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ABSTRACT: The influence of the catalytic system and
synthesis conditions on the reactor powder morphology
and the molecular packing in the nascent UHMWPE is
studied with the help of various electron microscopic meth-
ods. The potentiality of different morphologies for produc-
ing strong consolidated material by sintering at
temperature lower than the melting temperature is consid-
ered. It is shown that the small catalytic particles of colloi-
dal sizes (reactor powders of M-series) produce
homogeneous broccoli type morphology consisting of small
nodules with the sizes less than 0.2-0.5 pm, which in turn,
comprise crystalline domains and disordered regions. Com-
parison analysis of transmission electron microscopic data
with the DSC and NMR results enabled to conclude that
the disordered regions are predominantly comprised of tie
molecules with low degree of coiling, taut tie molecules,
and a number of tight folds. This type of morphology best

fits for compaction and sintering. Reactor powder morphol-
ogy arising upon synthesis lab-scale and commercial
UHMWPE on supported catalysts is not so homogeneous,
and consists of miscellaneous morphological units, such as
spirals, flakes, secondary fibrils, interconnecting the subpar-
ticles, large and small lamellae in depending of the catalyst
system. The density of disordered regions in these reactor
powders is less than that in the particles of M-series. The
tensile strength of the samples obtained by sintering of the
M-powders is higher than the strength of the other ones by
a factor 2.5, which makes them good precursors for orienta-
tion drawing. © 2010 Wiley Periodicals, Inc. J Appl Polym Sci
118: 866-875, 2010
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INTRODUCTION

Ultra-high molecular weight polyethylene (UHMWPE)
with molecular weights of some 10° (g/mol) is a
large tonnage polymer due to its unique properties,
such as high mechanical properties, low friction, high
abrasive, and chemical resistance etc., and wide prac-
tical applications from bullet-proof jackets and
armours, fishing lines, ropes, and sporting-goods up
to medical artificial joints. However, UHMWPE can-
not be produced by the conventional methods (extru-
sion, injection molding...) because of the very high
viscosity of its melt.

For production of high-strength, high-modulus
UHMWPE fibers, a special gel-technology was
developed (solving the reactor powder and subse-
quently drawing a gel formed from the cooled solu-
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tion'). However, the use of a large volume of or-
ganic solvent in this process makes gel-technology
environmentally nonfriendly and expensive. In the
past, some of the UHMWPE reactor powders turned
out to be highly compactable and drawable.> An op-
portunity to realize a “dry” route to high-perform-
ance fibres directly from reactor powders without
melting or dissolving the material (“never-
processed” PE) became then very challengeable. It
was materialized on a lab-scale in a number of labo-
ratories throughout the world, and samples with
mechanical characteristics comparable to those
reached by gel-technology were obtained.>” The
most stiff and strong UHMWPE tapes (c = 3.4 GPa,
E = 123 GPa) were produced at lab-scale by solu-
tion-free method from reactor powder, which was
synthesized on vanadium -catalyst system at very
low temperature (—18 °C).”> This temperature is not
obviously fitted for industrial production. The value
of Young’s modulus of the tapes produced on lab-
scale from UHMWPE reactor powders synthesized
on various Ziegler-Natta-type catalytic systems at
higher temperatures (40-60°C) was almost the same
but tensile strength was lower (o = 1.5-1.6 GPa).*®
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The attempt to commercialize “dry” processing was
undertaken in 1994 by Nippon Oil Company, which
then licensed the solid-state technology for fibre pro-
duction to USA to Synthetic Industries (SI), who
worked with Integrated Textile Systems (ITS). This
product is produced under the Tensylon trademark.®
It is worthy to note that the fibre produced via solu-
tion-free technology have lower creep than gel-spun
fibres. They are already utilized as advanced fibre
composites in ballistic products, as well as in a wide
variety of applications, where low cost, low creep,
colour, UV stability, or exceptional abrasive resist-
ance is required. The mechanical characteristics,
however, are not very good (c = 1.9 GPa, E = 120
GPa), as compared to those of gel-spun fibres, for
instance, to Dyneema SK 76 from DSM (The Nether-
lands) (6 = 3.6 GPa, E = 116 GPa’). Thus, there is
still a large gap between gel-spinning and solution-
free technology.

The majority of authors consider low density of
entanglements as the main factor controlling high
drawability of the nascent UHMWPE.>*'° However,
not all UHMWPE powders with low density of
entanglements demonstrate high drawability. Before
drawing, the nascent particles should be compacted
in a solid precursor strong enough to take an orien-
tation stress and not to be untimely broken down
along the intergrain boundaries. If the intergrain
boundaries would not be well “healed” by the cohe-
sive bonds, the potentiality of the nascent material
could not be materialized.

The mechanism of cohesive bonds generating
between the particles is investigated to a great
extent.'"™" At the same time, no unique criteria
have been formulated for selecting the appropriate
materials for “dry” technology despite a large body
of publications in this field."* ' In spite of the fact
that solution-free process was recently commercial-
ized, and UHMWPE tapes under Tensylon trade-
mark are produced,’ the continued interest to
searching for parameters controlling the ability of
nascent particles to coalesce and to better under-
standing the influence of reactor powder morphol-
ogy on the properties of a precursor for further
drawing is maintained, because Tensylon character-
istics are not so impressive.

As mentioned one of the key problems in search-
ing for a proper route to enhance mechanical prop-
erties of UHMWPE tapes produced by solution-free
technology is to clarify the influence of catalyst sys-
tem and synthesis parameters on reactor powder
processability, as well as finding optimum condi-
tions for producing a mechanically coherent strong
film by precompaction and sintering.

In this work, the electron microscopic data
obtained for the same reactor powders described in'”
will be considered in more detail and matched with
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the mechanical properties of compacted and sintered
tapes produced in different conditions. Optimum
time—temperature—pressure conditions are to find for
producing a strong precursor for further drawing.

One should emphasize that there are not so many
publications'®!’ related to investigation of reactor
powder fine structure using transmission electron
microscopy because of complicate preparation work
needed and high probability obtaining artefacts. Up
to now, it was the first unique case to compare TEM
investigations of very different reactor powders syn-
thesized on different catalytic systems to study the
influence of catalyst and synthesis parameters on re-
actor powder fine structure.'”

To make this study more sensible, we investigated
UHMWPE reactor powders, which were specially
synthesized, compared with commercial reactor
powders. It is worthy to note that there is another
challenge for nascent UHMWPE polymer processing
for producing polymer parts for hip and knee
prosthesis. There are, however, requirements to the
properties of compacted/sintered UHMWPE parts
for artificial joints, differing from those to precursor
for high performance fibres. These are high abrasive
resistance, high impact strength, very smooth sur-
face, high irradiation resistance, high thermal stabil-
ity (because of necessity to be exposed to high tem-
perature treatment for sterilization, etc.).

EXPERIMENTAL
Materials

UHMWPE reactor powders, which were synthesized
at the Institute of Physico-Organic Chemistry of the
National Academy of Sciences of Republic Belorussia,
Minsk, and at “Plastpolymer”, St. Petersburg, Russia,
in desirable conditions, were studied. These were:

1. Reactor powders (RP) synthesized on one and
the same catalytic system (highly active Ti/Cl
catalytic system modified by Mg-organic com-
pound), but at various temperatures (18, 30, 50,
and 60°C, respectively: M-series)

2. RP synthesized at one and the same tempera-
ture (71°C), but at different catalytic systems
(TiCly and TiCly-AlO5-S5i0;: B568 and B570,
correspondingly);

3. RP synthesized at 60°C but on catalysts of vari-
ous shape (colloidal size of catalytic particles
(M60) or a supported catalyst (TiCl;-0.3A1Cl;-MgCly:
B565).

Synthesis details and characteristics of the reactor
powders are given in."” For comparison, several
commercial reactor powders were used (e.g., Stamy-
lan from DSM).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Schematic overview on the working steps.

Compaction/sintering of the powders

The reactor powders were compacted at room tem-
perature under pressure. The optimum pressure of
95 MPa was chosen after comparative studies of me-
chanical characteristics of the samples compacted at
various pressures (between 50 and 150 MPa for 5 to
10 min). The compaction is necessary to bring the
nascent particles into “intimate” contact and elimi-
nate air in between the particles at the great extent.

Second stage was sintering of a precompacted
powder, which was carried out at the same pressure
(95 MPa) and at the temperature lower than the
melting point, i.e., it was annealing at the pressure.
Annealing temperature (125°C) was chosen on the
base of DSC data (the temperature had not to exceed
the onset of melting). Annealing time varied in the
range from 30 to 120 min.

Investigation of morphology

The reactor powder morphology and that of consoli-
dated material was investigated using SEM and
TEM techniques.”

Scanning electron microscopy

For SEM investigation the particles of nascent
UHMWPE powders, compacted and precompacted/
sintered tapes were adhered to conducting tapes on a
sample holder, coated with a layer of gold 10-15-nm
thick by sputtering and studied in a JEOL 6300 scan-
ning electron microscope.

Transmission electron microscopy

For TEM observations a JEM 2010 electron micro-
scope was used operating at 200 kV. The powders
were stained by RuO, vapor, embedded in epoxy
resin and stained by RuO, again. The consolidated
samples were merely stained by RuO,. This chemical
treatment enhances the contrast between amorphous
and crystalline parts of UHMWPE, and, additionally,
hardens the material, enabling preparation of ultra-
thin sections using an ultramicrotome at room tem-
perature. The stained samples were cut into thin sec-
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tions of 80 nm thickness using a Leica Ultracut UCT
microtome with a diamond knife (DIATOME).

Determination of mechanical properties

Mechanical properties of compacted and precom-
pacted sintered pads have been determined using
Minimat Microtensile Tester (Polymer Laboratories,
Loughborough, UK). The compacted samples of
about 150 pm thick and sintered tapes of 100 pm
were cut to the narrow strips of 2 mm wide (length
was 20 mm), and stress-strain curves were recorded
at room temperature. The cross head displacement
rate was 5.5 mm/min.

An overview on all the practical steps of the work
is sketched in Figure 1.

RESULTS
Structure of the powder particles

Using SEM it was revealed that the different nascent
particles of the lab-scale reactor powders have irreg-
ular shape and broad size distribution, whereas
those of commercial powders are predominantly of
spherical shape with a narrow size distribution.

Characteristic morphologies are shown in Figure
2. The individual particles of the powders have a
complicate hierarchical structure comprising of large
and small subparticles (nodules) (A), spiral-shaped
worms and ribbons composed from flakes (B), or
combination of nodules and fibrillar units (C). Con-
cerning shape of powder particles, the shape and
size of subparticles, their porosity and interconnec-
tion, three different types are classified:

¢ broccoli-like
o worm-like
e cob-web

SEM study only gives an appearance of different
morphological units in the virgin polymers.

Details of the inner structure of powder particles
have been revealed by TEM inspection of selectively
stained ultrathin sections of the particles. TEM
images are given in Figures 3, 5, 6. Characteristic
morphological units of the different powder particles
revealed from SEM and TEM data are summarized
in Table L

The morphological units resolved in a section of
M30 nascent particle stained by ruthenium tetroxide
seem like small light beads (Fig. 3). Somewhere they
are disposed very close to each other and look like a
short fibril. Obviously these nonstained beads are
the crystalline domains. The question arises as to
whether the long molecules form the folds in a
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Figure 2 SEM micrographs of typical UHMWPE reactor powders at lower (left) and higher (right) magnifications: broc-
coli-like M30 powder (A), worm-like B565 powder (B), and cob-web commercial reactor powder (C).

domain or they pass nonfolding from one crystalline
domain to another one.

If we consider that the length of an individual
molecules of PE with M, = 25 x 10° is about
25 pm, and assume that a 3D crystalline domain of
the above given size is formed by a regular folded
single chain, only 3 pm of a whole molecule would
be needed for building this hypothetic domain.
Thus, even in this hypothetic case a single molecules
should take part in the formation of at least eight
crystallites. In fact, the single molecule crosses
actually more of them. The domains should be
unambiguously connected by tie molecules, which
pass from one domain to another. The low contrast
between the stained intercrystalline parts (dark) and
the nonstained crystalline parts (beads) implies that
the difference in density of the crystalline and disor-
dered regions is small. It brings us to assumption
that crystalline domains in M30 do not posses a

fold-like structure. This assumption is confirmed by
sufficiently low free surface energy of crystallites in
M30 (24.7 erg/cm?) calculated on the base of DSC
data in'” as compared with that of a folded-chain
single crystal (80 erg/cm?). However, correctly car-
rying out DSC measurement'” gives a modest value
of M30 reactor powder crystallinity (65%). It allows
us to assume that a portion of macromolecules,
growing from small catalytic particles of colloidal
size, do form some folds. The crystallites are con-
nected together by the tie molecules, some of them
being taut.

The low contrast between the stained and non-
stained parts in a section of M30 nascent particle
may be caused by various reasons. In particular, the
space between neighbor crystalline domains may be
too small to seat a marked amount of reduced metal-
lic Ru crystals. If the crystallinity of M30 powder is
about 65% and Dyy, is equal 11 nm,"” the linear

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 TEM micrographs of a stained section of M30
UHMWPE nascent particles.

dimension of amorphous region should be about 6
nm.

The structure of this space may also influence on
the staining. Part of this space is occupied with tie
molecules. As distinct from highly entangled molec-
ular segments in the interlamellar space of melt-crys-
tallized PE, the segments of molecules in the nascent
M30 do not form the loose loops. The folds (if any)
are, probably, tight. The majority of tie molecules
are, obviously, in conformation of the perfect trans-

Figure 5 TEM micrograph of a stained section of B565
nascent particle.

zigzag or having small size defects like a 2g;kink.
The density of intercrystalline regions in M30 pow-
der should be close to that of the crystalline one
which hinders their staining by RuO,.

A large immobile fraction (87.5%) calculated from
broadline NMR spectra of M30 powder recorded at
room temperature'” confirms our proposal since the
mobility of regular folds and extended tie molecules
can be only defreezed when the crystallites begin to
melt, so they are represent a so called “rigid

Figure 4 TEM micrograph of a stained section of recrys-
tallized UHMWPE powder.

Journal of Applied Polymer Science DOI 10.1002/app

Figure 6 TEM micrograph of a stained section of a com-
mercial powder particle.
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Figure 7 A part of Figure 6 at higher magnification.

that central part of the spherical-shaped units could
accumulate much more Ru than the periphery
regions. The only reasonable explanation could be as
follows: a crack propagates in front of a cutting knife
and rounds the individual morphological units
because their boundaries are weaker than the inner
parts. It results in obtaining a section of uneven
thickness and, consequently, an unusual distribution
of darkening in a TEM image (Fig. 6).

A question arises as to what is the inner structure
of these spherical-shaped, spherulite-like subpar-
ticles? The analysis of TEM micrographs presented
in Figures 6 and 7 (the latter is snapped at higher
magnification) leads us to assumption that the sub-
particles have different structure in the centre and
along the edges. The structural units in the centre
seem as the beaded fibrils (or narrow lamellae)
while the plate-like lamellae are well resolved on the
borders. The revealed difference in the structure
may be caused by a change in crystallization condi-
tions of the growing molecules. The polymerisation
is the exothermic process. In the beginning of a syn-
thesis in commercial reactors, a catalyst is very
active, polymerization rate is high, and the tempera-
ture in a vicinity of the catalyst may be higher than
melting temperature of PE. The growing molecule
begins to crystallize in a far distance from active
catalyst site, polymerization rate being higher than
crystallization, and formation of plate-like lamellae
is more plausible. The polymeric material on periph-
ery is the first, which was synthesized. The primary
beaded fibrils (or narrow lamellae) seen in the centre
of the subparticles are formed when the polymeriza-
tion rate slightly slows down, later than the first

Journal of Applied Polymer Science DOI 10.1002/app
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lamellae crystallized. The secondary fibrils (center of
micrograph) are not generating during polymer crys-
tallization. They arise during fragmentation of the
catalyst destroying by the fast growing polymeric
mass. The secondary fibrils interconnect the small
subparticles after the failure of the larger particles.
Probably, the catalyst fragments are located in the
centre of small subparticles. The character of second-
ary fibril formation reminds the tensile deformation
of PE single crystals when any transition region
between the deformed and nondeformed material is
observed, and the fibrils are pulling out from lamel-
lae because of unfolding. This implies the unfolding
process upon rearrangement of lamellar structure in
the fibrillar one.”

The surface free energy of crystallites is lower (11
erg/cm?)!” than in the powders of M-series, which
implies a significant number of tie molecules
between crystalline regions and a small amount of
regular folds. However, this figure only represent an
integral estimate of the surface free energy, which
makes it difficult to do any assumption about the
molecular packing in disordered regions of second-
ary fibrils and in subparticles.

Anyway, we see that catalytic system strongly
influences on reactor powder morphology on each
level of structural organization: from formation of
primary fibrils, crystalline domains, lamellae, and
nodules to their aggregation in subparticle and the
large individual particles.

Morphology of compacted, sintered,
and drawn materials

Compacted samples show the same structure than
the powder particles (Fig. 8 left) with a clear differ-
entiation between the powder particles, pores as in
nascent powders and with only very weak connec-
tions between the particles.

Sintering of preliminary compacted films has been
performed under the same pressure as it was used
at compaction and at a temperature (125°C) several
degrees lower than the melting peak. Sintering time
was varied from 30 min to 2 h. It was found that re-
actor powders, which contain fibrillar elements,
have a poor compactibility and could not be trans-
formed into monolithic films fit for further drawing
under any conditions. The boundaries between the
initial individual nascent particles crossing by fibrils
remained unchanged—visible both on SEM micro-
graphs of the surface and on micrographs of cryo-
cleaved samples. Reactor powders with a nodular
structure (M series and B 568) had the best compact-
ibility and could be transformed into almost trans-
parent films. SEM micrographs demonstrate that the
interparticle boundaries have been disappeared. The
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Figure 8 TEM micrograph of stained sections of compacted and sintered films of sample M30 left: after compaction
(95 MPa, 10 min) right: after additional sintering (125°C, 95 MPa, 60 min).

particles with the worm-like structure were slightly
worse compactable.

Stained ultrathin sections in TEM of all sintered
samples revealed a better resolved lamellar structure
than in sections of nascent particles, as seen, for
example, at the stained sections of compacted and
sintered M30 samples (cf Fig. 8 left and right). This
increasing difference in staining efficiency and, con-
sequently, in density of crystalline and amorphous
regions indicates a better separation between amor-
phous and crystalline parts. The initial mutual posi-
tion of the lamellae remains intact in all compacted/
sintered powders (for instance, spherical, radial
lamellae).

The WAXS study was only carried out for M30
powder demonstrating the best compactability. Both
the longitudinal and transverse crystalline sizes
increase in the sintered samples, longitudinal size
being double. The doubling of longitudinal crystal-
line size has been observed earlier upon annealing
the solution grown lamellae. The possible mecha-
nisms were intensively discussed and the different
models of lamellar thickening were proposed. In one
of them, a possibility of partial melting preceding
the rearrangement of folds is considered,® in
another one the sliding molecular segments along
the crystalline planes are assumed.””® We believe
that in this case the former mechanism prevails.

Mechanical properties

The reactor powders with the nodular structure and
the best compactibility have been transformed into

films with a tensile strength between 3.5 * 1.7 MPa.
Films from particles with worm-like structure had
strengths of about 2.1 MPa. Powders having fibrillar
elements could be hardly transformed into mono-
lithic films, which were very brittle with a low ten-
sile strength (0.4-0.7 MPa). Influence of pressure
during compaction on mechanical properties is illus-
trated in Figure 9.

Sintering of precompacted films at the enhanced
temperature (125°C) results in a pronounced
increase of strength. Strength of precompacted/sin-
tered films of powders of the M-series increases by a
factor of 6-7, whereas that of precompacted/sintered
powders containing the fibrillar elements in the
powder particles grows less significant. The maxi-
mum strength (32 = 5 MPa) demonstrates the

C__ MPa min
15 - —l—Tmm+ 150+ 5
] —a—T +95+5

& o —=—T__+50+5
< 10-
%) i
3]
= 59
w

0 T T T T T T !

2 4 6 8
Deformation, %

Figure 9 Stress-strain curves of compacted films from re-
actor powder M30, produced at room temperature and at
various pressures for 5 min.
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Figure 10 SEM micrograph the surface of the zone-drawn
material M30 (draw ratio 14).

compacted/sintered film from M 30 powder, the
lowest one (5.6 MPa) was observed for Stamylan.
The increase of sintering temperature to 134°C
resulted in growing it tensile strength (10 = 3 MPa)
but it remained significantly lower than that of
M-films.

But also structural changes of drawn material are
expected as shown in a micrograph of the sample
surface in Figure 10. The stretched foil of specimen
M30 do not show any pores as seen in the com-
pacted material (cf. Fig. 6). The described zone
stretching procedure does not only draw the foil,
but results also in a homogenisation of the foil.
Therefore, one can speak of a healing of the nonper-
fect compacted foils.

These preliminary results demonstrate the quality
of this route of producing films with the high crys-
tallinity of the reactor powders.

CONCLUSIONS

Using different reactor powders of UHMWPE,
which have been synthesized with different catalyst
systems and under several polymerization condi-
tions, morphology and structure of the powder par-
ticles and possibilities to transform the powders into
compacted films have been studied. Investigations
mainly by means of SEM and TEM revealed details
of powder morphology and the semicrystalline
structure. The higher crystallinity of the powder par-
ticles determined by DSC compared with the lower
crystallinity of the material after melting can be
explained by a specificity of a structure of interlam-
ellar disordered regions. It is assumed that interlam-
ellar regions of nascent powders contain predomi-
nantly tie molecules with low degree of coiling and
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few amount of folds, while recrystallization after
melting results in increase of irregular folds (loose
loops) and tie molecules with high degree of coiling.
Three types of powder shape and morphology could
be defined. It was shown that only powder particles
with a nodular structure could be transformed into
transparent, strong films by compaction and sinter-
ing (“dry technology”). In opposite, powders with
complicate lamellar/fibrillar structure have a poor
compactibility.

Additional attempts are planned to draw the sin-
tered films to higher draw ratios using a special
multistage zone drawing technique developed at the
Ioffe Physical Technical Institute.

Practical aim of these studies is opening new pos-
sibilities to produce materials of UHMWPE with a
high stiffness and a good strength directly from the
powder particles. Another aim arises from a better
knowledge of conditions to prevent dangerous
defects at the boundaries between the powder grains
after compaction. Recently, such interparticle defects
have been found as the reason for premature dam-
aging of implants in knee joints.
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