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ABSTRACT.

Polyethylene-block-polystyrene  (PE-block-PS)  copolymer  film  having  bicontinuous
crystalline/amorphous phases were tensile-drawn under various conditions for structural arrangement of
these phases. When a draw was made below melting temperature of PE crystalline phase (95°C), the
bicontinuous structure was gradually destroyed with increasing strain, due to the lower ductility of PS
having glass-transition temperature around 100°C. Correspondingly, the necking phenomenon was
clearly recognizable during draw. In contrast, a draw near melting temperature of PE crystalline phase
gave the less orientation of PE phases, resulting in homogeneous deformation with the lower draw stress.
These results indicated that the modification of the lower ductility of PS was required for the effective
orientation of these phases. Here, a solvent swelling technique was applied to improve PS deformability
even below its glass-transition temperature. Tensile drawing after such treatment could successfully
induce the orientation of both crystalline/amorphous phases. A transition from necking to homogenous

deformation was also observed in stress/strain behavior.
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MANUSCRIPT TEXT.

Introduction

Generally, the ordered arrangement of separated phases of block copolymer is maintained within each
domain having the several-um size, but divided like mosaic, resulting in the random orientation in the
bulk level. The spatial continuity of such ordered arrangement is required for the lithographic
application using block copolymer,**® where the thickness limitation within thin film induces the
ordered arrangement over the larger area beyond the usual domain size.

Recently, the characteristics of these separated phases are tried to be withdrawn in the bulk state by
the homogeneous spreading of their ordered arrangements within the whole bulk size. For preparation
of such bulk morphology composed by the homogenous arrangement of the separated phases, various
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externa fields, including force, ™! magnetic, and electric fields**? have been applied.
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In the case of the force field, the shear flow and tensile drawing are often applied for
directionally arrangement of separated phases of block copolymer, where the unique transition from the
initial lamellar stacking to the deformed chevron morphology has been reported for polystyrene (PS)-
block-polyisoprene copolymer. However, the orientation of the separated phases easily relaxes after
releasing the applied tensile force, due to its rubbery characteristic. Therefore, it is difficult to obtain the
highly oriented morphology of this copolymer. In order to fix the morphological orientation induced by
the tensile force, Sakurai et al.™* introduce the cross-linking into the copolymer chains after tensile
deformation.

In contrast, the crystallization is also utilized to restrict the relaxation of the oriented morphology
after deformation. Loo et al.*** oriented the cylinder morphology of the polyethylene (PE)-block-PS
copolymer by shear flow during melt-extrusion through channel die. The orientation along the extrusion
axis could be locked by oriented crystallization of PE block.

In this study, we tried the tensile drawing of PE-block-PS copolymer. Tensile drawing is the most

effective orientation method for ductile polymeric materials such as PE.* In order to resist the higher
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tensile force in the solid state, the sample films were prepared from the sample having the higher
molecular weight over 10", The structural change with tensile deformation was analyzed by a
combination of ex-situ microscopic and in-situ X-ray measurements. The obtained results were
compared to the stress-strain behaviors of the samples, giving the discussion on the mechanisms of the

structural arrangement induced by tensile force.

Experimental

Initial Materials. The material used was PE-block-PS copolymer purchased from Polymer Source
Inc. in Quebec, Canada, which is the same as used in our previous study.** The number average
molecular weight of each component was 5.4 x 10" for PS and 6.7 x 10 for PE, with a molecular weight
distribution of 1.04.

Film Preparation. The sample was dissolved into p-xylene at its boiling point for 10 min., followed
by casting into a Teflon dish and drying at room temperature in a vacuum. The obtained circular film,
having a radius of 90 mm and a thickness of 30mm, was melted at 180°C, and then isothermally
crystallized at an optimum temperature of 90°C in a vacuum oven for three days.

Drawing. The drawing specimens were cut into a strip with 50 mm length and 5 mm width from the
above prepared film. These strips were tensile drawn at constant drawing temperatures (Tq) from room
temperature to 90°C and a constant cross-head speed, corresponding to the initial strain rate of 1 min™,
in an Orientec Tensilon tensile tester RTC-1325A equipped with an air oven. The draw ratio (DR) was
determined from the separation of ink marks preprinted on the surface of samples.

Fuming Nitric Acid Etching. Fuming nitric acid etching of the film was performed at room
temperature for 30 min. An excess amount of fuming nitric acid (10 ml) was added to 0.1 g of the
sample film in a glass bottle. Following this etching procedure, the treated film was washed with
distilled water and then acetone, and dried well at room temperature.

Measurements. Thermal gravimetric analyses (TGA) of the sample films were made by using a

Rigaku TG8120. Weight loss during heating at 5°C/min was recorded from room temperature to 500°C.
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In-situ small-angle X-ray scattering (SAXS) measurements were carried out during drawing by using
a synchrotron radiation source at the BL40B2 beamline of SPring-8 (Japan Synchrotron Radiation
Research Institute, Hyogo, Japan). Our extension device was set in the beamline, and WAXD images
were continuously recorded during drawing on a cooling-type CCD camera (Hamamatsu Photonics
K.K., C4880). The wavelength of the synchrotron beam was 1 angstrom. The exposure time for each
pattern was 25 seconds with a time interval of 5 seconds for date storage. The drawing stress was
simultaneously recorded by using a load cell (Kyowa Electronic Instruments Co., Ltd., LUR-A-
50NSA1) installed in the extension device.

Transmission electron microscopic (TEM) observations of the drawn films were made by a JEOL
1200EMX electron microscope operated at 80 kV. The samples were stained by RuO, vapor and
embedded in epoxy resin. The assembly was cut into thin sections with 60 nm thick, using a Reichert
UltraCut S. microtome for TEM observation. Scanning electron microscope (SEM) observations of the
etched samples were made using a Hitachi S-5000 field emission SEM operated at 5 kV. The sample

surface was coated by Pt-Pd with 2 nm using a Hitachi ion spatter E-1030.

Results and Discussions

Our previous study®' revealed that the crystalline/amorphous morphology of the PE-block-PS
copolymer is controllable by changing the crystallization conditions. Especialy, the optimum
crystallization temperature of 90°C for the same PE-block-PS copolymer as used in this study gave the
bicontinuous crystalline/amorphous phase separation, as shown in Figure 1. In this study, we tried to
withdraw the higher ductility of PE component to prepare the ordered arrangement of these phases by
applying various orientation techniques.

As the first trial, the tensile drawing under various Ty4s was carried out for the film isothermally
crystallized at 90°C. Here, a DSC thermogram of this film (not shown here) exhibited the endotherm
attributed to the melting of PE crystalline component around 95°C, thus the Tgs in this study were

selected at 90°C just below melting peak and room temperature. A T4 = 60°C in the middle range of
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these temperatures was also adopted. Figure 2 shows the stress-strain curve recorded under these Tgs.
With increasing Ty, the drawing stress decreases, but the necking was aways observed in the lower
strain region, independent of Ty4. Beyond this necking, the strain-hardening occurs at Tgs of room
temperature and 60°C. In contrast, such stress increasing was not recognized at a T4 of 90°C. These
results indicate that the deformation of PE component proceeds in the partially molten state at this
higher T4. Among these three Tgs, a T4 of 60°C gave the highest resultant DR, as shown in Figure 2.

The phase arrangements of these drawn films were analyzed by TEM observations. Figure 3 shows
the drawn morphologies obtained under various conditions. As compared to initial morphology before
drawing (see Figure 1), the continuity of the crystalline/lamorphous phases is lost at both Tgs of room
temperature and 90°C, but the characteristic morphology like chevron**?® is observed at a Ty of 60°C.
Therefore, a further drawing was made at 60°C up to the higher DR of 3 (see Figure 3 (d)), but the phase
continuity was destroyed as similar to those obtained at Tys of room temperature and 90°C. This is
ascribed to the lower ductility of PS component below its glass-transition temperature (Tg), which is
also indicated by the stress increasing at the later stage of draw as shown in Figure 2 (a). The higher Ty
over 90°C gave an ineffective draw, leading to the sample breaking at the initial stage of drawing.

These results suggest that an improvement of the ductility of PS component is required even below its
Ty for the ordered arrangement of these crystalline/amorphous phases. Here, we paid our attentions to
the difference of the solubility of PE and PS. For example, PS is soluble in toluene even at room
temperature, but PE isinsoluble. If the PS component is swelled and softened by toluene, the drawing at
the lower T4 becomes possible, giving the effective phase arrangement. Therefore, the film isothermally
crystallized at 90°C was swelled in toluene for 1 min and subsequently held under atmosphere at room
temperature for 10 min. Figure 4 compares the TGA curves of such swelled film and the untreated film.
For the swelled film, the 7% weight loss was observed around 110°C, corresponding to the boiling point
of toluene. This means that toluene is still contained in the swelled film even after holding under an

ambient condition for 10 min. Such residua toluene increases the PS volume but the initial continuity of



the crystalline/amorphous phases are maintained even after solvent swelling, as shown in the TEM
image of Figure 5.

The effect of such a solvent swelling on the stress-strain behavior was discussed first. Figure 6 (a)
and (b) compares the stress-strain curves recorded before and after solvent swelling treatment for the
film isothermally crystallized at 90°C. Also, the data for the film prepared by quenching from the melt
without solvent swelling were depicted in Figure 6 (c). For the melt-quenched film, the drawing stress
was lower than that for the film isothermally crystallized at 90°C, due to the less developed continuity
of the crystalline phases. However, the drawing stress of the solvent-swelled film is further lowered, as
shown in (b). Additionally, the necking phenomena are observed in the lower strain region for the
former two films, but not recognized for the latter. These features in the stress-strain behaviors imply
that the ductility improvement of PS component by the selective solvent swelling induces an effective
orientation of both crystalline/amorphous phases by tensile drawing.

Therefore, the morphologies of the films drawn after solvent swelling treatment were analyzed by a
combination of TEM and SEM observations. For TEM observation, the amorphous region was
selectively stained by RuQ,, which appears as the darker region in the image. In contrast, the
amorphous region was selectively removed by acid etching for SEM observations to emphasize the
crystalline region. Such an etching procedure has been often applied for analyzing the drawn
morphologies of PE homopolymer.®* Figure 7 shows TEM (top) and SEM (bottom) images for the film
swelled by toluene, subsequently drawn at room temperature up to DRs of 1.6 (left) and 3.2 (right). The
initial films were isothermally crystallized at 90°C. These images exhibit the gradual orientation of the
cylinder along the drawing axis with increasing DR. The continuity of the crystalline/amorphous phases
looks maintained even after draw, as compared to those of the films drawn without solvent swelling
treatment (see Figure 3). In summery, a solvent swelling procedure transforms the PS component from
brittle to ductile even below its Tg, which enables an effective drawing of both crystalline/amorphous

phases with keeping their bicontinuities.



In the cases of TEM and SEM observations, the sizes of these phases are determinable but the
sampling areas are limited within the magnified field. Therefore, these observation techniques are not
preferred for the size analysis of the focused structure. In contrast, the scattering analysis replies the
average value for the larger area. Additionally, the latter analysis is sometimes applicable as in-situ
method, which well corresponds to the stress-strain measurements shown in Figure 6. Such in-situ
measurement requires the higher time-resolution to detect the analyzable data, having enough S/N for
analysis, within the shorter time scale. In this study, the SAXS measurements using strong synchrotron
radiation source were adopted. The in-situ SAXS patterns recorded during tensile drawing of the films
with or without solvent swelling treatment, and the obtained results were compared. Figures 8 and 9
show the stress-strain curves of the untreated and solvent-treated films and the corresponding changes
in the in-situ SAXS patterns recorded during drawing at room temperature. For both films, the pattern
transforms from the ring to the ellipse with drawing, indicating that the crystalline/amorphous phases
orient along the draw axis. At the later stage of the drawing, the four-point patterns were observed.
However, the differences in these pattern changes in Figures 8 and 9 are not obvious. Thus, quantitative
analyses of these structural changes were made by comparing the line profiles extracted along the
equators from the series of in-situ SAXS patterns. The obtained equatorial line profiles for the untreated
and solvent-treated film were plotted as a function of drawing strain in Figure 10 (a) and (b),
respectively. The beam stopper cuts the lower 26 region below 0.1degree. When the long period at 50%
strain was compared, those of the untreated and solvent-treated film were 55 nm and 63 nm,
respectively. The higher long period of the solvent-treated film at the same stain is attributed to the
initial volume increase of PS component before drawing, asindicated the TEM image shown in Figure 5.
During drawing the untreated film, the position of long period peak gradually shifts into the higher 26,
but disappeared at the later stage of draw. Considering with the drawn morphologies shown in Figure 3,
this means that the continuity of the PS components was destroyed for the untreated film at the higher
DR. In contrast, the long period peak survives even at the final strain of 230%, leading to the long

period value of 40 nm. This indicates that the film treated by toluene was effectively drawn up to the
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higher DR with keeping the continuity of the both crystalline/amorphous phases, which is well

coincident to the morphological analysis shown in Figure 7.



Conclusions

The oriented arrangement of the bicontinuous crystalline/amorphous morphology of PE-block-PS
copolymer film was prepared by applying drawing technique. The tensile drawing below the melting
temperature for PE component (95°C) destroys the initial continuity of PS component with increasing
strain, due to the higher T, of 100°C for PS component. Correspondingly, the obvious necking occurs
during drawing below these critical temperatures. We consider that the ductility of PS component is
necessarily improved for enabling the oriented arrangement of both bicontinuous components. The
swelling by toluene plasticizes the PS component even below its Ty. As aresult, both components could
be arranged by tensile drawing with keeping their continuities. Such a solvent swelling also reduced the

drawing stress, leading to the transition from necking deformation to homogeneous deformation.
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FIGURE CAPTIONS.

Figure 1. TEM image of the initial morphology of the films used in this study. Scale bar, 250nm. The

as-cast film of PE-block-PS was melted at 180°C, and isothermally crystallized at 90°C for 3 days.

Figure 2. Stress-strain curves of the films isothermally crystallized at 90°C. Tensile tests were made at

different Tys of room temperature (a), 60°C (b), and 90°C (c).

Figure 3. TEM images of the films drawn under various conditions. (a) T4 = room temperature, DR =

2.4; (b) Ty =60°C, DR = 2.5;(c) T4 = 90°C, DR = 3.3 (d) T4 = 60°C, DR = 3.0.

Figure 4. Comparison of TGA curves recorded for the film isothermally crystallized at 90°C (a) and

after solvent swelling treatment (b). Heating rate was 5°C/min.

Figure 5. Morphological change induced by solvent swelling treatment. (a) Before and (b) after
treatment. Scale bar, 250nm. Corresponding enlarged images were also attached on left bottom side.

Scale bar, 50nm.

Figure 6. Change in stress/strain behavior after solvent swelling treatment. (a) Before and (b) after
treatment for the film isothermally crystallized at 90°C. For comparison, the curve recorded for the film

prepared by quenching from the melt was also included. Tensile tests were made at room temperature.

Figure 7. Drawn morphologies obtained after solvent swelling treatment. Left and right sets were
observed for the film drawn at room temperature up to DR = 1.6 (&, ¢) and up to DR = 3.2 (b, d),
respectively. Top and bottom sets show internal (TEM) and surface morphologies after acid etching

(SEM). Scale bar, 150nm.

Figure 8. Stress profile recorded at room temperature with corresponding change of in-situ SAXS
patterns during drawing of the initia dried film. The draw direction for the SAXS patterns is horizontal.
The strain in percent is indicated for each pattern. Drawing was applied within the time region

sandwiched between two dashed lines.
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Figure 9. Stress profile recorded at room temperature with corresponding change of in-situ SAXS
patterns during drawing of the film swelled by toluene. The meanings of the other marks are the same as

shown in Figure 8.

Figure 10. Comparison of the line profiles extracted along the equators of the series of in-situ SAXS

patterns recorded during drawing of the initial (a) and swelled films (b).
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