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ABSTRACT: The strain-induced phenomena in cured amorphous EPDM and semicrystalline ethane-
octene copolymer (m-PE) were studied using 1H T2 NMR relaxation. Samples studied differed with regard
to network structure; i.e., EPDM had a larger density of chemical cross-links, whereas the total network
density in m-PE was significantly larger because of chain anchoring to crystallites. The effect of these
differences on elastic properties was compared. A compression unit was developed for these experiments.
This device made it possible to perform NMR experiments under fixed uniaxial compression and to record
applied force. Despite the larger total network density in m-PE, the orientation of elastic chains under
compression in EPDM is significantly greater, suggesting that the density of chemical cross-links largely
determines the elastic behavior. It appears that crystallites in m-PE rearrange upon compression without
a change in the crystallinity. It can be concluded from this study that an increase in the density of chemical
cross-links is required to improve the compression set of m-PE.

1. Introduction

Large and reversible elastic deformation is one of the
most important characteristics of natural and synthetic
rubbers. The configuration of polymer chains changes
upon applied stress from a coiled to an extended one,
causing retractive force. Uniaxial extension and com-
pression are the most common tests used to characterize
the mechanical properties of rubbery materials and the
density of network junctions. Large recovery of rubbery
materials after the removal of compression force, i.e.,
low compression set, is usually required for many
applications of rubbery materials. Statistical rubber
elasticity theories established the stress-strain rela-
tionship for “ideal” polymer networks, i.e., networks
with a homogeneous distribution of network junctions
and a narrow distribution of the length of network
chains.1,2 However, there is still a considerable debate
about the validity and applicability of these theories for
heterogeneous networks and on the effect of physical
network junctions and network defects on viscoelastic-
ity. The interpretation of the mechanical properties is
even more uncertain for heterogeneous rubbery mate-
rial, such as filled rubbers, rubbery blends, block
copolymers, and rubbery materials exhibiting crystal-
linity. It is difficult to determine the effects of these
heterogeneities on mechanical properties using tech-
niques that measure macroscopic, volume-average prop-
erties. Physical methods that provide information on the
molecular level are the most suitable for determining
the response of heterogeneous structures to macroscopic
deformation. This knowledge is desired for a better
understanding of the mechanical properties of hetero-
geneous rubbery materials.

Proton spin-spin relaxation (T2) NMR relaxation is
one of the methods which have been used for analysis
of strain-induced chain elongation in uniaxially stretched
rubbery materials.3-8 These studies show that the
method provides information about chain elongation
under strain,3-8 strain-induced crystallization,4 and the
effect of deformation on rigid domains in elastomeric

block copolymers.5 In these studies, constant strain was
maintained during NMR experiments using a mechan-
ical holder or an adhesive. The effect of stress relaxation
during sample preparation and NMR experiments can-
not be evaluated in these experiments. NMR experi-
ments under uniaxial compression are less demanding
as regards sample preparation. Although analysis of
experimental data with respect to strain-induced chain
elongation is more complicated than that for uniaxial
extension, the applied force can be measured as a
function of time.

Phase composition in semicrystalline polymers and
its changes upon deformation have been often studied
by proton T2 relaxation. The polymer most frequently
studied using this method is poly(ethylene) (PE).9-17 In
general, the results of these experiments suggest a
three-phase model. According to these experiments, PE
samples are composed of a crystalline phase, a semirigid
phase and a soft amorphous phase. Relative fractions
of polymer chains in crystalline, intermediate and soft
amorphous phases can be determined using this method.
A good correlation was observed between crystallinity
measured by NMR and that measured by other meth-
ods. Molecular mobility and chain conformation in the
interphase are intermediate between the rigid all-trans
crystalline phase and soft trans-gauche amorphous
phase.18-22 It was noted that the fraction of the inter-
mediate phase depends on the technique, the temper-
ature and the method of data evaluation. In many
respects, the intermediate phase has a kinetic origin and
may not be considered as a true thermodynamical
phase. Apparently, the definition an interface or a
semirigid fraction of the amorphous phase is more
appropriate for the third phase. Distinct differences in
chain mobility in different PE phases are apparently
caused by a short statistical segment of poly(ethylene)
chain, which is about seven carbon-carbon bonds.23

This results in a rapid loss of configurational entropy
and restrictions on rotational and translational chain
mobility when moving away from the crystalline phase.

8468 Macromolecules 2001, 34, 8468-8474

10.1021/ma010208k CCC: $20.00 © 2001 American Chemical Society
Published on Web 10/18/2001



In this study, a compression unit was developed for
proton relaxation experiments under constant uniaxial
compression. The unit measures applied force and
makes it possible to perform NMR experiments at
different compressions and temperatures. The method
was used to study strain-induced phenomena in two
cross-linked elastomers, i.e., amorphous EPDM and
semicrystalline ethylene-octene copolymer (m-PE). The
effect on the strain-induced elongation of chains be-
tween chemical cross-links and physical junctions that
originate from the crystalline phase was studied.

2. Experimental Section
2.1. Sample Preparation and Characterization.

Ethylene/1-octene copolymer (m-PE) was prepared with a
metallocene catalyst and contained 30 mass % octene chain
units. The specific density of the initial sample was 0.882
g/cm3. EPDM was composed of 55.5, 40, and 4.5 mass %
ethylene, propylene, and dicyclopentadiene chain units, re-
spectively. Both samples were cured with 7.4 mass % Perkadox
14/40, which consisted of 40 mass % bis(tert-butylperoxyiso-
propyl)benzene in PP powder. Perkadox 14/40 was mixed with
polymers in a batch kneader using screw rotation of 60 turns
per min. Mixing time was 5 min and the temperature of the
melt was 130 °C. The temperature rose during mixing to 135
and 141 °C for m-PE and EPDM, respectively. Since no
increase in torque was observed during kneading, this suggests
that temperatures were low enough to avoid pre-cross-linking.
Samples were cured for 10 min at 180 °C in a mold consisting
of several cylindrical holes of 4.4 mm in diameter. The mold
thickness was 4 mm. After curing, the pressure in the mold
was removed at 100 °C.

2.2. 1H Solid-State NMR Measurements and Data
Analysis. Proton low resolution NMR T2 relaxation experi-
ments were performed on a Bruker Minispec NMS-120 spec-
trometer for nonspinning samples. This spectrometer operates
at a proton resonance frequency of 20 MHz. The length of the
90° pulse and the dead time were 2.8 and 7 µs, respectively. A
BVT-3000 temperature controller was used for temperature
regulation. The temperature gradient and stability were better
than 1 °C.

Several precautions have to be taken to accurately measure
the transverse magnetization decay for (micro) heterogeneous
materials containing both low mobile and highly mobile
fractions. The errors cannot practically be eliminated, but their
effects can be minimized to a large extent. Two different pulse
sequences were used to record the decay of the transverse
magnetization (T2 decay) from both (semi-)rigid and mobile
fractions of the samples as described previously. The solid-
echo pulse sequence (SEPS), 90°x - tse - 90°y - tse - [acquisi-
tion: A(τ)], with tse ) 10 µs was used to determine the T2

relaxation time and the proton content of the (semi-)rigid
fraction of the samples. The time after the first pulse τ ) (2tse+
t90/2), where t90 is the duration of the 90° pulse, was taken as
zero. The Hahn-echo pulse sequence (HEPS), 90°x - tHe - 180°x

- tHe - (acquisition), was used to record the slow decay for
the mobile fraction of the samples. The second pulse in the
HEPS inverts nuclear spins of mobile molecules only and an
echo signal is formed with a maximum A(τ) at time τ ) (2tHe

+ t180/2) after the first pulse, where t180 is the duration of the
180° pulse. By varying the pulse spacing in the HEPS, the
amplitude of the transverse magnetization, A(τ), is measured
as a function of time τ. The HEPS makes it possible to
eliminate the magnetic field and chemical shift inhomogene-
ities, and to accurately measure the T2 relaxation time for
mobile materials.

The time constants (T2 relaxation time) that are character-
istic of different slopes in the magnetization decay curve were
obtained by performing a least-squares fit of the data using a
linear combination of Weibull and exponential functions for
analysis of the T2 decay, as measured using the SEPS:

where A(0)s,l is the fractional amplitude of the relaxation
components, T2

s,l is the characteristic decay time, and R is the
decay shape parameter that might be related to the distribu-
tion of the relaxation time. The relative fraction of the
relaxation components, A(0)s/[A(0)s + A(0)l] and A(0)l/[A(0)s +
A(0)l], as designated in the text by % T2

s and % T2
l, represents

the fraction of hydrogen in phases/components with different
molecular mobilities. It is noted that the analysis of T2 decays
from heterogeneous materials is far from straightforward. The
Weibull function is often used in describing T2 relaxation of
heterogeneous rigid solids. T2 relaxation of highly mobile
materials can be often described by exponential function. Only
the initial part of the decay (0 ) τ < 400 µs), which was
measured using the SEPS, was fitted. In this fit, the baseline
was fixed to the value that was measured at the same
conditions after the sample was removed from the NMR probe.
The baseline position, as determined in this way, coincided
within 1% with its value that was obtained from the least-
squares analysis of the T2 decay measured using the HEPS.
An exponential function was used for analysis of the T2 decay,
as measured using the HEPS.

The error in the relaxation parameters is composed of (a)
experimental errors (about 2%), (b) an error caused by a chosen
fitting function (estimated to be about 5%), and (c) uncertain-
ties regarding the fitting (about 0.5%). Repeated experiments
for the same sample indicate that the reproducibility of the
results was higher than 2-3%.

The T2 relaxation experiments were performed at heating
samples from room temperature to 120˚C. Then the samples
were cooled to room temperature at a rate of about 20°/min
and the measurements were performed by subsequently cool-
ing samples to -50 °C. The NMR experiments at each
temperature took about 25 min.

2.3. Calculation of the Mean Molar Mass of Network
Chains. The distinguishing feature of T2 relaxation for vis-
coelastic networks is the high-temperature plateau that is
observed at temperatures well above Tg. The temperature
independence of T2 is attributed to constraints, which limit
the number of possible conformations of a network chain with
respect to those of a free chain. A value of T2 at the plateau,
T2

pl, is determined by the asymmetry of random rotations of
monomer units and does not depend on the mechanism and
frequency of motions of network chains. The theory of the
transverse relaxation in elastomeric networks relates T2

pl to
the number of statistical segments, Z, between chemical and
physical network junctions:24-26

where a is the theoretical coefficient, which depends on the
angle between the segment axis and the internuclear vector
for the nearest nuclear spins at the main chains.24,25 For
polymers containing aliphatic protons in the main chain, the
coefficient a is close to 6.2 ( 0.7.25 It is noted that the a value
is similar for EPDM and m-PE due to large similarity in the
polymer backbone structure. T2

rl of 10.4 ( 0.4 µs is the
relaxation time which is measured at -150 °C for the polymers
swollen in 1,1,2,2- C2D2Cl4.This temperature is far below Tg

of m-PE and EPDM as well as of the solvent.
Using the number of backbone bonds in the statistical

segment, C∞, weight average molar mass of network chains
between chemical and physical junctions, 〈Mc+p〉w, is calculated:

where Mu is the average molar mass per two carbon-carbon
backbone bonds (n ) 2). The molar mass of hexyl groups is
accounted for in a value of Mu for m-PE. C∞ for EPDM and
m-PE equals about 6.5-7 backbone bonds.26,27 The maximum,
relative error of this NMR network density determination is
estimated to be about 15-25%.26

The quantitative determination of the network density in
m-PE is complicated because of the presence of hexyl branches.

Z ) (T2
pl)/[a(T2

rl)] (2)

〈Mc+p〉w ) ZC∞Mu/n (3)

A(τ) ) A(0)s exp[- (τ/T2
s)R] + A(0)l exp[- (τ/T2

l)] (1)
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It has been well established that the mobility of short side
groups and chain-end blocks is somewhat higher than that of
the main chain and that the mobility increases when moving
toward the chain end. In a highly simplified approach, (T2)-1

is the weight average of the intrinsic relaxation rate of the
backbone protons of network chains and that of the side chains:

where fn is the fraction of backbone protons and T2
net and T2

sc

are the intrinsic relaxation times of network chains and side
chains, respectively. The fraction of hexyl protons, (1 - fn), in
the sample is about 27%. Since the shape of the T2 relaxation
decay for m-PE in the molten state is close to exponential, this
suggests that the ratio (T2

sc:T2
net) is below 3 as a result of

strong coupling in the mobility of main chain and side groups.
According to eq 4, the side groups in this case provide a
moderate contribution to the total relaxation rate (about 15%).

2.4. NMR under Compression. Proton T2 relaxation
experiments for the samples under uniaxial compression were
performed using a home-built device (Figure 1). The sample
disk has a diameter of 4.4 mm and a height, ho, of 4 mm. The
sample was placed in a glass tube that was fixed to a static
frame assembled with a Minispec magnet. The sample com-
pression was performed with a 6-mm diameter glass rod. The
glass rod fitted tightly inside the glass tube. The glass rod was
moved along the NMR tube using a screw. The sample
compression was measured with a micrometer with an ac-
curacy of 0.01 mm. The applied force was measured using a
force meter with an accuracy of 1 N. The permanent magnetic
field was perpendicular to the force direction. Precautions were
taken to avoid sample tilting and constrained deformation due
to contact between the sample and the walls of the tube.
Uniaxial compression causes biaxial extension in the direction
perpendicular to the applied force. It should be mentioned that
strain distribution through the sample could strongly deviate
from biaxial extension due to shear deformation which can be
caused by the following reasons: (a) small sample height:

diameter ratio, (b) adhesion of the sample to the glass surface,
and (c) a curvature of the bottom of the glass tube and the
bottom surface of the glass rod. Since the chain elongation
differs for uniaxial compression and simple shear, i.e., it is
proportional to (λ2 -1/λ) and λ (where λ is a deformation
ratio),1,2 no quantitative information can be obtained on strain-
induced chain orientation. In the present study, the method
is used for determining relative difference in chain elongation
upon compression with respect to the density of chemical cross-
links and physical network junctions in EPDM and m-PE.

3. Results and Discussion

3.1. Force as a Function of Deformation. 1H T2
relaxation experiments are performed on undeformed
EPDM and m-PE, on the samples subjected to different
compression and on samples shortly after the compres-
sion force was removed. A stepwise increase of the
uniaxial compression is used in the present study.
Deformation and compression force are shown in Fig-
ures 2-5. Stress relaxation causes about a 5% decrease
in compression force during NMR experiments that take
about 25 min. Cured EPDM demonstrates good elastic
recovery, contrary to m-PE, which shows large residual
strain after the force is removed, i.e., compression set.
Compression force as a function of compression is

Figure 1. Picture of the compression unit.

(T2)
-1 ) fn(1/T2

net) + (1 - fn)(1/T2
sc) (4)

Figure 2. Displacement as a function of time during NMR
experiments for EPDM at 27 °C. The measurements were
performed after each subsequent change of the deformation.
The sample reveals small residual strain (compression set)
after the force was removed.

Figure 3. Force as a function of time during NMR T2
relaxation experiments for EPDM at 27 °C.
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compared for EPDM and m-PE in Figure 6. Despite the
same vulcanization procedure, the samples reveal large
differences in stress-strain behavior at large deforma-

tions. Several factors could cause this difference: (a) a
difference in the density of chemical cross-links, which
will affect the finite chain extensibility; (b) strain-
induced crystallization; (c) morphological changes in
m-PE under deformation; (d) difference in stress relax-
ation of the samples. Mechanical tests alone do not allow
determination of the effect of these factors for compres-
sion force. Proton NMR T2 relaxation experiments are
used below to determine the effect of compression on
crystallinity and strain-induced chain elongation in the
amorphous phase of m-PE compared to that of amor-
phous EPDM.

3.2. Crystallinity and the Density of Chemical
Cross-Links and Physical Junctions. Below 70 °C,
the decay of the transverse magnetization for m-PE can
be described by two distinct components (see eq 1 and
Figure 7). One component has a short decay time, T2

s,
which is typical for crystalline and glassy materials. A
value of T2

l for the component with a long decay time
is comparable to T2 for amorphous EPDM. The relative
fractions of the components for m-PE, % T2

s and % T2
l,

correspond to the content of hydrogen in rigid and soft
phases, respectively. It is noted that no statistically
relevant analysis of the T2 decay for m-PE can be
obtained with a three-component model which is usually
used for linear PE.9-17 It might be suggested that (1)
chain mobility at crystal-amorphous interface in m-PE
is larger compared to that to that for linear PE because
of small size of crystals and crystal imperfections and
(2) broad distribution of the correlation time for chain
motions exists in the amorphous phase which can cause
“apparent” single-exponential relaxation.

The temperature dependence of the T2 relaxation
parameters for m-PE and EPDM is shown in Figures 8
and 9. Both T2

s and T2
l increase upon heating, which

corresponds to an increase in the frequency and/or
amplitude of chain motions in crystalline and amor-
phous phases, respectively. The large increase in the
content of rigid material, % T2

s, below 0 °C is apparently
caused by immobilization of chain units adjacent to the
crystalline phase as Tg of m-PE is approached. It should
be noted that Tg at the time scale of the NMR experi-

Figure 4. Displacement as a function of time during NMR
experiments for m-PE at 27 °C. The measurements were
performed after each subsequent change in deformation. The
sample reveals large residual strain (compression set) after
the force was removed.

Figure 5. Force as a function of time during NMR T2
relaxation experiments for m-PE at 27 °C.

Figure 6. Compression force versus compression, h/ho, for
m-PE (squares) and EPDM (circles). ho and h are the heights
of the initial and compressed samples. The force was measured
shortly after each subsequent increase in compression.

Figure 7. Decay of the transverse magnetization (points) at
different temperatures for undeformed m-PE. The decay was
measured using the SEPS. Solid lines represent the result of
a least-squares adjustment of the decay with a linear combina-
tion of Weibull and exponential functions. Dotted lines show
the relaxation component with long decay time. The experi-
ments were performed at subsequent heating of the sample
from room temperature to 70 °C.
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ment is comparable with the glass transition, as mea-
sured by the dynamic mechanical experiment at a
frequency of about 20 kHz. Tg

NMR is observed 30-50 °C
above Tg, as measured by DSC. Above room tempera-
ture, % T2

s decreases significantly with increasing
temperature and approaches zero at 70 °C. This tem-
perature corresponds to the peak of melting as mea-
sured by DSC. According to DSC, crystallinity of the
sample also decreases gradually upon heating above 0
°C. Apparently, the change in % T2

s at the temperatures
indicated is caused mainly by a gradual decrease in
crystallinity. It was noted that maximum crystallinity
of m-PE and linear low-density PE, which have a
specific density similar to that of the studied sample,
equals about 20-30%.28-30 The value of % T2

s at room
temperature is in the same range (see Figure 8). This
strongly suggests that T2

s and T2
l relaxation components

originate from crystalline and amorphous phases in
m-PE, and % T2

s corresponds to the crystallinity. It

appears that the simple two-phase model is applicable
for analysis of the T2 relaxation data for m-PE.

Analysis of the temperature dependence of the T2
relaxation for cured amorphous polymers makes it
possible to determine the network structure.24-26 The
T2 relaxation at temperatures well above Tg is related
to the density of chemical cross-links and chain en-
tanglements in vulcanizates.24-26 The T2

l relaxation
time for the amorphous phase in semicrystalline poly-
mers is determined largely by the mean length of
amorphous chains between anchoring points to crystal-
line phase.31 Moreover, the effect of confinement of
amorphous segments by crystalline lamella induces an
additional constrains of segmental motions in the
amorphous phase.32

Above 80 °C, T2 for EPDM and m-PE reaches nearly
constant plateau value. At these temperatures, m-PE
is amorphous and T2 is determined for both samples by
the density of chemical cross-links and chain entangle-
ments. The estimated length of network chains (see part
2.3) equals 50 and 80 backbone carbon atoms of EPDM
and m-PE chains, respectively. These values correspond
to mean molar masses of network chains of 840 and
1900 g/mol, respectively. The molar mass of network
chains is smaller than the entanglement density in
these polymers.23,26,27 Therefore, a large fraction of chain
entanglements is trapped by chemical cross-links. De-
spite the same curing procedure, the density of chemical
cross-links in m-PE is significantly smaller compared
to that in EPDM for the following reason. It has been
well established that hydrogen abstraction is more likely
from tertiary carbon atoms than from secondary and
primary ones. Peroxide curing of EPDM occurs by
combination of two macroradicals, which are formed in
olefinic chain portions, and by addition of the macro-
radicals to chain units bearing an unsaturation.33 Since
the molar fraction of tertiary carbons in m-PE is smaller
by a factor of 2 compared to EPDM and EPDM contains
additionally unsaturations, these results in low curing
efficiency of m-PE.

Below 70 °C, a decrease in T2
l for m-PE is significantly

larger compared to that for EPDM. This is apparently
caused by crystallization of m-PE. As a result of the
small size of crystals in m-PE,28-30 crystallites form
numerous multifunctional physical network junctions.
Below 60 °C, the total density of network junctions in
m-PE is significantly larger compared to the density of
chemical cross-links and chain entanglements in EPDM,
as can be seen from values of T2 (Figure 9).

3.3. Strain-Induced Phenomena in Compressed
Elastomers. The T2 decay for EPDM and m-PE at
different compressions is shown in Figures 10 and 11.
The crystallinity of m-PE is not affected by compression,
as is shown by the results in Figure 11. The rate of T2
relaxation for EPDM and the amorphous phase of m-PE
increases upon compression, which is caused by strain-
induced elongation of network chains. The effect of
compression on the chain elongation is compared for
m-PE and EPDM in Figure 12. The dependence of 1/T2
is plotted against λ2 - λ-1, where λ ) (h/ho)-0.5. Accord-
ing to the classical theory of affine deformation of
uncompressible samples, the segmental orientation of
elastically effective network chains is proportional to the
deformation function λ2 - λ-1 and scales with Z-1, where
Z is the number of statistical segments per network
chains.1,2,34 It should be noted that deformation mech-
anisms of m-PE is not fully understood because of

Figure 8. Temperature dependence of the content of rigid
fraction for undeformed m-PE, % T2

s. The experiments were
performed at subsequent heating of the sample from room
temperature to 70 °C and its cooling from room temperature
to -60 °C (see part 2.2). % T2

s was measured using the SEPS.

Figure 9. Temperature dependence of the T2 relaxation time
T2

s and T2
l for undeformed m-PE (squares) and T2 for EPDM

(circles). The experiments were performed at subsequent
heating of the sample from room temperature to 120 °C and
its cooling from room temperature to -60 °C (see part 2.2).
Melting temperature, Tm, of the crystalline phase of m-PE is
shown by an arrow. Values of T2

s and T2
l were measured with

the SEPS and the HEPS, respectively.
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complex morphology of these materials. At a specific
density above 0.87 g/cm3, a large fraction of crystalline
phase is composed of lamella though granular structures
are also present, which means that the chains crystallize
into small, blocky crystallites.28,35 Below this density,
the morphology changes to granular based with a small
fraction of lamella. Depending on the density and
applied strain, viscoelastic and plastic deformation
mechanisms could govern the stress-strain behavior of
m-PE. Recent studies suggest that at moderate defor-
mations the classical rubber elasticity theory can de-
scribes stress-strain behavior of m-PE with density
below 0.888 g/cm3.36,37 However, the possibility of the
plastic deformation of crystallites in the m-PE sample
studied cannot be ruled out.

The current experiments provide relative differences
in the chain elongation upon compression, as deter-
mined by the slope of the dependence 1/T2 against λ2 -

λ-1. Since the experiments are performed at 27 °C,
which is in vicinity of the high-temperature plateau (see
Figure 9 and part 2.3), 1/T2 values are mainly deter-
mined by strain induced chain elongation and do not
depend on a change in frequency of chain motions
caused by deformation. Despite larger total density of
network junctions in m-PE, the orientation of elasto-
meric chains for EPDM is larger by a factor of 2. This
difference can be a result of the following. It has been
shown that longitudinal diffusion of PE chains through
the crystalline phase into the amorphous one occurs in
linear PE.38 The characteristic time constant of the
diffusion process is proportional to the square of the
crystalline thickness. As a result of imperfections and
the small size of crystallites in m-PE,28-30 one might
suggest rather fast chain mobility in m-PE crystals.
Chain diffusion along the chain direction can be re-
stricted due to chain branches that are presumably
excluded out of the crystalline phase.39,40 However,
overstrained chains can be detached from the crystal
surface and a new crystal can be formed at another
place, or chain(s) in the vicinity of the crystal surface
can be attached to the crystal. Since crystallinity of
m-PE remains constant, it might be suggested that the
mean length of chain interconnecting neighboring crys-
tals is not affected by crystal rearrangements and it is
mainly determined by the chain microstructure. These
rearrangements of crystallites can reduce chain elonga-
tion under compression. A recently performed stress-
strain analysis of uniaxially stretched m-PE suggested
also rearrangements of physical network junctions
originating from crystallites.36,41 Stress-strain curves
can be well described by the slip-link theory of rubber
elasticity, suggesting that chains attached to the crystal
surface can slide along the chain contour.36

The results above suggest that physical network
junctions, which originate from chain anchoring to
crystals, would not be efficient in bearing the force and
the applied force will be carried mainly by chemical
cross-links and trapped chain entanglements. Thus,

Figure 10. Decay of the transverse magnetization (points)
for EPDM at 27 °C for different compression, h/ho, where ho
and h are the heights of the initial and compressed samples.
The decay was measured using the HEPS. Solid lines repre-
sent the result of a least-squares adjustment of the decay with
an exponential function.

Figure 11. Decay of the transverse magnetization (points)
for m-PE at 27 °C for different compression, h/ho, where ho
and h are the height of the initial and compressed samples.
The decay was measured using the SEPS. Solid lines represent
the result of a least-squares adjustment of the decay with a
linear combination of Weibull and exponential functions.
Dotted lines show the relaxation component with long decay
time.

Figure 12. Normalized relaxation rate for the rubbery chains,
(T2

λ)-1/(T2
λ)1)-1, against λ2 - λ-1 for m-PE (squares) and EPDM

(circles). T2 values for EPDM and the amorphous phase of
m-PE were measured using the HEPS at 27 °C. Solid lines
represent the results of a linear regression analysis of the data
for m-PE [intercept ) 0.99 ( 0.01; slope ) 0.15 ( 0.01; the
correlation coefficient equals 0.992] and for EPDM [intercept
) 1.00 ( 0.01; slope ) 0.35 ( 0.01; the correlation coefficient
equals 0.998]. T2 values for undeformed samples, T2

λ)1, equal
270 ( 3 µs and 129 ( 2 µs for EPDM and m-PE, respectively
(see Figure 9).
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larger strain-induced orientation in EPDM is apparently
caused by a larger density of chemical cross-links in the
sample compared to that of m-PE. Cured EPDM dem-
onstrates good elastic recovery contrary to that of m-PE
(see Figures 2 and 4). According to the T2 experiments
that were performed shortly after force release, T2
values for the samples before and after deformation are
the same, which suggests fast recovery of extended
elastomeric chains to the random coil. However, it
cannot be ruled out that a small residual chain elonga-
tion, which is not detected within the accuracy of the
T2 experiments, might still remain. Due to low density
of chemical cross-links the retractive force in m-PE is
rather small and elastic recovery of m-PE is hampered
because of high density of physical network junctions,
which were rearranged upon compression. It is men-
tioned in this respect that almost no elastic recovery is
observed for un-cross-linked m-PE after compression
force was removed. Heating of cross-linked m-PE above
melting temperature causes almost complete elastic
recovery after compression. It can be concluded that the
density of chemical cross-links largely determines the
elastic behavior of the samples studied.

4. Conclusions
It has been demonstrated that 1H NMR T2 relaxation

experiments under uniaxial compression can provide
useful information to help us to better understand the
viscoelastic behavior of heterogeneous elastomeric ma-
terials, such as semicrystalline polymers, filled elas-
tomers, thermoplastic elastomers, and thermoplastic
vulcanizates. Strain-induced phase transitions and the
orientation of viscoelastic chains under compression can
be studied using this method. It should be mentioned
that quantitative interpretation of the results is com-
plicated by complex force distribution in the sample. The
results of this study suggest that physical network
junctions, which originate from chains anchoring to
crystallites, would not be efficient in bearing the force
and the applied force will be carried mainly by chemical
cross-links and trapped chain entanglements. It appears
that compression causes rearrangements of crystallites
due to chain detachment from the crystal surface and
its attachment to a neighboring crystal. An increase in
the density of chemical cross-links is required for
improvement of the elastic recovery of m-PE.
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