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ABSTRACT
The molecular relaxation behavior of an icequenched high density polyethylene (HDPE)
subjected to solid-state stretching at elevated
temperature (100 °C) to various draw ratios (up to
λ=13.7) was examined by means of dielectric
spectroscopy. All relaxation zones (,  and , in
order of decreasing temperature) between 25 K and
melting temperature were studied in the frequency
range from 1 kHz to 1 MHz. The changes observed in
different dielectric relaxations were related to the
orientation-induced modifications of the structural
and morphological parameters. In order to investigate
orientation-induced structural changes, optical
microscopy (OM), scanning electron microscopy
(SEM), wide angle X-ray scattering (WAXS), and
differential scanning calorimetry (DSC) were
employed. Herman's orientation function (fc) was
used to quantify the degree of crystal orientation.
Complete disappearance of the already weak 
relaxation with orientation is attributed to the
increase in crystallinity, but the contribution due to a
more restricted chain segment mobility in the
interlamellar regions of oriented specimens should
also be taken into account. Presented results also
reveal two different orientation-induced dynamics in
the evolution of the dielectric  and  relaxations
connected with the main transformation stages in the
drawing of crystalline polymers. The transformation
of the initial isotropic into a fully oriented fibrillar
structure introduces large changes in the dielectric
relaxation spectra of HDPE, especially in the 
relaxation zone; by contrast, with further increase in
the draw ratio much smaller changes are observed
due to the deformation of the fiber structure by
longitudinal sliding motions of microfibrils and/or by
fibrils slipping past each other.

mechanical properties such as strength and stiffness
increase rapidly in the direction of molecular
orientation [4,5]. Therefore, oriented polymers with
high modulus and polymeric fibers are of particular
relevance to applied science. Being composed of
alternating lamellar crystallites and an amorphous
polymeric phase, semicrystalline polymers always
show a complicated deformational behavior when
strained in the solid state. In order to obtain a detailed
understanding of the molecular mechanisms
contributing to the deformation of crystalline
polymers, high-density polyethylene (HDPE) has
always been chosen as a model polymer material
because it is the simplest polymer with respect to its
chemical structure and is used in a wide range of
applications in daily life where mechanical stability is
essential [6,7]. As a consequence of tensile
deformation, the original lamellar microstructure of
PE is transformed into a fibrillar one, where
polymeric chains are preferentially oriented along the
stretching direction. In general, Peterlin’s molecular
model of drawing is accepted for crystalline polymers
as generally true [8] despite the old controversies
[9,10]. Three main stages in the drawing of
crystalline polymers are elucidated: the plastic
deformation of the original spherulitic structure, the
discontinuous transformation of the spherulitic into a
fiber structure by micronecking, and the plastic
deformation of the fiber structure [8]. According to
this model, micronecks transform every single
lamella into microfibrils, and thus the fiber is
composed of fibrils built up by aligned stacks of
crystalline lamellae separated by the amorphous
phase and with folded chains (c-axis) in the
crystalline phase, preferentially along the draw
direction [8,11,12]. These stacks of lamellae are
called microfibrils. An increase in the crystal size and
crystal perfection can be achieved when high drawing
temperatures are applied [13]. The new fibrillar
structure has fewer crystal defects than with low
temperature drawing. The larger long period reduces
the number of intra-fibrillar tie molecules [8].
According to Penning and others [14,15], mechanical
properties (tensile strength and elastic modulus) of

INTRODUCTION
Orientation of an isotropic polymer, aligning the
polymer macromolecules parallel to the direction of
greatest anticipated stress, usually by drawing, rolling
or extrusion, produces a material with a high degree
of anisotropy in its physical properties due to
molecular chain orientation [1-4]. For instance,
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in the past, and several comprehensive reviews are
available on this topic [1,2,8], the influence of
orientation and the role of fibrillation on the
molecular relaxations and dielectric behavior have
not been resolved to an appreciable extent [20,33-40].
As far as we know, there is no published data
concerning the influence of orientation at elevated
temperatures on the molecular relaxation behavior of
polyethylene. The aim of this work was to draw a
complete dielectric relaxation map of virgin HDPE
and HDPE uniaxially oriented via solid-state
stretching at an elevated temperature to different
draw ratios, and to establish a connection between the
evolution of the dielectric relaxations and the
orientation-induced changes in the structure. A
variety of supplementary measurements were made
to qualitatively determine the orientation-induced
changes in the structure. The results obtained by
optical microscopy (OM), scanning electron
microscopy (SEM), wide angle X-ray scattering
(WAXS), and differential scanning calorimetry
(DSC) were compared with the orientation-induced
changes in the dielectric relaxation spectra, with the
changes in the intensity, position, and activation
energy of dielectric relaxations.

oriented structures are affected in large measure by
the portion of the taut-tie molecules in the amorphous
regions of microfibrils.
Polyethylenes have excellent mechanical and
dielectric properties and therefore a wide variety of
industrial applications, including electrical ones. Due
to their low dielectric loss and good heat resistance,
they have been widely used as electrical insulation
[16,17]. Considering the molecular structure of
apolar hydrocarbon polymers, such as polyethylene
and polypropylene, the dipole moments of the (C-H
apolar) groups contained in these polymers are very
low, of the order of 0.1 debye, and hardly detectable
by the usual dielectric techniques [17]. Despite this,
apolar polymers exhibit measurable dielectric spectra
corresponding to the transitions measured by the
mechanical relaxation techniques. The measurable
dielectric relaxations and losses are generally
ascribed to impurities and to the fact that these
polymers are always slightly oxidized and thus
contain polar groups. Among impurities, residual
catalysts and antioxidants have been reported to
affect the dielectric properties. However, for the
electrical application of such polymers it is of
essential interest to understand their dielectric
behavior. Furthermore, dielectric measurements can
give valuable information about the structure and
dynamics of materials. It is well known that the
dielectric response can be used as an indicator of the
condition and ageing processes occurring in polymer
insulation [18,19].

EXPERIMENTAL
Sample Preparation
The polymer used in the present study was HDPE
Hiplex HHM 5502 (=0.955 g/cm3, Mw=300 000).
Isotropic sheets of different thickness were prepared
by 20 min compression molding in a Carver
laboratory press at 160 °C and a gradual increase in
pressure up to 3.28 MPa. This was followed by
quenching in an ice-water mixture. Uniaxial
orientation was performed at elevated temperature
(100 °C) on a Zwick tensile testing machine, at a
slow cross head speed of 5 mm/min, to different draw
ratios λ (up to λ = 13.7). The (macroscopic)
orientation of the samples is characterized by the
parameter λ=l/l0, where l is the final and l0 is the
initial length of the drawn sample. Larger draw ratios
from λ = 13.7 could not be prepared because of
tearing of the HDPE samples. After achieving the
desired draw ratio, the stretched specimens were
relaxed without unloading to ambient temperature.
Then they were further kept under tension for 2 h at
room temperature. The drawn and undrawn samples
with the same final thickness (0.28 ± 0.02 mm) were
used for further characterization.

In dielectric and mechanical relaxation studies,
polyethylene (PE) displays three characteristic
relaxation zones; these have conventionally been
designated as , , and  relaxations, in order of
decreasing temperature. Although some detailed
molecular assignments are still open to debate, the
reality of the basic relaxation processes is clear; these
have been well summarized by Boyd [20,21]. The 
and  relaxations are commonly attributed to the
relaxation mechanisms in the crystalline and
amorphous phases [22-24], respectively; the 
relaxation, according to different authors, is due to
the localized motions of either chain ends or branches
associated with the amorphous phase [22,23,25],
although originally it was also proposed to arise from
the crystalline phase [26,27]. In order to better
investigate the molecular relaxations, structural and
morphological modifications were performed in the
past by thermal treatment, irradiation, ageing,
drawing, and doping the polymer matrix with polar
molecules and particles as probes [28-32]. Even
though the effects of orientation on the structure and
properties of PE have received considerable attention
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Characterization
Optical and Scanning Electron Microscopy
Microstructural characterization was performed using
a Carl Zeiss “AxioImager A1” optical microscope
and a JSM 5300 scanning electron microscope. OM
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photomicrographs were captured and analyzed by a
high resolution microscopy camera (AxioCam, Carl
Zeiss) and an image processing software
(AxioVision, Carl Zeiss). For SEM analyses, the
surface of the etched samples was covered by a thin
layer of gold. All specimens for OM and SEM were
etched; the etching procedure and recovery of the
specimens were described in our previous paper [41].

Dielectric Spectroscopy
The dielectric loss spectra of the samples in the form
of discs 1.3 cm in diameter were measured on a
Digital LCR Meter 4284A coupled with a 22Ckriodin(R) cryosystem, as a function of temperature
(25-400 K) and in the frequency range 1 kHz to 1
MHz. A special chamber for dielectric measurements
was constructed and used in order to protect the
oriented samples from shrinking at elevated
temperatures.

Wide-Angle X-Ray Measurements
Wide-angle X-ray diffractograms of the samples
were obtained using a Bruker D8 Advance
Diffractometer (in normal mode, with Cu Kα
emission). The parallel beam optics were adjusted
with a parabolic Göbel mirror (push plug Ni/C) with
a horizontal grazing incidence soller slit of 0.12° and
a LiF monochromator. For all oriented samples,
diffractometer scans were taken in the angular range
of 2θ =10° - 45°, with a step size of 0.02°, and 10 s
exposition per step for polar angles (φ) of 0° and 90°
(φ = 0° corresponding to the drawing direction). The
position of the diffraction maximum for each
reflection of interest was determined from these
curves, and the polar scans were then performed at
these 2θ values, from -90° to +90°, at a scan speed of
10°/min and an increment of 1°. All scans were
recorded by the symmetrical reflection/transmission
techniques. To quantify the degree of molecular
orientation, the crystalline orientation function (fc)
was used. Herman's method for calculating the
crystalline orientation function, described for
polyolefins in detail by Lafrance [42,43], was used in
this study. Furthermore, crystallinity was evaluated
from diffraction curves by resolving multiple peak
data into individual crystalline peaks and an
amorphous halo. Quantitative analysis was performed
using standard software for fitting the experimental
spectra.

Dielectric measurements were taken at temperature
increments of approximately 2 K during a heating run
from 25 to 400 K, with a heating rate of 1.7 Kmin-1
between equilibrated temperatures. At each
equilibrated
temperature,
measurements
of
capacitance and tan δ were taken at frequencies of 1,
2, 5, 10, 20, 50, 100, 200, 500 and 1000 kHz; data
acquisition over the frequency range (10 frequencies)
required about 5 min. at each equilibrated
temperature.
RESULTS AND DISCUSSION
Dielectric Relaxation Spectra
Dielectric loss spectra for virgin and oriented HDPE
samples are shown in Figure 1. The α and γ
relaxation transitions are seen as prominent loss
peaks, while the third, less visible peak in dielectric
spectra of virgin HDPE sample is assigned to the β
transition.

tan [10-4]

10

104 Hz
105 Hz
106 Hz

1



tan [10-4]

10

5

0

(1)

2

3



4

 =1
100

where Hf0 is the heat of fusion of a perfectly
crystalline PE (Hf0 = 289 J/g [44,45]).
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Differential Scanning Calorimetry
For differential scanning calorimetry (DSC)
measurements, a Perkin-Elmer DSC-7 with nitrogen
as the purge gas was used. Samples of 7-8 mg, cut
from the middle of the neck, were analyzed by
heating from 320 to 450 K at a rate of 10 K/min, and
their heats of fusion (Hf) and peak melting
temperature (Tm) were derived. The degree of
crystallinity was then calculated as:
=Hf/Hf0
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FIGURE 1. (a) Dielectric loss (tan ) versus temperature for virgin
HDPE, at several frequencies from 1kHz to 1MHz; (b) dielectric
loss (tan ) versus temperature for virgin and oriented HDPE
samples, at frequency of 100 kHz.
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temperature of this transition increases with the
crystallite thickness for a series of branched, linear
and metallocene catalyzed PEs. This is true both
dielectrically and mechanically and the observation
holds for both bulk crystallized specimens and single
crystal mats [21].

α relaxation
The α relaxation is universally observed in crystalline
polymers and is usually attributed to the motion of
chain units within the crystalline portion. It has been
reported [46,47] that the incorporation of structural
and chemical factors into the chains, such as
chlorination, branching, or copolymerization with
non-crystallizable units, decreases the intensity of
this transition and in some cases, with high chlorine
or co-unit concentration, the relaxation even
disappears [48]. The mechanically active α process,
although it requires the presence of the crystal phase,
has its relaxation strength attributed to the amorphous
component and involves softening or deformation of
the latter [20]. The participation of the amorphous
phase in the mechanical α relaxation is consistent
with the broad distribution of characteristic times
observed for this case, in contrast to a quasi-Debye
behavior for the dielectric α relaxation [49]. There is
strong evidence, from dielectric and NMR
measurements, that the α process is dielectrically
active due to the reorientation of carbonyl groups in
the chains in the crystalline phase [22]. Boyd and
Mansfield have proposed that the dielectric α process
can be represented by the propagation process of a
twisted defect along a chain within the crystal lattice,
leading to reorganization of the crystal surface
[21,50]. Although the relaxation times are longer
mechanically than dielectrically and the mechanical
process is much broader in relaxation times than the
dielectric one, the activation energies are similar; the
activation energy for the central relaxation time is
100-120 kJmol-1 [20]. Most authors claim a complex
nature for the mechanical α relaxation zone
consisting of two or even three independent
relaxation processes [51-54], but in general admit
that the dielectric α relaxation zone is formed by a
single relaxation [22,49,55,56]. Ribes-Greus and
Diaz-Calleja [53] have observed that this relaxation
zone is formed by two dielectric relaxations (α and
α’ processes, in order of decreasing temperature) in
both the high and low density PEs. According to
them, the position of the dielectric α’ relaxation on
the temperature axis does not depend on the average
thickness of the crystallites and the participation
percentage of carbonyl groups in this relaxation
increase with the amorphous content; thus, the
dielectric α’ relaxation may be associated with the
molecular movements of the main chains in the
amorphous phase [53]. On the other hand, the
position of the α process seems to be governed by the
mean thickness of the crystallites and this relaxation
may be attributed to the molecular movements of the
main chains, which form the crystalline phase. It has
been demonstrated by Popli et al. [57], Mansfield and
Boyd [50] and Nitta and Tanaka [58] that the
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γ relaxation
The γ relaxation has its origins in the amorphous
fraction, although it has been proposed that this
relaxation takes place at least in part due to the
motion of defects in the crystalline regions [23,59]
or/and the motion of disordered chain segments at the
surfaces of polymer crystals [60]. The discussion is
widened because of the possible presence of many
processes in this relaxation and due to their
localization. Many studies indicate that the
mechanical and/or dielectric γ relaxation zone
contains two or even more sub-relaxations of
different origins, relaxation times and activation
energies [22,53,61-65]. According to Stehling et al.
[25] and Alberola et al. [61,62], the γ relaxation is
related to the glass transition, and for others, this
relaxation can be regarded as a sub-glass transition
attributed to the local motion of the central C–C bond
of short chain segments (by crank-shaft [66] or flipflop mechanism [67]) and/or the local motion of
loose chain ends in the amorphous phase [68].
Khanna et al. pointed out that this relaxation involves
the motion of a short segment (e.g. three to four CH2)
belonging to the amorphous phase, but also the chain
ends within the crystalline or amorphous phases [69].
In general, it is presumed to involve more localized
motions than the β process [68,70]. The reported
activation energies for the  relaxation are usually
low (10-80 kJ mol-1) [22,66,68], but higher values
(up to 170 kJmol-1) have also been reported [61,62].
β relaxation
The β process has its origins in the amorphous
fraction. The molecular mechanisms involved in this
relaxation can be fold-surface motion, chain-end
motion, branch-point motion and chain rotation in the
amorphous region. Through a careful examination of
the crystallinity dependence of the β relaxation
process, Popli et al. [47,57] have demonstrated that
this relaxation results from the relaxation of chain
units in the interfacial region. The interlamellar
content increases with increasing degree of
branching, due to which the β relaxation is more
pronounced in branched PE, whereas in linear PE it
may not occur. According to many authors, the β
relaxation is attributed to the cooperative segmental
mobility of disordered chains [20,21,57] and
connected with the glass transition [71], especially in
the case of LPE [69]. The Vogel-Tammann-Fulcher
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LLDPE (Ea=210 kJ/mol) investigated in our previous
studies [31,75,76]. It is apparent that the connections
to the crystal surface have a substantial constraining
effect on the dynamics in the β relaxation zone, as it
is suggested by Graff et al. [56].

(VTF) temperature dependence, observed by some
authors, indicates co-operative behavior related to the
glass transition, too [29]. On the other hand, 13C
NMR measurements have shown that there is no
direct correlation between the temperatures of glass
transition and β relaxation [72,73]. Significant
differences between the reported activation energies
of 50-115 kJmol-1 [28,68] and 180-500 kJmol-1
[40,74] suggest that in the former case the 
relaxation in PE should be treated as a motion in
interfacial regions, and in the latter as a highly
cooperative process such as the glass transition. The
β relaxation in branched PE is quite prominent [75],
but in HDPE it is much less so (Figure 1a). There are
three reasons for this. The first and main reason is
connected with the amorphous nature of this
relaxation - its magnitude decreases with increasing
crystalline fraction. The second concerns the effect of
the semi-crystalline environment. The presence of the
crystal surfaces and the connections of the
amorphous chains to them have an immobilizing
effect on the β relaxation. Kinetically, the distribution
of relaxation times is broadened in comparison with
an unconstrained, completely amorphous polymer. It
is also shifted to longer times isothermally or to
higher temperatures isochronally. The strength of the
relaxation, an equilibrium property, is also affected.
The constrained chains are unable to relax
completely; the relaxation strength is reduced. The
third reason is connected with the time temperature
behavior in comparison with the other relaxations.
The β process is well resolved from the γ relaxation
at moderate frequencies. However, this is not the case
with the α process. The α process occurs at a higher
temperature than the β process, but its activation
energy is lower. This means that the α and β
processes become better resolved in isochronal scans
as frequency increases. Thus, there is a relatively
limited window of frequency and temperature where
the β process can be observed in HDPE [56].
However, objective values for the temperatures of the
β process were obtained from dielectric spectra using
curve fitting. The loss map for the β relaxation is a
little bent, indicating some cooperative behavior
(Figure 2a). Despite this, the β relaxation can be
successfully fitted by the Arrhenius equation:

f max  f max ,  exp(

Ea
)
kT

Microstructure
Detailed morphological studies, combining wide and
small angle X-ray scattering (WAXS, SAXS),
differential scanning calorimetry (DSC) and electron
microscopy (EM), have shown conclusively that,
during drawing, the initial spherulitic structure is
transformed into a fibrillar structure and, in general,
three main stages in the drawing of semicrystalline
polymers are proposed. Peterlin [8], Keller [77] and
Ward [1,2] contributed significantly to our
understanding in this area. Deformation initially
proceeds in an inhomogeneous fashion via the
processes of interlamellar shear, intralamellar shear
and interlamellar separation, depending on the local
orientation of lamellae. At larger strains, microfibrils
are formed from the destruction of individual
lamellae by incorporating blocks of folded chains.
Namely, the micronecks transform every single
lamella into microfibrils, e.g. oriented stacks of
crystalline lamellae, separated by the amorphous
phase and with folded chains (c-axis) in the
crystalline phase preferentially along the draw
direction. The aligned microfibrils are integrated as
bundles into fibrils, which are the main constituents
of the polymer fiber. According to different authors,
for polyolefins, the transformation of the initial
isotropic into the fully oriented fibrillar structure is
essentially completed by deformation ratios between
5 and 9 [1,78-80], after which the third stage
deformation proceeds in a more continuous manner.
The deformation of the new fiber structure can
proceed by fibrils slipping past each other and/or by
longitudinal sliding motions of microfibrils, a process
limited by interfibrillar tie molecules. However,
further deformation of the highly oriented structure
can lead to bond breakage, microcrack formation, and
failure.
The evolution of HDPE textures with orientation was
presented in Figure 2. Transformation from the initial
to the fully developed fiber texture, obtained by OM,
is presented in Figure 2b (from left to right). As the
draw ratio increases, the initial structure becomes
more and more elongated along the principal tensile
strain axis. For a draw ratio λ=7.5, fully developed
fiber texture is clearly observed and with further
increase in draw ratio the changes in the texture are
almost imperceptible by OM. A more detailed
analysis of the microstructures was accomplished on
a larger magnification scale using SEM, in order to

(2)

where fmax,∞ is a dimensional parameter, Ea is the
activation energy and k is Boltzmann′s constant. The
correlation coefficient of linear regression is close to
one (≥0.98) and the calculated apparent activation
energy is Ea=280 kJ/mol. This value is much higher
than in the case of LDPE (Ea=185 kJ/mol) and
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(fc) was calculated by the hk0 average method, from
two intense (hk0) reflections (110 and 200), which
are most often used in orientation studies of PE. The
calculated results are shown in Figure 3a. Changes in
the crystal orientation indicate that the preferred
direction of the crystallite-chain axis does not
coincide with the direction of elongation after the
initial stretching, but is inclined towards it. As the
elongation is increased, the crystallite orientation
rapidly increases up to elongations of about 650%
(draw ratios λ=7.5) when the chain axes practically
coincide with the starching direction (fc >0.95); the fc
coefficient gets close to its limiting value, indicating
completion of the transformation from the lamellar to
the fibrillar structure [82]. Therefore, the WAXS
results reinforce the morphological evidence from
OM and SEM.

reveal fibrillar structure. Images of surface and crosssection of oriented (λ=7.5) HDPE sample are
presented in Figure 2c and Figure 2d, respectively.
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Herman's Orientation Function and Crystallinity
Following the pioneer work of Wilchinsky [81],
WAXS has been used in numerous studies aimed at
the evaluation of the crystal orientation in polymers.
The characterization of the crystal orientation was
performed through the determination of Herman's
orientation function:
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Its limiting values, taking φ=0° as the deformation
direction, are -0.5 for a perfect perpendicular
orientation and +1.0 for a perfect parallel orientation
[42]. An unoriented material gives <P2> = 0.
According to Lafrance at al. [43], the
 P2 (cos  )  c values describing the c axis or

WAXS data can also give information about the
changes in the volume of the crystalline phase. The
orientation-induced changes in crystallinity were
calculated from WAXS diffractograms (Figure 3b),
but also from DSC melting endotherms (Figure 3c).
It is evident that with an increase in the degree of
orientation there is a significant increase in the
volume of the crystalline phase, i.e. in the degree of
crystallinity (Figure 3d), and in the melting
temperature as well (Figure 3e). This behavior can be

molecular orientation distribution can be computed
from different planes for uniaxially oriented samples:
the correlation between the coefficients thus
calculated is excellent. To see the molecular chain
orientation more clearly, the corresponding azimuthal
scans of the (hkl) planes have been carried out; the
selected azimuthal scans of the (110) reflection of
highly oriented (λ=10) HDPE sample is shown as
Insert in Figure 3a. From the integration of intensity
over azimuthal angles, Herman’s orientation function
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measurements, because the mean thickness governs
in turn the position of the fusion peaks [53]. Thus we
have related the position of the dielectric α peak on
the temperature axis (Tα) to the melting temperature
(Tm) of oriented samples. Linear dependence can be
observed between the temperature of the dielectric α
peak (at 100 kHz) and the melting temperature (Insert
in Figure 3e).

associated with the elevated drawing temperatures
that enabled short time relaxations [83] and lamellae
thickening during fibrillation [83-85]. Also, the
number of defects in the crystal structure decreases
with drawing at elevated temperatures. The flow of
the amorphous phase due to the orientation process
makes possible the crystallization on the already
existing lamellae, too. In Figure 3d and Figure 3e it
can be observed that the increase in the degree of
crystallinity and melting temperature is largest for
small draw ratios (λ≤7.5). Due to this it can be
concluded that the transformation of the initial HDPE
structure into the fully developed fibrillar structure
gives the largest contribution to the mentioned
changes. With further elongation and increase in the
draw ratios (λ>7.5), the changes in the degree of
crystallinity and melting temperature are relatively
small.

Besides the changes in the relaxation intensity,
orientation also induces changes in the distribution of
relaxation times, peak position and activation energy.
The different origin/nature of the dielectric α and γ
relaxations leads to different evolutions with
orientation, but the complex nature can be confirmed
for both relaxations by the presence of a shoulder
(asymmetry) at lower temperatures (Figure 1). These
results are in agreement with some other results
found in the literature [53,55,63,86] and confirm that
these dielectric relaxation zones are probably formed
by at least two overlapped sub-relaxations. According
to Ribes-Greus and Diaz-Calleja [53], the dielectric γ
relaxation zone in PEs is composed of two
relaxations (γI and γII, in order of decreasing
temperature). The shoulder at lower temperatures (γII
relaxation) is more evident in LDPE. On the other
hand, the activation energy of the dielectric γI
relaxation process increases with the crystalline
content. In their dielectric study of oxidized PE,
Pechold and Stoll also observed some asymmetry in
the γ relaxation zone and attempted to resolve it into
two processes [86]. Laredo et al. [63] showed the
complex low temperature TSDC spectrum for the
HDPE functionalized with diethylmaleate; this
complex spectrum shows a multi-component γ
region, which can be separated by carefully choosing
the polarization conditions. However, in our case it is
almost impossible to separate these sub-relaxations
and analyze the way the orientation affects each one
of them, although the overall effect connected with
the dielectric γ relaxation can be investigated. The
variations in the position and activation energy of the
γ relaxation with draw ratio are shown in Figure 4.
The position of the γ relaxation is shifted to higher
temperatures at lower draw ratios (λ≤7.5). This shift
together with a small increase in activation energy
can probably be attributed to the significant increase
in the crystalline content and chain segment mobility
in the interlamellar regions. Namely, there is a
distinct difference in the position and apparent
activation energy for the γ process among PEs with
different crystallinities; LPE has 70 kcal/mol, while
BPE has 50 kcal/mol according to Graff and Boyd
[56]. For higher draw ratios (λ≥7.5), only a small
decrease in temperature and activation energy for this
relaxation is evident (Figure 4).

Orientation-Induced Evolution of the Relaxations
By comparing dielectric loss scans for virgin and
oriented samples (Figure 1b), it can be concluded
that orientation significantly changes the β relaxation
zone of HDPE. Complete disappearance of the
already weak dielectric β relaxation is clearly evident
with orientation. Such orientation-induced behavior
of this relaxation in HDPE is also observed by
dynamic-mechanical measurements [40]. This can be
expected taking into account the fact that this
relaxation is entirely connected with the interlamellar
content. Restricted chain mobility in interlamellar
regions as a consequence of orientation, together with
much lower interlamellar content in oriented samples,
leads to the disappearance of the  relaxation with
drawing at elevated temperature.
Contrary to the weak dielectric  relaxation and its
complete disappearance with orientation, the α and γ
relaxations are clearly evident (Figure 1). The
decrease in the magnitude of the γ relaxation is
connected with lower interlamellar content in
oriented samples. On the other hand, the increase in
the magnitude of the dielectric α relaxation can be
connected with the fact that this process in
polyethylene originates directly in the crystals. Since
the carbonyl dipole direction is normal to the chain
direction in the planar zig-zag, a relaxation
originating in the crystal should be intense in the
direction normal to the c axes and of zero strength
parallel to this direction [20]. In general, both the
intensity and the location of the α loss peak were
found to be sensitive to the crystallinity and the
crystal morphology; good correlation between the
mean crystal thickness and the α loss peak location
was postulated by others and our data, too, confirm
such behavior. One way of calculating the mean
thickness of the crystallite is from calorimetric
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relaxation in oriented HDPE [49]. The activation
energy is a measure of the potential barrier hindering
the molecular motion. Chains (c-axis) in the
crystalline phase become more parallel to the
orientation direction, thus facilitating rotations of the
carbonyl dipole around the c-axis with orientation,
since the carbonyl dipole direction is normal to the
chain direction in the planar zig-zag structure. For
higher draw ratios (λ>7.5) only small changes in
temperature and activation energy for this relaxation
are evident (Figure 4). However, for both (α and γ)
relaxations the changes observed in the dielectric
spectra can be well connected with the orientationinduced changes in the HDPE structure, but the
dielectric α relaxation shows a much larger
sensitivity to these changes.

As in the case of the γ relaxation, the α relaxation
was found to have similar asymmetry at lower
temperatures (Figure 1) which implies existence of
dielectric α’ relaxation process [53]. This asymmetry
becomes less prominent with orientation (Figure 1b).
Since the dielectric α’ relaxation is associated with
molecular movements of the main chains in the
amorphous phase, this can probably be connected
with the orientation-induced decrease in the
amorphous content. However, the separation from the
α relaxation looks almost impossible and hereinafter
the focus will be on the main relaxation. The
variations in the position and activation energy of the
main α relaxation with draw ratio are shown in
Figure 4.
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Besides others, the application of PE oriented
materials includes electrical/electronic applications
such as cable sheathing and insulation nets.
Furthermore, high thermal conductivity observed for
highly crystallized and highly oriented polymers
combined with good electrical insulation capability
could make polyethylene fibrous materials useful for
dissipating heat in many applications such as
conduction-cooled high temperature superconducting
(HTS) coils, high temperature superconducting solar
hot water collectors, heat exchangers and electronics
[88,89]. Therefore, the knowledge of the evolution of
the structure and especially dielectric properties with
fibrillation of this material is essential for such
applications. All presented data indicate that the
transformation of the initial isotropic into the fully
oriented fibrillar structure in the case of the good
isolating material such as HDPE can be followed by
means of dielectric relaxation spectroscopy. Despite
the fact that orientation introduces significant
modification of the structure of HDPE, desirable
dielectric properties remain well preserved.
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FIGURE 4. (a) Temperature of the dielectric α and γ relaxation
loss maxima versus draw ratio measured at a frequency of 100
kHz; (b) activation energy (Ea) for the α and γ processes versus
draw ratio.

The position of the α relaxation is significantly
shifted to higher temperatures at lower draw ratios
(λ≤7.5) and a good correlation between the mean
crystal thickness and the α loss peak location is
observed (Insert in Figure 3e). Thus, this shift,
together with the large initial decrease in activation
energy, can probably be attributed to the significant
changes in the crystalline phase (e.g. increase in
crystalline content, size and perfection of crystallites)
at lower draw ratios (λ≤7.5) induced by the lamellar
to fibrillar transformation at elevated temperature
(100 °C). According to Stadler et al. [87], the
decrease in the activation energy of this process can
be explained by the increase in perfection of the
crystal lamellae. Additionally, the decrease in the
apparent activation energy with orientation can also
be connected with a lower cooperative character of
this relaxation process in the anisotropic material
[49]. This behavior suggests a decrease of complexity
(number of conformational arrangements) of the
activated state of the motions associated with the α
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CONCLUSION
The dielectric relaxation behavior of HDPE, oriented
via solid-state stretching at an elevated temperature,
was investigated. Different techniques were used to
determine the orientation-induced changes in
structure and properties. The orientation-induced
changes in the microstructure and an overall
morphological picture of the main transformation
stages in drawing of crystalline polymers were
obtained by OM and SEM microscopies. Changes in
the crystal orientation (through Herman’s orientation
function) and in crystalline phase are observed by
WAXS. At elongations of about 650% (draw ratios
λ=7.5), the chain axes practically coincide with the
starching direction (fc >0.95); the fc coefficient
approaches its limiting value, indicating completion
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of the transformation from the lamellar to the fibrillar
structure. Therefore, the WAXS results reinforce the
morphological evidence from OM and SEM. Besides
the WAXS, changes in crystallinity and, additionally,
in the melting temperature are investigated by DSC.
The largest increase in the degree of crystallinity and
melting temperature is observed for small draw ratios
(λ≤7.5), e.g. for the lamellar to fibrillar
transformation. For higher draw ratios (λ>7.5) the
changes in the degree of crystallinity and melting
temperature are relatively small; plastic deformation
of the fiber structure introduces only minor changes
in these values.
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