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ABSTRACT: Morphological effects on molecular mobility have been studied for solid ultrahigh molecular
weight polyethylenes (UHMW-PE) crystallized from the melt and from solution or during polymerization.
On the basis of transmission electron microscopic (TEM) observation, a crystalline domain structure was
well identified for nascent UHMW-PE powders, which is quite different from regular lamellar stacking
for solution-crystallized samples and the usual spherulites for melt-crystallized samples. Nuclear magnetic
resonance (NMR) results showed that the amorphous chains between these crystalline domains in nascent
powders were constrained, as well as those sandwiched between stacked crystalline lamellae for the
solution-crystallized sample. Also, the existence of three regimes was recognized in the relaxation behavior
of the crystalline phase, as revealed by 1H pulse NMR measurements. In process 1 (heating from room
temperature), activation of molecular motion at the boundary between crystal/amorphous regions takes
place. During process 2 (above the critical temperature of 60-90 °C), the crystallinity increases with the
acceleration of the entire molecular motion caused by sliding of molecular chains in the crystalline region.
Further raising the temperature (process 3) leads to the start of sample melting. These relaxation
mechanisms suggest that the accelerated molecular motion in the crystal/amorphous boundaries initiates
following lamellar thickening without passing the melt state.

Introduction

The structure/property relationship of semicrystalline
polymers has been discussed for decades but not fully
interpreted. Problems lie in an analytical difficulty
caused by the complicated combination of crystalline
and amorphous phases, including their contents, ar-
rangements, difference in physical properties (electron
density, mechanical, and thermal properties and so on)
and the usual existence of an interface region between
them. For example, each method for crystallinity de-
termination, such as thermal analysis, density, and
X-ray measurements, focuses on its own view scale,
namely, “where is the borderline between crystalline
and amorphous” in terms of physical properties. This
is one of the reasons why the crystallinity evaluations
by different methods often disagree with each other.
Further, mechanical or viscoelastic measurements also
suffer difficulty in resolution of each contribution among
these combined phases, which always requires several
assumptions, “how much depends on each phase”. An
advantage of NMR measurements is attributed to the
ability of NMR for simultaneous estimation of both
phase contents and properties (relaxation times) on the
same scale, which is quite different from the usual
combination of the results obtained by a few analytical
methods.

These crystalline and amorphous phases are inde-
pendently detectable as separated peaks by 13C NMR
spectra. However, the relative 13C peak intensities of
these phases significantly depend on experimental
conditions such as recycling time, contact time, and so
on. Further, 13C NMR measurements are time-consum-
ing because of their low sensitivities. In addition, to
discuss the phase separation, the effect of spin diffusion

cannot be negligible. Taking these factors into consid-
eration, analysis of the proton NMR free induction decay
(FID) is suitable for better understanding of the struc-
ture/property relationship in this work.

The difficulties of 1H NMR analysis are concerned
with the relaxation curve shape of FID.1 For spin-spin
relaxation, the FID exhibits a single-exponential curve
in the PE melt with low MW.2-5 The relaxation curve
shape of amorphous molecular motion still retains the
combined exponential types on cooling. However, as
crystallinity increased, the curve contains crystalline
relaxation having beats on FID,6-12 which cannot be
represented by any exponential functions. This phe-
nomenon is well-known for inorganic materials.13-15

These crystalline FIDs were characterized by multipli-
cation of Gaussian and sine functions.13 The other type
of analytical function for the crystalline phase is that
Fourier transformed from a Pake-doublet broad-line
spectrum.16-18 Such doublet spectra on a frequency scale
have been observable on 1H NMR for smaller molecules
in the solid at low temperature, where proton pairs are
isolated from each other.18 Recently, Kristiansen et
al.10-12 applied a theoretical Fourier transformation of
this doublet function to phase analysis for PE and
polypropylene.

The curve fitting for observed FIDs also gives the
individual spin-spin relaxation characteristics in dif-
ferentphases: crystalline,amorphous,andinterfacial.6,8-12

Such a resolution into several components has been long
attempted on a broad-line spectrum of solid PE.19-22

These results will reflect the sample morphologies. For
semicrystalline polymers, quite different morphologies
can be obtained, depending on the crystallization condi-
tions.23,24 Considering the preparation procedures, a
solution-crystallized sample is composed of single crys-
tals. A melt-crystallized sample has the usual spherulite
structure, where lamellae grow from the center with* To whom correspondence should be addressed.
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some distortion. However, detailed information on the
structural origin of the nascent powder as-polymerized
is absent. Combination of results for solution- and melt-
crystallized samples will realize the relationship be-
tween 1H NMR relaxation characteristics and sample
morphologies. It is expected that this concept can be
extended to the structure/property analysis for nascent
powders having unique morphologies,25-28 including
fibrils,29 ribbons,30 whiskers, globules,31 and so on.

Interest has also been paid to the lamellar thickening
process on annealing. Many efforts32-37 have been
devoted to clarification of the lamellar rearrangement.
However, there are still two different paradigms; “ac-
celerated chain motion within lamellae causes chain
sliding along the lamellar normal”, or “recrystallization
after partial melting of thinner lamellae causes later
creation of thicker lamellae during heating”. Both
concepts involve their own problems; for example, in the
former case, neither a crystallization exotherm nor
crystallinity increase during heating has been observed.
In the latter case, a sudden increase in lamellar thick-
ness with annealing temperature below the sample
melting for solution-grown crystals cannot be inter-
preted, because this assumed melting/recrystallization
system is based on the similarity of gradual lamellar
thickness increasing with annealing temperature and
melt-crystallization temperature. This discontinuous
behavior of lamellar thickening is recently ascribed to
a “lamellar doubling” phenomenon during heating.37

Such a lamellar rearrangement will be prevented by
hindered molecular motion caused by entanglements
located in the interfacial region. These entanglements
connect the crystalline lamellae through the amorphous
phases, which also tie between the crystalline and
amorphous phases. Actually, the melt-crystallized
sample, having numerous entanglements, seldom shows
lamellar thickening below the onset of melting, com-
pared to the significance of the less entangled solution-
crystallized samples, as described above. Such an
entanglement role in lamellar rearrangement may be
visualized by the resultant relationship between relax-
ation and morphological characteristics for the inter-
facial region. The same type of assignment for relaxation
characteristics will be also extended to a new outlook
regarding the usual melt-crystallization with entangle-
ments.

The purpose of this work is to clarify the origin of
differences in chain relaxation between various mor-
phologies using a solid-state 1H NMR technique. Such
information allows an interpretation of changes in
molecular motion for both the crystalline and amor-
phous phases during heating, combined with the result-
ing structural changes. The effect of trapped entangle-
ments on such molecular motions inside and outside the
lamellae will also be discussed.

Experimental Section

Initial Materials. The material tested was an as-polym-
erized reactor powder of linear UHMW-PE with a viscosity
MW (Mv) of 4 × 106. To examine the MW and MW distribution
effects on sample molecular motion, a normal MW PE (Lot
1475a) supplied by the National Institute of Standards and
Technology was also used. It has weight- and number-average
MW’s of 5.2 and 1.8 × 104, respectively, with a narrower MW
distribution.

Sample Preparation. Solution-crystallized mats were
prepared to have less entanglement in their initial morphology.
A 0.05 wt % dilute tetralin solution of these PE powders, with

0.1 wt % (based on the polymer) antioxidant of 2,6-di-tert-butyl-
p-cresol, was prepared at the boiling point under a nitrogen
gas flow. This polymer concentration is much lower than the
overlapping one for the UHMW of ∼4 × 106. The less entangled
crystals were precipitated by quenching this tetralin solution
in ice water. The crystals suspension, thus obtained, was
filtered into a mat and subsequently dried in vacuo at room
temperature (RT).

Fully entangled samples were crystallized from the melt.
The initial powder samples were heated to 190 °C and held
isothermally for 5 min, followed by quenching in ice water.
These treatments were carried out under a nitrogen atmo-
sphere.

Measurements. A Perkin-Elmer Pyris 1 was used to
analyze the melting behavior. The DSC heating scan was
followed to 180 °C at a heating rate of 5-40 °C/min under a
nitrogen gas flow. Calibration of DSC characteristics, including
the melting temperature and heat of fusion, was made using
indium and tin standards at each heating rate.

For TEM observations, the JEOL 1200EMX electron mi-
croscope used was operated at 80 kV. The samples were
stained by RuO4 vapor and embedded in epoxy resin. The
assembly was cut into thin sections of 60 nm thick, using a
Reichert UltraCut S. microtome.

NMR measurements were carried out using a JEOL MU-
25 solid-state pulse NMR spectrometer, equipped with a 25
MHz magnetic field. The FID was recorded by the solid-echo
method. Data collection was done every 0.2 µs. The dead time
before signal sampling was 2 µs. The observed temperature
was raised from RT up to the complete sample melting. Before
the signal sampling, the sample temperature was held iso-
thermally for 5 min to determine the homogeneous tempera-
ture distribution with a sample probe.

Data Analysis of 1H NMR FID. Generally, to fit the
observed FID, a series of exponential (Lorentzian) functions
(eq 1) are used because the distribution of dipole interaction
is expressed by this function. This is true for the solution, melt,
and amorphous phases of the polymers. Actually, a PE melt
with low MW exhibits a single-exponential curve.2-5 The
relaxation curve shape of amorphous molecular motion still
retains the combined exponential types on cooling. On the
other hand, Weibullian functions (eq 2)9,38 are also applicable
for the phase with partially restricted motion such as the
interfacial phase.1 Therefore, it is reasonable to introduce the
exponential Weibullian functions as the amorphous relaxation.

As crystallinity increased, the curve contains a beat on
FID.6-12,39 Figure 1 shows typical 1H NMR FIDs for UHMW-
PE samples. Each FID has a beat (a drop and subsequent
recovery) at about 20-30 µs. The beat arises from the fact that
the distribution of dipole interaction deviates from the expo-
nential function when the molecular motion is extremely
restricted. It has been already recognized that this kind of FID
can be characterized by multiplication of Gaussian and sine
functions expressed as follows:13

where t is the decay time and I the normalized magnetization
intensity. Analytical Fourier transformation of a Pake doublet
produces an extremely complicated FID function;10-12,14 there-
fore, eq 3 was assumed for crystalline relaxation in this work.

The actual FID was represented by the sum of these
functions ascribed to different relaxation systems. Most of the
FIDs were fitted by combination of Gauss/Sine and exponential
functions. Some FIDs, especially at elevated temperatures,

I3(t) ) A3 exp{-
k3t
2 } (1)

I2(t) ) A2 exp{-
(k2t)

d

2 } (2)

I1(t) ) A1 exp{-
(k1t)

2

2 }sin bt
bt

(3)

4862 Uehara et al. Macromolecules, Vol. 33, No. 13, 2000



required an addition of another amorphous relaxation for
better fitting; thus, three-component resolution (crystalline +
two amorphous functions) was attempted. In such a case, the
Weibullian function was selected as one of the amorphous
decays to reproduce the overall levels of amorphous relaxation.
For solution-crystallized and initial powder samples, the
Weibullian coefficient d converged into 1, corresponding to the
simple exponential decay. However, in the case of a melt-
crystallized sample, the intermediate amorphous function was
required for desirable profile separation even at RT (see Figure
2), and its Weibullian coefficient gradually deviated from an
initial value of 1. A similar three-component detection has been
reported for solid-state 13C NMR measurements.40,41

Figure 2 illustrates the step-by-step FID resolution proce-
dures into two amorphous and one crystalline relaxation
curves for a melt-crystallized sample. First, the longest
relaxation was fitted in the time region of 200-400 µs (Figure
2A). After subtraction of the first component from FID, the
residual plots were further fitted by another amorphous

component (Figure 2B). Resultant crystalline relaxation is well
represented by eq 3 (Figure 2C). Because of a negative drop
corresponding to this function, the plots in the beat region
sometimes did not appear in the log scale in Figure 1 (see the
profile of the solution-crystallized sample). The sum of these
curves is in good agreement with the observed FID, as shown
in Figure 2D.

The obtained crystalline components were Fourier trans-
formed into broad-line spectra for simultaneous evaluation of
changes in component ratio and molecular motion. Both
Gaussian/Sine (eq 3) and simple exponential decays (eq 1) can
be mathematically Fourier transformed on a frequency scale,
ν, respectively:

The integral peak width on a frequency scale was calculated
from these broad-line spectra. Each component ratio of crystal-
line (Gaussian/Sine), intermediate (Weibullian), and relaxed
(Lorentzian) amorphous regions was also evaluated as their
integral intensities.

Weibullian functions were also Fourier transformed at d )
1 into Lorentzian or 2 into Gaussian peak (in most case, d )
1). When d was between 1 and 2, the approximate transforma-
tion into a function combined with these peaks was carried
out.

Results
Morphologies. It is well-known that the solid mor-

phologies of semicrystalline polymers are composed of
several structural levels of typical modifications: a
parallel arrangement of folded molecular chains leading
to lamellar crystals, and the actual sample is filled with
a sandwiched structure of amorphous layers and such

Figure 1. Comparison of FIDs observed at RT for solution-
crystallized (A), melt-crystallized (B), and nascent powder (C)
samples.

Figure 2. A series of FID resolution procedures into several component decays. The longest relaxation decay, showing a simple
exponential function at the longer time scale, was subtracted from the observed FID (A). The other exponential component at the
middle time scale was also fitted as amorphous relaxation (B). The final residual curve coincided well with the crystalline Gaussian/
Sine function (C). The sum of these resolved profiles was compared with observed plots (D). The data recording was done at RT
for melt-crystallized sample.

F1(ν) )
2πA1

k1b
∫ν-b/2π

ν+b/2π
exp[- 2π2

k1
2

σ2] dσ (4)

F2(ν) )
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1
ν2(4π/k2)
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lamellae. Melt-crystallization produces a spherulite
structure having a distortion of these combined crystal/
amorphous phases, but precipitation of separated lamel-
lae is obtained for solution-crystallization. To compare
the detailed morphologies of our samples, including the
nascent as-polymerized powder structure, direct TEM
observations were made. Figure 3 shows the sets of
TEM images for solution-crystallized, melt-crystallized,
and initial powder samples. Here, the sets of top and
bottom views show low- and high-magnification images,
respectively. For solution-crystallized samples (see Fig-
ure 3D), the regular stacking of lamellar crystals of ∼10
nm thickness is clearly observable. These crystalline
lamellae are located between dark layers, indicating the
amorphous region and lie laterally within several
micrometers length. For the melt-crystallized sample
(see Figure 3B), the random arrangement of curved
lamellae consists of a spherulite structure. The lamellar
thickness of 30 nm for the melt-crystallized sample is
much larger than that for the solution-crystallized mats;
however, both crystallization conditions produce lamel-
lar units in the solid state.

In contrast, the powder sample has quite a different
morphology, compared to the above conventional solu-
tion- or melt-crystallized samples. For the powder
morphology, the major structure consists of particles
having a radius of ∼0.5 µm, and several fibrils are also
observed between these particles, as shown in Figure
3C. It has been widely believed that the origin of these
“cobweb” structures, composed of particles and fibrils,

is ascribed to the internal expansion stress during
polymerization.25,27 Much polymer product synthesized
inside the earlier powder globule causes extensive force,
which stretches the outer polymer membrane in the
polymerization process. Such a cobweb structure has
been observed on the powder surface,15 but it was
uncertain whether this cobweb structure fills the inte-
rior of the powder. Our result here confirms that the
cobweb is a basic structural unit for as-polymerized PE
powder. In the high-magnification image (see Figure
3F), it is found that the powder does not have any
typical lamellar morphology but has a domain structure
where crystalline domains distribute within the whole
powder globule. The domain size has a wide range of
several tens of nanometers radius.

1H NMR Spin-Spin Relaxation at RT. These
sample structures cause the corresponding character-
istics in relaxation behavior. To compare the molecular
motion of these samples crystallized under different
conditions, FID profiles of these samples are compared
in Figure 1. These FIDs were observed at RT. The beats,
showing a combination of intensity drop and subsequent
recovery, are clearly observed in the 20-30 µs region
on these FIDs, especially emphasized for higher crystal-
line solution-crystallized mats and the initial powder.
Comparison on a longer time scale also shows that these
highly crystalline samples undergo a rapid decay,
indicating that the solution-crystallized and initial
powder samples seem to be more rigid than the melt-
crystallized one over the entire time region.

Figure 3. Electron microscopic images of UHMW-PE samples prepared under different conditions: crystallized from solution
(A, D), melt (B, E), and as-polymerized (C, F). Top and bottom views correspond to low- and high-magnification images.
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The relaxation characteristics, obtained by curve
fitting and Fourier transformation analysis, are sum-
marized in Table 1. For highly crystalline samples of
solution-crystallized mats and the initial powder, the
two-component fitting was applicable; however, the
melt-crystallized sample required a three-component
resolution. The crystalline component ratio, correspond-
ing to the sample crystallinity, was highest for the
solution-crystallized sample, followed by the nascent
powder sample, and the melt-crystallized sample ex-
hibited the lowest value of ∼50%. The crystalline
integral width was slightly smaller for the highly
crystalline solution-crystallized and virgin powder
samples, suggesting constrained crystalline chain mo-
tions for the melt-crystallized sample. Concerning amor-
phous relaxation, much larger integral widths were
obtained for highly crystalline samples, compared to the
usual value of 5-10 kHz, which is generally accepted
for PE amorphous chain relaxation. This reveals that
the amorphous chains in solution-crystallized and initial
powder samples were restricted. Such a poor molecular
mobility of the amorphous phases for the nascent
powder sample has also been observed by 13C NMR
measurement.42 For the amorphous phase of the melt-
crystallized sample, the usual relaxation of ∼6 kHz and
hindered motion similar to that for the other highly
crystalline samples were recognizable. The latter amor-
phous relaxation could be ascribed to the interfacial
molecular motion.

Relaxation Changes during Heating. These re-
laxation characteristics change with temperature. Mor-
phological differences could be considered distinctive by
such a temperature dependence of FID. Figure 4 com-
pares the FIDs obtained during heating from RT to the
complete melting for the solution-crystallized sample.
The measurement temperature increases from a down-
ward profile to an upward one. As revealed in Figure 4,
sample heating gradually suppresses the crystalline

beat on the FIDs, and it almost disappears around 110
°C. The decay in the longer time region also becomes
gentler with increasing temperature, which indicates
the acceleration of molecular motion in the amorphous
phase during heating. Other heating scans were also
done for other melt-crystallized and initial powder
samples.

The obtained integral width is plotted in Figure 5 for
the solution-crystallized, melt-crystallized, and nascent
powder samples. Here, the longest relaxation of the
melt-crystallized sample was not included because of its
smaller amount, compared to another amorphous re-
laxation. In Figure 5, the higher integral width corre-
sponds to the slower chain motion, such as in crystalline
relaxation. If attention is paid to the changes in crystal-
line relaxation, the characteristics in these different
morphologies are attractive. For the solution-crystal-
lized sample, the crystalline integral width is held at
the same level below 60 °C, followed by exhibiting a
gradual decrease with increasing temperature. This
shows that crystalline chain motion starts at a low
temperature, reflecting its less entangled lamellar
morphology. In contrast, the crystalline chain mobility
is accelerated above a higher temperature of 90 °C for
the nascent powder sample, leading to a sudden release
of chain motion restricted below this critical tempera-
ture. This higher releasing temperature may be related
to the crystalline domain network structure in its initial
morphology (see Figure 3F). For poorly crystalline melt-
crystallized sample, relatively larger integral widths are
obtained below 90 °C, compared to the other morphol-
ogies. This origin will be discussed later.

Concerning the amorphous relaxation, every sample
exhibits a successive reduction of integral width, and
amorphous molecular motion was gradually accelerated
during heating from RT up to the sample melting,
independent of the sample morphology. When the
amorphous integral width values are compared among
these samples, it is found that highly crystalline solu-
tion-crystallized and nascent powder samples have
values twice that of the melt-crystallized sample over
the entire temperature region tested in Figure 5. These
comparisons show that the amorphous chain motion is

Table 1. Summarized Spin-Spin Relaxation
Characteristics of Components Resolved from FID

Observed at Room Temperature for UHMW-PE Samplesa

morphologies
obtained from

crystalline
integral width amorphous integral width

solution 66.2 kHz (91%) 41.2 kHz (9%)
melt 70.4 kHz (61%) 17.4 kHz (28%) + 5.8 kHz (11%)
polymerization 65.8 kHz (85%) 38.3 kHz (15%)

a Value in parentheses represents component ratio for corre-
sponding relaxation.

Figure 4. Changes in the FIDs during heating for solution-
crystallized UHMW-PE sample.

Figure 5. Temperature dependencies of integral widths
during heating for solution-crystallized, melt-crystallized, and
nascent powder samples of UHMW-PE. Changes in both
values for crystalline and amorphous relaxations were plotted
for each sample.
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restricted for the former samples. As these results were
summarized, the common characteristics for nascent
powder morphology could be recognized as restricted
chain motions in both crystalline and amorphous phases.

The above FID resolutions also give component ratios
of both crystalline and amorphous phases, as plotted
in Figure 6. DSC profiles recorded at 20 °C/min for these
samples are also shown in Figure 7, compared with such
crystallinity changes during heating as evaluated by 1H
NMR. For the melt-crystallized sample, the crystallinity
slightly decreases at the level of ∼60% but abruptly
drops around 120 °C, followed by reaching around 0%
crystallinity at 150 °C, due to the complete sample
melting. This simple crystallinity decreasing of melt-
crystallized PE has been detected by Kristiansen et al.,12

based on their theoretical 1H NMR profile analysis.
These crystallinity changes coincide well with DSC
melting behavior for the melt-crystallized sample, hav-
ing a low-temperature tail with a relatively lower onset
and peak melting temperatures (see Figure 7). Similar
slight crystallinity decreasing at the early stage of

heating was also detectable for solution-crystallized and
nascent powder samples. However, the difference be-
tween these highly crystalline samples lies in each
critical temperature, where the crystallinity decrease
was limited: 60 °C for the solution-crystallized sample
and 90 °C for the initial powder. These critical temper-
atures corresponded to those observed in the integral
width changes in Figure 5 for both samples. It should
be noted that the following crystallinity recovery is
recognized beyond such a critical temperature for the
solution-crystallized sample. This crystallinity reversing
can be attributed to the lamellar rearrangement during
the heating process. In DSC measurements, any exo-
therm caused by lamellar rearrangement has never
been observed, which was a long-standing question on
interpretation of the annealing process for semicrystal-
line polymers. Combination of synchronized evaluations
of both chain mobility and component ratio on the same
molecular scale, characterized by 1H NMR relaxation,
shows a clear evidence of lamellar rearrangement.

MW Effects on Relaxation Changes. These relax-
ation changes during heating are also influenced by the
sample MW even if the corresponding morphologies
crystallized under the same conditions are compared.
Here, the FID changes during heating were compared
between solution-crystallized normal MW-PE, having
a weight-average MW around 5.2 × 104, and UHMW-
PE. It was confirmed that the solution-crystallized
sample of this normal MW-PE has a lamellar stacked
morphology with a periodicity of ∼10 nm thickness,
which is quite similar to that of UHMW-PE. Compared
with the profile changes during heating for solution-
crystallized UHMW-PE, the beat disappears at a lower
temperature around 70 °C for normal MW-PE (profiles
are not shown). Raising the temperature seems to be
more effective for the progress of crystalline chain
relaxation for a normal MW-PE sample.

Figures 8 and 9 respectively show the MW depen-
dence of the changes in resolved integral width and
component ratio during heating. Data collected for
solution-crystallized UHMW-PE, which are the same as
those shown in Figures 5 and 6, are also included.
Decreasing of the crystalline integral width for a normal

Figure 6. Temperature dependencies of component ratios
during heating for solution-crystallized, melt-crystallized, and
nascent powder samples for UHMW-PE.

Figure 7. Comparison of DSC melting behavior scanned for
solution-crystallized, melt-crystallized, and nascent powder
samples of UHMW-PE. The observed heating rate was 10 °C/
min.

Figure 8. Temperature dependencies of integral width during
heating for solution-crystallized normal MW-PE sample. For
comparison, data for solution-crystallized UHMW-PE were
also included.
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MW-PE sample starts just above RT. At a higher
temperature around 110 °C, a saturation of the crystal-
line width value is recognized for a normal MW-PE
sample, but it is not apparently detectable until the
sample melting for the UHMW-PE sample. Both MW
samples exhibit similar trends of decreasing crystalline
width with increasing temperature; however, the above
features indicate a low-temperature side shift in the
profile change for a normal MW sample. This difference
is ascribed to the MW effect on relaxation behavior.
Shorter chains allow the ease of molecular relaxation
even in the solid-state lamellar morphology, compared
to the case of longer chains. As for the amorphous
relaxation, increased temperature causes reduction of
the integral width for both MW samples. Plots are
duplicated, except in the temperature range from 80 to
120 °C, where the lower values are obtained for a
normal MW-PE sample. Such a difference is similar to
that of the crystalline integral width in this temperature
range.

The temperature dependence of the component ratio
was also influenced by the sample MW difference. As
shown in Figure 9, crystallinity trends reveal a low-
temperature side shift for a normal MW sample, com-
pared to a UHMW sample. This is quite similar to that
of the integral width change in Figure 8. Also, these
characteristics agreed with the endotherm shift in the
observed DSC profiles. Both the temperatures of start-
ing crystallinity development and reaching a maximum
value for a normal MW sample are lower than those
for a UHMW sample, which suggests that the lamellar
rearrangement is accelerated at a lower temperature
for low MW lamellar crystals, compared to high MW
samples. However, it should be noted that the crystal-
linity recovery is still clearly observable for solution-
crystallized normal MW sample.

Discussion
Changes in amorphous relaxation behavior with ris-

ing temperature exhibited a monotonic reduction of the
integral width, independent of sample morphology and
MW, while a crystalline relaxation change revealed
unique and individual characteristics for each sample
going through different processes during heating. Thus,

our interests was concentrated on crystalline relaxation
behavior to clarify the origin of the relationship between
chain relaxation and sample morphologies.

Factor Predominant for Crystalline Relaxation.
To characterize such distinctions of crystalline relax-
ation systems for the samples having different mor-
phologies, which factor dominates the crystalline relax-
ation was examined. The crystalline decay function
composed of the Gaussian/Sine function, assumed in
this work, has two individual coefficients: k1 and b.
Changes in these factors during heating are plotted in
Figure 10 for solution-crystallized, melt-crystallized, and
powder samples of UHMW-PE. Here, the k1 coefficients
gradually increase with temperature, independent of
sample morphology, which should cause an increase in
the integral width. In fact, this trend is opposite to that
in Figure 5; thus, the effects of k1 coefficients on
crystalline integral width changes are negligible. In-
stead, it is clearly found that the inclination of the b
factor is quite similar to that of the crystalline integral
width changes in Figure 5. Namely, the complicated
behavior in crystalline relaxation is predominantly
defined by the b factor. As shown in eq 4, the decrease
in the b coefficient leads to a parallel reduction of the
integral width. Especially the fact that their slow
decreases start from RT for the melt-crystallized sample
agree well with each other (compare Figure 5 with
Figure 10). Also for the other morphologies, the critical
temperatures where the b coefficient and the integral
width exhibit reductions are mutually coincident. Fi-
nally at elevated temperatures, the b coefficient asymp-
totically approaches 0. In eq 3, the term sin bt/bt equals
1 when the b factor is close to 0. This is the case that
the beat is not recognizable on observed FIDs in the
higher temperature region, as shown in Figure 4. The
Gaussian/Sine function well represents crystalline decay
whether or not the observed FID includes beats. There-
fore, introduction of the Gaussian/Sine function was
effective for evaluation of crystalline relaxation char-
acteristics, such as the existence of a beat and its
gradual disappearance with increasing temperature.

As described above, a different relaxation process is
recognizable in the b coefficient change shown in Figure

Figure 9. Temperature dependencies of component ratio
during heating for solution-crystallized normal MW- and
UHMW-PE samples.

Figure 10. Changes in Gaussian (k1) and sine coefficients (b)
as a function of temperature during heating for solution-
crystallized, melt-crystallized, and nascent powder samples for
UHMW-PE.
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10. Particularly, those of the solution-crystallized sample
can be clearly divided into three regimes in terms of the
effect of temperature on crystalline relaxation. From RT
to 60 °C, the constant b values were observed (process
1), while a gradual decrease occurred above 60 °C. This
trend was accelerated with increasing temperature
(process 2), followed by a lower limitation, while the
rapid decrease in crystallinity leads to ineffectiveness
of the b coefficient on the actual FID profile shape
(process 3).

Schematic Models for Broad Line Spectra. Con-
sidering that integral widths were mainly reflected by
the b coefficient on the original FID, we thought that
these relaxation processes could also be visualized as
the changes in the broad-line spectrum shape. Fourier
transformation of the crystalline Gaussian/Sine com-
ponent into the frequency scale gives a trapezoid shape,
including not only the integral width but also the
crystalline composition indicated by the spectrum in-
tegral intensity. These simultaneous evaluations of both
molecular motion and crystallinity allow us to sum-
marize the interpretation for crystalline relaxation
change during annealing. Figure 11 shows the broad-
line spectra converted from the crystalline decays of
solution-crystallized UHMW-PE, which exhibits the
most typical characteristics of each annealing process
among the samples prepared in this work. The crystal-
line spectrum change during heating for this sample
corresponds well to that of the b coefficient shown in
Figure 10. At the early stage of heating below 60 °C
(process 1), the spectrum integral intensity decreases,
but the width exhibits no change. From 60 to 130 °C,
the spectrum is pushed up as its width decreases
(process 2). The final step is that the integral intensity
dramatically decreases with almost constant width up
to complete sample melting (process 3). These broad-
line spectrum changes during heating are schematically
shown in Figure 12.

Here, the origins of these relaxation processes can be
predicted on the basis of a comparison of the spectrum

and sample morphology. The regular stacking of lamel-
lae for solution-crystallized samples likely accompanies
folding chains on the lamellar surfaces. These chains
are trapped by solid crystals; thus, their molecular
motion should be restricted. This indicates that the
relaxation of these chains on crystal/amorphous bound-
aries is considered that of the rigid component, resulting
in joining the crystalline relaxation. The origin of the
lower integral width values for highly crystalline samples
is attributed to this participation of trapped surface
amorphous chains in the crystalline relaxation for these
samples. The characteristics of spectrum changes during
heating could be interpreted for solution-crystallized
sample, as follows.

Process 1. The early stage of gradual heating causes
the relaxation shift of these interfacial chains into
amorphous categories, which leads to the integral
intensity (crystallinity) decreasing. However, the re-
sidual crystalline molecules inside the lamellae still
maintain their hindered molecular motion; thus, the
integral width of the spectrum exhibits a constant level.

Process 2. Beyond a critical temperature around 60
°C, a remarkable crystallinity development is observ-
able, which has not been detected by any other crystal-
linity determination methods. Lamellar growth, causing
taking-in of the surrounding amorphous chains, is
required for the observed crystallinity increase. Con-
sidering the regular stacking of single lamellae of
several micrometers wide, this erosion into sandwiched
amorphous layer chains progresses parallel to the
lamellar normal. The remarkable drop in integral width
in this process implies dynamic molecular motion inside
the lamellar crystals. If this lamellar development was
accomplished only by molecular motion near the sur-
faces, spectrum narrowing would be less detectable.
Therefore, cooperative molecular motion within the
entire crystalline lamella from the surface to the interior
can be predicted. These violated molecular motions will
lead to remarkable lamellar thickening in this temper-
ature range. Through this relaxation process, neither

Figure 11. Broad-line spectra Fourier transformed from resolved crystalline decays observed at various temperatures for solution-
crystallized sample of UHMW-PE.
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any partial nor any local melting of lamellae was
recognizable even using pulse NMR evaluation at the
molecular level.

Process 3. Over 130 °C, rapid progress of partial
melting causes a decreasing of the crystalline compo-
nent. Here, melting does not cause spectrum narrowing.
Melting usually starts from the surface due to the
higher free energy of the chain folds; thus, the residual
crystalline region still retains its saturated molecular
motion until the complete melting.

The deviations from the above typical broad-line
features for other melt-crystallized and powder samples
of UHMW-PE are discussed here. The melt-crystallized
sample skipped process 1, due to the limited relaxation
of its entangled molecules on the lamellar surfaces,
rather than the adjacent reentry folding for the solution-
crystallized sample. Thus, even from RT, its structural
change during annealing starts as process 2. However,
such an entangled surface structure prevents the dy-
namic molecular motion, which is the major reason that
narrowing of the spectrum width is less sensitive to the
temperature increasing for the melt-crystallized sample,
compared to that for the solution-crystallized sample.
Also, process 3 corresponding to the sample melting
started at the lower temperature of 120 °C for the melt-
crystallized sample, as estimated from relaxation com-
ponent ratio data (see Figure 6), reflecting its lowest
melting temperature confirmed by DSC measurements
(see Figure 7).

Annealing of the nascent powder sample passed
through process 1. Beyond the critical temperature of
90 °C, dynamic molecular motion starts, as defined by
process 2. When such critical temperatures between
processes 1 and 2 were compared for solution-crystal-
lized and nascent powder samples, that of the latter was
slightly higher than that of the former. These critical
temperatures can be regarded as the well-known “crys-
talline dispersion temperature”. This difference indi-
cates the restricted crystalline chain motion for the
domain-network structure crystallized during polym-
erization (see Figure 1F). With increasing temperature
in process 2, a narrowing spectrum was detected, but
the crystallinity lay at a constant level for the nascent
powder sample. This shows that the lamellar thickening
is limited for nascent powder morphology. Acceleration
of molecular motion within one crystalline domain
requires simultaneous dynamic motions with the sur-
rounding domains. This necessity of cooperative relax-
ation is applicable to the melting process; thus, similar
superiority in thermal resistance was recorded as the
highest melting peak temperature for this initial pow-
der.

Conclusions

The UHMW-PE crystallized from the solution and the
melt or during polymerization had lamellar stacking
and spherulites or nascent crystalline domain struc-
tures, respectively, as revealed by direct TEM observa-
tion. Reflecting each morphology, characteristic FIDs
were observed. These contained three components,
corresponding to relaxation of crystalline, intermediate,
and amorphous chains. Each FID was reasonably
analyzed by combination of two types of decay func-
tions: Gauss/Sine and exponential functions. The Gauss/
Sine function proposed was successfully applicable to
the FID of a crystalline component showing beats. The
other two components were reproduced well by Lorent-
zian and Weibullian decays.

The cystallinity, evaluated as the component ratio of
crystalline relaxation at RT, was higher for as-polym-
erized and solution-crystallized samples than for a melt-
crystallized sample. MW effects were recognized for the
temperature dependence of relaxation behavior. The
integral widths of both amorphous and crystalline
chains start to decrease at lower temperature for a
normal MW sample, compared to a UHMW sample.

Through these different morphologies or MW, a
typical relaxation change during heating could be
extracted. Even on heating to the sample melting, the
intermediate and amorphous relaxations progressed
monotonically. However, the temperature dependence
of relaxation behavior for a crystalline chain could be
divided into three regimes. Factor b of the sine function
was most sensitive to such regime transitions. In the
temperature region between RT and 60-90 °C, the b
factor lies at a constant level (process 1). However, its
significant reduction was accelerated over the above
critical temperature (process 2). On starting the sample
melting, the b factor became ineffective for evaluating
crystalline relaxation, due to rapid decreasing of the
crystallinity in this temperature range (process 3).

The crystalline broad-line spectrum, Fourier trans-
formed from resolved Gauss/Sine profiles, emphasized
the difference in such crystalline relaxation behavior
between sample morphologies examined in this work.
This analytical technique visualized the actual crystal-

Figure 12. Schematic broad-line spectrum changes through
three relaxation processes, divided into different temperature
regions.
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linity increment on lamellar thickening, which has still
not been observed by other methods for crystallinity
determination. The advantage of the1H NMR technique
is ascribed to its relaxation analysis on the chain
segment scale, which could evaluate both crystalline and
amorphous components separately.

For solution-grown crystals and nascent powder
samples, the crystalline relaxation had all of these three
processes; however, the critical temperature between
processes 1 and 2 was higher for the latter morphology.
In contrast, melt-grown crystals did not show process 1
and directly led to process 2 upon heating. These
revealed that relaxation of the chains around the
lamellar surface initiates the chain sliding inside the
lamellae without any partial melting, causing the well-
known lamellar thickening, for higher crystalline
samples. For melt-crystallized samples, the higher
density of entanglements trapped on the lamellar
surface intercept such a boundary relaxation; thus,
lamellar thickening may not be induced. These results
imply that the trapped entanglements also play an
important role in lamellar rearrangement during an-
nealing.
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