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a b s t r a c t

This article focuses on the study of the mesoscopic structure in neutron irradiated EPDM both from
experimental and theoretical points of view. In this work we reveal completely the modification of the
mesostructure of the EPDM due to neutron irradiation, resolving volume fraction, size and distribution
of the crystalline zones as a function of the irradiation dose. Positron annihilation spectroscopy and
dynamic mechanical analysis techniques are applied and the results are discussed by means of new the-
oretical results for describing the interaction process between the crystals and amorphous zones in
EPDM.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The use of polymeric materials for electrical insulators has sev-
eral advantages: low density, easy handling and good resistance to
vandalism. EPDM (ethylene–propylene–diene M-class rubber)
among other polymer formulations is a widely used semi-crystalline
polymer in organic insulators for watersheds. However, rain, dust
deposition, corona effect and ultraviolet radiation, among other
environmental agents deteriorate the quality of the polymeric hous-
ing, employed as watersheds [1–3]. The knowledge of the physical
processes, which control the electrical and mechanical stability of
polymers during in-service ageing is critical to predict the long term
lifetime of these components. In fact, samples taken from housings
of outdoor aged insulators, in-service transmission lines exhibit a
decrease in the degree of crystallinity as the ageing time under
electric field stress increases [4].
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In addition, it has been already reported that neutron irradiation
on EPDM leads to the increase in the crystalline degree of this semi-
crystalline polymer through a process of chemi-crystallization,
which depends on dose and neutron flux level [5,6]. The increase
in the volume fraction of crystallites was revealed by means of dy-
namic mechanical analysis (DMA) response by an increase in the
intensity of the maximum of tan(u), which appears at around
310 K, and that is related to the melting of crystalline zones. In addi-
tion, the increase in the size of the crystalline zones was revealed
through the shift towards higher temperatures of this maximum [5].

In this work we have performed a new theoretical analysis fo-
cused on the change of the elastic energy, which happens due to
the different degrees of elastic-misfit between the crystalline and
amorphous phases in neutron irradiated EPDM. The new theoreti-
cal work is based on a model recently reported for describing the
elastic-misfit in two-phase polymers [7]. Besides this, we have
realized positron annihilation lifetime spectroscopy (PALS), differ-
ential thermal analysis (DTA) and X-ray diffraction (XRD) measure-
ments in neutron irradiated commercial EPDM used as housing of
high voltage electrical insulators. The measurements presented
here are complemented with a summary of previously reported
DMA results (see Refs. [5,6] for details) and discussed on the basis
of the theoretical calculations made in the present work. As it will
be shown along the paper, DMA and PALS are complementary

http://dx.doi.org/10.1016/j.nimb.2010.11.095
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Fig. 1. Accommodation of the misfit strain by the appearance of an inclusion into
the material matrix, case: inclusion larger in size than the size of the hole. Fine full
line: initial size of the base of the cube of the partitioned material. Broken line: size
of the inclusion free of stresses. Wider full line: equilibrium position of the
boundary between the inclusion and the matrix, after location of the inclusion into
the matrix hole (see details in the text). Arrows in the figure indicate the
compression effect of the inclusion on the matrix. Taken from Ref. [7].
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techniques very suitable to reveal completely the mesostructure of
a two-phase polymer, as the EPDM.

2. Theoretical background

2.1. Positron annihilation lifetime spectroscopy (PALS)

In recent years PALS has shown to be a very good tool to study
the free-volume properties of polymers [8]. In the case of polymers
positrons also form positronium, Ps (a bound atom which consists
of an electron and the positron). Because of the relatively small size
of Ps (1.59 Å) compared to other probes, PALS is particularly sensi-
tive to small holes and free volumes in sizes 6 1 nm, capable of
determining the holes and free volume in a polymer without being
perturbed by the solid fraction. In molecular systems, a large frac-
tion of Ps formation is observed in the free-volume regions. The
long lifetime of o-Ps (ortho-Ps, the triplet state), that is localised
in the free-volume holes, makes it possible to correlate the dimen-
sion of the holes with the measured lifetime.

Following the common interpretation of PALS measurements in
polymers, the long-lifetime component (s3) is associated with
ortho-Ps annihilation by pick-off process. From that, the mean size
of the holes forming the free volume can be roughly estimated by
means of the Eldrup model [9]. In such a model, the ortho-Ps life-
time, s3, as a function of the free-volume radius, R, is given by,

s3 ¼ 0:5 1� R
R0
þ 1

2p
sin

2pR
R0

� �� ��1

ð1Þ

where R0 = R + DR and s3 is given in nanoseconds. The radius DR is
an empirical parameter whose best-value obtained fitting all known
data is 1.656 Å [10]. The mean free-volume hole size, Vf, assuming a
spherical form for the holes, may be estimated by means of the fol-
lowing equation:

V f ¼ ð4p=3ÞR3 ð2Þ

The experimental data of a positron lifetime experiment in
polymers are the convolution of three exponentials decays (i.e.
three different lifetimes) with the resolution function of the spec-
trometer. Each lifetime corresponds to the average annihilation
rate of a positron in a different state: the shortest and the interme-
diate lifetimes have contributions from the singlet para-positro-
nium (p-Ps; s1 � 0.12 ns) and positron annihilation in different
molecule species; on the other hand, the longest lifetime (s3 P
1 ns) is due to o-Ps localised in free-volume holes. In this analysis,
the s3 component is used to determine the mean free-volume hole
size. The relative intensity corresponding to this lifetime, I3, con-
tains information related to the number of the free-volume holes.
In this sense, combining the number (I3) and size (s3) of free-
volume holes an estimation of the free volume fraction (f) could
be extracted [11]:

f ¼ AV f I3 ð3Þ

where A is a proportionality constant, which can be determined by
calibrating with other physical parameters [12,13]. However, it is
difficult to know the value of A for many polymers. So, Li et al.
[14] have defined an apparent fractional free volume (fapp) by the
following equation:

fapp ¼ V f I3 ð4Þ

On the other hand, some authors have shown that I3 depends
also on other variables as activity of the positron source and the
chemical composition of the polymer [15–17] as well as elapsed
times for temperatures far below Tg [17,18], so, I3 could not
uniquely be ascribed to the free-volume hole number. Taking into
account these comments, the absolute value of free volume
fraction would not be available from I3. But taken into account that
in this respect the aim of the PALS study is to know the variation of
free volume fraction with neutron irradiation dose in the same
polymer, EPDM, at room temperature using the same positron
source, fapp would be an adequate magnitude in order to estimate
the free fractional volume variation.
2.2. Elastic misfit in two-phase polymers

We will summarize in this section the essential concepts of the
previously reported model for the elastic misfit in two-phase poly-
mers, in order to help to understand the new work. The one-
dimensional case only will be presented in this paper; see for more
details Ref. [7]. The model takes the idea of partitioning the volume
of the sample in small elementary cubes in such a way that each
partitioned element is composed by a single phase (amorphous
or crystalline in the polymer material we are dealing with). The
crystallites are here the inclusions embedded into a continuous
and homogeneous matrix, which is represented by the amorphous
phase.

Fig. 1 summarizes the main concepts to take into account. It
shows a (z, y) plane of the partitioned sample at x = v, where the
size of the partitioned matrix, over each axis, was chosen equal
to lop. The model for calculating the degree of the strain misfit
starts with the following considerations:

(a) The volume element located at (v, m, j) of the whole parti-
tioned matrix (see for more details Ref. [7]), which is plotted
by means of full fine lines in Fig. 1, is cut and removed out of
the matrix; leading to a cubic hole of edge lop. In other
words, a cubic volume is cut from the non-distortioned ini-
tial cubic lattice.

(b) An inclusion of size lop + �lop, with 0 6 � 6 1, plotted by
means of broken lines will be firstly compressed to fit into
the hole of the matrix and subsequently placed in.

(c) The inclusion is mechanically released and then the bound-
aries of the hole, in the x, y and z axes, displace to a position
lop + b�lop, with 0 6 b 6 1, where the equilibrium of stresses
is achieved. The wide lines in Fig. 1 represent this state.



Table 1
Status of the studied samples, detailing the doses and neutron fluxes used during the
neutron irradiation processes.

Sample denomination Dose (Gy) Thermal neutron
flux (n/cm2 s)

Fast neutron
flux (n/cm2 s)

A 0 0 0

High flux irradiation
H 415 8.5 � 107 2.75 � 108

I 830 ’’ ’’
J 4150 1.7 � 108 5.5 � 108

K 8300 ’’ ’’

Low flux irradiation
C 12.7 5.7 � 107 5.0 � 107

E 38.2 ’’ ’’
F 51.0 ’’ ’’
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It has to be noticed that in this model the inclusion was consid-
ered to be larger in size than the hole of the matrix, giving rise to
compression stresses into the matrix and into the inclusion, as it
was clearly shown in Fig. 1.

The movement of each boundary is considered in each axis as a
plane front, which moves until the equilibrium of stresses in each
axis is reached.

We will consider now, the movement of the boundary in the
z-axis, produced by the inclusion located at (v, m, j) and its effects
over the neighbour matrix element (v, m, k), see Fig. 1. The dis-
placement of the boundary of the element (v, m, j) from the initial
position (cube in dashed line in Fig. 1) after the inclusion is forced
into the hole and released mechanically achieving the mechanical
equilibrium, leads to the movement of the front from the solid line
to the wider line, Fig. 1.

We consider that the inclusion and the matrix are homoge-
neous media, and due to the symmetry of the problem the centre
of the inclusion will not change its position during the deformation
process and the achievement of the stresses equilibrium [7]. Then
any point inside the inclusion between the initial state (original
size, free of stresses, state represented by the dashed line in
Fig. 1) and after forcing the inclusion into matrix and subsequent
achievement of the mechanical equilibrium, moves from (z + z�)
to (z + z�bz), where bz means the misfit coefficient along the z-axis.
This leads to a displacement in the z-axis, ui(z), that is

uiðzÞ ¼ ðzþ z � �Þ � ðzþ z � � � bzÞ ð5Þ
uiðzÞ ¼ z�ð1� bzÞ ð6Þ

Consequently the mean strain inside the inclusion (averaged by
the mean field approximation) in the z-axis, �z

i , results,

ez
i ¼

@ui

@z
¼ �ð1� bzÞ ð7Þ

Hereafter, the magnitudes corresponding to the inclusion or to
the matrix, will be noted with a subscript i or m; respectively. In
addition, in order to keep the same style of the mathematical nota-
tion used in the work of Ref [7], either the direction for the strain
misfit coefficient, b, and for the number of inclusions or matrix ele-
ments (N) will be denoted through a supra-subscript.

On the other hand, we obtain now the resulting mean strain in-
side the matrix element. Let us consider that there exists an inclu-
sion concentration lying in the z-axis Nz

i =Nz
m (where Nz

i and Nz
m are

the number of inclusions and the number of matrix elements,
respectively, which satisfy the condition Nz

i þ Nz
m ¼ Nz), the Nz

i

inclusions move the boundaries of the Nz
m partitions, in such a

way that to the partition (v, m, k) corresponds the following dis-
placement zþ z�bzNz

i =Nz
m. Then, the displacement in the z-axis

for the matrix elements can be written as

umðzÞ ¼ z � � � bz Nz
i

Nz
m

� �
ð8Þ

Therefore, the strain inside the matrix element in the z-axis, ez
m,

results,

ez
m ¼

@um

@z
¼ � � bz Nz

i

Nz
m

� �
ð9Þ

By working Eq. (9) we obtain,

ez
m ¼ � � b

z Nz
i =Nz

Nz
m=Nz

� �
¼ � � bz frz

i

frz
m

ð10Þ

where frz
i and frz

m are the volume fraction for the inclusions and ma-
trix element in the z-axis, respectively.

From the mechanical equilibrium conditions at the boundary
between the adjacent elements (v, m, j) and (v, m, k), according to
the Reuss approximation [7,19] and by applying the Hooke’s law;
the misfit coefficient in the z-axis, bz, can be obtained as a function
of the Young moduli, E, and volume fraction of both inclusions and
matrix,

bz ¼ 1

1þ Em
Ei

� �
� frz

i
frz

m

� � ð11Þ

Moreover, considering that the distribution of inclusions is ran-
dom in the bulk matrix, it can be demonstrated easily that [7]

bz ¼ bx ¼ by ¼ b ð12Þ

Indeed, b is the misfit coefficient, which relates the inclusion
strain caused by the matrix (or vice versa). The larger the strain
over the inclusion, the lower the value of b.

3. Experimental

3.1. Samples

Samples were taken from commercial ethylene–propylene–
diene M-class rubber (EPDM) used as housing of non-ceramic elec-
trical insulators (Avator of Sitece Electrical Industries, Buenos
Aires, Argentina), which are employed in outdoor transmission
lines of 66 kV [1–4]. The nominal molar composition of the rubber
was 55% ethylene–42% propylene and 3% diene-monomer. The
EPDM used in the present work was reinforced with ceramic par-
ticles of Bayerite (alumina-trihydrate, ATH) in a proportion of
44 wt%, as it is usual for electrical applications in order to improve
the flashover resistance. See for more details Refs. [1–4].

3.2. Neutron irradiation

Neutron irradiations were performed under different conditions
in two different nuclear reactors, the RA-6 and the RA-4 of the
National Atomic Energy Commission of Argentina, where the main
differences were the flux level and power of operation. In both
reactors the samples were irradiated at room temperature in air
at atmospheric pressure.

Samples irradiated at the RA-6 nuclear reactor will be identified
as samples under high flux irradiation. All samples were irradiated
with bismuth and cadmium filters. The doses and fluxes related to
neutron irradiation are written in Table 1.

In the RA-4 reactor, the samples were placed inside of a cylinder
of poly-methyl-methacrylate (PMMA) of 250 mm length and
25 mm diameter with wall and bases of thickness of 2 mm and
20 mm, respectively. Samples irradiated at the RA-4 nuclear reac-
tor will be identified as samples under low flux irradiation, for
more details see Table 1 and Refs. [5,6,20].



Table 2
Positron lifetime results in neutron irradiated samples under high flux conditions. The fitting of the spectra has been performed using the LT program and a continuous
distribution of the long component, whose average lifetime and intensity are hs3i (ps) and I3, respectively. r is the standard deviation of the long component. s1 and s2 are the
shorter lifetime components and I2 the intensity of the middle one.

Dose (Gy) s1 (ps) s2 (ps) I2 (%) hs3i (ps) r (ns) I3 (%) v2

0 225 ± 8 471 ± 22 36.4 ± 2.4 2544 ± 75 0.71 ± 0.10 17.8 ± 0.9 1.06
415 260 ± 4 570 ± 66 10.2 ± 1.7 2470 ± 78 0.79 ± 0.12 13.8 ± 0.6 1.00
830 244 ± 1 479 ± 8 22.7 ± 0.3 2544 ± 46 0.73 ± 0.05 16.1 ± 0.2 1.01

8300 230 ± 2 479 ± 7 33.7 ± 0.8 2554 ± 16 0.67 ± 0.03 19.4 ± 0.3 1.03

Table 3
Positron lifetime results in neutron irradiated samples under low flux conditions. The fitting of the spectra has been performed using the LT program and a continuous
distribution of the long component, whose average lifetime and intensity are hs3i (ps) and I3, respectively. r is the standard deviation of the long component. s1 and s2 are the
shorter lifetime components and I2 the intensity of the middle one.

Dose (Gy) s1 (ps) s2 (ps) I2 (%) hs3i (ps) r (ns) I3 (%) v2

0 225 ± 8 471 ± 22 36.4 ± 2.4 2544 ± 75 0.71 ± 0.10 17.8 ± 0.9 1.06
12.7 236 ± 4 430 ± 22 25.4 ± 2.5 2458 ± 39 0.82 ± 0.05 14.8 ± 0.7 1.01
38.2 217 ± 9 447 ± 18 39.0 ± 2.4 2506 ± 56 0.88 ± 0.07 18.6 ± 0.9 1.00
51 255 ± 5 519 ± 44 16.6 ± 2.3 2551 ± 71 0.73 ± 0.10 15.5 ± 0.7 1.08
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3.3. Measurements

Positron lifetime measurements were performed by a conven-
tional fast–fast timing coincidence system with a resolution (full
width at half maximum) of 240 ps. As positron source a 22NaCl
source of about 15 lCi evaporated onto a thin Kapton foil was
used. As we have only one irradiated sample corresponding to
the particular neutron dose under study, the positron source was
sandwiched between the sample under study and a well-annealed
Al sample. To obtain the source correction two well-annealed Al
samples were used. The source correction used to fit the polymer
spectra was composed by two contributions: one corresponding
to the Al contribution to the spectra: 165 ps/43.5% and the other
one corresponding to the Kapton source: 382 ps/13%. The number
of counts on all measured spectra was always around 4 million
counts. All lifetime spectra were analyzed in three components
after subtracting the source contribution. We have used the
LT_92_3 program [21] to fit the spectra with a continuous distribu-
tion of positron lifetimes for the long lifetime s3. The lifetime data
corresponding to the fitting procedure are presented in Tables 2
and 3. In the present work we are interested in the evolution of
the average of the free volume; so, we have particularly analyzed
the parameters of the long component, lifetime and intensity,
which are related to an average of free volume distribution present
in the sample.

Differential Thermal Analysis, DTA, measurements were per-
formed in a conventional calorimetric equipment employing stain-
less steels crucibles under argon at atmospheric pressure. The
employed heating rates were 2, 5, 7, 10 and 15�/min, starting from
liquid nitrogen temperatures.

X-rays diffraction, XRD, measurements were carried out
employing a X-Pert Phillips 5000 powder diffractometer working
in reflection mode at room temperature. The Cu (Ka1) wavelength
(k = 1.540562 A�1), with monochromator, was used as incident
radiation. The measurement conditions were: acceleration voltage:
40 kV, filament current: 20 mA, step in 2h: 0.02� and the counting
times were: 5, 20 and 50 s (in each 2h step).

Measurements of dynamic mechanical analysis, DMA, loss tan-
gent (damping), tan(u), and elastic shear modulus, G0, were carried
out as a function of temperature at frequencies between 1 and
70 Hz. The temperature range of the measurements was between
180 K and 370 K and the heating rate was 1 K/min. Measurements
were performed under Argon atmosphere at atmospheric pressure.
The samples for DMA studies were parallelepiped bars of 5 mm
width, 4 mm thick and 30 mm length. The maximum shear strain
on the sample was 2 � 10�4. tan(u) values were independent of
the amplitude of the oscillating strain, i.e. doubling the applied
stress led to the doubling of the strain response [22]. The estimated
uncertainties for tan(u) and G0 were less than 3% and 10%, respec-
tively. For all the measured samples the oscillating frequency was
close to 4 Hz. See Refs. [5,6] for more experimental details.

4. Results and discussion

4.1. Elastic misfit for an inclusion smaller than the hole

In this Section we develop the concepts and equations related to
the misfit of strain in a two-phase polymer, presented in
Section 2.2, when the inclusion has a size smaller than the hole
in the matrix.

Fig. 2 summarizes the main concepts to take into account for
this new case under study. As in Section 2.2, it shows a (z, y) plane
of the partitioned sample at x = v, where the size of the partitioned
matrix, over each axis, was chosen equal to lop. The model now
starts with the following considerations:

(a) The volume element located at (v, m, j) of the whole parti-
tioned matrix, which is plotted by means of full fine lines
in Fig. 2, is cut and removed out of the matrix; leading to a
cubic hole of edge lop.

(b) An inclusion of size lop � �lop, with 0 6 � 6 1, plotted by
means of broken lines will be placed into the hole of the
matrix, surrounded by glue, and then the matrix is com-
pressed up to be pasted.

(c) The matrix is mechanically released and then the boundaries
of the hole, in the x, y and z axes, displace to a position
lop � b�lop, with 0 6 b 6 1, where the equilibrium of stresses
is achieved. The wider lines in Fig. 2 represent this state.

We will use the same considerations from the elastic point of
view that were used in Section 2.2. Similarly we will consider,
the movement of the boundary in the z-axis, produced by the
inclusion located at (v, m, j) and its effects over the neighbour ma-
trix element (v, m, k), Fig. 2. The displacement of the boundary of
the element (v, m, j) from the initial position (cube in dashed line
in Fig. 2) after the inclusion is pasted to the matrix and released



Fig. 2. Accommodation of the misfit strain by the appearance of an inclusion into
the material matrix, case: inclusion smaller in size than the size of the hole. Fine full
line: initial size of the base of the cube of the partitioned material. Broken line: size
of the inclusion free of stresses. Wider full line: equilibrium position of the
boundary between the inclusion and the matrix, after location of the inclusion into
the matrix hole (see details in the text). Arrows in the figure indicate the stretching
effect of the inclusion on the matrix.
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mechanically achieving the mechanical equilibrium, leads to the
movement of the front from the solid line to the wider line, Fig. 2.

As it can be easily deduced, the displacement in the z-axis, ui(z),
is for the present case

uiðzÞ ¼ ðz� z � �bzÞ � ðz� z � �Þ ð13Þ
uiðzÞ ¼ z�ð1� bzÞ ð14Þ

As it can be deduced comparing Eq. (14) and Eq. (6), the abso-
lute values for the displacement are the same. Consequently the
mean strain inside the inclusion (averaged by the mean field
approximation) in the z-axis, ez

i , results equal to Eq. (7), that is

ez
i ¼

@ui

@z
¼ �ð1� bzÞ ð15Þ

Therefore, the b coefficient takes the same form than in Eq. (11), as
it can be easily shown.

4.2. Elastic energy produced by the strain misfit

It is well known that the relation between the stress and strain
tensors is given by means of the Cauchy equation in the usual form,
as [23]

rij ¼ Cijklekl ð16Þ

where Cijkl is the elastic modulus. In addition, the elastic strain den-
sity is given by the expression

w ¼ 1
2

Z
rijdeij ¼

1
2

Z
Cijklekldeij ð17Þ

In the next paragraphs we will refer to the deformation e and to a b
coefficient for the case of compression of the inclusion and the ma-
trix, only for the simplicity in the mathematical signs. However, the
analysis made below is indistinctly for the compression or tensile
state of the inclusions and matrix, because we are dealing with
the misfit phenomenon independently of the type of forces that give
rise to the relaxation.

By considering a homogeneous media in the one-dimensional
case and using the notation for the components lying over an axis
as in previous sections, we can write for the z-axis,
wz ¼ 1
2

EðezÞ2 ð18Þ

The initial strain imposed to the element of inclusion (v, m, j) for
fixing it into the hole of the matrix is given by considering ez

i ¼ �
(see Fig. 1), then the elastic strain density of the inclusion for the
initial state of deformation, in the z-axis, results

wz
i ¼

1
2

Ei � �2 ð19Þ

The whole elastic energy available to be transferred to one ma-
trix element over the z-axis is

Wz
T ¼

1
2

Ei � �2 � Vp �
Nz

i

Nz
m

� �
ð20Þ

where Vp is the volume of the (v, m, j) partition and Nz
i þ Nz

m ¼ Nz, as
meant in the previous section. Multiplying and dividing by Nz, we
have

Wz
T ¼

1
2

Ei � �2 � Vp �
Nz

i =Nz

Nz
m=Nz

� �
¼ 1

2
Ec � �2 � Vp �

frz
i

frz
m

 !
ð21Þ

and by working the above equation, it is easy to show that we can
write,

Wz
T ¼

1
2

Ei � �2 � Vp �
frz

i

1� frz
i

 !
ð22Þ

On the other hand, the density of elastic energy transferred to
the matrix, in the z-axis, after the releasing the inclusion into it is

wz
m ¼

1
2

Em � ðez
mÞ

2 ð23Þ

with ez
m given by the value in Eq. (10) in Section 2.2. So, the energy

density for the matrix partition can be written as

wz
m ¼

1
2

Em�2 � b2 frz
i

1� frz
i

 !2

ð24Þ

The energy in the partition corresponding to the matrix element
results

Wz
m ¼

1
2

Em�2 � b2 frc

1� frc

� �2

� Vp ð25Þ

As the volume of the partitions is the same, the ratio between
the density of elastic energy and the elastic energy itself is the
same, that is Wz

m=Wz
T ¼ wz

m=wz
T , therefore the ratio between the

elastic energy transferred to the matrix and the whole available
one is

wz
m

wz
T

¼ Em

Ei
b2 frz

i

1� frz
i

 !
ð26Þ

It is convenient to mention again that the transfer of elastic energy
is due to the movement of the borders of the inclusion into the ma-
trix from its initial compressed state up to the achievement of the
mechanical equilibrium condition.

In another light calling

SF ¼ Em

Ei

frz
i

1� frz
i

 !
ð27Þ

Eq. (26) can be written as

wz
m

wz
T
¼ SFb2 ð28Þ

By replacing the expression for b given by Eq. (11) in Section 2.2, we
can write



Fig. 3. Left axis: temperature of the tan(u) maximum (Tp), empty circles. Right axis:
free volume, full circles. High flux irradiated samples.

Fig. 4. Left axis: tan(u) maximum, empty circles. Right axis: apparent fractional
free volume, full circles. High flux irradiated samples. Drawings inserted in the
figure show the destruction of the crystallinity at 415 Gy, and its restoration at
higher doses, see explanation in the text.
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b2 ¼ 1

ð1þ SFÞ2
ð29Þ

and then

wz
m

wz
T

¼ SF

ð1þ SFÞ2
ð30Þ

Taking the derivative of the expression (30) with respect to the
volume fraction of inclusions we have,

@

@fri

wz
m

wz
T

� �
¼ @

@fri

SF

ð1þ SFÞ2

 !
ð31Þ

and paying attention to the fact that

@SF
@frz

i

¼ Em

Ei

1 � ð1� frz
i Þ � frz

i ð�1Þ
ð1� frz

i Þ
2

 !
¼ Em

Ei
� 1

ð1� frz
cÞ

2 ð32Þ

and to the fact that

SFjfrz
i¼0 ¼

Em

Ei

frz
i

1� frz
i

 !�����
frz

i¼0

¼ 0 ð33Þ

with

@SF
@frz

i

�����
frz

i¼0

¼ Em

Ei
� 1

ð1� frz
i Þ

2

�����
frz

i¼0

¼ Em

Ei
ð34Þ

we obtain that

@

@fri

wz
m

wz
T

� �����
frz

i¼0

¼ Em

Ei
ð35Þ

Then, the derivative of the ratio between wz
m and wz

T evaluated at
zero volume fraction of inclusions, allows us to know the ratio be-
tween the elastic modulus of the matrix and inclusions.

Assuming that the elastic modulus of the crystalline zones does
not change appreciably with the size of the crystal, the behavior of
the elastic modulus of the matrix can be easily obtained from Eq.
(35). We have obtained for all the samples detailed in Table 1, re-
sults from Eq. (35), which are in good agreement with the previous
reported work of Ref. [5]. Indeed, it represents a mathematical clo-
sure condition.

4.3. Experimental results

Fig. 3 shows the behavior of crystal size (left axis) and free-
volume hole (Vf) of the EPDM rubber (right axis) as a function of
irradiation dose, for the high flux irradiated samples. The free
volume of the rubber was determined from PALS measurements
and the crystal size was determined from DMA tests [5]. The
free-volume hole decreases after irradiating the sample with a
dose of 415 Gy. Even though the error bars of the measurements
do not allow deciding definitely the free volume behavior, they
suggest a free volume decrease in the sample. The decrease in
the values of the crystal size for a dose of 415 Gy was earlier
related to the destruction of the initial crystalline degree of the
as-received rubber, by the neutron irradiation [5]. In addition,
the re-increase in the crystal size (increase of the temperature of
tan(u) peak, Tp) at higher doses (830 Gy and higher) in Fig. 3,
was related to the re-building of a crystalline state through a che-
mi-crystallization process [5,6,24–28]. As it is well known, EPDM is
a semi-crystalline polymer where the chains are composed by a
random arrangement of ethylene, propylene and diene monomers,
which are very weakly polar. The propylene and diene monomers
are slightly more polar than ethylene.

Besides, chains having predominantly long sequences of ethyl-
ene groups compose the crystalline zones in EPDM [1,2,4,29,30].
Neutron irradiation produces chain scissions, the scission prod-
ucts having less restricted mobility. Disentanglement of such frag-
ments allows them to crystallize into imperfect, low-melting point
crystals, increasing the overall crystalline content. The crystal size
increase caused by the process of chemi-crystallization during irra-
diation was explained on the basis of crystal growing, related to
small inclusions/matrix interface energy decrease [5].

Due to the experimental error bars in the values of Vf (see Fig. 3)
it is not possible to reveal clearly its trend and therefore, its rela-
tion with the change in size of the crystals in the matrix during
the development of the re-building of the crystalline state by che-
mi-crystallization, at doses higher than 415 Gy. However, we could
establish that the size of the holes is the smallest one at 415 Gy
where the destruction of the crystalline state has taken place.

Fig. 4 shows both the behavior of the crystalline volume fraction
and the apparent fractional free volume (Vf � I3) in the rubber as a
function of the irradiation dose, for the high flux irradiated sam-
ples. The apparent fractional free volume in the rubber was deter-
mined from PALS and the crystalline volume fraction was
determined from the intensity of tan(u) peak [5].

It can be concluded from the measurements in Figs. 3 and 4
that: (a) as the crystal size increases, the free volume seems to in-
crease too (Fig. 3) and (b) the increase in the crystalline volume
fraction is accompanied by an increase in the apparent fractional
free volume of the sample and vice versa (Fig. 4).



Fig. 5. Left axis: misfit coefficient b calculated using Eq. (11). Right axis: ratio
wz

m=wz
T calculated from Eq. (26). High flux irradiated samples.
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Now we will consider the behavior of both the coefficient b, cal-
culated from Eq. (11), and the ratio wz

m=wz
T , calculated from Eq.

(26), as a function of the irradiation dose; for the high flux irradi-
ated samples, Fig. 5. The initial state of the rubber exhibits a coef-
ficient b with a value close to 0.975 and a wz

m=wz
T value close to

0.025. Subsequently for a dose of 415 Gy, where either crystal size
and crystals volume fraction decrease (see Figs. 3 and 4), b in-
creases to a value close to 1 meanwhile wz

m=wz
T decreases to a value

close to 0.001. The b increase is indicating that the stresses into the
matrix promoted by the accommodation of the strain misfit pro-
duced by the crystals have decreased substantially. It is in agree-
ment with the decrease in wz

m=wz
T due to the very small energy

transferred to the amorphous phase, wz
m from the inclusions misfit,

wz
T . In addition, increasing the dose, both crystal size and crystal-

line volume fraction start to re-increase due to chemi-crystalliza-
tion process promoted by the neutron irradiation and then b
decreases and wz

m=wz
T increases.

Comparing the behavior of the free-volume hole (Vf) and b we
observe that when Vf decreases, b increases and vice versa. There-
fore, the physical mechanism that controls this behavior, at meso-
scopic level, in the EPDM matrix can be related to inclusions with
size smaller than the hole on the matrix. In fact, as it was shown in
Section 4.1, this situation leads to a tensile state, both in the inclu-
sion (crystal) and in the matrix. Indeed, at the destruction of the
crystalline state at 415 Gy, the free volume achieves the smallest
value, since the tensile state both in the matrix and crystals have
disappeared and then the relaxation of the internal tensile stresses
into the matrix leads to b close to 1. By increasing the irradiation
dose over 415 Gy, the crystals are re-built, with a size smaller than
the hole in the host matrix, and then the field of internal stresses is
restored leading to both: (a) the increase in Vf, since the matrix is
now stretched, and (b) the decrease in b, since the appearance of
internal stresses. Indeed, the appearance of the crystals growth
give rise to an increase in the internal stresses and consequently
it leads to an increase in the elastic energy of the matrix, revealed
by the decrease of b and the increase of wz

m=wz
T , respectively.

Therefore, from coupling the results of the behavior of the b
coefficient and wz

m=wz
T , obtained from the theoretical results and

the changes in the free volume, measured by PALS, we can suggest
that the changes of the empty spaces within the rubber are pro-
moted by the appearance of internal tensile stresses promoted by
the development of the chemi-crystallization.

The last increase in b together with the last decrease of wz
m=wz

T

for a dose of 8300 Gy, is related to a large deterioration of the
rubber matrix by chain scission owing to the neutron irradiation,
which is accompanied by a strong reduction of the elastic modulus
of the matrix [5].

As it can be seen from Fig. 5, the behavior of the b coefficient is
the reciprocal of the ratio wz

m=wz
T . In addition, a goal should be

emphasized from the new theoretical calculations, that is, the
behavior of the ratio wz

m=wz
T for studying the evolution of the inter-

nal stresses, and consequently the empty space, in a polymer ma-
trix is more sensitive than b coefficient. In fact, the largest variation
in b from Fig. 5 is about 4%, meanwhile for wz

m=wz
T it is almost of

one order of magnitude.
In addition, it is convenient to remember that in the results of

Fig. 5, b and wz
m=wz

T reflect the accommodation effects owing to
the collective strain misfit, produced by the whole group of inclu-
sions within the rubber, independently of the inclusion size (larger
or smaller) respect to the hole in the matrix.

The increase of the apparent fractional free volume within the
rubber is related to the increase of the volume fraction of crystals
promoted by chemi-crystallization. In Fig. 4, two very simplified
2D views of the semi-crystalline rubber [4,30], accordingly to the
stages controlled by irradiation, are inserted. In fact, after irradiat-
ing to a dose of 415 Gy the crystalline degree is reduced, and the
sample is more amorphous than at the non-irradiated state. How-
ever, after further irradiation to higher dose, the crystalline state
develops by chemi-crystallization and the polymer becomes again
less amorphous. It is interesting to notice that the intensity of the
second lifetime component (I2), shown in Table 2, is in very good
agreement with the previous behavior, reinforcing the scheme
drawn in Fig. 4. I2 decreases abruptly after irradiating the EPDM
sample with a dose of 415 Gy (the intensity decreases from about
35% to 10%), when the sample becomes more amorphous. For lar-
ger irradiation doses (the sample becomes less amorphous) the
intensity recovers monotonously towards the value in the non-
irradiated EPDM. As chemi-crystallization is produced by piling
up of nearby located cut polymer chains of the amorphous matrix,
the length of the polymer chains per unit area, within the newly
formed crystalline zone, is shorter than when the same zone is
amorphous, leading to a less dense matrix. Therefore, the apparent
fractional free volume (empty space) increases with the increase in
the volume fraction of the crystallites.

Fig. 6 shows the behavior of the crystalline volume fraction
determined from the DMA test (see left axis) for the low flux irra-
diated samples. As it can be seen from the figure, the achieved vol-
ume crystal fraction first decreases after a dose of 12.7 Gy and at
38.2 Gy the largest volume fraction is achieved. The apparent frac-
tional free volume (Vf � I3) determined from PALS is showed in the
right axis. It can be seen that the increase in the volume fraction is
accompanied of an increase in the apparent fractional free volume
and vice versa, similarly as for the case of high dose neutron
irradiation.

Curves relating the free volume and the size of the crystals for
the case of low flux neutron irradiation are not presented due to
the negligible change in the size of crystals obtained from DMA test
during the low flux irradiation.

For low dose irradiation the measured crystalline volume frac-
tion is the highest achieved during the irradiations, either at low
and high fluxes, and it is also higher than the initial crystalline vol-
ume fraction [5]. In fact, it is different to the ones obtained with the
high flux irradiation condition where the volume fraction of crys-
tals firstly decreases markedly at 415 Gy and it results close to
the initial crystallinity degree for the highest achieved dose of
8300 Gy, see left axis in Fig. 4. In addition, other difference appears
between the experiments performed at low and high flux irradia-
tion condition, which is related to the size of the crystals. In the
low flux irradiation condition the size of the crystals did not
change appreciably as the dose increases during the irradiation



Fig. 6. Left axis: tan(u) maximum, empty circles. Right axis: apparent fractional
free volume, full circles. Low flux irradiated samples.
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process. In contrast under the high flux irradiation condition, the
size of crystallites increases markedly for doses higher than
415 Gy [5], see left axis in Fig. 3.

Therefore, by coupling low and high flux neutron irradiation
conditions we can study the promotion of internal stresses into
the rubber matrix, due to two different physical mechanisms. In-
deed, at low flux irradiation condition the increase of the mechan-
ical stresses in the rubber is controlled mainly by the increase in
the quantity of crystals (crystallite size does not appreciably
change), i.e. volume fraction. In contrast, in high flux irradiated
samples the increase in the mechanical stresses is controlled
mainly by both, the increase in the size of the crystals and in the
quantity of crystals.

In the other hand, the behavior of the coefficient b and the ratio
wz

m=wz
T calculated for the low flux irradiated samples have been

plotted in Fig. 7. At 12.7 Gy the deterioration of the initial crystal-
linity of the rubber in the as-received state occurs, then b tends to 1
and wz

m=wz
T tends to 0.001. The largest degree of crystallinity devel-

oped by chemi-crystallization, at 38.2 Gy, leads to a decrease in b
and to an increase in wz

m=wz
T , indicating that internal stresses are

produced into the rubber due to the development of the chemi-
crystallization and consequently the elastic energy transferred to
the amorphous matrix has increased.

The behavior showed in Fig. 7 for the low flux irradiated sam-
ples is in agreement with the results showed previously for the
case of high flux irradiated samples, even if the promotion of
Fig. 7. Left axis: misfit coefficient b calculated using Eq. (11). Right axis: ratio
wz

m=wz
T calculated from Eq. (26). Low flux irradiated samples.
internal stresses and then the energy transfer to the matrix is
controlled by different crystal arrangements in the high and low
irradiated samples. Indeed, the results highlight the useful of the
new theoretical calculations either, when the mechanical stresses
are promoted by the increase in size of the crystallites (inclusions)
or when the mechanical stresses are promoted by the increase in
the volume fraction of crystallites. As it was already mentioned
for the case of high flux irradiated samples, it is convenient to point
out here again that the coefficient b and the ratio wz

m=wz
T measure

the average inclusion strain and the corresponding transferred
energy in the whole matrix and vice versa, independently if the
inclusion is larger or smaller than the hole in the matrix, see
Sections 2.2 and 4.1.

It is interesting to note, that coefficient b and the ratio in wz
m=wz

T

provide other very valuable information for the case of crystals
developed within polymers. In the case of low flux irradiation,
the developed crystals by chemi-crystallization (new crystals),
with no apparent change on their size, generate a smaller elastic
distortion leading to b closer to 1 in the rubber than the previously
existing crystals in the as-received state of the rubber, Fig. 7. In
addition, the ratio in wz

m=wz
T in the low flux irradiated samples is

smaller than in the unirradiated state. However, high flux irradia-
tion promotes the growing of larger crystals. They produce internal
stresses are larger than the ones caused by the initial crystals pre-
sented in the rubber in the as-received state (see Figs. 3 and 5),
therefore b is smaller and the ratio wz

m=wz
T is larger.

We attempted also to observe the change in the crystallinity
promoted by neutron irradiation in EPDM by means of DTA and
XRD studies.

DTA thermograms for all the samples detailed in Table 1, exhib-
ited a wide endothermic reaction at around 310–350 K, related to
the melting of the crystalline zones; which shape was similar to
the ones previously reported [5]. Nevertheless, from the DTA tests,
performed at different heating rates (see Section 3.3), we could not
detect clear changes between the thermograms recorded for all the
kind of samples. The lack of resolution in the thermograms can be
related to the small mass involved by the crystals in contrast to the
whole mass of the sample.

X-rays diffraction patterns measured for all the samples detailed
in Table 1 showed a wide reflection peak at around 2h = 18�, which
could be related to the crystalline zones, and also reflections corre-
sponding to the triclinic lattice of the Bayerite (alumina-tri-hydrate,
ATH), which appeared overlapped. Nevertheless, clear changes in
the integrated intensity of the reflection peak related to the crystals
could not be observed, even if the samples were measured using the
longest counting time. This lack of discrimination for the XRD mea-
surements is in agreement with the level of resolution of the XRD
technique, which depends of the volume fraction and morphology
involved. In fact, X-ray diffraction studies have a limit of resolution
of about 1–3% of volume fraction involved. Then, we can conclude
that the range of diffraction angles employed in XRD studies with
Cu (Ka) radiation in that work is not appropriate for detecting these
crystals. Indeed, it could be necessary to work at small angles in
diffraction studies using X-rays or neutrons [31,32].

The limitations in the resolution of XRD and DTA techniques for
studying the change in the crystalline degree promoted by chemi-
crystallization process in EPDM, which we found in this work, are
in agreement with previously reported works in the literature [27].
However, we have reported recently that dielectric relaxation (DR)
measurements can reveal the change in the crystallinity in neutron
irradiated EPDM, but DR cannot distinguish if the change in the
crystallinity is controlled by a change in the volume fraction or
by an increase in the size of the crystals [7]. In addition, the
feasibility of employing near infrared spectroscopy, studies to
distinguishing between irradiated and unirradiated samples has
been already reported in the literature [33,34].
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5. Conclusions

The coupling of dynamic mechanical analysis and positron
annihilation lifetime spectroscopy experimental techniques, can
reveal the mesostructure of the neutron irradiated commercial
EPDM, used as housing of electrical insulators, resolving volume
fraction, size and distribution of the crystals embedded into the
matrix. This result should be emphasized due to the limitations,
which appear in other characterization techniques for resolving
the changes both in the volume fraction and size of the crystalline
zones in EPDM.

The theoretical predictions of the strain misfit coefficient, b, and
the energy transfer ratio, wz

m=wz
T , allow quantifying the internal

stresses state within the EPDM and also give a quantitative connec-
tion between the dynamic mechanical analysis and positron anni-
hilation lifetime spectroscopy techniques. In addition, the new
theoretical calculations made for the energy transfer ratio, result
more sensitive for studying the internal stresses state in EPDM
than the misfit coefficient.
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