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a b s t r a c t

The fragmentation and dispersion in molten polypropylene (PP) of several pre-crosslinked
and plasticized ethylene–propylene–diene terpolymer (EPDM) networks was studied.
Thus, the morphologies and mechanical properties of PP/EPDM blends having similar com-
positions but made from either un-crosslinked, pre-crosslinked or dynamic-crosslinked
EPDMs were compared. The results first highlight the importance of the gel fraction of
the pre-crosslinked EPDMs, as well as the impact of the thermoplastic matrix proportion
on the quality of the dispersion of such networks. As a result, pre-crosslinked EPDM having
a gel fraction below gEPDM = 0.7 can be finely and homogeneously fragmented and dis-
persed in presence of PP. It can be then admitted a collision–coalescence–separation type
erosion mechanism of the EPDM domains. Nevertheless, contrarily to some theoretical
model expectations, a partial fragmentation of the chemical networks was always observed
even at very high crosslink density (gEPDM > 0.7). Finally, the blends crosslinked under
shearing (dynamic-crosslinked) showed a clear mechanical property synergy due to their
fine and homogeneous morphology coupled with the full crosslinking of the elastomer.
In the end, these results brought significant information on TPV morphology stabilization
and their related mechanical properties.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Ethylene–propylene–diene (EPDM)/polypropylene (PP)
blends are surely one of the most currently used elasto-
mer/thermoplastic blends on the market. The study of
the inner source of their impressive processing and
mechanical properties is a subject of great interest having
many relevant consequences on the industrial thermoplas-
tic vulcanizates (TPVs) production [1–4]. Actually, such
. All rights reserved.
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thermoplastic/elastomer blends present some specific
and very interesting properties depending on their mor-
phology, as they can combine the elasticity of the cross-
linked elastomeric phase with the processability of the
thermoplastic. Over the years, many studies have brought
very useful information regarding the highly important
correlation between such polymer blend morphology and
their final mechanical properties [5–8]. Thus the key to
adjusting and optimising their properties is to exhaustively
control their morphology development, which can be quite
complex especially regarding the quality of the dispersion
of the elastomer in presence of the thermoplastic phase.

Obviously, the final morphology of such blends directly
depends on the composition and compounding route
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which clearly play a primary role on the final properties of
TPVs [9–14]. The initial morphology of such blends prior to
the crosslinking step is also a subject of great interest. It
has to be set to endure the forthcoming modifications
through the crosslinking step which irremediably leads to
a drastic increase of viscosity of the elastomeric phase
during crosslinking, inducing a complex morphology evo-
lution and stabilization. Additionally, the nature of the
crosslinker and the extent of crosslinking of the elasto-
meric phase are very important as it modifies the struc-
ture, the viscosity and the elasticity of the elastomeric
phase, thus the final morphology and properties of such
blends [15–26]. Such dynamic crosslinking (crosslinking
under processing conditions) can also induce a phase
inversion which must be taken into consideration during
the processing of such blends [27,28].

Just as well, the interface ruled by the interfacial ten-
sion of the polymers [29], also plays an active role on the
final morphology stabilization [30,31]: as generally ob-
served, a phase compatibilization can drastically modify
the morphology and improve the final properties of the
blends [32–38]. Furthermore, the addition of nano-parti-
cles such as silica or carbon black can strongly modify
the interactions balance at the blend interfaces [39–46].
Additionally, the effect of the proportion of plasticizer
and its diffusion within each phases are just as important
[47–51].

Thus, the main objective of this paper is to study the
dispersion of crosslinked and plasticized EPDM networks
in presence of a thermoplastic matrix at the most relevant
compositions. Also, due to the complexity of the involved
mechanisms which are, indeed, tightly linked to the elabo-
ration of any TPV, we intend to separate the effect of blend-
ing from the actual chemical crosslinking aspect. We thus
focus on the impact of the shearing on both the thermo-
plastic and the pre-crosslinked EPDM phases. Actually, vir-
tually no study of this type has been reported in the
literature, this paper therefore aims at addressing new
information on that matter. Henceforth, we will first de-
scribe the main morphologies of blends elaborated with
PP and pre-crosslinked EPDMs having various crosslink
densities, as well as with un-crosslinked and dynamic-
crosslinked EPDM. We will then examine their morphology
stabilization in function of the time of mixing to investi-
gate the mechanisms of morphology development in TPVs.
We will finally bring forwards new results concerning the
morphology – mechanical properties correlation, to further
discuss on the impact of a dynamic crosslinking step dur-
ing such blend elaboration.

2. Experimental part

2.1. Materials

PP was supplied by Arkema (PPH 3060) with a melt flow
index MFI = 12 g/10 min. The molecular weights are:
Mn = 67,300 g mol�1 and Mw = 273,000 g mol�1.

Experiments were carried out with an EPDM from
ExxonMobil Chemical (Vistalon 8800), an ethylene terpoly-
mer that comprises 53.5 wt.% of ethylene and 10 wt.% of
ethylidene norbornene. The following values of molecular
weight were measured: Mn = 160,000 g mol�1 and
Mw = 310,000 g mol�1. This terpolymer has a specific grav-
ity of 0.86 g cm�3, and is oil-extended with 13% in weight
of paraffinic oil, which yields to a total specific gravity of
0.87 g cm�3 and a Mooney viscosity ML(1+4) of 73 at
125 �C. Additionally, paraffinic oil (Torilis 7200, TotalFina-
Elf, France) was incorporated as oil extender into the
Vistalon 8800 to mimic industrial compositions. The spe-
cific gravity of this oil is 0.90 g cm�3 at 20 �C. Its proportion
in the PP/EPDM/plasticizer blend was set, according to the
industrial standard, to 60 phr (grams per hundred grams of
Vistalon 8800) for all blends. The corresponding volume
fraction of oil (initially present in EPDM + added) is
0.445. Furthermore, radical crosslinking of EPDM was car-
ried out by means of an octylphenol–formaldehyde resin
(SP1045, Schenectady International, USA) called resol in
the following. The polymers and chemicals were kindly
supplied by Hutchinson (Chalette-sur-Loing, France) and
were used as received from the supplier.

2.2. Compounding routes

2.2.1. Dispersion of pre-crosslinked EPDM networks in PP
First of all, concerning the elaboration of randomly

crosslinked and plasticized EPDM networks, such samples
were made of the elastomer, the processing oil extender
and the curing system were prepared in an internal batch
mixer (Haake Rheomix 600. Thermo Electron) at 100 �C.
As shown in Fig. 1, the following protocol was used: first,
the polymer was introduced (at time t = 0) into the batch
chamber and sheared for 2 min at 120 rpm in order to en-
sure the thermal homogenization of the elastomer. The
plasticizer was then poured in and the two components
were mixed until torque stabilization. Prior to introducing
the curing system, the temperature and rotation speed
were decreased (80 �C and 50 rpm, respectively). As soon
as the torque had stabilized, the curing system (resol and
catalyst) was introduced and the mixing was allowed to
go on until torque started to increase. The blends were
then quickly quenched in order to prevent the crosslinking
reaction from occurring inside the mixer, then compres-
sion molded at 100 �C for 2 min into 1 mm thick samples,
then stored away from light and heat until further testing.

The standard reference amount of resol was 4% w/w (or
phr) on the EPDM basis, and 0.6 phr SnCl2 was used as
catalyst for all sample preparations i.e. 0.37% weight frac-
tion for all these blends. In order to vary the degree of
crosslinking from the standard formulation, the materials
were prepared with various amounts of curing resin: 1,
1/4, 1/7, 1/10 and 1/30 of the reference quantity of curing
crosslinker (resol resin) as described in our previous paper
[52]. In the following, the EPDM preparation crosslinked
with the regular amount of curing additives will be named
the ‘‘reference” sample (REF), whereas the others will be
referred to via the corresponding ratios of crosslinking
agent used in their formulation (REF1/4 to REF1/30) as pre-
sented in Table 1. The fraction of plasticizer includes both
the 60 phr of paraffinic oil and the fraction of processing
plasticizer originally included in the Vistalon 8800.
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Fig. 1. Schematic representation of the blend preparation.
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The molded sheets were then crosslinked during sub-
sequent molding in a press at 200 �C for adjustable times
according to our previous work [52]. As shown in Table 1,
different properties of these plasticized and crosslinked
EPDM samples have been determined. The gel fraction
of the EPDM phase as well as the linear viscoelastic
parameters were determined according to our previous
work [52]. To determine the gel fraction of the cross-
linked samples, soluble chains were extracted with tetra-
hydrofuran using standard procedure over 96 h with
renewals of the solvent.

Furthermore, by applying the Cox-Merz rule between
absolute complex viscosity and steady shear flow viscosi-
ties we determined the viscosity ratios between these
pre-crosslinked EPDM preparations and the isotactic PP
at 200 �C and 50 s�1 for further discussions. Finally, the
tensile properties (Young modulus, stress and deformation
at break) of these EPDM samples have been determined at
a constant speed of displacement (25 mm/min, T = 25 �C).

These samples, showing a large panel of crosslink den-
sities, were then manually cut into 1 mm3, dimension very
similar to the size of the PP granules used for the following
blending. Such blends were prepared using isotactic
PPH3060 and each of the previous EPDM samples at
200 �C without any additional plasticizer. Blends were
dumped after stabilization of the torque and left to cool
at room temperature. The first series (Blends 1–5) was
made using 80% of PPH3060 and 20% of each of the five
crosslinked and plasticized EPDM samples. The second ser-
ies (Blends 6–10) was prepared using 30% of the same iso-
tactic polypropylene and 70% of each of the five EPDM
preparations.
Table 1
Linear viscoelastic and tensile strength properties of plasticized EPDM crosslinked
the density of chemical crosslinking bridges, Ge the equilibrium elastic modulus, sw
viscosity of the EPDM crosslinked at 50 rad s�1 samples (g�PP = 2000 Pa s at 200 �C an
respectively.

Samples % w/w
of resol

% w/w of
plasticizer

Gel
fraction

tan d Swelling
ratio

l
(mol m

REF 2.43 37 0.998 0.01 4.3 64
REF1/4 0.62 37 0.989 0.07 8.0 21
REF1/7 0.35 37 0.962 0.12 11.0 9.6
REF1/10 0.25 37 0.896 0.18 14.7 3.90
REF1/30 0.08 37 0.700 0.40 26.7 0.80
On the other hand, sampling of the material has been
done within the mixing chamber at various times in order
to assess the variation of the morphology of the blend with
the time of mixing. Two representative kinetics have been
selected: Blend 5 (PP/EPDM (80/20), pre-crosslinked
EPDM: REF, gEPDM = 0.998) and Blend 7 (PP/EPDM (30/70),
pre-crosslinked EPDM: REF1/10, gEPDM = 0.896). Such a
study has been achieved by taking samples at the exact
same location within the internal mixer at various times
of blending, thus allowing us to follow the blend morphol-
ogy evolution with the time of mixing.

2.2.2. Dynamic-crosslinked PP/EPDM samples
Additionally to these Blends 1–10 made of pre-cross-

linked EPDMs, we prepared two blends with the reference
quantities of reactants (i.e. 4 phr of resol + 0.6 phr of SnCl2)
but by dynamic crosslinking the EPDM in presence of
either 80% or 30% of PP. These formulations will be referred
as DynCross1 and DynCross2, respectively. These blends
were thought to highlight the importance of the dynamic
crosslinking route on the final morphology and mechanical
properties. Furthermore, two corresponding blends (Un-
cross1: 80% PP and Uncross2: 30% PP) were also prepared
without any curing agent for comparison purposes.

To prepare these samples, the EPDM phase was first
introduced into the blender and sheared for 2 min at
120 rpm and 200 �C. The plasticizer was then poured in
and the blend was mixed at 50 rpm until torque stabiliza-
tion. As soon as the torque had stabilized, the polypropyl-
ene was introduced and the torque was left to stabilize. For
reactive blends DynCross1 and DynCross2, the curing sys-
tem (resol and catalyst) was added and the mixing was
at different density. With tan d = G00/G0 the loss tangent at the equilibrium, l
elling ratio in THF solvent at room temperature, g�EPDM the absolute complex
d 50 rad/s [49]), E Young’s modulus, rb and eb the stress and strain at break,

�3)
Ge (Pa) g�EPDM (Pa s) g�EPDM=g

�
PP E

(kPa)
rb

(kPa)
eb

(%)

3.3 � 105 3.4 � 104 17 620 920 140
9.8 � 104 1.6 � 104 8 390 680 490
5.8 � 104 8.5 � 103 4.25 380 620 810
3.4 � 104 5.5 � 103 2.75 170 440 870
2.0 � 103 2.2 � 103 1.1 180 210 950
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allowed to go on for 10 min to ensure the complete cross-
linking of the EPDM. Finally the blends were compression
molded at 200 �C for 2 min into 1 mm thick samples which
were stored away from light and heat until testing. Insolu-
ble fraction measurements led to the conclusion that both
the samples crosslinked under shearing show a gel fraction
of 1, whereas the un-crosslinked samples were confirmed
not to have sustained any crosslinking during their elabo-
ration (gel fraction � 0).

2.3. Morphology characterization

The morphology of these blends was first observed
using a Scanning Electron Microscope (SEM) Hitachi S800
instrument. The samples were cryo-fractured in liquid
nitrogen to avoid any morphology alteration. The EPDM
phase was selectively extracted as previously described
[45]. The fractured surfaces were sputter-coated with gold
in order to deposit a 50 nm homogeneous conductive layer.
Additionally, Transmission Electron Microscopy (TEM) was
another helpful and complementary means of character-
ization. All blends were observed using a Philips CM120
microscope after preparing the sample surface via an ultra
cryo-microtomy process. Samples were ultra-microtomed
into 50 nm thin films at �110 �C using a crystal blade to
ensure that no phase deformation occurred (as these sam-
ple preparations were realised below both the PP and
EPDM glass transition temperatures). Samples were then
marked using a Ruthenium oxide solution which induced
an oxidation and fixation of the metal on the diene func-
tions of the EPDM thus showing dark on MET micrographs
due to the diffusion of the electrons by the fixed metal [53].
All micrographs and sample preparations were done at the
Technological Centre of Microstructures of the University
of Lyon 1.
3. Results

3.1. PP/EPDM (80/20) blends

As it can be seen in Fig. 2, all blends (Blends 1–5) show a
continuous PP matrix with a dispersed EPDM phase as ex-
pected for such concentration of the EPDM phase (20%wt.).
As any would expect, Blend 1 (gEPDM = 0.7) shows a homo-
geneous morphology made of a continuous PP matrix with
micrometric and sub-micronic EPDM nodules whose size
varies from 100 nm to 2 lm. Only rare nodules with a size
above 2 lm can be observed. Surprisingly enough, the
morphology of Blend 1(Fig. 2b) is thus nearly identical to
the blend ‘UnCross1’ (Fig. 2a) made of un-crosslinked
EPDM which shows perfectly dispersed EPDM nodules all
smaller than 1 lm. Thus, an insoluble fraction of 0.7 of
the EPDM dispersed phase does not induce any major
influence on the dispersion of the EPDM. Thus, even above
the gel point such a chemical network can be as finely dis-
persed as un-crosslinked EPDM whereas their rheological
behaviours are significantly different.

Blend 2, (gEPDM = 0.896, Fig. 2c) compared with Blend 1,
shows clearly thicker dispersed nodules of EPDM with a
size varying from 1 lm up to 100 lm. Concerning Blends
3–5 (gEPDM = 0.962, 0.982 and 0.998, respectively) their
morphology is rough and very heterogeneous as the char-
acteristic size of the pre-crosslinked phase is close to
500 lm. Furthermore, it can be pointed out that these sam-
ples could not be molded properly because of the presence
of EPDM fragments with a size increasing with the cross-
link density of the EPDM. Thus, the more the EPDM is
crosslinked prior to blending the less it gets fragmented
and dispersed homogeneously within the PP phase. For
EPDM samples having an insoluble fraction under 0.9 the
EPDM may get fragmented into micrometric and sub-mi-
cronic nodules whereas only big nodules and fragments
of several hundreds of micrometers remain for blends
made of pre-crosslinked EPDM having a higher insoluble
fraction. Thus, there is a critical concentration (gEPDM = 0.7)
beyond which the crosslinked EPDM cannot be fragmented
and finely dispersed within the PP and will remain into
rough fragments under these processing conditions. Never-
theless reminding that the initial size of pre-crosslinked
EPDM is 1 mm3, we can appreciate that in every cases
the EPDM networks still get fragmented somehow in a
fairly nodular shape. The size and size polydispersity of
these nodules increase with the increase of the crosslink-
ing density of the pre-crosslinked EPDM from sub-micron
size (gEPDM = 0.7) to few hundred micron (gEPDM = 0.998).

Finally, comparing Blend 5 (gEPDM = 0.998) with the dy-
namic crosslinking one (DynCross1, gEPDM = 1) it can be
pointed out a drastic difference of the morphologies: As
previously explained, the pre-crosslinked EPDM phase of
Blend 5 could not be dispersed at the micro-scale, whereas
the dynamic-crosslinked blend presents a sub-micronic
morphology (Fig. 2g) nearly as fine as the un-crosslinked
blend (Fig. 1a). This observation emphasizes the impor-
tance of the processing on the TPV final morphology and
more particularly the competition between crosslinking
kinetics and mixing efficiency.

The mechanical properties from tensile-strength exper-
iments are generally relevant parameters for a comprehen-
sive purpose of the blend morphology development. In
Table 2 are reported these mechanical properties of the
PP/EPDM (80/20). As expected, Table 2 shows that the
properties of the blends made of pre-crosslinked EPDMs
are drastically affected by their compounding route. What-
ever the pre-crosslink density of the EPDM, the final prop-
erties are extremely poor especially regarding their
elongation at break er and yield stress ry. On the other
hand, the heterogeneity of the morphology of Blends 3–5
is such that it is extremely difficult to mold them into test-
ing specimens under a press. The EPDM nodules, roughly
broken down and dispersed within the PP phase, represent
non-cohesive defects which literally ruin the material mac-
roscopic properties.

Interestingly, it can be pointed out that the elongation
at break of Blend 1 (gEPDM = 0.7) is approximately 30 times
lower than that of the UnCross1 blend (gEPDM = 0) whereas
these two blends have very similar morphologies in size.
On the other hand, very satisfactory tensile properties of
dynamic-crosslinked PP/EPDM blend (DynCross1, g = 1)
blend can be observed similarly to those of the blend made
of un-crosslinked EPDM, or only PP. As a result, the cross-
linking under shearing do not induce any significant weak-



Fig. 2. SEM micrographs (a–g pictures) of PP/EPDM (80/20) blends. In the following caption, gEPDM is the gel fraction of the EPDM phase. (a) Un-crosslinked
blend (UnCross), gEPDM = 0). (b) Blend 1 (EPDM: REF1/30, gEPDM = 0.7). (c) Blend 2 (EPDM:REF1/10, gEPDM = 0.896). (d) Blend 3 (EPDM: REF1/7, gEPDM = 0.962).
(e) Blend 4 (EPDM:REF1/4, gEPDM = 0.989. (f) Blend 5 (EPDM:REF, gEPDM = 0.998). (g) Dynamically crosslinked blend (DynCross1, gEPDM = 1).

Table 2
Mechanical properties of PP/EPDM (80/20) blends. E Young’s modulus, ry

the yield stress and er the strain at break.

Blends E (MPa) ry (MPa) eb (%)

PP neat 660 29 640
UnCross1 470 21 520
1 380 18 20
2 310 115 12
3–5 <280 <13 <10
DynCross1 510 20 530
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ening contrarily to all blends made of pre-crosslinked
EPDMs. Therefore, such a dynamic crosslinking of the
EPDM under shearing in presence of the thermoplastic
phase leads to an improved cohesion of the blend phases
which cannot be achieved by simply blending pre-cross-
linked EPDM into PP. Nevertheless, the explanation of such
drastic differences of the tensile behaviours of these blends
having a nearly identical morphology is not trivial and will
be discussed in the next section. Anyway, such results
actually confirm the usefulness of the dynamic crosslink-
ing step on the tight combination of the phase properties.

The morphology development of Blend 5 (pre-cross-
linked EPDM: REF, gEPDM = 0.998) versus time of mixing
has been studied. Hence, Fig. 3 shows the evolution of
the morphology of the Blend 5 which has then been char-
acterized over 45 min of blending. After 3 min of blending,
the fragments of the pre-crosslinked EPDM preparation are
virtually intact as shown in Fig. 3a. Their average size is
above 400 lm and some of them are actually still present
at their original size and shape. This high crosslink density
network may not be broken over such a short period of
time with such a shearing and process. After 8 min of
blending, Fig. 3b shows that the EPDM is now present as
large fragments of around 300 lm wide, thus several times
smaller than their original size. At this stage of mixing, the
breaking up mechanism induced by the shearing of the
phases provokes a modification of the shape of the EPDM
fragments as they start to look like huge nodules a few
hundreds of micrometers large. Thus, even in presence of
a continuous molten thermoplastic phase, such shearing
can allow some significant erosion and deformation of
such a dense chemical network.

As the time of blending increases, the size of the EPDM
nodules slowly and progressively decreases, and their
shape tend to be more fibrilar, highlighting a progressive
and ongoing deformation and dispersion of the elastomeric
phase as we can observe in Fig. 3c and d. This finally leads,
after 45 min of blending, to long EPDM ellipsoids and



Fig. 3. SEM micrographs of Blend 5 after different times of mixing: PP/EPDM (80/20, pre-crosslinked EPDM: REF, gEPDM = 0.998). Sampling at: (a) 3 min; (b)
8 min; (c) 18 min; (d) 28, and (e1 and e2) 45 min.
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nodules of around 50 and up to 200 lm as shown in
Fig. 3e1 and e2. Furthermore, it could not notice any EPDM
nodule of a size below 50 lm at any stage of the blending.
The large EPDM nodules get stretched and deformed by the
shearing and broken down into smaller nodules and ellip-
soids, but the quality of the dispersion is still quite rough
and leads to a heterogeneous material due to the size
(�50 lm) of the EPDM phase.

3.2. PP/EPDM (30/70) blends

This blend is surely the most interesting one as PP/
EPDM (30/70) blend can lead to co-continuous morpholo-
gies as in TPV systems. As exhaustively discussed in our
previous paper [45], the blend made of un-crosslinked
EPDM shows a perfectly homogeneous and co-continuous
morphology where the size of the two continuous phases
ranges from around 1 to 2 lm with nodules of one phase
included into the other of dimensions varying from 50 to
500 nm (Fig. 4a1 and a2). Upon these results we studied
the morphologies of the blends made of pre-crosslinked
EPDM at this precise blend composition to assess the im-
pact of the crosslink density of the EPDM on the final blend
morphology.

Hence, Fig. 4b1 and b2 show that Blend 6 (pre-cross-
linked EPDM: REF1/30, gEPDM = 0.7) is partially made of a
clearly continuous PP phase with numerous EPDM nodules
of a few micrometers wide perfectly included into it. How-
ever, some large co-continuous regions are still presents.
As a matter of fact, as this EPDM has a very low but yet sig-
nificant pre-crosslink density its viscosity is obviously
higher than an un-crosslinked EPDM. Nevertheless, this
pre-crosslinked EPDM has actually been quite well dis-
persed in the matrix and the morphological changes are
not so important since, apart from some residual nodules,
Blend 6 is co-continuous in its majority. Some nodules
are still present and the morphology is not as thin and
homogeneous as the un-crosslinked blend, but the chemi-
cal network has actually been efficiently fragmented and
dispersed in the thermoplastic leading to a partially co-
continuous blend.

On the contrary, all other blends (7–10 i.e. for
gEPDM > 0.896) do not present a co-continuous morphology.
Blend 7 (pre-crosslinked EPDM, gEPDM = 0.896) shows
numerous large EPDM fragments and its dispersion within
the continuous PP matrix has not been very effective. Fur-
thermore, micrographs of Blends 8–10 (pre-crosslinked
EPDM, gEPDM = 0.896, 0.989 and 0.998, respectively) show
that the higher the original EPDM crosslink density, the
less it gets fragmented and dispersed.

More particularly, the PP phase can be clearly distin-
guished from the removed clusters and fragments of EPDM
by a selective solvent. Nevertheless, the extraction of such
big EPDM fragments was not fully achieved due to their
impressive size and rough shape as we can see for Blends
8–10. At this stage of the blending some huge aggregates



Fig. 4. SEM and TEM micrographs of PP/EPDM blends (30/70) after 10 min of mixing. In the following caption, gEPDM is the gel fraction of the EPDM phase.
(a1 and a2) Un-crosslinked blend (UnCross2) at different scales. (b1 and b2) Blend 6 (EPDM: REF1/30 � gEPDM = 0.7). (c) Blend 7 (EPDM: REF1/10,
gEPDM = 0.896). (d) Blend 8 (EPDM: REF1/7, gEPDM = 0.962). (e) Blend 9 (EPDM:REF1/4, gEPDM = 0.989). (f) Blend 10 (EPDM:REF, gEPDM = 0.998). (g1 and g2)
Dynamically crosslinked blend (DynCross2, gEPDM � 1).
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are fully included in the continuous PP matrix and very few
micron-size nodules of EPDM are present in the PP phase. As
a matter of fact, Blends 8–10 could not be molded properly
under a press and turned into powders due to the presence
of too numerous and huge heterogeneities.

Therefore, increasing the gel fraction above 0.7 prevents
any proper dispersion of the EPDM and homogeneous
morphology under these processing conditions. The pre-
crosslinked EPDM fragments did not sustain a sufficient
continuous shearing and then could not be deformed, bro-
ken and dispersed properly. Furthermore, as it can be seen
in Fig. 4g1 and g2 the dynamic-crosslinked blend (Dyn-
Cross2, gEPDM = 1) exhibits a co-continuous structure which
is very similar to the one generally observed for TPVs based
PP/EPDM. We can thus assess the morphological differ-
ences induced by the dynamic crosslinking of the EPDM
phase in presence of PP in opposition to the simple blend-
ing of the pre-crosslinked EPDMs with PP. Indeed, the dis-
persion of a pre-crosslinked EPDM phase having a very
high insoluble fraction (gEPDM P 0.896) is very rough and
lead to a very coarse morphology as seen for Blend 10
while the dynamic crosslinking of the EPDM under shear-
ing leads to a fine and regular co-continuous morphology
under the processing protocol. Actually, above a gel frac-
tion of 0.7 the EPDM phase cannot be properly dispersed
under these experimental conditions. The impact of the
crosslinking route is thus straightforward. As a conclusion
from a practical point of view, it is necessary to disperse
the EPDM phase before its gel fraction reaches 0.7 in order
to obtain a co-continuous morphology.

Regarding tensile mechanical properties, Blends 8–10,
similarly to Blends 3–5 (pre-crosslinked EPDMs, gEPDM P
0.896) show extremely poor tensile behaviours (Table 3).
These three blends do not present any co-continuity and



Table 3
Mechanical properties of PP/EPDM (30/70) blends. E: Young’s modulus, ry

the yield stress and eb the strain at break.

Blend E (MPa) ry (MPa) eb (%)

UnCross2 44 3.9 210
6 30 3.4 200
7 24 0.5 120
8–10 <20 <0.5 <20
DynCross2 27 4.7 260
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clearly show large EPDM fragments of over 100 lm roughly
dispersed in the PP matrix. These blends are not cohesive at
all and their poor mechanical properties are due to their very
coarse morphology.

However, Blend 6 (gEPDM = 0.7) shows tensile properties
very similar to the one relative to the blend made of
un-crosslinked EPDM. Among all blends prepared from
pre-crosslinked EPDM, only Blend 6 has shown a partial
co-continuity which has a significant impact on its tensile
properties. Although this blend presents some domains
with a continuous PP phase with dispersed 20 lm large
EPDM fragments and nodules, this morphology represents
only minor imperfections at a macroscopic scale for tensile
properties.

In comparison with blends based on pre-crosslinked
EPDM phase, the tensile properties of the dynamic-cross-
linked blend (DynCross2, gEPDM = 1) are much better and
consistent with TPV properties generally observed. This re-
Fig. 5. SEM micrographs of Blend 7 at different times of mixing, PP/EPDM (30/70
3 min; (b) 8 min; (c) 18 min; (d1 and d2) 28 min and (e1 and e2) 45 min.
sult proves once again the strong impact of the dynamic
crosslinking route on the final properties of TPV materials.

To complete this study on PP/EPDM (30/70) blends, the
morphology development of a blend based on the pre-
crosslinked EPDM phase (REF1/10, gEPDM = 0.896) was
investigated. Note as discussed previously, blends made
of pre-crosslinked EPDM preparations having an insoluble
fraction above 0.9 lead to un-cohesive materials after
10 min of blending. Fig. 5 shows the SEM micrographs of
the blend morphology development with the time of
mixing.

As a result, Fig. 5a1 and a2 show that, after only 3 min of
blending, the pre-crosslinked EPDM is present as frag-
ments of around 500 lm but also as sharps nodules of
2 lm dispersed in the PP continuous phase. The size poly-
dispersity is very broad and the shape of the EPDM
fragments is always sharp. The large majority of the pre-
crosslinked EPDM preparation (REF1/10, gEPDM = 0.896)
has been fragmented into 100 lm-large fragments
dispersed into the PP matrix. The EPDM network is clearly
under fragmentation and the morphology has not stabi-
lised yet. After 8 min of blending (Fig. 5b), the PP phase
is still continuous but gets richer in EPDM nodules and
the size of the EPDM fragments is clearly decreasing. The
fragmentation thus affects the entire fraction of the EPDM
which can potentially, under these conditions, be partially
broken down and dispersed within such a thermoplastic
phase. Ten minutes later of blending, we can notice in
Fig. 5c very few fragments more than 100 lm wide, some
, pre-crosslinked EPDM: REF1/10, gEPDM = 0.896). Sampling at: (a1 and a2)
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of them having a nodular shape which confirms the role of
the shearing on their deformation and stabilization. With
the increase of the time of blending, micron-size EPDM
nodules get more and more numerous, the PP continuous
phase gets richer in EPDM nodules and the number of huge
fragments of a few hundreds micrometers decreases. Final-
ly, the pre-crosslinked EPDM fragments get finely and
homogeneously dispersed as small nodules with the time
of mixing. Nevertheless there are still important sharp
fragments which have not been properly broken down
even after 45 min of shearing. Anyhow the PP phase is al-
ways clearly continuous and only very rare regions present
a slight co-continuity, indicating that such processing does
not lead to the expected morphology. Furthermore, the
fragmentation of the EPDM after 45 min of blending is still
ongoing. Even though most of the EPDM gets fragmented
into nodules, the morphology has not stabilized yet and
the blend still appears very lumpy due to some remaining
sharp EPDM fragments having a broad size polydispersity.
4. Discussion

First of all and from a qualitative point of view, it can be
concluded from the blend morphologies (PP/EPDM: 80/20
or 30/70) that the dispersion of pre-crosslinked EPDM
strongly depends on its crosslinking density. Furthermore,
a gel extent close to 0.7 appears to be a critical crosslinking
density for morphology development. Indeed, only pre-
crosslinked EPDMs having a gel fraction below 0.7 have
been significantly fragmented and dispersed homoge-
neously in presence of PP.

Regarding blend with a continuous PP phase (PP/EPDM:
80/20, gEPDM = 0.7), the morphologies (Fig. 2b) are quite
similar compared with the morphologies of un-crosslinked
(Fig. 2a) and dynamic-crosslinked (Fig. 2g) blends. At high-
er crosslinking density (gEPDM P 0.896), a coarse morphol-
ogy with a characteristic size of few hundred micrometers
is observed. A longer time of mixing over 45 min, only re-
duced the morphology size to around 50 lm. However,
compared with the initial macroscopic-size of pre-cross-
linked EPDM (1 mm3) the size of the pre-crosslinked EPDM
has been reduced by a factor 20. On the other words, the
cubic-shape initial pellets of EPDM have been divided in
ellipsoid-shape smallest particles 8000 times as numerous.
Such mechanism of size reduction of elastic particles can
be only achieved by an erosion process due to the stress
applied by the viscous matrix (PP continuous phase).
Actually, in the hypothesis of a homogeneous blend having
a continuous PP matrix and submitted to a shear rate _c the
applied stress can be simply expressed by: s ¼ g _c.
According to the mixing condition, _c can be approximated
by: _c � 0.8 � N with N the number of rotations per minute.
Consequently with: g�PP ’ 2000 Pa s, the imposed shearing
stress is approximately 80 kPa. This value can be qualita-
tively compared to the tensile properties at break of the
EPDM preparations (rr = 440 kPa, as presented in Table 1).

Regarding blends with a rich EPDM phase (PP/EPDM:
30/70), the morphology of Blend 6 (gEPDM = 0.7, Fig. 4b1
and b2) are totally different of the morphology of un-
crossslinked blend (UnCross2, gEPDM = 0, Fig. 4a1 and a2).
Actually the blend morphology of Blend 6 is similar to
the morphology of the dynamic-crosslinked blend
(gEPDM = 1, Fig. 4g1 and g2). At higher crosslinking density
(gEPDM P 0.896, Blends 7–10), a coarse morphology of few
hundred microns can be observed. Note that Blends 8–10
(gEPDM P 0.962, 0.989 and 0.998) turned into powder dur-
ing mixing. Such phenomenon is due to the mechanical
grinding action (shearing in the gap between the rotor
and chamber surface of the mixer) of the pre-crosslinked
EPDM phase. However, a spectacular reduction of the mor-
phology size with a co-continuous morphology of Blend 7
(gEPDM P 0.896, Fig. 5e1 and e2) can be achieved by mixing
longer (45 min) even some EPDM domains of few micron
are still present.

From mechanical point of view, quite different results
can be derived depending on EPDM phase concentration
and crosslinking density. The mechanical properties of
Blends 1–5 (PP/EPDM 80/20) are totally ruined (eb < 20%)
compared with un-crosslinked and dynamic-crosslinked
samples (eb > 500%) although all these blends have appar-
ently the same type in size of morphology. On the contrary,
compared with Blend 1 (PP/EPDM (80/20, gEPDM = 0.7),
blend 6 (PP/EPDM (30/70, gEPDM = 0.7) presents mechanical
properties (eb = 200%) similar with un-crosslinked (Un-
Cross2, eb = 210%) and dynamic-crosslinked samples (Dyn-
Cross2, eb = 260%). For such blends and from a mechanical
point of view, the critical concentration is in the range be-
tween 0.7 < gEPDM < 0.896.

To understand the interrelation between morphology
and mechanical properties of PP/EPDM (pre-crosslinked,
or dynamic-crosslinked) blends, the morphology develop-
ment of un-crosslinked system must be discussed.
Actually, the phase continuity and co-continuous morphol-
ogies of PP and un-crosslinked EPDM have been recently
investigated by Bhadane et al. [54,55]. First of all, blends
of EPDM and PP are characterized by a very low interfacial
tension of about 0.3 mN/m. As a result, the miscibility–
immiscibility issue in this blend system is an important
feature. This issue is complex and still controversial in
the literature as the morphology are observed at room
temperature and are not then a faithful image of the mor-
phology in molten conditions. However, Bhadane et al. [54]
demonstrated that PP/EPDM blends are partially miscible
in the melt and that the crystalline nature of PP forces
the blend to completely phase separate upon cooling. Fur-
thermore, they showed [55] for low concentrations EPDM
in the blend that EPDM phase coexists in a variety of unex-
pected morphologies such as stable isolated nanometer
diameter fibers, very large particles, partially coalesced
particles and numerous particles interconnected by nanof-
illers. This unusual morphology development leads to a no-
vel co-continuous structure. Such a structure was not
reveal in the present work since only the EPDM phase
was selectively removed and the sample was analysed by
SEM. However, image analysis (Fig. 4a1 and a2) at higher
concentration of EPDM shows this unusual morphology
at the co-continuity. SEM image (Fig. 4a1) shows a usual
morphology at the co-continuity while TEM image
(Fig. 4a2) shows an unusual morphology as described by
Bhadane et al. [54,55]. This novel co-continuity structure
is made of interpenetrated phases at the micro-scale, each
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phase including at a nanoscale droplets or filament of the
other phase.

Regarding pre-crosslinked PP/EPDM blend, it can be
then assumed that the permanent elasticity of the EPDM
phase totally changes the mechanisms of morphology
developments in such blends. However, the apparent
viscosity ratio p ¼ g�EPDM=gPP at _c ¼ 50 s�1 is close to 1 for
Blend 1 (gEPDM = 0.7). According to our previous work
[56] on blends of high viscosity ratio, the Taylor model
[57] can be successfully used even this model does not take
into account elastic effects. Actually, the shear viscosity ra-
tio is the dominant parameter in droplet deformation
whereas the Taylor–Rayleigh instabilities could be the rel-
evant mechanism of droplet break-up under shear (p < 4).
Nevertheless the surface erosion of the EPDM particles is
a priori the dominant parameter as already pointed out
by Mighri and Huneault [58]. These authors undoubtedly
showed that in viscoelastic materials at high shear stress
the actual deformation of dispersed droplets cannot follow
any type of Taylor–Rayleigh mechanism.

Furthermore, for droplet systems having a permanent
elasticity we observed [59] a severe decrease of droplet
deformation for elastomer droplets having gel fraction
higher than 0.7. This critical gel fraction was also reported
in other works. For example, Fenouillot and Perrier-Camby
[60] observed that, for a thermoplastic/thermoset with a
gel fraction between 0.4 and 0.7, it was possible to make
long and thin elastomeric fibers, which can potentially
break-up into droplets, within a thermoplastic matrix.
Few years later DeLoor et al. [61,62] showed the equilib-
rium between break-up and coalescence of a in situ cross-
linked dispersed phase was shifted toward coalescence,
whereas at high extent (gel fraction of the dispersed phase
higher than 0.6), the classical mechanisms were largely
modified and replaced by a ‘‘coagulation” mechanism. Fur-
thermore, it was shown that, for the fully crosslinked dis-
persed phase, the final morphology remained remarkably
stable during successive extrusion steps. To sum up, all
the results of the literature agree with the same order of
magnitude of the gel fraction of the dispersed phase
(g � 0.7) as the critical value for drastic modification of
break-up and coalescence mechanisms.

Finally, regarding the morphology of PP/EPDM, Bhadane
et al. [55] showed that un-crosslinked EPDM tends to form
an interconnected dispersed phase made of nodules linked
by nanofibers. Such type of morphology was also observed
for another low interfacial tension systems [63] such as
high mass molar PP dispersed in low molar mass PP. The
main mechanism of this morphology development is the
collision-coalescence-separation type erosion mechanism
for high viscosity ratio. But a blend made of pre-cross-
linked EPDM with a perfectly homogeneous chemical net-
work cannot lead to such a complex structure. This
explains the extremely poor mechanical properties of all
blends made of pre-crosslinked EPDMs. Nevertheless, the
blend with a majority of pre-crosslinked EPDM phase
presents good mechanical properties (compared with un-
crosslinked and dynamic-crosslinked samples). This
phenomenon can be explained by possible coalescence
mechanism near the co-continuity of the pre-crosslinked
EPDM domains even at a gel fraction around 0.7. This
discussion leads to the following question: Why dy-
namic-crosslinked PP/EPDM blends (TPV) have so good
and specific mechanical properties? As generally admitted
and observed, the crosslinking reaction of the EPDM phase
must be longer than the characteristic time of mixing.
According to the present results, the time of crosslinking
is the time necessary to reach a gel fraction of the EPDM
phase close to 0.7 and the time of mixing is the time
needed to obtain the morphology observed in un-cross-
linked blends. Consequently, the best route from a process-
ing point of view should be to add the crosslinker system
just after the blending stage of both thermoplastic and
elastomeric phases. However, this conclusion is a simply
view of the complexity of the morphology development
in TPVs elaboration. Furthermore, Litvinov [51] from Pro-
ton NMR relaxation experiments suggested that the poly-
propylene rich chain fragments of EPDM and the
amorphous PP phase form a thin interfacial layer which
is the source of physical junctions (or entanglements) at
the EPDM/PP interface. It is then clear that such interface
cannot be reached for pre-crosslinked EPDM phase as they
behave as elastic domain without any mobility of the
EPDM chains. However, such behaviour can be expected
for low density crosslinking (gEPDM < 0.7) of the EPDM
phase as some chains and more precisely the shortest
one are free to reptate to the interface.

From a chemistry point of view, the homogeneity con-
ditions of the crosslinking reaction are also questioning.
Regarding dynamic-crosslinked blend, EPDM domains can
present a gradient of crosslink density due to the specific
processing condition during which the crosslinker diffu-
sion is in direct competition with the dispersion of the
EPDM domains. Then, some EPDM domains, domains with
a low crosslinking density, can sustain an erosion mecha-
nism thanks to a partial inter-diffusion/agglomeration be-
fore to be reach the critical crosslinked density (gEPDM =
0.7). Note that this mechanism of erosion is quite different
of the mechanism observed for pre-crosslinked EPDM do-
main at higher crosslinking density (gEPDM P 0.896).
5. Conclusion

The main objective of this work was to study the disper-
sion mechanisms under mixing of pre-crosslinked and
plasticized EPDM networks in presence of polypropylene
in various proportions. Furthermore, the morphologies
and mechanical properties of such samples were compared
with un-crosslinked and dynamic-crosslinked blends made
in the same proportions. Consequently, this paper aimed at
better understanding the various mechanisms of fragmen-
tation and dispersion involved in the morphology stabil-
ization of thermoplastic vulcanizates. As far as we know,
no such work has been quantitatively reported in the liter-
ature yet.

First of all and under our experimental conditions of
shearing, it appeared possible to fragment and homoge-
neously disperse EPDM networks having a gel fraction as
high as 0.7 into a thermoplastic matrix, whatever the pro-
portion of the PP/EPDM phases (80/20 or 30/70). Above
this critical value, the pre-crosslinked EPDM networks
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are not dispersed efficiently into fine particles, leading to
coarse morphologies with quite large remaining fragments
(size of 200 lm of order of magnitude with a broad distri-
bution) which act as strong imperfections literally ruining
the macroscopic properties of the blends.

Although the Rayleigh–Taylor instabilities can be in-
volved in such immiscible blend morphology development,
another dominant mechanism such as erosion has to be ta-
ken into account depending on the EPDM crosslink density
and concentration in PP/EPDM blends.

Actually, two mechanisms of erosion are mainly
observed for EPDM depending on gel fraction. For cross-
linking density, such as gEPDM < 0.7, a particle collision-coa-
lescence-separation type of erosion proposed by Bhadane
et al. can be assumed. However, we suppose from mechan-
ical properties that morphology at the nanoscale cannot be
achieved from pre-crosslinked EPDM even at low cross-
linking density. At higher crosslinking density (gEPDM > 0.7)
another mechanism of erosion, observed to be time depen-
dent, can be suggest. This mechanism is only pure mechan-
ical erosion by stress break-up of EPDM domains. At low
concentration of the EPDM phase (20%), the stress is ap-
plied through the viscosity of the molten PP while at higher
concentration of EPDM (70%) pure mechanical breaking
(grinding process) induces a rough but effective breaking
up of the EPDM fragments.

Finally, the crosslinking under mixing of the EPDM phase
in molten PP (i.e. dynamic crosslinking) leads to a very fine
and homogeneous morphology with a complex and cohe-
sive EPDM structure. Such samples lead to improved
mechanical properties. The advantage of the crosslinking
under shearing, compared to the fragmentation and disper-
sion of pre-crosslinked EPDM in presence of a thermoplastic
phase, appears clearly vital to elaborate cohesive TPVs. From
our results it can be concluded that the crosslinking time
(time needed to reach gEPDM = 0.7) must be longer than the
time of mixing (time necessary to get the morphology by a
type of erosion). Furthermore, it appears from this study
and conclusions that a gradient a crosslinking density is re-
quired to have the best mechanical properties. However fur-
ther works are needed to check this hypothesis.
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