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Abstract

The location of the hexagonal crystalline phase of polyethylene in apT-diagram, occurring at high pressure and high temperature, was
determined from proton-NMR spin–lattice relaxation rates and found to be in good agreement with the results obtained with other
techniques. Hexagonal and orthorhombic crystalline components as well as the amorphous part in a sample at high pressure can clearly
be distinguished by deuteron NMR spectra. The changes in these components were followed as a function of temperature at various pressure
values, showing the coexistence of orthorhombic and hexagonal crystalline materials during crystallization.q 1999 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

Solid polyethylene (PE) is a semi-crystalline material, in
which at least some part of the solid is amorphous. Both the
crystalline and the amorphous parts are often combined in
some form of lamellar structure, of which the exact nature
depends on conditions and sample history. The degree of
crystallinity, sizes of the amorphous and the crystalline
domains and interfacial structures between the two fractions
have been subjects of research for many years.

Under normal conditions crystalline PE has an ortho-
rhombic structure. In 1974, using DTA and dilatometry
experiments, Bassett and Turner [1,2] discovered that at
high pressure (above about 3500 bar), a transition to a
phase, unknown until that time, occurs below the melting
transition. Later, X-ray experiments [3] have shown that this
new phase has a hexagonal crystal structure. An interesting
phenomenon involving the hexagonal phase is that the PE
that has been crystallized at high pressure via the hexagonal
phase attains the extended chain morphology, while the PE
normally shows a folded chain morphology after crystal-
lization from the melt at ambient pressure.

The object of the study in this and the two next papers
[4,5] is the behaviour of PE in both crystal structures and in

the vicinity of phase transitions near the hexagonal phase,
with emphasis on the chain dynamics. Especially for this
latter aspect, the use of nuclear magnetic resonance (NMR)
as an experimental technique is particularly well suited.
Motional frequencies that can be observed in PE using an
NMR range from about 109 Hz (using spin–lattice relaxa-
tion times) to about 1023 Hz (using two-dimensional
exchange experiments). This information originates from
the local interactions of the nuclei. In the present investiga-
tion of the properties of solid PE, we make use of the
magnetic dipole–dipole coupling between proton spins
and of the electric quadrupolar interaction of the deuteron.
The first is used with standard UHMWPE samples and the
latter with a deuterated PE sample. Since molecular motion
changes considerably in the vicinity of phase transitions,
NMR is also an excellent tool to study phase transitions.
It has been used to study the orthorhombic phase [6–15]
and the melting transition [16,17], for the conventionally
crystallized material [18–20], high pressure or solution
crystallized material [21–23] (extended chain), and oriented
material [14,24,25]. Practically all of these studies have
been performed at ambient pressure only.

The purpose of this paper is to show how the results of our
NMR investigation are used to construct the phase diagram
and to determine amorphous, orthorhombic and hexagonal
fractions in PE as a function of temperature and pressure.
More detailed information on the chain dynamics in each of
the phases and full discussions of both the NMR techniques
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and the NMR results will be presented in the next two
papers on the orthorhombic and hexagonal phases,
respectively.

2. Experimental

2.1. NMR spectrometer and high-pressure probe

The proton-NMR and deuteron-NMR experiments were
performed (at 180 and 27.3 MHz, respectively) in a home-
built pulse spectrometer using a superconducting magnet
(B� 4.2 T, bore 13 cm, Oxford Instruments). For the rather
extreme conditions of pressure and temperature required in
this project, we developed a titanium high-pressure
(10 kbar), high-temperature NMR probe, which is described
in detail elsewhere [26]. The temperature control allows
experiments from room temperature up to 600 K, with an
accuracy of 0.1 K.

The PE samples are pressurized using an inert fluid
perfluoroether (Hostinert-272, Hoechst AG). The pressure
is measured with an accuracy of 5 bar using manganine
resistance cells.

2.2. Sample

The material used in the proton-NMR experiments is
UHMWPE, Hostalen GUR 4031, kindly provided by
Hoechst AG. The crystallinity of the untreated material is
about 80%, as determined at room temperature from proton-
NMR echoes. A fully deuterated linear PE sample
(Mw� 100 000; Mw/Mn� 10; Merck Darmstadt), made
available by Prof. H.W. Spiess, was used in the deuteron-
NMR experiments.

2.3. NMR methods

The deuteron-NMR spectra was obtained by Fourier
transforming the free induction decays following a quadru-
pole echo pulse sequence, using an inter-pulse spacing of

40ms. The spin-lattice relaxation times were determined
using the saturation recovery method. The spin-locking
field used in theTH

1r experiments is equivalent to a frequency
of 100 kHz. A more detailed description of the experimental
procedures can be found in the next paper [4].

2.4. Crystal structure

The orthorhombic crystal structure of PE, in which the
chains are arranged in their all-trans conformations, was
first reported by Bunn [27,28]. The unit cell of PE consists
of two pairs of CH2 units with the orientations of the all-
transplanes almost perpendicular as shown on the left-hand
side in Fig. 1. In this figure part of the orthorhombic lattice
is shown viewed perpendicular to theab-plane. In the
orthorhombic lattice, the two hydrogen atoms belonging
to the same CH2 group have different surroundings, due to
the unequal lengths of thea andb axes. The light-coloured
CH2 groups in Fig. 1 are positioned above the darker groups,
showing the corresponding ordering in thec-direction. This
is the ordering that is also expected from the close packing
considerations. We note that, in principle, the ordering of an
orthorhombic PE crystal could also be as shown on the right
hand side of Fig. 1. In the literature both the ordering of type
I [27,29,30] and the ordering type II [28,29,31,32] are used.
However, all of these references refer back to the work of
Bunn. The confusion in the literature is probably caused by
a partly incorrect figure in Ref. [28]. It is obvious from Fig. 1
that the orthorhombic structure does not allow much free-
dom for the PE chains. Therefore, near room temperature
the motion of these chains is almost completely limited to
small angle reorientations. However, slow longitudinal
chain diffusion has been observed in13C-NMR,
2D-exchange and spin–lattice relaxation experiments
[10,11,33].

The hexagonal nature of the high pressure phase of PE
has been found by Bassett et al. [3]. Using X-ray measure-
ments and knowledge of the specific volume, they
concluded that the average interval between CH2 units in
the c-direction is reduced from 2.53 to 2.45 A˚ . This means
that the PE chains in the hexagonal structure are not in the
all-trans conformation, but must contain some disorder.
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1 Hoechst AG, Frankfurt am Main, UHMWPE,Mh � 5.6× 106 g/mol,
no additives.

Fig. 1. The orthorhombic unit cell viewed along thec-axis ordered correctly (type I) and incorrectly (type II).



This was confirmed by Yasuniwa et al. [34]. These authors
observed no reflections in their X-ray measurements origin-
ating from order in thec-direction. We have found no
reports that give conclusive evidence on the exact nature
of the disorder of the chains. It is very likely that a number
of gauche defects is involved, but some fraction of the
disorder may well originate from the so-called soft twists.

A PE unit cell with the hexagonal structure is shown in
Fig. 2. It shows that the hexagonal lattice can be thought to
coincide with an orthorhombic point lattice with different
lengths of itsa andb axes. Therefore, at the phase transition
from orthorhombic PE to hexagonal PE, the crystal lattice
can be thought to change its lattice parametersa andb to the
values given in Fig. 2 while at the same time the chain
conformation gets disordered. The larger space per chain
in the hexagonal phase allows rapid motion about the
c-axis and rapid diffusion of the chains along thec-direction.

3. Results and discussion

As will be shown in the following two papers, we have

investigated the orthorhombic and hexagonal phases of PE.
The data obtained from various NMR experiments was used
to obtain information on the molecular motion in each of
these phases. By knowing which motional processes are
responsible for the results of the different NMR experiments
it is possible to use these NMR methods to perform an
exploration of the phase diagram. In this paper the depen-
dences of NMR data on temperature and pressure, and in
particular the changes in these properties occurring in the
vicinity of the phase transitions will be examined closely.
The molecular motions in the PE crystal change their rates
discontinuously near phase transitions. In going from one
phase to another, new types of motion start to emerge while
others become less significant for the observed properties.

3.1. Phase transitions studied using spin–lattice relaxation
data

The phase diagram can be established by recording the
results from various NMR experiments along isobaric paths
through the phase transitions at several pressure values. The
experimentally easiest indicators for the positions of the
phase transitions are the proton spin–lattice relaxation
timesTH

1 and TH
1r and the deuteron spin–lattice relaxation

timeTD
1 . Fig. 3 shows the behaviour ofTH

1 (at 180 MHz) at a
pressure of 1 bar. The most obvious features of the tempera-
ture dependence ofTH

1 are the minimum at 283 K, the steady
increase in a large interval of temperature and the enormous
decrease of the relaxation time on approaching the melting
transition at 408 K. The point where the steep drop of theTH

1

values stops is the melting point at ambient pressure. As will
be discussed in the next paper [4], proton spin–lattice
relaxation in the orthorhombic phase is caused by spin
diffusion to rapidly relaxing spins in the amorphous and
interfacial fractions and at end groups and crystal defects.
As this mechanism enters the extreme narrowing regime,TH

1

increases with temperature. Well below the phase transition,
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Fig. 2. Schematic drawing of the orthorhombic and hexagonal crystal struc-
tures. A slice of the crystal is viewed along the chain direction.

Fig. 3. Temperature dependence ofTH
1r andTH

1r of PE (Hostalen GUR 403) at ambient pressure. The open circles show the behaviour ofTH
1 and the filled squares

that ofTH
1r:



torsional reorientations of the CH2 groups about the chain
axes, which are the mechanism forTH

1r and for TD
1 in the

crystalline component are neither fast nor large enough to be
a TH

1 mechanism.
This situation changes in the temperature region close to

the transitions to either the liquid or the hexagonal phase.
Apparently, the reorientational motion of the CH2 groups
becomes less restricted. On increasing the temperature, the

reorientation angles increase and the motion gradually
becomes quasi-isotropic, while the reorientation rate
increases rapidly. This can be seen most clearly in Fig. 4,
showing the temperature dependence of the deuteron spin–
lattice relaxation timeTD

1 ; also at 1 bar. This relaxation time
shows a steep decrease of the relaxation time in the crystal-
line part (the long relaxation time component [4]), when the
melting transition is approached. The quasi-isotropic
motion of the CH2 groups and the speeding up of the
reorientation now also have become a mechanism (in its
slow-motion regime) for proton spin–lattice relaxation for
all CH2 groups in the chain. This is what causes the rapid
decrease ofTH

1 near the phase transition.
The behaviour of the rotating-frame relaxation timeTH

1r at
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Fig. 4. Temperature dependence ofTD
1 of deuterated PE at ambient pressure.

Fig. 5. Temperature dependence of relaxation times at 4900 bar.

Fig. 6. The phase diagram of PE. Our proton-NMR data (solid lines) on
UHMWPE compared to DTA/DSC data (dotted lines) of Hikosaka et al.
[32].



1 bar is also shown in Fig. 3. As will be discussed in the next
paper [4], the value ofTH

1r increases as a consequence of the
increasing reorientation rate of the CH2 groups, until at the
melting transition the slope of its temperature dependence
changes discontinuously. The temperature dependences of
TH

1 andTH
1r shown in Fig. 3 were recorded during different

sessions on samples with a different history. As a result, the
melting points determined from these experiments occur at
slightly different temperature values. In relation to theTD

1

data in Fig. 4 we note that for deuterated PE, the melting
point is about 6 K lower than for non-deuterated PE. This
effect has been observed previously by Hentschel et al. [19].

At high pressure more discontinuities due to phase transi-
tions are visible because of the presence of the hexagonal
phase. The results ofTH

1 , TH
1r and TD

1 experiments at
4900 bar are collected in Fig. 5. Using these discontinuities,

we have determined the positions of the phase transitions at
several pressure values. The information fromTH

1 andTH
1r

data was used to construct thepT-phase diagram for PE,
which is shown in Fig. 6. In this phase diagram the areas
where PE is orthorhombic, hexagonal or liquid are shown,
up to a pressure of about 6 kbar. The positions of the phase
transition lines are determined by fitting the second-order
polynomial curves through the experimentally observed
phase transition points. For only this, the points are taken
from isobaric paths at increasing temperature. The paths
with decreasing temperature have also been recorded but
because one would have to wait for infinitely long times
in order to obtain the correct equilibrium crystallization
temperature, the phase transitions detected in these paths
show up at too low values of the temperature. The phase
diagram obtained from our NMR experiments is in good
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Fig. 7. Temperature dependence of deuteron NMR line shapes at ambient pressure. AnglesQ result from fits using a model of fast reorienting CD2 groups (see
next paper [4]).

Fig. 8. Temperature dependence of the relative intensities of the line shape components in the deuterated FCC PE sample at 1 bar (left) and at 4900 bar (right).



agreement with similar phase diagrams derived from X-ray
[3], DTA/DSC [1,2,35,36] and dilatometric [2] experiments.

3.2. Phase transitions studied using deuteron NMR spectra

The line shapes observed in deuteron NMR spectra allow
us to distinguish between crystalline and amorphous parts
and orthorhombic or hexagonal crystals. Therefore they
may be used to perform a study on the changes in the
fractions of the various components of the sample with
temperature. Deuteron NMR line shapes obtained in the
orthorhombic phase as a function of temperature at ambient
pressure are shown in Fig. 7. A characteristic spectrum
consists of a Pake doublet caused by the crystalline parts
of the sample, combined with some additional intensity in
the middle of the spectrum, which is due to the amorphous
part of the sample. In this paper, we focus our attention to
the changes in the various fractions with temperature and
pressure. We will leave a more detailed discussion of these
spectra to the next two papers [4,5].

In order to determine the fractions of crystalline and
amorphous components, the contribution to the spectrum

of the crystalline parts was fitted with calculated Pake line
shapes. This contribution was then subtracted from the
experimental spectrum to obtain a separate line originating
from the amorphous parts of the sample. Subsequently both
the crystalline and amorphous contributions to the line
shape were integrated in order to obtain their relative contri-
butions to the total spectrum. The results of this analysis at
ambient pressure are shown on the left in Fig. 8. It appears
that the crystallinity remains about constant at about 67% up
to 373 K and then decreases until the melting transition is
reached. This same result has also been obtained by
Hentschel et al. [19], showing that our spectra and method
of analysis can be compared very well with theirs.

The interesting part is of course to perform a similar
analysis at high pressure and to investigate the behaviour
in the vicinity of the hexagonal phase. As will be shown in
our paper on the hexagonal phase [5], the deuteron NMR
spectrum obtained in the hexagonal phase is similar to that
in the orthorhombic phase, showing clearly, the amorphous
and crystalline components. However, as the width of the
hexagonal crystalline Pake doublet is less than half of that
caused by the orthorhombic crystalline component it is also
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Fig. 9. Temperature dependence of deuteron NMR spectra at 4900 bar for ECC PE during the second run (at decreasing temperature).



possible to clearly distinguish these two crystal structures.
One can see that very well in Fig. 9, showing deuteron NMR
spectra at 4900 bar. At some temperature values, all compo-
nents coexist and show up as characteristic features in the
recorded spectra.

The changes in the various fractions of the sample as a
function of temperature were measured in three consecutive
runs, showing the behaviour under distinctly different
circumstances. In the first run at 4900 bar, a sample of deut-
erated PE crystallized at ambient pressure was used. In such
a sample, the PE has a folded chain crystal (FCC) structure.
During this run, temperature was increased step-by-step
while monitoring the sample properties using various
deuteron NMR experiments. In this way the transition
from the orthorhombic phase to the hexagonal phase and
the melting transition was observed.

The second run followed right after the first one, using the
same sample, but this time the temperature was decreased
from 523 K (in the liquid phase) to 473 K (in the ortho-
rhombic phase). The temperature was lowered in small
steps, making sure that the system could stabilize before
each NMR experiment in order to obtain equilibrium state
data. Of course, complete equilibrium cannot be achieved in
practice due to the very long crystallization times. Our
requirement here is that at each temperature value the
NMR signals obtained do not change during the experi-
ments. An indication that real equilibrium is not achieved
is reflected in the observation that the phase transitions
occur at different values of the temperature depending on
whether the temperature is increased or decreased. The PE
that is crystallized at high pressure through the hexagonal
phase acquires the extended chain (ECC) structure. There-
fore, the results obtained from the second run reflect the
properties of ECC PE during crystallization. The third
run, which involved increasing the temperature again, still

using the same sample, was found to show clearly the
temperature dependence of the different fractions in the
sample for ECC PE, so comparisons to the FCC material
can be made.

The analysis of the contributions of the crystalline and
amorphous components of the sample was made in a similar
way as above. One should note here that since it is not
possible to distinguish between contributions from amor-
phous parts of the sample and signal originating from liquid
material—in both of these phases C–D bonds perform fast
isotropic motion—statements about either of these fractions
always refer to the same features of the deuteron NMR
spectrum.

Results of the analysis for FCC PE at 4900 bar are shown
on the right hand side in Fig. 8. It appears that just like in the
FCC material that was analysed at ambient pressure, here
the crystallinity remains about 65% up to about 30 K below
the phase transition. The apparent higher intensity of the
rigid part (75%) measured at 400 K reflects the fact that
high pressure reduces the mobility in the amorphous frac-
tion to such an extent that frequencies in the slow tail of the
distribution of motional frequencies in that fraction are no
longer fast compared to the width of the spectrum. There-
fore, part of the amorphous fraction contributes to the inten-
sity of the rigid Pake line shape at this temperature. What
may be a surprising result is that apparently, for FCC PE, the
hexagonal phase coexists with the orthorhombic phase
almost up to the melting point, and that the amount of hexa-
gonal material is not very large (about 4% of the total
signal).

Fig. 9 shows the temperature dependence of the deuteron
NMR spectra at 4900 bar at decreasing temperature during
the second run. At 508 K the spectrum consists of the
narrow line obtained in the liquid phase. After passing
the phase transition, the narrow Pake doublet, which is the
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Fig. 10. Temperature dependence of the line shape component intensities at 4900 bar for deuterated ECC PE.



characteristic for the hexagonal phase, shows up very
clearly in the spectrum at 503 K. An interesting effect is
that on further decreasing the temperature to 500 K the
wide Pake doublet due to the orthorhombic phase is
observed at the same time. The orthorhombic component
grows at the expense of the hexagonal component until, at
488 K, all hexagonal material has disappeared.

When we record the line shapes at increasing temperature
starting in the orthorhombic phase, there is only one point,
exactly on the phase transition temperature (505 K), where
coexistence is observed. In the temperature range of the
hexagonal phase (up to 513 K) all the observed crystalline
material is exclusively hexagonal. The rest is due to the
mobile amorphous or liquid fractions.

For ECC PE, the temperature dependence of the various
fractions at 4900 bar is shown in Fig. 10. A difference
between the ECC PE and the FCC material is that the
phase transitions of ECC PE occur about 8 K higher than
those for the FCC at 4900 bar. This reflects the increased
thickness of the crystalline lamellae of PE when crystallized
in the hexagonal phase. This increased crystallinity is also
observed directly. At 473 K, FCC PE is only 50% crystal-
line, while the ECC material already shows a crystallinity of
about 77%.

4. Conclusions

We have demonstrated that the NMR is a useful tool for
studying phase transitions in PE also at high pressure. For
the first time NMR techniques were used to determine the
full phase diagram. In addition we have followed the
changes of the orthorhombic crystalline, the hexagonal crys-
talline and the amorphous/liquid fractions of the material as
a function of temperature and pressure. The temperature
dependence of these fractions at ambient pressure is in
good agreement with the behaviour found in the literature.
At high pressure the behaviour is found to be similar, but
shows differences between FCC and ECC material. The
observed difference in melting temperature at 4900 bar
between ECC PE and FCC PE is found to be about 8 K.
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