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Abstract

Immiscible blends of ethylene-propylene-diene-monomer (EPDM) and polyoxymethylene (POM),
when EPDM is the major phase were compatibilized on the addition of an ionomer, poly(ethylene-
co-methacrylic acid). The inclusion of the ionomer reduced the interfacial tension between the two
phases, such that the diameter of the POM domains were significantly reduced to between 0.5um and
2um, typical of that required to toughen ductile polymers. The mechanical properties of the resultant
compatibilized blends were significantly enhanced with increases in Young’s modulus (154%),
tensile strength (o, 1139%), elongation at break (e, 197%) and tensile toughness (1500%) with
increasing ionomer content, relative to EPDM rubber alone. The ShoreA hardness of the
compatibilized blend was 70.1 compared to 56.8 for the immiscible binary blend and, 50.2 for neat
EPDM rubber.

1. Introduction

One of the most promising routes in the development of new materials continues to be via the
production of polymer blends. Polymer blending provides a route, (i) to achieving a material having
a combination of the unique properties of each component; (ii) a reduction in material cost with little
or no loss of properties and (iii) for the improvement of material processability . Polymer blends
constitute almost a third of the global plastic market 2 since they allow a rapid development of
modified polymeric materials to meet emerging needs bypassing the need for polymerization. When

two polymers are mixed together, they can form a miscible, partially miscible or an immiscible blend.
1
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The former is a new single-phase material showing averaged properties of the two components, the
latter is a material with two separate phases having a weak interface 3, where the lack of interaction
between the two components results in poor mechanical properties. Miscibility is the ability of a
mixture to form a single phase over a certain temperature range, pressure and composition. It is the
result of interactions between the blend components, such as hydrogen bonding, dipole-dipole, van
der Waals (as dispersion forces) and trans-reactions *. The possible material combinations for
blending are theoretically endless, but certain thermodynamic conditions must be respected for
complete miscibility of a polymer blend °. The Gibbs free energy for mixing, AG,,;, (Eq.1) and the
enthalpy of mixing, AH,,;, (EQ.2) must be negative, while the second derivative of Gibbs free energy

of mixing (Eq.3), with respect to volume fraction (¢), must be positive.

AG iy < 007 AGup < AG4 + AGy 1)

AHpix — TASpx <0 (2)
azAGmix

(o )T,p >0 )

Blends of two or more thermoplastics or elastomers, or a combination of these, are appealing given
the possible combinations 8. In particular, thermoplastic-rubber blends are very promising materials
since they combine the unique properties of vulcanized rubbers (i.e. high elongation at break and
elastic recovery) with the higher mechanical properties of easily processable thermoplastics (elastic
modulus and mechanical strength) 1. Thermoplastic-rubber blends are usually classified in to two
categories, depending on which properties of the blend components to be modified. By way of
example, (i) a rubbery phase added to a brittle polymer to increase toughness and elongation at break
or (ii) a rigid phase added to a rubber to increase strength and decrease its tendency to flow or to

undergo permanent deformation when under load 2%,
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Polyoxymethylene (POM) and ethylene-propylene-diene-monomer (EPDM) are an interesting
combination as both are individually used in several applications across a number of sectors, from
automotive to home appliances **. EPDM is elastic and has good aging resistance *'~*° and POM has
high hardness, good fatigue life under cyclic loadings, a low coefficient of friction (with inherent
lubricity), good resilience, tensile strength and stiffness over a wide temperature range 202,
POM/EPDM blends, where POM is the major phase, are immiscible, having well separated domains
with strong interfacial tension. Moreover, an increase in the EPDM content results in a decrease in
tensile strength and elastic modulus, while impact strength and elongation at break reaches a
maximum at low EPDM content, i.e. <10% by weight, before drastically decreasing due to
incompatibility between phases ?2. Other studies have shown that the addition of EPDM did not alter
the crystalline structure of POM, but slightly decreased the crystalline content and the apparent
crystallite size (ACS), calculated using the Scherrer equation 2. Moreover, the EPDM vulcanization
process when using dicumyl peroxide (DCP), reduced the interfacial tension between the POM and
EPDM phases resulting in a slight shift of the glass transition temperatures of both components,
although the blend remained immiscible 24,

To alter the immiscibility of a polymer blend, compatibilization is required, i.e. the addition
of a third component that reduces the interfacial tension between phases. Compatibilizers are
generally molecules with both hydrophobic and hydrophilic properties that can locate to the interfaces
between the two polymer phases. A reduction in interfacial tension facilitates better mixing of the
blend components, stabilizes the blend morphology during processing and promotes adhesion
between phases, resulting in improved mechanical properties of the blend 2. However,
compatibilization can also have some negative effects, e.g. it can reduce thermal stability and the
degradation temperature of the blend ¢ .

Several compatibilization strategies have been developed 2®27 including, addition of (i) a small
quantity of co-solvent, a third component, miscible with both phases, (ii) a copolymer partly miscible

with both phases 28, (iii) a large amount of a core-shell copolymer, (iv) a small quantity of
3
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nanoparticles which influence the blend structure similar to particle-stabilized water/oil emulsions *
and (v) reactive compounding that leads to the modification of at least one macromolecular species
and results in the development of regions of local miscibility °.

There have been some attempts to improve the properties of blends of POM/EPDM using
different compatibilizers, such as poly(acrylic-acid)-grafted-polypropylene (PGP) 24, maleated
EPDM (MEPDM) %, ethylene-vinyl acetate (EVA) ?? and maleic anhydride grafted EPDM (EPDM-
g-MAH) %, each had a different effect on tensile and impact strength. Inclusion of (< 8 wt%) PGP
and EPDM-g-MAH (<1 wt%) resulted in both the tensile and impact strength increasing with
increasing compatibilizer content. Addition of MEPDM and EVA also yielded increased tensile and
impact strength, but only for low compatibilizer content (<5wt% ) as both properties drastically
decreased with further additions due to coalescence of the elastomeric phase. lonomers have also
been used as compatibilizers 3. lonomers are olefin-based polymers containing a small percentage
of ionic groups characterized by strong ionic inter-chain forces that have a primary role in controlling
properties 2. They can also be defined as polymers in which the bulk properties are determined by
ionic interactions in discrete regions of the material also called ionic aggregates 3334, lonomers are
copolymers composed of non-ionic and ionic repeating units and, because of the opposite polarity the
non-polar chains are grouped together, while the polar ionic groups are attracted together. The ionic
groups can be either located randomly or systematically within the primary polymer chain, as end
groups on polymer chains, or as segment in a block copolymer . lonomers can interact in different
ways with other polymers, via ion-ion, ion pair-ion pair, ion-coordination and ion-dipole interactions
3637 As a compatibilizer, ionomers can be used as ion-dipole interactions enhance miscibility in
polymer blends %42, It is known that polar polymers can interact strongly with some small ions, so
if ionic groups are introduced into a polymer, thus creating an ionomer, strong interactions could
result with polar polymers via ion-dipole interactions. Despite the sustained growth in research
outputs and patents on ionomers, the number of commercially available ionomers remains relatively

small. Some common ionomers include (poly(ethylene-co-methacrylic acid)) ionomers (e.g.
4
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Surlyn®) and perfluorosulfonate ionomers (e.g. Nafion®), both manufactured by DuPont. Moreover,
the addition of ionomers to thermoplastic-elastomer blends can confer self-healing properties as
reported previously #.

In this work, we investigate the compatibilization of a blend of EPDM and POM with POM as
the dispersed phase, with the goal of increasing the stiffness and strength of the rubber component.
To date, the published literature on this topic has been limited and the articles on POM/EPDM blends
has focused on POM as the major phase, in order to increase the toughness of the POM matrix with
EPDM rubber as the dispersed phase 122224263044 1 this study, POM was added, as a reinforcement
phase to an EPDM matrix with a view to increasing mechanical properties, such as the tensile strength
of the rubber. Poly(ethylene-co-methacrylic acid)-Zn?* ionomer (EMAA-Zn?*) was chosen as a
compatibilizer due to its non-polar component having similar chemistry to EPDM and its polar
component capable of dipole interactions with POM. The EPDM/POM and EPDM/POM/EMAA
blends were prepared in a batch mixer and then vulcanized. The resultant blend morphology was
characterised and correlated with the mechanical and thermal properties obtained using a range of
techniques.

Experimental

EPDM (Dutral® 4047) was purchased from ENI-Versalis. POM (Delrin® 500) was supplied by
DuPont. Dicumyl Peroxide (DCP) was purchased from Sigma-Aldrich, the purity (TLC) of the
material was 98%. Surlyn® 9020, an ionomer of ethylene and methacrylic acid (EMAA) neutralised
with 73% Zinc oxide (Zn0O), was provided by DuPont (EMAA-Zn?).

All blends were prepared by melt mixing using an HAAKE Rheomix OS Lab Mixer, at 190 °C
and 40 rpm. Firstly, EPDM was masticated in the mixer chamber for 5 minutes, second, POM was
added to the chamber and both materials mixed for 7 minutes. Lastly, for EPDM/POM
uncompatibilized blends, DCP was added into the chamber, whereas, for EPDM/POM/EMAA-Zn?*
‘compatibilized’ blends, the ionomer was added followed by the DCP after 2 minutes. In both cases

dynamic vulcanisation took 5 minutes after the peroxide addition. For all blends, the EPDM:POM
5
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composition was fixed as 80:20 (wt%) and the DCP content was fixed at 4 phr (parts per hundred of
rubber). Compatibilized blends were prepared with increasing ionomer loading, 5 wt%, 10 wt% and
20 wt%, relative to the total weight of EPDM and POM. The sample code names and blend

composition are listed in Error! Reference source not found..

Table 1. Composition of EEDM/POM/EMAA blends

Sample Code EPDM POM EMAA-Zn?* DCP
(wt%o) (wt%o) (wt%o)

EPDM:POM 80 20 0 4 phr
EPDM:POM -5 80 20 5 4 phr
EPDM:POM -10 80 20 10 4 phr
EPDM:POM -20 80 20 20 4 phr

During the mixing process the rheological behaviour of blend was evaluated from the torque versus
time curves. For each composition, plaques of both uncured (i.e. from the melt mixing process) and
cured samples (i.e. samples hot pressed into sheets using a Dr. Collin P200P platen press machine)
were prepared. During curing, the compounds were subjected to a pressure of 200 bar and a
temperature of 160 °C for 17 minutes, followed by 5 minutes at 50 °C maintaining the applied
pressure. A degassing process was performed after hot pressing.

X-Ray Diffraction (XRD) measurements were performed using Philips X’Pert Pro
diffractometer equipped with a Cu target. The scans were carried out with a step size of 0.02°/step
and a time step of 2 s/step over a 20 range of 10-80°.

FTIR Spectroscopy was performed using a Jasco FT/IR-6600 spectrometer, equipped with
ATR PRO ONE Single-reflection ATR (attenuated total reflectance) accessory. The spectra were
collected in the spectral range 4000-600 cm™, with 4 cm™ resolution and each spectrum averaged
over 32 scans.

DSC measurements were carried out using a Mettler-Toledo TGA-DSC1 STARe instrument,
under flowing nitrogen. Samples (10 mg) were sealed in aluminium pans and heated from room

temperature (RT) to 250 °C (300 °C for “cured” samples) at a heating rate of 10 K/min, then the

6
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samples were held at 250 °C (or 300 °C) for 1 minute and cooled to -80 °C at 10 K/min using liquid
nitrogen as coolant. All samples were then reheated again to 250 °C (300 °C for “cured” samples) at
10 K/min, held at 250 °C (or 300 °C) for 1 minute and cooled to RT at 10 K/min. Melting temperature
(Tm) and crystallinity degree (Xc,%) were evaluated using the Mettler-Toledo STARe evaluation
software. The following equation was used to calculate the degree of crystallinity from DSC analysis:

AH,

Xe = AH f(1-m) (4)

where, AH,,is the enthalpy of fusion on melting, measured by the area under the endothermic peak
and AH; is the enthalpy of fusion of a theoretically 100% crystalline POM ** and (1-m) is the nominal
weight fraction of POM.

TGA was carried out using a Mettler-Toledo TGA-DSC1 STARe instrument, under flowing
nitrogen. Tests were performed heating the samples from room temperature up to 500 °C at the
heating rate of 10 °K/min.

The viscoelastic properties of all blends were investigated in tensile mode using a Triton 2000
DMTA instrument Triton Technology, in the temperature range —100 °C to 200 °C using a heating
rate of 3 K/min applying a displacement of 0.05 mm at a frequency of 1 Hz. The glass transition
temperature (Tg) was evaluated as the temperature corresponding to the peak maximum in the loss
tangent (tand) curve.

Tensile testing of blends was carried out according to ASTM D638, standard for plastic
materials. The samples with a geometry in accordance to ASTM D638 “type V” were cut out from
the pressed sheets, therefore only the cross-linked “cured” samples were mechanically tested. Tests
were performed using a Lloyd LRX tensile testing machine, equipped with 50 N load cell and setting
the crosshead speed to 500 mm/min.

The Shore A hardness of the samples was carried out in accordance with ASTM D2240 using

a Shore A digital durometer manufactured by Fervi. Measurements were taken at regular intervals at
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least 12 mm from the edge and 10 mm apart. A minimum of five readings were taken for each
specimen.

The morphology of the blends was imaged using a Field Emission SEM (FEG-SEM) LEO
SUPRA 35 Zeiss instrument working with accelerating voltage of 5 kV. Prior to imaging, cryo-
fractured specimens were immersed in acetic acid or sodium hydroxide (NaOH) solution for 24 h for
preferential etching of the POM phase. The non-conductive etched samples were then sputter coated
with a layer of gold with an approximate thickness of 10 nm. Analysis of the images obtained for the
dispersed phase was carried out using ImageJ software.

2. Results and Discussion

In the first instance, the thermal properties of the individual components were recorded. Figure 1
a) shows the DSC scan for neat EPDM in the region —70°C - 0 °C. The glass transition temperature
(Tg) can be detected at —52 °C, and the melting temperature (Tm) of a very small crystalline fraction
at—25 °C %4 The melting peak is very small because it is derived from the melting of a few ethylene
sequences of EPDM, estimated at being less than 1% crystalline *¢4°. The DSC heating and cooling
scans for POM are shown in Figure 1 b) and c). The polymer displays two different melting
temperatures (Tm) during the first and second heating at 182 °C and 173 °C (Figure 1b)), whereas the
peak crystallisation temperature (T) is at 148 °C in both cooling cycles (Figure 1c)) *°. This behaviour
shown by neat POM can be explained by considering that POM exhibits different crystal
morphologies, i.e. the folded-chain crystal (FCC) and extended-chain crystal (ECC). Each
morphology shows a different time dependent melting behaviour and different T, for instance, the
equilibrium melting point of extended POM chain crystals from literature is 182.5°C %%, So it is likely
that the POM used in this study had initially an ECC morphology that changed to a mixed FCC and

ECC morphology after the first DSC cooling cycle.



201 The degree of crystallinity X was evaluated according to 2! considering the enthalpy of fusion, AH,,
202  of a theoretically 100% crystalline POM was taken as 326 J/g. X. was found to be 46% and 53%

203  respectively, from the first and second heating cycles.
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The DSC thermogram of the neat EMAA-Zn?" ionomer shows two endothermic peaks in the
first heating scan (Figure 1d) and e)). The peak at higher temperature is associated with the Tm of
polyethylene crystals at 88 °C, while the lower temperature peak at 54 °C is derived from the melting
of small PE secondary crystals that slowly form after the primary crystallisation process 24,
However, other studies, first proposed by Tadano et al. %, attribute this lower temperature peak to an
order-disorder transition (Ti ) within the ionic aggregates °*°’. In agreement with this work, only the
polyethylene melting process is observed (at 88 °C) n the second heating cycle, while no second
endothermal peak is recorded. In both the first and second cooling cycle, only the crystallisation peak
of the polyethylene component at 54 °C is recorded. Figure 2 shows the DSC scans for the uncured
binary EPDM:POM blend. The first heating scan (Figure 2 a)) shows a T at 168 °C associated with
the POM dispersed phase 8. A second endothermic process occurring at 226 °C is derived from the
degradation of the POM phase, most likely from low molecular weight chains *°. To confirm this
hypothesis, TGA was carried out on both cured and uncured EPDM:POM samples (Figure 2 ¢) and
d)), where there is some evidence for the decomposition of the POM phase starting just above 200°C,
in agreement with the DSC results ©. Therefore, it can be expected that blending and/or the curing

process may affect the thermal stability of these blends [27].
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The cooling scans of the uncured 80:20 sample (Figure 2 b)) displays three crystallisation peaks at
93 °C, 123 °C and 151 °C which are associated with the so-called fractionated crystallisation
phenomenon, a peculiarity of blends with a crystallisable dispersed phase in an amorphous matrix.
This behaviour arises from subsequent steps of primary nucleation occurring at different stages of

undercooling, AT., sometimes resulting in a single crystallisation peak at the homogeneous nucleation

temperature (Tchom) %2 Koutsky et al. % demonstrated that fractionated crystallisation is directly
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related to the size of the areas of the dispersed insoluble phase, also called droplets, in the matrix.
Frensch et al. proposed a mechanism for this phenomenon 54, Heterogeneities are fundamental for
nucleation and crystallisation processes, and when a crystallisable polymer is dispersed into small
droplets, the heterogeneities are also distributed in the dispersed polymer phase. Depending on the
size and the number of the dispersed domains, they can contain one or more heterogeneities available
for nucleation and primary crystallization . If the size of the droplets of the dispersed polymeric
phase is very small, it may happen that not every droplet contains one heterogeneity of “type 1 (i.e.
the type of heterogeneity which requires the lowest degree of undercooling ATc). As a consequence,
only a limited part of the dispersed phase, i.e. those droplets containing the type 1 heterogeneity, will
be able to crystallise at an undercooling ATc1, through primary crystallisation. Moreover, since the
droplets are not in contact with each other, further growth via secondary nucleation in other
crystallisable droplets is impossible. During further cooling, heterogeneities of “type 2” requiring the
second lowest degree of undercooling, ATc2, can become active in some of the remaining droplets,
resulting in a second crystallisation exothermic peak (i.e.at 123°C in Figure 2b)). This process
continues until eventually some very fine droplets that have not yet been nucleated by the
heterogeneous species, crystallise in a homogeneous mode %26, The range of undercooling at which
several crystallisation steps occur, depends on the type of heterogeneities available in the melt .
Fractionated crystallisation was first reported for POM for PE/POM blends and then with other
polymers 626770 Fractionated crystallisation is often accompanied by a large decrease in the degree
of crystallinity (Xc) of the dispersed phase "t compared to the bulk material, and this decrease can
also be observed in the present study. The crystalline content of the POM when the dispersed phase
was 32% from the first heating cycle and 21% from the second, while it was 46% and 53% from the
first and second heating cycles for the POM homopolymer.

The addition of the ionomer alters the thermal transitions of the uncross-linked blends. Beside
the presence of the endothermic peaks related to the melting of the ionomer, as shown in figure 3 a),

it is evident there is a shift of the T, of POM, from 168°C to 171°C with increasing ionomer content,
13



259  especially during the second heating cycle. That this melting transition shifts with the addition of
260 ionomer suggests that there is an interaction between the blend components altering the
261  microstructure of the system 2. Again, the presence of the ionomer has a visible impact on the cooling
262  scans of the uncross-linked blends (Figure 3 b)) as the temperatures of the crystallisation peaks,
263  derived from the POM phase, decrease towards lower values. In fact, the POM crystallization peak
264  having T at 150°C in the uncross-linked blend without ionomer, tends to disappear in these samples
265  with increasing ionomer loading, (i.e. sample 80:20-20) and the resulting crystallization peak for

266 POM phase occurs at 97°C.
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14



270  This observation may be a result of increased compatibilization when the size of the droplets of the

271 dispersed phase is reduced, leading to a shift in crystallization to lower temperatures and finally

272 resulting in a homogeneous crystallization process 7. The degree of crystallinity (Xc) slightly

273 decreases with increasing ionomer content, from the first heating cycle, while in the second there is

274  no progressive decrease with ionomer content, although X is lower than for the samples without

275  ionomer, as summarised in Table 2.

276

277  Table 2. Thermal parameters determined from DSC measurements for un-crosslinked EPDM:POM

278 and EPDM:POM\: Zn?* lonomer blends.

Parameter EPDM:POM EPDM:POM-5 EPDM:POM - EPDM:POM -
10 20
Ti - 53 53 53
Tm,ion,1H - 81 81 83
Tm,ion,2H - 74 80 81
Tm, POM 1H 168 170 170 171
TmPom,2H 167 170 171 171
Tcion - 46 46 46
Tc123POM 93-122-160 96-129-146 97-129 97-129
AHm,1H [J/g] 20.6 18.8 16.8 13.4
Xe,1H [%0] 32 30 28 25
AHm,2H [J/g] 13.5 8.3 10.5 9
Xe,2H [%0] 21 13 16 14

279

280  The first heating scan of the cross-linked EPDM:POM sample shows two melting temperatures, at

281 164 °Cand 173°C, related to the melting of the ECC and FCC phases of POM, probably with different

15



282

283

284

285

286

287

288

289

290

291

292

293

294

295

crystalline dimensions (Figure 3 c)), while the endothermic peak at 201 °C is probably due to the
onset of POM decomposition, as identified from TGA (Figure 2 c)) ’*. The evaluation of X, from the
first heating scan is uncertain, since there is overlapping of the melting peak and the decomposition
phenomena. It may be possible such an evaluation can be made using a deconvolution method to
obtain three exothermic curves corresponding to each peak, in this way Xc is 48% only considering
the two peaks at lower temperature. The second heating scan shows only a very small melting peak
at 166 °C with a shoulder at 160°C, reflecting a very small degree of crystallinity, ~5%. Fractionated
crystallisation in the cooling scan of the cured sample, shown in Figure 3 d), is still present, but the
peaks are much less intense and that at 150 °C is almost suppressed. Similar behaviour was shown
for the vulcanised samples (Table 3). The addition of the ionomer results in a decrease in X. of the
cross-linked samples compared to the uncross-linked sample, and the same trend, i.e. a decrease in

X between the first and second heating cycles was also observed.

Table 3. Thermal parameters determined from DSC measurements for vulcanised EPDM:POM and

EPDM:POM: Zn%* lonomer blends

Parameter EPDM:POM EPDM:POM -5 EPDM:POM-10 EPDM:POM -20
Ti - 56 55 55
Tmiion,1H - 81 84 84
Tmiion,2H - 73 76 79
Tm, POM 1H 164-173 172 172 172
TmPoM,2H 167 168 168 169
Tcion - 44 45 46
Tc1,23POM 93-124 - - 97
AHmn [J/g] 315 12.7 16.9 12.5
XeaH [%0] 48 20 28 23
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300
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304

305

306

307

308

309

310

311

312

313

314

AHm,2H [J/g] 3.3 0.5 0.2 0.8

Xe,2H [%] 5 ~1 ~0 ~1

The X-Ray diffraction patterns of the cross-linked and uncross-linked blends are shown in
Figure 4. All patterns show the presence of a broad curve with a peak maximum at 18.5°, mostly
associated with the amorphous phases of the EPDM matrix, *®"> and POM. The four peaks at 22.9°,
34.6°, 48.4° and 54.1° are characteristic of the hexagonal crystalline structure of POM and correspond
to the {100}, {105}, {115} and {205} lattice planes, respectively 2 . It can be concluded that the
blending process does not induce a variation of the POM crystalline phase. A comparison between
the diffraction patterns of the uncross-linked and cross-linked samples shows the latter have sharper
peaks, associated with the POM phase. In particular, the main (100) peak is more intense for the cured
samples, hence it can be assumed that the curing process (i.e. application of temperature and pressure)
results in an increase in the degree of crystallinity of the POM phase. This is agreement with the DSC
analysis (see Figure 2 a)), which also confirmed increased crystallinity for vulcanised samples
compared to uncured ones (Tables 2 and 3). On the other hand, sharper and narrower (100) peak was
observed in the case of 8020 cured sample with respect to 8020-20 cured one, suggesting that ionomer
induces a lower degree of crystallinity of POM phase characterized also by smaller crystallites 6. The
interaction between the ionic units of the ionomer and polar groups of POM restricts chain mobility,
retards crystallization and decreases crystallinity 7""®. Moreover, when the ionomer is added the (100)
peak is shifted to lower theta angles confirming again some interaction between the blend

components.
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Figure 4. XRD curves for cured and uncured blends.

FTIR spectroscopy performed on the EPDM, POM, ionomer and the binary EPDM/POM and

ternary EPDM/POM/ Zn?* ionomer blends was used to investigate if there were chemical interactions

between components in both uncross-linked and cross-linked blends.
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Figure 5. FTIR spectrum of EPDM (a), POM (b), expanded POM spectrum (c) and EMAA-Zn?

(d)

The FTIR spectrum of the EPDM rubber shows peaks at 2926 cm™ and 2846 cm™* assigned
to the saturated hydrocarbon backbone of aliphatic alkyl symmetric/asymmetric C—H stretching
vibrations 7°, Figure 5a). The peaks at 1461 cm™ and 1375 cm™ are due to —CH,— scissoring
vibrations 8 and the symmetric C—H stretching vibration of —CHs from the propylene unit,
respectively 8. The peak at 808 cm™ is characteristic of the olefinic alkene double bond (C=C) of the
ENB 82 and, the peak at 722 cm™ is assigned to —(CHz)»—, where n > 5, methylene rocking vibration
due to presence of sequences of ethylene in the EPDM rubber backbone. The FTIR spectrum of POM

and the most relevant vibrational band assignments are shown in Figure 5 b). The peaks at 2978 cm ™!

and 2920 cm™ are related to CH2 symmetrical and asymmetrical stretching, and the peaks at 1468
19



333

334

335

336

337

338

339

cm* and 1384 cm™ are due to CH, bending and wagging vibrations 8. Peaks at 1240 cm™?, 1092

cm™® and 887 cm™ are assigned to CH; rocking and C—O—C skeletal bending, asymmetric and

symmetric stretching, respectively. The bending of the O—C—O skeletal, along with CH> rocking is

observed at 630 cm™ 84, A summary of vibrational modes for the three investigated polymers is

reported in Table 4.

Table 4. Vibrational modes for EPDM, POM and EMAA-Zn?*

Vibrational mode EPDM POM EMAA-Zn?*
CHa sym. stretch. 2926 cm'? 2978 cmt 2926 cm*
CH_ asym. stretch. 2846 cm'? 2920 cm 2846 cm*
C=0 sym. stretch. - - 1734 cm™?
C=0 asym. stretch. - - 1697 cm*
C-O asym. stretch. - - 1584 cm*
CH scissoring 1461 cmt 1468 cmt 1467; 1416 cm
CH> wagging - 1384 cmt -
CHz sym. stretch. 1375 cm (propylene - 1375 cm?
unit)
C-O-C bending - 1240 cmt 1240 cm
C-C-C streching - - 1156 cm!
C-O-C asym. stretch - 1092 cm?t -
C=C sym. stretch 808 cm™* - -
CH> rocking 722 cm't 1240; 630 cm™ 719 cmt

C-O-C sym. stretch

O-C-0 bending

887 cmt

630 cm™?

20



340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

POM, as stated above, can have two different morphologies, the folded-chain crystal (FCC)
and extended-chain crystal (ECC), which can be readily distinguished from FTIR spectra in the region
1200 cm 1 -700 cm™ 8. It is known that four bands at 1240 cm™?, 1092 cm™?, 933 cm™ and 630 cm™
are independent of POM morphology, while the bands around 1135 cm™ and 900 cm™ are
characteristic of FCC and ECC morphology, respectively 8. Expansion of the FTIR spectrum of in
the region 1300 cm™-600 cm™ is shown in Figure 5 c). The POM does not contain any FCC
morphology as the peak at 1135 cmis absent, but is most probably formed of ECC morphology due
to the presence of a highly intense peak at 890 cm™ 687 in agreement with conclusions made from
the DSC data.

The FTIR spectra of the binary blend of EPDM:POM (80:20), both uncross-linked and cross-
linked are shown in Figure 6 a). The spectrum of the uncured sample seems to be a superposition of
the POM and EPDM spectra, showing peaks characteristic of both polymers, thus indicating no
interaction between the two materials. The only major change is that the peak at 890 cm™, derived
from the ECC morphology of POM, is shifted to 904 cm™, is lower in intensity and, at the
wavenumber usually reported in literature for the ECC peak 2488, These results suggest that the POM
phase in the blend has now a mixed morphology of FCC and ECC since the most intense peaks are
those assigned to both morphologies (935 cm, 1092 cm™ and 1240 cm™) 98, However, significant
differences can be seen in the spectrum of the vulcanised sample. In particular, the bands at 1240 cm’
Land 1092 cm™ are much more intense than that for the uncross-linked samples and a new peak
evolves at 1118 cm™ and a shoulder process at 975 cm™ (Figure 6 b)). These bands are ascribed to
POM chain vibrations and their high intensities to a change in the degree of crystallinity, as reported
previously & and, confirmed by the XRD and DSC studies (see Tables 2 and 3) which showed that
the crystallinity of the cross-linked sample is twice (48%) that of the uncross-linked sample (23%).
Moreover, the peak at 1155 cm™ is very intense in the cured sample while the peak at 904 cm™ is now
absent. This can be explained by a rearrangement of the FCC and ECC morphologies of the POM

phase during the thermal treatment associated with curing.
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Figure 6. FTIR spectra comparing a) EPDM:POM cross-linked and uncross-linked blends, b) as in
a) expanded in the range 1200-600 cm™ and, ¢) EPDM:POM:Zn?* lonomer cross-linked and uncross-

linked blends and d) as in ¢) expanded in the range 1200-600 cm™.

Comparison of the FTIR spectra in the wavenumber range 1800-600 cm™, of the crosslinked
EPDM:POM blend with the uncross-linked and cross-linked EPDM:POM:Zn?* lonomer blends are
shown in Figure 6 c). It can be seen that there are peaks present due to the presence of the ionomer.
These ionomer related peaks (Figure 5 d)), such as those at 1734 cm™ and 1697 cm™ are ascribed to
ester carbonyl group and carboxylic acid group, and the peak at 1584 cm is related to the asymmetric
stretching vibration of the C—O bond in tetra-coordinated zinc carboxylates *-°2, FTIR measurements
confirmed that there is an interaction between the ionomer and the other components of the blend. In

particular a slight shift to higher wavenumber for C-O vibrations of POM (indicated by the symbols
22
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*and @ in Figure 6 d)) and of Zn?* ionomer due to the interaction between the pedant ions of EMAA-
Zn?* and the dipoles of POM was detected. Moreover, the inclusion of the ionomer results in lower
POM crystallinity and has a major influence on the folded-chain crystal (FCC) and extended-chain
crystal (ECC) morphology of POM. Indeed, from Figure 6 d) the evolution of a peak at 904 cm™ is
clear, directly related to ECC morphology, both in the uncured and cured 80:20-20 samples. Hence
the presence of the ionomer promotes ECC morphology of the POM phase.

The dynamic mechanical properties of neat EPDM, POM and EMAA-Zn?* and their blends
are reported in Figure 7. EPDM (Figure 7 a)) has a glass transition temperature (Tq) at —49.2 °C,
coincidently similar to the T4 value (—52 °C) determined by DSC. The storage modulus (E') at low
temperature (—100 °C) is 1.52 GPa, and at RT (20 °C) is 6.25 MPa. The loss tangent (tand), which is
the ratio between the loss modulus (E") and the storage modulus (E’) and a measure of the “damping”
properties, reaches 1.2, showing the high dissipating properties of EPDM rubber. POM (Figure 7 b))
has a Tg at —66 °C and, a E' value at low temperature (—100 °C) of 3.93 GPa but at RT (20 °C) 1.75

GPa.
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Figure 7. Variation in E’ and tan 8 as a function of temperature for a) cured EPDM, b) POM, ¢)
EMAA-Zn?* and d) all cured blends. e) Representative stress-strain curves for cured blends. f)

rheological behaviour comparison

Tand

Tand

Moreover, upon approaching the Tm of POM a further decrease in E’ can be seen at about 100 °C,

which is often called the oc transition (Tqc) and is attributed to the reorientation of the chains in the

crystalline phase %. In contrast, the EMAA-Zn?* (Figure 7 c)) displays different behaviour. At —

120
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°C there is a broad y relaxation peak ascribed to the crankshaft motion of short hydrocarbon segments
in the amorphous phase. A second peak at around —8 °C is assigned to B relaxation occurring in the
amorphous branched polyethylene phase where most of the ionic species is not present 2. Lastly, the
a relaxation occurs at 52 °C and is caused by the mobility of the ionic phase (order-disorder of ionic
cluster transition), it can be considered as the glass transition temperature (T;i) of the ionic clusters,
and it is function of neutralisation and ion content %,

All blends exhibit a single glass Tg around —49 °C (Figure 7 d), Table 5) from the EPDM
matrix, as it is the main component of all the blends. This result could be misinterpreted as an
indication of compatibilization, as the presence of a single Tg in blends is a criterion commonly used
to judge blend miscibility. However, in this instance this would be misleading as change in T4 can
only be considered a reliable indicator of miscibility when the difference between the Tgs of the single
constituents in the blend >20 °C *. This is not the case here as EPDM and POM have Ty of -49 °C
and —66 °C, respectively. Moreover, it has been reported that, even for immiscible blends, rarely are
two Ty detected for blends when the dispersed phase is < 20 wt% of the blend composition 2, as in
this case. The addition of the ionomer to the EPDM:POM blend results in a decrease in the intensity

of the loss tangent peak and, hence, of damping capacity.

Table 5. Storage modulus (E') values at -85 °C and 20 °C and, glass transition temperatures (Tg)

and loss tangent (tan 6) maxima of cured samples.

Sample E'ss [GPa]  E'2 [MPa] Ty [°C] tand max
EPDM:POM 1.48 8.35 —49 1.28
EPDM:POM-5 1.30 6.85 —49.1 1.15
EPDM:POM-10 1.25 8.52 —49.1 0.96
EPDM:POM-20 1.33 11.49 —49.2 0.76

The tensile mechanical properties of EPDM, EPDM:POM and EPDM:POM:Zn?* lonomer
materials were measured, and the results summarised in Table 6. The cured blends display
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thermoplastic-like behaviour (Figure 7 €)), which is very common for thermoplastic-elastomer blends
20 The elastic modulus for the EPDM:POM sample increased relative to neat EPDM, but omax
decreased, as expected, indicating poor stress transfer to the POM dispersed phase. It can be supposed
that the dispersed phase acts as stiffener for the EPDM matrix obstructing EPDM chain sliding, but
it does not improve tensile strength due to a weak interface, again confirming the immiscibility of the
EPDM/POM system *2, as seen from the FT-IR measurements.

Table 6. Tensile mechanical properties and Hardness values for cured samples.

Sample E Omax €max Absorbed Hardness
[kPa] [kPa] [9%6] energy [Shore A]

[kJ/m3]
EPDM 2.60+0.58 1140+ 113 101.5+19.1 753124 50.2+1.1
EPDM:POM 4.57+0.73 780 + 56 107.7£22.5 776158 56.8+1.3
EPDM:POM-5 5.36+1.30 1290 + 140 190.0+41.9 2870161 59.8+1.2
EPDM:POM-10  5.34+1.09 1480 £+ 130 196.3+39.7 3580149 62.9+0.8
EPDM:POM-20  7.05+1.69 1870 + 143 211.8+8.2 380063 70.1+1.3

The addition of the ionomer results in an overall increase in all mechanical properties,
including elastic modulus (E), tensile strength (o) and elongation at break (g). In the best case
(EPDM:POM-20) the elastic modulus increases up to 54%, tensile strength up to 139% and
elongation at break up to 97% suggesting a strong interfacial adhesion between POM and the EPDM
matrix. Shore A hardness also increases, almost linearly with ionomer amount, supporting the concept
that the presence of the ionomer promotes compatibilization. Moreover, the absorbed energy given
by integrating the stress strain curves displays an increase with the presence of ionomer. Absorbed
energy is strictly related to toughness and the increase suggests that EPDM and POM are
compatibilized by the ionomer. These results are also in agreement with the evolution of torque
acquired during mixing, see Figure 7 f). The two peaks observed in each torque curve are ascribed to
the loading and melting of POM and Zn?* ionomer. In agreement with the published literature °, an
increase in torque with increasing EMAA-Zn?* content is observed. Such an effect can be ascribed to
an optimized interfacial tension and a stabilization of the dispersed POM droplets, resulting in a finer

POM dispersed phase *°.
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This hypothesis was further confirmed by imaging the blends by SEM, Figure 8. For the
EPDM:POM blend, the POM dispersed phase is irregular shaped with a broad size distribution (figure
8 a)), although uniformly dispersed throughout the rubber matrix. In the samples etched with acetic
acid, POM crystalline regions (highlighted by the red arrows in figure 8b)) can be seen within the
EPDM matrix, along with voids where etching has removed the POM amorphous phase. The cryo-
fractured surface of the cured EPDM:POM sample after etching with sodium hydroxide for 24 hours
offers more convincing evidence, as etching is stronger and results in the complete removal of the
POM dispersed phase leaving only empty voids having dimensions of 10.78 + 1.36 um, from

exhaustive image analysis of many images.
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Figure 8. SEM images at a) low and b) high magnification of the acetic acid etched EPDM:POM
blend, (c) low and (d) high magnification of the NaOH etched EPDM:POM blend and, the

EPDM:POM:Zn?* lonomer blend with e) 5 wt%, f) 10 wt%, g) and h) 20 wt% ionomer content.

The SEM images of cryo-fractured cured EPDM:POM:lonomer blends etched with sodium
hydroxide for 24 hours, shows the addition of the ionomer changed the morphology of the blend. The
POM phase is dispersed uniformly and in smaller domains having dimensions less than that observed
for the EPDM:POM blend. Specifically, with increasing ionomer content from 5 wt% to 10 wt% and
then 20 wt%, the dimensions of the POM phase decreased from 10.78 + 1.36 pum (figure 8 c) d)) to
6.21 £ 1.89 um (figure 8 €)), 2.93 £ 1.01 um ( figure 8 f) and 1.29 = 0.65 um (figure 8 g) h),

respectively.

4. Conclusions

An immiscible blend of EPDM and POM was partly compatibilized using a commercial Zn?*
ionomer, poly(ethylene-co-methacrylic acid)-Zn?*. Blends with a fixed 80:20 EPDM:POM ratio and
different ionomer content, up to 20 wt%, were obtained through melt mixing followed by
vulcanization. DSC analysis of the binary EPDM:POM blends exhibited fractionated crystallisation
of the POM dispersed phase, which was more evident for uncured samples. The addition of the Zn?*
ionomer shifted crystallisation towards lower temperatures due to the decrease in the size of the POM
domains and also resulted in a decrease in POM crystalline content. Moreover, the blending process
diminished the thermal stability of all blends as seen from TGA. FTIR analysis showed the POM
dispersed phase changed from a predominantly ECC morphology to a mixed FCC and ECC
morphology. On addition of ionomer to the EPDM:POM blend, the evolution of new peaks associated
with the ionomer were observed in the FTIR spectra. The crystal phases of all components were not
affected by the blending process as confirmed by XRD. DMTA revealed the cured samples displayed
only one Tg ascribed to the EPDM rubber matrix. Nevertheless, the closeness of the Tgs of the blend
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components when the POM content is <20 wt%, cannot be taken as evidence of compatibilization.
The immiscible EPDM:POM binary blend had poor mechanical properties, as expected, however
addition of the ionomer reduced interfacial tension and compatibilized EPDM and POM. The
resultant blends had significantly improved elastic modulus, tensile strength and toughness and,
elongation at break. The enhanced interfacial interactions between the blend components on inclusion
of the ionomer was manifest by a decrease in the size and surface area of the POM phase (droplets),

confirmed from SEM imaging of etched samples.
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