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In soft materials, self-assembled nanoscale structures can allow new functionalities but a general
problem is to align such local structures aiming at monodomain overall order. In order to achieve
shear alignment in a controlled manner, a novel type of rheo-optical apparatus has here been
developed that allows small sample volumes and in situ monitoring of the alignment process during
the shear. Both the amplitude and orientation angles of low level linear birefringence and dichroism
are measured while the sample is subjected to large amplitude oscillatory shear flow. The apparatus
is based on a commercial rheometer where we have constructed a flow cell that consists of two
quartz teeth. The lower tooth can be set in oscillatory motion whereas the upper one is connected
to the force transducers of the rheometer. A custom made cylindrical oven allows the operation of
the flow cell at elevated temperatures up to 200 °C. Only a small sample volume is needed �from 9
to 25 mm3�, which makes the apparatus suitable especially for studying new materials which are
usually obtainable only in small quantities. Using this apparatus the flow alignment kinetics of a
lamellar polystyrene-b-polyisoprene diblock copolymer is studied during shear under two different
conditions which lead to parallel and perpendicular alignment of the lamellae. The open device
geometry allows even combined optical/x-ray in situ characterization of the alignment process by
combining small-angle x-ray scattering using concepts shown by Polushkin et al. �Macromolecules
36, 1421 �2003��. © 2007 American Institute of Physics. �DOI: 10.1063/1.2409870�

I. INTRODUCTION

Self-assembly allows nanoscale structures within soft
matter due to competing interactions, based on, e.g., block
copolymers, liquid crystals, amphiphiles, and their supramo-
lecular combinations.1–4 The length scale and morphology of
the self-assembled order can be selected by the constituent
moieties. For example, in block copolymers the morpholo-
gies can be systematically controlled by changing the num-
ber of structural units, their lengths, and their chemical com-
positions and diblock copolymers can self-assemble into,
e.g., lamellae, hexagonally arranged cylinders or a cubic ar-
ray of spheres. However, self-assembly typically leads to
polydomain structures consisting of locally anisotropic or-
dered domains but their random orientation leads to macro-
scopically isotropic materials. Concerning potential applica-
tions this macroscopic isotropy is not often wanted and
external fields such as electric, magnetic, or flow fields are
used to extend the nanoscale structures into the macroscale
and thus to obtain favorable anisotropic properties.5–8 Large
amplitude oscillatory shear flow �LAOS� has proved to be an
exceptionally feasible method to extend the locally self-
assembled nanostructures of molten block copolymers in
particular into macroscopically aligned state.5,6,9–12 The ulti-
mate aligned state of the material depends on four different
parameters, namely, the oscillation frequency, shear strain

amplitude, duration of shear, and temperature. Because the
structure characterization of the aligned material is usually
performed ex situ using, e.g., transmission electron micros-
copy �TEM� or small-angle scattering of either x-rays or neu-
trons �SAXS or SANS�, conducting a series of routine ex-
periments can be really time consuming and the feasible
processing parameters cannot be identified. Hence a need for
an in situ method that can give information on the evolution
of the structure already during the shear alignment arises.
Both in situ SAXS13,14 and SANS15,16 methods have been
reported in literature. The scattering experiments require
high intensity beam in order to obtain reasonable time reso-
lution. For instance synchrotron radiation typically must be
employed for in situ SAXS measurements in order to obtain
high enough brilliance and thus performing a series of
preliminary screening measurements is most often not an
option.

Flow birefringence which is sensitive to the degree of
alignment has also been used widely to probe the micro-
structural evolution during shear.5 It has been shown to be a
feasible method to follow the fast alignment processes in
general as time resolution can be as low as 10 ms. Combin-
ing the method with ex situ characterization techniques, such
as SAXS and TEM has proved to be exceptionally
powerful.17 Flow birefringence of a block copolymer can be
divided into two distinct contributions: intrinsic ��ni� and
form birefringence ��nf�. The former originates from the an-
isotropy in the polymer monomer and is proportional to the
stress in the polymer chain whereas the latter is related to a
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much larger length scale and results from the block copoly-
mer microstructure. Birefringence has been used successfully
for real-time kinetic studies on shear aligning diblock co-
polymers both for systems where the self-assembled domains
have significantly different9 ��nf ��ni� and nearly equal18

��ni��nf� refractive indices.
The aim of the present work is to develop a new rheo-

optical apparatus for studying shear alignment kinetics of
polymer melts. The emphasis of the design was focused on
an innovative measurement geometry allowing small sample
volumes, easy removal of the sample, and easy access for
both the optic beam and an optional x-ray beam. These char-
acteristics are not found in any other rheo-optic apparatus
reported in the literature or commercially available device.
As a comparison the typical geometry for the optical analysis
module �TA Instruments, New Castle, DE� is made of two
polished quartz plates of 40 mm in diameter. This geometry
requires a sample volume of 1250 mm3 for a 1 mm thick
sample whereas the measurement geometry described in the
present work requires only 9−25 mm3 for a 1 mm thick
sample depending on the chosen tooth size. The measure-
ment setup introduced by Kornfield and co-workers5 offers
smaller sample volumes than the commercial alternative but
sample removal and replacement of the windows is more
difficult than in our setup and in addition the geometry can-
not offer as easy access for another beam �e.g., an x-ray
beam� in orthogonal direction with respect to the optical
beam.

II. DESIGN OF THE APPARATUS

A. General design considerations

In general, for new materials the obtainable sample
quantities are usually small and thus one must use as small
sample geometries as possible in the rheo-optical studies.
Decreasing the size of the flow cell, however, increases the
error in the rheological parameters and thus a compromise
must be made between the size of the sample geometry and
the accuracy of the rheological measurements. Our motiva-
tion is more focused upon inducing shear alignment on new
materials than on thorough rheological characterization and
thus the passage toward smaller geometry is natural. But
then again, Polushkin et al. have shown that despite the
small sample geometry and considerable gap/width ratio ad-
equate rheological measurement can still be performed.14,19

An overall scheme of the rheo-optical setup is shown in
Fig. 1. Construction of a special device to impose shear flow
was not needed as a rheometer is a suitable platform for that
purpose. A commercial Bohlin VOR shear strain controlled
rheometer �Bohlin Reologi AB� was chosen because it can
offer enough space for implementing the optical setup and an
oven.

B. Rheometer and flow cell

The flow cell consists of two rectangular fused silica
�Suprasil quartz� teeth between which the sample is placed
�see Fig. 2�. The teeth offer a cheap alternative to parallel
quartz plates and in addition they can be easily removed and
replaced. Fused silica was chosen for the material both for its

thermal and mechanical properties as well as because the
teeth must be made of an isotropic material that does not
change the polarization state of the incoming light beam and
is highly transparent to the wavelength being used. The teeth
are attached to brass shafts the lower of which is connected
to the rheometer motor and can be subjected to oscillatory
motion whereas the upper shaft is connected to the torque
and normal force transducers of the rheometer. The sample is
then placed between the two quartz teeth while the thickness
of the sample and thus the path length of the optical beam
can be monitored with a thickness meter �Mitutoyo, IDC-
112B�. The lower tooth is now put in sinusoidal motion and
the upper tooth senses the shear stress subjected to the
sample meanwhile the laser beam may travel through the
teeth and the sample 25 mm away from the rotation axis. The
design of the shafts allows use of different sized teeth,
namely, 3�3, 3�5, 4�4, and 5�5 mm2 in cross section.
Because the rheometer measures torque and angular velocity,
conversion constants must be used to relate these variables to
shear stress and shear rate respectively:

FIG. 1. �Color online� Schematic illustration of the apparatus: �L� laser; �H�
half-wave plate; �P� polarizer; �PEM� photoelastic modulator; �Q� quarter-
wave plate; sample in the shear cell; �BS� beam splitter; �Dd� detector for
dichroism path; �Db� detector for birefringence path; �LPF� low-pass filter;
�LI� lock-in amplifier.

FIG. 2. �Color online� Schematic illustration of the flow cell and oven
assembly.
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�̇ = C2� =
R

h
� , �1�

where �̇ is the shear strain rate, R=25 mm is the distance
from the rotation axis to the center of each teeth, h is the
thickness of the sample, and � is the angular velocity of the
tooth. For the relation between torque ��� and shear stress
��� we get

�

�
= C1

−1 = �
S

dA = �
−a/2

a/2 �
R−�b/2�

R+�a/2�
�x2 + y2dxdy , �2�

where a and b are the width and depth of the tooth, respec-
tively. The integral can be calculated in closed form but be-
cause the result is lengthy it is not shown here.

Custom made cylindrical heating element allows rheo-
optic measurements at elevated temperatures up to 200 °C.
The oven assembly is equipped with two different thermo-
elements one placed directly to a copper cylinder surround-
ing the shafts and the other next to the upper tooth. The
upper and lower covers of the oven have quartz windows.
Two additional windows in the oven cylinder allow a free
tangential access to the sample for e.g., an x-ray beam.

C. Optical setup

Flow birefringence and dichroism as well as their orien-
tation angles are measured using an optical train based on the
early work of Fuller and co-workers.20 All of the optical
elements are assembled on high precision rotation mounts in
order to ease the alignment procedure.

The monochromatic light source is a helium-neon laser
�L, see Fig. 1�. The moderately polarized light �polarization
ratio 500:1� of the laser is first passed through a half-wave
plate �H� whose orientation angle with respect to the follow-
ing high quality Glan Taylor polarizer �P1� can be used to
adjust the light intensity. After passing through the first po-
larizer �P1� a photoelastic modulator �PEM, Hinds Instru-
ments, Hillsboro, OR, PEM-90 I/FS50� induces a sinusoi-
dally varying phase shift between the fast and slow axis
component of the incident linearly polarized light according
to

� = �0 sin��t� , �3�

where �0 is the retardation amplitude and �=50 kHz repre-
sents the modulation frequency. Subsequently the modulated
beam is passed through a quarter-wave plate �Q1� and guided
through the quartz teeth between which the sample is placed.
Next the transmitted beam is split by a nonpolarizing beam
splitter �BS� into dichroism and birefringence beams and the
intensity of the former is measured using a photodiode �Dd,
Hinds Instruments DET-90, model 002� whereas the birefrin-
gence beam is directed through a quarter-wave plate �Q2�
and a polarizer �P2� to the second photodiode �Db�.

D. Signal analysis

The theoretical analysis of the experiment can be accom-
plished using Mueller calculus.21 In this formalism each op-
tical component is described with a single Mueller matrix
M�R4�4 whose elements depend on the optical activity of
the component caused by both linear and circular birefrin-

gence and dichroism as well as their orientation angles with
respect to a reference direction which in this case is the di-
rection of the flow field. Furthermore the polarization state of
light can be described by a Stokes vector S�R4 whose first
element represents the intensity of light. The Stokes vector
received at the detector S1 after the light beam has passed
through all the components, including the sample �MS�, is
now calculated by multiplying the Mueller matrices with the
Stokes vector that describes the initial polarization state of
light S0

S1 = MPSAMSMPSGS0, �4�

where MPSG is the Mueller matrix of the polarization state
generator �PSG� and MPSA is the Mueller matrix of the po-
larization state analyzer �PSA�, i.e., the product of the Muel-
ler matrices prior to and after the sample, respectively. The
intensity measured at the detector is now the first element of
the Stokes vector S1. This can also be expressed by means of
Stokes vectors

I = I0SPSA
T MSSPSG. �5�

The orientation angles of the optical components in our setup
are shown in Table I. When the orientation angles of the
setup are known, the Mueller matrices or the Stokes vectors
of the corresponding optical elements can be calculated. For
the polarization state generator the Stokes vector can be
written

SPSG = MQ�0�MPEM�45,��MP�0�MH���MP�0�I0

=
I0

4
�1 + cos�4����

1

cos �

sin �

0
� = I1�

1

cos �

sin �

0
� , �6�

where MX�	� refers to the Mueller matrix of the optical com-
ponent X with orientation angle 	 and I0= �I0 0 0 0�T. Stokes
vectors of the polarization state analyzer for dichroism and
birefringence branch, respectively, can be written

SPSAb =
1

2�
1

0

0

− 1
�, SPSAd = �

1

0

0

0
� . �7�

Mueller matrix of a sample that exhibits both linear and cir-
cular dichroism and birefringence in the limit of small
anisotropies can be expressed as

TABLE I. Orientation angles of the optical components with respect to the
flow direction. See Fig. 1 for definitions of the symbols.

La H P1 PEM Q1 Q2 P2
Angle �°� 0 �b 0 45 0 45 90

aOrientation angle refers to the polarizer of the laser.
bThe intensity of light can be adjusted by changing the orientation angle of
the half-wave plate.
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MS = �
1 − 
� cos�2��� − 
� sin�2��� 
c�

− 
� cos�2��� 1 
c� − 
� sin�2���
− 
� sin�2��� − 
c� 1 
� cos�2���


c� 
� sin�2��� − 
� cos�2��� 1
� , �8�

where 
� and �� refer to linear retardation and its orientation
angle, 
� and �� refer to linear extinction and its orientation
angle, and 
c� and 
c� refer to circular retardation and extinc-
tion, respectively.

Bessel functions of the first kind can be used to expand
the sin��� and cos��� terms in Eq. �6� according to

sin��� = 	
k=0

�

2J2k+1��0�sin��2k + 1��t� , �9�

cos��� = J0��0� + 	
k=1

�

2J2k��0�sin�2k�t� . �10�

Now terms up to the second harmonic frequency are taken
from the Eqs. �9� and �10� and the obtained expressions are
substituted into Eq. �6�. The intensity measured at the detec-
tors Dd and Db can now be calculated as follows:

IDd
= I0SPSAd

T MSSPSG = I1�1 − 
�J0��0�cos�2���

− 2
�J1��0�sin�2���sin��t�

− 2
�J2��0�cos�2���cos�2�t��

= I1�Idc
d + I�

d sin��t� + I2�
d cos�2�t�� , �11�

IDb
= I0SPSAb

T MSSPSG =
I1

2
�1 − 
c� − J0��0��
� cos�2���

+ 
� sin�2���� − 2J1��0��
� sin�2���

− 
� cos�2����sin��t� − 2J2��0��
� cos�2���

+ 
� sin�2����cos�2�t��

=
I1

2
�Idc

b + I�
b sin��t� + I2�

b cos�2�t�� . �12�

The retardation amplitude �0 can be chosen so that the time-
independent terms Idc

d and Idc
b in Eqs. �11� and �12� become

independent of 
 and � that is J0��0=2.405�=0. These dc
terms can be measured by passing the signals from both de-
tectors through conventional low pass filters. The first and
second harmonics of the signals �I� and I2�� can be deter-
mined using lock-in amplifiers that are referenced to the
PEM’s modulation frequency. The obtained signals are fur-
ther normalized with dc-terms in order to minimize the varia-
tions in the light intensity due to e.g., fluctuations in the light
source. For the normalized signals we get

R�
d =

I�
d

Idc
d = − 2
�J1��0�sin�2��� , �13�

R2�
d =

I2�
d

Idc
d = − 2
�J2��0�cos�2��� , �14�

R�
b =

I�
b

Idc
b = − 2J1��0��
� sin�2��� − 
� cos�2���� , �15�

R2�
b =

I2�
b

Idc
b = − 2J2��0��
� cos�2��� + 
� sin�2���� . �16�

These ratios can be used to determine 
�, 
�, ��, and �� as
follows:



�
 =
1

2
�� K�

d R�
d

J1��0�
�2

+ �K2�
d R2�

d

J2��0�
�2

, �17�

�� =
1

2
arctan� K�

d R�
d J2��0�

K2�
d R2�

d J1��0�
� , �18�



�
 =
1

2
��K�

b R�
b − K�

d R�
d

J1��0�
�2

+ �K2�
b R2�

b − K2�
d R2�

d

J2��0�
�2

,

�19�

�� =
− 1

2
arctan� �K2�

b R2�
b − K2�

d R2�
d �J1��0�

�K�
b R�

b − K�
d R�

d �J2��0�
� , �20�

where K�
d , K2�

d , K�
b , and K2�

b are instrumental constants that
relate the measured root mean square voltages to the inten-
sities.

Birefringence and dicroism are related to these param-
eters via the following two equations:


�n�
 =
�

�

2d

, �21�


�n�
 =
�

�

2d

, �22�

where �=632.8 mm is the wavelength of the laser and d is
the sample thickness.

III. RHEO-OPTICAL STUDIES: SHEAR-INDUCED
ORIENTATION

A. Materials

Preliminary experiments to test the performance of the
rheo-optic apparatus were carried out on a poly�isoprene�-b-
poly�styrene� diblock copolymer �PS-b-PI, Polymer Source
Inc. �Canada�, Mn=11.5-b-10.5 kg/mol, Mw /Mn=1.04�. Be-
low order disorder transition temperature �TODT� the material
microphase separates into a lamellar morphology with a pe-
riod of d=216 Å.
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Flow alignment kinetics of the block copolymer with
slightly different molecular weights has been studied thor-
oughly using rheo-optics.5,9,17,22,23 By varying the tempera-
ture T�TODT, the shear strain amplitude �0 and the oscilla-
tion frequency �, two distinct alignment directions of the
lamellae can be obtained, namely, parallel and perpendicular
�see Fig. 3�. The third option, transverse alignment, is sel-
dom observed because the equilibrium spacing is disturbed
by shearing. The alignment, however, is hardly ever perfect
and a combination of the alignments is often observed.

B. Rheological measurements

The samples were first pressed into small disks at 140 °C
and subsequently cooled back to room temperature in order
to obtain homogenous samples and to avoid unfavorable for-
mation of air bubbles. After placing the samples between the
quartz teeth they were heated above the order disorder tran-
sition temperature �TODT170 °C� up to 180 °C and kept
there for 20 min in order to erase all history. Finally the
samples were cooled down to the measurement temperature
and were left to stabilize for 30 min. In the shearing experi-
ments two different working temperatures were used,
namely, 115 and 145 °C, whereas both the oscillation fre-
quency ��=1 rad/s� and shear strain amplitude ��0=0.42�
were kept constant.

Figure 4 shows the change of the dynamic storage �G��
and loss moduli �G�� during the oscillatory shearing at

115 °C. Both moduli show a fast initial drop followed by a
slow gradual decrease which is commonly observed for
diblock copolymers undergoing shear-induced alignment.9

The corresponding graph at 145 °C is not shown here be-
cause the torque response of the sample decreased to the
limit of the sensitivity of the rheometer.

C. Flow birefringence measurements

As the laser beam propagates through the sample along
the −2-direction �see Fig. 3� the projection of the refractive
index tensor on the 1–3-plane, i.e., �n13=n11−n33 is being
measured. For lamellar PS-b-PI the form birefringence ��nf�
is estimated to be at least three times the intrinsic birefrin-
gence ��ni� �Ref. 24� and thus the change in �n13 can be
directly related to changes in the block copolymer micro-
structure. For instance, the different alignment directions
�see Fig. 3� of the lamellar diblock copolymer can now be
identified from the �n13 because, obviously, for parallel
alignment 
�n13
�0 whereas for perpendicular and trans-
verse alignments 
�n13
�0.

Dichroism and birefringence as well as their orientation
angles were recorded before, during, and after rheological
measurements. When the sample is subjected to LAOS con-
ditions described in the previous section at 115 °C, birefrin-
gence shows a fast initial increase which is followed by a
slow decay and flattening of the signal �see Fig. 5�. Main-
taining the shearing conditions and increasing the tempera-
ture to 145 °C leads to increased anisotropy as can be seen
from the Fig. 5. Based on these results and earlier results
obtained with a similar block copolymer5 we may state that
the former is progressing toward parallel and the latter to-
ward perpendicular alignment. One should note the low level
of the birefringence in the perpendicular case �the largest
reported birefringence for a perpendicular alignment of PS-
b-PI is23 �nmax�1�10−3�, which means that the alignment
is only adequate and in addition the parallel alignment de-
cays to nonzero value meaning that some of the domains are
still aligned in the normal direction. However, more detailed
characterization with, e.g., small-angle x-ray scattering is re-
quired to verify these conclusions.

FIG. 3. �Color online� Schematic illustration of the possible macroscale
shear-induced alignments for a sample exhibiting lamellar phase, namely,
�a� parallel, �b� perpendicular, and �c� transverse alignment.

FIG. 4. �Color online� Evolution of the dynamic storage G� and loss modu-
lus G� of PS-b-PI during oscillatory shear at 115 °C. Oscillation frequency
�=1 rad/s, shear strain amplitude �0=0.42.

FIG. 5. Evolution of the birefringence during shear alignment at �T
=115 °C� and �T=145 °C�. Oscillation frequency �=1 rad/s, shear strain
amplitude �0=42%.
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D. Small-angle x-ray scattering measurements

After cessation of shear samples were cooled down to
room temperature and removed carefully for an ex situ char-
acterization. Samples were cut into small sections so that for
each direction �normal, tangential, and radial� the path length
of the x-ray beam was 1.0 mm.

X-ray scattering patterns were collected using a Bruker
small-angle scattering system that includes a two-
dimensional �2D� area detector �Bruker AXS�. The generator
was a Bruker Microstar rotating anode source with Montel
Optics which was operated at 45 kV and 60 mA. The beam
was further collimated using four sets of slits. The sample to
detector distance was approximately 2500 mm. X-ray pat-
terns were collected for 1000 s in normal, tangential, and
radial views, i.e., with the incident beam along the −2, −1,
and −3 directions, respectively �see Fig. 3�.

As a reference sample, we used an unaligned sample that
has the same processing history as the aligned samples ex-
cept it was not subjected to LAOS. The two-dimensional
SAXS patterns of the samples are shown in Fig. 6 with the
corresponding azimuthal scans at the bottom.

The scattering patterns verify the conclusions made in
the previous section, i.e., at lower temperature �T=115 °C�
the material processes toward parallel and at higher tempera-

ture �T=145 °C� toward perpendicular alignment. Neither of
the alignments, however, is very good and particularly a
combination of parallel and perpendicular alignment can be
seen for the higher temperature case �see per in Fig. 6�. This
could already be interpreted from the optical signals but a
combination of in situ birefringence measurements with ex
situ structure characterization techniques is needed to give a
thorough understanding of the shear aligned state especially
when new materials are being studied.
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FIG. 6. �Color online� �Top� Two-dimensional SAXS patterns of the first
order Debye ring in normal, tangential, and radial views for �ref� a reference
sample and for samples subjected to LAOS ��=1.0 rad/s, �0=42%� at
115 °C corresponding to parallel �par� alignment and at 145 °C correspond-
ing to perpendicular �per� alignment. �Bottom� Azimuthal scans of the first
order Debye rings along the curve illustrated in normal view of the reference
sample.
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