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Viscoelasticity of randomly crosslinked EPDM networks
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Abstract
The network structure of plasticized EPDM compounds, crosslinked with resol at different concentrations, was studied by means of rheo-
logical methods consisting in oscillatory shear tests, to determine the equilibrium modulus Ge, and long-time relaxation tests in compression
followed by strain recovery (a protocol that also yielded values of the compression set of the samples). Ge results were analyzed with respect
to the phenomenological model of Langley and Graessley which takes into account the contribution of crosslinks and trapped entanglements to
the shear equilibrium modulus. A correction was introduced in order to take into account the presence of plasticizer. The measurement of the
soluble polymer fraction in the different samples allowed a more detailed characterization of the networks to be carried out, following a molec-
ular approach by Pearson and Graessley. This method enabled to calculate the crosslink density and trapping factor, but also to compute the
probability j1 for an un-crosslinked polymer unit to belong to a dangling chain. This probability was shown to increase as resol concentration,
and then crosslink density, decreased. The empirical ChasseteThirion equation was used to model the long-time relaxation data for each sample.
ChasseteThirion parameters were interpreted by Curro and Pincus within a theoretical framework based on the idea that the longest relaxation
times are associated with the pendent chains of the network. The relaxation times, obtained from the fitting of experimental relaxation moduli,
dramatically increased as the crosslink density decreased. This result corroborates the evolution of j1: both tend to demonstrate that in the pres-
ent compounds, the decrease of crosslink density is accompanied by an increase of the number and length of the dangling chains, leading to
increasing relaxation times. The large soluble fraction and long pendent chains of samples showing the lowest crosslink densities were respon-
sible for their poor elastic recovery. The relaxation data were used to model the elastic recovery of the compounds and predict their compression
set profiles. Very satisfactory agreement was obtained between experimental data and computations.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Ethyleneepropyleneediene (EPDM) terpolymers are elas-
tomeric materials which combine a saturated polymer backbone
with residual unsaturations as side groups. As a consequence,
they are more resistant to oxygen, ozone, UVand heat than com-
modity polydiene elastomers. Their resistance to swelling in
apolar fluids, such as oil, is, however, poor. The diene mono-
mers used in commercial EPDM terpolymers are very few: 5-
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ethylidene-2-norbornene (ENB), dicyclopentadiene and 5-vi-
nylidene-2-norbornene are currently the only ones. Most
EPDM applications require its crosslinking. This is achieved
by using mainly three types of crosslinking agents: sulfur, per-
oxides and alkylphenoleformaldehyde resins (resols). Peroxide
is gradually gaining importance at the expense of sulfur, essen-
tially because of the high thermal stability of the CeC intermo-
lecular bonds formed in co-agent-assisted peroxide crosslinking
of EPDMs. This matches the growing high-temperature demand
of end-users. Resols also provide high-temperature stability and
are employed preferentially in thermoplastic vulcanizates
(TPVs), which generally comprise a polypropylene phase
which would deteriorate if peroxides were used.
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The mechanisms of the different reaction schemes imple-
mented for EPDM crosslinking have been derived from studies
either aimed at modeling the rubber crosslinking chemistry by
use of low molar weight model olefins or at direct analysis of
the crosslinked material. However, due to the low unsaturation
content of EPDM, the use of spectroscopic techniques initially
suffered from analytical sensitivity problems. These were over-
come with technological evolutions, allowing infrared and solid
state NMR spectroscopies to become the main direct analytical
techniques for crosslinked elastomers. For instance, infrared
spectroscopy was proved to be very valuable in analyzing
the mechanism of co-agent-assisted peroxide vulcanization of
EPM and EPDM [1e3]. Various examples of 13C solid state
NMR-based studies of EPDM networks can also be found in
literature, investigating either sulfur [4,5] or peroxide crosslink-
ing [6,7]. As far as resol crosslinking is concerned, few studies
have been published, mostly relying on model systems [8].
Practically, resol cure is generally activated in order to achieve
sufficiently high cure rates and degrees of crosslinking. This
consists in introducing an acid species (e.g. stannous chloride,
or an acid released by another chemical) that enhances cure rate
via a carbo-cationic mechanism [9].

From an academic point of view, the chemistry of EPDM
crosslinking is now understood satisfactorily, and the different
mechanisms are summarized in Ref. [9]. However, the kinetics
of EPDM crosslinking is usually studied with rheometers, and
interpretation in terms of standard chemical reaction kinetics
is therefore not straightforward. Moreover, the effects of the
additives entering EPDM formulations (oil, fillers and other
chemicals) on the crosslinking reaction are not yet character-
ized completely. However, proton NMR T2 relaxation analysis
of sulfur-vulcanized, oil-extended EPDM specimens very
interestingly enabled several relationships to be established
between sample composition, molecular mobility and the net-
work density [10].

The traditional methods for analyzing rubber networks
are equilibrium swelling measurements and viscoelastic or
mechanical testing. The analysis of such properties has been
practiced for long to demonstrate the existence of different
network features and has supported the development of the
first theoretical models like the affine [11] or the phantom net-
work models [12]. In the former, the shear modulus is given by

Gaffine
e ¼ nRT ¼ rRT

Mc

ð1Þ

where n is the density of elastically active chains and Mc the
average molar weight of these chains. An elastic chain is
defined as a chain attached to the network at each of its two
ends. For the phantom model, the junctions (crosslinking
points) are free to fluctuate and the shear modulus is thus
lower than in the case of the affine network.

Gphantom
e ¼ ðn� mÞRT ð2Þ

where m is the density of junctions.
The phenomenological model developed by Langley [13]

and Dossin and Graessley [14] involves an additional term
accounting for the topological contributions. According to
the entanglement interpretation of the topological contribu-
tions, a portion of the restrictions on configurational rearrange-
ments of macromolecules becomes permanently trapped when
a network is formed and therefore is able to contribute to the
equilibrium elasticity. The modulus can be expressed as

GLangleyeGraessley
e ¼ ðn� hmÞRT þGmax

e Te ð3Þ
where h is an empirical parameter between 0 and 1. Te is the
fraction of trapped entanglements in the network, i.e. the pro-
portion of the maximum concentration of topological interac-
tions that contributes to the modulus. Gmax

e is the maximum
topological contribution. It is expected to be very close to
G0

N, the plateau modulus of the un-crosslinked, high molar
weight polymer. More recently, the slip-link model [15,16] re-
fined the modeling of entanglements as slip-links joining poly-
mer chains together and likely to act as additional crosslinks.

Discrepancies between theory and experiment still remain
and the role of chain entanglements, network defects such as
dangling chains, and network heterogeneities, is certainly a
key issue. Ferry [17] suggested that the molecular mechanism
responsible for the long-time relaxation process is the diffusion
of dangling chain ends in the presence of entanglements. The
contribution of the latter to the elastic modulus was illustrated
for example by Patel et al. [18], by means of mechanical testing
and equilibrium swelling measurements. These workers com-
pared ‘‘ideal’’ polydimethylsiloxane networks (formed from
pure difunctional PDMS, which yielded perfect networks with-
out pendent chains) with imperfect ones having an equivalent
value of n but containing many pendent chains, created by using
monofunctional PDMS mixed with the difunctional species.
NMR can also be considered for characterizing the statistical
structure of randomly crosslinked materials, as demonstrated
for instance by Viallat et al. [19] who investigated the mecha-
nisms of swelling and related changes of chain segment confor-
mation in EVA/EMA gels in the presence of increasing
concentrations of solvent.

Of course the viscoelastic behavior of vulcanizates has
been investigated intensively in relation to their network fea-
tures. The introduction of polymer dynamics concepts allowed
some progress in the molecular theories developed for such
vulcanizates. A molecular interpretation of the long-time
relaxation of elastomers, based on the results by De Gennes
[20] for the reptation of a single branched chain with topolog-
ical constraints, was first given by Curro and Pincus [21].
Their model is based on the retraction of pendent chains in
a crosslinked network with topological constraints (entangle-
ments). It predicts that a polymer network containing a random
distribution of dangling chain ends leads to a relaxation mod-
ulus having a power law dependence on time [21,22], as in the
phenomenological Chasset and Thirion equation [23]. Indeed,
Chasset and Thirion postulated in 1960s that an excellent rep-
resentation of the isothermal relaxation modulus data for many
rubbers can be given by
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EðtÞ ¼ EN

�
1þ

�
t

t0

��m�
ð4Þ

for long times t. EN is the equilibrium modulus, and m and t0

are material parameters. So, Curro and co-workers provided an
a posteriori theoretical background to this empirical equation
and supported the conjecture of Ferry [11] that dangling chain
ends lead to extremely long viscoelastic processes. Curro and
Pincus theory predicts that the model parameter m is propor-
tional to crosslink density, which was found to be in agreement
with some experimental data on natural rubber. However, this
point was discussed and criticized by McKenna and Gaylord
[24]. In the following decade, end-linked elastomers like poly-
dimethylsiloxanes were preferred for studying the terminal
relaxation behavior of networks with dangling chains since,
contrary to randomly crosslinked networks, the former allow
to decouple the effect of crosslink density from that of the mo-
lar weight of pendent chains. This enabled some studies to
focus on the dependence of the ChasseteThirion exponent m
with the molar mass and the distribution of molar masses of
pendent chains or, for instance, with their number of entangle-
ments [25,26]. Consistent trends were observed in both stud-
ies, showing that m is inversely related to the mass average
molar mass of the pendent chains (and then, the number of
entanglements per dangling chain).

As far as industrial development is concerned, the relaxa-
tion mechanisms in the long-time limit are of great importance
because they define the elastic properties and creep behavior
of crosslinked elastomers. Among numerous other experimen-
tal procedures, the compression set test is commonly carried
out. It reflects the elastic recovery properties of elastomeric
materials. However, through a viscoelastic analysis like that
of Joubert et al. [27], who followed the molecular approach
developed by Curro and co-workers [21,22], the results can
be discussed on the basis of molecular mechanisms in the
long relaxation times and can therefore be correlated to the
structure of the crosslinked network. Indeed, in Joubert’s
paper, ethylene-vinyl acetate samples crosslinked by two
methods could be clearly distinguished from the elastic recov-
ery point of view with respect to their microstructure.

Upon literature overview, it is striking that, in the case
of EPDM, viscoelastic analysis is not very much developed.
Actually, despite its intensive use in industrial applications,
EPDM is a complex polymer whose microstructure has often
been said to contain ‘‘microgels’’, i.e. microcrystalline re-
gions, which make rheological analysis even more critical.
Therefore, the majority of studies devoted to it relies on
NMR spectroscopy, as previously mentioned. This technique
allows network density analysis in terms of chemical cross-
links as well as temporary and trapped entanglements. It is
also possible with the T2 relaxation method to estimate the
amount of highly mobile chains, i.e. extractable material and
network defects as dangling chains and chain loops. In the
case of plasticized EPDM compounds, increasing oil content
causes the decrease of entanglement density [10]. EPDM net-
work density was shown to largely influence the mobility of
oil molecules, which is more hindered as the network density
is higher. These observations emphasize the interest of NMR
spectroscopy as a complementary technique to rheology for
the investigation of the structural characteristics of rubbery
networks such as topology, heterogeneity (molar mass distri-
bution of network chains) and amount of defects, which all
could largely influence volume average chain dynamics and
macroscopic properties.

Thus, the aims of the present paper are (i) to characterize
the structure of oil-extended EPDM networks by performing
classical physico-chemical and viscoelastic measurements in
relation with relevant molecular models, in the purpose of
(ii) analyzing the role of entanglements and dangling chain
ends and (iii) modeling their long-time relaxation behavior
to be able (iv) to predict compression set data from relaxation
data.

2. Experimental
2.1. Materials
Experiments were carried out with EPDM Vistalon
8800 (ExxonMobil Chemical), in which the diene species
is ethylidene norbornene (ENB). The following values of
molar weight were measured: Mn ¼ 160; 000 g=mol and Mw

¼ 310; 000 g=mol. The molar content of each component in
the terpolymer was assessed by 13C NMR: 59.5 mol% ethyl-
ene, 38.3% propylene and 2.2% ENB. Vistalon 8800 actually
comprises neat EPDM with a specific gravity of 0.86 g cm�3,
extended with 13% (w/w) paraffin oil. This results in a
total specific gravity of 0.87 g cm�3 and a Mooney viscosity
ML(1 þ 4) of 73 at 125 �C. Additional paraffin oil (Torilis
7200, TotalFinaElf, France) was incorporated to Vistalon
8800 to mimic industrial compositions. The specific gravity
of this plasticizer is 0.90 g cm�3 at 20 �C. Its proportion in
the binary EPDM/plasticizer mixture was set to the industrial
standard for most samples, i.e. 60 wt.% or phr (grams per
hundred grams of Vistalon 8800). The corresponding
volume fraction of plasticizer (initially presentþ added) is
0.44.

Radical crosslinking of EPDM was carried out by means of
an octylphenoleformaldehyde resin (SP1045, Schenectady
International, USA) called resol in the following. The refer-
ence amount of resol was 4% w/w (or phr) on EPDM basis
and 0.6 phr SnCl2 was used for crosslinking catalysis. In order
to vary the degree of crosslinking from the standard formula-
tion, the materials were prepared with diverse amounts of cur-
ing resin: 1, 1/4, 1/7, 1/10 and 1/30 of the reference quantities
of resol, and an un-crosslinked sample was made for compar-
ison (0 phr resol). All samples were prepared with a constant
content of 0.6 phr of stannous chloride, SnCl2. In the follow-
ing, materials crosslinked with the regular amount of curing
additives will be named ‘‘reference’’ samples (REF), whereas
the others will be referred to via the corresponding ratio of
crosslinking agent (RES0, RES1/4, RES1/30.).

The polymer and chemicals were kindly supplied by
Hutchinson (Chalette-sur-Loing, France). They were used as-
received from the supplier.
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2.2. Sample preparation
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Fig. 1. Evolution of the normalized storage modulus G0/G0p with shear strain

(200 �C, 6.28 rad s�1). G0p is the low-strain plateau modulus.
The blends of the polymer, processing oil and curing
system were prepared in an internal batch mixer (Haake Rheo-
mix 600, Thermo Electron), at the temperature of 120 �C. The
following protocol was adopted: first, the polymer was intro-
duced (at time t¼ 0) into the cavity and sheared by itself for
5 min at 120 rpm in order to ensure thermal homogenization.
The plasticizer was then poured in and the two components
were mixed for the necessary time to reach torque stabiliza-
tion. Before the introduction of the curing system, the temper-
ature and rotation speed were decreased (80 �C and 50 rpm,
respectively) and torque stabilization was waited for, again.
The curing system (resinþ catalyst) was then introduced and
mixing was allowed to go on until torque started to increase.
The blend was rapidly dumped in order to prevent the cross-
linking reaction from occurring inside the mixer.

After dumping, test samples of every composition were
compression moulded into 1-mm thick sheets for 5 min
at 110 �C (no crosslinking occurred during this operation).
Some of them were aimed at viscoelastic measurements for
monitoring the crosslinking reaction at 200 �C, and assessing
the reaction time and material thermal stability. Then, the other
samples were crosslinked during molding in press at 200 �C for
different times corresponding to the completion of reaction.

All samples were stored away from light at room
temperature.
2.3. Measurements of the polymer soluble fraction
The total soluble weight fraction in the crosslinked samples
was extracted with tetrahydrofuran using standard procedure,
over 96 h with several renewals of the solvent. Since this
soluble fraction includes all the plasticizers initially present
in the sample, the soluble polymer weight fraction ws could
be expressed with respect to the mere sample polymer content,
after subtraction of the plasticizer amount.
2.4. Viscoelastic measurements in oscillatory mode
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Fig. 2. Viscoelastic behavior of un-crosslinked EPDM in the linear domain at

200 �C: G0 (open symbols), G00 (closed symbols) and h* (crosses). 6, : and

þ: non-plasticized EPDM Vistalon 8800. B, C and �: EPDM Vistalon 8800

plasticized with 60 phr oil (volume fraction of EPDM: f¼ 0.56).
All specimens (un-crosslinked and crosslinked) were tested
in the form of 1-mm thick disks on a Rheometrics RMS800
rheometer under nitrogen atmosphere, using either 13 mm or
25 mm parallel plate geometry (depending on the torque
level), in the linear viscoelastic regime. The extent of the lin-
ear viscoelastic domain was determined by means of strain
sweeps as illustrated in Fig. 1. It can be noticed that the maxi-
mum strain for linear viscoelasticity is at least 20e30% for
samples RES1/30, RES1/10 and RES1/7, whereas RES1/4
and REF exhibit non-linear behavior at strains exceeding ca.
10% and 1%, respectively. The evolution of the viscoelastic
properties of the un-crosslinked polymer upon addition of
plasticizer was examined in a previous paper [28] and is illus-
trated in Fig. 2.

The evolution of the dynamic moduli G0 and G00 and of the
loss tangent tan d during crosslinking of the polymer matrix
was followed by time sweep oscillatory shear experiments
(u¼ 6.28 rad s�1) at 200 �C. The time at which no further sig-
nificant variation of the moduli occurred was considered as the
time necessary for the chemical reaction to be completed and
therefore determined the duration of the molding operation for
the samples to be cured directly after being dumped from the
batch mixer. At the end of each of the time sweep experiments,
a frequency sweep was performed in order to characterize the
network formed. The value of the equilibrium modulus Ge was
determined from the low frequency plateau exhibited on G0

plots.
2.5. Long-time relaxation measurements
and compression set tests
Cured samples were submitted to a compression set test,
with a dynamic mechanical analyzer (DMA 2980, TA Instru-
ments, USA) allowing relaxation experiments, according to
the following protocol. A 4-mm diameter, 1.3-mm high cylin-
drical sample was placed between the plates and submitted to
a compression strain of 25% for 10 h (sample initial height and
deformation were controlled very precisely on the apparatus),
while recording the stress relaxation. At the end of this time,
the stress was instantaneously removed, allowing for strain
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recovery, which was monitored for another 10 h. The test tem-
perature was 100 �C. It must be reminded that under 25%
strain, all the samples except for REF and RES1/4 remained
within their linear viscoelastic domain.

3. Modeling of the elastic modulus of the networks

It must be noted that Eqs. (1)e(3) were developed for
‘‘dry’’ networks and have to be modified for networks which
contain a soluble species acting as a diluent. The expression
for the modulus of the ‘‘dry’’ network after extraction is sim-
ilar to the one derived by Flory [11] for a network swollen in a
solvent, and can be written as

Ge=RT ¼ ðn� mÞð1� usolÞ1=3 ð5Þ

for a phantom network. usol is the volume fraction of the sol-
uble species. As mentioned previously, the characteristics of
the networks were derived from the experimental determina-
tions of the equilibrium modulus Ge and the soluble fraction.
We consider the phenomenological model developed by Lang-
ley, Dossin and Graessley, as presented in Eq. (3). Values of n,
m and Te can be calculated from the polymer sol fraction wsol

as will be explained later. However, our EPDM networks also
contain large amount of plasticizer and are thus swollen by
this extractable component which acts as a diluent. In order
to take this into account, corrections are introduced for the
plasticizer into both contributions to the modulus. Conse-
quently, on the one hand, the network contribution (n� hm)
RT must be corrected by q1/3, where q is the polymer volume
fraction of the compound, analogous to (1� usol) in Eq. (5).
On the other hand, the entanglement contribution is also al-
tered by the presence of oil and in that case the effect is that
of a diluent in an entangled, un-crosslinked polymer. This
point was addressed in a previous paper [28]. The terminal vis-
coelastic parameters of this EPDM in the presence of the same
plasticizer were derived from the bulk polymer ones with a cor-
rection based on the free volume theory. This correction is of
the form q2.25, as shown with different polymer systems
[29,30], which is in agreement with the founding theoretical
work by Daoud et al. [31].

Finally, the shear modulus of the network in the presence of
a plasticizer can be written as

Ge ¼ ðn� hmÞRTq1=3 þGmax
e Teq

2:25 ð6Þ

The parameters n, m and Te can be calculated using the theoret-
ical relations established by Pearson and Graessley [32,33], as
described hereafter. In our case, the soluble polymer fraction,
ws, has been measured. From this knowledge, the extent of reac-
tion p (¼fraction of crosslinkable moieties effectively involved
in crosslinks) can be computed from the following equation:

p¼ b
�
w�1=ðbþ1Þ

s � 1
��
ðrnxÞ ð7Þ

with x ¼ ð1� wsÞ and b ¼ rn=ðrw � rnÞ, where rn and rw are
the number average and weight average of crosslinkable reac-
tive sites, respectively.
A randomly chosen un-crosslinked polymer unit is con-
nected to the network in either of the following manners: it
can be connected to the gel along only one of the two paths
leading away from it (probability j1) or along both paths
(probability j2).

The probability j2 can be computed as follows:

j2 ¼ 1� 23þ ð1þ prnx=bÞ�b�1 ð8Þ

where

3¼
h
1� ð1þ prnx=bÞ�b

i.
prnx ð9Þ

and then

j1 ¼ 2ð1� 3�j2Þ ð10Þ
Finally, n, m and Te are available through

n¼ r

2M0

p
	
3j1j2þ 2j2

2



ð11Þ

m¼ r

2M0

p
	
2j1j2þj2

2



ð12Þ

Te ¼ j2
2 ð13Þ

where M0 is the molar weight of the molecular segment
between two consecutive reactive sites, i.e. between two
ENB moieties. The following value was obtained from the
ENB % and from the molar weight of the terpolymer:
M0¼ 1520 g/mol. rn and rw could then be derived: rn ¼
Mn=M0 and rw ¼ Mw=M0.

4. Modeling of the viscoelastic properties in the long-time
range: relaxation and strain recovery

Although of real interest from an industrial point of view,
the compression set property is scarcely addressed on real sys-
tems from a computational point of view. However, it can be
treated in a viscoelastic framework as demonstrated by Joubert
et al. [27]. Here, we performed similar calculations based on
the relaxation data. It must be noted that the development of
a constitutive model is beyond the scope of the present paper;
therefore the equations implemented for modeling the stress
and strain response of our materials were taken from linear
viscoelastic theory. It is clear that, as mentioned in Section
2.5, this is only an approximation for samples RES1/4 and
REF. This will be considered in the discussion of the results
(see Section 5.4). The computational method is described
below.

As mentioned in Section 1, the ChasseteThirion equation
(Eq. (4)) can be used quite satisfactorily to model the relaxation
modulus of rubbers in the long-time range. So, we determined
for each sample the values of the three ChasseteThirion param-
eters (EN, t0 and m) by fitting the experimental data from the re-
laxation stage of the compression set test. The time range over
which the fit was performed was taken between 10 min (Chas-
seteThirion model is a priori not well suited for short times)
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Table 1

Linear viscoelastic parameters of EPDM networks crosslinked at 200 �C with

different proportions of resol. Oscillatory measurements were carried out at

200 �C
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and 600 min (beginning of the strain recovery stage). However,
it was noticed that, in most cases, the fit remained very satisfac-
tory below 10 min.

Fitting this data by a mathematical equation enabled us
to extrapolate the modulus evolution to times longer than
600 min, which was made necessary for the strain recovery
modeling. Indeed, in order to calculate the evolution of the re-
sidual strain over the 10 h following the suppression of the
stress, the creep compliance had to be known over the same
time interval. It was derived from the relaxation modulus by
solving the integral convolution equation relating the relaxa-
tion modulus E(t) and the creep compliance J(t) in linear
viscoelasticity:

t ¼
Z t

0

EðuÞJðt� uÞdu ð14Þ

following the stepwise numerical method based on trapezoid
approximation described in Ref. [34]. Then, once E(t) and
J(t) were determined over the whole time domain (0e
1200 min), the Boltzmann superposition principle was used
to derive the evolution of strain as follows:

3ðtÞ ¼
Z t

�N

dsðuÞ
du

Jðt� uÞdu ð15Þ

where s is the stress. s(t)¼ 30. E(t) for t< t0 (t0 ¼ 600 min) and
s(t)¼ 0 for t< t0.

So,

3 ðtÞ
t>t0
¼ JðtÞsð0Þ þ

Zt0

0

dsðuÞ
du

Jðt� uÞduþ
Z t

t0

dsðuÞ
du

Jðt� uÞdu

ð16Þ

which yields, after integration by parts and rearrangement:

3ðtÞt>t0

30

¼ JðtÞEð0Þ þ
Zt0

0

dEðuÞ
du

Jðt� uÞdu�Eðt0ÞJðt� t0Þ ð17Þ

The evolution of the residual strain, and thus of the compres-
sion set, can then be calculated over the whole recovery stage
of the compression set experiment, i.e. from time t0 ¼ 600 min
to 1200 min. From a practical point of view, the calculations
were performed with the Mathcad7� software (Mathsoft
Inc./Parametric Technology Corp., USA).

5. Results and discussion
Resol proportions

(with respect to reference)

tan d Ge (Pa)

1 0.01 3.3� 105
5.1. Viscoelastic properties of the crosslinked
samples at 200 �C
1/4 0.07 9.8� 104

1/7 0.12 5.8� 104

1/10 0.18 3.4� 104

1/30 0.40 2.0� 103
The temperature chosen for crosslinking was 200 �C and
only the influence of resol amount on viscoelastic properties
was studied in the parallel plate rheometer. Fig. 3 exhibits
the evolution of the storage modulus G0 with time for all sam-
ples containing the crosslinking agent. All recordings exhibit
a plateau at long times which expresses the complete reaction
and thermal stability. The very beginning of the crosslinking
reaction is difficult to capture because it starts as soon as the
specimen is placed between the rheometer plates until it rea-
ches the set temperature. Nevertheless, it is clear that the
time needed by the modulus to reach a plateau gets longer
as resol concentration is lower. It can be seen that the modulus
regularly increases as resol input is increased. The frequency
sweeps performed after reaction completion yielded the
low frequency G0 (and so Ge) and tan d values reported in
Table 1. Improvement of the ‘‘perfect’’ nature of the network
can be inferred from the decreasing tendency of tan d when the
amount of curing system increases, as a consequence of the en-
hancement of the degree of crosslinking (shortening of the
elastic chains between crosslinks). A quasi-linear relationship
can be noticed between Ge and resol concentration, which sup-
ports the conclusion that the crosslinking agent efficiency does
not depend upon its concentration.
5.2. Determination of the network characteristics
according to Pearson and Graessley’s approach
As explained in Section 3, the known density of crosslink-
able sites on the polymer backbone (yielding rn and rw) and
the measured soluble polymer fraction in the formed network
(oil subtracted) ws, enabled us to derive all the structural
parameters which, within the framework of Pearson and
Graessley’s theoretical approach of randomly crosslinked



Table 2

Structural parameters for the different specimen, as computed from the theoretical relations derived by Pearson and Graessley [33]

Specimen ws
a p j1 j2 na (mol m�3) Te n/m p0 ¼ nb of crosslinks=nb of diene moieties h

REF 0.002 0.229 0.08 0.92 124 0.85 1.93 0.122 0.62

RES1/4 0.011 0.080 0.20 0.79 39 0.63 1.84 0.040 0.59

RES1/7 0.038 0.041 0.32 0.65 17 0.42 1.75 0.018 0.56

RES1/10 0.104 0.023 0.44 0.46 6.5 0.21 1.67 0.007 0.53

RES1/30 0.300 0.012 0.50 0.20 1.25 0.04 1.58 0.002 0.51

a Expressed with respect to volume of polymer without taking plasticizer into account.

1898 G. Martin et al. / Polymer 49 (2008) 1892e1901
tetrafunctional networks, reflect the evolution of the structure
when increasing the concentration of the curing agent. Table 2
presents the values of ws, from which p, j1 and j2 are com-
puted. The network characteristics n, Te, n/m and the empirical
parameter h from Langley and Graessley’s model are then
derived. The value of the ratio between the number of chem-
ical crosslinks, and the number of diene moieties (i.e. of reac-
tive sites) available in the volume considered, called p0, is also
given for comparison purposes with p. The determination of p0

required to calculate the concentration of crosslinkable sites
(i.e. ENB moieties). This concentration could be derived
from the knowledge of the ENB content of the terpolymer.
This also allowed to calculate the average molar weight of
the chain segments between two consecutive reactive sites,
M0, involved in Eq. (12). So, on the one hand, p is obtained
from a theoretical background relying only on the knowledge
of the soluble polymer fraction. On the other hand, p0 is de-
rived from the whole computation originating from p and
therefore allows a cross-checking of the results concerning
the chemical network.

Fig. 4 displays the evolutions of the major structural param-
eters, namely n, Te, j1 and j2, with the increasing concentra-
tion of resol used (expressed in phr). Logically, the crosslink
density n and the proportion of trapped entanglements Te,
which is linked to the probability j2, increase with the resol
fraction. Simultaneously, the probability of forming dangling
chains decreases. In contrast with n, which follows an almost
linear evolution with the crosslinking agent fraction, Te ex-
hibits a dramatic increase at low resol fractions, and a much
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Langley and Graessley model (Eq. (3)), derived from j1 (�) and j2 (6),

as introduced by Pearson and Graessley (Eqs. (8)e(13)).
slower increase above 1 phr resol. This was expectable, con-
sidering that from a certain network density, the long range
chain mobility is highly hindered (60% of trapped entangle-
ments) and then the possibility for a chain to ‘‘escape’’ from
getting crosslinked to others largely decreases.

Table 2 shows that the n/m ratio increases with increasing
the curing agent concentration and tends towards 2, which is
the theoretical value for tetrafunctional network. This is an
indication of the network evolving towards a more and more
‘‘perfect’’ structure when increasing crosslink density and
concomitantly decreasing dangling chain occurrence (j1).
This evolution towards a tetrafunctional network containing
supposedly less defects is supported by the comparison of p0

and p: indeed, it can be seen that the ratio p0/p gets nearer
to 0.5 as resol phr increases. For an ideal tetrafunctional net-
work, p0 should be strictly equal to p/2, since one chemical
crosslink involves two norbornene moieties. Here, the match-
ing of p0 with p/2 improves for samples closer to reference.

The last column in Table 2 presents the values of the empir-
ical parameter h, whose determination was carried out as
follows. Considering Eq. (6), it can be seen that plotting the
values of Ge/Te vs. (nRT )/Te should yield a straight line whose
slope and intercept are ð1� ðhm=nÞÞq1=3 and G0

Nq2:25, respec-
tively. Actually, we performed a linear regression over the
values, after discarding those for sample RES1/30 which
were out of range, and obtained a slope of 0.56 (correlation co-
efficient R2¼ 0.94). This enabled us to compute h for each
sample (from experimental Ge). It can be noticed that h
increases with resol fraction. As mentioned by Pearson and
Graessley, h is difficult to establish theoretically, but it should
be near 1 for highly entangled networks. So our results are
consistent with this statement, and show, as could be expected,
that the higher the crosslinking density, the higher the entan-
glement density, due particularly to entanglement trapping.

At the same time as the slope, the intercept was calculated,
yielding a numerical value of G0

N for the non-plasticized poly-
mer, which could not be measured from rheological tests on
un-crosslinked materials. Here, G0

N ¼ 2:1� 105 Pa, and
G0

Nq2:25 ¼ 5:7� 104 Pa, which would represent the plateau
modulus of the plasticized material. Considering the shapes
of the plots in Fig. 2, these values are quite realistic, but it
must be noted that for such a platicized polymer, if a plateau
existed, it would probably occur at very high frequencies.

Now, the whole set of Langley and Graessley’s model
parameters was available for recalculation of the equilibrium
modulus, Ge calc according to Eq. (6). The correlation of Ge

and Ge calc is reported in Fig. 5. Very satisfactory agreement
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Table 3

Fitted parameters of ChasseteThirion equation for the shear stress relaxation

of plasticized EPDM networks (strain¼�0.25)

Specimen EN (Pa) t0 (min) m

REF 6.3� 105 0.09 0.067

RES1/4 2.6� 105 13 0.070

RES1/7 1.2� 105 104 0.170

RES1/10 7.0� 104 512 0.184

RES1/30 4.0� 103 8000 0.348
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can be observed (slope of the regression is 0.97 and R2¼ 0.99),
which validates our approach that relies on a rubber network the-
ory expressing the topological contributions from the perma-
nently entangled chains, and also refers to another theoretical
background based on the free volume concept to account for
the diluting effect of the plasticizer. However, it must be noted
that the effect of the concentration of the latter is not addressed
in the present work, although it is likely to be of great influence
towards the crosslinking kinetics, due to the modified polymer
chain mobility, and so presumably towards network structure.
5.3. Long-time relaxation behavior at 100 �C
As mentioned in Section 1, network defects have long been
shown to mainly affect the long-time behavior of rubber vulca-
nizates. In evaluating our samples for elastic recovery after pro-
longed strain at 100 �C, the compression stage of the test was
analyzed from the viscoelastic point of view, since it corresponds
to conditions of relaxation under constant strain over 10 h.

The recordings of the modulus of the different samples are
plotted in Fig. 6. It is apparent that these relaxation curves are
not positioned in the same manner as those for Ge with respect
to resol concentration. Whereas Ge was evolving quasi-line-
arly with the latter, the relaxation plots of the least crosslinked
material (RES1/30) exhibits a different pattern from the
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under 0.25 compressive strain.
others. For quantitative comparison purposes, the data were
fitted with Chasset and Thirion equation, so that EN, t0 and
m were determined for each specimen. These values are re-
ported in Table 3.

Interestingly, the orders of magnitude of EN follow a signif-
icant evolution. The equilibrium relaxation modulus of sample
RES1/30 is clearly out of the range of the others. This has of
course to be related with the presence of un-crosslinked chains
(cf. ws) and with the amount of dangling chains (cf. j1). Al-
though it gets slower as the dangling chains are longer, the re-
laxation is possible and the modulus keeps on decreasing
consequently towards very low values of EN. The higher
crosslink density and trapping factor of REF and RES1/4 are
responsible for moduli which remain over 2� 105 Pa, i.e.
much higher than the level of the estimated plateau modulus
of the un-crosslinked plasticized polymer.

The characteristic relaxation times t0 are worth paying
some attention too, although their magnitude cannot be com-
pared with published data for similar systems. Only their evo-
lution between the different samples can be commented.
Again, this evolution is very consistent with the supposed
role of the dangling chains. The extreme values of t0 are about
five decades apart. As shown in the works by Curro and Pin-
cus, which refer to natural rubber with zero soluble fraction,
the relaxation of a dangling chain (i.e. a chain linked to the
network by only one of its extremities) is assimilated to the re-
ptation of star-like molecules, whose relaxation times evolve
exponentially with their molar mass. So, from a qualitative
point of view, our results demonstrate that for imperfect
networks such as our low crosslinked samples, the long-time
relaxation mechanisms are largely emphasized, supposedly
due to the presence of long dangling chain ends.

The exponent m from ChasseteThirion equation cannot be
compared to published data neither, and the analysis of the
crosslink dependence of m cannot be carried out with the
Curro and Pincus approach. Indeed, the decrease of m when
resol quantity is increased, which is observed in the present
study, is opposite to the proportional relation derived by these
authors in their theory. The major reason for this discrepancy
is certainly that our networks, which contain both plasticizer
and soluble polymer fractions, do not fit into the assumptions
of the Curro and Pincus theory.
5.4. Compression set at 100 �C
The relaxation experiments described above were followed
by a 10 h recovery stage, during which the evolution of strain
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was continuously recorded. The experimental data, expressed
in terms of compression set (i.e. % of residual strain) and
residual strain, are reported in Fig. 7 and in Table 4 for the dif-
ferent materials. It is shown that only the reference material
has an almost 0% residual strain after 10 h of recovery. All
other materials are still evolving after 10 h, and no stable state
is reached. Obviously, compression set is small when the
crosslink density is high and the network free of defects. Con-
sequently, the results concerning samples RES1/10 and RES1/
30 consist in compression sets of around 40% and over, which
correspond to total residual strains above 10%. The bad perfor-
mance of these materials is certainly to be linked to un-cross-
linked chains and to network defects such as long dangling
chains, which do not contribute to the permanent network
and are able to relax during the compression stage, then
providing no elastic contribution during the recovery stage.

The results of the compression set modeling are illustrated
in Fig. 8 through the evolution of residual strain in time, the
final values being given in Table 4. It is clear that the model
is able to capture the general trends of the materials’ recovery
behavior. Slight discrepancies are observed, which certainly
originate from different factors depending on the specimen,
although of course the principle itself of the computation
contains several approximations and sources of error which
can affect all samples: the fitting of the experimental data of
modulus and extrapolation, the trapezoid approximation in
the creep compliance calculation, the numerical resolution of
the integral term in Eq. (17), etc.
Table 4

Compression set and residual strain after 10 h compression at constant strain

(�0.25), followed by 10 h recovery, at 100 �C

Specimen Experimental Modelled strain (e)

Compression set (%) Strain (e)

REF 0.4 0.001 0.002

RES1/4 16.3 0.041 0.040

RES1/7 19.2 0.048 0.058

RES1/10 39.1 0.097 0.098

RES1/30 54.6 0.137 0.140
More specific points can be discussed. As far as the refer-
ence sample is concerned, the nominal strain applied
(�0.25) was mentioned to be out of the linear viscoelasticity
range, which is most likely to explain the underprediction of
the model. However, even for those samples which remained
in their linear domain, the model underpredicts the strain at
the beginning of the recovery process. In this case, the reason
is more likely to be the lack of accuracy on the modulus values
at the very first instants of relaxation. Indeed, during the relax-
ation test, firstly the strain could obviously not be applied
strictly instantaneously, and secondly, the data acquisition
started after some delay. The consequence is that the value
of the initial modulus, E(t¼ 0) had to be somewhat extrapo-
lated. Computations for the first instants of recovery have
been observed to be sensitive to experimental error on
E(t¼ 0). On the other hand, some extrapolation was also nec-
essary at long times, from 600 min to 1200 min, for recovery
modeling purposes. This extrapolation was provided by fitting
the data with the ChasseteThirion model which obviously can
induce some inaccuracy and affect the quality of the results in
the long-time range. This is probably what can be noticed on
the plot corresponding to the RES1/7 sample.

Nevertheless, it can be concluded that the compression set
test can be predicted from the mere knowledge of the material
relaxation behavior. The agreement with experimental data is
satisfactory. These results are quite original in the field of in-
dustrial compounds such as, among others, plasticized EPDM
networks.

6. Conclusions

Plasticized EPDM compounds were crosslinked by means
of octylphenoleformaldehyde resin (resol) whose concentra-
tion was adjusted by a factor up to 1/30 in order to induce
large variations of the crosslink density. A significant increase
of the soluble polymer weight fraction was observed along
with the decrease of the crosslink density. Viscoelastic mea-
surements in oscillatory mode were carried out in order to de-
termine the equilibrium modulus Ge and to support
a characterization of the network features based upon the
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phenomenological model of Langley and Graessley whose pa-
rameters are n, the concentration of active chains, m, the con-
centration of junctions and Te, the fraction of entanglements
trapped when the network was formed. The knowledge of
the polymer molecular characteristics and the soluble fraction
in the different samples allowed the determination of the ex-
tent of reaction and of the probabilities for an un-crosslinked
polymer unit to be linked to the network by only one or two
paths. The former case corresponded to pendent chains.
Then, n, m and Te could be calculated. This provided a com-
plete characterization of the networks, showing that the lower
the crosslinking agent concentration, the higher the trapping
factor, the more numerous and the longer the pendent chains.
Such chains have long been known to be responsible for long-
time relaxation mechanisms in elastomeric networks, accord-
ing to considerations based on the reptation theory. Therefore,
relaxation experiments were performed over long times, fol-
lowed by elastic recovery monitoring. By fitting the relaxation
data with the ChasseteThirion equation, its parameters could
be computed, especially t0, the characteristic time for the lon-
gest relaxation mechanisms. A dramatic increase was observed
in t0 as the resol concentration decreased. This is another ev-
idence of the presence of long dangling chains, which leads to
very poor recovery properties of samples having low crosslink
densities.

With these results, the aims of the present study were reached
insofar as, from common physico-chemical and viscoelastic
characterizations, several network parameters were quantified,
and the role of entanglements and dangling chains could be
proved through some features of the viscoelastic response of
these networks. In addition, predictions of the compression
set data were made possible by using the ChasseteThirion
equation to model and extrapolate the relaxation data in time.
Avery satisfactory agreement could be achieved between calcu-
lations and experiments. The method adopted here is somewhat
original since it provides some theoretical background to the
interpretation and prediction of an engineering property.
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