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Abstract

The nascent ultra-high molecular weight polyethylene (UHMWPE) reactor powders are prepared by polymerizing ethylene in the presence
of soluble magnesium complexes under various reaction conditions. It is found that the polymerization process applied in the study provides
a high yield of UHMWPE even at low polymerization temperature, and the reactor powders exhibit high melting temperatures (137–1438C)
and heat of melting (180–210 J/g). X-ray diffraction (XRD) patterns and solid state13C magic angle spinning (MAS) NMR spectra of the
powders synthesized under various reaction conditions are examined and compared with those of a commercial UHMWPE powder. Our
results reveal that a significant portion of the monoclinic phase is identified when the resin is polymerized at relatively low temperatures.
Temperature dependent XRD and NMR experiments show that UHMWPE reactor powders synthesized in the study exhibit more drastic
thermal behaviors than the commercial UHMWPE, and this difference becomes more pronounced with the reactor powders polymerized at
low temperatures. The increased crystallinity and crystal size in newly synthesized UHMWPE powders at elevated temperatures (100–
1258C) may significantly improve the processability of UHMWPE reactor powders into high strength tapes below their melting temperature.
q 1999 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Commercial ultra-high molecular weight polyethylene
(UHMWPE), a polymer with a very high degree of
polymerization, is generally produced by the low-pressure
Ziegler process with organometallic catalysts [1].
Meanwhile, as-polymerized or nascent, crystallizable
UHMWPE has been a topic of interest in developing
solvent-free routes to high modulus, high strength polyethy-
lene products [2–7]. It was recognized that under certain
experimental conditions monomers might simultaneously
polymerize and crystallize into non-entangled conforma-
tion. The UHMWPE films were produced by depositing a
vanadium catalyst system on glass slides, followed by poly-
merization of ethylene at relatively low temperatures [2–4]
or nascent UHMWPE reactor powders were synthesized at

low temperature in the presence of SiO2-supported vana-
dium catalyst system [5]. These methods, however, lack
industrial significance because the yield of polymerization
is not high enough. Moreover, the past research on
UHMWPE synthesized at relatively low temperatures has
concentrated mostly on the solid state drawing characteris-
tics [2–7], while the structure of such polymers is seldom
studied rigorously.

The present report describes an attractive route to
UHMWPE powder synthesis of nascent UHMWPE under
conditions where the macromolecules are produced directly
in an untangled conformation. The characteristics of
UHMWPE reactor powders synthesized under various
temperatures and pressures are presented in this study.
Polymerization of ethylene in the presence of soluble
magnesium complexes at low temperatures provides high
yield values [8]. We will demonstrate that such as-polymer-
ized polyethylenes exhibit a number of properties that are
remarkable in comparison with those of the once-molten
(and re-entangled) polyethylene: a very high crystallinity,
high melting temperature, and sufficiently large micropore
volumes and inner surface areas. As a result, the
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polymerized reactor powder can readily be compacted
below its melting point and drawn into high-strength films
or filaments without further treatment.

After examining the thermal properties and morphology
of newly synthesized UHMWPE reactor powders, X-ray
diffraction patterns and solid state13C NMR spectra of the
powders synthesized under various reaction conditions are
studied to probe the crystalline and amorphous phase struc-
tures and compared with those of a commercial UHMWPE
powder.

It is well known that the monoclinic phase of linear
polyethylene is formed when the polymer is subjected to
stress beyond the yield point, while the monoclinic phase
has also been identified in low temperature reactor powders,
which were not subject to stress in the usual macrscopic
sense [9]. The monoclinic phase is known to seldom
constitute more than ten percent of the total crystalline
content of polymer. On the contrary, a significant portion
of the monoclinic phase is identified by both wide angle
X-ray diffraction and solid state NMR spectroscopy in our
newly synthesized UHMWPE reactor powders when
polymerized at relatively low temperatures. It is also
found that the fraction of monoclinic phase depends
sensitively on the polymerization temperature. Tempera-
ture-dependent WAXS and NMR experiments were carried
out to examine the influence of temperature on crystalline
structures: the results show that our samples exhibit quite
different thermal behaviors from the commercial UHMWPE
powder.

Furthermore, the dynamics of carbon atoms in each phase
were compared by measuring the13C spin–lattice relaxa-
tion times (T1),

13C spin–spin relaxation times (T2), and
cross polarization (CP) times (TCH), and the significant
portion of intermediate phase with atrans-conformation
but the higher chain mobility than crystalline phases is
identified.

2. Experimental

2.1. UHMWPE synthesis [8]

2.1.1. Magnesium-organic catalyst
Into 1 l glass reaction flask 15 g metallic magnesium,

60 ml n-heptane, 5 ml 1-chlorobutane and 6 mmol triethy-
laluminium (TEAL) were charged in a nitrogen atmosphere.
Thereafter temperature was raised to a boiling point of the
mixture and stirring for 20 min. Subsequently, 54 g 1-chlor-
obutane in solution ofn-heptane (440 ml) was drop-wise
introduced into the reactor flask. After heating the mixture
for 2 h 0.195 mol TEAL was charged into the reactor and
heated for 1 h. After precipitation of the residues, the
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Table 1
Characteristics of UHMWPE nascent reactor powders under various polymerization conditions

Sample code [Mg] (g/l)a Tpol (8C)b PC2H4 (psig)c Y (Kg PE/gTi h atm)d Mv (×106)e Tm (8C)f DHf (J/g)g

GUR412 – – – – 2.4 141.6 170
10C_15P 4.0 10 15 7 2.7 141.6 208
30C_15P 2.5 30 15 212 1.8 141.5 195
45C_15P 2.5 45 15 230 1.7 141.6 178
60C_15P 2.5 60 15 214 1.0 140.5 184
90C_15P 2.5 90 15 108 0.6 136.6 191
30C_40P 1.25 30 40 250 3.8 143.4 184
90C_40P 1.25 90 40 164 0.5 138.6 192

a [Mg] is the concentration magnesium.
b Tpol is the polymerization temperature.
c PC2H4 is the ethylene pressure.
d Y is the yield.
e Mv is the molecular weight from intrinsic viscosity.
f Tm is the melting point.
g DHf is the enthalpy of fusion.

Fig. 1. Molecular weight vs. reaction temperature. Molecular weight of
UHMWPE powders synthesized under various conditions is obtained
from the intrinsic viscosity measurements.



supernatant clear liquid part, which contained 7.4 g/l of
magnesium, was used as the soluble magnesium-organic
component of the catalyst system in the polymerization of
UHWMPE.

2.1.2. Polymerizations
Into a 20 l slurry reactor 10 l ofn-heptane, 6 ml solution

of TEAL (1M solution in heptane), 88 ml solution of the
magnesium-organic soluble component, 90 mg tetrahydro-
furane, 6.4 g diethylaluminium and then 29 mg titanium
tetrachloride in ethylene atmosphere were charged.
Polymerization was conducted for 1 h at five different poly-
merization temperatures (10–908C) and two ethylene
pressures (1 and 3 atm). Some characteristics of the newly
synthesized UHMWPE powders are listed and compared
with a commercial UHMWPE powder, Hostalen GUR412,
in Table 1. Hostalen GUR412 was provided by the manu-
facturer (Hoechst AG), and it is known to be polymerized by
the low-pressure Ziegler process at relatively high
temperatures with organometallic catalyst similar to that
for conventional high density polyethylene (HDPE) [1].

2.2. Characterization

2.2.1. Molecular weight
Molecular weight of each sample was estimated from its

intrinsic viscosity in decalin at 1358C measured at
Automatic Viscometer, AUTOVISC I, by Cannon; the
three polymer concentrations applied were 0.05, 0.1, and
0.15 g/l, respectively. The intrinsic viscosities of all samples
were in the range of 6–25 dl/g which correspond to average
molecular weights of 0.5–4× 106.

2.2.2. Thermal properties
Each sample (weight of about 5 mg) was set in a DSC

apparatus (DuPont 2100). The melting peak temperature
and heat of fusion of each sample was measured at the
heating rate of 108C/min. After the first run, each sample
was cooled and the scan was carried out at the same heating
rate to determine the differences in both melting tempera-
ture and heat of fusion between the two subsequent melting
runs.

2.2.3. X-ray diffraction experiments
Powder X-ray diffraction measurements were done on a

diffractometer by Material Analysis and Characterization,
using nickel-filtered CuKa radiation (l � 0.15406 nm)
operating at 45 kV and 100 mA. The diffractometer was
equipped with Soller slits in both the incident and reflected
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Fig. 2. Differential scanning calorimetry curves of the two subsequent
melting runs for a typical UHMWPE reactor powder, 30C_15P. The
curve of GUR412 is also shown for comparison.

Fig. 3. Thermal behaviors of UHMWPE powders of the two subsequent
melting runs with differential scanning calorimetry: (a) melting tempera-
ture; and (b) heat of fusion vs. reaction temperature are plotted.



beams. The data were collected in the 2u range of 15–408, in
steps of 0.048 and a scanning rate of 4 s per point. The profile
fit/deconvolution program employed to analyze the patterns
can be found elsewhere [10–11]. Crystallite size was calcu-
lated from the integrated WAXS line width using the
Scherrer equation, after correction for instrumental and Ka

doublet broadenings was made. Powder X-ray diffraction as a
function of temperature was also measured to probe the ther-
mal behaviors of the samples. The powders were packed into
an aluminum sample container (20× 12× 1 mm3) which was
mounted on a sample stage consisting of a tantalum heating
strip. Temperature was recorded by a Chromel–Alumel ther-
mocouple inside the sample container. Temperature was
controlled by another thermocouple, welded on the back of
the tantalum strip. The temperature error was estimated to be
about 18C.

2.2.4. Solid State NMR spectroscopy
Solid state NMR spectra were obtained using a DSX 400

(Bruker Analytik GmbH, Germany). High-power proton
decoupling and magic angle spinning (MAS) but without
CP was applied to determine the mass fractions of phase
components in each powder sample. The decoupling
strength was 65.8 kHz and the decoupling method of tppm
[12] was used. The spinning speed was 10.0^ 0.005 kHz.
Temperature dependent CP/MAS NMR experiments from
25 to 1208C were carried out to observe the relative varia-
tion in morphology. Proton power for CP was the same with
decoupling power.T1 was measured with Torchia’s pulse
sequence [13] andT2 was determined from dipolar dephas-
ing rate after CP. The CP rate was also compared for the
study of dynamics in each phase.

3. Results and discussion

3.1. Characteristics of UHMWPE powders

The basic properties of UHMWPE powders synthesized
under various reaction conditions are listed in Table 1 where
the sample code, GUR412, denotes a commercial
UHMWPE powder “Hostalen GUR412” (Hoechst AG)
and the others denote the newly synthesized UHMWPE
powders. The samples are named as follows: for example,
in 10C_15P, the former 10C and the latter 15P denote the
polymerization temperature of 108C and the ethylene pres-
sure of 15 psi, respectively.

We note that the polymerization of ethylene could not be
proceeded without adding soluble magnesium-organic
component of catalyst system under the reaction conditions
studied. The yield of most UHMWPE powders ranged from
100 to 250 kg of PE/(gTi h atm). It is observed that the yield
drops significantly at temperatures below 208C and
increases with increasing ethylene pressure.

The molecular weight which was obtained from the
intrinsic viscosity measurements of UHMWPE powders
polymerized under various conditions are depicted in
Fig. 1. The molecular weight gradually decreases as the
polymerization temperature increases at the same catalyst
concentration and ethylene pressure. As a result, the mole-
cular weight becomes below 106 at high polymerization
temperature (908C). Meanwhile, in our solution13C NMR
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Fig. 4. Deconvolution of the WAXS pattern of a typical UHMWPE powder
into three different contributions from: (a) non-crystalline; (b) orthorhom-
bic crystalline; and (c) monoclinic phases.

Fig. 5. The room temperature WAXS patterns of various UHMWPE
powders synthesized under various conditions. That of GUR412 is also
shown for comparison.



experiments show that the UHMWPE molecules synthe-
sized in this study are found to have very low contents of
side chains, which makes it possible to consider them as
ideal two-ended long molecules with no side chains.

In Fig. 2, schematic illustration of differential scanning
calorimetry is presented. The heating curve for the
UHMWPE powder in this study is characterized by a narrow
and sharp fusion peak, and the melting becomes noticeable
from 1258C. On the contrary, the onset of the melting for
GUR412 is found to take place at a much lower temperature
of 608C despite very close melting peak temperatures in two
samples. The melting peak temperature and heat of fusion of
the UHMWPE powder in the second melting run are signif-
icantly reduced after rapid cooling. It is also observed that in
the second melting run the melting starts at lower tempera-
ture and the fusion peak becomes broader.

The reactor powders exhibit high melting temperatures
(137–1438C) and heat of melting (180–210 J/g) as shown in
Fig. 3. The melting temperature obtained from the first melt-
ing run gradually increases as polymerization temperature
is decreased. We note that higher molecular weight
UHMWPE powder polymerized at low temperature exhibits
higher melting temperature and heat of fusion than those
polymerized at high temperatures. This may be due to a
high ordering (non-entangled conformation) of the crystal
phase upon polymerization and crystallization at low
temperatures [2–7]. We can easily surmise that such a
non-entangled conformation becomes less favorable with
increasing polymerization temperature. Later, we will
demonstrate that such high melting temperature and heat
of fusion for UHMWPE reactor powders synthesized at
low temperatures are also associated with thermally induced

changes in crystalline phases via our temperature-dependent
X-ray diffraction and solid state NMR results.

On the contrary, the melting point and heat of fusion
gradually increases with increasing polymerization
temperature in the second melting run. Once UHMWPE
nascent reactor powders are melted, and therefore non-
entangled conformation is destroyed, chain entanglements
of high molecular weight molecules take place favorably.
The entanglements effectively depress crystallization of
large portions of the molecules, leading to lower crystal-
linity [14–16]. As a result, each reactor powder exhibits a
remarkable difference in melting temperature and heat of
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Fig. 6. The crystallinity of UHMWPE reactor powders vs. polymerization
temperature determined by calorimetry, X-ray diffraction, and solid state
NMR. The powders considered here are all polymerized at the same ethy-
lene pressure (15 psia).

Fig. 7. Reaction temperature dependence of: (a) phase composition; and (b)
orthorhombic crystallite size determined from the X-ray diffraction patterns
of various UHMWPE powders synthesized under various temperatures (at
15 psia). The phase composition obtained from the solid state13C MAS
NMR experiments is also shown for comparison.



melting determined under two subsequent melting runs
especially for the powders synthesized at low temperatures
as shown in Fig. 3.

In a later report, we will demonstrate that UHMWPE
reactor powders synthesized in this study also have a
distinct morphology characterized by a low bulk density,
high micropore volume and inner surface area, and these
properties provide a successful continuous production of
high strength, high modulus materials at a temperature
below their melting points [17].

3.2. X-ray diffraction studies

Wide angle X-ray scattering (WAXS) analysis was
conducted to probe the crystal phase structures of
UHMWPE powders. We can easily surmise that the
UHMWPE molecules synthesized at relatively low
temperatures exhibit different phase structures from the

commercial UHMWPE prepared by the low-pressure
Ziegler process. Therefore, the focus of these experiments
is on the determination of structural differences between a
commercial UHMWPE powder and newly synthesized
UHMWPE powders under various polymerization
conditions.

The WAXS diffraction pattern of a typical UHMWPE
reactor powder synthesized at low temperature is illustrated
in Fig. 4. As seen in the figure, the diffraction peaks
observed were the monoclinic (001) reflection, and the
orthorhombic (110) and (200) reflections; a broad non-
crystalline halo was also observed [9]. The predominating
crystalline form for all the samples is the orthorhombic
form, characterized by the peaks at 21.5 and 23.88. Only
one reflection at 19.48 is a clear evidence for the presence
of the monoclinic form: the other two monoclinic reflections
are severely overlapped with the second orthorhombic
reflection [9]. We followed the X-ray diffraction analysis
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Fig. 8. Temperature-dependent XRD patterns for various UHMWPE powders: (a) 30C_15P; (b) 30C_15P after melting and recrystallization; (c) 90C_15P;and
(d) GUR412.



by Russell et al. [9], and the deconvolution of the WAXS
pattern into three different contributions from non-crystal-
line, orthorhombic, and monoclinic phases is also shown in
the figure.

We note that a significant portion of the monoclinic phase
(10–20% of the total crystalline content of polymer) is
identified in the newly synthesized UHMWPE powders
polymerized at relatively low temperatures (30C_15P). It
is found that the fraction of monoclinic phase decreases
with increasing polymerization temperature, and the
monoclinic phase is hardly observed when the powder
was polymerized at 908C (see Fig. 5). Therefore, it can be
concluded that the formation of the monoclinic crystalline
phase depends strongly on the polymerization temperature
in our UHMWPE synthesis.

It should also be noted that the peak positions of the
orthorhombic (110) and (200) reflections move to the left
and then to the right along thex(2u)-axis as polymerization
temperature increases. As a result, the largest orthorhombic
subcell (unit cell) sizes of thea,bplane of the orthorhombic
reflections are obtained for the UHMWPE powder polymer-
ized at 608C.

The degree of crystallinity determined by calorimetry and
X-ray diffraction analysis are plotted against polymerization
temperature in Fig. 6. The crystallinity obtained from13C
solid state NMR in the following section is also plotted for
comparison. It is observed that the crystallinity from XRD
analysis is lower than that from the calorimetry, although its
dependence on polymerization temperature is in qualitative
agreement. We note that XRD experiments are carried out at
258C and thus the XRD results represent the crystallinity at
the state of non-entangled conformation, while the calori-
metry may involve certain conformational changes during
the measurement due to heating. The changes in the crystal
phases are inevitable because of the presence of the

monoclinic phase in the powders polymerized at low
temperatures. It was reported previously that the monoclinic
peak starts decreasing in intensity at about 808C in their
temperature-dependent XRD experiments [18]. It is notice-
able that the difference in the crystallinity from both
methods is greater as the monoclinic phase of the total crys-
talline content is increased.

The dependence of the phase composition on the poly-
merization temperature can be seen in Fig. 7(a). The results
obtained from the solid state13C NMR are also plotted for
comparison. It is observed that the orthorhombic portion
initially decreases with increasing reaction temperature,
but it starts to increase as the monoclinic portion is
decreased at higher temperature. Meanwhile, the non-crys-
talline portion increases with polymerization temperature
and reaches a steady value (,40%) at polymerization
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Fig. 9. Thermal behaviors of various UHMWPE powders in the X-ray
diffraction: the crystallinity vs. measuring temperature is shown.

Fig. 10. Phase composition plots from X-ray diffraction patterns of each
sample at various temperatures: (a) 30C_15P; and (b) GUR412.



temperatureTpol . 308C. It should also be noted that the
average crystallite dimensions perpendicular to the orthor-
hombic (200) and (110) planes decrease with increasing
polymerization temperature, but start to increase as the
monoclinic phase is reduced. They are estimated to vary
from 110 to 125 A˚ and from 70 to 105 A˚ , respectively
(see Fig. 7(b)).

To investigate the thermal behavior of each phase in
UHMWPE powders, X-ray diffraction as a function of
temperature was also measured and illustrated in Fig. 8. It
is observed that the monoclinic peak of the UHMWPE
powder polymerized at low temperature (30C_15P)
decreases in intensity as temperature increases and
disappears above 1008C indicating the loss of the monocli-
nic phase. It is also observed that as temperature increases,
the orthorhombic peaks grow up in intensity and their

shapes become sharp, which means that the sample has
more orthorhombic phase with increasing temperature.
This may imply that the evident phase transition from the
monoclinic to the orthorhombic takes place as temperature
increases. It seems that the required energy to overcome the
energy barrier in the phase transition from the monoclinic to
the orthorhombic could easily be obtained by heating the
sample. After melting and rapid cooling of the same sample,
however, the monoclinic phase is absent, and the increase in
orthorhombic crystal phase with increasing temperature was
no longer observed (Fig. 8(b)). In contrast, the orthorhombic
(110) and (200) reflections for GUR412 steadily decreases
with increasing temperature as shown in Fig. 8(d).

The temperature dependence of crystallinities of various
UHMWPE powders is illustrated in Fig. 9. It is found that
the crystallinity of UHMWPE powder polymerized at low
temperatures (30C_15P) increases with increasing tempera-
ture and drops drastically when the melting takes place. The
crystallinity decreases gradually in the second melting run
as temperature is elevated after melting and rapid cooling of
the same sample. When the fraction of the monoclinic phase
in the solid state is small (GUR412 and 90C_15P), however,
the crystallinity remains unchanged until the melting of the
sample starts.

It should be note that the 2u values for the maximum of
the non-crystalline halo for most UHMWPE powders, 2uhalo,
is about 20.5–218 which is clearly higher than the value of
19.48 associated with liquid-like amorphous molecules [11].
This implies that there is scattering from some more tightly
packed molecules at the solid state hidden under the halo.
This issue will be brought up into focus in the solid state13C
NMR studies section. It is observed that 2uhalo values shar-
ply drops to those for liquid low molecular polyethylene
upon the completion of the melting procedure, and 2uhalo

values of the quenched samples becomes smaller than
those of the original reactor powders.

In Fig. 10, the temperature dependence of phase compo-
sitions for both 30C_15P and GUR412 is illustrated. The
orthorhombic crystalline portion for UHMWPE synthesized
at 308C sharply increases with increasing temperature, while
the monoclinic portion steadily decreases. The non-crystal-
line portion initially decreases and increases at higher
temperatures. Meanwhile, the orthorhombic crystalline
and non-crystalline portions for GUR412 keep unchanged
until the factual melting take place (T . 1008C).

The temperature dependence of the average crystallite
dimensions perpendicular to the orthorhombic (200) and
(110) planes is depicted in Fig. 11. It is found that the
orthorhombic crystallite size for the UHMWPE powder
prepared at low temperature increases, while those for
GUR412 drop with increasing temperature. From the
temperature dependence of X-ray diffraction data, it is
evident that the thermal phase transitions in the UHMWPE
powder synthesized in this study are more drastic than those
for the commercial UHMWPE powder, GUR412. We note
that the increase of the orthorhombic crystallite size
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Fig. 11. The average crystallite dimensions perpendicular to the orthorhom-
bic (200) and (110) planes vs. measuring temperature for various
UHMWPE powders.



coincides with the reduction of the monoclinic phase. The
increase of the crystallinity and orthorhombic crystallite
size in the UHMWPE reactor powders prepared at low
temperature may imply that the metastable monoclinic
phase is transformed into a more stable orthorhombic crys-
talline phase as temperature is increased.

Finally, the orthorombic subcell sizes in thea,b plane of
UHMWPE powders at various temperatures are shown in
Fig. 12. The subcell sizes increase with increasing tempera-
ture possibly due to the thermal expansion, and the increase
in a-axis is more pronounced. In contrast, the subcell sizes
decrease after melting and rapid cooling.

3.3. Solid State NMR studies

Our 13C CP/MAS and MAS without CP spectra in Fig. 13
seem to have three main peaks. However, spectrum decon-
volution indicates that there is one more component at
33.4 ppm in addition to the well known three peaks [19]
from amorphous (at 31.3 ppm), orthorhombic crystalline
(at 32.8 ppm), and monoclinic crystalline (at 34.1 ppm)
phases as shown in Fig. 14. Analysis ofT1 data has been
employed to find out different phases in PE samples in
previous reports [20]. We followed the analysis methods
by data fitting with peak heights at 32.8 or 34.1 ppm or
integrated areas including all signals, which resulted in at
least threeT1 values (1000 s, 80 s, and 444–879 ms).
According to the previous reports, this implies that there
is another component with the middleT1 value of which
the peak is overlapped with those at 32.8 or 34.1 ppm. On
the contrary,T1 data fitting with deconvoluted peak areas
reveal that peaks at 32.8 and 34.1 ppm still show double
exponential relaxation behavior, while peaks at 31.4 and
33.4 ppm relax in single exponential functions as expected
(Table 2). However, data fitting for CP rate and13C T2

measurements manifests single exponential behavior for
all four peaks (Table 2). Thus, we conclude there are four
peaks in our13C NMR spectra and two-exponential behavior
of deconvoluted peaks is explained by13C spin diffusion of
long T1 component to the shortT1 component rather than by
two components. In general, properties of the peaks at 31.3,
32.8, and 34.1 ppm are not different from those of
previously reported amorphous, orthorhombic crystalline,
and monoclinic crystalline phases, respectively. The peak
at 33.4 ppm has longerT1 than the amorphous phase but
shorter T1 than the crystalline phases. Likewise,13C T2

value of the peak at 33.4 ppm are between those of the
amorphous phase and the crystalline phases. In contrast,
TCH of the peak is similar to those of crystalline phases.
These results imply that the component for 33.4 ppm peak
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Fig. 12. The temperature dependence of orthorhombic unit cell size ina,b
planes for various UHMWPE powders.

Fig. 13. 13C CP/MAS spectra and MAS spectra of GUR412 and reactor
powders synthesized under various conditions.



has an intermediate dynamics between amorphous and crys-
talline phases or similar dynamic property to the crystalline
phase depending on the observed dynamic frequency range.
However, the component for the 33.4 ppm peak can be
described to have the intermediate dynamic property in
general. This 33.4 ppm component has somewhat different
dynamic properties and chemical shift values from
previously reported interfacial components [20] or crystal-
line-amorphous interphase [21]. Gammar-gauche effect [22]
being considered, the chemical shift of 33.4 ppm bigger
than 32.8 ppm suggests that this component is most likely
to have alltrans conformations. The chemical shift differ-
ences among 32.8, 33.4, and 34.1 ppm can be explained by
molecular chain packing variation of each phase. The line
width of the 33.4 ppm peak is also between those of the
amorphous and crystalline phase peaks (Table 2), which

could be just due to differentT2 relaxation times. Another
possible reason could be that the chain packing in the
component for 33.4 ppm peak is not as regular as those in
the crystalline phases. Therefore, we assign this peak to an
intermediate phase, which has alltransconformations but
higher mobility than those of the crystalline phases. It is not
certain at this moment that this intermediate phase is a
transient phase between monoclinic and orthorhombic crys-
talline phases or between amorphous and crystalline phases.
In either case, the intermediate phase of the peak at
33.4 ppm is expected to contribute to the non-crystalline
halo in the X-ray diffraction data due to relatively poor
packing of molecular chains. Further discussion on the
peak assignment will be done with the results of variable
temperature experiments later.

For comparison of morphological composition of each
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Fig. 14. Deconvoluted13C MAS spectrum for a typical UHMWPE, 30C_15P. Top: a simulated spectrum with each peak component, Bottom: experimental
spectrum. Note that there is one more component at 33.4 ppm in addition to well-known three peaks from amorphous (at 31.3 ppm), orthorhombic crystalline
(at 32.8 ppm), and monoclinic crystalline (at 34.1 ppm) phases.

Table 2
NMR parameter obtained from deconvoluted13C CPMAS NMR spectra of reactor samples and GUR412

NMR parameter Amorphous (at 31.3 ppm) Orthorhombic (at 32.8 ppm) Monoclinic (at 34.1 ppm) Intermediate (at 33.4 ppm)

T1(
13C) 0.34–0.45 s 293–662 s 141–368 s 0.86–1.5 s

6.0–12 s 9.3–20 s
T2(

13C) 0.43–0.83 ms 0.10–0.11 ms 0.094–0.11 ms 0.20–0.36 ms
TCH 0.063–0.10 ms 0.032–0.043 ms 0.020–0.031 ms 0.017–0.038 ms
Line width 163–220 Hz 27–36 Hz 38–56 Hz 76–112 Hz



sample, the MAS spectra were obtained with a very long
pulse repetition delay of 1700 s and a pulse length of 308 flip
angle but without CP. As listed in Table 3, more orthorhom-
bic crystalline phase and less amorphous phase are present
in our samples than the commercial sample GUR412. It is
found that more monoclinic crystalline phase is formed in
our reactor powders produced below 908C than in GUR412
but not in the reactor powders made at 908C. Less
monoclinic and more orthorhombic crystalline phase is
formed in the reactor powder samples produced at 908C
than at 308C. The dependence of each phase content on
the polymerization temperature determined by MAS NMR
results are in good agreement with that of our X-ray
diffraction data as shown in Fig. 7(a)). As discussed in the
X-ray diffraction study section, the formation of the
metastable monoclinic phase is less likely to take place at
elevated polymerization temperatures.

For the study of the thermal behavior of newly
synthesized UHMWPE reactor powders, CPMAS spectra
at various temperatures are acquired and the results are
summarized in Fig. 15. As a result of different CP
efficiencies for different phases, CPMAS spectra cannot
supply an accurate mass fraction of each phase. However,
it is more convenient and timesaving to employ CPMAS
than MAS spectra when relative mass fraction variation of
each phase versus temperature is sufficient information for
the thermal behavior study. In general, GUR412 sample
shows somewhat different thermal behavior than reactor
powders: with increasing temperature, (1) amorphous
phase decreases initially but increases at higher
temperatures (T . 1008C); and (2) orthorhombic crystalline
and intermediate phases show some fluctuation but
eventually decreases and increases, respectively; (3)
monoclinic crystalline phase increases a little but decreases
and disappears at higher temperature. Common tendency
observed in our reactor samples is that monoclinic
crystalline phase decreases and disappears eventually as
temperature is raised. Another common behavior observed
is that orthorhombic crystalline phase drops at temperatures
higher than a certain point. Amorphous phase seems to stay
constant in relative quantity. CPMAS spectra of samples
annealed by slow cooling after the experiments at 1208C
exhibit drastic depletion of monoclinic crystalline and
intermediate phases and increase of orthorhombic
crystalline phase (Fig. 15). By annealing, the amorphous

phase is also reduced but not as drastic as the monoclinic
crystalline phase. We plotted the data in different fashions in
Fig. 16 to see the thermal behavior of each phase more
clearly. In Fig. 16, the total quantity of the amorphous
phase and intermediate phase in our reactor samples
seems to increase, while the quantity of the amorphous
phase alone stays constant at increasing temperature. We
note that the temperature dependence of non-crystalline
phases (sum of amorphous and intermediate phases) in the
NMR experiments is consistent with that of the non-crystal-
line phase in X-ray diffraction experiments (Fig. 10). It
should be reminded that 2u values for the maximum of
the non-crystalline halo for most UHMWPE powders in
the X-ray diffraction analysis is about 20.5–218 which is
clearly higher than the value of 19.48 associated with
liquid-like amorphous molecules [11]. This implies that
there is scattering contribution to the non-crystalline halo
from some more tightly packed molecules, which are
referred to as the intermediate phase in NMR analysis,
than in the amorphous phase. The total amount of orthor-
hombic and monoclinic crystalline phases is reduced above
908C, while the sum of the intermediate phase and the crys-
talline phases is almost constant as temperature is raised
(Fig. 16 (c) and (d)). Our temperature dependent NMR
and XRD data seem to indicate that in reactor powder
samples monoclinic crystal phase is transformed to the
orthorhombic crystal phase possibly via the intermediate
phase in equilibrium with increasing temperature. The
increased orthorhombic crystal phase is then transformed
to the intermediate phase and eventually to the amorphous
phase at higher temperatures. However, when the melted
sample is slowly cooled, a large fraction of the amorphous
phase is transformed to orthorhombic rather than back to the
monoclinic crystalline or the intermediate phase. This result
indicates that the monoclinic crystalline phase and the
intermediate phase are metastable compared with the
orthorhombic crystalline phase and that the intermediate
phase plays a role as a transient phase between amorphous
and orthorhombic crystalline phases. If a significant amount
of the metastable monoclinic crystal phase is present at the
solid state (as in our UHMWPE reactor powders synthe-
sized at low temperatures), the intermediate phase may
also play a role as a transient phase between the monoclinic
and the orthorhombic crystalline phase at elevated
temperatures.
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Table 3
Summary of phase composition in GUR412 and reactor samples obtained from13C MAS spectra without CP

Sample Amorphous (at 31.3 ppm) Orthorhombic (at 32.8 ppm) Monoclinic (at 34.1 ppm) Intermediate (at 33.4 ppm)

GUR412 0.347 0.446 0.062 0.145
10C_15P 0.169 0.640 0.099 0.092
30C_15P 0.252 0.488 0.151 0.109
90C_15P 0.201 0.677 0.049 0.072
30C_40P 0.216 0.473 0.155 0.157



4. Conclusions

We have presented various characteristics of the nascent
UHMWPE reactor powders prepared by polymerizing ethy-
lene in the presence of soluble magnesium complexes under
various reaction conditions. We have shown that the
polymerization process applied in the study provides a high
yield of UHMWPE even at low polymerization temperature,
and the reactor powders exhibit high melting temperatures
(137–1438C) and heat of melting (180–210 J/g). X-ray
diffraction patterns and solid state13C MAS NMR spectra
of the powders synthesized under various reaction conditions
were examined and compared with those of a commercial
UHMWPE powder. Our results revealed that a significant
portion of the monoclinic phase is identified when the resin
is polymerized at relatively low temperatures. Although the
crystallinity of the newly synthesized powders was lower
than that of the commercial UHMWPE (GUR412) at room
temperature, temperature dependent XRD and NMR experi-
ments showed that UHMWPE reactor powders exhibit
different thermal behaviors from the commercial UHMWPE.
This difference is shown to become more prominent with
UHMWPE powders polymerized at low temperature in
which a considerable amount of the metastable monoclinic
crystal phase is produced.

In later reports, we will demonstrate that UHMWPE reac-
tor powders synthesized in the study also have a distinct
morphology characterized by a low bulk density, high
micropore volume and inner surface area, and that these
characters are essential to provide a successful continuous
production of high strength, high modulus materials at
temperature below their melting points [17]. In such solid
state processing, the observation that the crystallinity and
the crystal size of newly synthesized UHMWPE powders is
increased at elevated temperatures (100–1258C) is impor-
tant because solid state compaction of UHMWPE powders
into coherent tapes is usually carried out at these tempera-
tures. This increased crystal quality at 100–1258C as well as
high ordering (non-entangled chain conformation) of the
crystal phase appears to play an essential role in producing
appropriate precursor tapes for higher strength and modulus
products [17].
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