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Abstract

Molecular mobility, the thickness of domains and the amount of rigid, semi-rigid, and soft fractions of high-density polyethylene (HDPE)
were characterized as a function of temperature and annealing time using time- and frequency-domains proton solid-state NMR. These exper-
iments established the temperature range for which the largest differences are observed in molecular mobility in crystalline phase, semi-rigid
crystal—amorphous interface, and soft fraction of the amorphous phase allowing accurate determination of the phase composition and the thick-
ness of these domains. The domain thickness, which was determined by NMR, is in good agreement to those measured by small-angle X-ray
scattering (SAXS) and transmission electron microscopy (TEM) on the same sample. Changes in molecular mobility in the amorphous phase
upon increasing temperature and annealing are discussed. It is shown that annealing is accompanied by structural reorganizations in the amor-
phous layer adjacent to the lamella surface causing a continuous shift of the interface towards the inner part of the amorphous regions and thus
reducing the thickness of the amorphous layer. A recently introduced method was used for measuring the thickness of domains by a spin-
diffusion NMR experiment with a double-quantum dipolar filter. The temperature dependence of the spin diffusivities is reported for the three
phases of HDPE. For the first time results of spin-diffusion experiment performed by time-domain low-field NMR and frequency-domain
high-field NMR are compared.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction understanding of their properties. In this respect, the phase
composition is probably one of the most important morpholog-

The morphology of semi-crystalline polymers has impor- ical parameters, mainly because the amorphous and crystalline
tant effects on the material properties including the mechani- phases exhibit vastly different behaviour and their relative

cal performance [1,2]. A quantitative characterization of the contributions to the material properties should be accurately
phase composition and molecular mobility in semi-crystalline known. Traditionally, a two-phase model is used to describe
polymers is therefore of a great importance to advance our the morphology of undeformed, melt-crystallized polyethyl-
ene (PE) and other semi-crystalline polymers [3,4]. The most

common methods for crystallinity determination are X-ray
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determination do not always yield the same results on exactly
the same sample [5,6] because of the following reasons. (1)
The complex morphology of semi-crystalline polymers re-
quires different sets of assumptions for the analysis of the data
recorded by different techniques. (2) The discrimination of the
crystalline and amorphous phases is made on the basis of dif-
ferent characteristics, such as the enthalpy of melting (DSC),
long-range periodicity (WAXD) and the specific volume (den-
sity analysis). (3) The two-phase model is simplified for the
description of semi-crystalline polymers due to the presence
of a crystal—amorphous interface, which can be detected
either as crystalline or amorphous fraction depending on the
method used [5]. Various experimental methods, such as neu-
tron scattering, dielectric relaxation, calorimetry and solid-
state NMR, show that a thin layer separates crystalline and
amorphous phases, and the properties of this layer are interme-
diate between those for crystalline and amorphous phases [2,4,
7,8]. Therefore, the term ‘‘phase composition” is perhaps
more appropriate than simply “crystallinity”” to emphasize the
multi-phase nature of semi-crystalline polymers.

Solid-state NMR is one of the most informative techniques
for characterization of molecular mobility and molecular scale
heterogeneity in materials [9]. During the years, different
solid-state NMR methods have been used for investigation
of morphology and molecular mobility in PE. Proton wide-
line NMR spectroscopy and relaxation experiments have been
frequently applied to study the effect of the chemical structure,
molar mass and temperature on the phase composition and
molecular mobility [10—20]. At temperatures well above T,
of the amorphous phase, the T,-relaxation decay and wide-
line NMR spectra for PE can usually be decomposed into three
components, which originate from a crystalline phase, a semi-
rigid crystal—amorphous interface and a soft fraction of the
amorphous phase. The intermediate phase has distinct dy-
namic properties and may not be considered as a true thermo-
dynamic phase. Apparently, the definition of an interface or a
semi-rigid fraction of the amorphous phase is more appropri-
ate for this phase. '>C NMR spectroscopy has provided more
detailed information about molecular mobility in the different
phases of PE than 'H NMR because of the high phase selec-
tivity of '>C NMR exploring differences in the chemical shift
for crystalline and amorphous phases [20—27]. Most of the
13C NMR studies support the three-phase model of semi-
crystalline PE. However, other studies suggested four types
of structures with distinctly different molecular mobilities
[22,27]: two types of crystalline environment, both with an all
trans chain conformation — a more perfect one and one with
“twist” defects, and two types of chain fragments in the amor-
phous phase — less mobile chain units mainly in the frans con-
formation rotating around trans chain axis, and more mobile
chain fragments those mobility approaches isotropic tumbling.
Detailed information about the nature of the molecular mobil-
ity in linear PE has been obtained by two-dimensional (2D)
13C exchange NMR and *H wide-line NMR [24,28].

Despite numerous studies, the morphological origin of PE
regions with different molecular mobilities is still a matter
of discussion. Therefore the determination of the thickness

of domains with distinctly different molecular mobility is of
a substantial interest for better understanding of the morphol-
ogy and relaxation properties of PE. Domain sizes in heteroge-
neous polymers [29,30] and polymer fibers [31—34] have been
determined by proton NMR spin-diffusion experiments. Previ-
ous 'H NMR spin-diffusion experiments have shown that the
lamellae thickness of melt-crystallized PE and PE fibers varies
in a wide range depending on the degree of the branching and
the thermal history of sample [13,30]. It should be mentioned
that the thickness of the rigid fraction in semi-crystalline poly-
mers could differ from the lamellae thickness since some frac-
tion of the amorphous phase adjacent to the lamellae surface
can be largely immobilized and cause apparent increase in
the lamellae thickness. The estimated thickness of the mobile
amorphous fraction in PE ranges from 1 nm to 5 nm [13,27,
30]. The morphology and phase characteristics of HDPE
were also investigated by '°C edited 'H spin diffusion using a
dipolar filter for filtering out the magnetization from the rigid
phase [34]. The dimensions of 6.5 nm, 0.8—1.3 nm, and 5 nm
were determined for the crystalline, intermediate, and amor-
phous phases, respectively. '>C solid-state NMR methods offer
certain advantages for the analysis of domain sizes in PE due
to high phase selectivity [35,36]. However, quantitative studies
of the phase composition, domain sizes, and molecular mobil-
ity in PE by '*C NMR could suffer from a lack of accuracy due
to very long '>C T, value for the crystalline phase.

The high sensitivity of the proton NMR makes this method
very attractive for characterization of crystallization kinetics
[15], premelting behaviour [37], and quality control [38].
The main disadvantage of 'H NMR for a phase analysis in
PE is a lack of high selectivity regarding the crystalline and
amorphous phases, if the experiments are performed at room
temperature. A discrimination of these phases by proton
NMR is made on the basis of differences in molecular mobil-
ity. Despite numerous 'H NMR studies of PE, it is still not
well known how annealing at elevated temperatures affects
the phase composition and the thickness of the domains. To
the best of our knowledge, the temperature dependence of
the domain thickness was not studied by NMR so far, as
well as the effect of annealing on the domain thickness.

Based on the above considerations, we aim to establish a
reliable method for the analysis of the phase composition
and domain sizes in HDPE using high-field proton wide-line
NMR and low-field "H NMR transverse magnetization relaxa-
tion methods. By comparing the results of these two methods
the performance of low-field NMR measurements for charac-
terization of the domain sizes in semi-crystalline polymers can
be validated. Furthermore, the effects of measurement temper-
ature and annealing at elevated temperatures on the polymer
morphology are studied in detail, as temperature may play a
decisive role in the outcome of the measurements. Knowledge
of the temperature effect will help to identity the temperature
range for which the largest NMR difference between the dif-
ferent phases can be obtained, while ensuring high accuracy of
the method by avoiding annealing. A recently developed NMR
spin-diffusion experiment is applied for measuring the domain
sizes [32,33,39]. This method, which explores double-quantum
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dipolar filter [32,33,39—41], provides higher differences and,
consequently, a more accurate analysis is possible. In order to
evaluate the reliability of the NMR method, the results are
compared with crystallinity and domain sizes determined for
the same sample by SAXS and TEM.

2. Experimental section
2.1. Sample description and preparation

High-density polyethylene (HDPE) sample was obtained
from SABIC Europe BV. The molar mass and molar mass
distribution, as determined by size exclusion chromatography
in 1,24-trichlorobenzene, were characterized by M, =15 x
10* g/mol, M,, =78 x 10* g/mol, M, =330 x 10’ g/mol and
M /M, =15.2. Four-millimeters thick compression-moulded
plates were prepared by melting HDPE in a mould, first under
atmospheric pressure at 180 °C with a subsequent pressure
increase to 500 kPa. To create a homogeneous melt, the HDPE
sample was kept in the mould for 15 min. Afterwards, the mould
was cooled with cold water and the HDPE plates were annealed
at 100 °C in an oven for 1 h followed by slow cooling to room
temperature. For the annealing study, the sample was further
annealed at different temperatures inside the NMR probe for
100 h.

2.2. DSC measurements

The DSC measurements were performed with a Perkin—
Elmer DSC-7 at a heating rate of 10 °C/min. The melting peak
and the melting enthalpy, which were determined from the first
melting endotherm of the core part of the plate, were 136.1 °C
and 229.5 kl/kg, respectively. Slightly different values of
134.9 °C and 224.1 kJ/kg were obtained for the skin layer. The
glass transition temperature for the amorphous phase of the
HDPE sample was observed at —57 °C by a high performance
DSC at a heating rate of 150 °C/min.

2.3. Transmission electron microscopy (TEM)

For recording transmission electron micrographs, the
compression-moulded plate was trimmed at a temperature of
—120 °C and stained for 24 h in a RuO,4 solution. Sections
of 70 nm thick were obtained by slicing the sample with an
ultramicrotom at —120 °C. Images were recorded with a
Philips CM200 TEM at an acceleration voltage of 120 kV.

2.4. Small angle X-ray scattering

The small-angle X-rays scattering (SAXS) experiments
were performed with a modified Kratky setup (entrance slit
40 pm, sample-detector distance 288 mm), attached to a sealed
tube X-ray source (40 kV and 50 mA), providing line-focused,
Ni-filtered CuK, radiation (0.154 nm). The scattering signal
was recorded using a Mbraun 50M position sensitive detector.
Calibration of the data and subtraction of the transmission-
weighted background signal yielded intensity profile I1(g),

where ¢ = (47t/2)sin & (with A, wavelength and 24, scattering
angle). Desmearing of the slit-smeared intensity profiles 1(g)
was performed with the FFSAXS software, using the infinite-
slit approximation [42,43].

After subtracting contributions from liquid-like scattering
B(q) from the desmeared data [43], the linear correlation func-
tions G(r) were calculated via (inverse) Fourier transform
according to

©

G(r) = / (q) - B(@)lcos(qr)da. (1)

The interpretation of the linear correlation function starts
from the assumption of (more or less) regular stacked sheet-
like crystalline domains with thickness ¢, occupying a volume
fraction ¢, that are separated by amorphous interlayer and thus
yield a lamellar structure with periodicity L. The scattering
power, Q, of such quasi-periodic assembly is

0= / @) dg = (p. — p.)'b(1 — ), 2)

where p. and p, represent the electron densities of the crystal-
line and amorphous domains, respectively.

The latter is used to obtain the normalized correlation
functions y(r) via

3)

which is finally evaluated with respect to the characteristic
dimensions of the quasi-periodic structure. The long period L
was extracted from the position of the slide maximum of y(r),
whereas the lamellar thickness was derived from the intersect
of the autocorrelation triangle at y(A) =0 with

A=L,p(1—¢)=d(1—¢), 4)

where ¢ represents the degree of crystallinity of the samples,
estimated from the minimum value of the correlation function
via

Ymin =7 (5)

2.5. NMR measurements and data analysis

The phase composition, the thickness of the domains, and
the molecular mobility were studied with the help of three dif-
ferent solid-state '"H NMR methods: wide-line NMR spectros-
copy, transverse magnetization relaxation (7, relaxation) and
spin-diffusion experiments. The experiments were performed
with NMR spectrometers that operate at high and low
strengths of the static magnetic field.

NMR experiments at high field were conducted with a
Bruker DSX spectrometer operating at a proton resonance
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frequency of 500.45 MHz. The data were collected for static
samples at temperatures between room temperature and
120 °C. The duration of the 90° pulse was about 5 ps and
the dwell time was set to 0.75 pus. A recycle delay of 5s
was used for all experiments. The experimental wide-line
spectra were deconvoluted in three components using the
Bruker WinFit program. The broad component of the spectra
was approximated by a Gaussian function. This is a rough
approximation of the actual line shape as shown below. The
shape parameter (« = 0.5) of the line with intermediate width
(i.e. the interface) was between that of a Gaussian (o« = 1) and
a Lorentzian (e = 0). It is noted that the theoretical description
of the line shape for the amorphous phase in semi-crystalline
polymers is still under debate, which is in part due to complex
morphology of these materials. The spectra fit has shown that
the narrow component of the spectra that belongs to the amor-
phous fraction with high chain mobility can be well described
by the Lorentzian line shape.

Spin-diffusion and T7,-relaxation experiments were per-
formed for static samples on low-field NMR Bruker Minispec
spectrometers NMS-120 and MQ-20. Both spectrometers op-
erate at a proton resonance frequency of 19.6 MHz. The dura-
tion of the 90° pulse and the dead time were 2.8 ps and 7 ps,
respectively. The dwell time was 0.5 ps. A BVT-3000 temper-
ature controller assumed temperature stability better than 1 °C.

Three different pulse sequences were used with the low-
field NMR spectrometers to measure accurately the decay of
the 'H transverse magnetization (T, decay) from both rigid and
soft fractions of the sample: (1) the free induction decay (FID)
after a 90° pulse excitation (SPE — single pulse excitation),
i.e. 90°,—dead time — acquisition of the amplitude A(¢) of the
transverse magnetization as a function of time ¢, (2) the solid-
echo pulse sequence (SEPS), i.e. 90°,—#,—90°,—t,. — acqui-
sition of the amplitude of the transverse magnetization A(f),
with #,=10ps, and (3) the Hahn-echo pulse sequence
(HEPS), i.e. 90°,—ty.—180°,—ty. — acquisition of the ampli-
tude of the echo maximum for variable value of .. The SPE
and SEPS could cause systematic errors in the analysis of the
phase composition in heterogeneous materials. The initial part
of the FID is not detected after 90° pulse excitation because of
the dead time of the receiver. Therefore, the knowledge of the
shape of the transverse magnetization decay for the rigid phase
is required for accurate deconvolution of the FID into compo-
nents corresponding to different phases. The shape of the FID
for the rigid fraction can be determined by the SEPS. The
SEPS has the advantage of avoiding the dead time of the spec-
trometer. The amplitude of the transverse magnetization of the
rigid and soft fraction is lower than the real one because of the
following reasons: (1) the incomplete refocusing of the dipolar
interactions for a dipolar network by the solid-echo [18,19],
(2) molecular motions, the correlation time of which is compa-
rable to the pulse spacing [18,19], and (3) the shift of the echo
maximum caused by nonzero pulse width [18,19].

In order to estimate these systematic errors, the SEPS
experiment was performed at different solid-echo times #
for HDPE. It can be seen in Fig. 1 that the initial amplitude
of the fast, A(0)", intermediate, A(O)i, and long, A(O)l, decay
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Fig. 1. The initial amplitude of the fast A(0)", intermediate A(O)i and slowly
A(0)" decaying components of the transverse magnetization decay against
the pulse spacing f, in the SEPS. The amplitudes at #,, =0 are determined
from a least-squares analysis of FID measured after 90° pulse excitation.
The NMR experiments are performed for HDPE at 100 °C.

components has decreased with increasing fs,.. Thus, the
fraction of A(0)" is largely underestimated in the SEPS, which
does not allow using this experiment for quantitative analysis
of the phase composition, if the experiment is performed for
one value of f,.. Extrapolation of the dependence A(0)", A(O)l
and A(0)' on 7, to time f, =0 provides the absolute value of
the amount of the rigid phase, as determined by a value of
A(0)/[A(0)" + A(0)' + A(0)"]. The extrapolated value coincides
with that determined by a least-squares fit of the free induction
decay (FID) after 90° pulse excitation (Fig. 1). Analysis of the
solid-echo decay and FID shows the same shape of the fast
decaying component approached by the Abragam shape (see
Eq.(6)). Therefore, the 90° pulse excitation was finally used
to record the FID for the quantitative analysis of the phase
composition. An additional experiment with Hahn-echo pulse
sequence was used in order to avoid the effect of the inhomo-
geneity of the magnetic field on the decay of A(0).

The amplitude of the FID for times ¢ longer than 200 ps is
affected by the inhomogeneity of the magnetic field, which is
due to the inhomogeneity of the permanent magnetic field B,
itself and B, inhomogeneity within a sample volume that arises
from an inhomogeneous magnetic susceptibility of the hetero-
geneous sample. By varying the inter-pulse spacing in the
HEPS from 75 ps to 10 ms, the amplitude of the Hahn echo
A(¢) is measured as a function of the time. The HEPS should
be used for obtaining reliable information about the amount
and the rate of the transverse magnetization relaxation of a soft
fraction of HDPE. Whereas the FID recorded by SPE provides
accurate information on the effective relaxation times and the
amount of rigid- and semi-rigid HDPE fractions. The ampli-
tude of the transverse magnetization, which is determined by
the SPE and HEPS experiments, was the same in the time
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interval from about 75 ps to 180 ps (see Fig. 6a). Therefore,
the results of both experiments were combined in a single file.

The combined data file was fitted with a linear combination
of the Abragam function [44] and two exponential functions:

A(r) = A(0)exp[ — (£/2T3)*][sin(at) /a]
+A(0) exp[ — (1/T3)] +A(0) exp[ — (+/T3)]. (6)

The Abragam function [44] corresponds to the first term of
Eq. (6). The parameter a depends on the distance between
hydrogen atoms of the methylene group, and is related to
the second and fourth van Vleck moments. The effective trans-
verse relaxation time, T3, for the rigid fraction is a measure of
the second van Vleck moment, i.e. M, = 1/(T$)%. The relative
fraction of the relaxation components, {A0)/[A0)* + A(0)! +
A(0)]} x 100%, where k=s, i and 1 represents the relative
amount of hydrogen atoms (mass fractions) of HDPE phases/
fractions with different molecular mobility. Repeated experi-
ments for the same sample indicated that the relative error of
the relaxation parameters was about 2%.

2.6. Determination of the domain thickness by NMR
spin-diffusion experiments

The majority of spin-diffusion investigations performed in
the past used different types of dipolar filters that select mainly
the signal from the domains with high molecular mobility
[9,13,30,34,45—48]. Multiple-quantum coherences of dipolar
coupled spins-1/2 nuclei in the solids [49,50] have also been
exploited as a filter to separate different magnetization compo-
nents in a spatially heterogeneous system [39—41]. The main
advantage of multiple-quantum (MQ) dipolar filters is that, in
combination with the dipolar filters of the mobile phase, one
can gain more detailed information about complex polymer
morphologies [32,33]. Moreover, to use this type of filter is
more advantageous than a dipolar filter for mobile domains
because the MQ filter allows a more accurate detection of
the narrow line on the top of the broad one as compared to
the detection of the broad line under the narrow signal, which
is the case of the Goldman—Shen filter [9,46]. This is valid
especially at short diffusion times when the intensity of one
of the components is very small.

In the present study, proton double-quantum (DQ) build-up
curves and spin-diffusion data were recorded. The spin-
diffusion experiments consisted of a z-magnetization dipolar
filter, a spin-diffusion period of duration #4, and an acquisition
period, as shown in Fig. 2. The dipolar filter excites double-
quantum coherences and selects mainly the magnetization of
rigid phase at short excitation times g =5 ps [39]. The exci-
tation/reconversion time 7, which corresponds to the maxi-
mum of the DQ build-up curve, was determined in a series of
experiments with variable values of 7 and #4. The recycle delay
was 3 s. The same parameters were used for the spin-diffusion
experiments at low- and high-strength of the magnetic fields.

The FIDs recorded at low frequency and at different mixing
times 74 were analysed with a least-squares fit program devel-
oped at DSM Research. In addition to fitting a single FID, the
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Fig. 2. (a) General scheme of spin-diffusion experiments using a double-
quantum (DQ) dipolar filter. (b) Four-pulse double-quantum filter, which is
followed by a 90°.-detection pulse after the spin-diffusion time #4 in the
spin-diffusion experiment.

fit program can be also used to fit an array of FIDs measured at
different mixing times (global fit). The global fit adjusts one T,
value for each relaxation component of FIDs in the array pro-
viding the minimum standard deviation of residuals for all set
of the data. The important improvement of the global fit, as
compared with a separate fit of each FID, is the high reliability
of the best-fit values of the relative fractions of the relaxation
components even for their small values.

The thickness of the rigid, semi-rigid and soft domains of
HDPE was determined by a fit of the dependencies of the sig-
nal amplitudes for these fractions as a function of the mixing
time. For this purpose, a one-dimensional (1D) analytical
solution for the spin-diffusion equations was used [32,33,39].
It should be noted that the shape of the spin-diffusion curves
could be affected by spin—Ilattice (7T) relaxation. In the pres-
ent study, the spin-diffusion process was nearly completed
at the longest mixing time ty= 100 ms, however, #4 being
significantly shorter than T;. Therefore, no T, correction of
the spin-diffusion data was needed.

3. Results and discussion
3.1. Morphology of HDPE by TEM

The transmission electron micrograph of the sample shows
stacked lamellar crystals (Fig. 3) that are separated by a thin
amorphous layer. The estimated thickness of lamellae in the
core part of the sample is 16 =2 nm. The thickness of the
amorphous layer does not exceed 2—3 nm. The value of the L,
was determined directly by measuring the lamellae periodicity
(in mm) on the TEM image and converting the obtained value
to L, using the scale of the TEM image. No advanced analysis
of the TEM image has been performed.

3.2. Crystallinity and morphology by SAXS
The SAXS patterns reveal a maximum due to the long

period (Fig. 4), which is a typical feature of semi-crystalline
polymers. For HDPE, this can be interpreted in terms of a
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Fig. 3. TEM picture of a core part of a compression-moulded HDPE plate. The
length of 100 nm is shown in the bottom left-down corner of the figure.

quasi-periodic, lamellar morphology as outlined in more detail
above. The analysis of the one-dimensional electron density
correlation function assumes the two-phase model, which can-
not be strictly valid due to the presence of the interfacial layer,
as will be shown below by NMR experiments. The long period
L, is estimated from the position of the first interference max-
imum, at about 0.038 nm ™! (Fig. 4), and from the normalized
correlation function, which is shown in Fig. 5. According to
these data, the long period is close to 25 nm, which is larger
than the values obtained by TEM, i.e. (18—19)+£ 2 nm. It is
noted that the L, value can suffer from systematic errors due

to the experimental set-up used.
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Fig. 4. One-dimensional scattering intensities I1(s) = I(s)*s® recorded at
various temperatures, indicating the maximum of the long period due to

periodic stacking of crystalline lamellae.
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Fig. 5. Normalized linear correlation functions y(x) derived from the SAXS

data shown in Fig. 4.

Based on the analysis of the correlation functions, the
thickness of the crystalline domains is estimated to 17—18 nm,
which is in good agreement with the value measured by TEM
and NMR, as will be shown below. With the values of d and L,
from the correlation functions, the crystallinity is estimated to
68 + 5 vol%. This value corresponds to a crystallinity in mass
percent of 71 £ 5 wt%, which is calculated with the densities
of the crystalline and amorphous phases of 0.99 g/cm® and
0.87 g/em?, respectively. It is suggested in this calculation that
the density of an interfacial layer is given by the mean value of

the densities for the crystalline and amorphous phases. SAXS
experiments at different temperatures reveal almost the same
long period, lamella thickness, and crystallinity in the temper-

ature range from 30 °C to 90 °C.

3.3. Solid-state NMR study of the phase composition,
molecular mobility, and domain thickness

3.3.1. Temperature dependence of the phase composition
and chain mobility
The proton NMR free induction decay (FID) measured for
HDPE at 100 °C is shown in Fig. 6a. The FID can be decom-
posed into three components. They are assigned to three
fractions with different molecular mobility, the rigid — T3,
semi-rigid — Th, and soft — T5 fractions, respectively
[11,12,14,18]. The existence of three fractions with different
molecular mobility is evidently shown by 'H NMR spectra
(Fig. 6b). Like the FID, the spectra can be deconvoluted
into three components. Broad, intermediate and narrow lines
originate from rigid, semi-rigid and soft fractions of HDPE,
respectively. However, the quantitative analysis of FID and
wide-line NMR spectra in terms of crystalline phase, crys-
tal—amorphous interface and soft fraction of the amorphous
phase can be complicated due to the following reasons. (1)
To observe distinct differences in molecular mobility of the
crystalline and amorphous phases, and consequently in the
T, relaxation and the line width, the temperature of the sample
should substantially exceed the dynamic glass transition
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Fig. 6. (a) The decay of the transverse magnetization relaxation (points) for
HDPE at 100 °C. The decay was measured at 20 MHz using the SPE (O)
and HEPS (I) methods. The solid line represents the result of a least-squares
fit of the decay with a linear combination of the Abragam function and two
exponential functions. Dotted lines show the separate components that are as-
signed to HDPE fractions, which reveal distinct differences in molecular mo-
bility. (b) Proton wide-line NMR spectra (solid line) measured at 500 MHz for
HDPE at 100 °C. The dashed and dotted lines show the spectral components
that are assigned to the rigid, semi-rigid, and soft fractions of HDPE — broad,
intermediate, and narrow line widths, respectively.

temperature at the time scale of the NMR experiment, i.e. in
the range of 10~*—10">s. The T, of the HDPE sample that
was determined by a high performance DSC equals —57 °C.
The NMR T, should be observed in the temperature range
from —30°C to —10 °C. Therefore, a proper choice of the
temperature of the NMR experiment is required. (2) Since
the T,-relaxation experiments should be performed at temper-
atures well above T, the sample exposure to elevated temper-
atures can cause irreversible changes in the phase composition
and thus in the molecular mobility. Therefore, the temperature
for the experiments should not be too high to prevent anneal-
ing of the sample during the NMR experiment.

In order to find the optimum temperature for determinating
the phase composition by NMR, we recorded the temperature
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Fig. 7. Temperature dependence of the amount of rigid, semi-rigid, and soft
fractions of HDPE measured with (a) low-field and (b) high-field NMR spec-
trometers. Dotted line shows crystallinity that was determinated by SAXS in
the temperature range from 30 °C to 90 °C.

dependence of the T, relaxation and the wide-line spectra
(Fig. 7). At room temperature, a significant fraction of the
amorphous phase is rigid at the time scale of the NMR exper-
iments and this amorphous fraction contributes to the intensity
of the broad line of the NMR spectra and the short T,-relaxa-
tion component of FID, as can be concluded by comparing the
amount of the rigid fraction with the crystallinity determined
by SAXS, i.e. 71 £5 wt%. Upon increasing temperature, the
amount of the rigid fraction, which is composed of the crystal-
line phase and the rigid fraction of the amorphous phase, grad-
ually decreases, whereas the amount of the semi-rigid and soft
fractions increases. These changes are caused by an increase in
molecular mobility of the less constrained chain fragments in
the amorphous phase, and possibly by melting of thin lamel-
lae, which are inserted into the primary stack of crystallites
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upon cooling of HDPE which was crystallized at elevated tem-
peratures [51]. In the temperature range from approximately
100 °C to 120 °C, the amount of rigid fraction (%T5) is close
to the crystallinity measured by SAXS. Above 120 °C, the
amount of the rigid fraction decreases by melting. The DSC
analysis of this sample shows that the extrapolated onset tem-
perature of melting, as determined by a method described else-
where [52] is in proximity of 125 °C and the peak of melting is
observed at 136 °C. Thus, the temperature range from 100 °C
to 110 °C is the most suitable for an accurate determination of
the phase composition in HDPE, since (1) the largest differ-
ences in molecular mobility in the different fractions of
HDPE is observed at these temperatures, (2) no substantial
sample annealing occurs as will be shown below, and (3) the
amount of the rigid fraction of HDPE does not largely depend
on temperature and its value is close to crystallinity deter-
mined by SAXS. It is mentioned in this context that, in gen-
eral, different methods for determination of crystallinity do
not necessarily yield the same crystallinity value for exactly
the same sample.

As far as the molecular mobility in HDPE is concerned, the
changes in the T,-relaxation times in the temperature range
studied (Fig. 8) can be assigned to the following relaxation
transitions in HDPE [53—56]. A small increase in T5 above
60—80 °C is related to chain motions in the crystalline
phase — the a.-relaxation process, which occurs prior to melt-
ing. Interpretation of the molecular mobility in the amorphous
phase is more cumbersome. Despite numerous studies of
relaxation processes in PE by different methods, molecular
interpretation of the relaxation processes in the amorphous
phase is under discussion [54]. The increase in T12 with in-
creasing temperature from 40 °C to 70 °C can be associated
with a relaxation process in the soft fraction of the amorphous
phase. This temperature range and frequency of this relaxa-
tion, as estimated from change in T, (=5—10 kHz), are in
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Fig. 8. Temperature dependence of 'H T,-relaxation times for HDPE. The re-
laxation components with short (75) intermediate (Tiz), and long (le) decay
time (see Fig. 6a) are assigned to the rigid, semi-rigid and soft fractions of
HDPE, respectively.

the range that is characteristic for the o,,-relaxation in the
amorphous phase. It is noted that the o,,-relaxation in
HDPE is very broad and hardly detectable by mechanical
and dielectric relaxation methods [54]. Partial melting of
HDPE crystals above 120 °C causes a decrease in constraints
on chain motions in the amorphous phase and therefore an
increase in molecular mobility in the amorphous phase, as
reflected by an increase in Tiz and T12 (Fig. 8).

3.3.2. The effect of annealing on molecular mobility and the
phase composition

The experiments above have shown that the analysis of the
phase composition should be preferably performed at elevated
temperatures where the NMR parameters show enhanced dif-
ference. Since the NMR experiments take approximately 2 h,
sample annealing is indeed an issue. In order to determine
a temperature, at which no detectable changes in the relaxation
will be observed during NMR experiments, the T, relaxation
was recorded in real time at 100 °C, 110°C and 121 °C.
The data were recorded at 1 h intervals. Sample exposure to
100 °C and 110 °C for 60 h causes hardly any change in the
molecular mobility and the phase composition. Annealing at
121 °C for 100 h shows an increase in the amount of the rigid
fraction by 1 wt% at the expense of semi-rigid and the soft
fractions of the amorphous phase (Fig. 9a). Due to annealing,
both the melting temperature as well as the melting enthalpy
increase, namely: the melting peak shifts from 139.1 °C to
145.4 °C, and the melting enthalpy increases from 232.8 J/g
to 273.9 J/g. The molecular mobility in the rigid, semi-rigid
and soft fractions of HDPE is also slightly affected by anneal-
ing at 121 °C (Fig. 9b). The value of T, for the rigid fraction
(T5) decreases upon annealing from 15 us to 14 us due to per-
fection of crystals, as it can be also concluded from large
increase of the melting enthalpy at only 1 wt% crystallinity
increase. The T,-relaxation time for the semi-rigid fraction
and soft amorphous phase decrease by a few percent. This
decrease is likely to be caused by additional constraints im-
posed on to the amorphous phase due to the increased amount
of crystalline phase.

The analysis of the temperature dependence of the T, relax-
ation and the annealing study show that 100 °C is the optimum
temperature for quantitative analysis of the phase composition
in HDPE using the NMR experiments. At this temperature, the
relaxation components T5, T5 and T5 (Fig. 8) largely originate
from the crystalline phase, semi-rigid crystal—amorphous in-
terface, and the soft fraction of the amorphous phase, respec-
tively. The relative fraction of these components represents the
corresponding weight fractions (Fig. 7a). The observation of
three distinct T, relaxations rather than a wide distribution
of the relaxation times indicates a fast loss of restrictions on
rotational and translational chain mobility when moving
away from the crystalline phase to the interface and to the
soft fraction of the amorphous phase. Therefore, a stepwise
change in the molecular mobility at the position between
different phases is observed. Thus, we can conclude that
the three-phase model describes well the phase structure of
HDPE [11—-15].
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Fig. 9. (a) The amounts of crystalline phase (%T5), semi-rigid crystal—amor-
phous interface (%T%5) and soft fraction of the amorphous phase (%T5) in
HDPE as a function of the annealing time at 121 °C. (b) The effect of anneal-
ing on molecular mobility, as determined by the T»-relaxation time for the dif-
ferent phases of HDPE. Larger the amplitude and/or frequency of molecular
motions are, longer the T, value. The above relaxation characteristics are de-
termined for the crystalline phase and the crystal—amorphous interface from
the analysis of FID and using the Hahn-echo data for the soft fraction of the
amorphous phase, as described in experimental part.

3.3.3. Thickness of domains by 'H spin diffusion

An accurate analysis of the thickness of domains by NMR
spin-diffusion experiments requires (1) an optimisation of a di-
polar filter to obtain the highest selectivity to different phases
(see Section 3.3.3.1), (2) knowledge of the spin-diffusion
coefficients for modelling the experimental data (see Section
3.3.3.2), and (3) proper choice of a model that fits the
morphology of the material studied. For a lamella morphology
one-dimensional spin-diffusion model is the most suitable and

applicable in the present study, as can be seen from the TEM
picture in Fig. 3.

3.3.3.1. Double-quantum dipolar filter. The dipolar filter
based on the excitation of the double-quantum coherences
edits different dipolar spin networks as a function of the exci-
tation/reconversion time 7 (Fig. 2). Using the dipolar filter, dif-
ferent phases in HDPE can be selected by a proper choice of
the excitation/reconversion time. This is an intrinsic property
of the DQ coherences that are selectively excited for different
phases upon increasing the excitation time depending on the
strength of the dipolar couplings in a dipolar network in these
phases [49,50]. The chain motions in the interface and mobile
fraction reduce the strength of proton dipole—dipole interac-
tions. Therefore, the DQ dipolar filter is highly sensitive to the
heterogeneity of the dipolar network. This effect is enhanced
by a difference in the rate of the transverse magnetization
relaxation for hard and soft phases that affect the intensity of
the DQ filtered NMR signals.

In order to determine the optimum 7 value of the DQ filter
(Fig. 2) [57], a DQ build-up curve was recorded. The DQ
build-up curve for HDPE shows two maxima (Fig. 10). The
first maximum is well defined and appears at a very short ex-
citation time 7 of approximately 10 ps. The second maximum
is not so well defined and observed at an excitation time of
about 25 ps. The efficiency of the filter is demonstrated in
Fig. 11, which shows wide-line NMR spectra recorded with the
DQ filter at different excitation/reconversion times 7. These
spectra allow us to assign the maxima on the 'H DQ build-
up curve and to choose the optimum filter time for selecting
the magnetization of the crystalline phase. At short 7 values,
the DQ filter edits only the signal of methylene groups with the
strongest dipolar interactions, mainly in the crystalline phase.
Since an isolated spin-1/2 pairs have a NMR spectrum with
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Fig. 10. Proton DQ build-up curve for HDPE at room temperature showing the
dependence of the integral signal against the excitation time 7. The DQ build-
up curve was measured with high-field NMR spectrometer. The maximum is
observed at 10 ps and is marked by a dashed line. The low-intensity maximum
at an excitation time of =25 ps largely originates from the semi-rigid fraction
of HDPE.
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Fig. 11. High field proton wide-line NMR spectra of HDPE at room temperature recorded after different excitation/reconversion period in the DQ dipolar filter:
T=2us (a), 7= 10 ps (b), 7=20 ps (c), and 7 =40 ps (d). The spin-diffusion time #, in the experiment (Fig. 2b) was set to 5 ps.

two peaks, the 'H DQ filtered spectrum has the form of dou-
blet (Fig. 11a) that is typical for CH, spin pairs in the crystal-
line surrounding of HDPE [12,14,15]. The broadening of the
edited doublet is due to CH, intergroup dipolar interactions
and the angular distribution of the dipolar couplings. Thus,
at short excitation times (7 = 2—5 ps) the filter selects mainly
the magnetization from the rigid fraction of HDPE.

As the value of the excitation/reconversion time increases,
the DQ filter still edits protons in the rigid region. However, it
selects the dipolar network from intra- as well as intergroup
dipolar coupled CH, groups. The resolution of the edited dou-
blet is reduced by the dipolar broadening due to the methylene
intergroup dipolar interactions. This is evident from the spec-
trum that is recorded at the excitation/reconversion times at
10 ps, which is around the maximum of the DQ build-up curve
(Fig. 11b). Moreover, for this 7 value, the DQ coherences of
the methylene groups from the interfacial region are partially
excited and contribute to the DQ filtered signals. An interest-
ing property of the DQ filter is that it selects at long excitation
times only the signal from the most mobile chain fragments in
the amorphous phase (Fig. 11d) [32]. This is due to the fact
that the FID from the rigid and interfacial regions decays to
nearly zero during the free evolution of the single-quantum co-
herences in the five-pulse sequence. At intermediate filter time
(7 = 20 ps), the signal from the semi-rigid interfacial region is
strongly enhanced (Fig. 11c). The line splitting for the inter-
face of 20 kHz is apparently due to residual chain order in
the interfacial layer, which is intermediate between that of
the highly ordered crystalline phase and the disordered soft

amorphous fraction [58,59]. Thus, the DQ filter shows high ef-
ficiency in selecting the magnetization of a particular HDPE
domain with different molecular mobility. The high selectivity
of the DQ filter is also observed in T, relaxation experiments
at low resonance frequency (20 MHz). The excitation time of
5 us is chosen to select the rigid fraction of HDPE in the spin-
diffusion experiment both at high and low proton resonance
frequencies.

3.3.3.2. Temperature dependence of spin diffusivities in HDPE.
The values of the spin-diffusion coefficients should change
with increasing temperature due to an increase in molecular
mobility. Therefore, the spin-diffusion coefficients should be
determined at different temperatures for accurate analysis of
domain sizes in HDPE as a function of temperature.

The values of the spin-diffusion coefficients D for the rigid
and the soft fractions of HDPE can be determined assuming, to
a good approximation, that the NMR line shapes of the rigid
and soft fractions are Gaussian and Lorentzian, respectively.
The spin-diffusion coefficients can be related to the second
van Vleck moment of the NMR absorption lines, which, in
turn, is related to the full line width Av,, at half height. The
presence of more intense chain motions in soft fraction aver-
ages proton residual dipolar couplings and reduces the value
of the spin diffusivity. Hence, the spin diffusivity for the rigid
(D,) and soft (D,) fractions is as follows [46]:

1 T

= () )

D,
2In2



C. Hedesiu et al. | Polymer 48 (2007) 763—777 773

Da:é<r2> [(XAI/]/Z] 1/2, (8)

where (%) is the mean square distance between the nearest
spins and « is a cut-off parameter for the Lorentzian line shape
[46]. This cut-off parameter is introduced to specify the fre-
quency range around the maximum value of the Lorentzian
line needed to evaluate an effective second van Vleck moment.
The temperature dependence of Av, is determined at each
temperature by spectral deconvolution as shown at one
temperature in Fig. 6b. For calculating (r%) the Discover pro-
gram (version 2004.1) was used. The estimated weighted
mean square of these distances (r*) equals approximately
0.0484 nm?. Since the conformer stereo structure evaluated
from Discover program is difficult to obtain at different tem-
peratures for the HDPE fractions, (r*) value of 0.0484 nm?
is taken as an average value for different HDPE fractions
and temperatures. The semi-rigid fraction of HDPE has molec-
ular mobility that is intermediate between that in rigid and soft
fractions (Fig. 7). Therefore, an arithmetic average value of the
spin-diffusion coefficients for rigid and soft fractions of HDPE
was taken as the spin-diffusion coefficient of the semi-rigid
fraction (D).

The calculated spin-diffusion coefficients are plotted as
a function of temperature in Fig. 12. The values of the spin-
diffusion coefficients decrease with increasing temperature
due to an increase in the amplitude and the frequency of the
chain motions in each fraction of HDPE. The increase in the
chain mobility causes more efficient averaging of the proton
dipole—dipole interactions and reduces the efficiency of the
spin diffusion. Therefore, the determination of the spin-
diffusion coefficient for each phase as a function of tempera-
ture is necessary for an accurate analysis of domain sizes.

3.3.3.3. The thickness of domains in HDPE. The spin-
diffusion experiments were performed for HDPE at 70 °C,
100 °C and 120 °C before and after annealing for 100 h at
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Fig. 12. The temperature dependence of the spin-diffusion coefficients D,, D;,
and D, for rigid, semi-rigid and soft fractions of HDPE, respectively.

121 °C. Proton wide-line NMR spectra at three different
spin-diffusion times 74 are shown in Fig. 13. At short 74 mainly
the rigid fraction of HDPE is observed, as can be seen in
Fig. 11a. Upon increasing the spin-diffusion time, the relative
intensity of the rigid fraction in the spectra decreases and the
intensity of the narrow line that originates from the soft amor-
phous fraction increases (Fig. 13). A similar behaviour is
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Fig. 13. Proton wide-line NMR spectra for HDPE at room temperature. The
spectra were recorded using the spin-diffusion experiment, which is shown
in Fig. 2, with different spin-diffusion time: (a) t4 =350 ps, (b) t3=>5ms
and (c) ty =60 ms.
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Fig. 14. Proton spin-diffusion data for the rigid (), semi-rigid (@), and soft
fractions ( A ) of HDPE at 100 °C. The experiment was performed on a low-
field NMR spectrometer. The normalized intensities of different fractions 1(z)/
1(0) are obtained from Eq. (6). The solid lines are the best fit with 1D solutions
of spin-diffusion equations [39]. The data of short #4 are shown in the inset.

observed in the time-domain experiments performed with the
low-field NMR spectrometer.

The time evolution of the nuclear magnetization with in-
creasing spin-diffusion time is shown in Fig. 14 for the rigid,
semi-rigid and the soft fractions at HDPE before annealing.
The magnetization flows from the rigid/crystalline phase to
the semi-rigid interfacial layer and then reaches the soft frac-
tion of the amorphous phase after some delay (see inset of
Fig. 14). Already the visual analysis of the data reveals that
the rigid and soft fractions of HDPE are separated by a layer
with intermediate molecular mobility.

In order to determine the size of the domains with different
molecular mobility, the spin-diffusion curves were fitted with
equations that have been obtained using analytical solutions of
the spin-diffusion equation for three distinct phases character-
ized by different spin diffusivity [39]. The spin-diffusion curve
represents the changes in the experimental parameters given
by the normalized amplitudes of the fitted transverse magneti-
zation relaxation or NMR spectra as a function of the spin-
diffusion time 74 (cf. Fig. 2). The explicit solutions of the
spin-diffusion equations are complex and are reported in
Ref. [39]. The spin-diffusion coefficients used in the calcula-
tion are those from Fig. 12. The values of the proton densities
for the different phases of HDPE, which are required for the
calculation [39], are determined from the densities of crystal-
line and amorphous phases of HDPE, i.e. p. = 0.99 g/cm® and
pa=0.87 g/cm’. It is suggested that the density of the inter-
face, p; =0.93 g/cmS, is the mean value of the densities for
the crystalline and amorphous phases.

The thickness of HDPE domains before annealing was
determined using the time-domain and the frequency-domain
spin-diffusion experiments, both methods yielding results
that are in good agreement to each other (Table 1). The result

Table 1
The thickness of rigid (d.), semi-rigid (d;) and soft domains (d,) at different
temperatures in non-annealed HDPE™"

The thickness

Temperature (°C)

of domains (nm) 70 100 120

d. 18.0 (19.0) 17.0 (17.0) 13 (12.5)
d; 1.1 (1.1) 1.3 (1.4) 1.2 (1.3)
d, 0.6 (0.5) 0.7 (0.8) 1.0 (1.1)

Long period from NMR: 20.8 (21.7) 20.3 (20.6) 16.4 (16.2)

Zd:dc+2d| +da
The domain thickness was obtained from "H spin-diffusion experiments with
a DQ filter.

# Measured using 500 MHz and 20 MHz (in brackets) NMR spectrometers.
® The relative error of the data is estimated to about 15%.

for long period is almost constant below 100 °C (Fig. 15a).
Moreover below 100 °C, the thickness of the rigid fraction
d, slightly exceeds the lamella thickness determined by TEM
and SAXS. This is due to the fact that the interfacial layer
with intermediate mobility on the lamellae surface is largely
immobilized below 100 °C, as can be seen by comparing the
amount of the rigid fraction with the sample crystallinity mea-
sured by SAXS (Fig. 7). The thickness of the rigid domain
slightly decreases with increasing temperature and at approx-
imately 100 °C reaches the lamella thickness as measured by
TEM and SAXS, i.e. 16—18 nm. Thus, the thickness of rigid
domains at 100 °C represents lamellae thickness. The lamellae
thickness at 120 °C is smaller than that at 100 °C, which could
be caused by partial melting of the sample. Moreover, frag-
mentation of lamellae upon melting could also cause apparent
decrease in lamellar thickness due to an increase in the effi-
ciency of the spin diffusion. As far as the soft domain is con-
cerned, its thickness increases with increasing temperature at
the expense of rigid domains. The thickness of the interface is
nearly constant in the studied temperature range and equals
with 1.1—1.3 nm (Fig. 15c). This value is in the same range
as previously estimated by Monte Carlo simulations interface
thickness [58—60]. The simulations have shown that density,
orientational order and transverse structure parallel to the
lamella surface change from those of crystalline phase to dis-
ordered amorphous phase within a layer of 1.0—1.2 nm thick-
ness that is adjacent to the lamellae surface. It should be noted
that the interface thickness is close to the length of the statis-
tical segment for PE chains, which consist of =7 carbon—car-
bon bonds [61] and equals to 0.8 nm for fully extended PE
chain. Therefore, distinct differences in chain mobility in dif-
ferent fractions of HDPE are apparently caused by short-range
correlations of chain motion due to the short length of statis-
tical segment.

3.3.4. The effect of annealing on the thickness of domains

In order to determine the effect of annealing on the thick-
ness of the rigid, semi-rigid, and soft domains, a compression-
moulded HDPE plate was annealed at 121 °C for 100 h. The
thickness of domains was determined at 70 °C, 100 °C and
120 °C and the results for the annealed sample are compared
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Fig. 15. The temperature dependence of the long period from NMR (a), the thickness of rigid (b), semi-rigid (c), and soft (d) domains of HDPE. The experiments
were performed on low-field NMR spectrometer for a compression-moulded plate before and after annealing at 121 °C for 100 h. Shade area shows the lamellar

thickness measured by NMR and TEM for non annealed samples.

with those of the non annealed sample (Fig. 15). Annealing
causes a significant decrease in the thickness of the interfacial
layer and the soft amorphous phase, and an increase in the
lamellar thickness, which can clearly be seen for the results
measured at 120 °C. The annealing causes only minor changes
in molecular mobility (Fig. 9b).

The annealing study suggests the following mechanism of
morphological changes due to annealing at elevated tempera-
tures. Upon approaching the melting temperature, the molecu-
lar mobility increases both in the amorphous regions, the
crystal—amorphous interface, and in the crystalline phase (o-
relaxation) (Fig. 8). Previous '>C NMR studies have suggested
two types of crystalline environments with distinctly different
molecular mobility: the more perfect one and that with defects
[22,27]. It might be suggested that chain mobility increases at
elevated temperatures in the less ordered, surface layer of la-
mellae, as it follows from a decrease in the lamella thickness
above 100 °C for non-annealed sample (Fig. 15b). An increase
in the molecular mobility is accompanied by partial melting of
small crystals and less ordered fragments of the lamellae. An
increased mobility in the amorphous phase and chain diffusion
in- and out of the crystals (a-relaxation) [24] facilitate to some

extent morphological changes towards a more thermodynami-
cally stable, better-ordered crystalline structures and thicker
lamellae. It should be mentioned in this respect that the
root-mean-square displacement of chains in PE lamellae
amounts to more than 10 nm at 100 °C within 100 s [24].
Chain rearrangements upon prolonged annealing at 121 °C
for 100 h result in a decrease in molecular mobility in the crys-
talline phase, as it follows from a slight decrease of T3 during
annealing and large increase in the melting enthalpy (from
232.8 J/g to 273.9 J/g) at only 1 wt% increasing in the crystal-
linity (Fig. 9b). These might suggest perfectioning of the crys-
talline order. Lamellae thickening and a slight increase in the
crystallinity would cause additional slippage of chain entan-
glements towards the inner part of inter-lamellar amorphous
regions causing additional immobilization of the soft fraction
of the amorphous phases, as it can be concluded from the
decrease of the thickness of this layer (Fig. 15c) and decrease
in TS (Fig. 9b). Thus, our observations reveal that annealing
is accompanied by a continuous shift of the crystal—
amorphous interface towards the inner part of the amorphous
regions and reducing the thickness of the amorphous layer
[23,62—64].
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4. Conclusions

The effects of temperature and annealing on the following
molecular and morphological characteristics of HDPE were
studied by time- and frequency-domain proton solid-state
NMR: (i) the amount of rigid, semi-rigid, and soft fractions
of HDPE, (ii) the thickness of the domains with different
molecular mobility and (iii) the molecular mobility in these
domains.

This study was focused on two areas, namely (1) the
improvement of solid-state NMR methods for determining
the thickness of domains in heterogeneous polymers and (2) a
better understanding of the phenomena that occur upon
annealing of HDPE.

(1) The novel spin-diffusion experiments that are based on
the double-quantum dipolar filter provided reliable informa-
tion about the thickness of lamellae, crystal—amorphous inter-
face and soft fraction of the amorphous phase. The applied
method allows a better discrimination between the HDPE
phases and, therefore, a more accurate analysis of the thick-
ness of the domains. In order to improve accuracy of the
method, the temperature dependence of the spin diffusivities
in all three phases was determined, which allowed us to obtain
reliable information about changes in the domain thickness as
a function of temperature. The lamellar thickness and the long
period determined by NMR are in good agreement with the re-
sults of classical methods, i.e. TEM and SAXS, which prove
the reliability of the NMR method. This study has also shown
that spin-diffusion experiments with advanced dipolar filters
can be performed with a low cost, low-field NMR spectrome-
ter, which broadens the range of applications of this
equipment.

(2) This study shows that the three-phase model is the most
appropriate description of the phase composition in HDPE.
The spin-diffusion experiments show that rigid and soft frac-
tions of HDPE are separated by a thin layer with intermediate
molecular mobility. The thickness of this interface is nearly
constant in the temperature range from 70 °C to 120 °C and
its value is comparable to the length of the statistical segment
of PE chains. This suggests that the interfacial layer largely
originates from constraints on rotational and translational
motions of chain fragments adjacent to the lamellae surface.

The crystalline phase, the semi-rigid crystal—amorphous
interface, and the soft fraction of the amorphous phase exhibit
a larger difference in molecular mobility at temperatures
above 90 °C. Upon increasing the temperature, the molecular
mobility begins to increase in the inner/softer part of the amor-
phous phase towards the lamellae surface. Annealing causes
a significant decrease in the thickness of the interfacial layer
and the soft amorphous phase, and an increase in the lamellar
thickness. It is suggested that annealing is accompanied by
structural reorganizations at the frontier between the crystal-
line and amorphous phases, and these reorganizations are
largely influenced by the chain dynamics in the crystalline
and amorphous phases. Annealing leads to improving perfec-
tions at a crystalline order (presumably in a layer close to the
lamellae surface), and a continuous shift of the interface

towards the inner part of the amorphous regions
reducing the thickness of the soft amorphous layer. These
observations are in agreement with a previously proposed
mechanism of partial melting and surface crystallization
upon annealing of HDPE at premelting temperatures [64].
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