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ABSTRACT: High and ultrahigh molecular weight polyethylene samples have been investigated by small
angle X-ray scattering (SAXS) methods to study the structural changes induced by solid state drawing
of nascent reactor powders. The results are correlated with prior reports of differential scanning
calorimetry (DSC) and wide angle X-ray scattering (WAXS). The powders were prepared by two different
Ziegler—Natta synthesis processes: polymerization in a slurry and in the gas phase. The synthesis
temperature range was 30—85 °C. Monoclinic crystals were identified in samples synthesized at 30 °C.
SAXS patterns have been recorded at different stages of the solid state processing. Results obtained on
nascent reactor powders and on sintered and annealed powder specimens are discussed. No interference
peak was ever detected. SAXS profiles obtained from all samples were consistent with the scattering
produced by a polydispersed ensemble of particles having approximately globular shape. Values of the
radii and of the weight fractions of these gobular aggregates were obtained by Gaussian analysis of their
SAXS patterns, according to the iterative generalized Guinier approximation. Results obtained from
nascent powders were consistent with five dimensional groups of globular particles. The dependence of
weight fractions and globule dimensions on synthesis parameters was investigated. Values of the radii,
R, of the $185 samples are quasi-multiples of 25 A, up to the top value of 450 A of the Rs group. Such
a multiplicity in the sizes of the globular aggregates can be attributed either to the clustering of small
subunits into larger particles or to lamellar thickening by preferred doubling during synthesis. Volume
contractions of the globular aggregates produced by annealing are more important in samples synthesized
at low temperature. Sintering reduces differences among the radii and the weight fractions of different
samples. It is proposed that mobility of polymer chain segments is higher for samples synthesized by a
slurry process at 85 °C, since modifications induced by sintering and annealing are more important for
these samples. Thus the higher chain mobility and the higher ductilies obtained by slurry synthesis at
85 °C suggest that these conditions may lead to nascent powders having lower degrees of entanglement.

Introduction

High and ultra-high molecular weight drawn poly-
mers display higher elasticity as compared to lower
molecular weight samples. Such polymeric films and
fibers are commonly obtained by extrusion, and by melt
or gel spinning techniques. In these methods the
specimen undergoes a melt or solubilization step, which
obliterates the previous thermal history and provides
a more homogeneous material for the subsequent draw.
However, these methods cannot be easily applied to
polymers of high and ultrahigh molecular weight,
because their melt indexes are close to zero and solvent
treatments require elevated temperatures and solubi-
lization times, which may affect sample stability. An
alternate and successful processing route for these
polymers is provided by solid state techniques. In
comparison with other methods, like melt or gel spin-
ning, solid state techniques do not require any solvent
and allow the use of lower processing temperatures, all
below the sample melting point.

One ultimate goal of solid state processing of reactor
powders is to draw fibers to extremely high draw ratios
to achieve properties, including tensile moduli, as close
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as possible to the theoretical limit. Solid state methods
have proved quite successful when applied to highly
ordered systems. Solution grown crystal mats of ultra-
high molecular weight polyethylene (UHMWPE) have
been drawn up to 250 times the original length. The
final fiber displayed a tensile modulus of 222 GPa,
which is very close to the theoretical value reported for
a perfect PE crystal.! The same method applied to
nascent reactor powders proved that these systems are
quite ordered and that the drawing process may lead
to results similar to those obtained from single crystal
mats.}8

Polymer drawing is thought to proceed by extension
of an entangled molecular network. The macromol-
ecules are assumed to form a transient network with
entanglements acting as friction centers of nonlocalized
junctions.267 The tensile behavior of a polyolefin fiber
can be affected by the extension and the alignment of
its chain segments. For low degrees of alignment,
deformation at the molecular level is mostly related to
torsional rotations of chain segments around the chain
backbone. In contrast, with better alignments of chain
segments, the mechanical load on the fiber is trans-
ferred to the deformation of covalent bonds and bond
angles. The force constants of these deformations are
higher than the force constants of torsional rotations,
and the global elastic response of the polyolefin fiber is
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improved. Thus, any decrease in the entanglement level
should favor drawability, enhancing uniform chain
extension and the final mechanical properties of the
fiber. This hypothesis was used to discuss the different
ductilities of melt-crystallized samples and single crystal
mats of PE. Compared to crystallization from dilute
solutions, melt crystallization provides conditions more
favorable to the formation of entanglements. The much
higher drawabilities of single crystal mats of PE would
be a direct consequence of less entangled morphologies.!
This hypothesis also led to the suggestion that nascent
reactor powders have lower degrees of entanglements
than melt-crystallized morphologies:2—* crystallization
on synthesis avoids the melting step and the related
increase in entanglements. This hypothesis was con-
firmed for HMWPE nascent reactor powders by inves-
tigation of the interphase, the region between the crystal
and the amorphous phase, whose volume has been
related to the amount of entanglements.® The inter-
phase content measured by Raman displays a direct
relationship to the maximum achievable draw ratio.®
Thus, investigations on nascent powder structures can
provide an optimal set of synthesis conditions leading
to highly ductile polyethylenes.

In the present work, small angle X-ray scattering
(SAXS) methods have been used to investigate the
structural organization and degree of order of HMWPE
reactor powders. Since important structural rearrange-
ments may occur as a consequence of thermal and
mechanical treatments, SAXS measurements were car-
ried out for every step of the process in the solid state.
Powder specimens are first compacted by compression
molding below Ty, the temperature of melting, and
subsequently coextruded between the two halves of a
split billet of a second polymer. The film coextruded
from this assembly can be further drawn to high draw
ratios by a tensile force at temperatures just below Th,.
The SAXS patterns have been recorded on nascent
reactor powders, long time annealed powders (annealed
for a maximum of 32 days at two temperatures, 80 and
120 °C), and sintered plates, prepared by pressing
reactor powders at temperatures between 120 and 128
°C. At this stage, correlations between structural
changes induced by processing and different synthesis
conditions can be more easily identified. A second part
will be devoted to the analysis of the SAXS patterns of
the corresponding coextruded fibers. Comparisons be-
tween the undeformed and deformed mesoscopic struc-
tures should provide informations on the relationships
between synthesis conditions and drawability. In ad-
dition to SAXS results, reported and discussed here,
these polyethylene samples have been previously tested
in several ways and the results obtained by DSC,
Raman LAM, WAXS, coextrusion and tensile drawing
have already been published.58-11 A short summary of
these results is provided here, since it is the background
for the discussion of SAXS data.

1. Synthesis. HMWPE samples were synthesized
by Union Carbide Corp. (UCC), using Ziegler—Natta
heterogeneous catalysis, either by a slurry or gas-phase
process.” Synthesis temperatures for both processes
were 30 and 85 °C. In addition, a temperature of 60 °C
was used only in the slurry synthesis. Samples have
been classified by the synthesis process type, synthesis
temperature, and molecular weight according to the
following pattern:

SStt-mm.m
where SS is the synthesis type, tt the synthesis tem-
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Table 1. Nascent Polyethylene Reactor Powder

Characterization
____i(_}i)__ tensile
sample _ Raman % cryst hhw TDRy,; modulus
identification 10-¢ M,* DSC® LAM¢ DSC¢ DSCe (135 °CY (GPa)
HE1900 396 284 263 789 284 104 123

SI130-02.9 2.86 285 284 652 281 15
S130-05.9 595 303 299 672 281 9
S130-12.4 124 296 304 66.8 279 6
SI30-14.9 14.9 299 296 658 279 24
S160-01.6 1.57 238 258 63.6 2.65 8

SI85-00.3 030 205 218 694 255 50 49
SI85-00.9 0.93 70.2 2.30

SI85-01.0 096 213 227 678 230 90 62
SI85-02.0 2.00 211 229 676 230 85 57
SI85-04.8 480 206 225 678 2.30 98 75

Gp30-01.9 1.93 277 330 624 293 7
Gp85-00.2 016 202 240 632 3.32 19
Gp85-01.0 0.96 200 236 64.7 3.32 22
Gp85-01.2 116 192 218 63.0 3.49 9

@ Molecular weight viscosity average. ® Average lamellar thick-
ness, computed by the Thompson—Gibbs equation. ¢ Average
lamellar thickness, computed by Raman longitudinal acoustic
mode. ¢ Percent crystallinity computed by DSC enthalpies of
melting ¢ DSC melting peak width at half-height measured at 0.4
°C/min. f Total draw ratio (TDR) is the extrusion draw ratio (EDR)
multiplied by the final tensile draw ratio.

perature and mm.m the molecular weight. Thus S130-
02.9 stands for a sample synthesized by a slurry process
at 30 °C, having a molecular weight, M,, of 2.9 x 108,

Synthesis parameters and polymer characterization
are reported in Table 1. Also data on a Hercules HE
1900 sample are reported for comparison.

2. WAXS (Wide Angle X-ray Scattering). WAXS
profiles obtained from the nascent powders show the
presence of the regular orthorhombic crystals. However,
samples synthesized at lower temperatures, 60 and 30
°C, were shown to contain also monoclinic crystals. The
amount of the monoclinic phase increases as the syn-
thesis temperature was decreased.!”

In reactor powders the appearance of monoclinic
crystals, sometimes also reported as triclinic, has been
often related to deformations of the orthorhombic lattice,
arising from the impingement of adjacent growing
crystallites during the synthesis (transcrystalliza-
tion),12:13

3. Thermal Analysis. Differential scanning calo-
rimetry (DSC) data obtained from nascent reactor
powders provided the following correlations with syn-
thesis parameters.

—Samples synthesized by a slurry process display
higher crystallinities. Percent crystallinities were com-
puted from enthalpies of melting, AHn, by the equa-
tion:

% cryst = AH_/AH

where AH, (=69.2 cal/gl%) is the enthalpy of fusion of
pure crystalline PE.

—Samples synthesized at lower temperatures display
higher melting points. Crystallization and synthesis
temperatures are closely related, since the growing
polymeric chain crystallizes while it is still involved in
the addition of further monomeric units. By using the
Thompson—Gibbs equation average lamellar thick-
nesses, [, can be computed from the melting tempera-
tures, T, Data reported in Table 1 show that lamellar
thicknesses are larger for samples synthesized and
crystallized at lower temperatures, a result which has
been independently confirmed by Raman LAM data.%!!
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—Nascent reactor powders have average melting
temperatures in the range between 134 and 138 °C.?
However, for most samples the area below the melting
peak extends down to temperatures of 90—100 °C. This
suggests that thicknesses of nascent crystallites are
distributed over a broad dimensional range. The crys-
tallite size distribution was estimated by the melting
peak width at half-height (hhw in Table 1). DSC scans
at 0.4 °C/min showed that samples synthesized at 85
°C by a slurry process have lower hhw values. It was
concluded that these synthesis conditions lead to nar-
rower crystallite size distributions.

4. Coextrusion and Second Stage Draw. Reactor
powders were compacted at 120 °C into thin plates that
were subsequently cut into small strips. These strips
were inserted between the two halves of a high-density
polyethylene split cylindrical billet. The sealed billets
were coextruded at 120 °C through a conical bronze die.
Dimensions of the die were appropriately chosen to
obtain an extruded draw ratio (EDR) of about 8. The
coextruded fibers were subsequently drawn at 135 °C
to the maximum achievable extension. Values of the
maximum total draw ratio (TDRmnax) were computed as
the product of EDR by the tensile draw ratio. The
results are summarized in Table 1.59

This table indicates that samples synthesized at 85
°C by a slurry process show higher values of TDR .,
and the corresponding tensile moduli are higher. It is
also evident that only this particular combination of
synthesis parameters leads to most ductile polyethylene
reactor powders. Thus, synthesis conditions can be
thought of having a close control over sample ductility
and ultimate tensile properties.

5. Crystallinity and Drawability. On seeking the
structural parameters controlling the sample ductility,
an assumption has been made, based on the entangle-
ment model for chain dynamics,!5 that lower levels of
entanglement would lead to higher attainable TDRay.
As reported in the Introduction, this hypothesis led also
the suggestion that nascent reactor powders have less
entanglements than melt-crystallized morphologies,2—4
since they are crystallized directly on synthesis, avoid-
ing the increase in entanglements which may take place
in the molten state. The higher crystallinities of
nascent powders, as compared to melt-crystallized
samples,’ may provide experimental support to this
hypothesis.

On crystallization and annealing, entanglements and
tie molecules are preferentially rejected from the crys-
talline body, so that they mostly concentrate in the
interlamellar layers.’8 In fact highly entangled systems
cannot easily provide the long-range three-dimensional
order required to develop both thick lamellar crystals
and high degrees of crystallinity. Thus percent crystal-
linity may provide a good estimate of the degree of order
of semicrystalline polymeric systems and also an indi-
rect estimate of the overall degree of entanglements. A
semilogarithmic plot of the percent crystallinity of the
nascent reactor powders vs TDRja.x, as reported in
Figure 1, displays a reasonable correlation. However,
such a correlation is insensitive. Figure 1 shows that
TDRmax increases almost 1 order of magnitude as
percent crystallinity is increased from only 67.2 to 67.6.
Albeit, the above described model provides a correlation
between crystallinity and drawability, it is based on a
simplified picture of the molecular arrangements which
can influence ductility. In fact, for samples crystallized
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Figure 1. Nascent polyethylene percent crystallinity vs
maximum total draw ratio: (@) UCC samples; (x) HE1900;
(dashed line) least squares fit to UCC samples.

directly on synthesis the effects of high undercoolings
on the crystallization dynamics must be considered.1’-20
The degree of order of the crystallite fold surfaces is
related to the crystallization regime.1® More disordered
surfaces can increase the displacement of chain seg-
ments from their crystallographic positions and can
transmit such displacements more deeply into the
crystallite cores. Thus, a slight reduction in crystallinity
can be expected for crystallization at high undercoolings.

In the above section on thermal analysis it was
reported that crystallinity is controlled by synthesis
conditions. Table 1 shows that for a given synthesis
process, gas-phase, or slurry, crystallinities decrease as
the undercooling for synthesis is increased. Thus the
same set of conditions leading to higher crystallinities
should produce more highly drawable samples. Data
in Table 1 show that the best combination of synthesis
conditions is given by a slurry process at 85 °C.

6. RAMAN Spectroscopy. The significance of the
correlation between TDRy.x and nascent percent crys-
tallinity is confirmed by Raman spectroscopy on nascent
powders.?2 Results obtained by Raman investigations
on semicrystalline polymers can be interpreted on the
basis of a model proposed by Strobl and Hagedorn.2!
According to this model, chain segments in a polycrys-
talline material can be subdivided in three classes:
crystalline, amorphous, and segments belonging to the
interphase. This last class represents a disordered
phase of anisotropic nature, located in a transition zone
between crystalline and amorphous regions. The aniso-
tropic character of this interphase arises from partial
orientation of stretched chain segments which, however,
lack lateral order. Entanglements are presumed to
concentrate in the interphase. Thus chain slippage in
this region may control the overall drawability, by
limiting both the deformation of the interlamellar layers
and the mobility of the crystallographic planes.

Results obtained by Raman spectroscopy on nascent
reactor powders are of great importance. In fact, data
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S130-02.9

SI85-04.8

Figure 2. (a) SEM photograph of the S130-02.9 nascent
reactor powder. The 10.0U white bar at the bottom corre-
sponds to 10.0 um. (b) SEM photograph of the S185-04.8
nascent reactor powder.

prove that a lower interfacial content correlates well
with higher drawability.® Moreover, Raman and DSC
crystallinities are in good agreement, which provides
strong experimental evidence concerning relations among
chain entanglements, nascent crystallinity, sample
ductility, and synthesis parameters.

7. Scanning Electron Microscopy. Investigations
on morphologies of nascent reactor powders have been
carried on by scanning electron microscopy (SEM).
Parts a and b of Figure 2 report typical morphologies
corresponding to different synthesis conditions. Samples
synthesized at higher temperatures (85 °C) show looser
globular packing (cobweb-like structures) as compared
to the more compact aggregates obtained by synthesiz-
ing at lower temperatures. Clustering of small single
globular particles of polymer seems to be a characteristic
feature of nascent specimens obtained by high-yield
Ziegler—Natta catalysts.22-25 X-ray microtomogra-
phy?22 and image analysis of SEM photograms?627 have
led to the conclusion that the size and shape of these
globular aggregates are related to the size and the
activity of the catalyst particles and to the fragmenta-
tion of the catalyst support during polymerization.

Both types of aggregates in Figure 2a,b have been
described?* as obtained from aggregation of smaller
subunits. A higher synthesis temperature may induce
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some swelling of the nascent clusters; separation of
individual globules will then leave some thin filaments
among the particles which provide the characteristic
cobweb arrangement. In contrast, the closer packing
of globules in Figure 2a suggests that transcrystalliza-
tion may occur as a consequence of the lateral impinge-
ment of growing polymer particles. This conclusion is
in agreement with the presence of monoclinic crystals
in the samples synthesized at 30 °C.12.13

Experimental Section

SAXS measurements were performed on HMWPE samples
obtained after every step of the solid state drawing procedure.
The following specimens were investigated.

(a) Nascent reactor powders as obtained by synthesis,
without any further treatment. At this stage all samples
reported in Table 1 were examined to investigate possible
structural differences induced by synthesis conditions.

(b) Sintered plates were prepared by pressing reactor
powders at 150 kg cm~2 under vacuum for about 8 h. Plate
thickness was 1 mm and processing temperatures ranged
between 120 and 128 °C, which is about 10—15 °C below the
DSC melting peak temperature.

(¢) Reactor powders annealed at different temperatures below
the melting point. Powder specimens were placed in glass
vials which were sealed after air evacuation. Vials were
introduced in two oil baths at 80 and 120 + 1 °C. All samples
were annealed for 32 days. In addition another set of samples
was annealed at 80 °C for only 15 days. Long annealed
powders were prepared with the purpose of enhancing struc-
tural changes stemming from the monoclinic to orthorhombic
phase transition. This crystal conversion takes place at
temperatures close to 80 °C. At this low temperature other
annealing effects can be neglected. Comparisons with samples
annealed at 120 °C may provide a method to isolate effects
stemming from the monoclinic—orthorhombic phase transition.

(a), (b), and (c) samples have been investigated by a high-
resolution Kratky camera (Compact) with Cu Ka radiation.
Intensities were recorded by a proportional counter with pulse
height discriminator. Data were collected at b values (|b| = b
= 2 (sin ¥)/A) ranging from 9.5 x 1074 to 4.5 x 1072 A-1. Slit
widths for all the scans were 80 um for the entrance slit and
200 um for the counter slit. Desmearing of recorded intensities
was performed according to the procedure reported by Vonk.28

Results and Discussion

1. Reactor Powders. The most remarkable differ-
ence among SAXS profiles recorded from nascent reactor
powders and the SAXS patterns usually obtained from
melt-crystallized PE samples??-31 is the absence of any
interference peak (Figure 3). Thus, in nascent reactor
powders no evidence is obtained of a long spacing, which
is the most distinctive characteristic of a regular lamel-
lar organization. Since similar profiles were obtained
from all (a) samples, the stacking of crystalline lamellae
in these reactor powders must be highly irregular.3233
It can also be noted that lamellar arrangement in
nascent reactor powders seems to depend on the cata-
lyst. In fact, in the case of polypropylene, a long period
can be measured in SAXS patterns obtained from
nascent reactor powders synthesized by conventional
Ziegler—Natta catalysts.3* In contrast, this feature is
not present in nascent isotactic polypropylene polym-
erized by a high-yield heterogeneous Ziegler—Natta
catalyst supported on MgCly.?* However, in this last
case, the presence of intensity fluctuations in the SAXS
profiles was found to be compatible with the scattering
patterns of aggregates of dimensionally monodispersed
spherical globules.

As reported in Figure 3, the HMWPE nascent powder
patterns do not show any intensity fluctuations stem-
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Figure 3. Guinier analysis of the SAXS profile of the S185-02.0 nascent reactor powder. (@) experimental points; (—) least
squares fit; (- - -) individual Gaussian components of the least squares fit; (- ) difference curve (=experimental — least squares
fit). To enhance visibility, the y-scale of the difference curve has been enlarged. On the top-right corner the same results are

reported in terms of the well-known Guinier plot.

ming from the scattering of monodispersed particles of
a defined shape. The simultaneous absence of inter-
ferential peaks and of intensity fluctuations suggest that
scattering in these nascent systems should be rather
ascribed to a polydispersed ensemble of particles having
approximately globular shapes. It has been reported
that, if the polydispersity of globule dimensions is larger
than their packing density, the SAXS profiles of such
systems follow the pattern of the Guinier regime in its
Gaussian approximation.33=37 Conditions for scattering
in the Guinier regime are normally fulfilled by dilute
systems, where interparticle interference is absent.
Albeit in reactor powders interparticle interference
cannot be completely excluded, its typical effect, viz. the
dropping of intensities scattered at very low angles,3®
was not detected in the SAXS profiles recorded on (a),
(b), and (c) samples. In these conditions the scattering
of the whole system is satisfactorily described as just
the sum of the scattering from the single particles.3°

Analysis of the SAXS patterns was performed by
nonlinear least squares methods, fitting a model func-
tion with adjustable parameters to the desmeared
profiles. The model function was made up by a sum-
mation of Gaussian functions (the Guinier components)
plus a constant background to account for the liquid-
like scattering superimposed on the SAXS patterns of
many samples.*® The iterative application of the gen-
eralized Guinier method provided the initial guess for
the set of Gaussian functions:

I(b) =I,(0) exp(— %nzbzRgiz) 1)

where Ry; is the electronic radius of gyration of the ith
dimensional group of spherical particles. The corre-
sponding spherical radius is given by R = R,(5/3)V2. The
Gaussian function in eq 1 is the Guinier approximation
to the component scattering of a polydisperse system
and is obtained by truncation of the power series which
describes the scattering intensity of the ith group of
particles.*! Values of Ry, I;(0), and of the background
were adjusted by nonlinear least squares to obtain the
best fit to the desmeared SAXS profile. Figure 3 reports
the typical outcome of this global fitting and the
individual contributions of the dimensional groups to
the total scattering. The weight distribution function,
W(R), of the globular particles is related to the scattered
intensities by the following equation:*

Ib) = C [y WR) B exp|~ S26°R ) 4R (2)

where C is a constant. For a finite number of groups
the integral in eq 2 can be replaced by a sum. Extrapo-
lation of intensities to b6 = 0 gives

10)=CYW(R)R} (3)
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Table 2. Polyethylene Nascent Reactor Powders: X-ray
Guinier Analysis Results

Average Particle Radii of Distinguishable Dimensional Groups

sample _
identification 10-6M, Ri[A]l RJA] RiA] RJAl RsA)
HE1900 3.96 30 66 141 343
S$130-02.9 2.86 29 61 117 240 469
S130-05.9 5.95 23 36 67 138 328
SI130-12.4 124 24 36 64 133 323
SI130-14.9 14.9 33 67 139 331
SI160-01.6 1.57 29 48 68 133 317
S5185-00.3 0.30 27 54 98 227 453
S$185-00.9 0.93 28 55 99 229 457
SI185-01.0 0.96 27 52 96 231 462
S185-02.0 2.00 28 55 99 224 456
SI85-04.8 4.80 34 69 111 231 466
Gp30-01.9 1.93 27 32 66 142 331
Gp85-00.2 0.16 25 42 75 136 323
Gp85-01.0 0.96 26 41 74 132 326
Gp85-01.2 1.16 24 40 73 132 314
Average Mass Fractions of Dimensional Groups R;
sample . wt% wt% wt% wt% wt%
identification 10¢%M, (R;) (R} (Rs) (Ry) (Ry)
HE1900 3.96 13 18 25 44
S130-02.9 2.86 14 19 17 18 32
S130-05.9 5.95 8 12 21 23 36
SI130-12.4 12.4 10 12 24 22 32
SI30-14.9 14.9 19 25 23 33
S160-01.6 1.57 11 5 17 29 38
S185-00.3 0.30 15 20 27 18 19
S185-00.9 0.93 16 22 26 17 18
S185-01.0 0.96 15 20 27 17 20
S185-02.0 2.00 15 19 26 19 21
S185-04.8 4.80 18 22 18 18 24
Gp30-01.9 1.93 5 11 20 24 40
Gp85-00.2 0.16 11 12 22 17 37
Gp85-01.0 0.96 12 11 24 17 36
Gp85-01.2 1.16 11 11 22 19 37

Equation 3 can be combined with the values of I,(0)
and R; obtained by least squares to compute the weight
fractions, wt % (R,), corresponding to that portion of
globules of average radius B = R,;. Weight fractions
have been evaluated under the assumption that the
complete set of dimensional groups in the specimen can
be identified in the experimental b range used to record
the SAXS pattern. This does not completely exclude the
presence of larger globules, since their contribution to
SAXS intensities could be detected only by extending
measurements to smaller angles. It must be pointed
out that the accuracy of the parameters of the largest
dimensional group is slightly lower, because only a
restricted number of experimental points is available
to compute this contribution.

Results of Guinier analysis on nascent powders are
reported in Table 2. These results are consistent with
a maximum of five dimensional groups. Average radii,
R;, and the corresponding mass fractions, wt % (R;), of
these groups are reported. R; values of globular par-
ticles range in the interval 25—450 This broad
dimensional interval is also consistent with previous
estimates of the crystallite size distribution by DSC (see
the hhw values in Table 1).? Moreover, DSC scans at
0.4 °C/min showed that at 90—100 °C small amounts of
the nascent crystallites have already melted. These
thin and less stable crystallites can actually be a
component of the smallest dimensional groups listed in
Table 2. These data confirm that the global polydis-
persity is sufficiently high to satisfy the condition
previously mentioned of globule polydispersity larger
than packing density.
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The Guinier method seems particularly fit for the
analysis of the nascent globular structures commonly
found in polyolefin samples obtained by Ziegler—Natta
catalysts.24-27.34 Previous studies on the structure and
morphology of these globular systems showed that they
can be obtained by aggregation of smaller subunits,
which pack differently, depending on the polymerization
conditions.?* On synthesis, the growing of complex
aggregates in the shape of ribbons or cobwebs has been
attributed to the coalescence of smaller polymer globules
surrounding a catalyst fragment.2425 SAXS and WAXS
investigations on these subunits led to the conclusion
that large globules are made up by macroaggregates of
microparacrystals, with binding forces provided by the
microparacrystal surface free energies.?* Values of R;
in Table 2 may confirm the existence of such multi-
globular aggregates. In fact some degree of multiplicity
is detected on passing from the smallest to the largest
dimensions. This is especially evident for the S185
samples whose values of R; are quasi-multiples of 25

. For these samples, the diameter of a particle of the
second group corresponds to the sum of the diameters
of two particles of the first group. This summation can
be extended up to the diameter of the largest group,
supporting the hypothesis that at least part of the bigger
aggregates have been obtained by coalescence of small
subunits.

However, a different explanation can be proposed.
Observations of the preferred doubling of the initial fold
length have been reported for the annealing of several
polymers.#2 According to such observations, thickening
of crystalline lamellae would proceed by fold dislocation,
doubling and eventually quadrupling the initial fold
length. Synthesis conditions can actually favor crys-
tallite thickening by annealing. Crystallization during
polymerization follows different paths depending on the
synthesis temperature.?®4? At low temperatures po-
lymerization and crystallization rates are quite close
and a simultaneous polymerization—crystallization mech-
anism is favored. In contrast, at higher temperatures,
above 70 °C for PE, polymerization and crystallization
proceed separately; annealing becomes important and
influences the final crystallinity.®2° Both the multi-
globular clusters and the crystallites thickened by
preferred doubling are consistent with results reported
in Table 2. However, beyond the results of the Gaussian
analysis further information is required to decide which
model better describes the inner structure of the globu-
lar aggregates.

These observations are also useful to compare dimen-
sions of the globular aggregates with the average
lamellar thicknesses reported in Table 1. S185 samples
display values of ! of about 200 A, suggesting that
crystallites of this size can be part of the globules of the
third and higher dimensional groups. Globule diam-
eters of about 200 A (the third group) and 460 A (the
fourth group) are well compatible with the thicknesses
of one or two crystallites, respectively, while more
complex arrangements are required to account for the
dimensions of the fifth group. This same compatibility
is observed for the two largest groups of the S130 and
Gp samples. Thus, according to these observations, the
largest globules would be made up by clusters of
crystallites whose thickness is a function of the synthe-
sis temperature. It can be noted that this assumption
agrees with the dependence of [ on the synthesis
temperature, as discussed in the previous section on
thermal analysis.l! However, direct experimental sup-
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Figure 4. Effects of synthesis conditions on the cumulative fractions and the mass fractions of dimensional groups of nascent
reactor powders. Values of the corresponding Guinier radii are reported as abscissae.

port for this assumption can only be only provided by
further investigations on the inner structure of the
globular aggregates.

Several attempts to analyze the SAXS patterns by the
Vonk method** did not provide reliable results. Ap-
plication of the Porod law to the tail portions of the
scattering curves resulted in values of the interphase
layer thicknesses close to zero. This result agrees with
the globular character of the nascent powder speci-
mens: the high intensities scattered by loosely packed
nascent aggregates are consistent with large amounts
of microvoids among the powder grains (see also Figure
2). Thus the electron density falls rapidly to zero at the
globule surface, obliterating the smaller fluctuations
stemming from the crystal—amorphous interface. More-
over, oscillations in the tail data, often leading to
negative values of the interphase layer thicknesses, do
not allow precise evaluations of the background contri-
bution to the total scattering. This greatly reduces the
reliability of computations of the particle size distribu-
tion function.** Under these conditions, estimating the
number of crystallites or smaller units which may be
part of the larger globules is a problem beyond the
resolving power of the method applied in this study. A
structural model to perform a global fitting of the
scattering profiles is likely required, but such a proce-
dure is beyond the scope of the present work.

Inspection of data in Table 2 and Figure 4 shows that
the well-defined multiplicity in the R; values of the S185
samples is less evident in samples synthesized in
different conditions. S130 samples still display some
degree of multiplicity in the larger dimensional groups,
while relationships among R; values of the Gp85 samples
are much more irregular. The cumulative fractions
reported in Table 2 and Figure 4 show a slight depen-
dence of mass distribution on synthesis parameters.
Slurry synthesis at 85 °C increases dimensions of the
smaller groups. At the same time larger amounts of

polymer are aggregated into particles with diameters
>100 A. Moreover, wt % (Rs) of the S185 samples is
smaller than the corresponding fractions of the largest
dimensional group of the other samples. Thus, synthe-
sis of 85 °C in slurry favors midsize globular aggregates,
while more unbalanced mass distributions are obtained
with different synthesis conditions. An analogous cor-
relation between crystallite size distributions and syn-
thesis conditions has been obtained by the hhw values
of DSC melting peaks (Table 1).° As a final remark, no
definite correlation was found between M, and particle
radii.

2. Sintered and Annealed Powder Samples.
SAXS measurements were performed on sintered and
annealed powders to investigate structural changes
induced by the first step in the solid state drawing
procedure. Samples of types (b) and (c) were selected
for testing as representative of different sets of synthesis
conditions. SAXS patterns were similar to those previ-
ously recorded from nascent reactor powders. As re-
ported in Figure 5, no long period interference peak was
detected and average radii and mass fractions of globu-
lar particles were obtained by the Gaussian method, as
described previously. Figure 5 shows also that some
small fluctuations in the scattered intensities can be
observed at larger angles. This might be attributed to
the presence of a monodisperse particle, which could
have been produced by some crystallite reorganization
on annealing and sintering. However, quantitative
attempts to analyze such oscillations did not provide any
consistent result. Globular particles in sintered speci-
mens are more packed than in nascent powders, so that
effects of interparticle interference cannot be completely
excluded. Validity of the SAXS profile analysis by the
Guinier method of sintered samples is actually based
on the indirect evidence that in annealed and sintered
samples interparticle interference is still negligible. This
indirect evidence is essentially provided by (i) the lack
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Figure 5. Typical results of the Guinier analysis on sintered and annealed samples. Symbols and line types as in Figure 3.
Enlarged views of the tail portions of the SAXS profiles are plotted on the top-right corners of each graph.

of any intensity drop in the initial portions of the SAXS
profiles, (ii) the similarity between patterns obtained
from sintered specimens and annealed powders which
were not compacted, and (iii) and high global polydis-
persity in systems of five dimensional groups with
remarkably different values of their radii.

Tables 3 and 4 report R; values and mass fractions of
annealed samples and sintered plates. Sintering at high
temperatures in simultaneously a mechanical and ther-
mal process. In contrast annealed samples have only
undergone a thermal treatment. Comparisons between
these two types of samples should allow separation of
the thermal and the mechanical effects. Comparative
pictures of the changes in particle polydispersity are
reported in Figure 6. Polydispersity is reduced and the
average size of largest globules is increased, which
confirms that the global effect of annealing and sintering
at high temperatures is to improve the degree of order
in the system.

Structural changes induced by annealing of single
crystals and melt-crystallized samples have been widely
investigated and correlated with annealing tempera-
ture.*s Three temperature regions have been identified:

(1) Low-temperature region, where changes are re-
stricted to a decrease in defect concentration and stress
relief.

(ii) Intermediate-temperature region, where increases
in chain fold length and in crystal size can be detected,
both processes taking place without melting.

(iii) High-temperature region, where partial melting
(melting of less perfect crystallites) and recrystallization
is the dominant process. Most of the mass transfer on
annealing takes place in this temperature region.

Studies on polyethylene single crystal mats provided
well-defined temperature boundaries for these three
regions (between 118 and 123 °C for the intermediate-
temperature region).*® In contrast, melt-crystallized
samples do not display such sharp temperature bound-
aries. Difficulties with these samples stem from the
evaluation of defects within and between crystal lamel-
lae, which provide the major contribution to the state
of stress at lower temperatures. Nevertheless, the large
amount of data reported on polyethylene* leads to the
conclusion that the annealing of single crystal mats and
melt-crystallized samples produces effects which can be
unambiguously related to a specific temperature region.

Application of the three-step model, above, to the
annealing of reactor powders does not provide the same
reliable correlations. For crystallization on synthesis
at 30 and 85 °C, the high undercooling and the large
temperature gradients at the catalyst surface lead to a
broad collection of crystallite dimensions (Table 2 and
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Table 3. Polyethylene Reactor Powders: Average Particle Radii and Average Mass Fractions of Dimensional Groups R;,

for Different Annealing Conditions

Sample HE1900
ann(eacling 4 ann(eaé%ng q
temp (°C) an temp (°C) an
time (days) RiAl  RJ{Al  RJAl  RJA1  RiA) time (days) Ri[A]  RJAl  R4A]  RJA]  R4A]
nascent powder 30 66 141 343 80, 32 29 59 126 316
80, 15 27 56 124 313 120, 32 30 64 151 357
annealing annealing
temp (°C) and wt % wt % wt % wt % wt % temp (°C) and wt % wt % wt % wt % wt %
time (days) (Ry) (R2) (R3) (Ry (Rs) time (days) R1) (R2) (R3) (Rq) (Rs)
nascent powder 13 18 25 44 80, 32 12 16 24 48
80, 15 12 16 25 48 120, 32 10 16 27 47
Sample SI30-14.9
ann(eacli)ng q année%ing 4
temp (°C) an temp (°C) an
time (days) R[A]  RJAl  RJAl  RJA]  RyAl time (days) RiA]  RJAl RJfAl  RJA]  RyAl
nascent powder 33 87 139 331 80, 32 29 59 126 300
80, 15 30 58 115 283 120, 32 26 36 70 150 330
annealing annealing
temp (°C) and wt % wt % wt % wt % wt % temp (°C) and wt % wt % wt % wt % wt %
time (days) (Ry) (R) (Rs) (Ry) (R5) time (days) (R1) (R2) (R3) (Ry4) (Rs)
nascent powder 19 25 23 33 80, 32 15 20 28 37
80, 15 23 22 32 23 120, 32 5 10 18 29 38
Sample S160-01.6
ann(ea(ljling anne%ing g
temp (°C) and temp (°C) an
time (days) Ri[A] RyA] RjlA) RJA] R;A] time (days) Ri[A] R4A) RiA] RJA] RiA]
nascent powder 29 48 68 133 317 80, 32 28 53 115 275
80, 15 26 52 114 273 120, 32 32 71 156 334
annealing annealing
temp (°C) and wt % wt % wt % wt % wt % temp (°C) and wt % wt % wt % wt % wt %
time (days) (Ry) (R2) (R3) Ry (R5) time (days) R1) (R2) (Rs3) (Ry) (Rs)
nascent powder 11 5 17 29 38 80, 32 11 15 31 43
80, 15 12 16 31 41 120, 32 12 16 32 40
Sample SI85-04.8
annza%i)ng d anneebli)ng 4
temp (°C) an temp (°C) an
time (days) RJA]  RJA] RJAl RJAl  R4A) time (days) R(A] RJA] RJA] RJA]  R4Al
nascent powder 34 69 111 231 466 80, 32 26 50 98 268
80, 15 27 49 97 267 120, 32 44 82 150 333
annealing annealing
temp (°C) and wt % wt % wt % wt % wt % temp (°C) and wt % wt % wt % wt % wt %
time (days) (Ry) (R2) (R3) (R4) (Rs) time (days) (Ry1) (R2) (R3) (Rq) (Rs)
nascent powder 18 22 18 18 24 80, 32 15 21 33 31
80, 15 15 20 33 32 120, 32 24 17 30 29
Sample Gp30-01.9
ann(each;ng d anne%li)ng d
temp (°C) an temp (°C) an
time (days) Ry[A] RyfA] Ry[A] RyA] RsA] time (days) RifA] RyA] RyA] RyA] Ry[A]
nascent powder 27 32 66 142 331 80, 32 27 56 121 292
80, 15 23 52 117 286 120, 32 31 68 152 335
annealing annealing
temp (°C) and wt % wt % wt % wt % wt % temp (°C) and wt % wt % wt % wt % wt %
time (days) (Ry) (Ro) (R3) (Ry) (Rs) time (days) R (Ro) (R3) (Ry) (Rs)
nascent powder 5 11 20 24 40 80, 32 13 17 28 42
80, 15 13 17 28 42 120, 32 14 17 29 40
Sample Gp85-00.2
ann(e%i)ng q anneacli)ng 4
temp (°C) an temp (°C) an
time (days) R{A]  RJA]  RJAl  RJAl  RyAl time (days) RifA]  RJAl  RJAl  RJAl  R4A]
nascent powder 25 42 75 136 323 80, 32 27 53 107 296
80, 15 28 54 106 295 120, 32 31 67 151 346
annealing annealing
temp (°C) and wt % wt % wt % wt % wt % temp (°C) and wt % wt % wt % wt % wt %
time (days) (Ry1) (R2) (R3) Ry (Rs) time (days) (Ry (B (R3) Ry (Rs)
nascent powder 11 12 23 17 37 80, 32 14 17 29 40
80, 15 15 17 29 39 120, 32 15 18 31 36
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Table 4. Particle Dimensions and Average Mass
Fractions after Sintering

sample sintering
identification temp (°C) Ri[A] Rs{A] RslA] R4A] RsA)
S130-05.9 128 30 48 76 153 315
S130-12.4 122 33 0 151 320
SI185-02.0 127 33 56 87 167 322
Gp85-01.0 120 31 65 140 347
Gp85-00.2 124 30 44 74 159 330

sample sintering wt% wt% wt% wt% wt%
identification temp (°C) (R) (R (Rs) (Ry) (Rs)
SI30-05.9 128 14 7 20 27 32
SI30-12.4 122 19 24 28 29
S185-02.0 127 18 12 18 28 24
Gp85-01.0 120 19 24 35 22
Gp85-00.2 124 14 6 20 3¢ 26

ref 9). For these reactor powders an annealing tem-
perature of 80 °C may fall in the high temperature
region (iii), instead of being within the first region, as
normal for melt or solution-crystallized polyethylene.
Moreover, the shift of these temperature boundaries can
be affected either by the heat transfer rate produced
by the synthesis reaction or by nonisothermal crystal-
lization, upon quenching of the synthesis bath to ambi-
ent temperature. Thus, for nascent reactor powders,
annealing effects, typical of different temperature re-
gions likely superimpose, and the interpretation of
dimensional changes and mass transfer on processing
becomes less straightforward.

Such a superposition is confirmed by the annealing
of reactor powders at 80 °C, which intermixes effects
typical of the above described three temperature re-
gions. In fact a general reduction of globular dimen-
sions is the main result of this treatment, with samples
synthesized at 30 °C showing a more significant de-
crease in the largest globules. Special consideration
must be given to changes in the S185 samples. Tables
3 and 4 show that the largest group, R5, disappears even
for low-temperature treatment. Thickening of this
globular radius above 600 A, which is about the instru-
mental limit, should be excluded for an annealing
temperature of 80 °C. However, the macroporosity of
nascent powders?223 might suggest a different inter-
pretation: according to the Babinet principle of reci-
procity, the fifth dimensional group can correspond to
large pores typical of the S185 morphologies (Figure 2).
The largest group would then disappear as a conse-
quence of the reduction of interparticle voids. This
hypothesis has been discarded, because the Rs group
in the S185 samples has highly constant dimensional
features, which do not agree with the random distribu-
tion of pore sizes reported for nascent systems.?2.23
These constant features of the largest nascent dimen-
sional group are confirmed by both the R5 multiplicity
with respect to smaller dimensions and the constant
values of R; for all the S185 samples (Table 2).

Disappearance of the R group might be also related
to increasing interparticle interference, causing a de-
crease in the scattered intensities at low angles.3® This
effect may become important as a consequence of the
higher degree of compaction of the sintered samples.
However, no significant dropping of intensities at low
angles can be detected (Figure 4). At the same time,
the significant increases in the mass fractions of the R3
and R, dimensional groups suggest that the largest
group in the S185 samples is highly unstable. Likely,
binding forces are not strong enough to prevent these
multiglobular aggregates from splitting into smaller
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Figure 6. Effects of annealing on Guinier radii and mass
fractions of dimensional groups of two samples obtained by
different synthesis conditions: (a) nascent powder; (b) powder
annealed for 15 days at 80 °C; (c) powder annealed for 32 days
at 80 °C; (d) powder annealed for 32 days at 120 °C.

units as a consequence of dimensional rearrangements
induced by annealing.

The shrinkage of the globular particles upon anneal-
ing at low temperature seems to be in contrast with
several observations, reporting that crystallite thicken-
ing is the most common behavior on annealing. How-
ever, contributions from different simultaneous pro-
cesses should be considered. Previous studies on the
annealing of melt-crystallized PE¢ showed that crystal
thickening involves dimensional changes in both the
amorphous and the crystalline phase. If the annealing
is above the crystallization temperature, an increase in
the thickness of the crystalline lamellae and a simul-
taneous reduction of the noncrystalline phase is ob-
served, after the system has been cooled to ambient.
According to these observations, the decrease in R;
values can be explained by an extensive reduction of
the noncrystalline phase, which is not completely com-
pensated by the corresponding increase in the lamellar
thickness.*¢ This process is typical of the intermediate
and high annealing temperature regions, but it may also
apply to annealing at 80 °C. In fact inspection of data
in Table 3 shows that some mass transfer from smaller
to larger dimensional groups takes place even at 80 °C
and, as reported in Figure 6, this leads to narrower size
distributions.
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A second contribution to the volume contractions
observed on these annealed reactor powders stems from
processes typical of the lower temperature region such
as reductions of the crystalline defects associated with
the fold surface imperfections, which more readily
develop at higher undercoolings.’® Defects may be also
located inside the crystalline lattice, as a product of
mechanical deformations on synthesis. Evidence of
crystal lattice distortions in nascent powders is provided
by the presence of monoclinic crystals, whose amount
becomes more significant as the synthesis temperature
is lowered.1947 Solid state transition from orthorombic
to monoclinic crystals is obtained by deforming poly-
ethylene samples along the orthorombic (110) plane,
which converts to the monoclinic (010) plane.*® The
volume of the monoclinic unit cell is slightly larger than
the orthorhombic one. Thus conversion from monoclinic
to orthorhombic leads to a slight reduction of the
crystalline portion of the globule. An additional con-
tribution to shrinkage is provided by the elimination of
the crystalline defects associated with the interface
between the two different crystalline phases.*® Since
such a crystal-to-crystal conversion takes place above
60 °C, its effects should be particularly evident in
samples annealed at 80 °C. In fact this temperature is
low enough to enhance effects of monoclinic to ortho-
rhombic conversion over crystal annealing. This is
confirmed by data in Table 3: after annealing at 80 °C
larger percent reduction in Rs and more important mass
transfer among different groups can be obtained in
samples synthesized at 30 °C. These samples have a
significant amount of the monoclinic form, compared to
samples synthesized at higher temperatures, where the
nascent content of monoclinic crystals is negligible.10 It
can also be noted that chain motions involved in these
rearrangements at low temperature take place over long
periods of time. A definite kinetic effect can be observed
by comparing data on annealing for 15 and 32 days at
80 °C.

At 120 °C changes in the reactor powders follow
undoubtedly the path of the annealing in the high-
temperature region. A generalized increase in the
values of radii for all the dimensional groups is coupled
to significant increases in the weight fractions of the
larger groups. This indicates that on sintering and
annealing at high temperatures partial melting and
recrystallization give an important contribution to crys-
tallite thickening. R; values of samples annealed at 120
°C support the model of thickening by preferred dou-
bling. Data in Table 3 show that after annealing the
dimensional multiplicity of most samples is better
defined. In addition to this generalized behavior, some
peculiarities related to synthesis conditions can be
distinguished. Annealing and sintering induce more
significant changes in radial dimensions and weight
fractions of samples synthesized at higher temperatures.
In fact S130 and Gp30 samples show comparatively
smaller increases in the values of R5 and wt % (Rs).
Nascent differences in R; values are greatly reduced by
these thermal treatments.

Upon sintering, dimensions of R; groups become quite
similar and multiplicity becomes less distinct. These
effects can be related to a reduction of sample mi-
croporosity. However the mass distribution profiles are
rather different: in samples synthesized at low tem-
peratures the largest weight fraction corresponds to the
highest dimensional group. In contrast most of the
other samples show the largest weight fraction in the
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dimensional group adjacent to the highest one. This
feature may be a consequence of higher chain mobility
in samples synthesized at higher temperatures. In S185
samples the complete reorganization of the nascent fifth
dimensional group into different groups is also coupled
with larger changes in radial dimensions and weight
fractions.

A final observation is provided by the lack of any long
distance interference peak in the SAXS patterns of
sintered and annealed samples. These treatments do
not modify the sample globular morphology, so that a
regular lamellar organization is still missing after the
first stage of the solid state processing.

Conclusions

Analysis of SAXS profiles of HMWPE nascent reactor
powders by the generalized Guinier approximation have
led us to conclude that these samples are organized in
dimensional groups of globular particles. This conclu-
sion agrees with SEM (Figure 2 and ref 26 and 27) and
X-ray microtomography measurements??2?3 which show
that clustering of small polymeric particles is a distinc-
tive feature of nascent reactor powders. Globular
aggregates of different sizes have been identified. The
experimental profiles of nascent powders were found to
be consistent with the scattering by a maximum of five
dimensional groups. Two types of relationships between
the nascent mesoscopic structures and the synthesis
conditions have been obtained. Slurry polymerization
at a high temperature (85 °C) packs larger amounts of
nascent polymer into the bigger globules. As reported
in Table 2 and Figure 4, the cumulative weight fractions
of globules with diameters <100 A are higher for
samples synthesized at a low temperature (30 °C) and
in the gas phase. This result agrees with measures of
the melting peak breadths obtained by DSC:® both
techniques lead to the conclusion that S185 samples
have lower amounts of smaller crystallites.

Examination of the size of the globular aggregates in
Table 2 provides a second correlation with synthesis
conditions. S185 samples display R; values which are
quasi-multiples of 25 A, up to the top value of 450 Aof
the Rs group. Such a multiplicity can be attributed to
the clustering of small subunits into larger particles.
Alternatively, annealing on synthesis can induced thick-
ening of some portions of the nascent lamellar crystals.
Preferred doubling of the initial fold length will then
lead to a distribution of crystal dimensions, all ap-
proximate multiples of the original value. Models of the
crystallization on synthesis at high temperatures sup-
port this explanation. However, this hypothesis cannot
be confirmed by analysis of the SAXS profiles: wvoid
scattering likely obliterates effects related to the inner
structure of the globular aggregates.

Both long time annealing and sintering at elevated
temperatures do not destroy the globular morphology.
SAXS patterns on reactor powders annealed for pro-
longed times do not show any evidence of a regular
lamellar stacking. A melt crystallization step of the
nascent powders is required to obtain the interferential
peak, related to the regular stacking of crystalline and
noncrystalline layers. On comparison, SAXS interfer-
ence peaks are normally obtained from bulk-crystallized
samples. This means that, for these samples, the
superstructural organization, given by a regular lamel-
lar stacking, is present from the first step of the solid
state processing route. However, the absence of such a
regular organization in reactor powders does not seem
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to limit their ductilities, especially when the S185
samples are considered.

Polymer drawing has been thought to proceed by
extension of a transient network, whose junctions are
entanglements.®715 Accordingly, substantial improve-
ments in ductility are expected from polymeric systems
with low degrees of entanglements. It was suggested
that crytallization on synthesis may provide less en-
tangled morphologies.2 This process does not require
previous melting of long polymer chains, a step which
would favor formation of entanglements. Investigations
have focused on parameters which can estimate the
nascent entanglement content. As reported in Figure
1, the good correlation between values of TDRpax and
reactor powder crystallinities suggests that this last
parameter is related to the entanglement degree. On
crystallization, entanglements are excluded from the
growing crystalline body and concentrate in the amor-
phous regions and in the interphase. At the same time,
chain mobility is reduced by effect of the increasing
entanglement density and crystallite growth is slowed.
Thus, higher degrees of entanglements should cor-
respond to lower crystallinities and larger amounts of
smaller crystallites. Also the interphase thickness
should be related to the entanglement density.82! These
three correlations have been experimentally verified.
Higher values of TDRp.x correspond actually to higher
nascent crystallinities, lower interphase content® and
lower amounts of small crystallites.®

Since entanglements are presumed to control chain
mobility, investigations on the changes induced by
sintering ((b) samples) and annealing ({(c)-samples) can
provide further information on the relationships be-
tween synthesis and drawability. Data obtained from
SAXS patterns of annealed and sintered powders agree
with data and models on the annealing of single crystals
and melt-crystallized samples as reported.4®> However,
the reactor powders examined in this work were crys-
tallized directly on synthesis at high undercoolings. In
this case sintering produces effects similar to those
obtained by annealing above the crystallization tem-
perature. In fact recrystallization of the smaller ag-
gregates can be detected even at annealing tempera-
tures as low as 8 °C, as shown by changes in weight
fractions reported in Table 3 and Figure 4.

Conversion of the nascent monoclinic crystals to
orthorhombic is another important effect of sintering,
especially for samples synthesized at 30 °C, which have
higher monoclinic contents. Investigations on nascent
samples have not yet resolved ambiguities regarding the
type of process which leads to crystallization into the
monoclinic system. It has been reported that monoclinic
crystals can be produced by crystal deformation stem-
ming from the impingement of growing crystallites.412
However, at high undercoolings, also the dynamics of
the chain deposition on the crystal surface may favor
the monoclinic form, by providing more space for the
lateral packing of the adjacent chain segments. Small
changes in the mesoscopic structure related to this
crystal/crystal transition can be detected from the
analysis of the SAXS patterns of samples annealed at
80 °C. Samples synthesized at 30 °C show larger
volume reductions and more significant changes in the
mass fraction of the globular aggregates after annealing
at low temperatures.

As reported in Table 4 the most important effect of
sintering is to reduce differences stemming from syn-
thesis conditions. Similarities among the radii and the
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weight fractions of different samples are increased. No
interference effect is detected, which leads us to con-
clude that sintering does not significantly improve the
regularity in the stacking of nascent crystalline lamel-
lae. SAXS patterns of sintered specimens do not provide
significant correlations with sample ductilities. In
contrast, as reported in Table 1, drawability of sintered
samples depends strongly on synthesis conditions.

Estimates of the changes in the mesoscopic structure
related to segmental chain mobility can be obtained by
comparing differences between nascent and sintered
samples. In this respect, the S185 samples display the
most significant changes in radial dimensions and
weight fractions coupled with the complete reorganiza-
tion of the nascent largest dimensional group into
different groups. The conclusion that these samples
have higher chain mobility agrees with the hypothesis
that such a higher mobility is a consequence of less-
entangled nascent morphologies. Another confirmation
is provided by the higher ductility of these samples, as
measured by values of TDRmax reported in Table 1.

Gaussian analysis of SAXS profiles by the generalized
Guinier approximation provides an adequate method for
the characterization of nascent reactor powders. Sev-
eral relationships between the mesoscopic structure of
nascent specimens and synthesis conditions have been
identified. In contrast, correlations with powder duc-
tilities are less evident. Quite likely the structural
changes in the first two stages of the solid state drawing
procedure do not involve important and extensive varia-
tions of the chain arrangements which can directly
affect ductility. SAXS investigations on coextruded
morphologies should not suffer from these limits. The
structural changes associated with coextrusion are
much more important than those produced by sintering.
Thus differences in the nascent features are enhanced
by coextrusion, provided that chain rearrangements do
not extend to the point of erasing the nascent morphol-
ogies. Under these conditions, it should be possible to
extend the relationships between synthesis and struc-
ture to include also correlations with powder ductility,
as shown here.
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