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Study of oriented block copolymers films obtained by roll-casting
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Abstract

Roll-casting orientation of cylinder microphase separated poly(styrene-b-butadiene-b-styrene) triblock copolymers, was analyzed. The
mechanical anisotropy of roll-cast films, defined as the ratio of Young’s modulus obtained parallel and perpendicular to poly(styrene)
cylinders, is similar for samples prepared using a dimensionless minimum gap between rolls higher than approximately 0.02. The orientation
of samples was also characterized by measuring the full width at the half intensity maximum of small angle X-ray scattering intensity circle
profiles and showed good correlation with modulus measurements. Blends of triblock and diblock with up to 60 wt% of diblock show
orientation as good as the neat triblock sample. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Block copolymers composed of incompatible block
segments generally form a microdomain structure in the
solid state as a consequence of microphase separation of the
constituent block chains. For flexible chain non-crystalline
diblock copolymer melts, body centered-cubic array of
spheres, hexagonal arrays of cylinders, bicontinuous double
gyroid domains, and lamellar structures are observed by
changing the volume fraction of the two components.
Materials composed of cylindrical or lamellar micro-
domains present a local anisotropy. On the nanometer
scale, the structure within the grains is ordered, however, in
practice the whole sample displays isotropic properties
since the small grains are randomly oriented over the whole
specimen. External forces such as those induced by flow
[1-4] and electric fields [5,6] at temperatures above the
glass transition temperature of all components, in a molten
but microphase separated state, have been shown to induce a
global alignment of the block copolymer microstructure.

Different groups have been working on the orientation of
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diblock and triblock copolymers in order to obtain globally
oriented microdomain structures on a large scale constitut-
ing a ‘single-crystal’ structure. Keller et al. [1] prepared, in
the early 1970s, polystyrene (PS) cylinders oriented in a
polybutadiene (PB) matrix by extruding a poly(styrene-b-
butadiene-b-styrene) (SBS) triblock copolymer through an
orifice at 100-120 °C into a tube of cylindrical or
rectangular cross-section. Annealing of the samples leads
to greater perfection of microdomain packing. Sub-
sequently, Hadziioannou et al. [3] introduced a new way
of orienting block copolymers based on the reciprocating
motion of two parallel metal plates. This procedure has been
recently used to obtain oriented diblock copolymers [7]. A
similar method, based on large amplitude oscillatory shear
(LAQOS), was introduced by Morrison and Winter [4] to
orient triblock copolymers using a stress rheometer with a
cone and plate geometry. The LAOS technique has been
extensively used to understand the orientation of block
copolymers with lamellar structure [8—14] and, to a less
extent, of block copolymers forming a hexagonally ordered
cylindrical microstructure [15,16]. On the other hand, an
electric field has also been used to align poly(styrene-b-
isoprene) (PS/PI) [5] and poly(styrene-b-methylmethacry-
late) (PS/PMMA) [6] diblock copolymers either from
solution or in the melt state.

Albalak and Thomas [17-20] presented a new technique
of orienting block copolymers using a device based on a
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novel casting method termed ‘roll-casting’. In this method,
polymer solutions are subjected to a flow field between two
counter-rotating rolls while at the same time the solvent is
evaporated. During processing, the block copolymers
microphase separate into macroscopically oriented films.
The flow field also plays, in this case, an important role in
the orientation.

The aim of this paper is to study the influence of
processing conditions as well as diblock content on the
degree of orientation of cylindrical PS microdomain of
triblock PS/PB/PS as revealed by the anisotropy in the
mechanical properties and in the small angle X-ray patterns.

2. Experimental

Materials used in the present study were commercial
poly(styrene-b-butadiene-b-styrene) (SBS) triblock copoly-
mers provided by Shell Chemical Co. and by DEXCO Co.
Shell materials have been shown to be a mixture of
homopolystyrene (PS), poly(styrene-b-butadiene) diblock
(SB) and poly(styrene-b-butadiene-b-styrene) (SBS) tri-
block [21]. On the other hand, DEXCO materials were
found to be more than 99% triblock [21]. Table 1 shows
compositions and molecular weights of the copolymers
used. A series of blends of a pure diblock (SB) and a pure
triblock (SBS) from DEXCO were also studied. Blends
containing about 20, 40, and 60 wt% of diblock were
prepared by dissolving both polymers in cumene. Table 2
shows the nomenclature used for the blends as well as the
weight fraction of diblock and triblock copolymer and the
overall styrene weight fraction, which is maintained almost
constant for all the blends. Initial solutions were made using
approximately 100 g of polymer in 200 ml of cumene
(0.33 g/ml). Cumene was chosen as a solvent because it is
nearly a non-preferential solvent for the styrene and
butadiene blocks and because it has a low vapor pressure
that permits slow solvent evaporation.

The experimental system used in this work, consisting of
two counter-rotating rolls, is the same type typically utilized
in conventional calenders or roll-mills [17]. The polymer
solution flows, in both cases, between two adjacent
cylinders. It is compressed and forced to flow through the
nip of the rolls (minimum distance between the rolls),
denoted 2H, (Fig. 1). After passing the nip, the material fills
the gap between the rolls for some time, until the material
leaves the rolls coating either one or both of them.

The experiments begin with a solution whose micro-
phase separates during the flow process as a result of
evaporation of the solvent. During processing it is
possible to distinguish two different regimes. Before the
order—disorder concentration (ODC), the flow field is
acting on molecules which are more or less entangled but
free to move. Considering the molecular weight between
entanglements and the molecular weight of the respective
blocks, polybutadiene blocks are well entangled while
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Fig. 1. Schematic representation of the roll-casting apparatus. The rolls
rotate at the same angular velocity, . The minimum gap width 2H, in the
system, called ‘the nip’, is also indicated. Axis notation: x-axis is the flow
direction (tangential to the rollers), y-axis is the gradient direction (radial to
the rollers), and z-axis is the neutral direction.

polystyrene blocks are not. After microphase separation
occurs the flow field now acts on the microdomain
morphology, which in our case is PS cylinders (glass-like
at room temperature in the absence of solvent) in a
rubbery PB matrix. Depending on the processing
conditions, polystyrene cylinders are found to be well
oriented parallel to the flow direction (i.e. along x) and
are uniformly packed in a near single-crystal hexagonal
texture [17].

In the previous roll-casting work both rotating
cylinders were made of aluminum which often resulted
in fragmentation of the polymer film onto both rolls.
This problem was solved by using different materials for
each cylinder. In the current setup one cylinder was
made of stainless steel while the second one has a
polytetrafluoroethylene (Teflon®) coating [17]. In this
new system, after sufficient solvent evaporation, the film
transfers onto the metal roll due to its higher surface
tension [22]. Two cylinder diameters were used:
0.01905m (3/4in.) and 0.0762m (3 in.). However,
most of the films studied were obtained with the smaller
cylinders. The polymer solutions were typically rolled for
5-6h and the resulting films were dried on the roll
overnight. Once removed from the roll, the films were
vacuum-dried at 40-50°C for a week and annealed at
130 °C for another week. Fig. 2 shows a schematic
representation of the poly(styrene) cylinders in the
poly(butadiene) matrix.

A Model 4501 Instron Tensile Testing Instrument was
employed to determine the mechanical behavior of roll-cast
films. ‘Dog-bone’ specimens (length: 5 cm, width: 0.5 cm,
and thickness: 0.2—1 cm) were cut parallel and perpendicu-
lar to the flow (x-direction). The stress—strain curve
behavior was obtained in both directions, parallel and
perpendicular to the cylinder axes, using a deformation
speed of 0.04 m/min.

A RU-120 X-ray generator with rotating Cu anode
working at 40 kV and 120 mA, with fine focus, was used to



Table 1

Materials used

Copolym. styrene
weight fraction

SBS molecular

weight

SB molecular
weight

hPS molecular
weight

SB weight SBS weight
fraction

fraction

hPS weight
fraction

Total styrene

Polymer

weight fraction

(trade name)

0.265
0.28
0.25

83,000
80,000

0.27 0.71 11,000 41,500

0.02

0.28
0.28
0.25

D-1102°
8550-D°
2320-DP

>0.99

72,000

>0.99

# Kraton Co.
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Fig. 2. Schematic representation of the hexagonally packed poly(styrene)
cylinders obtained by the roll-casting process. Axis notation is the same as
in Fig. 1.

record the small angle X-ray scattering (SAXS) patterns by
means of a Rigaku camera with point collimation coupled to
a CCD area detector. A sample-detector distance of 0.6 m
was used. Strips along the x and z directions, about 1 mm
thick (y-direction), were cut from the films in order to take
X-ray patterns in the two directions orthogonal to the strip
length (i.e. the X-ray beam is, respectively, parallel to the y
and x directions when a z-strip is used). The resolution of the
area detector is 0.093 mm/pixel. The sample scattering
under these conditions typically yields count rates of about
100 cps. To improve the statistics and quality of SAXS
patterns accumulation times of about 1 h were required. The
SAXS patterns were orientationally analyzed by means of
circular profiles throughout the intensity maximum of
concentric reflections.

3. Results and discussion

3.1. Mechanical properties

The mechanical properties of the roll-cast films is,
perhaps, the most interesting consequence of the near
single-crystal characteristics of the samples. As a conse-
quence of the structure an extremely high degree of
mechanical anisotropy can be expected [23—25]. In order
to examine this behavior, specimens for tensile testing were
cut from the annealed films using a dog-bone-shaped
template with the long dimension parallel and perpendicular
to the flow direction.

Fig. 3 shows the typical stress—strain behavior of the
oriented SBS specimens measured at room temperature. The
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Table 2

Blends prepared by solution mixing of a diblock SB (2320-D) and a triblock SBS (8550-D) copolymer

Blend SB weight fraction SBS weight fraction Total styrene weight fraction
B 0-100 - >0.99 0.280
B 20-80 0.216 0.784 0.274
B 40-60 0.402 0.598 0.268
B 60-40 0.598 0.402 0.262
B 100-0 >0.99 - 0.250

tensile stress on the ordinate refers to the nominal
engineering stress, i.e. tensile force divided by original
cross-sectional area of the specimen. In the parallel
direction (deformation of the sample parallel to the PS
cylinders) the material yields at low deformation (around
3% strain) beyond which the load drops slightly. The load
remains constant as a neck propagates along the specimen
and when the sample has completely necked the load again
increases and the further deformation is elastic [2]. If the
deformation is applied perpendicular to the PS cylinders, the
hexagonal array of cylinders is progressively deformed up
to 20% strain. In this range of strain the lattice strain was
found to be indistinguishable from the macroscopic sample
strain. Beyond 20% strain the correspondence between
lattice and sample strain is progressively lost and the applied
strain is only partially recoverable [23,25].

Parallel and perpendicular Young’s modulus (Ej and E )
for commercial materials as well as for the blends were
obtained from the stress—strain curves and are shown in Fig.
4(a) and (b). The values of E, are in very good agreement
with those reported in the literature. However, the values of
E)| are lower than those obtained by Odell and Keller [23].
The difference with the values reported in the literature may
arise from different sources of error: the alignment of the
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Fig. 3. Stress—strain curves, measured at room temperature, for an oriented
SBS specimen deformed in the parallel direction (along x-direction,
deformation parallel to the PS cylinders), and in the perpendicular direction
(along z-direction, deformation perpendicular to the PS cylinders).

axis of the dog-bone specimens with the average cylinder
axis direction, the precision of the measurement of the
gauge length and strain in the small strain region for this
highly anisotropic sample and the velocity of deformation
used. As Odell and Keller [23] pointed out, highly
anisotropic materials present special problems in the
determination of elastic modulus. Despite a possible
imprecision of the Young’s modulus along the stiff
direction, a good estimation of the orientation of the
microstructure in the films is given by the ratio of parallel
and perpendicular modulus. Fig. 4(c) shows E}/E, values
for the materials studied in the present work as a function of
processing parameters. The commercial materials as well as
the blends containing approximately 27 wt% of PS present a
good orientation if the ratio of gap clearance to roll radius is
higher than 0.02. When the value of the nip to roll radius
ratio is lower than 0.02 the shear rate at the wall increases
and this can be the cause of the poor orientation in the films.

3.2. Small angle X-ray scattering

Fig. 5(a)—(c) shows the X-ray patterns, recorded with the
X-ray beam perpendicular to the zy, zx and xy planes,
respectively, for an oriented sample of SBS (DEXCO 8550-
D, thickness 0.62 mm). Fig. 5(a) shows the hexagonal
symmetry of reflections. The reflections can be classified
according to their radial value, g. From this value, the
corresponding lattice spacing, d, can be calculated from
Bragg’s law. It is remarkable that the very strong intensity
of the smallest angle reflection, ¢, appears at very short
(few seconds) time exposure of the sample. This helped in
checking the proper alignment of the strip sample. A very
small tilting of the sample around its x-direction produces
large differences in the intensity of the reflections at some ¢,
including even the disappearance of some reflections.
Having in mind the geometry for the hexagonal packing,
the longest spacing (first circle reflections, g;) are related to
the minimum distance between layers containing the
diffracting objects. The reflections of the second circle g,
would be related to the real distance between two diffracting
objects. This distance is taken as the parameter axis a of the
hexagonal lattice. Table 3 shows the calculated spacings d;,
d,, and the parameters a for some of the films prepared from
the blends listed in Table 2. The a values increase up to
about 15% with an increasing concentration of the diblock
SB component up to 40 wt% in the blend.



M.A. Villar et al. / Polymer 43 (2002) 5139-5145 5143

(a) 1000 T T T T T T

s bhaid g,

A
|

T T TTTTT]

Lol

T
1

a

10

T T TTTTIT
[N

Parallel Young Modulus, E” (MPa)

T
1

1 | 1 1 1 | 1 | 1

1
0.00 0.02 0.04 0.06 0.08 0.10

2Ho/R
(b) 10 T T T T T T T
©
o F 4
s
' 8k |
s [H
3 6 .
=
=] L 4
§ A A A A A ;.
> 4 ] ] | = | | n
s o H o
3 M M M |
2 2t .
[
2
] - 4
o
0 1 | I | ! | 1 | L
0.00 0.02 0.04 0.06 0.08 0.10
2Ho/R
(C) 100 C T T T T T T |
L v ]
L ® L v
- A ‘ | ! [ ] a : A
L m
|
‘{
E_ 10 - -
woor ]
= O 4
a
I | L 1 1 | I | 1

1
0.00 0.02 0.04 0.06 0.08 0.10
2Ho/R

Fig. 4. (a) Parallel Young’s modulus, (b) Perpendicular Young’s modulus,
and (c) Ratio of parallel and perpendicular Young’s modulus as a function
of the dimensionless minimum gap (2H,/R) for all material tested. Two
different roll diameters were used: 2R = 0.01905 m (close symbols) and
2R = 0.0762 m (open symbols). Samples: (C,l) D-1102, (A) 8550-D, (#)
B 20-80, (¢) B 40-60, and (V) B 60-40.
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Fig. 5. SAXS patterns of a neat SBS roll-cast sample (DEXCO 8550-D,
thickness = 0.00062 m) recorded with the X-ray beam perpendicular to (a)
zy, (b) zx, and (c) xy planes. The first and second letter corresponds to the
equatorial and meridional line of the pattern. Sample-detector distance is
0.4 m for (a) and 0.6 m for (b) and (c).

Fig. 5(b) is a representative pattern recorded main-
taining the beam perpendicular to the film plane. Along
with the ¢, reflection, the second reflection g, is well
defined. The third X-ray pattern recorded with the beam
along z-direction (Fig. 5(c)) preferentially shows only the
first reflection ¢, for all the samples investigated. The
differences observed between the last two patterns
(Fig. 5(b) and (c)) would indicate a preferential
alignment of the a axis along with the z-direction.

In order to compare the orientation of the samples we
have obtained the variation of the intensity along circular
profiles at the radius ¢, ¢,, etc. Fig. 6 shows the
intensity circular profiles recorded from the hexagonal
pattern of a neat SBS (DEXCO 8550-D, thickness
0.62 mm). We have measured the full width at the half

Table 3
Variation of SAXS spacings d;, d,, and the hexagonal parameter a with
blend composition

Sample  Processing  Film thickness EW/E, d, dy a
method (mm) (nm) (nm) (nm)

B 0-100 Simple cast 1.066 1.0 255 - -

B 0-100  Roll-cast 0.62 28.8 262 153  30.6

B 20-80 Simple cast  0.985 1.0 258 - -

B 20-80 Roll-cast 0.607 43.1 272 155 310

B 40-60 Simple cast 0.991 1.0 265 - -

B 40-60  Roll-cast 0.584 43.7 28.8 17.2 343

B 60-40 Simple cast 1.015 1.0 30.1 - -

B 60-40 Roll-cast 0.782 44.5 30.1  17.6 352

B 100-0 Simple cast 0.915 1.0 343 - -
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Fig. 6. SAXS intensity circular profiles recorded from the hexagonal pattern
at the radial value of ¢; (a) and ¢, (b).

intensity maximum (FWHM) for each one of the six
intensity profile peaks observed for ¢; and ¢,. The
obtained FWHM values, in degrees, from different X-ray
patterns are shown in Table 4.

From the values of Ay derived from the hexagonal X-ray
pattern, the influence of diblock content on sample
orientation is apparent. Cylinder orientation improves as
the triblock SBS content increases. The degree of
orientation derived from ¢q;, however, is lower than that
from ¢,. This could be attributed to some material, which
scatter contributing only to g; but not to g, because of lack
of crystal coherency. Concerning the orientation derived
from the other two X-ray patterns (last two columns of
Table 4) the FWHM values did not show any clear trend
with SB content. However, both y and z directions are not
equivalent from the orientation point of view.

Table 4

Average FWHM values (in degrees) for ¢g; and ¢, reflections measured
from SAXS intensity circle profiles in roll-cast samples. The first and
second letter in parenthesis, referring to sample orientation, were
maintained parallel to the equatorial and meridional line of the SAXS
pattern, respectively

Sample Ap Aa
q1 (zy) q2 (zy) q1 (xy) q1 (zx)
B 0-100 14 7 17 19
B 20-80 17 8 20 13
B 40-60 19 10 15 33
B 60-40 23 14 22 13
B 100-0 (simple cast) 75 - 81 -

4. Conclusions

The ratio of parallel to perpendicular Young’s modulus is
almost constant for films prepared with a dimensionless
minimum gap in the range of 0.02-0.09. Relative high
values of either the pressure or the shear rate on the rolls
surface when 2H, /R is lower than approximately 0.02 can
be responsible for the misorientation of cylinders in the
macroscopic oriented samples.

The effect of diblock content on the orientation of
samples was also studied from SAXS patterns. Blends of
triblock and diblock with up to 60 wt% of diblock show
orientation as good as the neat triblock. The parallel to
perpendicular Young’s modulus ratio as well as the FWHM
of blends with different content of diblock are similar to the
values obtained for the pure triblock. Blends with higher
content of diblock as well as pure diblock cannot be
investigated due to the lack of mechanical integrity,
prohibiting removal of the film from the stainless steel roll.
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