.

From digital images taken at O s, it is evident that the
neat foams are not able to fix the temporary shape. This
is confirmed by looking at the SF, values reported in
Figure 8A. In particular, the EPDM_H sample shows a
strain fixity value of 16.8%, while the EPDM_MP
of 31.0%.
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FIGURE 8 Digital images representing the recovery process of neat and paraffin-filled foams produced with (A) H and (B) MP foaming

agents.

Focusing on EPDM/paraffin foams, for all samples
the strain fixity values progressively increase with PCM
content; clear evidence of the crucial role played by par-
affin in providing excellent shape fixability for EPDM/
paraffin foams. Even an amount of PCM as small as 20%
can raise the strain fixity parameter to 62% and 65% in
samples produced with H and MP, respectively. A com-
plete fixing of the permanent shape (and so an
SF, = 100%) has been found only in the EPDM_MP_P60

sample, as expected from the results of the CS tests. To
give a more quantitative relationship between the influ-
ence of paraffin content and the type of foams on the
recovery behavior, Figure 9B, C show the graphical repre-
sentation of the strain recovery (SR) values evaluated at
0, 100, 200, 500, 1100, and 1800 s. As shown in Figure 9,
the higher the paraffin content, the slowest the recovery
process of the foams. At a given PCM content, the
expanded rubbers exhibit similar recovery behavior, but
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FIGURE 8 (Continued)

slightly higher recovery kinetics is detectable in the case
of MP-foamed samples. Finally, EPDM_H_P60 is the only
sample that at 1800 s (30 min) has not yet returned to the
permanent shape. As shown in Figure 8A, more time is
required for this foam (about 1h). In conclusion, the
analysis has revealed the fundamental role of paraffin in
improving the shape memory performance of neat foams.
At room temperature, crystalline paraffin is responsible
for fixing the bent temporary shape of the samples. Upon
heating above the melting temperature of the PCM,

EPDM_MP_P20

EPDM_MP_P40 EPDM_MP_P60

EPDM_MP_P60

EPDM_MP_P60

EPDM_MP_P60

EPDM_MP_P40 EPDM_MP_P60

paraffin melts and promotes the return of the foams to
the original condition. The results obtained have brought
to light that also foams morphology and paraffin distribu-
tion probably play a role in dictating the shape memory
performance of the samples. Indeed, the expanded rub-
bers produced with MP, which present mainly closed-cell
porosity and in which the PCM accumulated preferen-
tially onto the surface of the microcapsules, presented the
best compromise between fixability and recovery ability.
The positive results obtained have allowed studying more
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FIGURE 9 (A) Strain fixity (SF,) and (B, C) strain recovery (SR) as a function of time for the recovery test at 90°C of foams produced

with H and MP foaming agents.

accurately the shape memory behavior of the samples
through DMA. The results of the DMA tests on the
foams' shape memory behavior are reported in
Figure 10A, B.

Looking at Figures 10A, B, conclusions formed in the
preliminary analysis are generally confirmed here.
EPDM_H foam shows poor capability in fixing the tem-
porary shape, with an SF, value equal to 21.8%. On the
other hand, the EPDM_MP sample presents much better
shape-fixing properties, with a strain fixity value at load
removal corresponding to 71.3%. While EPDM_H shows
quite similar values of SF, to those determined in the pre-
liminary analysis, a significant difference is found here

for EPDM_MP foam, namely the strain fixity parameter
in the preliminary analysis is significantly lower than
that measured here. This experimental evidence could be
correlated to the compression set values reported in
Figure 7: EPDM_MP sample, both at 25 and 90°C, pre-
sents the highest permanent deformation that could
explain greater SF, values. However, also the distinct
way the specimens were deformed in the two analyses
may have affected the strain fixity parameters of these
samples. Further investigations should be carried out to
confirm this last hypothesis.

The addition of paraffin increases SF, values in the
foams and, by increasing the PCM loading, the strain
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FIGURE 10 (A) Strain fixity (SF, and SF4o) and (B) strain

recovery (SRze00) Of the prepared neat and paraffin-filled foams.

fixity parameter increases as well. The strain fixity
parameters derived from DMA tests are higher than those
obtained from the preliminary analysis (see Figure 9A).
For example, values greater than 85% have been deter-
mined with only 20 wt% of PCM, compared to only 62%
from the bend-recovery tests. As was previously hypothe-
sized, this behavior is probably associated with the distinct
way the foams were deformed. The strain fixity parameter
10 min after load removal (SFgq,) shows that part of the
deformation is recovered at 25°C since SFgq results are
lower than SF, in all the studied samples. However, the
duration of the strain fixability improves with increasing
PCM content. For example, in EPDM_MP_P60 and
EPDM_H_P60 samples SFyy, and SF, differ by 1.2% and
0.3%, respectively. This result underlines that the amount
of paraffin plays an important role in maintaining over
time the temporary shape of the foams.

Finally, the recovery behavior of H- and MP-foamed
rubbers shows different trends. For MP-foamed rub-
bers, SR34¢ clearly increases with the PCM content; for
H-foamed samples, a slight reduction in this parameter
is noted at higher paraffin loadings. As noted in the
preliminary analysis, foams produced with H as a
foaming agent probably require more time to return to
the original shape with PCM. However, all paraffin-
filled foams show a percentage of shape recovery
higher than 84%, meaning that the main part of defor-
mation is recovered in 1 h at 90°C. EPDM_H_P20 is
characterized by the highest SFs40 value (96.2%) fol-
lowed by EPDM_MP_P40 (92%).

4 | CONCLUSIONS

This work demonstrated the efficacy of a PCM such as
paraffin in conferring shape memory properties to
EPDM/paraffin foams. Samples filled with different
amounts of paraffin were prepared by melt compounding
and hot-pressing and characterized thermo-mechanically.
The foaming agent Micropearl F82® (MP) produced a
closed-cell morphology, while Hostatron P0168® (H) led
to the formation of a mixed closed-cell/open-cell porosity,
according to SEM micrographs and density measure-
ments. By increasing the PCM content, the total porosity
decreased in all EPDM/paraffin foams, probably due to
the action of the PCM to hinder the expansion of the
samples.

DMA analysis revealed that the melting of paraffin
occurred over a wide temperature range between
40 and 90°C for all EPDM/paraffin foams. Since at
90 and 25°C the melting and solidification of the PCM
are completed, respectively, these temperatures were
selected for exploring the shape memory behavior of
the samples. 90°C was chosen as the temperature at
which the foams were deformed to the temporary
shape while 25°C was chosen as the temperature to
which the deformed samples were cooled, under con-
stant strain, to fix the temporary shape.

From shape memory tests, the crucial role played by
the PCM in providing excellent shape fixability for the
expanded rubber was demonstrated. Even an amount of
paraffin as small as 20 wt% resulted in strain fixity values
higher than 60% for qualitative bend-recovery tests, and
above 80% in the case of DMA shape memory quantita-
tive tests. With increasing paraffin concentration, the
shape fixability of the foams improved, but the recovery
process became slower. Consequently, a compromise
between a fast recovery and optimum shape fixability
should be determined. Among the foams studied, the
ones produced with MP seem to be the most promising,
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since they presented both the highest strain fixity param-
eters and the fastest recovery process.

PCM played a key role in the multifunctionality of
the produced EPDM/paraffin foams. At the same time,
PCM provided good TES properties, as was reported in
our previous work,**! and optimum shape memory per-
formance to the expanded rubbers. The shape variation
and TES capabilities could make EPDM/paraffin foams
potentially easier to be installed and interesting to be
used for thermal management applications. Future
research will aim to determine the duration of the strain
fixability, that is, the time in which these EPDM/paraffin
foams can be stored at room temperature while keeping
the temporary shape.
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