Solid-State Compaction and Drawing of Nascent Reactor
Powders of Ultra-High-Molecular-Weight Polyethylene

Yong Lak Joo," Huajun Zhou,' Seung-Goo Lee,” Hwan-Koo Lee,* Jae Kyung Song®

ISchool of Chemical and Biomolecular Engineering, Cornell University, Ithaca, New York 14853
Department of Textile Engineering, Chungnam National University, Yusung-gu, Daejeon 305-764, Korea
*Hanwha Chemical Research Center, 6 Shinsung-dong, Yusung-ku, Daejeon 305-345, Korea

Received 15 August 2004; accepted 6 February 2005
DOI 10.1002/app.22076

Published online in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: The continuous production of ultra-high-
molecular-weight polyethylene (UHMWPE) filaments was
studied by the direct roll forming of nascent reactor powders
followed by subsequent multistage orientation drawing be-
low their melting points. The UHMWPE reactor powders
used in this study were prepared by the polymerization of
ethylene in the presence of soluble magnesium complexes,
and they exhibited high yield even at low reaction temper-
atures. The unique, microporous powder morphology con-
tributed to the successful compaction of the UHMWPE pow-
ders into coherent tapes below their melting temperatures.
The small-angle X-ray scattering study of the compacted
tapes revealed that folded-chain crystals with a relatively
long-range order were formed during the compaction and

were transformed into extended-chain crystals as the draw
ratio increased. Our results also reveal that the drawability
and tensile and thermal properties of the filaments de-
pended sensitively on both the polymerization and solid-
state processing conditions. The fiber drawn to a total draw
ratio of 90 in the study had a tensile strength of 2.5 GPa and
a tensile modulus of 130 GPa. Finally, the solid-state drawn
UHMWPE filaments were treated with O, plasma, and the
enhancement of the interfacial shear strength by the surface
treatment is presented. © 2005 Wiley Periodicals, Inc. ] Appl
Polym Sci 98: 718-730, 2005
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INTRODUCTION

There has long been a growing interest in the devel-
opment of solvent-free routes to high-modulus, high-
strength polyethylene (PE) products.'™ Most solvent-
free processes use as-polymerized or nascent, crys-
tallizable ultra-high-molecular-weight polyethylene
(UHMWPE).*" It has been recognized that under cer-
tain experimental conditions, monomers may simul-
taneously polymerize and crystallize into a nonen-
tangled conformation. UHMWPE films have been pro-
duced by the deposition of a vanadium catalyst
system on glass slides followed by the polymerization
of ethylene at relatively low temperatures.*”® Another
route is the use of powder processing. Nascent UHM-
WPE reactor powders synthesized at low temperature
in the presence of SiO,-supported vanadium catalyst
system are compacted and drawn.” These methods,
however, lack industrial significance because either
the yield of polymerization is not high enough or a
continuous production method cannot be employed.
Kanamoto et al. developed a two-stage drawing pro-
cess for reactor powders, and tensile moduli over 100
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GPa were obtained." Nippon Oil Co. developed sev-
eral solid-state processing routes for making strong
and stiff PE tapes. Their process consisted of three
stages: compaction, roll drawing, and tensile drawing
had advanced to pilot plant stage.'’'* Although the
products obtained from the three-stage scheme pos-
sessed tensile moduli up to 120 GPa and moderate
tensile strengths up to 1.9 GPa, the polymerization
yield was still low.

This study refined this attractive route to high-per-
formance PE filaments that does not require melting
or dissolution before drawing. The major improve-
ments of this solid-state process were based on both
effective polymerization and simple deformation pro-
cesses. The effective synthesis of nascent UHMWPE
powders was achieved by the polymerization of eth-
ylene in the presence of soluble magnesium complex-
es.'®!* This polymerization was characterized by a
high yield of UHMWPE even at low temperatures and
directly produced polymers in an untangled confor-
mation."* Such as-polymerized PE without further
treatment could readily be compacted below its melt-
ing point and drawn into high-strength films or fila-
ments."> This straightforward continuous process,
which is composed of the roll compaction and subse-
quent tensile drawing of the filaments below their
melting points, was investigated in this study.
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The purpose of this article is twofold. First, the
molecular structures and thermal properties of the
UHMWPE tapes directly formed by rolling below
melting points of the powders are examined. The UH-
MWPE reactor powders were synthesized at various
temperatures and pressures, and the effect of the po-
lymerization conditions on the structures and thermal
properties of the UHMWPE tapes were studied. The
continuous production of the compacted tapes is es-
sential in the continuous production of high-modulus,
high-strength PE fibers. We adopted a direct roll-
forming process, which is the most effective way to
prepare monolithic materials from powders. This
method is widely used for the processing of powdered
metals, ceramics, and other materials.® In the direct
roll-forming process, the capture of powders by the
surfaces of two rolls provides a continuous feeding of
the material into a narrowed clearance between the
rolls where big normal and tangential stresses are
created. Rolling is performed at a temperature lower
than melting temperature of the reactor powder. For
this monolithic materials preparation to be successful,
however, the control of the powder morphology is
important. Later, we demonstrate that the soluble
magnesium complex catalyst system provided a
unique, microporous powder morphology, which re-
sulted in successful compaction of the UHMWPE
powders into coherent tapes at low temperatures. We
demonstrate that folded-chain crystals with a rela-
tively long range order were formed during the com-
paction.

After examining the structure and thermal proper-
ties of the compacted UHMWPE tapes, we turn to the
second segment of this article, in which the effects of
the key parameters in the solid-state drawing on the
thermal and tensile properties of the drawn tapes are
presented. The strip cut width of the tapes, the defor-
mation rate, and the temperature were varied in the
drawing process, and the thermal behavior and tensile
properties of the drawn tapes were measured at in-
creasing draw ratios. The effects of the polymerization
conditions on the thermal and tensile properties of the
drawn tapes were also investigated. It is shown that
the thermal behavior and tensile properties of the
drawn tapes depended sensitively on the polymeriza-
tion conditions and the solid-state processing condi-
tions. Finally, solid-state drawn UHMWPE filaments
were treated with O, plasma, and the enhancement of
the interfacial shear strength by the surface treatment
is presented.

EXPERIMENTAL
UHMWPE synthesis'>'*

The UHMWPE used in this study was prepared by the
polymerization of ethylene in an inert hydrocarbon
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solvent in the presence of a catalyst system composed
of (1) titanium tetrachloride, (2) aluminum-organic
compound, (3) tetrahydrofuran, and (4) soluble mag-
nesium-organic compound prepared by the reaction
of metal magnesium with chlorobutane in the pres-
ence of triethylaluminum. Polymerization was con-
ducted for 1 h at five different polymerization temper-
atures (10-90°C) and two ethylene pressures (15 and
40 psia).

Characterization
Molecular weight

The molecular weight of each powder was estimated
from its intrinsic viscosity [viscosity-average molecu-
lar weight (M,)] in decalin at 135°C measured by an
automatic viscometer (Cannon AUTOVISC I, State
College, PA); the three polymer concentrations ap-
plied were 0.05, 0.1, and 0.15 g/L. The intrinsic vis-
cosities of all of the samples were in the range 6-25
dL/g, which corresponded to average molecular
weights of 0.5-4 X 10°.

Thermal properties

Each sample was set in a DSC apparatus (DuPont
2100, Newtown, CT). The melting peak temperature
and heat of fusion of each sample were measured at a
heating rate of 10°C/min. After the first run, each
sample was cooled, and a scan was carried out at the
same heating rate to determine the differences in both
melting temperature and heat of fusion between the
two subsequent melting runs.

Powder characterization

The pore volume and specific inner surface area for
the UHMWPE reactor powders were determined with
a mercury intrusion porosimeter (Porosimeter 2000,
Fisons Instruments, Beverly, MA). The particle mor-
phologies of various UHMWPE powders was directly
examined by scanning electron microscopy (SEM) to
assess the micropore structures of the powders.

X-ray diffraction

X-ray diffraction measurements were done on a dif-
fractometer with nickel-filtered Cu Ka radiation
(wavelength = 0.15406 nm) operating at 45 kV and 100
mA. The diffractometer was equipped with Soller slits
in both the incident and reflected beams. Data were
collected in the 26 range 15-40° in steps of 0.04° and at
a scanning rate of 4 s/point. In small-angle X-ray
scattering (SAXS) experiments, data were collected in
the 26 range 0.06-1.0°, in steps of 0.002° and at a
scanning rate of 10 s/point.
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Figure1 Forming rolls suitable for use in the practice for the formation of a monolithic tape: (a) schematic and (b) side views.

Tensile properties

The tensile properties of the various tapes were exam-
ined at room temperature (25°C) with an Instron ten-
sile tester (model 4240, Instron, Canton, MA). The
crosshead speed and gauge length were 10 mm/min
and 100 mm, respectively. The tensile modulus was
calculated with the stress at 0.1% strain. The cross-
sectional area of each sample was determined by the
measurement of the weight and length of the sample
under the assumption that the density of UHMWDPE
was 1.0 g/ cm®. The maximum draw ratio (A,,.,) of
various compacted tapes was determined at elevated
temperatures in the temperature-regulated environ-
mental chamber of the same Instron tensile tester.

Solid-state processing
Solid-state compaction

The compaction device used in the study for the con-
tinuous production of the solid-state monolithic tapes
from the nascent UHMWPE reactor powders con-
sisted of a pair of the heated rolls that pressed each
other (see Fig. 1), with a hollow in one roll and an
adequate ledge in the other. Five reactor powders
synthesized under different conditions were com-
pacted at the same rolling speed (4 M/min) and tem-
perature (120°C). In addition, the rolling speed and
temperature were varied to investigate any morpho-
logical changes in the compacted tape. The width of
the tape was 20 mm, and the tape was cut into the
strips with widths from 1.3 to 5.5 mm before tensile
drawing. The tape thickness obtained ranged from 0.1
to 0.2 mm, and the effective draw ratio (A.) at rolling,
determined from the displacement of an ink mark
preimprinted on the strip surface, was about 2-6.

Solid-state drawing

Multistage orientation drawing of the compacted
tapes were carried out on the stretching system with
heating plates. The temperature at each drawing was
gradually increased from 120 to 145°C, which was

higher than the melting temperature of the powder yet
below the melting point of the oriented tape. The draw
ratio at the drawing stage was calculated from the
changes in the tape thickness and mass.

Surface analysis
Oxygen plasma treatment

Solid-state-processed UHMWPE filaments were sub-
jected to oxygen plasma treatment in a parallel elec-
trode-type plasma chamber from Vacuum Science
(Vacuum Science and Instruments, Daejeon, Korea).
The chamber was evacuated to approximately 0.01
Torr and then purged with oxygen gas at a flow rate of
10 sccm. Radio frequency (RF) plasma (13.56 MHz)
was used at 50, 100, or 150 W, and the treatment time
was 5 min. As soon as the plasma treatment was
finished, the fiber samples were subjected to surface
characterization or an adhesion study to minimize
exposure of the treated fibers to the atmosphere.

Surface characterization

The surface free energy of oxygen-treated UHMWDPE
filaments was measured by a contact angle analyzer
(ERMA contact anglemeter, Goniometer type, model
G-1-113-100-0, Tokyo, Japan). The two-liquid probe
method with deionized water and methylene iodide
(CH,IL,) was used to separate the polar and dispersive
components of the surface free energy, after the pro-
cedure of Owens and Wendt.'® At least 10 fiber sam-
ples for each condition were tested, and the average
values are reported. In addition, X-ray photoelectron
spectrometry (XPS; LVG Scientific, ESCA Lab) was
used to investigate the surface chemistry of the oxy-
gen-plasma-treated UHMWPE fibers. The samples
were analyzed with Al Ka X-rays at 20 mA and 15 kV,
and the pressure was maintained at 1 X 10~ Torr.

Interfacial adhesion

A carboxyl-terminated butadiene acrylonitrile rubber
modified vinylester (Sewon Whasung Co., Seoul, Ko-
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TABLE 1
Characteristics of UHMWPE Nascent Reactor Powders Synthesized Under Various Polymerization Conditions*

Sample Tool Peorya Y (kg of PE/g of Ti hr™*
code [Mg] (g/L) (°C) (psia) atm™ 1) M, (X 10° T, (°C) AH; (J/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

[Mg] = concentration of magnesium; T,

= melting peak point; AH; = enthalpy of fusion.

rea) was used to study the interfacial adhesion of the
UHMWPE filaments. The vinylester resin mixed with
1 wt % benzoyl peroxide as an initiator and 13 wt %
diallylphthalate as a curing agent was applied to the
fiber surface to form a microdroplet approximately 0.4
mm in diameter. After curing at 110°C for 20 min, the
size of the microdroplets and embedded fiber length
(L) were measured with an optical microscope. Micro-
droplet tests were conducted on an Instron model
4467 instrument at a crosshead speed of 1 mm/min.
The interfacial shear stress (7) was calculated from the

following equation:'”'®

= WDeffL ( )

where F is the pullout force and D, is the effective
diameter of the fiber.

RESULTS AND DISCUSSION
Properties of the UHMWPE powders

The basic properties of the UHMWPE powders syn-
thesized under various reaction conditions are listed
in Table I, where the sample code GUR412 denotes a
commercial UHMWPE powder (by Ticona, Bayport,
TX) and the others denote the newly synthesized UH-
MWPE powders. The samples were named as in the
following example: in 10C_15P, 10C denotes a poly-
merization temperature of 10°C and 15P denotes an
ethylene pressure of 15 psia.

The polymerization of ethylene did not proceed
without the addition of a soluble magnesium-organic
component of the catalyst system under the reaction
conditions studied. The yield of most of the UHMWPE
powders ranged from 100 to 250 kg of PE/(g of
Tih-atm). The yield dropped significantly at tempera-
tures below 20°C and increased with increasing ethyl-
ene pressure.

M, measurements of the UHMWPE powders poly-
merized under various conditions are depicted in Fig-

= polymerization temperature; Py, = ethylene pressure; Y = yield; T,

ure 2. At the same catalyst concentration and ethylene
pressure, the molecular weight gradually decreased
with increasing polymerization temperature. As a re-
sult, the molecular weight went below 10° at a high
polymerization temperature (90°C).

The UHMWPE reactor powders used in the study
exhibited high melting temperatures (137-143°C) and
heats of melting (180-210]/g), as listed in Table I. The
high heat of melting of the reactor powders was pos-
sibly due to a high ordering of the crystal phase upon
polymerization and crystallization at low tempera-
tures.>*~® We can easily surmise that such an untan-
gled conformation became less favorable with increas-
ing polymerization temperature. The melting temper-
ature gradually increased as the polymerization
temperature decreased. Each reactor powder exhib-
ited a remarkable difference in melting temperature
and heat of melting as determined under two subse-
quent melting runs, and the difference was more
prominent at low polymerization temperatures.

w
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m 15 psia

—4— 40 psia

w
T

I
i

Molecular Weight, Mv (x 10°)
TSNS

T
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@

0 60 80 100
React‘%on Temperature (°C)

Figure 2 M, versus the reaction temperature of UHMWPE
powders synthesized under various conditions.
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TABLE II
Particle Characteristics of UHMWPE Nascent Reactor Powders

Sample Bulk density Average particle Average microglobe Micropore volume Micropore inner

code (g/cm?) size (mm) size (um) (cm?/g) surface (m?/g)
GUR412 0.40 0.15 0.9 0.10 1.6
10C_15P 0.10 0.95 0.5 3.09 16.8
30C_15P 0.053 0.50 1.2 2.83 12.5
45C_15P 0.056 0.85 1.0 212 17.7
60C_15P 0.055 14 0.9 2.31 20.6
90C_15P 0.058 1.0 0.9 2.37 21.1
30C_40P 0.070 1.2 1.3 2.58 30.1
90C_40P 0.058 1.0 1.0 2.36 38.9

Morphologies of the UHMWPE reactor powders

The UHMWPE reactor powders synthesized in this
study also had a distinct morphology characterized by
a low bulk density (0.05-0.1 g/cm?), high micropore
volume (2-3 cm®/g), and high micropore inner surface
area (10-40 m?/g), as shown in Table II and Figure 3.
The powder morphology of a commercial UHMWPE
powder, GUR412, is also shown for comparison. The
UHMWPE powders synthesized in this study con-
sisted of anisotropic chip-like particles 0.5-1.5 mm in
size. These particles were composed of spherical sub-
particles 0.5-1.3 um in diameter, as shown in Figure 3.
The surface of the subparticles for the powders poly-
merized at low temperatures was smooth, whereas it
became crinkled with increasing polymerization tem-
perature. There were spacious areas among secondary
agglomerates, which represented large micropore vol-
umes of the UHMWPE powder. On the other hand,
the commercial UHMWPE powder, GUR412, con-
sisted of much smaller but spherical particles 0.15 um
in size and had narrower particle size distributions
than the UHMWPE powders synthesized in this
study. There were a significant number of thin fibrils
extending from subparticles to others.'” ! These mi-
crofibrils were about 0.1 um in diameter and occupied
most of the spaces among the spherical subparticles.
In addition, the GUR412 particles had some evidence
of fusion among the exterior layer of subparticles.
These differences in the particle morphologies be-
tween GUR412 and the UHMWPE powders synthe-
sized in this study resulted in significant differences in
the micropore volumes and inner surface areas. Later,
we demonstrate that this distinctive particle morphol-
ogy provided for successful compaction and deforma-
tion at temperatures below the melting points of the
powders.

Solid-state compaction
Noncontinuous processes

To identify the controlling component in both draw-
ability and tensile properties, various modeling pro-

cessing experiments on the UHMWPE powder
30C_15P were carried out, and the results are pre-
sented in Table III. All the methods listed in Table III
were noncontinuous, and the focus of the experiments
was on the determination of the controlling compo-
nent in both the drawability and tensile properties.
The powder in a square mold (100 X 100 mm) was
pressed at 400 MPa with or without shear deforma-
tion. Shearing was performed by repeated pressing of
the strip of the pressed sheet at the same conditions.
Rolling of the pressed sheet with or without shearing
was also carried out for comparison. The pressed sheet
of the UHMWPE powder at 30°C could not be drawn
at 125°C, whereas the drawing was possible when
pressing was done at a higher temperature or when
shearing was performed after pressing. Although the
shear deformation increased the tensile strength, the
rolling after pressing was more effective in enhancing
the tensile strength. The modeling experiments in Ta-
ble III showed that the continuous roll-forming pro-
cess, composed of simultaneous pressing and rolling,
made the tapes suitable for further orientation draw-
ing.

Continuous compaction via roll forming

The continuous production of monolithic UHMWPE
tapes was carried out in the roll-forming system,
which consisted of a pair of the heated rolls pressed
into each other (see Fig. 1). Low-temperature compac-
tion and rolling resulted in a brittle white tape with a
density of 0.78-0.9 g/cm? which was unable to un-
dergo further orientation drawing. Only roll forming
at higher temperatures close to the melting point
(110-130°C) resulted in coherent compact tapes. We
obtained tapes with thicknesses ranging from 0.1 to
0.2 mm, and A4 at rolling, determined from the dis-
placement of an ink mark preimprinted on the strip
surface, was about 2-6.

In Figure 4, the thermal behaviors of the tapes ob-
tained from the continuous production of various UH-
MWPE powders are shown. The tapes were processed
at the same temperature (120°C), and the roll speed
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(d)

Figure 3 SEM images of various UHMWPE powders: (a) GUR412, (b) 10C_15P, (c) 30C_15P, and (d) 90C_15P.

was kept at 4 M/min. Both the melting temperature
and crystallinity increased after solid-state compac-
tion and rolling, and therefore, the tapes made from
various UHMWPE powders exhibited even higher
melting points (141-144°C) and degrees of crystallin-
ity (70-80%).

The SAXS patterns for the tapes varied substantially
depending on the polymerization conditions of the

UHMWPE powders used. The long period (L,) of the
tapes determined by the first-order maxima in the
SAXS reflections linearly decreased from 40-45 to
27.5-33.5 nm with increasing polymerization temper-
ature (see Fig. 5). The solid-state compaction and roll-
ing of the powders synthesized at higher ethylene
pressures resulted in higher values of L,. The molec-
ular weight dependence on the polymerization tem-
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TABLE 111
Properties of UHMWPE Tapes Prepared by Various
Noncontinuous Processing Methods

Tensile
Deformation Processing Amax strength
mode temp. (°C) Aege (at 125°C) (GPa)
Cold pressing 30 — — —
Cold pressing
and shearing 30 2.0 24 0.8-0.9
Cold pressing
and rolling 30 5.6 24 1.8-1.9
Cold pressing,
shearing,
and rolling 30 34 22 1.7-2.0
Hot pressing 120 — 45 0.9-1.1
Hot pressing
and rolling 120 39 20 1.3-1.7

perature and ethylene pressure coincided with the
trends for L, described previously. The lamellar thick-
ness [fold length (Ly)] values of the tapes, calculated
from L, and crystallinity, are also shown in Figure
5(b). Because of their higher degrees of crystallinity,
the L, values of the tapes from the UHMWPE powders
synthesized at low ethylene pressures were slightly
higher than those of tapes from high-ethylene-pres-
sure UHMWPE. The SAXS reflection intensity de-
creased with increasing polymerization temperature
and ethylene pressure. Any first-order maxima in the
SAXS reflection were not observed in simple pressed
sheets or in the tapes processed at temperatures below
100°C. Hence, the preparation of well-stacked lamella
during roll forming was very important for the sub-
sequent successful drawing of UHMWPE tapes below
their melting temperatures.

The formation of layered lamella during roll form-
ing of the UHMWPE powders was also observed in
the SEM images of the tapes, as shown in Figure 6. The
processed tapes were etched with a 7K,CrO;:
150H,S0,:12H,0 solution for 1 h before the SEM
study. In Figure 6, the white areas correspond to the
crystallites, which were layer-like and separated by
amorphous regions (the dark parts) because of selec-
tive removal by the etching solution. The L, values
obtained in this SEM study of the etched tapes were in
good agreement with those from the SAXS study.

Solid-state orientation drawing

A

max

Before the continuous solid-state multistage orienta-
tion drawing experiments, the drawability of the tapes
made from various UHMWPE powders was investi-
gated via the determination of A, at several drawing
temperatures still below the melting point in the In-
stron tensile tester. For stacked lamellar crystals, A,

JOO ET AL.

was estimated by the ratio of Lyand the chain diameter
(3)

)\max = Lf/S (2)

In contrast to the theoretical estimate given by eq.
(2), we observed that the drawability sensitively de-
pended on both the polymerization and drawing con-
ditions. In Figures 7 and 8§, the A, values of tapes at
two different strain rates (10 and 50 ¢m/min) are
plotted against the polymerization and drawing tem-
peratures, respectively. The strain rate of 50 cm/min
was the highest value in the Instron tensile tester, and
the typical strain rate in the continuous solid-state
multistage orientation drawing experiments was
much higher (4-15 M/min). Ap,,, steadily increased
with increasing polymerization and drawing temper-
atures at a high strain rate (50 cm/min), whereas A,
at a relatively lower strain rate (10 cm/min) changes
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Figure4 Thermal behaviors of compacted UHMWPE tapes
at temperatures below their melting points. Various UHM-
WPE powders polymerized under different conditions were
used: (a) melting temperature and (b) heat of fusion versus
the reaction temperature.
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Figure 5 SAXS analysis of UHMWPE tapes compacted
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L, and L, versus the polymerization temperature.

with the polymerization and drawing temperatures in
a complex manner; for the tapes made from low-
temperature UHMWPE, A_ ., steadily increased with
increasing drawing temperature, whereas A, de-
creased at high drawing temperatures for powders
synthesized at 90°C. As a result, at high drawing
temperatures (125 and 130°C), A, for 30C_15P was
higher than for 60C_15P and 90C_15P. This tendency
of decreasing A, with reaction temperature at low
deformation rates and high drawing temperatures co-
incided with the theoretical estimate given by eq. (2)
and based on L; Finally, the UHMWPE powder syn-
thesized at a low temperature and high ethylene pres-
sure, 30C_40, resulted in the lowest A,,,, at all of the
drawing temperatures examined. Despite its relatively
large L; the high molecular weight of the polymer
synthesized at a high pressure appeared to restrict
opportunities for chain extension and, thus, uniaxial

725

drawing, despite its successful compaction into a co-
herent tape.

Multistage drawing orientation

The multistage orientation drawing of the compacted
tapes was carried out on the stretching system with
heating plates.'” The temperature at each drawing was
gradually increased from 120 to 145°C. The total draw
ratio (A) of the drawn samples was calculated by the
multiplication of A, in the tape compaction by the
draw ratio achieved in the multistage orientation
drawing. At relatively low A’s (<30), the tensile
strength increased with decreasing width of the strip
cut. This may imply that nonuniform orientation
across the tape resulted in a reduction in the tensile
properties, and only tapes with narrow widths pro-
vided opportunities for uniform chain extension
throughout the entire uniaxial drawing of the com-
pacted tapes. However, a narrow width of the strip

Figure 6 SEM images of UHMWPE tapes made from (a)
30C_15P and (b) 90C_40P UHMWPE powders. The tapes
were etched with a 7K,CrO,:150H,SO,:12H,0O solution for
1h.
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Figure 7 A, versus the polymerization temperature of
UHMWPE compacted tapes at various drawing tempera-
tures. Data at two different drawing rates are shown: (a) 10
and (b) 50 cm/min. Theoretical estimates of A,,., are also
shown in the plot.

(<1.3 mm) caused frequent cutting of the tape at
higher A’s (>45) in the multistage drawing experi-
ments. As a result, the fiber drawn to A = 90 in the
multistage drawing experiments with a strip width of
3.8 mm had a tensile strength of 2.5 GPa and a tensile
modulus of 130 GPa. The following results from the
multistage drawing experiments were obtained with a
wide-width strip (5.5 mm) to prevent frequent cutoff
during the multistage drawing orientation.

In Figure 9, the effects of the polymerization condi-
tions of the UHMWPE powders on the tensile prop-
erties of the drawn filaments at the same drawing
conditions are shown. Both the tensile strength and
modulus gradually increased with increasing draw
ratio. For the low-temperature powders 30C_15P and
30C_40P, the increase in the tensile strength was re-
duced at A values higher than 20, whereas tapes from
powders synthesized at 90°C showed a steady in-
crease in the tensile strength. The tensile modulus
increased with decreasing polymerization tempera-
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ture, whereas the drawing of low-temperature UHM-
WPE powders resulted in lower tensile strengths.

The tensile properties of the tapes obtained at four
different drawing conditions are illustrated in Figure
10. In this multistage drawing experiment, two differ-
ent drawing rates (4 and 8 M/min) at each stage were
applied at two different drawing temperature gradi-
ents (120-130 and 120-140°C). Drawing the tape at the
relatively low drawing rate (4 M/min) and higher
temperature gradient [120-140°C; Low Deformation
at High Temperature (LDHT) in Fig. 10] resulted in
the highest tensile properties, whereas drawing at the
high rate (8 M/min) and low temperature gradient
[120-130°C; High Deformation at Low Temperature
(HDLT)] yielded the lowest values in tensile proper-
ties at the same A. The tensile properties did not sen-
sitively depend on the drawing rate if a relatively low
temperature gradient was applied. From these results,
we conclude that drawing at a relatively low rate and
a high temperature gradient was essential in the con-
tinuous production of high-strength, high-modulus
UHMWPE fibers at temperatures below the melting
point.

The peak melting temperature of drawn UHMWPE
filaments made from the UHMWPE powder 30C_15P

S
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Figure 8 A, versus the drawing temperature of UHM-
WPE compacted tapes. Data at two different drawing rates
are shown: (a) 10 and (b) 50 cm/min.
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Figure 9 Effects of the polymerization conditions on the
tensile properties of drawn UHMWPE filaments: (a) tensile
strength and (b) tensile modulus versus A.

at two different drawing rates are depicted in Figure
11. The melting temperature gradually increased with
increasing A at both drawing rates, and drawn tapes
started to exhibit double endothermic peaks at high
draw ratios. The relative sizes and peak temperatures
of these two peaks heavily depended on the drawing
rate. The second endothermic peak at a higher tem-
perature disappeared after rapid cooling and subse-
quent reheating (the second melting run). Therefore,
the appearance of the double peaks at higher temper-
atures must have been caused by highly aligned crys-
tallite structures in the filament. The formation of
highly aligned crystallite structures during the multi-
stage, solid-state drawing process are also be dis-
cussed with the results of the SAXS study of the fila-
ments. The appearance of the double peaks has been
observed in the thermal analysis of gel-spun UHM-
WPE fibers,” whereas the sharp single endothermic
peak has typically been observed in many conven-
tional solid-state drawings of UHMWPE reactor pow-
ders.®???

The changes with increasing draw ratio in the SAXS
patterns of the UHMWPE filaments made from the
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UHMWPE powder 30C_15P are illustrated in Figure
12. The first-order maxima in the SAXS reflections
linearly decreased with increasing draw ratio and
eventually disappeared at high draw ratios. Therefore,
L, of the tapes determined by the first-order maxima
linearly increased, and a chain-extended conformation
of the UHMWPE molecules seemed to be obtained.
The SAXS reflection intensity also decreased with in-
creasing draw ratio. Clements and Ward** explained
the observed decrease in SAXS reflection intensity at
higher draw ratios by an increase in the formation of
crystalline bridges acting as link between oriented
lamellae, whereas Peterlin and Corneliussen?® as-
cribed it to a decrease in the effective electron density
difference between the amorphous and crystalline
components. L, values determined by the first-order
maxima of the SAXS reflections in this study (45-60
nm) were rather higher than those from gel-spun fi-
bers®? or previous solid-state drawing experiments in
literature.?°=° In a later communication, the structural
analysis, including the deformation mechanism on the
solid-state drawing of the UHMWPE powders used in
this study, will be thoroughly presented.
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Figure 10 Effects of the drawing temperature and rate on
the tensile properties of drawn UHMWPE filaments made
from the UHMWPE powder 30C_15P: (a) tensile strength
and (b) tensile modulus versus A.
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Figure 11 Thermal behaviors of drawn UHMWPE fila-
ments made from the UHMWPE powder 30C_15P. The peak
melting temperature for two different drawing routes are
plotted versus A: (a) low deformation rate (4 M/min) and (b)
high deformation rate (8 M/min).

Surface modification of solid-state drawn filaments
Surface analysis

To improve the adhesion of solid-state processed UH-
MWPE filaments to a matrix, the filaments were
treated with oxygen plasma under various conditions.
To determine the changes in the surface free energy of
the filaments, the contact angle on water and methyl-
ene iodide were measured. The obtained surface free
energy was divided into polar and nonpolar compo-
nents and are listed in Table IV. As seen in the table,
the surface energy was substantially increased by ox-
ygen plasma treatment. The increase in the surface
energy was mostly from that of the polar components.
To identify the polar components, the XPS study was
carried out for the UHMWPE fibers with and without
plasma treatment, and the Cls peaks of both samples
are compared in Figure 13. Peak deconvolution indi-
cated four possible peaks in the plasma-treated sam-
ple: C—H (285.0 eV), C—O (286.7 eV), C=0 (2881.
eV), and O=C—O (289.4 eV), whereas the contribu-
tion of these oxygen-containing moieties was virtually
absent in the untreated sample. Hence, both the con-
tact angle measurements and XPS analysis indicated
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that the formation of polar groups, such as ketone,
carboxyl, and hydroxyl groups, on the surface of the
fiber by oxygen plasma treatment increased the affin-
ity with water, as shown by the decrease in the contact
angle with water.

Interfacial shear strength

As expected from the increased surface free energy
and polar components, the interfacial shear strength of
the UHMWPE fibers, evaluated via microdroplet tests,
increased with plasma treatment. The interfacial shear
strength of the UHMWPE fibers with the vinylester
resin with increasing plasma power is shown in Figure
14. The shear strength reached its maximum at about
100 W. The slight decrease in the shear strength at 150
W was possibly due to the degradation of fibers from
the high plasma power.

Finally, the deformation behavior of the surface-
treated UHMWPE fibers during the microdroplet tests
are compared with that of the untreated sample in
Figure 15. For the untreated sample, debonding took
places at a very small displacement and a low loading
because of poor interfacial adhesion between the fiber
and matrix, whereas the interfacial shear force in-
creased significantly for the plasma-treated fibers.
This result indicates that increased surface free energy
and polar components by oxygen plasma treatment, in
turn, enhanced the impregnation of the matrix and
chemical bonding at the fiber surface.

CONCLUSIONS

In this article, we presented observations on continu-
ous solid-state processing of UHMWPE nascent reac-
tor powders into highly drawn tapes. First, a UHM-
WPE reactor powder with a high yield even at low

6000

Intensity (a.u.)
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3

2000

0 L1
0.2
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Figure 12 Changes in the SAXS patterns of UHMWPE
filaments made from the UHMWPE powder 30C_15P with
increasing draw ratio.
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TABLE IV
Results of the Contact-Angle Analysis of Solid-State Processed UHMWPE Tape Filaments
with Oxygen Plasma Treatment Conditions

Contact angle (°)

Plasma treatment Methylene Nonpolar component Polar component Total surface free energy
condition Water iodide (ergs/cm?) (ergs/cm?) (ergs/cm?)
Untreated 94.8 64.4 26.73 1.66 28.39
50 W, 5 min 15.0 60.0 29.33 41.98 71.32
100 W, 5 min 9.8 51.6 34.25 39.60 73.85
150 W, 5 min 3.0 452 37.87 37.99 75.86

reaction temperatures was prepared by the polymer-
ization of ethylene in the presence of soluble magne-
sium complexes. We demonstrated that the soluble
magnesium complex catalyst system provided a
unique, microporous powder morphology, which re-
sulted in the successful compaction of UHMWPE
powders into coherent tapes at low temperatures. The
SAXS study of the compacted tapes revealed that fold-
ed-chain crystals with a relatively long range order
were formed during the compaction and were trans-
formed extended-chain crystals.

We also investigated the effects of the reaction con-
ditions and key parameters of the solid-state process-

-
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Figure 13 Deconvoluted peaks [(A) —C—H, (B) —C—OH,
(C) =C=0, and (D) —COOH] from the XPS results of the
UHMWPE filaments: (a) untreated and (b) O,-plasma-
treated (100 W, 5 min) filaments. KCPS = kilo counts per
second.

ing on the tensile and thermal properties of the coher-
ent UHMWPE tapes by direct roll forming at temper-
atures below their melting points and by a subsequent
multistage orientation drawing at elevated tempera-
tures below the melting point of the tape. The cut
width of the tapes, the deformation rate, and the tem-
perature were varied in the drawing process, and the
thermal behavior and tensile properties of the drawn
tapes were measured with increasing draw ratio. The
thermal behavior and tensile properties of the drawn
tapes depended sensitively on the polymerization
conditions and on key parameters in the solid-state
processing. The fiber drawn to A = 90 in the study had
a tensile strength of 2.5 GPa and a tensile modulus of
130 GPa. Finally, the enhancement of the interfacial
shear strengths of the solid-state drawn UHMWPE
filaments with vinylester matrix by O, plasma treat-
ment was presented.

The drawing characteristics and tensile properties
of the highly drawn UHMWPE fibers are not dis-
cussed in this article. Only the UHMWPE powders,
which met strict requirements for thermodynamic and
morphological characteristics, could be drawn up to a
A higher than 100 without frequent cutting of the
filament. Further experimental studies of the drawing
characteristics and properties of highly drawn UHM-
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Figure 14 Effect of the treatment power on the interfacial
shear strength of the UHMWPE filaments.
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Figure 15 Load versus displacement curves of UHMWPE
fibers from the pullout test with various O, plasma treat-
ments.

WPE fibers with higher strengths and moduli are un-
derway.
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