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ABSTRACT: Proton spin—spin relaxation times (T,) have been measured as a function of temperature for
high-density polyethylene extrudates prepared at 90 and 110 °C having nominal extrusion draw ratios (EDR)
up to 35. Below about 90 °C, the decay signals showed a complex beat structure and the measurements were
therefore limited to temperatures above 90 °C. Three relaxation times, T, (the longest), Ty; (intermediate),
and T, (the shortest), were observed for extrudates having EDR < 12 and are ascribed to the relaxation from
amorphous, intermediate, and rigid (crystalline) components in the samples. For highly drawn samples with
EDR 2 25 only two Ty's (T, and T.) were observed below melting. The structural change during extrusion
in the noncrystalline regions was sensitively detected by Ty,. T, decreases very rapidly with increasing EDR
and approaches a limiting value at EDR > 20. The extrusion at a lower temperature produced more constraint
on the noncrystalline component. The results have the important implication that the structure of noncrystalline
regions rapidly changes with increasing EDR and approaches a limiting structure at EDR > 20, which changes
slightly depending on the extrusion conditions. Additional increase in EDR does not significantly alter the
structure of noncrystalline regions in those samples extruded below 110 °C. The fraction of T, component
was in good agreement with the mass fraction crystallinity estimated from the heat of fusion of the samples
irrespective of the EDR and increased with EDR. The thermal stability of the extrudates increases with EDR
and no appreciable annealing was observed below 130 °C for the sample with the highest EDR (EDR = 35).

Introduction

The ultradrawing of linear high-density polyethylene
(HDPE) achieved by different techniques produces a
unique morphology which exhibits unusually high crys-
talline orientation,! tensile modulus and strength,?¢ bi-
refringence,!® in some cases transparency,”® large super-
heating,®!® and negative thermal expansion.>!! Among
these properties, the enhancement of mechanical proper-
ties has been one of central interest. The modulus of the
fibers and films of HDPE drawn by crystalline-state ex-
trusion®!? as well as conventional drawing®'® exhibits a
characteristic change with deformation ratio (DR); i.e., it
increases with DR slowly at low DR and then more rapidly
and steadily at higher DR. The DR dependence of the
structure and properties have been extensively studied by
Porter et al.>? and Takayanagi et al.1*1® for solid-state
extrusion. The observed macroscopic structure, properties
such as crystallinity, and chain orientation in both crys-
talline and amorphous regions do not give the full answer
to the characteristic change of modulus with DR. The
important role of noncrystalline regions which connect two
or more crystallites along the fiber direction has been
emphasized.!®!” However, less information has been ob-
tained for the structural and property changes in non-
crystalline regions as compared with crystalline regions.

Pulsed NMR studies of semicrystalline polymers have
often been used as one of the most effective techniques
for obtaining direct information about the molecular
motions and structural changes of each phase.'#% In the
present work, proton spin—spin relaxation times (7;) of
crystalline-state extruded HDPE having an extrusion draw
ratio (EDR) up to 35 have been measured by the solid echo
NMR technique? as a function of temperature. Two and
three T, values corresponding to molecular segments
having different mobility have been observed depending
on EDR and temperature. The relaxation time from
amorphous regions (T;,) drastically changed with EDR,
suggesting a high sensitivity of T, to the structural change

in amorphous regions. Thus, the structural change during
crystalline-state extrusion of HDPE will be discussed on
the basis of T, values (segmental mobility) and the frac-
tions of Ty, (amorphous), Ty (intermediate), and T, (rigid
or crystalline) components, as well as their dependence of
the extrusion temperature and measurement temperature.

Experimental Section

Samples. A linear high-density polyethylene, HDPE (du Pont
Alathon 7050, M,, = 58000, M,,/M,, = 3.0), was extruded on an
Instron capillary rheometer by crystalline-state coextrusion?? at
extrusion temperatures of Ty = 90 and 110 °C. A melt-crystallized
billet of the HDPE, prepared by compression molding in vacuo,
was split longitudinally into two halves having a smooth surface.
One or more polymer films were sandwiched between the split
billet halves, and the assembly was coextruded through brass
conical dies which had an included entrance angle of 20° and
nominal extrusion draw ratios (EDR) of 6, 12, 25, and 35. The
nominal EDR was defined as the ratio of entrance to exit
cross-sectional area of a die. The extrudates from the split billet
halves only were used in this work. The extruded films obtained
simultaneously were used for another study.

The melt-crystallized isotropic sample (MG) was prepared as
follows: after NMR measurements of an extruded sample, the
sample was melted at 140 °C for 30 min and then slowly cooled
to room temperature. Therefore, the MG sample had a thermal
history somewhat different from that of the initial solid billit used
for solid-state extrusion.

Measurements. Pulsed NMR experiments were carried out
with a JEOL pulsed NMR (JSE-5B) spectrometer operating at
a frequency of 60 MHz. The solid echo sequence®! 90°—7-90° (90°
phase shift) provided an approximation of the complete free
induction decay, from which spin-spin relaxation time (7,) was
obtained. In this study, 7 and the pulse width have been adjusted
to be 7 and 2 us, respectively. Solid echo signals were collected
and integrated with an Iwatsu DM-701 digitizer and an integrator
which was constructed in our laboratory. When spectra with
sufficient signal to noise were obtained by the addition of 30-40
scans, they were read out on a pen recorder. The extrudate fiber
was cut into small pieces, about 2 mm long, that were randomly
packed in a sample tube in vacuo. No anisotropy was observed
in the free induction decay signal for these randomly packed
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Figure 1. Photographs of solid echo signals (1 scan) from the
extrudate with an EDR of 6: (A) 106 °C, x = 50 us/unit; (B)
24 °C, x = 20 ps/unit. Note that integrated decay signals, as
shown in Figure 2, were used for the decomposition of the curve.

samples. The temperature was controlled to an accuracy of £0.5
°C by a gas-flow thermostat with a copper—-constantan thermo-
couple. Estimated errors in the values of relaxation time and
fraction were in the range 3-6%, as judged by the reproducibility
of the data.

The melting temperature and heat of fusion of the samples were
measured in a nitrogen atmosphere with a Perkin-Elmer differ-
ential scanning calorimeter (DSC-1B). The heating rate was 8
°C/min and the sample size was ~1 mg. The temperature and
heat of fusion were calibrated against indium (T, = 156.4 °C,
AH; = 6.79 cal/g). The melting peak temperature and heat of
fusion were reproducible for the same sample to within £0.5 °C
and *£3%, respectively. The crystalline mass fraction of the
sample was calculated from the observed heat of fusion by as-
suming 69 cal/g? for the heat of fusion of a perfect crystal of
polyethylene.

Results and Discussion

Typical examples of the solid echo decay signals ob-
tained for the extrudate with EDR 6 at 106 and 24 °C are
shown in Figure 1. It is immediately apparent from Figure
1A, and much earlier work, that the observed decay is
neither a single-exponential function nor a Gaussian
function but their composite, indicative of the coexsistence
of multiple phases (or domains) having different mobilities
in the sample. A beat signal (Figure 1B) was observed at
temperatures below about 90 °C in every sample. This
type of signal has been observed in many semicrystalline
polymers'®20 in the temperature region where the molec-
ular motions of the noncrystalline regions are not suffi-
ciently activated. No convenient analytical method for this
beat signal has been reported. Therefore, the experiments
were carried out in temperature regions where decay sig-
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Figure 2. Analysis of the solid echo decay of the extrudate with

an EDR of 6 at 112 °C.
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Figure 3. Temperature dependence of T, for the EDR 6 and
EDR 12 extrudates and a melt-grown isotropic sample (MG). The
extrusion temperature was 90 °C.

nals are decomposable into Gaussian and/or exponential
functions.

Component Resolution of Signal Decay. The signal
intensities of the extrudate with an EDR of 6 at 112 °C
are plotted against time in Figure 2. This decay curve was
obtained by the addition of 30 scans of sufficient signal-
to-noise ratio. For times greater than about 120 us, the
experimental points fall on a single straight line (L;). To
examine the portion of the curve which deviates from the
line L,, L; was extrapolated to zero time and the appro-
priate value substracted from the data. For times greater
than about 30 us, the subtraction is designated by open
circles in Figure 2; these also fall on a straight line (L,).
Further, to examine the initial portion of the curve which
deviates from L,, L, was extrapolated to zero time and the
appropriate value again subtracted from the curve. The
initial portion of the data treated in this manner is shown
in the upper region of Figure 2 plotted against time
squared. All the solid echo decays obtained in this study
were analyzed in this manner.

Temperature Dependence of Spin-Spin Relaxation
Time. Figures 3 and 4 show spin—spin relaxation times
as a function of temperature for extrudates with various
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Figure 4. Temperature dependence of T for the extrudates with
EDR 25 and 35. The extrusion temperature was 90 °C.

EDR prepared at 90 °C and a melt-crystallized isotropic
sample (MG). The EDR 6 and EDR 12 extrudates and
MG exhibit three different T%’s. The longest, intermediate,
and the shortest relaxation times are denoted Ty, Ty, and
Ty, respectively. In the EDR 25 and EDR 35 samples, the
T, component could not be separated from the decay
signal. The shortest relaxation time, Ty, is associated with
the crystalline region of the sample, as suggested by a
Gaussian function of the decay, and the fraction of this
component corresponds to the crystalline mass fraction
calculated from the heat of fusion of the sample, as will
be discussed later. Ty, increased slightly with temperature
in all the extrudates and the MG sample, and no significant
difference was observed in the T, vs. temperature curves.
However, note that the extrudates having an EDR less
than 12 showed a slightly longer T, than the highly drawn
extrudates and the isotropic sample. The small increase
in Ty, with temperature may be related mainly to the
thermal expansion of the crystal lattice, which is influenced
by crystalline imperfection.

The longest relaxation time, T, which follows an ex-
ponential function, is ascribed to the relaxation of mole-
cules that are motionally activated, on the NMR time scale,
in the noncrystalline regions of the samples. T, changes
remarkably with the EDR of the samples. Figure 5 shows
that T, of the extrudates as a function of EDR, observed
at 105, 110, and 120 °C. Although the thermal stability
of the extrudates was lower for extrudates having lower
EDR, as will be described later, the structural reorgani-
zation during NMR measurements was not significant at
temperatures below 105 °C. At EDR < 12, T, decreases
very rapidly with increasing EDR and increases remark-
ably with measurment temperature. At higher EDR, T,
reaches a limiting value and the effect of EDR and tem-
perature on T,, becomes less prominent (Figure 5). The
results indicate that the constraint on the segmental mo-
bility of the noncrystalline component increases rapidly
with EDR at EDR < 12 and approaches a limiting value
at EDR > 12.

Birefringence,®?* infrared dichroism,” thermal expan-
sion,>!! amorphous density from small-angle X-ray scat-
tering,?® and diffusion rate of low molecular weight ma-
terials?” have been used in efforts to study the structure
and properties of the noncrystalline component of ul-
traoriented high-modulus polyethylene in terms of the
amorphous orientation. Each technique has given some
information about the noncrystalline component. Nev-
ertheless, the structure and properties of the amorphous
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Figure 5. EDR dependence of T, for the extrudates at 105, 110,
and 120 °C. The value of T, is shown by the dotted line. These
samples were extruded at 90 °C.

component in drawn semicrystalline polymers have not
been well understood. The NMR method used in this
work provides direct information about the segmental
mobility of the noncrystalline component as well as its
fraction. It is noteworthy that the change of T,, with EDR
is very similar to that in amorphous orientation vs. EDR
estimated from birefringence and thermal expansion
coefficient of the amorphous component. This suggests
that the constraint on the segmental mobility in the non-
crystalline component increases in parallel with the degree
of chain orientation in this component. Furthermore, the
amorphous structure changes drastically by deformation
at low EDR (<10) and reaches a limiting structure at
higher EDR. This has an important implication in un-
derstanding the characteristic changes of tensile modulus
with EDR in terms of the corresponding change in mor-
phology. Many publications report that the orientation
of the molecular axis in the crystalline phase increases with
EDR in a way similar to that for the structural change in
the amorphous regions. However, the tensile modulus
along the fiber axis increases slowly in spite of the rapid
structural changes in both the amorphous and crystalline
regions at low EDR.>!! Thereafter the modulus increases
more rapidly and steadily with EDR, where no significant
orientation change is detected in either phase. Therefore
the modulus increase cannot be directly correlated with
chain orientation along the draw direction. Peterlinlé!’
proposed a molecular model which explains well the mo-
dulus increase with increasing DR. The model is based
on the morphological change during deformation. His
model contains two assumptions; one is that there is an
increase in the taut tie molecule content (or crystalline
bridges) connecting, longitudinally, crystallites at the
lateral surface of the fibrils with DR, and the second is that
the structure of the noncrystalline regions, existing be-
tween two crystalline blocks in a microfibril, does not
change significantly at higher DR. The present NMR
results support the latter assumption that the molecular
constraint on the noncrystalline component approaches
a limit at a higher EDR. The intermediate relaxation time,
Ty, was observed for an isotropic sample and extrudates
having lower EDR (<12) only at high temperature (Figure
3). Although T follows an exponential function (Figure
2), the value is short compared with T, of the same sample
at a given temperature. This indicates that the segmental
motions responsible for T are fairly restricted. The lowest
temperature where the T, component appeared first is
around 105 °C for the isotropic sample. With increasing
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Table I
Characterization of Samples Extruded at 90 °C
AHy® X, ¢ T, frac-

sample T, % °C cal/g %  tion, % fo @
MG 49.0 71 71 0
EDR 6 1314 46.2 67 66 0.883
EDR 12 134.0 47.6 69 72 0.987
EDR 25 136.3 53.8 78 78 0.993
EDR 35 135.9 55.9 81 86 0.994

¢ Melting peak temperature obtained by DSC at heating
rate of 8 °C/min, ® Heat of fusion of the samples ob-
tained by DSC. ¢ Crystalline mass fraction calculated
from aH; ¢ Crystalline c-axis orientation function ob-
tained by wide-angle X-ray azimuthal scan.

EDR this temperature shifted upward and at EDR = 25
the T, component was no longer observed below the
melting temperature (Figures 3 and 4). Furthermore,
around this temperature, T, begins to increase rapidly
with temperature, while T, remains around 10 us. Thus,
the intermediate component becomes distinguished from
the highly mobile component (75, component) when the
molecular motions of the relaxed segments are sufficiently
activated while those of the constrained segments in the
noncrystalline regions are not so active. Furthermore, the
temperature dependence of T’y for the extrudates having
lower EDR is remarkably different from that for the iso-
tropic sample. This suggests an increased initial constraint
on the structure of partially constrained segments. This
interpretation is consistent with the fact that the samples
having higher EDR showed no T'; because the noncrys-
talline segments in these samples are subject to consid-
erable constraint, as suggested by the shorter T,

Fraction of T',, Component. In order to discuss the
structural changes during solid-state extrusion, the mass
fraction of each component was determined from the
values at the intersection of the vertical axis (time ¢t = 0)
and each straight line obtained by the decomposition
procedure. The temperature dependence of the T, frac-
tion for the extrudates prepared at 90 °C and the MG
sample is shown in Figure 6. The low-temperature plateau
values of the T, component are shown in Table I. Except
for the MG sample, the magnitude increases with EDR,
in agreement with previous results that the crystallinity
increases with EDR.*% It should be remembered that the
MG sample was crystallized under conditions somewhat
different from those for the initial billets from which these
extrudates were prepared. The melting peak temperature
and crystalline mass fractions calculated from heat of fu-
sion are shown in Table I. Factors such as amorphous
orientation, excess enthalpy of crystal surface, and crys-
talline imperfections may have, in some cases, a significant
influence on the observed heat of fusion of drawn and
extruded polyethylene.?%® It is noted, however, that the
mass fraction crystallinity obtained from the heat of fusion
is in good agreement with the fraction of the T, compo-
nent before annealing takes place. This is also true for the
isotropic sample as well as the extrudate with the highest
EDR, where the maximum orientation in the noncrys-
talline regions is expected.

The T, fraction remains almost constant at lower tem-
peratures for all the samples. At higher temperatures,
where partial melting and reorganization may take place,
each sample showed a characteristic behavior which varied
depending on EDR. The T, fraction of the MG sample
decreases gradually and then sharply due to the onset of
melting of the crystals. The EDR 6 extrudate showed a
temperature dependence of Ty, fraction similar to that of
the MG sample. In contrast, a significant increase in T,
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Figure 6. Temperature dependence of the T, fraction, evaluated
from the NMR signal intensity, for the extrudates extruded at
90 °C to different EDR.

fraction was observed during NMR measurements for the
extrudate with EDR 12. The initial value of T, fraction
remains about 72% below 100 °C and then begins to in-
crase until it reaches a maximum of 84% at 120 °C. Our
experiments indicate that the difference between 72 and
84% crystallinity is significant. With further increase in
temperature, the fraction decreases to a plateau value of
72%, which is the same as the initial value, and then de-
creases very rapidly due to melting. The effect of an-
nealing at lower temperatures was studied by NMR. For
this, the extrudate with EDR 12 was slowly heated to 113
°C, held there for 30 min, and cooled slowly to 85 °C. After
this treatment, NMR data were obtained on the warming
process. Ty, increased significantly and the temperature
where Ty component became observable decreased by 10
°C as a result of annealing. The T, fraction at the low-
temperature plateau value increased about 10%, in
agreement with the previous result (Figure 6). The DSC
thermogram for the extrudate with EDR 12 showed onset
of melting at 127 °C with a peak temperature at 134.5 °C
but no detectable change in heat capacity below 126 °C.
This might be due to the difference in heating rate used
for DSC (8 °C/min) and NMR measurements (~0.15
°C/min); the rate was too fast for the former but suffi-
ciently slow for the latter to allow the sample to reorganize.
However, it is known that DSC sometimes fails to detect
such a structural reorganization which often occurs very
rapidly during measurements with thermally metastable
semicrystalline polymers composed of small or imperfect
crystallites.?' 3 It is emphasized, however, that the
crystallinity value measured by DSC is not substantially
affected by such a reorganization because the increase in
heat of fusion corresponding to the crystallinity increase
during measurement is compensated by the heat evolved
during the reorganization. It is noted that the T, fraction
observed in NMR corresponds to the mass fraction crys-
tallinity at the measurement temperature.

The increase in Ty, fraction during NMR measurements
was most remarkable for EDR 12 with extrusion at 90 °C
(Figure 6). At this stage of deformation, T, approached,
but was still greater than, the limiting shortest value.
According to the Peterlin’s model, 617 the initially spher-
ulitic materials transform into fibrous morphology by
drawing, and each fibril is composed of a number of mi-
crofibrils. The noncrystalline component exists either
between two crystalline blocks as an amorphous layer
within a microfibril or between fibrils or microfibrils.
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Figure 7. Temperature dependence of T, for the extrudates
extruded at 110 °C with different EDR.

Further drawing proceeds mainly by interfibrillar shear
slip, which increases the number and strain of the inter-
fibrillar tie molecules. Our previous® and present studies
(Table I) of these extrudates show that the crystalline
orientation function (f,) rapidly increases with EDR,
reaching almost unity (f, > 0.98) at an EDR of 10.12 The
increase in modulus with EDR is not, however, explained
by this orientation alone. The EDR of 10 for extrusion
at 90 and 110 °C corresponds to the critical EDR, after
which the tensile modulus increases steadily with EDR.*
This suggests that the latter mechanism becomes impor-
tant at an EDR of 10 and is consistent with the NMR
observation that T, approaches the limiting shortest value
at an EDR of 12. It is noted that T, reaches a plateau
for conditions somewhat different from those for the mo-
dulus. This may reflect the difference in the time scale
for the two measurements. At this stage, the fairly ex-
tended long-chain interfibrillar tie molecules may not be
strongly connected to the crystallites in a fibril as suggested
by the fairly low modulus value.!%

When EDR is increased further (EDR > 20), the
structural reorganization during measurements is sup-
pressed. The extrudate with the highest EDR, 35, has the
highest thermal stability, and the fraction of Ty, compo-
nent remained almost invariant below 130 °C. According
to small-angle X-ray diffraction, the long period does not
significantly increase above EDR > 10.22 However, more
recent studies by wide-angle X-ray diffraction show that
the crystallite size along the chain direction, estimated
from the half-width of the (002) reflection, increases
steadily at EDR > 10 and exceeded the long period at
higher EDR.* Therefore, the improved thermal stability
at high EDR may be attributed primarily to an extend-
ed-chain morphology. A detailed study of the morpho-
logical changes during extrusion will be reported in a
separate paper.

Effects of Extrusion Temperature. It has been re-
ported that the efficiency of extrusion drawing, as evalu-
ated by the properties vs. EDR, is greatly influenced by
the extrusion temperature.® Such variations may be re-
flected in the values of T, and Ty and the fraction of the
components. The relaxation times and the fraction of each
component for the fibers extruded at 110 °C were mea-
sured and the results are shown in Figures 7 and 8.
Comparison of the T, vs. temperature curves in Figures
3, 4, and 7 reveals that below 120 °C the fibers extruded
at higher temperature have a slightly longer T, at a given
EDR. However, in the high-temperature region (7" > 120
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Figure 8. Temperature dependence of Ty, fraction evaluated from
the NMR signal intensity. Samples were extruded at 110 °C.

°C) the T, values for both extrusion temperatures become
almost identical by annealing at the measurement tem-
perature. These results suggest that the noncrystalline
component of the fibers extruded at higher temperature
is in a slightly more relaxed state than those extruded at
lower temperature. Although the fraction and the first
appearance temperature of the T, component are insen-
sitive to the extrusion temperatures examined in this work,
the Ty values are longer for the extrusion at higher tem-
perature. These results suggest that the extrusion tem-
perature has an important influence on the efficiency of
draw for the noncrystalline regions of the extrudates. The
extrusion at lower temperature produces more constraint
on the molecular segments in the noncrystalline regions.
Mead, Desper, and Porter® have extensively studied the
effects of extrusion variables on the extrusion behavior and
the resultant properties. They found that the efficiency
of draw, as evaluated by the modulus vs. EDR, increases
with decreasing extrusion temperature. The present result
concerning amorphous-component behavior is in line with
their finding.

Ward?® and others have carried out broad-line NMR
studies on ultrahigh-modulus polyethylene and report that
three components, broad, intermediate, and narrow, were
observed in the spectra. They assigned these components
to the crystalline regions, high molecular weight materials
which interconnect the crystalline regions, and low mo-
lecular weight materials such as chain ends and cilia. At
the beginning of this work, we also carried out broad-line
NMR measurements on the samples used in the pulsed
NMR study. The very narrow component reported by
Ward et al. was not found in the spectra. This implies that
the content of highly mobile materials is negligible in our
samples. Indeed, the IR dichroism study? of the extrudate
revealed that the molecular end groups exhibited fairly
high orientation as evaluated by the orientation function
of the end vinyl groups of HDPE. This difference might
be due to the fact that we used polyethylene from different
sources and that their samples were prepared by conven-
tional drawing whereas ours were prepared by crystalline
(solid) state extrusion under high pressure.

Summary

Spin—spin relaxation times (7') in crystalline-state ex-
truded high-density polyethylene, having a nominal EDR
up to 35 and prepared at 90 and 110 °C, have heen studied
as a function of temperature by the solid echo NMR
technique. Three relaxation times, Ts,, T, and T, as-
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signed to the amorphous, intermediate, and rigid (crys-
talline) components, were observed for the melt-crystal-
lized isotropic sample and extrudates with EDR < 12. The
highly drawn samples with EDR = 25 exhibited only two
T,’s, i.e., Ty, and Ty, The structural change in non-
crystalline regions that occurred during extrusion is sen-
sitively detected by T,. The value of T, decreased very
rapidly with increasing EDR before EDR reached 12 and
approached a plateau value at EDR > 12. This has the
major implication that the constraint imposed on the
noncrystalline component increases rapidly at EDR < 12
and reaches a limiting value at high EDR; further increase
in EDR does not cause a significant change of the structure
of noncrystalline regions in samples extrudedate <110 °C.
The extrusion at lower temperatures produces more con-
straint on the molecular segments in the noncrystalline
regions. The fraction of the Ty, component was in good
agreement with the mass fraction crystallinity estimated
from the heat of fusion of the samples and increased with
EDR. The sample having an intermediate EDR of 12
exhibited a significant increase in the T, fraction as a
result of annealing during NMR measurement. The
thermal stability against annealing or melting also in-
creased with EDR and the extrudate with the highest
EDR, 35, showed no appreciable reorganization below 130
(-]
C.
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