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The effect of shear on crystalline order is interesting fundamentally, as well as technologically, for producing
long-range alignment of micron- and nanoscale structures. We study the influence of shear on a sphere-forming
diblock copolymer thin film consisting of a stack of two to six hexagonal layers, using a stress-controlled
rheometer to transmit the stress through a viscous fluid layer. Above a threshold stress, the hexagonal layers
align macroscopically in the “easy shear” direction. A simple phenomenological model with an orientation-
dependent order-disorder temperature, TODT

* ����=TODT�1− �� /�c�sin2�3���� and recrystallization describes the
influence of stress level, temperature, and shearing time remarkably well.
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Thin films of diblock copolymers are finding application
in periodic nanolithography, and as new systems for studying
ordering and phase transitions in two dimensions. Typical
block copolymer thin films show a polygranular structure,
with a correlation length � that grows slowly with the anneal-
ing time, as �� t1/4 for cylindrical �1,2� and spherical �3�
morphologies. Techniques to induce long-range order and
alignment include electric fields �4�, and prepatterning of the
surface chemistry �5� or topography �6,7�. Shear flow can
align block copolymers in bulk �8–14�. In other periodic sys-
tems shear can either enhance alignment and order, or de-
stroy it, e.g., shear melting and crystallization in granular
material �15� and in colloidal crystals �16–18�.

Recently, Angelescu et al. have macroscopically shear-
aligned single-layer cylinder �19� and bilayer spherical �20�
block copolymer thin films. The shear stress was transmitted
with a polydimethylsiloxane �PDMS� rubber pad. Here, we
present a quantitative study of the same sphere-morphology
poly�styrene�-poly�ethylene-alt-propylene� diblock copoly-
mer, PS-PEP 3-24. We use a rheometer �Rheometrics DSR-
200� to apply the shear stress through a relatively thick film
�h=0.1–0.4 mm� of a viscous fluid �PDMS �silicone� oil,
�=106 centistokes, a nonsolvent for the polymer� �Fig. 1�. A
film containing two to six layers of spheres �order 100 nm
thick� is produced by spin-coating from dilute solution onto a
silicon wafer �20�. The nearly Newtonian fluid transmits a
shear stress, ��z�r�=��v� /�z=�r� /h �where v� is the tan-
gential velocity, and � is the rotation rate� which varies lin-
early with the distance r from the rotation axis. After shear-
ing at a prescribed temperature �above Tglass for both blocks�
for a given time, we quench the system to room temperature,
remove the specimen from the rheometer and the PDMS oil
from the film, and image the film near-surface structure by
tapping-mode atomic force microscopy �AFM, Digital In-
struments Dimension 3000�.

Figure 2�a� represents the grain structure revealed by
AFM on a low-stress �280 Pa� region near the center of ro-
tation. Short black line segments in the figure represent dis-
locations within the hexagonal lattice; strings of these dislo-
cations constitute the grain boundaries �3�. The parallel gray
lines reflect the orientation of the hexagonal lattice within

each grain with the association �lines↔3�hexagonal. Figure 2�a�
is typical of unsheared films, with �1 �m grains of random
orientation. Figure 2�b� represents the structure of a high-
stress �3460 Pa� region. There are few dislocations and the
entire image shows a strongly preferred orientation of the
hexagonal lattice, with the closest-packing lines of spheres
aligned with the shear velocity direction, � �20�. This orien-
tation corresponds to the “easy shear” direction illustrated in
Fig. 2�c�. The alignment of the spheres can be quantified
through a hexagonal orientational order parameter relative to
the local velocity direction, S= �cos�6����, where �� is the
angular difference between the velocity direction, �, and the
“bond” connecting the centers of two neighboring spheres;
S=1 for perfect alignment with the velocity direction, S=
−1 for alignment at 30°, and S=0 for random orientation.
The main panel of Fig. 2 shows the alignment parameter as a
function of applied shear stress for three samples run at dif-
ferent rheometer rotation rates. Quantitatively similar results
were obtained for films containing two or six layers of
spheres as well.

Each data point in Fig. 2 is from an AFM image of
2.5 �m	2.5 �m, a size limited by the need to resolve each
sphere. At low stress each image has a few random grains
of �1 �m explaining the large scatter in �S
� ± �number grains�−1/2� ±0.3. When the polygrain struc-
ture is eliminated at higher stresses, the scatter in S is greatly
reduced, though S does not reach unity. Small deviations in
the positions of the spheres will reduce S in a Debye-Waller-
like fashion. If �� is evaluated by averaging over a three-
unit-cell neighborhood surrounding each bond, S�0.95 at
high stress. The distortions do not disturb the long-range
orientational order of the sheared lattice.

Figure 3 shows S as a function of stress for different com-
binations of temperature and shearing time. The data in Fig.
3 suggest a threshold stress below which the sample shows
no alignment. We fit each 30 min data set to a two-parameter
step function: S=0 for �
�step, S=constant for ���step.
Figure 4 shows �step versus temperature. The striking result
is that the stress required for alignment goes linearly to zero
at the order-disorder transition temperature TODT, 121 °C for
a bulk film of PS-PEP 3-24 �21� and 125 °C for a single-
layer film �22�.

PHYSICAL REVIEW E 74, 040801�R� �2006�

RAPID COMMUNICATIONS

1539-3755/2006/74�4�/040801�4� ©2006 The American Physical Society040801-1

http://dx.doi.org/10.1103/PhysRevE.74.040801


Though diblock copolymers in bulk are well known to
align in shear, there is no general formalism for treating the
problem. Often such problems are treated through simula-
tions using a time-dependent Landau model �23,24�. The step
stress for the data in Fig. 2, around 400 Pa, is comparable to
the critical stress required to destroy �“melt”� the lattice or-
der in bulk PS-PEP 3-24 �25�, yet here in thin films of the
same polymer above the threshold stress, we get near-perfect
alignment of hexagonal layers.

We propose a simple phenomenological model of
orientation-dependent melting and recrystallization. The ba-
sic idea that we will use is that the effective TODT is driven
down when planes are sheared over one another in a less
favorable direction

TODT
* ���� = TODT�1 − ��/�c�sin2�3���� . �1�

� is the applied shear stress, �c is a characteristic stress, and
�� is the angle between the hexagonal lattice vector and the
shear velocity direction. If a film is sheared at a temperature,
T, such that TODT

* �30° �
T
TODT, then all regions of the
sample with larger misalignment than �1/3�sin−1��TODT

−T� / �� /�c��1/2 will melt and recrystallize better aligned.
The reduction of TODT

* by shear can be argued within a
Landau model. For clarity, we treat two layers of a square
lattice here, to avoid the algebraic complexity of a hexagonal
lattice. A Landau free energy expansion for the two-layer
system can be written as

F = c���N�ODT − �N�1
2 + u1

4 + c���N�ODT − �N�2
2

+ u2
4 + b12. �2�

Here i=��i	cos�2��xi−xi,0��+cos�2��yi−yi,0��
 is the order
parameter for a square density modulation �amplitude ��i,
periodicity unity� characteristic of the lattice in layer i=1,2
and � is the Flory interaction parameter, and N is the degree
of polymerization �26,27�. The interlayer coupling b�r2,0

−r1,0, �� depends on the relative displacements, r2,0−r1,0,
and orientations, �, of the lattices in the two layers: x2
=x2,0−x1,0+x1 cos���+y1 sin���, y2=y2,0−y1,0−x1 sin���
+y1 cos���. Steric effects between the spherical micro-
domains lead to repulsive interactions so that a sphere in one
layer prefers to sit in the center of the square defined by the
spheres in the other layer. This will lead to a minimum in

coupling energy when �=0, x2,0−x1,0=y2,0−y1,0= 1
2 . If we

take the repulsion as a delta function, ��r2−r1�, and �=0,
then b= � 1

2
�	cos�2��x2,0−x1,0��+cos�2��y2,0−y1,0��
. For any

finite �, b=0, as x and y periodicities are incommensurate.
Typically, � is a decreasing function of temperature, often

expressed as �=A /T+B with A�0, so that the material is
ordered below TODT and disordered above TODT. Since N is a
constant for a given polymer, we may thus rewrite Eq. �2� for
temperatures near TODT as

F = a�T − TODT�1
2 + u1

4 + a�T − TODT�2
2 + u2

4 + b12,

�3�

where a has the same sign as A, the temperature coefficient
of �. Further, since the two layers are equivalent, we expect
a transition with 1=2=, so Eq. �3� becomes

FIG. 1. Schematic of the parallel-plate rheometer setup. Left:
exploded isometric view, indicating the cylindrical �shear� coordi-
nate directions: r �vorticity�, � �velocity�, and z �gradient�. Right:
cross-sectional view, not to scale: note that the PDMS oil layer is
�103 times thicker than the sphere-forming block copolymer film
�three hexagonal layers of spheres shown�.

FIG. 2. Main panel: alignment parameter S= �cos�6����, as a
function of shear stress. Each datapoint represents the value of S
averaged over a single 2.5 �m	2.5 �m AFM image taken at a
particular distance r from the rotation axis, corresponding to a par-
ticular value of the shear stress. Data from three different shearing
experiments are shown, as indicated in the legend, where the shear
stresses at the rim of the rheometer plate are given. �a� Grain struc-
ture revealed by an AFM image �2.5 �m	2.5 �m� of a region at
low applied shear stress �280 Pa�. Short black line segments repre-
sent dislocations, which collectively define the grain boundaries.
Gray shading lines represent the orientation of the hexagonal lat-
tice; a 180° rotation of the shading lines corresponds to a 60° rota-
tion of the hexagonal lattice. �b� Analogous representation of a re-
gion at high applied shear stress �3460 Pa�. Note absence of grain
boundaries. �c� Schematic of the “easy shear” direction, where
spheres in the upper layer �open circles� move in the interstices of
the hexagonal lower layer.

WU, REGISTER, AND CHAIKIN PHYSICAL REVIEW E 74, 040801�R� �2006�

RAPID COMMUNICATIONS

040801-2



F = a��T − TODT�2 + u�4 + b2 = a��T − TODT
* �2 + u�4,

�4�

where a�=2a, u�=2u, and TODT
* =TODT−b /a�. Equation �4�

shows that the interlayer coupling enters as an apparent shift
of TODT, by an amount dependent on b. The treatment thus
far is for equilibrium. As an approximation to the effects of
shear, we displace the layers relative to one another linearly
in time, t, by x2,0−x1,0= �̇t cos����, y2,0−y1,0= �̇t sin���� and
time-average assuming an order parameter relaxation time of
�R. From symmetry and the relaxation time approximation
we expect b to be a function of 4�� and �̇�R. For our rigid
bilayer model b is finite only for ��=2�n /4 with integer n,
but for a more realistic model we expect b to vary smoothly
with ��. We assume the simple functional form b
� �̇�R sin2�2���. Since we expect �R to be proportional to
viscosity, �̇�R is proportional to the shear stress �, so that the
product a�TODT then defines a characteristic stress �c. Sub-
stituting these expressions into that for TODT

* and changing to
hexagonal symmetry �2��→3��� leads to Eq. �1�.

To complete the model, we add the simplest time depen-
dence of the melting and subsequent recrystallization pro-
cesses �28�. An area R���� above its local melting tempera-
ture �T�TODT

* � melts at a rate �R���� /�t=��TODT
* ����

−T� /TODT, and the material in that melted area recrystallizes
with an orientation distribution governed by the same rate
law, �R���� /�t=��TODT

* ����−T� /TODT, into orientations ��

where TODT
* �����T �28�. After an elapsed time t the areal

distribution is given by

R���� = R����initial�1 + t��TODT
* ���� − T��/�TODT�

for T � TODT
* ����, R���� � 0,

R���� = R����initial	1 + t���TODT
* ���� − T�/TODT


for T 
 TODT
* ���� . �5�

We assume the initial distribution of areas R����initial is inde-
pendent of ��; � is a scale factor adjusted to keep the total
area conserved.

The working parts of this model are Eqs. �1� and �5�.
Equation �1� describes two important features of the data
immediately. First, a threshold stress: only when the stress is
raised to the level where TODT

* �30° �=T will the most mis-
aligned regions start to melt. Second, the value of this thresh-
old stress should decrease linearly to zero as T approaches
TODT, consistent with the behavior of the step stress shown in
Fig. 4.

A more detailed comparison of this phenomenological
model with experimental data requires the determination of
three parameters: �c, �, and a Debye-Waller-like factor D,
which rescales S at saturation to experiment. To obtain these
three parameters, we fit the T=85 °C and t=5 min data set,
obtaining �c=3200 Pa, �=0.02 sec−1, and D=0.9. We then
held these parameters fixed and calculated the S vs � �Fig. 3
continuous curves�. The agreement of the model with the
experimental data is striking, given its simplicity.

Some discussion of the parameter values is in order. We
used a fixed �=0.02 sec−1, but we expect ��Ds�T� a self-
diffusion coefficient. Fits using reasonable estimates of ��T�

FIG. 3. Alignment parameter S as a function of applied shear
stress for different temperatures and shear durations, as indicated in
each panel; vertical range of each panel is 0�S�1. Points are
experimental data and solid curves are fits to our phenomenological
model. Threshold and step stresses, �thresh and �step, are indicated
by vertical arrows in the bottom panel.

FIG. 4. Step stress, determined by fitting the 30 min data in Fig.
3 to a step function, against shearing temperature. The bulk order-
disorder transition temperature �TODT=121 °C� is indicated by the
vertical dashed line. Uncertainty intervals reflect the discreteness of
the stress values in Fig. 3: the best-fit step stress falls between the
values for two adjacent data points, represented as the ends of the
error bars.
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are not significantly different from those presented because
the higher temperature data is already in the long-time, satu-
rated limit, �t�10. The characteristic stress �c is within an
order of magnitude of the critical stress required to destroy
the lattice when shearing bulk specimens. The bulk critical
stress is only weakly dependent on temperature, and does not
go to zero at TODT �25�. Previous models for shear alignment
often deal with lamellar systems where ODT increases due to
a shear induced reduction in fluctuations, a mechanism inap-
propriate for crystalline systems and especially bilayers �29�.

To summarize, we have performed the first shear align-
ment of diblock copolymer films using a viscous fluid to
transmit the stress, an approach that allowed us to measure
the alignment as a continuous function of stress on a single
sample. Our experimental results show a temperature—
dependent threshold stress above which films containing two
to six layers of hexagonally-packed spherical microdomains

begin to align. The threshold stress goes to zero at TODT. We
have also presented a phenomenological model with an
orientation- and stress-dependent effective order-disorder
temperature: the essence of the model is that misaligned re-
gions shrink at the expense of aligned regions, there is a
threshold stress for alignment to occur, and that the threshold
stress goes to zero at TODT. We emphasize that many models
will give the first two dependences but the last is rather con-
straining. Diblock copolymer films may be excellent systems
for understanding some aspects of nonequilibrium driven
systems.
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