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Crystalline Microstructure and Mechanical Properties of Crosslinked

EPDM Aged Under Gamma Irradiation
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ABSTRACT: The morphology and the mechanical properties at
room temperature of crosslinked EPDM irradiated or not have
been studied. It has been shown that these materials are com-
posed of two phases: semicrystalline zones with a crystallinity
ratio of 20% and mainly amorphous zones. The semicrystalline
zones make a continuous path through the film and therefore
control the mechanical properties of the material below the melt-
ing temperature. As irradiation (in the tested range of irradiation
dose) and crosslinking degree have no significant influence on
the arrangement and proportion of the crystalline lamellae, all
samples have nearly the same mechanical behavior at small
strains. At large strains, the interactions between amorphous
and crystalline parts in semicrystalline zones play the main role
in the mechanical response; irradiation, by degradation of these

INTRODUCTION Polymers are in some cases used in environ-
ments where they may be exposed to high-energy radiation,
for instance, in nuclear power plants. Over the years, the
effects of high-energy radiation on polyethylene have been
extensively studied.!™® Irradiation causes the material aging:
indeed, important changes such as crosslinking and chain
scissions often occur simultaneously. Many factors such as
the polyethylene (PE) type, the absorbed dose, and irradia-
tion conditions—temperature, dose rate, and the irradiation
atmosphere—largely influence these processes. Given the
semicrystalline nature of polyethylene, the influence of the
crystalline morphology on the irradiation mechanism and its
evolution during this irradiation are issues to also consider.
Although crystallites can also be sensitive to gamma irradia-
tion, the polymer parts mainly affected by the degradation
are in the amorphous state, because of the weak permeabil-
ity of oxygen in crystallites.®> Thus, the crystalline part of the
material essentially influences the degradation intensity by
reducing the polymer fraction concerned by the degradation
mechanism, ie, the amorphous one. Nevertheless, Bateja
has reported that with an increasing radiation dose (at rela-
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interactions, leads to a smaller hardening phenomenon and a
decrease in elongation at break. From an application point of
view, in spite of the low crystallinity fraction of these materials,
the presence of an important number of crystallites, as evi-
denced by SAXS measurements, strongly limits the conse-
quences of irradiation on the mechanical properties. However,
the mechanical reinforcement strongly depending on the presence
of these crystallites, it is therefore highly sensitive to tempera-
ture: this can be an important issue for the applications of these
materials since their use temperature is close to the
crystallite melting temperature.

KEYWORDS: ageing; crystallization; structure-properties relations

tively small doses) in the open air, the degree of crystallinity
of polyethylene increases. Indeed, chain scissions in the
amorphous regions can create small chains which can crys-
tallize at temperature lower than the crystallization tempera-
ture of the unaged polymer. Therefore, the crystalline part, if
not involved in the degradation mechanisms, seems to be
involved in the structural evolution of the material during/
after degradation.

Ethylene-Propylene-Diene Monomer elastomer (EPDM) is
usually preferred to PE for cable application. Like PE, it is a
semicrystalline polymer, the crystallinity level of which
depends on its content of ethylene monomer entities. An
usual ethylene content of 70% leads to a crystallinity level
of around 10%.° This is much less than common linear poly-
ethylene in which the crystallites represent the major part of
the material. This means a material more sensitive to irradia-
tion.” Indeed, as the crystallite thickness is very small, this
leads to melting temperature which can be relatively low
and closer to the room temperature, and therefore to the
temperature at which irradiation is usually performed. Such
crystalline morphology is of main importance in the mechan-
ical properties of the polymer. Indeed, Celette et al.’ have



shown that the semi crystalline nature of EPDM at room
temperature strongly attenuates the effect of degradation.
Despite a large degradation of the polymer evidenced above
the melting temperature, they found only small difference in
properties when measured at room temperature. This sug-
gested few modifications of the crystalline phase during irra-
diation. However, it was not demonstrated by a microstruc-
tural characterization of the material.

Thus, the aim of this work is to relate the microstructural
modifications induced by irradiation to the mechanical
properties of the material, those including the stiffness and
the ultimate properties. The degradation mechanisms of
the studied materials have been presented in a previous
paper’: EPDM elastomers have been aged by gamma irradi-
ation at room temperature under oxygen atmosphere and
their mechanical properties have been studied at 80 °C.
Except a crosslinking process in its early stage of degrada-
tion, this degradation mainly consists of chain scission
whose the consequences are a decrease in the modulus
and more generally in the material stiffness, and a degra-
dation of the ultimate properties. Moreover, the rupture
behavior can be related to the initial crosslink density (as
far as the degradation mechanism has not totally destroyed
all the shortest chains) and the sol fraction, this one
including at high irradiation doses, portion of active chains
and free agglomerates of initially active chains. Thus, this
article completes such results by a study of the mechanical
properties and microstructure of the material at room tem-
perature, i.e.,, below the melting temperature, as a function
of the irradiation dose.

EXPERIMENTAL

Materials

The studied EPDM elastomer is a statistic copolymer and is
composed of 70% ethylene, 29.5% propylene and 0.5%
ethylenedienenorbornene (ENB). An analysis by size exclu-
sion chromatography (SEC) gave the following results: M,,
39,300 g/mol, M, 5140 g/mol and I, = 7.65. The samples
are processed as follows. The polymer matrix and the
crosslinking agent are mixed in the internal mixer (5 min
of pre-mixing of the matrix followed by the addition of
3 phr of dicumyl peroxide (Perkadox BC-FF from Akzo No-
bel) and mixing for 10 min at low temperature, 80 °C). A
second mixing is performed in an external mixer (cylin-
ders) for 10 min at 80 °C. Then the compound is pressed
as 1-mm-thick films at 170 °C during 10 min to promote
crosslinking reaction. The curing time is determined from
torque measurement performed with a MOSANTO analyzer.
It is evaluated as the time needed to reach 98% of the
maximum torque extrapolated at infinite curing time. Two
types of EPDM materials have been processed: uncross-
linked and crosslinled ones. They will be called hereafter
E-NC and E-CR materials respectively. An EPDM elastomer
has also been processed with a smaller curing time, 2 min,
to obtain a material with a lower crosslinking degree. It
will be called hereafter E-CR2min.

Irradiation Conditions

E-CR samples are exposed to y-radiation of a ®°Co source at
a dose rate of 1 kGy/h in an oxygen atmosphere for doses
50, 165, 300, 510 kGy (Arc Nucleart—Grenoble France): the
water temperature of the pool, where exposures are per-
formed, is around 18 °C. Afterwards, the samples are stored
under vacuum at about 22 °C. The samples will be named
hereafter E-CR-XXX with XXX the irradiation dose.

Characterization Techniques

Tensile Tests

Tensile tests are performed with an MTS 1/ME device
equipped with a temperature controlled chamber. An image
processing acquisition system (Apollor VideoTraction Sys-
tem) is used to obtain true stress-true strain curves. Experi-
ments are conducted at 25 °C with a true strain rate
0.01 s™*. Three specimens are tested for each material.
The samples are dumbbell-shaped with gauge dimensions
20 x 4 x 1 mm®. On figures only one test is reported, but
another figure with the average stresses and strains at break
of the three specimens and error bars is also presented.

The elastic modulus E at 25 °C and at 80 °C is calculated as
the slope at the origin of the true strain-true stress curve.

Differential Scanning Calorimetry

All measurements are made with a Perkin—Elmer Diamond
calorimeter, with 7—8 mg of material encapsulated in stand-
ard aluminum pans. Dry nitrogen is used as the purge gas.
The instrument is calibrated with indium using a scan rate
corresponding to the heating rate of the experiments.

The crystallization temperature domain of our EPDM is
large:® from about —40 °C up to 60 °C. Indeed, when the
polymer is cooled from 80 °C to —50 °C, one wide peak can
be observed during the heating ramp, as shown in Figure
1(a). If an isothermal treatment of several hours at the tem-
perature T, is performed during cooling, three melting peaks
are obtained during the heating scan [cf. Fig. 1(b)]:

® One, which corresponds to the crystallite population
formed during cooling from 80 °C to T..

e A second one, which concerns the crystallite population
formed during the isothermal treatment at T.

e And a third one, which corresponds to the crystallite
population, created during the cooling from T, to —40 °C.

Test series have been performed to evaluate the optimal
crystallization temperature, i.e, the temperature T. which
leads to the highest crystallinity ratio with the fastest
crystallization kinetic. The optimized isothermal treatment
for 12 h at 22 °C enabled generating stable crystallinity.

Thus, the thermal treatment applied to all samples is the fol-
lowing [cf. Fig. 1(c)]:

® A heating ramp up to 80 °C to erase the thermal history.

® A rapid cooling down at 50 °C/min to the optimal crystalli-
zation temperature 22 °C and storage during 12 h at this
temperature.

Moreover, in order not to affect the crystallinity by any fur-
ther treatments around this temperature, in particular



Crystallization kinetic / Melting kinetic

b)

80°C 80°C
N x
'i 1
L]
j :.:: =
- - = . L ] = : cﬂ - - ~m
L] I’I
R |
!.!IC
: |
l.': 2 \_
.y -
- - = ‘lT = IG‘CI

<
80°C
38°C
12°C 22°C
50°C
§ l
| A
104 |
| |
- s | |I |I
5 !
CRTY ] |
! | |I |
asd .I |
} S om
ol 4 L i —
an = [ ] - L] - £
Terpwamry (G

FIGURE 1 Crystallization and melting DSC curves of EPDM.

during the aging in the irradiation pool at 18 °C, and the
storage at 22 °C after irradiation, the samples are annealed
by a heating ramp at 1 °C/min up to 38 °C and maintained
at this temperature during 6 h. Then they are cooled down
to 22 °C and stored at this same temperature. This treatment
enables to get a crystallite population with a well defined
peak with a melting temperature above 22 °C.

To study the materials crystallinity after their irradiation,
samples are cooled from room temperature down to —50 °C
at the cooling rate of 10 °C/min and heated up to 100 °C at
10 °C/min. The cooling from room temperature to —50 °C is
necessary to avoid the overlap of the DSC starting overshoot
with the melting peaks. But this cooling induces supplemen-
tary crystallization and the formation of an additional melt-
ing peak, which can be observed between —40 °C and 20 °C.
Therefore, the weight crystallinity ratio X, is defined from
enthalpy of the melting peaks between 22 °C and 60 °C AH;.

o _ Ay

(D

AHg, is taken equal to 290 J/g® which is the value for per-
fect polyethylene crystal, since it is assumed that only poly-
ethylene segments can crystallize. This weight crystallinity
ratio can be converted in volume crystallinity ratio X., using
the density value of the crystalline polyethylene (1.006 g/
em>®) and of the amorphous part of this copolymer. The lat-
ter is estimated from the amorphous polyethylene (0.855 g/

cm®) and amorphous polypropylene (0.854 g/cm?®) densities®
and is taken equal to 0.855 g/cm?>.

SAXS Measurements

Small-Angle X-ray Scattering (SAXS) are carried out on a de-
vice equipped with a copper rotating anode (1 = 1.54 A)
with Gobel’s mirror point collimation system and 2D detec-
tor (Princeton Instrument SCX2D). The scattering vector do-
main is deduced from the detector-sample distance. The
scattering vector is directly correlated to the scattering angle
20 and the wavelength A:

q=(4n/2)sin0 2)

In our experiments, the detector-sample distance is fixed at 1160
mm and the corresponding q domain is: 0.01—0.08 nm™ . The
patterns are acquired during 5 min for SAXS measurements and
they are corrected from background scattering and thickness.

From SAXS patterns (cf. Fig. 2), the long period Lpg charac-
teristic of the regular stacking of crystal blocks and amor-
phous layers can be evaluated. Using Bragg's law and the
position of the maximum gy Lpg is calculated following:

2n

(3)

Lpg =
qmaX

Lpp represents the sum of the average thickness of the crys-
tal lamellae I, and of the interlamellar amorphous areas L.
This method does not directly provide any values for [, or I
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FIGURE 2 SAXS patterns of E-CR-0 during stretching: (a) unstretched (b) at 0.9 true strain.

The correlation function is used in order to obtain the struc-
tural parameters: I, I.. Linear correlation function is calcu-
lated by a cosine transformation of the intensity curves

1@

_ Jo 1(a)q* cos(qr)dq
Jo 1(q)q?dq

(r) 4)

where r represents the distance in real space. In practice,
data are not recorded from zero to infinity but over a re-
stricted g-range. Therefore, the procedure of integration to
infinity involves the use of a polynomial extrapolation in the
scattering region of the beamstop, i.e, at low scattering
angle, such as:

I(q) = Aq” (5)

And at large scattering angles, the data are extrapolated with
the Porod’s law:

(6)

Where B depends on the deviation from the Porod’s law and
tends towards O for a neat interface (no roughness, sharp
electron density gradient...) and C is the Porod constant.!*
From the correlation function, in addition to the Lpp values
obtained from Lorentz corrected SAXS profile, another esti-
mation of this parameter, called hereafter Lpc, can be per-
formed from the position of the first maximum of the
correlation function. Moreover a volume crystallinity ratio
can be obtained from this curve.

In Situ SAXS Measurements During Stretching

A homemade stretching machine allowing the symmetric de-
formation of the sample was used to probe by X-ray the
same sample area during stretching at 0.04 min ' strain
rate and at room temperature. The two-dimensional (2D)
SAXS patterns were recorded every 5min. The long periods

in the stretching direction and perpendicular to the stretch-
ing direction were computed by a radial integration of the
2D SAXS patterns over sectors of =20° around the meridian
and the equator, i.e., the directions parallel and normal to
the tensile axis (cf. Fig. 2).

RESULTS AND DISCUSSIONS

Microstructure of Unaged Sample and

Undeformed Sample

The crystalline phase of E-CR is characterized by DSC. The
curves are presented in Figure 3. The melting peak located
at 45 °C is very large. This indicates crystals with a large
thickness distribution that would be due to the broad
sequence distribution of ethylene moiety along the polymer
chain. Moreover, the position of the melting peak is similar
for E-CR and E-CR2min. The melting peak of E-NC is larger

E-CR-510

E-CR-300

! __ ECR165

— T T T T T T — 1 T 1
50 60 T0

Temperature (°C)
FIGURE 3 DSC analyses for the studied materials.



TABLE 1 Results Deduced from DSC Analyses and SAXS Experiments

Sample Xew (%) Xev (%) Tr/Tr2
Name +0.2 +0.2 (°C)
E-CR-0 10.6 9.1 45
E-CR-50 10.3 8.9 45
E-CR-165 10.4 9 44/53
E-CR-300 11.9 10.3 48/57
E-CR-510 10.9 9.4 50/59
E-CR2min 11.4 9.8 45
E-NC 12.4 10.7 43

and depressed by 2 °C with regard to the others materials.
Given the measurements uncertainties of 0.2%, the weak dif-
ference of crystallinity ratio found for the different materials
are significant. The volume crystallinity data reported in
Table 1 are 9.1%, 9.8%, and 10.7% for E-CR, E-CR2min, and
E-NC respectively. These ratios are correlated to the cross-
link density of materials: the less crosslinked the rubber, the
higher the crystallinity. This was expected since it is known
that crosslinks hinder the crystallization growth.'* Following
the literature,"*** this crystallinity ratio should correspond
to a fringed micelles morphology. To have more insights on
the morphology, SAXS experiments have been performed.

The SAXS pattern of E-CR in the undeformed state (cf. Fig.
2) shows an isotropic scattering ring which indicates a peri-
odic structure. Thus, this SAXS peak can be attributed to
alternating crystalline and amorphous lamellae. This means
that the microstructure is more organized than that sug-
gested by the works of Bensason et al. and Minick et al.'*'*
However, the correlation peak is not pronounced, which indi-
cates that it is a structure with an important disorder. In
addition, the crystallite organization of this type of copoly-
mer was also evidenced in a paper of Liu et al.® and will be
confirmed by the in situ SAXS experiments during stretching
presented later. Given these results, we think reasonable to
consider the structure as lamellar for further data analysis.

The long periods deduced from Bragg’s law and from the
correlation function (Lpg and Lpc, respectively) are reported
in Table 1. Both methods give similar results and the values
are nearly independent on the crosslink density of E-NC (Lpg
equals to 13.5 £ 1 nm). I values, determined from the cor-
relation curves, are reported in the same table and they are
also similar for the three EPDM materials. These values (2.7
nm) are much lower than those obtained for a medium or
low density polyethylene (PE) (around 10—20 nm®>'®). This
explains the low melting temperature. From the Gibbs-
Thomson relation, the surface energy can be deduced:

TO — Ty
279

o= AH? ol (7)

where T is the melting temperature of an infinite crystal,
AH{ is the melting enthalpy per unit mass of an infinite
crystal, p is the crystalline density and [. is the thickness

X
(%)
25
24
23
21
22
21
23

Lpg Lpc I L o
(nm) (nm) (nm) (nm) (J/m?)
12.9 10.8 2.7 8.1 0.09
13 11.2 2.7 8.5 0.09
12.5 11.5 2.7 8.8 0.09
14.2 13.56 2.9 10.6 0.09
13.2 11.7 2.6 9.1 0.08
13.5 12 2.7 9.3 0.09
14.2 13 2.7 10.3 0.09

of the crystals. In the case of PE, T = 140 °C, AH? to 290
J/g and p = 1.006 g/cm?® at room temperature. Taking the
same data for the three EPDM materials of the study, the
found ¢ value for the three EPDM materials is 0.09 J/m?
(cf. Table 2). It is closed to the value found by Kazmierczak
et al.'” for PE (0.09 J/m?) or by Darras et al.'® for ethyl-
ene-butene random copolymers (0.06—0.1 J/m?%). This o
value suggests that the microstructure is similar to that of
PE. Moreover, some microstructural information can be
extracted from the calculation of the crystallinity ratio. The
crystallinity ratio can be deduced from SAXS by two meth-
ods. The first one, X; is directly deduced from the I./Lpc
ratio, since we assume here a lamellar structure:

L

X (%)

x 100

(8)

PC

Within the same assumption, a second crystallinity ratio
X.c can be deduced from the minimum value of the cor-
relation function following”:

Ymin

Xee = 1

9

Vmin

The first methods gives values around 23% (*2%), while
the second method gives slightly inferior values of 17%,
whatever the EPDM materials. X.. determined from 7y,
underestimates generally the true value of the crystallinity.
Thus the two methods give very similar results. These values
are much higher than the X, values deduced from DSC anal-
yses (around 10%). This promotes the idea of the existence
of two phases: one rich in crystalline lamellae called here-
after “semicrystalline zone” and another one very poor in
crystalline lamellae called hereafter “amorphous zone.” We
can estimate the volume fraction of the semicrystalline zone
®,., assuming that the crystallinity ratio of the semicrystal-
line zone is given by X; or X, i.e., is about 20% and roughly
zero for the amorphous zone:

Duc (%) = 52 x 100 (10)

Whatever the uncertainties on the chosen X values, ¢ is
around 50%. With the values of Table 1, 43%, 57%, and



TABLE 2 Soluble Fraction, Swelling Ratio, Elastic Moduli of the Different Materials

Sample Soluble Swelling
Name Fraction* (%) Ratio*
E-NC 100 -
E-CR2min 0+3 5.7 = 0.6
E-CR-0 0+3 3.7 =04
E-CR-50 29 +3 3.7 =04
E-CR-165 5.7 =3 4.1 = 0.4
E-CR-300 8.8 +3 4.8 = 0.5
E-CR-510 20.6 = 3 6.2 = 0.6

Elastic Modulus

Elastic Modulus

at 80 °C (MPa) at 25 °C (MPa)
— 8.2 £ 0.8
1.5 £ 0.2 7.8 £0.8
29 + 0.3 5.8 £ 0.6
3.1 0.3 5.8 = 0.6
2.6 =+ 0.3 5.8 £ 0.6
21 +0.2 6 + 0.6
1.2 = 0.1 5.9 + 0.6

* These experimental data are borrowed from the paper of Planes et al.”

65% are found for E-CR, E-CR2min and E-NC respectively,
i.e, a value which increases when the crosslink density
decreases. It is impossible from SAXS measurements to char-
acterize the distribution of these zones in the material. How-
ever, the elastic modulus provides some insights on this
distribution.

Table 2 gives the modulus values at 80 °C and at 25 °C for
the three EPDM materials. The elastic modulus at 80 °C is
directly related to the crosslink degree of the amorphous
phase; it is not measurable for E-NC. At 25 °C the reinforce-
ment provided by the crystallites is evidenced, in particular
for uncrosslinked EPDM. Despite the low crystallinity ratio,
the small size of the crystallites suggests that they are
numerous. Consequently, they can be assimilated to cross-
linking nodes, which play a predominant role in the mechan-
ical properties. Moreover, the modulus is correlated to the
crystallinity ratio X, (cf. Fig. 4).

It is noteworthy that at this temperature E-NC shows the
highest modulus. If the semicrystalline zones were not con-
tinuous in this material, the elastic modulus at 25 °C value
would be very low (especially if one considers the low mole-
cular weight of the studied EPDM). Therefore the semicrys-
talline zones make a continuous path. All ¢¢. and X. values
being in the same range for the three EPDM materials, it is
reasonable to consider that this is true for all of them. The
parallel and series models can be studied. The series model
does not work since the E-NC material has a much higher
modulus than the amorphous phase. The parallel model,
which assumes that the amorphous zones are mechanically
parallel to the semicrystalline ones, gives:

E= (.bsc X Ec + (1 - ¢SC) x Ea (11

Where E. is the elastic modulus of semicrystalline zone and
E, is the modulus of the amorphous zone. Taking for ®g
0.65 and for E the experimental value of 8.2, and considering
E, as negligible, the deduced value for E. is 13 MPa. This is
between two and three times lower than the value found in
our laboratory for a PE with a crystallinity ratio X,; equals to
20%."® This suggests that the mechanical behavior of the
studied materials should be described by a combination of

series and parallel models. This will be confirmed by in situ
SAXS experiments during tensile tests presented in “Tensile
Tests” section. In addition, considering Brown’s approach®
for computing of tie chain probability, the very low crystal
thickness in the material should result in a high density of
tie chains in comparison with medium or high density PE.
Moreover, as reported in literature, conversely to ethyl or
butyl branches, the inclusion of the methyl branches of the
propylene units in the crystallites is possible under near-to-
equilibrium conditions,zo'21 but such inclusions are defects
and therefore less likely. This might lead to a slight enrich-
ment in PE of the amorphous part in the semicrystalline
zones and, given the statistical nature of the copolymer, this
might also lead to more numerous tie molecules.

Microstructure Evolution During Stretching of

Unaged Samples

Figures 5 and 6 present the true strain—true stress curves

at room temperature; Figure 2(b) presents the correspond-

ing SAXS patterns of E-CR measured in situ. The behavior
95

204
E-CR2min

B85+ E-NC
80+
754
704

6.5

6.0 4

Elastic modulus at 25°C (MPa)

55 ] ELCR

5.0

T T T 1 1

2.0 85 10,0 10.5 "o
Volume crystallinity ratio X,_ (%)

FIGURE 4 Evolution of the elastic modulus at 25 °C with the
crystallinity ratio X, for E-CR, E-CR2min, and E-NC (the dashed
line is a guideline for the eyes).
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FIGURE 5 Large strain behavior at 25 °C and at 80 °C (in insert)
of studied materials.

observed in SAXS is similar to that of PE: the pattern ovaliza-
tion is followed by the appearance of two maxima occurring
perpendicular to the stretching direction. The Figure 7 (Lpg
as a function of true strain) illustrates the evolution of Lpg
(deduced from Bragg’s law) in the stretching direction and
perpendicular to this direction during the uniaxial deforma-
tion. The calculated results for E-CR-0 show that Lpg in the
stretching direction increases from 13 nm to 15 nm (ie,
about 15% changes) at a 0.3 true strain. At the same strain,
perpendicularly to the stretching direction Lpg decreases of
about 10%. Thus, the semicrystalline phase is deformed, but
at a level lower than the macroscopic deformation. There-
fore, the mechanical behavior of this “two phases” material
should be described by a series/parallel model, as discussed
in previous section. The tensile deformation enlarges the
average spacing between the crystalline lamellae, which are
oriented perpendicularly to the stretching direction (by
stretching of the amorphous phase between crystalline
lamellae), while it decreases the average spacing between
the lamellae oriented parallel to the stretching direction. The
magnitude of this phenomenon is larger than that usually
observed on polyethylene. This is due to the large amount of
amorphous phase in the semicrystalline zone. Between 0.3
and 0.6 true strain, the structure turns into a fibrillar struc-
ture (Fig. 7). Conversely to PE, no necking is observed dur-
ing this transition. This can be explained by two facts: (i) the
temperature of the o, relaxation occurring in the crystalline
phase®??® which controls the crystalline shearing should be
much lower than for classical PE. In the case of PE, this tem-
perature is around 50 °C at 1Hz. The o, relaxation is directly
related to the crystalline lamella thickness. From the results
of Popli et al.?* and from the I. values previously deduced
from SAXS (2.7 nm), it can be estimated that the o, tempera-
ture of our copolymer is lower than room temperature.
Roughly speaking it means that the stretching of our samples
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FIGURE 6 Average strains and stresses at break of three
specimens tested with error bars for tensile tests at 80 °C and
at 25 °C.

at room temperature is equivalent to stretching PE samples
closed to their melting temperature (around 100 °C). (ii)
The large number of tie molecules leads to a very homo-
geneous distribution of the stress along the crystalline
lamellae and prevents strain localization.

The strains at break at room temperature are larger than at
80 °C (see Figs. 5 and 6). Indeed the crack propagation is
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FIGURE 7 Evolution of the long period Lpg in the stretching
direction and perpendicular to the stretching direction during
stretching for E-CR-0.



more difficult in fibrillar structure than in a wholly amorphous
material. Conversely to what is observed at 80 °C, the E-NC
stress-strain curve at 25 °C shows a hardening, but this hard-
ening is still lower than the one observed for E-CR (Fig. 5).
According to the theory of rubber elasticity, the presence of
this hardening at room temperature for the uncrosslinked
EPDM can be explained by the presence of crystallites, which
act as crosslinking nodes. However, the difference in hardening
between E-NC and E-CR materials is small which indicates
that the chemical crosslinking of the amorphous phase is not
the main responsible of the observed hardening.

Consequences of Gamma Irradiation

E-CR has been submitted to different irradiation doses as
explained in the experimental section. The irradiated sam-
ples have been characterized by DSC. The thermograms pre-
sented in Figure 3 show the appearance of a new melting
peak at 54 °C for 165 kGy, which vanishes for the highest
irradiation dose. Moreover, above 165 kGy dose, an increase
in the temperatures of the two melting peaks can be
observed.

This can be the signature of either the formation of a second
crystallite population and the growth of both crystallite popu-
lations (as evidenced by the increase in their melting tempera-
ture) or to a process of melting-recrystallization-melting®***
occurring during the DSC heating ramp. Nevertheless these
two melting peaks correspond to two crystallite populations
with very similar thicknesses: from Gibbs-Thomson equation,
taking the same value for surface energy ¢ (0.09 J/m?), we
find 2.7 and 2.9 nm for the melting temperatures of 45 °C and
55 °C, respectively. Thus DSC is very sensitive to any change
of lamella thicknesses especially in the case of very small
thicknesses. Therefore, it can be concluded that the micro-
structure evolution during irradiation is very small, in spite of
the small changes observed in DSC. This is confirmed by SAXS
experiment, since I. and Lpc (or Lpg) are found quasi-constant
whatever the irradiation dose (cf. Table 1). The crystallinity ra-
tio X, is almost constant with a slight maximum, around 12%,
for 300 kGy dose (cf. Table 1). This is probably due to a slight
chemically induced crystallization process up to 300 kGy
assisted by chain scissions, which promotes the growth of crys-
tallites. Indeed, chain scissions can increase the polymer mobil-
ity in the crystallite vicinity and therefore promote their growth
by short chain addition. Note that these phenomena have been
also reported in the case of polyethylene materials where they
are found to be more important,>* probably because of an ini-
tially higher crystallinity ratio. At elevated irradiation dose (510
kGy), X, begins to decrease: it could be explained by an even-
tual beginning of the crystallites degradation.®> Nevertheless, it
can still be concluded that irradiation does not induce impor-
tant modification of the crystallinity ratio and of the proportion
of semicrystalline and amorphous zones. Conversely, the amor-
phous parts of these zones are highly affected as evidenced by
the evolutions of the sol fraction and of the swelling ratio with
an increasing irradiation dose (cf. Table 2).

The Figure 8 presents the evolution of the elastic modulus at
25 °C with an increasing irradiation dose. For comparison, the
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FIGURE 8 Evolution of the elastic modulus at 25 °C and at
80 °C with an increasing irradiation dose (The lines are guides
for the eyes.).

moduli at 80 °C are reported on the same figure. The evolu-
tion of elastic modulus at 25 °C with the irradiation dose is
very limited (5.9 = 0.2 MPa), especially when compared to
that obtained at 80 °C, when the modulus decreases of a fac-
tor around 2.5. This decrease, as well as the presence of an
increasing sol fraction with irradiation dose, is related to the
degradation of the polymer network (cf. Table 1). Thus, in
spite of the small crystalline content, the crystallites strongly
limit the irradiation consequences on the modulus variation
at 25 °C. Note that a slight maximum can be noticed for the
300 kGy dose, in agreement with the variation of crystallinity
ratio; though such comment must be considered with caution
since the discussed variation are small.

Figure 5 gives the true stress—true strain curves of the differ-
ent samples at 25 °C. Up to a true strain of 1, all curves are
nearly superimposed. Conversely, the rupture behavior of the
material seems largely influenced by the irradiation dose. Ir-
radiation leads to a large decrease in the elongation and stress
at break. Given the uncertainties of the measurement, samples
irradiated at 165 kGy, 300 kGy, and 510 kGy give about the
same strain and stress at break, the 50 kGy sample giving
intermediate values. Hardening seems also to decrease with
the irradiation dose; however this phenomenon can also be
partly masked by the early rupture of the samples. At true
strain <1, one can consider that the mechanical behavior is
controlled by the crystallite spatial organization, this one being
very similar whatever the irradiation dose or even whatever
the crosslinking degree. At larger strains, the fibrillar structure
and the interconnecting regions between the fibrils depend on
the tie molecules, the crosslinking degree, and the entangle-
ment density. These parameters strongly evolve during irradia-
tion. This is evidenced by the behavior at 80 °C recalled in
insert of Figure 5. Especially, it is well known that a decrease
in tie molecule concentration, induces a weaker hardening and
a more brittle behavior of semicrystalline polymers.?®?” The
most irradiated sample (510 kGy) has a modulus at 80 °C



comparable to that of E-CR2min, i.e, an average crosslink den-
sity comparable to that of the E-CR2min. Nevertheless at
25 °C the strain at break of E-CR-510 is lower than the one of
E-CR2min (cf. Figure 5). Two explanations can be given: (i)
the properties of the amorphous zones are very different:
indeed at 80 °C the strain at break of E-CRZmin is 2.5 higher
than for E-CR-510; therefore the microcracks of the amor-
phous zones could pilot the rupture of the material at 25 °C;
(ii) the irradiation has induced a decrease in tie molecules
concentrations in the semicrystalline zone; this phenomenon
can be enhanced by their chemical nature: the presence of
propylene sequences in the chain provoke their ejection out of
the crystallite and can promote the formation of tie molecules.
These propylene sequences are likely more sensitive to irradia-
tion: their scission is favored compared to that of ethylene.

If now we compare E-CR2min and E-CR-0, the rupture behavior
is nearly the same at 25 °C while it is very different at 80 °C.
The amorphous zones present at 25 °C should have the same
mechanical properties than the amorphous phase at 80 °C.
Thus this result suggests that the rupture behavior at 25 °C is
actually not governed by the amorphous zones properties but
by the semicrystalline zones and the concentration of tie mole-
cules. As these two materials have similar crystallinity ratios, it
seems that the key parameter of rupture behavior is the con-
centration of tie molecules.

CONCLUSIONS

The morphology and the mechanical properties of EPDM ir-
radiated or not, have been studied. It has been shown that
these materials are composed of two phases: semicrystalline
zones with a crystallinity ratio of 20% and mainly amorphous
zones. The semicrystalline zones make a continuous path
through the film and therefore control the mechanical proper-
ties of the material in its semicrystalline state for small defor-
mations. At true strain < 1, the spatial organization and the
proportion of crystallites control the mechanical properties. As
irradiation (in the tested range of irradiation dose) and cross-
linking degree have only a small influence on these arrange-
ments and proportions, all samples have nearly the same
mechanical behavior. At large strains, the interactions between
amorphous and crystalline parts in semicrystalline zones
through tie molecules seem to play the main role in the
mechanical response. The concentration in tie molecules
decreases with an increasing irradiation dose, which explains a
smaller hardening phenomenon and a decrease in elongation
at break. From an application point of view, it is shown that
despite the low crystallinity fraction of these materials, the
presence of a large number of crystallites strongly limits the
consequences of irradiation on the mechanical properties
when the materials are tested in the semicrystalline state.
However the mechanical reinforcement mainly depending on
these crystallites, it is therefore very sensitive to temperature:
this can be an important issue for applications such as cables
for nuclear power plants, since their use temperature is close
to the crystallite melting temperature.
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