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Abstract We investigate and com-
pare the mechanical properties of
two micellar cubic crystals. Both are
obtained from aqueous triblock-
copolymer solutions of similar block
structure, (PEO);5(PPO),o(PEO)76
and (PEO);27(PPO)4s3(PEO);27,
designated Pluronic F68 and F108
respectively. Extensive small angle
X-ray scattering experiments under
shear and common rheometry pro-
vide the following results: (i) the
solid phases of the two polymeric
solutions are constituted of micelles
that are ordered in a bee (F68) and
fce (F108) structure. The overall
appearance of both unsheared sam-
ples is polycrystalline; (i) SAXS
showed that both systems undergo a

structural reorientation under shear,
with the dense planes arranged
parallel to the velocity - vorticity
plane, thus facilitating flow; (iii) F68
showed a clear transition in the flow
curve, associated with a textural
change, but the F108 system exhib-
ited a continuous evolution; (iv) the
bce crystal appears to have no
measurable yield stress and flows
even for low applied stresses. This
was in contrast to the fcc sample
which showed a clear yield stress,
separating creep and flow regimes.

Key words Micellar cubic phase -
Shear-banded flow - Textural
transition

Introduction

The study of the flow behaviour of cubic phases made of
surfactants or copolymers has been for years an active
part of the general problem of structural transitions under
flow and of the correlation between these textural or phase
transitions and the corresponding mechanical response
(Ackerson et al. 1981; Chen et al. 1992, 1994; Buter et al.
1996; Diat et al. 1996; Lie et al. 1996a; Kleppinger et al.
1997, Hamley et al. 1998; Molino et al. 1998; Eiser
et al. in print). Inspired by the work of Ackerson and
Zukoski on charge stabilised colloids (Ackerson et al.
1981; Chen et al. 1992; Pusey et al. 1989), we investigated
two systems of soft spheres arranged to obtain long-range
crystalline order at a much lower space scale, based on the
auto-aggregating properties of triblock copolymers.
Two aqueous systems of differently long polymers,
(PEO),(PPO),,(PEO), (with n and m taking different

values), were probed. The entire copolymer is very soluble
at 5 °C, but the PPO part becomes hydrophobic at higher
temperatures, leading to the creation of monodispersed
micelles (Zhou and Chu 1994; Berret et al. 1996). At high
enough concentrations, the constraints of space filling
lead to a liquid-to-solid transition with long-range order.
Although ‘soft’, the systems have elastic moduli higher
than typical values for colloidal crystals, and far lower
than conventional crystals. The typical mesh size, a, is
between 70 A and 300 A (the elastic energy scales as 1/a’).
Using conventional stress- or strain-controlled rheome-
ters, these materials can be easily submitted to deforma-
tions leading to flow. Behaviour of shear alignment,
fracture, and creep have been investigated for different
values of the applied stress or shear rate. Our goal here is
to present and to compare qualitatively the results for
flow behaviour of two systems, having different local
symmetries. Namely, the micelles of the polymer, F108
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(n = 127, m = 48), organise themselves into face-cen-
tred cubic (fcc) symmetry, and the n = 76, m = 29
system (F68) leads to a body-centred cubic (bcc) symme-
try. In order to understand the findings for the mechanical
behaviour of such crystalline structures we will first
present a brief summery of small-angle X-ray data
obtained for the same samples under shear.

Experimental

We used two symmetric triblock copolymers, polyethylene oxide —
polypropylene oxide — polyethylene oxide (PEO)74(PPO),9(PEO)76
and (PEO);,7(PPO)43(PEO) 57, commercially known as F68 and
F108 respectively. These co-polymers were purchased from SER-
VA (Germany) and used as received without further purification.
All samples were prepared with water, purified using a Millipore
filtration unit.

46 wt% solutions of F68 and 35 wt% solutions of F108 are
prepared by dissolving the polymer in water at low temperature
(T = 5 °C), where water is a good solvent for both the PEO and
PPO parts. As the solubility of PPO in water decreases on reaching
room temperature, micelles are formed by spontaneous association
and for the concentrations mentioned above, a liquid-to-solid
transition is observed (Zhou and Chu 1994). We use 23 °C for F68
and 25 °C for the F108 solutions as working temperatures as these
are well within the solid phase.

Rheology experiments were performed using a stress-controlled
rheometer in a Couette (Physica USD 200; the diameter of the
rotating inner bob is 12.5 mm and the gap width 1.06 mm) and a
cone-plate geometry (the diameter of the cone was 50 mm, with an
angle of 1°). The liquid solution was inserted into the pre-cooled
cell and, after immersing the rotor into the sample, heated to the
temperatures given above in order to avoid any pre-shear of the
sample. At the liquid-to-solid transition a strong pulling force was
observed, hence the sample was left to relax for two hours prior to
any experiment.

All SAXS experiments were performed at the ESRF-Grenoble
(beam line ID2), using a rate-controlled Couette cell with an outer
cylinder/gap ratio of 20/1lmm. The X-ray wave length used was 1 A,
with a resolution AZ/A = 0.01, and a sample to detector distance of
4 m. Diffraction patterns presented here were taken after cessation
of shear, as strong continuous shear leads to destruction of the
sample. Comparisons of X-ray images taken under shear and those
taken at rest right afterwards verify the integrity of the procedure
(for more details see Molino et al. 1998).

The setup of the Couette cell allows for the exploration of two
geometries: 1) radial, where the X-ray impinges on the sample
perpendicularly to the velocity and the vorticity 2) tangential (not
shown here), where the beam is parallel to the velocity vector and
perpendicular to the vorticity. In addition, the narrow width of the
beam (~150 uN) allows scanning of the Imm broad gap which
enables a spatial analysis of the probe.

Results and discussion
Structure before and after shear

In this chapter we give a brief overview of the structural
analysis of the two cubic symmetries, obtained from
small-angle X-ray scattering under shear. As a result we
will be able to understand and interpret the rheological
behaviour of the samples, the main point of interest in

the present work. Thus the reader may find a detailed
SAXS analysis in the references (Molino et al. 1998;
Eiser et al. in print).

Small-angle X-ray diffraction performed on F68 and
F108 samples, crystallised in situ, show powder diffrac-
tion rings which can be identified with a local cubic
structure, while the overall image is that of a “grainy”
powder-crystalline sample (Mc Connell et al. 1993;
Molino et al. 1998). The micelles formed from F68
triblock copolymers have an aggregation number of
about 7 and form a bee powder-crystal with a lattice size
of 100 A, and a nearest-neighbour distance of around
74 A. However, F108 micelles, which have a thicker
hydrated corona, crystallise into an fcc phase (the
aggregation number is around 50). Here the lattice
parameter is 294 A, and the separation between nearest
neighbours is 208 A. Although the ratio of the PPE to
PPO block is similar in both polymers, one forms an fcc
and the other a bcc structure. This implies that the
interaction potential of the F108 micelles is different
from the F68 micelles. Regarding the greatly different
aggregation number, one sees that a considerably
smaller number of PPE arms constitute the corona of
the F68 micelles. A less dense corona, however, suggests
that the interaction potential will not be the one of a
truly hard sphere but the one with an additional long-
range repulsion as proposed by McConnell et al. 1993.
Spheres with such an extended interaction potential are
expected to form less dense orders. In view of this F108
micelles, which have a much denser corona and thus
approach the hard-sphere situation, crystallize into the
close packing fcc structure.

Once shear is applied to the samples, a transition
from a powder-crystalline to a highly aligned sample is
observed (McConnell et al. 1993; Molino et al. 1998).
Figure 1 presents the radial view of a F68 sample (46
wt% at T = 20 °C) previously sheared at 356 s~'. The
sharp diffraction peaks reveal a strong homogeneous
orientation of bcc structure, with the dense direction
[1 1 1] parallel to the velocity, v, and the dense plane
(110) parallel to the shear plane. Moreover the
symmetry indicates that the two twins are present in
equal proportions, thus we are not dealing with a single
crystal (note that the boundary between the twins lies in
the direction of the velocity). At these high shear rates
flow is thus facilitated by the reorientation of the dense
planes parallel to the walls of the Couette cell so that
they can slide past each other.

Similar reorientation or layer-sliding structure is
observed in the fcc sample (35 wt% solution at 25 °C,
after a pre-shear rate of 300 s™'), as presented by the
radial view in Fig. 2. The six intense Bragg-peaks stem
from the 2d hexagonal close packed (hcp) layers, aligned
parallel to the Couette walls. The more faint inner dots
are related to the stacking faults between the hcp-layers.
Indeed the tangential view (not shown here) reveals that
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the correlation, ...ABCABC...,
lost (Molino et al. 1998).

The objective of this work is to relate the structural
changes of soft cubic crystals under shear with their
macroscopic mechanical behaviour. Thus we present in
the following paragraph the rheological measures

typical for fcc crystals is

Fig. 1 Small angle X-ray diffraction pattern of a 46 wt% F68 (bcc)
sample at 7 = 20 °C, medsured in radial geometry. The sample was
pre-sheared at 7 = 365 s™'. The symmetry of the 4 diffraction spots
on the ﬁst-order ring reﬂects the presence of a twin structure

Ot

-

Fig. 2 SAXS image taken from a 35 wt% F108 (fcc) sample at
T = 25°C, in radial geometry. The sample was pre-sheared at
% = 200 s™'. The intense diffraction spots correspond to the second
order structure factor of 2d /hcp planes which are perpendicular to the
incoming X-rays and parallel to the shear plane. The faint inner
spots stem from the piling up of stacking faults between the hcp
planes

obtained starting from the polycrystalline and layer-
sliding regime.

Flow-curve and the corresponding textural transitions

In Figs. 3 and 4 we present the flow-curves of both the
bee and fec samples (Eiser et al. in print). Firstly we
discuss the flow behaviour of the F68 sample. Using a
cone-plate geometry, a continuously increasing stress (of
step rate Ac = 1 Pa) is applied to the initially polycrys-
talline sample and the corresponding shear rate is
measured. Above a certain stress a sharp plateau occurs
where, for a small change in o, the shear rate jumps from
around 6 s~! to 40 s™', followed by a slow increase in 7.
Finally, with further increasing stress a second jump
occurs from § = 130 s™' to 400 s™!. Repeated experi-
ments show that the two plateaux always occur in the
same shear-rate range, while the stress value for the first
plateau varies strongly, depending on the contribution
from the borders of the cone (which cannot be
controlled). These two plateaux are correlated with the
existence of three different stable states of the sample:
a polycrystalline state, prevalent below 6 s™'; a highly
ordered state with the dense planes parallel to the shear
plane, above j ~ 130 s™!; from detailed analysis of
tangential X-ray diffraction patterns of samples sheared
aty =~ 50 s™!, a third state, the texture of which is found
to be of the same highly ordered bcc structure but with
the dense planes perpendicular to the shear plane (Eiser
et al. in print). To summarise, rheology experiments
distinguish three distinct regimes of flow, ruled by the
prevalent shear rate. Each of the flow regimes is
characterised by the appearance of a new texture. From
a polycrystalline texture at low shear rates, we come
across two highly ordered textures which differ from one
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Fig. 3 Flow-curve of a 46 wt% F68 (bcc) sample measured in cone-
plate geometry at 7 = 20 °C: stress is applied in steps of 1 Pa to the
initially polycrystalline sample. The two arrows indicate the two
plateau regions
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another only by the spatial orientation of the dense
planes. One can speak of an alignment transition since
all three different textures exhibit local bce structure with
the same lattice size. In addition the textural transitions
are reversible (not shown here): though the flow-curve
shows strong hysteresis on decreasing stress the same
stress plateaux are found in a second measure cycle. Also
X-ray experiments show that a powder-crystalline
texture is found again after shearing a highly oriented
sample at low shear rates.

The flow behaviour of the fec F108 sample is rather
different from that of the one formed by F68; no plateau
region is observed which could be related to a transition
from the polycrystalline to layer-sliding texture. Data
presented in Fig. 4 are measured in Couette geometry
(cone-plate geometry provides similar results but is
avoided because the Couette geometry reduces drying
effects during long measurements). Returning to X-ray
experiments we noticed that for a large range of shear
rates, 0.1 s7! < 9 < 100 s!, a mixture of the powder
crystalline and layer-sliding signature is present with a
ratio of intensities dependent on the actual shear rate
(Molino et al. 1998). This fraction of the layer-sliding
phase increases with increasing shear rate and pervades
the entire sample only at 7 ~ 200 s™'. As for the bce
sample, the polycrystalline texture is regained when the
highly oriented sample is sheared at low shear rates for a
couple of minutes. In spite of these structural similarities
with the bcc crystal, two strikingly different features
appear in the flow curve: the existence of a yield stress
for the fcc; and the absence of a plateau in stress
associated with the structural transition. The fec system
exhibits only strong shear thinning. Notice that below
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Fig. 4 Flow-curve of a 35 wt% F108 (fcc) sample measured in
Couette geometry at 7 = 25 °C. The circles are measured in single
long-time creep experiments starting out from polycrystalline samples
(e.g. the data point for ¢ = 310 Pa was obtained from the creep curve
shown in Fig. 5). The triangles are for the fully aligned sample,
measured by descending the applied stress step wise (each point is
measured for 2 mins, which appears to be sufficient to reach steady
state)

300 Pa, no stationary flow can be achieved when starting
from the polycrystal. On the other hand if one first
strongly pre-shears and aligns the system first, and then
decreases the stress, steady state flow can be achieved
down to 160 Pa. We will come back to this dependence
of the flow behaviour on the samples’ initial condition
later. The examination of the transient behaviour of the
two systems under constant stress is necessary to obtain
further indications.

Transient behaviour under stress

We show in Figs. 5 and 6 typical transient behaviour of
the fcc and bcc systems respectively, exposed to small
stresses, in the range of 1-100 Pa (Eiser et al. in print).
For such small values, the fcc polycrystalline phase never
reaches a steady state of constant shear rate. Instead we
have creep behaviour of constant slowing down (see inset
of Fig. 5), reminiscent of the one observed in metals.
Above 300 Pa a new behaviour appears: after a long
waiting time (which diverges as the stress decreases
towards this 300 Pa), the viscosity of the sample drops by
three orders of magnitude and the system begins to flow.
The arrow in Fig. 5 indicates this turning point (circles
presented in Fig. 4 were obtained from the slope of the
flowing part in these long-time experiments). Such
behaviour has been interpreted in terms of the nucleation
of aligned lubricating bands of Acp layers, necessary to
induce flow — in contrast to the much slower creep
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Fig. 5 Creep curve of a 35 wt% F108 (fcc) sample measured in
Couette geometry at 7 = 25 °C. The applied stress is 310 Pa. The
initial response is quite reminiscent of the bcc behaviour, except that
no stationary state of flow (characterised by a constant slope) is
reached in 3 x 10% s. After this time, the system begins to flow, with a
sudden decrease in the viscosity by three orders of magnitude as
indicated by the arrow (from 107 to 10* Pas). The inset shows a typical
creep curve, here for an applied stress of 100 Pa, below the yield stress
of the sample. Both curves were obtained starting out from a
polycrystalline state
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behaviour, associated with the reorganisation of grain
boundaries. In other words, no flow behaviour is
observed in absence of the layer-sliding phase. With X-
rays we do not observe the aligned bands for small values
of the shear rate, which is due to their small volume
fraction up to 0.3 s~'. This also explains the absence of
any plateau in the flow curve: there are just no steady-
state points below the stress corresponding to the
nucleation of the aligned bands. In contrast, the F68
phase exhibits no, for us measurable, yield stress as the
sample can flow with a constant rate even below 10 Pa
(see Fig. 6). The associated shear rates are exceedingly
small, and have been obtained from the time dependence
of the deformation measured for around 10° seconds.
Moreover, the typical decrease by three orders of
magnitude in the apparent viscosity associated with the
onset of flow in F108 has no equivalent in the F68
system. The small stress values of the shear rate
continuously increase up to the stress plateau described
previously. In fact the viscoelastic behaviour of the F68
phase can be accounted for by a quite simple superpo-
sition of a Maxwell and a Kelvin-Voigt element.
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Multi-lamellar (onion) phases stacked in cubic order
and exhibiting similar creep behaviour have been
described using this simple model (Panizza et al. 1996).
The instantaneous elasticity is accounted for by the G;
modulus, the long time flow of the crystallites is
described by the viscosity #;. The Voigt modulus could
describe the retarded -elasticity associated with the
dissipative displacement and growth of dislocation
loops. Suitable values of the two time constants of the
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Fig. 6 Creep curve of a 46 wt% F68 (bcc) sample measured in
Couette geometry at 7= 17 °C. The applied stress is 50 Pa. A fast
elastic response is followed by a non-stationary transient creep,
leading to a stationary flow at long times

Maxwell and Voigt moduli enable one to reproduce
the creep behaviour. Clearly this model cannot be used
the plateau region in the bcc phase has been reached,
where structural changes in the material are induced by
the flow. For the fcc phase its validity is restricted to the
range below the yield stress.

We offer no explanation for the difference in terms of
steady-state behaviour under small stresses for the two
phases. We can only tentatively conclude that the
movement of defects in the grain boundaries is restricted
in the fcc phase by the close-packed nature of the
symmetry.

Elastic behaviour in the linear regime
Elastic moduli

As previously described, the creep behaviour of both
materials is characterised by an instantaneous elastic
response, Ay;, roughly equal to the instantaneous recoil,
Ay;, observed immediately after relaxation of the force
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Fig. 7 Instantaneous elastic response, Ay;, of the F108 (fcc) phase,
both in the polycrystalline and the pre-sheared (or aligned) state. The
inverse of the creep compliance gives the elastic modulus: 20,000 Pa
and 13,000 Pa respectively. Different symbols indicate in both figures
different experimental series
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Fig. 8 Instantaneous elastic response of the F68 phase (bcc) in the
polycrystalline state. The elastic modulus is around 40,000 Pa, twice
the value of the fcc case

(inset of Fig. 5). From the dependence on the applied
stress of this elastic deformation, one can infer the value
of the elastic modulus. We show in Figs. 7 and 8 the
curves Ay; (o), for F108 both in the polycrystalline and
pre-sheared (or aligned) state and for F68 in the
polycrystalline state respectively. The elastic moduli
(which is the inverse of the slope of Ay, (¢), or compliance)
vary for the F108 between 13,000 Pa (aligned sample) and
20,000 Pa (polycrystal), and is 41,000 Pa for the F68.
The elastic energy instantaneously stored (and as
quickly released) in both systems is expected to be
related to the elastic response of the ordered structure.
However, the elastic modulus of the polycrystalline
sample is almost twice of the pre-sheared one. This
difference may be understood when considering the
energy necessary for one dense plane to glide past the
other. In the aligned state, the hexagonal close packed
layers, hcp, are randomly stacked and lie in the shear
plane. Similar to the fcc crystal, where the dense planes
are perpendicular to the room diagonal (111), the hcp
layers are separated by the distance (3/4)1/2a. From the
theory of dislocations in metallic crystals it is known
that the energy corresponding to a displacement of a
dislocation is proportional to the square of the Burgers
vector, E o b2, where b in our case can be related to the
interplanar distance (West 1984). In a polycrystalline
sample this cost in energy will be higher since one has to
sum over all possible projections of Burgers vectors
perpendicular to the shear plane, which are larger than
(3/4)"2a. Thus, the applied stress in the shear-aligned
sample can be more easily relaxed and it starts to flow
earlier, while the polycrystal stores more stress elastically
before succumbing to plastic deformation.
Furthermore, the mesh sizes of the F68 and F108 are
300 and 100 A, respectively. Therefore we expect the
ratio between the elastic moduli to be around 37,
provided that the elastic energy scales as kgzT/a’
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Fig. 9 Frequency dependence of the storage (triangles) and loss circles
moduli for a F68 hee sample in the polycrystalline (pre-shear at 0.1 s™!
open symbols) and aligned (pre-shear 150 s~' closed symbols)
configuration

(a being the typical lattice size, and which is three times
smaller in the F68 bcc). This simple scaling assumption
clearly overestimates here the importance here of the
mesh size difference. Moreover the details of the
interaction potential play a crucial part in determining
the modulus, which is in a simple periodic-potential
picture just the curvature of the potential at the
minimum. Here, this potential depends on details of
the interaction between two coronas of PEO chains in
good solvent. The differences in the radii of the
hydrophobic cores and in the length of the side chains
are difficult to take into account in such a simple picture.

Linear viscoelastic behaviour

The frequency dependence of the storage and loss
moduli in the linear regime, both for pre-sheared and
polycrystalline samples, have been measured for the two
cubic phases. Care was taken to ensure that the dynamic
measurements were performed in the linear regime,
which lies for both crystals within 1% of deformation.
Results are presented in Figs. 9 and 10. In both systems,
we observe a weak influence of the pre-shear, and thus of
the state of alignment, on the storage modulus, G,
which is expected if the elasticity is associated with the
unchanged local long-range order. The loss modulus,
G”", is also weakly affected, and exhibits an increase for
the small values of the frequency. This has been
associated with a so-called ‘soft glassy behaviour’
(Mason and Weitz 1995; Liu et al. 1996b; Mason et al.
1996; Panizza et al. 1996; Mason and Bibette 1997;
Sollich et al. 1997; Buzza et al. 1995; Hébraud et al.
1997), and the existence of a range of very long
relaxation times (around 100 s here). This is consistent
with the creep behaviour in fcc samples, where the
system reaches the flow regime only after a long
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Fig. 10 Frequency dependence of the storage (triangles) and loss
circles moduli for a F108 fcc sample in the polycrystalline (pre-shear at
0.1 s™! open symbols) and aligned (pre-shear 150 s™! closed symbols)
configuration

transient. As expected it is difficult to predict from our
data the value for which G”(w) reaches a maximum
before going down to zero at even lower frequencies.
The upper limit of the range of relaxation times present
in the system, which should be accounted for by several
Kelvin-Voigt moduli in our simple picture, is thus
undetermined. Hence the ‘glassy’ character of the
material remains uncertain.

Conclusions

To conclude we summarize the features of our system
that we have qualitatively discussed. First, the correla-

tion between the structural evolution (alignment) and
the mechanical signature under flow (strong shear
thinning or plateau), in both the F68 and the F108,
exemplifies on a new system the well studied behaviour
of shear induced transitions. Although the case of the
fee seems less clear, due to the decorrelation between the
aligned layers, it seems appropriate to renounce the
‘phase transition under shear’ vocabulary, as used for
example in the case of giant micelles, and to speak
rather of textural transitions due to the flow. The second
(and related) aspect of our systems, which should be
worth further inquiry, is the creep behaviour, and the
analogy with polycrystalline metals under load. We have
developed in another paper (Eiser, Molino and Porte in
print) the analogy between the nucleation of the fluid
aligned layers and the growth of a fracture in metallic
alloys that the similarity of the creep behaviours
suggests. This view of the nucleation of a far less
viscous band as a fracture is certainly an insight which
could be helpful in the other materials exhibiting shear
banding and shear thinning.

In the polycrystalline state, these system seems to be
particularly suitable to the study of quenched disorder,
and a deeper understanding of the dependence on the
grain sizes, temperature of quench, and local symmetry,
is still missing. We expect the general perspective of the
‘soft glassy materials’ models to give a suitable back-
ground to this investigation.
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