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ABSTRACT: A nanoperiodic crystalline/amorphous arrangement was homogeneously developed by tensile
drawing and subsequent annealing of ultrahigh molecular weight polyethylene (UHMW-PE) lamellae, trapping

a large number of molecular entanglements on their surfaces. Lozenge crystalline blocks 40 nm in edge appeared
regularly packed, producing the meshlike amorphous channels 5 nm wide. A grid-rotation analysis based on
transmission electron microscopy observations indicated characteristic bicontinuous arrangements of crystalline
and amorphous phases. The results of the small-angle X-ray scattering measurements for the drawn sample also
supported this unique phase packing model.

Introduction

Recently, the nanoperiodic structure of the polymeric materi-
als has elicited a great deal of interest for preparing nanoporou
films or membrane%:* The most popular approach involves
utilizing the block copolymers, which produce the self-as-
sembled phase separation induced by the different segfents.
Nanoporous structure can be produced when one of the
segmental phases within the obtained phase separation is etche
by various chemical treatmeft$12 or foamed by the super-
critical fluids®-1113 We successfully prepared a nanoporous [
polyethylene (PE) membrane from a block copolymer precur-

15 e ; ; ; Figure 1. Comparison of TEM images for the initial spherulite
sor:*> The excellent flexibility obtained is preferable for various = =" o0 melt-crystallized PE prepared in this study:Ma)=

applications, including separation membranes or substratesz 1, 10t (NMW-PE1); (b)My = 1.1 x 10° (UHMW-PE). Scale bar:
for cell multiplication. The superior property of the resultant 300 nm.

nanoporous structure is ascribed to the continuous morphology
of the residual PE backbones, which has the simplest molecularthat the longer reparation time of UHMW chains prevents the
architecture but produces a highly crystalline state. disentanglement during crystallization. Therefore, we considered

Even pure semicrystalline polymers produce the nanometer-that they could play a role similar to that of segmental linkages
sized phase separation composed of crystalline and amorphoudocated on the phase boundary for block copolymers.
components. However, their nanoperiodic assembly has not been Deformation for the lamellar structure of block copolymers
attempted, despite the wide usage and high processing abilitycan vary the morphology into kink barfs?* or chevron
that are the typical advantages of conventional semicrystalline patterng>26The effective stress transmission within both softer
polymers like PE. Usual melt crystallization of normal molecular and harder components through the segmental linkages results
weight PE (NMW-PE) produces the micrometer-sized spheru- in homogeneous deformation within the whole sample area.
lites containing crystalline and amorphous phases appearing inSuch a combination of separated phases, with different properties
a radial orientation from the center (Figure 1a). The thickness yet connected to each other by segmental linkages, is similar
of this lamellar morphology is controllable by the crystallization to that of the crystalline and amorphous layers tied each other
temperature. by the entanglements trapped on UHMW-PE lamellar surfaces.

In contrast, the ultrahigh-molecular-weight polyethylene For these reasons, we chose UHMW-PE as a model material

(UHMW-PE), having long chains of over 40w, produces for nanometer assembling of semicrystalline polymer.

an ambiguous spherulite structure for crystallization from the ) .

melts (Figure 1b). Their lamellar thickness is constant at 30 EXperimental Section

nm 8 independent of melt-crystallization conditions. It should Materials. The UHMW-PE used in this study was Hizex 240M
be noted that this lamellar thickness value corresponds to thesupplied from Mitsui Chemical. Its molecular characteristics were
length of a straight chain segment with an MW of &k71C3, analyzed by gel permeation chromatography (GPC) in a solvent of
which is the same as the critical MW between entanglements 1,2,4-trichlorobenzene at Tosoh (Yokkaichi, Japan) using standard
in PE meltst” This coincidence implies that the molecular Methods. Weight- and number-average MWs are listed in Table 1.
entanglements contained in the prior melt are trapped on theFor comparison, two NMW-PEs with different MW distributions

lamellar surface during crystallization. Rastogi efdfreported were used 1o estimate the effect of the lower MW components on
tensile-deformed morphology.

Sample Preparation The initial 150um thick film was prepared
* Corresponding author. E-mail: uehara@chem-bio.gunma-u.ac.jp. by casting from hop-xylene solution with 1 wt % of PE material.
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Table 1. Molecular Weights of the PE Materials Used in This Study

sample 10*M, 10~*My Mw/Mn
UHMW-PE 11 110 10
NWM-PE1 1.7 7.1 4.1
NMW-PE2 3.9 11 2.8

This procedure erased the powder boundary of as-received materials
resulting in a homogeneous state in the resultant film. Such cast?
films were melt-annealed at 188 for 20 min in a vacuum, ;
followed by slow cooling to room temperature. The obtained sample
films were cut into strips 30 mm long and 5 mm wide and tensile-
drawn in an air oven equipped with a Tensilon RTM-1425 tensile
tester. Draws were performed at constant temperatdiggdrom

room temperature to 12 and at cross-head speeds corresponding PE films: (a)My = 7.1 x 10* (NMW-PE1); (b) My = 11 x 10¢

to an initial strain rate of 1 mirt. Before drawing, each sample ~ (NMW-PE2). Scale bar: 100 nm. Tensile drawing was performed at
was kept in an oven at a giveFy for 5 min. After drawing, 80 °C up to the sam®R of 7.0. The draw direction was vertical.

subsequent annealing was performed for 24 h at a temperatjire (

of 80—120 °C with the sample ends fixed. The draw ratDR) over several tens of micrometers. Similar images were obtained
was determined from the separation of ink marks preprinted on for different positions of the sample, indicating that such periodic
the surface of the samples. arrangements of crystalline and amorphous phases were spread

Structural Analyses. The drawn morphology was analyzed by  over a centimeter scale. In these TEM images, the amorphous
transmission electron microscopy (TEM) observations using a JEOL |ayer appeared continuous with a meshlike arrangement; how-
1200EX electron microscope operated at 80 kV. The samples weregyor the crystalline blocks looked separated from each other.

stained with Ru@vapor and embedded in epoxy resin. Ry@por : )
selectively stained the amorphous regions; thus, those regionsDeta|led arrangements of these crystalline and amorphous phases

appeared darker than the crystalline regions in the TEM images in ill e discussed later with the possible structural packing
this study. The assembly was cut into thin sections 50 nm thick Model.
using a Reichert UltraCut S microtome. Grid rotation analysis was ~ The spatial periodicity of these crystalline and amorphous
applied for modeling the crystalline and amorphous packing within arrangements could be confirmed by the Fourier transformation
”;e sam:gole. Tge F_OU”erf transfcf;trmanoln of tkj]e JE“_/}/'WI‘)""Q‘? W"?‘hs proceduré* The inset image in Figure 3 was obtained by such
also performed using a free-software ImageJ (http:/frsb.info.nih. transformation for the whole area of this TEM image. The result
goviij/). o . . . .

exhibited a typical four-point pattern quite similar to that of

Small-angle X-ray scattering (SAXS) measurements were carried I -
out by using a synchrotron radiation source at the BL40B2 beamline SAXS for the deformed block copolymers initially providing

of SPring-8 (Japan Synchrotron Radiation Research Institute, the lamellar morpholog:2%26313However, the tensile-drawn
Hyogo, Japan). The SAXS patterns of the drawn film were recorded NMW-PE usually exhibits a symmetrical set of two-line
on a cooling-type CCD camera (Hamamatsu Photonics, C4880) with scattering on the SAXS pattern, which separates perpendicularly
an image intensifier (Hamamatsu Photonics, V5455P). The wave-to the draw directiod®-3> Therefore, the four-point Fourier
length of the synchrotron beam was 1.54 A, camera length was transformation pattern, reflecting the periodic arrangements of
1.96 m, and background scattering was subtracted from the serieshe |ozenge crystalline blocks and meshlike amorphous channels,
of the observed patterns. was characteristic for the tensile-drawn UHMW-PE.

Results and Discussion Even for UHMW-PE, a two-line SAXS pattern was obtained
when the sample film was crystallized from the soluttéithe
regular stacking of the single-crystal lamellae results in a 10
nm periodicity36:3” which was much smaller than that for the
melt-crystallized UHMW-PE lamellae prepared in this study.
Annealing of these solution-crystallized lamellae induces the
so-called thickness “doubling” phenomer®rdue to chain
slippage along the normal lamellar normal direction. Higher
In contrast, our UHMW-PE material took on a characteristic molecular mobility is accelerated by the less entangled state of

nanoperiodic morphology that was quite different from those the solution-crystallized lamelldé* Correspondingly, this
of NMW-PEs. A typical TEM image of the drawn UHMW-PE structure is uItra_drawabIe into ex_tended chain crystals (ECCs)
is presented in Figure 3. The film was tensile-drawn up to a Y te?gsitl)e drawing up to the highesIR of a hundred or
draw ratio DR) of 4 at 80°C and subsequently annealed at MOré™ In contrast, simple annealing of _the_melt—c_:rystalllzed
120°C with the film ends fixed for 24 h. The obtained image UHMW-PE yielded no structural reorganizati$hwhich was
revealed bright lozenge crystalline blocks 40 nm in edge length prevented by the trapped entanglements on the lamellar surface.
periodically arranged diagonally along the draw direction and  Effects of Preparation Conditions on Deformed Morphol-
were divided by a dark amorphous mesh 5 nm wide. A similar ogy. Optimum sets of the drawing and annealing conditions exist
rectangular bricklike image has been obtained for TEM obser- for preparing such typical nanoperiodic arrangements of crystal-
vation of the triblock copolymer system, giving various self- line and amorphous phases. First, the effects of drawing
assembled phase arrangements depending on the balance of thenditions on the resultant morphologies were examined. Figure
segmental lengthe8. These facts imply that the trapped 4 compares TEM images of the melt-crystallized UHWM-PE
entanglement on UHMW-PE lamellar surface are comparable film drawn at differentTys ranging from room temperature to
to the segmental linkages located on the phase boundary for120 °C. The maximumDR increased from 2.4 to 9.0 with
block copolymers. increasingTy. Therefore, the comparabBR of 4 could be
Another characteristic of our nanoperiodic morphology achieved at &, range from 60 to 120C, but the loweDR of
homogeneously is its spreading within the wider spatial area 2.4 at room temperature was adopted for comparison in Figure

Typical Morphologies of Deformed PE. Tensile drawing
of the melt-crystallized lamellae of NMW-PE results in a
mixture of lamellar inclination and fragmentation, depending
on the position within the spherulité.Figure 2 depicts the
typical drawn morphology of the melt-crystallized NMW-PE.
A wavy lamellar structure is observed with an ambiguous
periodicity of the crystalline and amorphous pha®es.
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Figure 3. Typical TEM image of nanoperiodic crystal/amorphous phase arrangement for drawn UHMW-PE film within the wider spatial area. The
draw was made at 8%C up to aDR of 4.0, and the sample was subsequently annealed at@2(@th film ends fixed. Scale bar: 300 nm. The
draw direction was vertical. The inset is a Fourier-transformed image.

Figure 4. TEM images for the UHMW-PE film drawn at various ~ Figure 5. Changes in drawn morphologies of the UHMW-PE films
Tgs: (a) Tq = room temperatureDR = 2.4; (b) Ty = 60 °C, DR = with increasingDR at aTq of 80 °C: (a)DR = 2.8, (b)DR = 4.8, and
4.0; (c)T4=80°C, DR = 3.8; (d)Tq = 120°C, DR = 4.1. Scale bar: (c) DR = 5.3. Scale bar: 150 nm. The draw direction was vertical.

200 nm. The draw direction was vertical. T . . . .
lization in thisT4 range was accompanied by mechanical melting

4. Even at such a comparabzR, the drawn morphologies  of the initial lamellae. The high€Fy of 150 °C produced a so-
varied depending ofiy. At the lowerTy of 60 °C (b), straight called shish-kebab morphology composed of a combination of
lamellae were observed with an orientation parallel to the draw ECCs and folded-chain crystals (FCG3)We*3~45 previously
direction. Such straight lamellae looked just inclined along the found that tensile drawing of UHMW-PE in the molten state
drawing direction (i.e., the surviving morphology of the prior results in such a shish-kebab morphology. Thus, the drawing
lamellae). The number of these surviving lamellae was larger at aT4 of 150 °C was categorized as melt-drawing.

for drawing at room temperature (a). In contrast, straight Even at the sam&y, DR was another important factor for
lamellae were not obsereved for the higfigrover 80°C (c). the development of the targeted nanoperiodic structure. Figure
Instead, the targeted nanoperiodic structure homogeneously5 depicts the morphological changes upon drawing & af
spread within the wider spatial area over 1 mm. However, the 80 °C, which gave the most periodic phase arrangements in
size of the lozenge crystalline blocks increased with increasing Figure 4. The straight lamellae are survived at the lo@rof

Tq. The resultant lamellar thickness increases with increasing 2.8, but the characteristic combination of lozenge crystalline
Ta for NMW-PE #t indicating that deformation-induced crystal-  blocks and meshlike amorphous channel was obtained for a



Macromolecules, Vol. 40, No. 16, 2007 Arrangement of Crystal/Amorphous Phases823

Figure 6. Influence of annealing on the tensile-drawn morphology of
the UHMW-PE film: (a) T, = 80 °C; (b) Ta = 120 °C. Annealing
with ends fixed was performed for 24 h. Scale bar: 200 nm. The draw
direction was vertical.

Figure 7. Comparison of the through-viewed and edge-viewed TEM
images with comparable magnification. The sample is the same as in
Figure 3. Scale bar: 150 nm. The draw direction was vertical.

higherDR of 4.8. However, the periodicity of such characteristic
phase arrangements was lacking at the higbieof 5.3. This
result indicated that the preparation of targeted nanoperiodic

morpholpgy requwed an optimuilR, which was Iower_than Figure 8. Tilt sets of through-viewed TEM images for drawn UHMW-
the maximum achievablBR. Generally, the latteDR gives  pg. (3, d)-30, (b, €) 0, and (c, )+30" tilted perpendicular (left)
the highest mechanical properties along the drawing direction, and paraliel (right) to the draw direction. The sample is the same as in
corresponding to the highest molecular orientation. Figure 3. The draw direction was vertical. Amorphous layers with pairs

Sample shrinkage is another possible cause of this charac-©f symmetric.tilting angles are indicated by red arrow A and blue arrow
teristic nanoperiodic morphology. The sample drawn under an B. Scale bar: 200 nm.
optimum Ty of 80 °C up to aDR of 4 exhibited the shrinkage

0 ! : . i

?; %r?emdc;;:ltvsnIenrqlg:ghglrgg;.cggg: esgtr)nrg{)eresss:?nr:(;%r:ecgﬁﬂii simplest unit pr_opagation but with UHMW introducing a larger
reduced by annealing when the sample length was maintained®Mount of chain entanglements.
in a Tensilon chamber after drawing. Figure 6 compares the The periodicity of the crystalline/amorphous phase arrange-
TEM images obtained after annealing at 80 and 1@0for ment was less developed when the sample film was prepared
24 h. The sample film was initially tensile-drawn at 80 up by the usual compression molding of as-received UHMW-PE
to aDR of 4. Annealing at the higheF, of 120°C emphasized ~ Powder. This result was ascribed to residual powder boundaries
the boundaries between the crystalline blocks and amorphouson @ micrometer scale remained due to the high melt viscosity
mesh. Correspondingly, sample shrinkage was reduced fromof UHMW-PE. Our recent stud§ revealed that residual
13% for aTa of 80 °C to 2% for aTa of 120°C. These results boundaries contained after film processing with UHMW-PE
indicated that sample shrinkage somewhat disorganized thereactor powder cause heterogeneous stress transmission in the
nanoperiodic phase arrangement of the drawn morpho|ogy_ later UltradraWing process, resulting in inferior film properties

This characteristic nanoperiodic morphology spread along eflecting the void formation within the sample film.
both directions through the sample thickness direction as well Phase Arrangement within Nanoperiodic Morphology.
as parallel to the film surface. The thin sections for the TEM Such homogeneous spread of nanoperiodic pattern causes us
observation were microtomed parallel to the film surface (Figure an interest for possible arrangement of the crystalline and
7a), so the observation direction was a through-view perpen- amorphous phases. To clarify the orientation of the lozenge
dicular to the film surface. Interestingly, an edge-viewed image crystalline blocks and amorphous meshes, grid-rotation analyses
of a thin section microtomed parallel to the film edge (Figure were employed on both the through and edge views. These
7b) exhibited similar morphologies composed of diagonal rotations were set perpendicular and parallel to the draw
arrangements of lozenge crystalline blocks and an amorphousdirection in a TEM chamber. Figure 8 compares the sets of
mesh in the draw direction. These results revealed that the samehrough-viewed images observed with the grid tilted from the
morphology was spread across the film thickness on the normal plane to the indicated angles. The examined sample was
micrometer scale. Such homogeneity of crystalline/amorphous tensile-drawn up to @R of 4 at 80°C and subsequently
phase arrangement with wider scales was characteristic of ourannealed at 120C with the film ends fixed for 24 h, which

- % -'o,f <

nanoperiodic morphology, prepared from PE composed by the
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Figure 9. Schematic representation of continuous arrangement of

amorphous layers: (@) through-viewed perpendicular to the draw

direction (O tilt); (b) +30° tilted parallel to the draw direction. Two

symmetrically tilted amorphous layers are indicated by A and B, .

corresponding to layers A and B in Figure 8. The draw direction was

vertical.

gave the most ordered nanoperiodic pattern (Figure 3). In the

left column of Figure 8, the grid was tilted perpendicular to the

draw direction. Both—30° (a) and+30" tilting (c) exhibited . Figure 10. Series of through-viewed SAXS patterns recorded for the
the typical features of the lozenge arrangement of crystalline UHMW-PE films drawn at a4 of 80 °C with differentDRs: (a)DR
blocks, similar to those observed under the nontilted condition = 2.0, (b) DR = 3.0, (c¢) DR = 4.0, and (d)DR = 5.0. The draw
(b). However, when the morphologies within a given position, direction was vertical. The incident X-ray beam was radiated perpen-
surrounded by the solid square, were compared, the Iozengedlcular to the film surface. Color gradation indicates scattering intensity.

appearance was emphasized in Figure 8a but appeared unclear tal It that both stacking directi f h |
in Figure 8c. Similar results were obtained for the corresponding mental result that both stacking directions of amorphous 1ayers

edge-viewed series of grid rotations perpendicular to the draw VEr€ observable in both through-weweq and edge-wevyed
direction. images. Therefore, amorphous layers with two symmetrical

In contrast, the parallel rotation of a grid toward the draw inclinations must coexist. These inclinations of the amorphous

direction resulted in a different appearance of the lozenge layers (dednoéetd ;’;'th a r?:q A agdeIue B in }he flgurfetsh)
crystalline blocks. Figure 8df presents a series of images corresponded 1o those in Figure ©. However, only one of the

. : : inclined layer sets (B) was observable when this packing model
observed with the grid top tilted every 3parallel to the draw INciine . ) . O ;
direction. Two orientations of amorphous layers were clearly was tilted 0 the_ front side (Figure 9b). _Th|s coincided well with
recognizable in these images. The right-up orientation of the results n Flggre Belf, where the grid was .ro.tated parallel
amorphous layers (A) was emphasized in Figure 8d, and the © the draw direction. It also supported the validity of the phase

right-down orientation (B) was pronounced in Figure 8f; but arrangement model proposed in Figure 9.
both orientations appeared in Figure 8e. These results indicated Another feature of this phase arrangement model was the
that the alternate half of the diagonal inclination of the meshlike Nelical arrangement of the amorphous layers, which was required
amorphous channel gradually disappeared with increasingtO Satisfy the requirement that all viewing directions perpen-
rotation angle. These pairs of anisotropically emphasized dicular to the draw direction give constant periodicity and
amorphous layers reached across several crystalline b|ocks§ymmetrlcal inclinations of the amorphous layers. Such a helical
suggesting lamellar-like packing of the amorphous phases. At @rangement of the amorphous layers always gave two sym-
the same time, these tilting procedures revealed the continuity Metrical inclinations when the TEM observations were made
of crystalline phases as well as that of amorphous layers. Perpendicular to the draw direction (Figure-83.
Namely, the crystalline regions were nominally divided by These helical ribbons of amorphous layers should be arranged
amorphous layers having different tilting angles toward the draw in parallel and combine with each other to provide lateral
direction, resulting in the characteristic appearance of lozenge continuity of the amorphous layers. If ECCs were placed in the
crystalline blocks in TEM images observed under a nontilted core of these helical ribbons, the resulting combination of
condition (Figure 8e). The homogeneous spread of this lozengecrystalline phases would be consistent with the so-called shish-
pattern in both through- and edge-viewed images means thekebab structuré Odell et al?” proposed a structural model in
long-range bicontinuity of the crystalline and amorphous layers Which neighboring shish-kebab rows gear each other for oriented
within the whole sample bulk. crystallization of NMW-PE induced by high-pressure extrusion.
Focusing on the amorphous continuity developed within the The difference between their model and ours lies in the focusing
sample internals enabled us to model the three-dimensionalphase (i.e., the crystalline or amorphous arrangement). Our
packing for this unique phase arrangement (Figure 9). The basismodel emphasizes the continuity and the homogeneity of the
for this packing model was as follows. In order to maintain the amorphous phases, taking into account the larger number of
periodicity of the lozenge crystalline packing in a series of TEM molecular entanglements of the UHMW-PE chains, which act
observation, the amorphous layer should tilt with a pair of as linkages between crystalline and amorphous phases.
symmetrical angles toward the draw direction within the whole ~ Such characteristic packing of crystalline and amorphous
region of the sample. If the width of these amorphous layers phases was also confirmed by SAXS measurements. Figure 10
exceeded the microtomed thickness of 50 nm, amorphous layerdepicts the changes in SAXS patterns during drawing &G0
stacking in either the right-up or the right-down direction would for our UHMW-PE film. The initial isotropic pattern became
be emphasized. This result was inconsistent with the experi- horizontally elongated at a lowBR of 2, indicating the lamellae
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