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ABSTRACT: Polymorphism is a well-established phenomenon in crystalline materials and is important
for pharmaceutical and polymeric materials. In our study concerning the processability of polymers, we
came across an unusual observation related to polymorphism induced by pressure. The experimental
observation is that polyethylene crystals transform from the stable orthorhombic crystal into a transient
hexagonal phase. The occurrence of a transient hexagonal phase is shown to be dependent on the polymer
crystal size; smaller crystals transform into the transient hexagonal phase at temperatures and pressures
much below the thermodynamic critical point Q,, which is located at P = 3.6 kbar and T = 230 °C. The
crystal size dependence in the phase transition was investigated by in situ X-ray studies in the unirradiated
and irradiated solution-crystallized films. Since the chain mobility is rather high in the hexagonal phase,
sintering has been attempted via this transient phase using ultrahigh molecular weight polyethylene
(UHMW:-PE) as a model system. UHMW-PE is an intractable polymer due to its high molar mass but
possesses excellent abrasion resistance properties. For this reason it is used as an inlay in demanding
applications such as artificial hip and knee joints. The service life of UHMW-PE in these artificial joints,
however, is limited due to the poor processing characteristics notably during sintering, and often a second
operation is needed to replace the UHMW-PE interface. Sintering via the transient hexagonal phase
could provide a solution for this important problem which concerns an increasing number of people.

1. Introduction

Linear polyethylene (high-density polyethylene) has
been studied extensively and could be considered as the
paradigm for polymer crystallization studies. The
linear, regular polyethylene chains crystallize from
solution or from the melt, and at ambient temperature
and pressure the chains organize themselves into folded-
chain crystals possessing an orthorhombic unit cell. This
intriguing phenomenon of chain-folding was found in
the mid-1950s, and it is nowadays well documented
that, notably upon crystallization from dilute solutions,
long polyethylene chains form thin platelet crystals of
approximately 10 nm thickness.!

It is also possible to obtain crystals in which the
molecular chains are packed in a parallel register,
without chain-folding. Then, the crystal thickness can
range up to several micrometers instead of the conven-
tional few tens of nanometers observed in folded-chain
crystals. One method to obtain extended-chain poly-
ethylene crystals is to draw folded-chain crystals in a
temperature range close to but below the melting
temperature. This process of hot drawing effectively
transforms the folded chain crystals into more or less
extended-chain structures. At present, technological
processes have been developed to produce extended
polyethylene structures in the form of fibers based on
melt-spinning/drawing? and based on solution (gel)-
spinning of high molar mass polyethylene, in for ex-
ample the production of the high-performance fiber
Dyneema, possessing a specific Young's (E) modulus
exceeding 100 GPa,® i.e., higher than that of steel.
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Figure 1. Schematic pressure—temperature phase diagram
of polyethylene. Q,, the equilibrium triple point is the intersec-
tion of orthorhombic to hexagonal, hexagonal to liquid, and
orthorhombic to liquid transition lines. The shaded region in
the figure is the P—T region where experiments have been
performed in this work.

Another route to obtain extended-chain polyethylene
crystals is to crystallize the polymer at elevated tem-
peratures and pressures. Figure 1 shows the pressure—
temperature phase diagram of polyethylene and the
occurrence of a triple point Q, at a pressure of 3.6 kbar
and a temperature of 230 °C.# Above Q,, the hexagonal
phase is stable between the solid lines. Crystallization
at temperatures above the triple point, within the
hexagonal phase, leads to the formation of extended-
chain crystals. It has been shown experimentally that
upon annealing within the hexagonal phase region,
initially folded-chain crystals are formed which then
thicken continuously into extended-chain structures.
This process of lamellar crystal thickening occurs both
in the lateral directions and in the chain direction® and
is attributed to an enhanced chain mobility within the
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hexagonal phase.5”

The presence of a hexagonal phase has not been
exploited in terms of processing for specific properties.
Polyethylene materials possessing extended-chain crys-
tals which are obtained by annealing in the hexagonal
phase region are usually brittle materials. This is
mainly due to a high crystallinity, the segregation of
chains of different molecular weights,® and the absence
of a physical (entanglement) network.2 Moreover, the
triple point Q, is beyond the pressure (P) and temper-
ature (T) range which is normally encountered in
polymer processing. Consequently, processing and crys-
tallization in the hexagonal phase has remained a
rather academic topic up to now.

Recently however, it has been shown using optical
microscopy, that a transient hexagonal “mobile” phase
can appear at pressures and temperatures close to but
below the triple point Q,, i.e., within the thermodynami-
cally stable orthorhombic phase region, upon cooling
from the melt.%° In situ X-ray experiments presented
in this paper not only will confirm the observation of a
transient hexagonal phase, but also will reveal that by
controlling the initial morphology during synthesis, this
“mobile” phase could be brought down to processable
pressures, such as 1 kbar as indicated by the shaded
region in Figure 1. The crystal size dependence on the
transient nature of the phase has been investigated,
both with unirradiated and irradiated (cross-linked)
solution-crystallized UHMW-PE.

The observation of this metastable, transient hexago-
nal phase could be of great significance, mainly due to
the enhanced chain mobility in this phase. In view of
the fact that the hexagonal phase is a “mobile phase”, 472
processing of polyethylene via this phase could become
feasible within an experimentally accessible pressure
and temperature range, in particular for ultrahigh
molecular weight polyethylenes (UHMW-PEs) which
cannot be processed via conventional routes due to the
excessive high melt-viscosity.1°

In this paper we first address the paramount factors
which control the occurrence of a metastable hexagonal
phase, and second, the results will be used to improve
the sintering behavior of UHMW-PE.

2. Experimental Section

2.1. Materials. In view of the complex (sub)structure of
UHMW-PE reactor powders, we initially took as a model
system, solution-crystallized lamellar crystals of UHMW-PE
(Hostalen Gur 4130, kindly provided by Hoechst) by dissolving
the 1% of polymer by weight at the elevated temperatures, T
>125 °C, in xylene. Before dissolution, the UHMW-PE/xylene
suspension was degassed and, after complete dissolution, the
solution was poured into a tray. A film of approximately 0.4
mm thickness was obtained by slow evaporation of solvent at
ambient conditions. When viewed edge-on along the film
thickness, small-angle X-ray scattering and transmission
electron microscopy showed well-stacked lamellae of a uniform
thickness of approximately 12 nm thickness. The transmission
electron micrograph in Figure 2 shows the stacked lamellar
crystals viewed edge-on. A detailed study on the annealing
behavior of these films at the atmospheric pressure has been
published elsewhere.

For sintering purposes, a specially synthesized UHMW-PE
was made at DSM Research. These low-temperature polym-
erized, so-called virgin or nascent reactor powders consist of
small lamellar crystals with an estimated fold length of 8—10
nm.

The reason for using solution-crystallized UHMW-PE as a
model system is that well-defined stacked lamellar crystals
are obtained; viz., they are easy to characterize in term of
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Figure 2. Transmission electron micrograph of solution-
crystallized UHMW-PE. Edge-on view of stacked lamellar
crystals of approximately 12 nm thickness can be observed. A
schematic drawing is shown in Figure 2b. Molecular chains
are perpendicular to the observed edge-on view of the crystals.
The micrograph is obtained from a RuOs-etched thin section
of the microtoned sample. The sample was microtoned at liquid
nitrogen temperature.

crystal dimensions.'* In the nascent reactor powders, stacking
of lamellar crystals is absent.

2.2. Instrumentation. The pressure cell used in this
study is similar to the one designed by Hikosaka and Seto.*?
The maximum attainable pressure in the present setup is 5
kbar, and the temperature could be varied between room
temperature and 300 °C. The sample of 0.4 mm thickness is
placed between two diamond windows, each of 1 mm thickness
and surrounded by Teflon spacer rings. The use of diamond
windows provides the possibility to perform in situ X-ray and
optical studies. Hydrostatic pressure is generated by means
of two pistons activated by regulated nitrogen gas. The smooth
motion of the pistons permitted the maintainance of a constant
pressure during any volume change due to phase transforma-
tion. Monochromatic X-rays of wavelength 0.968 A and high
flux available on beamline ID11-BL2 at the European Syn-
chrotron Radiation Facility (ESRF), Grenoble, France, was
used to overcome the X-ray absorption by diamond windows
and to follow the kinetics of phase transformation. Each
diffraction pattern was recorded for 30 s on a two-dimensional
Princeton CCD detector. Using FIT2D program, kindly pro-
vided by Dr. Hammersely of ESRF, 2D X-ray patterns were
transformed into one-dimensional patterns by performing an
integration along the azimuthal angle.

Some samples were irradiated with a 3 MeV Van de Graaf
accelerator at the Interuniversity Reactor Institute, Delft, The
Netherlands. The solution-crystallized films were mounted on
aluminum plates and placed in a box with a window inert for
the electron beam. The box was flushed with nitrogen gas
during irradiation to prevent oxidative degradation and the
temperature of the samples was maintained at 25 °C. Insitu
small-angle X-ray scattering (SAXS) experiments on these
samples were performed at atmospheric pressure, while heat-
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Figure 3. Schematic drawing of the experimental routes
adopted in the study of the unirradiated solution and melt
crystallized UHMW:-PE at the fixed pressure (1.6 kbar), below
the equilibrium triple point.

ing, at synchrotron radiation facility available at station 8.2,
CLRC, Daresbury, U.K. The X-ray wavelength used for SAXS
experiments was 1.54 A,

3. Results and Discussions

3.1. In Situ X-ray Investigations on Solution-
Crystallized UHMW-PE at Elevated Pressures and
Temperatures. The following routes were used for the
pressure—temperature experiments, shown schemati-
cally in Figure 3. In situ X-ray results along the routes
have been summarized in Figure 4, and salient features
of the results are listed below.

Route 1. Isobaric Heating: Entry of the Hex-
agonal Phase below the Triple Point. The solution-
crystallized UHMW-PE sample was heated at a fixed
pressure of 1.6 kbar. The X-ray diffraction pattern at
lower temperatures shows the characteristic ortho-
rhombic (110) and (200) reflections (Figure 4a). Upon
heating, the (100) reflection of the hexagonal phase
though weak appears at approximately 195 °C at 260 =
13.42, next to the (110) reflection of the orthorhombic
phase (Figure 4a). The weak intensity of the 100
reflection suggests that only a few but not all crystals
have transformed from the orthorhombic to the hex-
agonal phase. Please note that the pressure of 1.6 kbar
is far below the pressure corresponding to the triple
point (Figure 1) and that the hexagonal phase is
observed within the thermodynamically stable ortho-
rhombic phase.

Route 2. Isothermal and Isobaric Annealing:
Isothermal Phase Reversal. Upon annealing at 204
°C at a pressure of 1.6 kbar (route 2 in Figure 3), the
(100) reflection of the hexagonal phase disappears again,
after approximately 15 min, whereas the orthorhombic
reflections gain in intensity (Figure 4b). These results
suggest that the crystals which transformed from the
orthorhombic to the hexagonal phase transform back
into the orthorhombic phase on annealing.

Route 3. Isobaric Heating: Melting via the
Hexagonal Phase. During isobaric heating at a rate
of 2 °C/min (route 3 in Figure 3), the hexagonal phase
reappears, and before final melting at 220 °C, the
characteristic (100) reflection of the hexagonal phase
gains intensity at the expense of the (110) and (200)
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reflections of the orthorhombic phase (Figure 4c). Just
before complete melting occurs, the only reflection left
is 100 of the hexagonal phase.

Route 4. Isobaric Cooling and Heating: Direct
Crystallization and Melting via the Orthorhombic
Phase. Upon cooling from the melt at the same
constant pressure of 1.6 kbar, crystallization occurs
directly into the orthorhombic phase, shown in Figure
4d. If the sample is heated once again to the melting
temperature, the hexagonal phase is no longer observed
(route 4 as shown in Figure 3).

From this set of experiments, we conclude that the
melting of the lamellar crystals of approximately 12 nm
(initial) thickness proceeds via a transient metastable
hexagonal phase, much below the triple point and
within the thermodynamically stable orthorhombic
phase. After complete melting and upon recrystalliza-
tion from the melt, the appearance of a transient
hexagonal phase is not observed again. During heating
and annealing of solution-crystallized samples, the
thickness of the lamellar crystals increases, especially
in the mobile hexagonal phase,>~7° and consequently,
the appearance of a transient hexagonal phase could be
related with the initial small lamellar thickness. Crys-
tallization from the melt, especially at the elevated
pressure, leads to much thicker lamellar crystals com-
pared to solution-crystallized samples, and consequently
the shift in the triple-point could be related to the crystal
size.

To confirm the influence of the crystal size on the
phase transition, we have investigated irradiated solu-
tion-crystallized samples. The samples were irradiated
with a dose of approximately 2000 kGy. This radiation
dose proved to be high enough to prevent lamellar
thickening during annealing due to cross-linking at the
fold surface. The dose, however, is too low to damage
the crystalline core.

3.2. In situ X-ray Investigations on Irradiated
Solution-Crystallized UHMW-PE at Atmospheric
and Elevated Pressures. Figure 5 shows a set of
SAXS patterns, recorded in situ, during heating at
atmospheric pressure the irradiated solution-crystal-
lized films. A first-order maximum is observed at q =
0.052 A1 and a second-order maximum at q = 0.104
A-1 satisfying Bragg's condition for a lamellar thickness
of 12 nm, at the very early stages of the heating scan,
due to the regular periodicity of lamellae in the solution-
crystallized sample (Figure 2). Before melting, an
increase in the intensity of the first order and a
simultaneous disappearance of the second order occur.
The increase may be explained because of an increase
in the electron density fluctuation between crystalline
and amorphous regions due to partial melting of lamel-
lae. The simultaneous disappearance of the second
order is due to a loss in the regular periodicity of
lamellae in the sample. In contrast, for unirradiated
solution-crystallized samples, no appearance of a peak
at the lower angles is observed before melting,!! related
to an increase in crystal thickness. This clearly shows
that the irradiation dose given to the samples is suf-
ficiently high to cross-link the intercrystalline amor-
phous zones to prohibit further thickening of lamellae.
These irradiated samples were investigated at elevated
pressures and temperatures; see below.

Figure 6 shows a set of WAXS experiments performed
in situ at a pressure of 1.8 kbar for the irradiated
solution-crystallized sample, along the same routes as
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Figure 4. X-ray diffractograms of solution-crystallized UHMW:-PE at fixed pressure of 1.6 kbar. Part a shows the entry of the
100 reflection of the hexagonal phase at lower angles, with increasing temperature. The other two reflections are 110 (most
intense) and 200 (at higher angle) from the orthorhombic unit cell of polyethylene. Part b shows the disappearance of the 100
reflection of the hexagonal phase during isothermal annealing at 206 °C. During isothermal annealing, while the 100 reflection
of hexagonal phase loses intensity, the 110 and 200 reflections of the orthorhombic phase gain intensity. Part ¢ shows the melting
of the orthorhombic crystals via the hexagonal phase, similar to the melting behavior anticipated above the triple point Q,, in the
pressure—temperature phase diagram in Figure 1. Part d shows the crystallization via the orthorhombic phase from the melt in
the bulk; to observe the very initial stages of crystallization each diffraction pattern is subtracted from the diffuse melt spectrum.

shown schematically in Figure 3 but with remarkably
different results, especially along routes 2 and 4. To
maintain the thermodynamic parameters similar to the
unirradiated solution-crystallized samples, the experi-
ments were performed in the vicinity of the pressure
region chosen for the unirradiated samples. The ex-
perimental observations made along the routes have
been summarized below.

Route 1. Isobaric Heating: Entry of the Hex-
agonal Phase below the Triple Point. In contrast
with unirradiated samples, one of the unusual features
in the irradiated samples is that on increasing pressure
at room temperature, a few crystals initially in the
orthorhombic phase transform into the monoclinic phase,
resulting into the appearance of a relatively intense
(100) peak at 20 = 12.53.13 The appearance of the
monoclinic phase is related with shear during compres-
sion. On increasing the temperature isobarically (1.8
kbar), the monoclinic crystals melt and recrystallize into
the orthorhombic phase, evidenced by a total increase
in the intensity for the (110) and (200) reflections of the

orthorhombic phase at 135 °C (Figure 6a). When the
temperature is further increased isobarically, the (100)
reflection for the hexagonal phase at 20 = 13.42 ap-
pears. Similar to the unirradiated sample, Figure 4,
the intensity for the hexagonal (100) reflection increases
with temperature. It has to be further noted that,
similar to the unirradiated sample, the pressure of 1.8
kbar is far below the triple point (Figure 1); i.e., the
hexagonal phase appears in the thermodynamically
stable orthorhombic phase.

Route 2. Isothermal and Isobaric Annealing.
Upon annealing at 172 °C at a pressure of 1.8 kbar
(route 2 in Figure 3), the intensity of the (100) reflection
of the hexagonal phase does not change, Figure 6b, in
contrast with the unirradiated samples.

Route 3. Isobaric Heating: Melting via the
Hexagonal Phase. During isobaric heating at a rate
of 2 °C/min (route 3 in Figure 3), the remaining crystals
in the orthorhombic phase transform into the hexagonal
phase before final melting at 200 °C (Figure 6c).
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Figure 5. SAXS patterns of the irradiated solution crystallized UHMW-PE film during a heating scan from 50 to 150 °C at 5
°C/min. Each frame was recorded for 12 s, where q = 2x/c; c is the lamellar thickness.

Route 4. Isobaric Cooling and Heating: Crys-
tallization via the Hexagonal Phase. Upon cooling
from the melt, at the same constant pressure of 1.8 kbar,
first the appearance of the (100) reflection occurs (Figure
6d). This clearly identifies that even at such low
pressures crystallization starts via the hexagonal phase.
However, on further cooling, the (110) reflection of the
orthorhombic phase becomes more intense. If the
sample is heated once again, melting occurs via the
hexagonal phase. These observations are rather differ-
ent to that observed for the unirradiated solution
crystallized UHMW-PE samples—where on cooling the
sample crystallizes directly in the orthorhombic phase
(Figure 4d). From these results it is evident that the
triple point for the irradiated samples shifts to much
lower pressures. Further investigations performed by
us on these samples show that isobaric melting and
crystallization via the hexagonal phase, can be achieved
even at pressures as low as 1.0 kbar. These experi-
mental findings are in accordance with the high pres-
sure differential thermal studies performed earlier on
irradiated polyethylene.l*

3.3. Salient Features from the Experimental
Findings. Before providing a thermodynamic explana-
tion for the observations made on the irradiated and
unirradiated samples, it is important to summarize
some of the salient features which have emerged from
the two sets of experiments (Figures 4 and 6), especially
performed along route 2 (Figures 4b and 6b) and route
4 (Figures 4d and 6d). Experiments performed along
route 2 clearly show a distinction between the two
samples. When the unirradiated sample is annealed
isothermally and isobarically, the hexagonal phase
transforms back into the orthorhombic phase (Figure
4b) within 30 min, whereas the irradiated crystals, once
transformed in the hexagonal phase, stay in the same
phase without any transformation even after annealing
for more than 150 min (Figure 6b). This distinction in
the phase transformation can be explained as a Kinetic
hindered process in the chain mobility, even in the
mobile hexagonal phase, generated by cross-linking the
amorphous intercrystalline regions in the irradiated

samples—thus maintaining a constant lamellae thick-
ness during annealing. In the unirradiated solution-
crystallized samples, on annealing isobarically, isother-
mal phase reversal occurs, i.e., below the equilibrium
triple point Q, (defined for the extended chain crystals);
viz. lamellae thickening during annealing in the mobile
hexagonal phase leads to transformation of the initially
stable hexagonal phase (for thin crystals) into the
thermodynamically stable orthorhombic phase (for thick-
ened crystals).

The crystallization behavior, route 4, for unirradiated
and irradiated samples, is also remarkably different. In
contrast with the unirradiated sample,?6 the irradiated
samples crystallize via the hexagonal phase even below
the equilibrium triple point. This may be explained as
the crystallization of constrained crystals between a
noncrystallizable cross-linked network present in the
melt of the irradiated sample. Since the constrained
crystals cannot thicken, the lamellae thickness remains
constant; thus, the triple point in the P—T phase
diagram does not change; see below.

From here it has emerged that the position of the
triple point in the P—T phase diagram, Figure 1, is
dependent on the lamellae thickness. That is in the
unirradiated samples, with lamellae thickening, the
triple point for the initially thin crystals (favorable due
to kinetic reasons) shifts to the higher pressures and
temperatures resulting into the transformation of the
initially stable hexagonal phase into orthorhombic
phase. In the irradiated samples where lamellar thick-
ening is hindered, the triple point in the P—T phase
diagram stays at the same position, thus maintaining
stability of the hexagonal phase.

3.4. A Thermodynamic Explanation for the in
Situ X-ray Results. Folded-chain lamellar crystals are
formed for kinetic reasons,’® and many studies have
been devoted to modeling of the chain folding process
in terms of surface nucleation. It is beyond the scope
of the present paper to recapitulate the current theories
concerning chain folding. It is well accepted that the
Gibbs free energy of folded-chain lamellar crystals is
higher than for the corresponding extended-chain crys-
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Figure 6. X-ray diffractograms of irradiated solution-crystallized UHMW-PE at fixed pressure of 1.8 kbar. Part a shows the
entry of the 100 reflection of the hexagonal phase at lower angles, with increasing temperature. The other two reflections are 110
(most intense) and 200 (at highest angle) from the orthorhombic unit cell of polyethylene. Part b shows the 100 reflection of the
hexagonal phase, which stays unaltered during isothermal annealing. Part ¢c shows melting of the orthorhombic crystals via the
hexagonal phase, similar to the melting behavior anticipated above the triple point Q,, in the pressure—temperature phase diagram
in Figure 1. Part d shows the crystallization via the orthorhombic phase from the melt. To observe the initial stages of crystallization,

each diffraction pattern is subtracted from the melt spectrum.

tals, partly due to the limited crystal size in the chain
direction in the order of approximately 10—30 nm.
Consequently, the surface energy 2o.A, where o is the
surface energy of the fold plane and A the corresponding
surface, increases the Gibbs free energy. As a conse-
guence, the melting point of folded-chain crystals is
lower than for perfectly extended-chain crystals.

The melting point of lamellar crystals with average
thickness [&0is given by the well-known melting-point
depression relationship:16

T, =T,°[1— 20, /CAH] (1)

As shown in eq 1, the observed melting point (Ty,) is
dependent on the thickness G0 if [dCapproaches infinity,
Tm approaches T°, the equilibrium melting tempera-
ture.

The ratio o/AH for orthorhombic crystals is larger
than for hexagonal crystals'” for the same dimensions
of the crystals:

(ae/AH)orth = 3'5(0e/AH)hex

This implies that for the same folded-chain crystal of
average lamellar thickness [¢[the difference (Tm® — Tm)
is larger in the orthorhombic crystal structure than in
the hexagonal crystal structure. Equivalently, the
Gibbs free energy for a lamellar crystal with thickness
[6lis closer to the equilibrium Gibbs free energy G° in
the case of a hexagonal crystal structure. On the basis
of these experimental facts, the Gibbs free energy
diagram in Figure 7, could be constructed to account
for the experiments described in Figure 3. For the sake
of simplicity, the Gibbs free energy functions in Figure
7 are drawn as straight lines, which is in fact a
simplification to serve the purpose of readability, without
any adverse consequences on the interpretation.

In Figure 7, the Gibbs free energy at pressure P as a
function of temperature T is shown for orthorhombic
and hexagonal crystals. Below the equilibrium triple
point Q,, the Gibbs free energy of a perfect (extended-
chain) orthorhombic crystal, G°y+, is lower than that
of a perfect (extended-chain) hexagonal crystal, G°nex.
The Gibbs free energy of the folded-chain crystals is
higher due to the contribution of the surface free
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Figure 7. Thermodynamic explanation for the experimental observations made along three different pathways as shown in
Figure 3. The bold lines are the equilibrium free energy lines for the orthorhombic Gy, and hexagonal crystal phase G°hex. The
free energy lines for the orthorhombic folded chain crystals are represented by (- - -), and the hexagonal folded chain crystals are
represented by (:+). Thex® and Torn® are the equilibrium melting temperatures for the hexagonal and orthorhombic crystals. Parts
a and b are for the unirradiated and irradiated samples, respectively. For the sake of readability, the Gibbs free energy lines are

drawn as straight lines instead of curves.

energies. Assuming for the present discussion that the
free energy curves for the folded-chain crystals are
parallel with the free energy of the extended-chain
crystals and taking into account, as discussed above,
that for a given lamellar thickness [@00the free energy
is closer to equilibrium for hexagonal crystals, the
various curves in Figure 7 were drawn schematically
as indicated.

3.4.1. The Unirradiated Solution-Crystallized
Sample. If an orthorhombic folded-chain crystal with
thickness [¢is heated from point 1, Figure 7a, at a
constant pressure P below Q,, the corresponding free
energy curve crosses the free energy curves of hexagonal
folded-chain crystals. At the crossing point A;, some of
the crystals which are thin can transform from an
orthorhombic into a hexagonal crystal structure since
the decrease in free energy with increasing temperature,
(dG/dT), is higher in the case of hexagonal crystals. This
situation is encountered during isobaric heating (see
Figure 4a). When annealed at temperature T, Figure
4b, the hexagonal crystals thicken in order to decrease
the Gibbs free energy toward the equilibrium value,
G°nex- However, during annealing and thickening at
temperature T, once again the Gibbs free energy for the
hexagonal and the orthorhombic phase crosses. Fur-
ther, the driving force (G°hex — Ghex) becomes smaller
and the thickening process slows down and finally is
arrested, for example at point A,. The driving force
(G°rth — Gorth) at temperature T and point A; is higher
than (G°hex — Ghex), and consequently, the crystal could
transform back into the orthorhombic crystal structure.
Upon further heating, Figure 4c, once again, the Gibbs
free energy curve corresponding to the orthorhombic
crystals crosses many times the Gibbs free energy
curves of hexagonal folded-chain crystals. Consequently
a transformation from orthorhombic into hexagonal
crystals can appear again before the final melting into
the liquid phase at point 2.

The authors hasten to add that the above explanation
refers only to thermodynamic parameters. The rate of

transformation from orthorhombic into hexagonal crys-
tals and vice versa, however, is dependent on Kinetic
barriers between the two crystal structures. The trans-
formation from the orthorhombic into the hexagonal
crystal structure involves nucleation and growth,*® and
consequently, the occurrence of a metastable hexagonal
phase and the rate of transformation from orthorhombic
into the hexagonal crystal structure and vice versa is
system dependent and will depend on parameters like
the initial morphology such as crystal thickness, pres-
sure, and temperature. The thickening rate of crystals
in the hexagonal phase would be also dependent on the
pressure and supercooling;”918 thus, the resident time
of the hexagonal phase would depend on the annealing
conditions, like pressure—temperature. In fact, pre-
liminary experiments on other solution-crystallized
polyethylene samples, for example a fractionated sample
kindly provided by the National Institute of Standard
Technology, possessing a My, of 32 kg-mol~! and a
molecular weight distribution M,/M,, of 1.11, showed
that a metastable hexagonal phase appeared at even
lower pressures such as 1 kbar.

3.4.2. The Irradiated Solution-Crystallized
Sample. A thermodynamic explanation, similar to the
unirradiated samples, can also be provided for the
irradiated samples. The Gibbs free energy lines drawn
in Figure 7b for the irradiated samples are very similar
to the unirradiated sample shown in Figure 7a for the
fixed pressure P, except G moves slightly to higher
values for the unirradiated samples. Here we have
made a reasonable assumption that during irradiation
only the amorphous content in the sample cross links
while the crystalline component of the lamellae remains
unaffected. Dotted lines in Figure 7b correspond to the
Gibbs free energy for the chain folded crystals possess-
ing a 12 nm lamellar thickness. Below the equilibrium
triple point, Q,, for the 12 nm lamellae thickness, the
shaded region in the Figure 7b shows the thermody-
namic stability regime for the hexagonal phase. Since
the lamellae thickness does not change on heating, the
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hexagonal phase remains stable even during annealing,
as shown experimentally in Figure 6b.2” On heating,
pathway adopted in Figure 7b is the lowest free energy
path, i.e., going from the starting point 1 to the melting
point 2.

In contrast with the unirradiated samples (Figure 4d),
it can be inferred from Figure 6d that, even below 3.6
kbar, crystallization from the melt occurs via the
hexagonal phase. This can be explained by constraint
in the thickening process during crystallization. Since
thickening cannot occur within the constrained crystals
(chains between cross-links) as obtained during crystal-
lization from the melt of the irradiated sample, the
hexagonal phase will remain stable within the temper-
ature region, shown by shaded region in Figure 7b, at
a constant pressure. But if the crystals are not con-
strained, as is the case in the unirradiated samples, the
hexagonal phase present at the initial stages of crystal-
lization will transform into the more stable orthorhom-
bic phase for pressures below the equilibrium triple
point.”:°

From the present research, it has clearly emerged
that the crystal size plays a prominent role in the
position of the triple point in the P—T phase diagram
of polyethylene. Consequently, in thin crystals an
enhanced chain mobility via the hexagonal phase can
be achieved at lower pressures, which might be impor-
tant for sintering; see below.

3.5. Current Problems Associated with Sinter-
ing of UHMW-PE Powders. Ultrahigh molecular
weight polyethylene, UHMW-PE, is a well-known poly-
ethylene grade possessing excellent mechanical proper-
ties such as a high abrasion resistance and excellent
wear and friction characteristics compared with any
other polymer material. As stated earlier in this paper,
due to the high molar mass, UHMW-PE cannot be
processed via conventional techniques such as extrusion
and injection-moulding. Products based on UHMW-PE
are produced by machining semifinished parts such as
sheets, rods, and plates, which are obtained by compres-
sion-moulding and sintering of UHMW-PE powders. For
optimum performance, the UHMW-PE powder particles
should be well-fused via sintering/compression-mould-
ing which is a major problem in view of the high
viscosity, i.e., the low mobility of the chains to diffuse
across the (original) powder interfaces upon sintering
in the melt.

In high-performance applications, for example hip and
knee joints, improper fusion920 of the submicron size
UHMW-PE particles are considered to be one of the
main reasons for intracellular and extracellular poly-
ethylene wear debris found upon prosthetic replace-
ment,?! whereas in the knee-joint prosthesis, grain
boundaries present between particles of several tens of
micrometer sizes are the weak points to sustain me-
chanical stresses, leading to delamination.?? The per-
formance of the prostheses should increase in order to
accommodate the active life style and increased life
expectancy of the rehabiliated recipient.

Parts a and b of Figure 8 show a closer view of the
UHMW-PE hip cups, making use of optical microscopy.
Figure 8a shows an optical micrograph of the as-
received cup whereas Figure 8b shows the used cup
after 7 years. In Figure 8a, grain boundaries related
to the original UHMW-PE powder particles can be
observed, but they become much more pronounced in
the used UHMW-PE cup, Figure 8b. Similar grain
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Figure 8. (a and b) Optical micrographs of thin sections of
new and used hip cups. Thin sections of approximately 1 um
thickness were prepared by cryosectioning the freeze fractured
samples of the hip cups. Part a is the optical micrograph of
the as received hip, whereas part b is the optical micrograph
of the used hip cup. Scale bar: 100 um. (c and d) Scanning
electron micrographs of freeze-fractured new and used hip
cups, respectively. In the electron micrographs interconnected
nodular beads may be seen, the holes of submicrometer size
are due to removal of the submicrometer sized particles during
freeze fracturing. The presence of such nodular substructures
is usually seen in the uncompressed UHMW-PE powder [for
reference, see Figure 16A-B in ref 14, Mc Kellop et al., and
our unpublished work].
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Figure 9. Optical micrographs of thin sections of compression-molded nascent UHMW-PE possessing initially thin crystals of
the order of 10 nm lamellae thickness. Part a shows a compression-molded nascent UHMW-PE at 0.8kbar, heated to 205 °C
before being cooled to room temperature. Part b is an optical micrograph of the compression-molded nascent UHMW-PE at 1
kbar, heated to 205 °C and then cooled to room temperature. Part ¢ is an optical micrograph of the compression-molded material
at 1.2 kbar and 220 °C. Scale bar: um. Part d is the scanning electron micrograph of the same sample used for part c. Complete
absence of the grain boundaries clearly suggest perfect fusion of the particles.

boundaries are observed to be visible in the UHMW-
PE inlays used during knee-joint prosthesis. Thenodu-
lar substructure present within the powder particles
survives during the sintering process as shown in the
high magnification scanning electron micrographs, parts
¢ and d of Figure 8, of the new and used hip cups,
respectively. Similar nodular substructures have been
reported earlier.2320 In our opinion, improper fusion,
from several tens of micrometers to the submicrometer
level, is the main cause for the presence of grain
boundaries and at least one of the main reasons for
mechanical wear in the prostheses.

3.6. Sintering of Nascent UHMW-PE Powder via
the Mobile Hexagonal Phase. In practice, the use
of solution-crystallized samples is not very practical in
view of large amounts of solvent needed and the
cumbersome way of preparation. In this respect, we
showed earlier?* that very small folded-chain crystals
can be prepared directly by low-temperature polymer-
ization of ethylene, resulting in nascent reactor powders
which, depending on the polymerization conditions, can
consist of very tiny lamellar crystals. These crystals in
specific nascent reactor powder are highly metastable,
and the transition from the orthorhombic into the
hexagonal phase can occur at pressures in the proximity
of 1 kbar.

Figure 9 shows the effect on the homogeniety of
compression-molded nascent UHMW-PE reactor powder
via processing involving the “mobile” hexagonal phase.

For this study we took a special UHMW-PE reactor
powder sample, prepared by DSM, The Netherlands.
Figure 9a shows an optical micrograph of the sample
compression-molded at 800 bar and 205 °C and subse-
quently melted and recrystallized from the melt iso-
barically. Figure 9b shows an optical micrograph of the
same material, but now it was compression-molded via
the hexagonal phase, as checked by X-ray experiments,
at 1.0 kbar and 205 °C and subsequently melted and
recrystallized isobarically. This sample, processed via
the hexagonal phase, shows a much more homogeneous
structure, at least in the central part where no grain
boundaries can be observed anymore. The structure
becomes completely homogeneous when the pressure is
raised above 1.2 kbar, Figure 9c. At the higher mag-
nifications, Figure 9d, the absence of the nodular
submicrometer structure is self-evident and a clear
distinction in the morphlogy with respect to parts c and
d of Figure 8 can be observed.

4. Concluding Remarks

From the in situ X-ray studies performed in this work,
using unirradiated and irradiated solution-crystallized
UHMW-PE films as a model system, it can be concluded
that the location of the triple point in the P—T phase
diagram of polyethylene depends on the crystal dimen-
sions, viz., fold length. The crystal dimensions can be
controlled by crystallizing from dilute solution or, more
practically, at the very initial stage of polymerization,
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mainly by monitoring the polymerization temperature.
It is shown that the occurrence of a metastable hexago-
nal phase, well below the triple point, could have
important consequences for processing in view of the
fact that the hexagonal phase is a so-called “mobile
phase” possessing a relatively low viscosity. It is
anticipated that improved fusion (at the several mi-
crometer level and consequently at the submicrometer
level) will result in much better long-term properties
in hip-joint and knee-joint prostheses. To prove this
concept, clinical tests which simulate the complex
stresses on articles such as artificial hip cups and knee
joints are needed and will be performed soon. Further,
we have shown another example of isothermal phase
reversal, having implications on the phase transforma-
tion studies of the condensed matter in general. Similar
isothermal phase reversal was observed earlier in trans-
1,4-polybutadiene at the atmospheric pressure.?> Mak-
ing use of the fundamental insight in the chemical and
physical aspects, it is shown to be a possible new route
to obtain a homogeneous grain free UHMW-PE product—
hopefully resolving one of the main causes, due to
material characteristics, for the limited lifetime of a
prostheses.
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