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A series of ultrahigh-molecular-weight polyethylenes with comparable viscosity-average molecular weights of
around 2x 10° has been prepared by using a high-activity Ziegler catalyst at different temperaipyigsr( the

range 20-9%C, in hexane. The ductility and morphology of the nascent reactor powders have been studied. With
decreasingl ., the drawability of the reactor powders increased significantly. The morphology of the samples
has been characterized by scanning electron microscopy, wide-angle X-ray diffraction and the d.s.c. melting
behaviour. On mild etching of the powders with fuming nitric acid at room temperature, more than 1 year was
required to obtain fully etched morphologies. The selective removal of amorphous regions was confirmed.
Extended fibrils (40—150 nm wide and 1—1& long) connecting globular particles (25 in diameter), the
amount of which increased witfi,,,, were also rapidly etched and disappeared. Both orthorhombic and
monoclinic crystals survived even after prolonged treatment (9 months or more). No significant differences in the
d.s.c. melting characteristics were observed for the series of reactor powders, which was primarily due to a rapid
reorganization during the d.s.c. heating scans. However, the efféCi,pfon the morphology of the reactor
powders was reflected in the melting characteristics of the etched samples. Etching proceeded more rapidly for the
powders prepared at high&py, although initial crystallinities were comparable for all samples. This suggests
that the nature of the amorphous regions dependggn The crystal thicknesses of the initial powders, evaluated
from the melting temperatures of fully etched samples, increasedTyith These results suggest that polymer
segments crystallize nedi,, after having grown longer than a certain length during polymerization. The effect of
Tooy ON the ductility of the reactor powders is also discussed, based on morphological features revealed by the
etching.© 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION by second-stage tensile drawSuch highly drawn films
exhibited tensile moduli of around 150 GP4° Indepen-
dently, Smith and co-workets™*3 have reported the ultra-
drawing of virgin UHMW-PE prepared by use of a low-
activity catalyst. The drawability and the resultant tensile
properties of the drawn products were significantly affected by
the polymerization conditiods?*% It was also shown that
some specific powders could be effectively ultradrawn in the
crystalline state, even above their stafiig (about 146C)*°.

It has been reported that virgin PE powders have a unique
morphology. The most minimized crystalline texture in the
n powder is made up of lamellae having thicknesses of 20—

30 nm along the chain direction and widths of 7—15nm
r perpendicular to the chain direction, as analyzed by
scanning electron microscopy (SEM), pulsed NMR and X-
ray diffraction®. Such lamellar crystals have ribbon- or
noodle-like textures and fibrous structuf&s The ribbons
and noodles are folded into a submicron-sized patrticle, and
oriented fibrils connect particles (2—Lfn in diameter) that
*To whom correspondence should be addressed. Fax: 00 81 3 3253 2214_con5|st of an assembly of the sgbm|crogl-§|zed particles. The
e-mail: tkanamot@ch kagu.sut.ac.jp e ‘powder, around 50—30&}11_ in diametef®, is composed of
t Present address: Department of Materials Science, Gunma University, tn€se particles. Such a unique powder structure is formed on
1-5-1 Tenijin, Kiryu, Gunma 376, Japan crystallization during the polymerizatiéh

High-performance polyethylene (PE) has been commer-
cially produced by uniaxial drawing from gel-spun fibte$
ultrahigh-molecular-weight polyethylene (UHMW-PE)
On the drawing of such solution-crystallized UHMW-PE,
a reduced entanglement density improves sample dudtility
Single crystal mats of UHMW-PE, precipitated from dilute
solutions, could be effectively superdrawn to a draw ratio
(DR) of over 300 due to their minimized entanglement
density and regular chain folding. The resultant tensile
moduli of such superdrawn films were about 220 &Pa
which is close to the X-ray crystal modulus along the chai
axis (235 GPa)

Certain nascent UHMW-PE powders also have fewe
entanglements. Indeed, powder films compacted below the
melting temperaturel(,) could be successfully ultradrawn
to DR < 85 by applying a two-stage draw techni§ug.e. a
combination of first-stage solid-state coextru§ioilowed
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Generally, fuming nitric acid etching selectively oxidizes

Table 1 Polymerization temperature$,,), sampleM,, and d.s.c. char-

and removes amorphous regions of the PE samples,acteristics of a series of reactor powders prepared by use of a high-activity

including lamellae fold&. However, conventional etch-
ing®? around 70C etches even the crystalline region on
prolonged treatmefit Gradual changes in the sample
morphology may be better followed by mild etching at room
temperature, especially at the earlier stage.

In this work, the ductility and morphology of a series of

UHMW-PE reactor powders, prepared at different tempera- ¢

tures [T,0) Using a high-activity Ziegler catalyst, have been
studied. To examine the effect of the polymerization
conditions on the morphology of the reactor powders,
fuming nitric acid etching was carried out at room

Ziegler catalyst afl ), in the range 20-9C
10°M,

Sample T poly Tm x5
(°C) (C) (%)
1 20 2.0 140 65
2 40 1.8 140 65
3 60 2.2 141 67
4 80 1.9 141 68
90 1.7 141 67

#The crystallinity,x ., was calculated from the heat of fusion, assuming an
enthalpy of fusion for a perfect PE crystal of 290 3%

temperature for 2 years or less. The etching behaviour and ) _ —
the powder morphologies, before and after etching, have Second reheating run was also carried & Gin™". All

been analyzed by d.s.c., SEM and X-ray diffraction
measurements.

EXPERIMENTAL

Materials

A series of nascent UHMW-PE reactor powders was
prepared at the Nippon Oil Company Ltd. by the
polymerization of ethylene in hexane &, =20—90°C

scans were performed under a nitrogen gas flow. Thef
each sample was evaluated from the postion of the peak in
the endotherm. Crystallinities were calculated from the
heats of fusion 4H;), assuming an enthalpy of fusion for
a perfect PE crystal of 290 J¢f>. The sample sizes were
0.1 mg and 1 mg for the determinations ©f, and AH;,
respectively. The above d.s.c. melting characteristics were
calibrated using an indium standard.

Wide-angle X-ray diffraction (WAXD) profiles were
recorded with use of the Rigaku X-ray diffractometer RAD-

and at an ethylene pressure of 11 atm, using a high-activity o equipped with a pulse-height discriminator. Some
Ziegler catalyst. The temperature of the reaction medium \waxD profiles were recorded using a Rigaku RINT-1400

was taken a¥ . The viscosity-average molecular weight,
M,, of UHMW-PE was controlled by the addition of a small
amount of hydrogen gas, dependingTqg,. These samples
had comparabl®!, values of around X 10°.

Etching treatment by fuming nitric acid
The fuming nitric acid etching of the reactor powders was

X-ray diffractometer. Cu k& radiation monochromatized
with a nickel filter or a graphite monochromator was used.
The half-width of the orthorhombic (002) reflection was
used to estimate the crystallite size along the chain axis,
Doz, applying the Scherrer equation assuming no significant
crystal disorder along the chain aXlsSEM observations
were made by use of a Hitachi-type S-5000 scanning

performed at room temperature for 1 week to 2 years. An electron microscope operated at 5 kV.

excess amount (10 ml) of fuming nitric acid with a density
of 1.52 gcm® was added to 0.2 g of a powder sample

contained in a glass sample tube. The sample tube assemblyRESULTS AND DISCUSSION
was stored in a desiccator to avoid the evaporation of Characteristics and ductility of nascent powders

fuming nitric acid. Every 1-2 months, the nitric acid was
replaced with fresh acid. After treatment for the given
period of time, the sample was recovered by filtration

through a glass filter, washed by distilled water and hot

acetone, and dried well at room temperatur@acua

Drawing

TheM,, T, and crystallinity §.) values, calculated from
the sampleaH;, are summarized ifable 1for a series of
reactor powders polymerized at 202@0using a high-
activity Ziegler catalyst. Th&,, andx values stayed almost
constant at 140-14C and 65-68%, respectively, inde-
pendent ofT .

The effect of Ty, on the drawability of the reactor

The dUCtlllty of the nascent pOWderS was determined by a powders was examined. The powder films Compacted at

two-stage draw For this, the powders were compression-
moulded into films at 13 (about 16C below their d.s.c.
peak melting temperature$ {)) and at 12 MPa for 30 min.
A strip (3 X 0.3 X 50 mnT) cut from the compacted powder
film was sandwiched between split billet halves of high-
density PE, and the assembly was co-extruded &t &ba
low extrusion draw ratioEDR) of 6. For the second-stage

13C°C, below the staticT,,, were too brittle to be drawn
directly by a tensile force. However, they were ductile after
having been drawn to a lo&DR of 6. Thus, the extrudates
were further drawn by a second-stage tensile draw &t.45
The draw proceeded in the crystalline state, as reported by
time-resolved WAXD measurements during drawfhghe
maximumDR; achieved by the two-stage draw are shown in

draw, the extrudate was drawn by a tensile force at a Figure 1 as a function OfTyy. The drawability of the

constant temperaturd ¢) of 145C and constant cross-head
speeds, corresponding to an initial strain rate of 2 Thiin

the Tensilon tensile tester RTM-100 equipped with an air
oven. The total DR (DR) was defined by
DR, = (initial EDR) X (second- stage tensil®©R).

Measurements

nascent powders increased significantly with decreasing
Tpoiy- A similar effect of T, on the powder ductility was
also observed by Rotzinget al.**for UHMW-PE prepared
using a low-activity Ziegler catalyst. The maximum tensile
modulus and strength achieved increased with decreasing
Toay reflecting the improved drawability of the samples.
For the most ductile powder, synthesized at@0n this

The polymerized and etched powders were characterizedwork, the highest tensile modulus and strength achieved
by d.s.c. measurements. The first heating run involved were 110 and 1.5 GPa, respectively, at a maximum achieved

scanning from 80 to 18C at 3C min~'. The sample was

draw ratio of 85.

then slowly cooled to room temperature in a d.s.c. pan. The The sample ductility is primarily controlled by the
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Figure 1 Effect of polymerization temperature on the maximDR,
achieved for a series of UHMW-PE reactor powders prepared with use of a
high—a%tivity Ziegler catalyst and having comparablg values of about
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Figure 2 Changes in the d.s.c. thermogram of sampl&g,(= 20°C) on
fuming nitric acid treatment. Etching was performed at room temperature
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Figure 3 The crystallinity, calculated from the heat of fusion for the first
heating scan, as a function of fuming nitric acid etching time for samples
1-5 polymerized at 20—9G

gradually became sharper and the peak position shifted
lower with increasing etching time, due to the removal of
amorphous regions including folds and less-perfect crystals,
as has been observed in oriented?PEThe significant
decrease inT,, is ascribed to a limited initial crystal
thickness, the lowering oM,, and the suppression of
reorganization during the d.s.c. heating scans, as detailed
later. Concurrent with these changes, thE; increased
gradually.

The d.s.c. thermograms from the second run for the initial
powders, after melting and recrystallization, showed a
significantly broader melting peak at a lower temperature
(135°C). However, highly etched samples showed only
minor changes i, and AH; on the first and second runs,
due to the formation of chain-extended crystals.

Figure 3 shows the variations if. estimated from the
AHs for the first heating scans with treatment time for the
reactor powder series polymerized at differdigy, in the
range 20—9TC. On short-time etching (1 month or lesg),
increased more rapidly with etching time for the powders
polymerized at a highef,,, (samples 4 or 5) than for the
samples prepared at a loweg,,. On further treatmenty

entanglements existing in amorphous regions, since PEincreased slowly and approached a maximum value of

crystals are ductifé Highly entangled UHMW-PE displays
low crystallinity and low ductility, as illustrated by melt-
crystallized UHMW-PE. Thus, a sample exhibiting higher
ductility may be expected to have a highgr However, in
spite of a significant increase in the drawability with
decreasing ,qy, all the reactor powders showed comparable
xc values of around 65%, estimated from the d.akEl;,
independent ofT,q,. Nevertheless, the origin of such a
difference in drawability must be related to the specific
morphology of the powders, as discussed below.

Etching behaviour analyzed by d.s.c. measurements

To study the effect of ,y on the morphology, and hence
the ductility, each reactor powder was gently etched by
fuming nitric acid at room temperature.

Figure 2 compares the d.s.c. thermograms recorded for

around 85—-95% on etching for over 12 months for each of
the reactor powders. The maximuyg value depended on
theT,qy. For a given etching time, a higher crystallinity was
obtained for the powder prepared at a highgy,, revealing

a higher accessibility of the amorphous regions to the
fuming nitric acid etching. This indicates that nitric acid
could diffuse more rapidly within the powder prepared at a
higher T, suggesting a looser chain packing in its
amorphous regions than for the powder prepared at a
lower T g,

The maximum saturatedH; values are slightly lower
than that of a perfect PE crystal. A similar result has been
previously reported for the mild etching of PP samples
Such a low limit of theAH; for fully etched samples results
primarily from the formation of —-N@and —COOH groups
at the chain endd. Indeed, the density of a powder

the first heating scans of sample 2 etched for various periodspolymerized at 8%C and etched for 24 months was over

of time. All the reactor powders used in this work displayed

1.000 g m3, the crystal density of PE. The increase in

a single endotherm, before and after etching. The peaksample density due to the heavy chain end groups caused a
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Figure 4 D.s.c. peak melting temperature for the first mersusetching
time for a series of UHMW-PE reactor powders. (A) Over the whole

250
|

. |
o
B |
(a]
1)
N
® 200 |
2 ]
= n
s
(2]
-
(&)

150 I 1 1 1

0 20 40 60 80 100

Polymerization Temperature (°C)

Figure 5 WAXD crystallite size along the chain axi€ gy, versus
polymerization temperature for a series of un-etched reactor powders

at lower Ty, reflecting the characteristics of their
amorphous regions.
Generally, the d.s.cT, can be a measure of the crystal

etching time-scale. (B) Enlargement of the short-time scale up to 4 months thickness, if structural reorganization does not occur during

heating®. Independently ofT,qu, the reactor powders
exhibited a highT,, of 140-142C, which is close to the

decrease in the amount of PE per unit weight. The enthalpy T, of a chain-extended PE crysthl However, theT,,
in the melt also decreased due to the interactions betweernvalues for fully etched samples were in the range 128.8—

these end group4 Further, the depression &f, for the
treated samples (sddgure 4) produced a decrease in the
observedAH;. These morphological features of etched
samples are consistent with the decreasieHn(x . ) of fully
etched samples with decreasifig,, (Figure 3) due to their
smaller crystal thickness, as discussed below.

Figure 4shows the changes iy, with treatment time for

131.5C, significantly lower than the values for the initial
powders. This indicates that the crystal thickness of the
reactor powders is not as large as that estimated fropmcd
about 140C, and a higherT, is a result of rapid
reorganization during heating. A similar conclusion has
been reported*° Such a crystalline rearrangement
requires chains sliding past each other within a crystal,

d.s.c. first runs for the same series of reactor powders as inwhich may easily occur in the reactor powders due to fewer
Figure 3 For the untreated samples, no significant entanglements on the lamellae surfaces. However, such

differences were observed in the pegk values, as well
as in AH; (x. in Figure 3. The changes on etching for

lamellar thickening is impossible for fully etched samples,
consisting of chain-extended crystals. Thus, Theof an

shorter times (4 months or less) are enlarged, and are showretched sample is directly related to the crystal thickness of

in Figure 4B TheT,, of the powders polymerized at higher

the nascent powder. To confirm this, the crystallite

Tooy decreased more rapidly with increasing etching time thicknesses along the chain axd3g, for the nascent

than those prepared at lowgg,,, which is clearly observed
in Figure 4B However, such a decrease T, became
gradually insignificant, and ,, approached a constant on
prolonged etching (over 12 months). THg, of a fully

samples were measured by WAXD analysis, and compared
to theT,, for each of the samples fully etched by fuming
nitric acid.

Figure 5showsD o, as a function ofl ,,, for the series of

etched powder is slightly higher for the powder prepared at a reactor powders. With increasin@,y,, Do increased,

higherT yq,.
The etching rate, evaluated from the depressioff jn

consistent with the increase im,, for the fully etched
samples. Parkest al.* have also observed a similar effect

may be affected by the initial crystal thickness and the of Ty, on the lamellar thickness by performing neutron

diffusion rate of nitric acid within the amorphous regions.
For a constant crystallinity and diffusivity of the acid, the

scattering studies on PE reactor powders. Such dependence
of the crystal thickness offi,,, suggests that the crystal-

etching rate may be expected to be faster for a samplelization occurred neaf , after the segmental length of a

consisting of thinner crystals, since the latter has a wider growing chain had reached a certain value during poly-
total surface area accessible to nitric acid. However, the merization. The critical segmental length is likely to be
results inFigure 4show that the samples prepared at higher longer at higherT,q, as suggested by a larger crystal

Tooy @and consisting of thicker crystals were etched more thickness for a sample prepared at a highgy,. Further, the

rapidly than those prepared at lovilgy,, and having thinner
crystals. As discussed aboveidure 3, this also suggests

activities of the catalyst sites were not uniform for the high-
activity Ziegler catalyst used in this work, thus producing

that the diffusion rate of the acid within the amorphous different segmental lengths before crystallization took
regions plays a predominant role in determining the etching placé’. Crystallization under these conditions is most
rate, and was significantly slower for the samples preparedlikely to provide an opportunity for the formation of
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Figure 6 Scanning electron micrographs of a series of untreated reactor powders, prepared at TiffgréA) Sample 1 (20); (B) sample 2 (4€C); (C)
sample 3 (68C); (D) sample 4 (8TC); (E) sample 5 (9T)

entanglements by the diffusion of segments with different powder series. The powder with particles 100—L80in
lengths. These entanglements include the classical ones andiameter prepared at 20 (sample 1) consists of globular
the latent entanglements recently proposed by Ottani andparticles with a diameter of 2—&m. A few extended fibrils
Porte?. Such an opportunity may be more prominent at a (about 40 nm wide and aboutym long) connecting these
higherT,,,, since crystallization occurs after the length of particles, are also observeligure 64). The numbers and
the growing segment during polymerization has exceeded asizes of the extended fibrils (40—150 nm wide and 2140
certain value, which increases wiff,qy, and segmental long) significantly increased &%,y increased. The origin of

diffusion is more active at a highdi,,. such a fibrous structure is thought to be the internal
) expansion stress, which increases during polymeriza-
SEM observations tion'®*° The activity of the catalyst sites is accelerated by

To examine the morphologies of these powders, SEM the increasingl o, Thus, polymer chains grow rapidly on
observations were made on both the nascent and the etchethe catalyst surface inside the particles, causing an
samples.Figure 6 shows SEM images for the nascent expansive force on the previously deposited polymer.
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4 months 12 months

(C)

Figure 7 Scanning electron micrographs showing the changes in powder morphology on etching for a series of reactor powders preparedTgdifferent
(A) Sample 1 (26C); (B) sample 2 (4%C); (C) sample 4 (8I). The micrographs on the left- and right-hand sides were obtained after etching for 4 months and
12 months, respectively.

With the particle radius increasing as the synthesis The etched morphologies of the series of reactor powders
proceeds, the outer polymer membrane is stretched,were also examined by SEM. For the shorter etching time of
producing the extended fibrils connecting the particles. 1 month, the morphologies changed only slightly. Small,

These SEM observations show that the microstructure of extended fibrils disappeared, and larger ones survived (not

nascent powders significantly depends on tfigif, which shown).Figure 7 shows SEM micrographs of the powder
was also suggested by their drawabilityiqure 1) and series etched for 4 and 12 months. On etching the powders
melting behaviour after etchindrigures 2—3. for 4 months, the extended fibrils disappeared for all the
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Figure 8 WAXD profiles for a series of UHMW-PE reactor powders prepared at difféfgjt (A) Sample 1; (B) sample 2; (C) sample 3; (D) sample 4; (E)
sample 5
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Figure 9 WAXD profiles for a series of UHMW-PE reactor powders base line amorphous (200), M2710),,
etched for 9 months by fuming nitric acid at room temperature. The samples L — 1
(A)—(E) are the same as Figure 8 15 20 25 30
2 g (deg.)

samples. On further etchm.g for 12 months, the bound"imef‘SFigure 10 Decomposition of the WAXD patterns of a reactor powder
between the structural units became clearer, due to theirprepared all,yy = 20°C, (A) before and (B) after etching for 9 months
shrinkage by the selective removal of the amorphous
components.

These results reveal that the extended fibrils are highly in a previous section on the formation of entanglements
accessible to fuming nitric acid. This is likely to be due to during polymerization.
the fibrils observed by SEM being exposed at the powder The crystalline forms of these powders were also
particle surface and kept in contact with fresh nitric acid. analyzed by WAXD. Figure 8 compares the WAXD
The amorphous components of the powder polymerized at apatterns for the nascent powder series. The orthorhombic
lower T, are etched more slowly (se&igure J), reflections are dominant for all powders. However, a
suggesting a slower diffusion of nitric acid in the amorphous monoclinic (010), peak was clearly observed at
regions due to the higher amorphous density. In contrast, 2 = 19.5° for the samples prepared at low&,,. In the
the amorphous regions of the powder prepared at higherWAXD patterns of samples with a low@,, (Figure 8A), a
Toy are likely to have a looser chain packing, as weak monoclinic (20Q) reflection also appeared between
suggested by the more rapid etching. These structuralthe orthorhombic (11Q) and (200} reflections. Another
features are likely to be related to the lower ductility of the monoclinic (2L0),, reflection was observed as a shoulder on
nascent powder polymerized at a higfgg,, as discussed  the higher-angle side of the (2QQjflection. The relative
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intensity of these monoclinic reflections decreased with The d.s.c. melting behaviour of the nascent powders
increasingT,qy. For the powders polymerized at 80 and showed no significant dependenceTqgy, primarily due to
90°C (Figure 8D and &), no monoclinic reflections are rapid reorganization during the d.s.c. heating scans.
observed, and all crystals are in the orthorhombic However, the melting endotherms of etched samples were
modification. Such a monoclinic modification is often significantly influenced by, reflecting variations in the
formed on cold drawing of PE. Thus, stress relaxation nascent morphology witlfi,,,. On etching, botf , andAH;
often causes a transition from the deformed monoclinic to changed more rapidly for the sample polymerized at a
the normal orthorhombic fori. Also, it is reported that the  higher Tooy- This indicates that the amorphous region of
monoclinic crystals easily transform into the normal nascent powders prepared at higfigy, is more accessible
orthorhombic crystals on annealittg®’. However, this to chemical etching. Further, tAg, of fully etched samples
crystalline phase transition is undetectable by d.s.c. becausencreased withT,,,, revealing an increase in the crystal
of the small difference in enthalpy between these two thickness withl .. This suggests that crystallization during
crystalline forms. polymerization occurred after the growing polymer chains
The etched sample morphologies were also characterizechad reached a certain length, which might increase with
by WAXD. Figure 9 shows WAXD patterns for the same  T,q,. The activity of the catalyst sites is not uniform and
powder series as ifigure 8 but etched for 9 months. A increases witfT,, and segmental diffusion is more active

comparison ofFigures 8 and $hows a significant decrease at a highefT ). Thus, crystallization during polymerization
in intensity of the broad amorphous halo centred around at higherT,, most likely provides more opportunity for the

20 =19.6°, after 9 months of etchind={gure 9. Further, the

formation of entanglements due to segmental diffusion

intensities of the monoclinic peaks seem not to change onbefore the crystallization takes place. The effecTgjf, on

prolonged etching.

the ductility of nascent UHMW-PE is likely to be related to

To show these features clearly, the decomposition of the the different microstructures in the amorphous regions

patterns inFigures 8A and 9A into orthorhombic and

monoclinic reflection peaks and the amorphous halo was
carried out by assuming a symmetrical function consisting
of Gaussian and Lorentzian profiles with appropriate

formed during polymerization under different conditions.

proportions for each of the peaks, as shown in panels A REFERENCES

and B, respectively, inFigure 1Q Further, for the 1

decomposition, the amorphous halo profile at room

temperature was assumed to be the same as that observea.

for a molten UHMW-PE film at 16T, and the peak
position only of the latter was shifted to the) 2 19.6°
reported for the forméf. The amorphous halo seen in
Figure 10Aalmost disappeared, and crystalline reflections

were emphasized on etchind-igure 108. The weak 5.

monoclinic (200), and (2L0),, reflections, which were
ambiguous in the original profile, are clearly seen around

20=231° and @ =252°, respectively. Furthermore, the 7.

relative amounts of the monoclinic and the orthorhombic

forms were unchanged even after prolonged etching (more 8

than 9 months). These facts confirm that the amorphous 9
regions of the reactor powders were selectively removed

and the crystalline phases remained after the long-time 10.

treatment, independent of the crystal modification.

11.
12.
CONCLUSIONS 13,
The ductility of nascent UHMW-PE reactor powders,
prepared with use of a high-activity Ziegler catalyst and ig:

having comparableM, values of 2 X 10° depends 15

significantly on T,qy. The drawability of the powders

increased with decreasifig,,. Direct SEM observations of ~ 17.
the nascent powders showed that each powder (sized 50-18-
150um) consisted of globular particles 248 in diameter 19.

and extended fibrils 40—150 nm wide and 1410 long

connecting these particles. The powders polymerized at2o0.
higher Ty values exhibited larger amounts of such fibrils. 21

During gentle etching by fuming nitric acid at room

temperature, the extended fibrils disappeared rapidly. Ons3’

further etching, the boundaries between the different

structures became clearer, due to their shrinkage by the24.

selective removal of amorphous regions. WAXD measure-
ments clearly showed that both orthorhombic and mono-

clinic crystals remained in the same ratio even after a long 2s.

treatment time (more than 9 months).
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