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Non-linear rheology of a face-centred
cubic phase in a diblock copolymer gel

Abstract The viscoelastic behaviour
of a poly(oxyethylene)-poly(oxybut-
ylene) diblock copolymer in aqueous
solution forming a face-centred
cubic (fcc) micellar phase has been
investigated using oscillatory shear
rheometry. With increasing strain
amplitude, the micellar solution was
observed to undergo a transition
from linear to non-linear behaviour,
characterized by strong shear thin-
ning. The non-linear behaviour ob-
served in the stress response was
analyzed by Fourier transformation
of the waveform. Fourier analysis
revealed that the high harmonic
contributions to the shear stress
response increased with strain am-
plitude and up to the 81st harmonic
was observed for very large ampli-
tudes. The onset of non-linear re-
sponse as defined from the

dependence of isochronal dynamic
shear moduli on strain amplitude
was found to be in good agreement
with that defined by the appearance
of a higher harmonic in the stress
waveform. The amplitudes of the
harmonic coefficients are compared
to the predictions of a model for the
nonlinear rheological response of a
lyotropic cubic mesophase based on
the stress response to a periodic
lattice potential (Jones and McLeish
1995). It is found that the model is
able to account for qualitative trends
in the data such as the development
of finite higher harmonics with in-
creasing strain, but it does not
describe the full frequency and strain
dependence of these coefficients.
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Introduction

Concentrated solutions of block copolymers can form
various liquid crystalline phases characterized by a finite
yield stress. Depending on the copolymer structure or
the concentration and the temperature of the solution, a
variety of ordered phases can be obtained such as cubic,
hexagonal or lamellar structures. The phase behaviour
and structure of block copolymer gels have been widely
studied and this work has been recently reviewed
(Hamley 1998).

Of particular interest is the viscoelastic behaviour of
block copolymer gels and the effect of shearing on their
structure and their rheological properties. Due to their
numerous commercial applications, aqueous solutions

of poly(oxyethylene)-poly(oxypropylene)-poly(oxyethyl-
ene) (E,P,E,, where m and n denote the number of
repeat units) triblock copolymers have probably been
the most extensively studied system. For example, a
complex viscoelastic behaviour was observed with
E» P4;E>; Pluronic solutions where two gel structures
referred as “hard gel” and “‘soft gel” were identified
(Hvidt et al. 1994). The former structure was character-
ised by a dynamic shear elastic modulus G’ >10* Pa
while the latter structure displayed a dynamic shear
modulus about three orders of magnitude smaller. The
formation of the so-called ‘“hard” gel was associated
with the development of a cubic arrangements of the
micelles (Mortensen 1992; Almgren et al. 1995). In
poly(oxyethylene)-poly(oxybutylene) (EB) diblock solu-
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tions, “hard” gels were also shown to correspond to
cubic micellar structures, either face-centered cubic (fcc)
or body-centred cubic (bce) (Pople et al. 1997). On the
other hand soft gels often correspond to lamellar or
hexagonal structures (Yu et al. 1998; Pople et al. 1999).

Cubic arrangements of micelles can be aligned either
by steady shear or large amplitude oscillatory shear
(LAOS) and a large body of work has focused on the
effects of shear on the orientation of block copolymer
gels (Mortensen et al. 1992; McConnell et al. 1995;
Molino et al. 1998; Hamley et al. 1998). In all these
studies, small angle scattering experiments were per-
formed on gels under flow. However, the non-linear
rheology resulting from LAOS applied to micellar gels
has received less attention and this is the focus of the
present paper.

An investigation of the non-linear viscoelastic behav-
ior of the bcc micellar phase formed by the diblock
copolymer EggB( in aqueous solution showed that slip-
stick mechanisms of flow characterized by lozenge-
shaped Lissajous patterns of stress versus strain
occurred at large shear strain amplitudes (Hamley et al.
1998). The macroscopic orientation of the sample was
associated with the onset of the slip-stick mechanism in
the cubic lattice. This slip-stick mechanism observed at
large strains was consistent with the model developed by
Doi et al. (1993) for the rheology of block copolymers
forming a periodic mesophase. This theory predicts the
onset of nonlinear rheological behaviour due to the
relative slippage of lattice planes. Non-linear flows in
ordered micellar mesophases formed in solutions of
poly(styrene)-poly(butadiene) (PS-PB) (Watanabe et al.
1982) and poly(styrene)-poly(isoprene)-poly(styrene)
(PS-PI-PS) (Watanabe et al. 1997) block copolymers
have been also examined in some detail. In these studies
a transition from elastic to nonlinear response with
lozenge-shaped Lissajous patterns was observed when
increasing the strain amplitude. Furthermore, the non-
linear stress response was decomposed as a Fourier
series and it was found that for a given strain the non-
linearity in the shear response decreased with increasing
frequency.

The ordering of block copolymer micelles has strong
analogies with that of colloidal latex particles that
interact through repulsive pair potentials such as inverse
power potentials or the Yukawa potential. Experiments
and computer simulations on such systems indicate that
if the interaction is short-range as for hard spheres, the
system favours an fcc phase, whereas longer-range
interactions among soft spheres lead to a bcc phase.
The effect of shear on fcc arrays of colloidal particles
(Ackerson and Pusey 1988; Ackerson 1990; Chen et al.
1994; Dux et al. 1996; Clarke et al. 1997) and bcc
colloidal suspensions (Ackerson and Clark 1984) has
been examined in detail, and the analogous behaviour of
block copolymer solutions has frequently been com-

mented upon (McConnell et al. 1995; Berret et al. 1996;
Molino et al. 1998; Leyh et al. 1998; Hamley et al.
1998a; Hamley 2000; Hamley et al. 2000).

In this paper we report on the non-linear rheology of
an aqueous solution of the diblock copolymer Eo¢Bg
forming an fcc gel. The purpose of our investigation was
to study the non-linear rheological response of a micellar
structure at large strains and to investigate the effect of
increasing the amplitude of oscillatory shear on this
behaviour. We have used a recently introduced tech-
nique in which the non-linear response of the micellar
solution is analysed using the so-called ‘““high sensitivity
Fourier-transform rheology” method (Wilhelm et al.
1998; Wilhelm et al. 1999).

When an oscillatory shear strain with a single
frequency wy is applied in the linear viscoelastic regime,
the stress is also sinusoidal with the same frequency w.
When the deformation is applied in the non-linear
viscoelastic regime the stress response is no longer
sinusoidal but can be represented as a Fourier series
containing multiple harmonics (Wilhelm et al. 1998).
This property has been used in the literature to
investigate the non-linear behaviour of non-Newtonian
fluids (Gamota et al. 1993; Reimers and Dealy 1996;
Reimers and Dealy 1998) and ordered micellar struc-
tures subjected to LAOS (Watanabe et al. 1982;
Watanabe et al. 1997). Recently this concept was
extended and it was shown that Fourier analysis of the
shear response in the non-linear regime can generate
high order harmonics (Wilhelm et al. 1998; Wilhelm
et al. 1999). In addition to enabling the determination of
the onset of the non-linear response this method also
permits a quantitative analysis of the effects of shear on
the non-linear response.

A simple model for the rheological response of cubic
phases formed by surfactants has been developed, that in
addition to modelling the linear response makes predic-
tions for the amplitudes of the harmonics in the non-
linear stress response (Jones and McLeish 1995). The
model is based on the elastic and viscous stresses acting
on Maxwell-Voigt cells on a lattice. This lattice should
have the symmetry of the cubic phase (for example, face-
centered cubic in the case of our block copolymer
surfactant micellar phase). Because there is no bulk
relaxation in the Maxwell-Voigt model it predicts a solid-
like response even at low frequencies, and thus the theory
was extended to allow for a finite density of slip planes
(Jones and McLeish 1995). A further development of the
model accounted for the non-linear response resulting
from the periodic lattice potential. A weak elastic force at
the slip plane was introduced to account for this
potential, further details being provided below. Al-
though the model is rather restricted, in that it is
developed in a “pseudolinear” approximation, it is the
only model currently to make predictions for the
amplitudes of the non-linear stress harmonics. Other
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limitations of the theory include the neglect of effects
such as local hydrodynamics and osmotic forces acting
on micelles. We hope that the experimental results
described herein will stimulate the development of a
more complete theory that incorporates these effects.

In this report, preliminary results obtained with a fcc
micellar gel are presented. At large strain amplitudes of
oscillatory shear, strong shear thinning is observed. The
Fourier analysis of the shear response showed that the
non-linear contribution to the stress increases with strain
amplitude and up to the 81st harmonic can be obtained.
The first harmonic was found to vary with log(A4), where
A is the strain amplitude, for moderate strain amplitude,
before reaching an asymptotic value. The Jones-
McLeish theory for stress harmonics caused by a
periodic lattice potential is found to qualitatively
account for the monotonic decrease in the amplitude
of successive harmonics, observed under conditions of
fixed strain. The relative increase in the amplitude of the
higher harmonic with increasing strain is also captured
by the model, but it is not possible to quantitatively fit
our experimental data. This points to the need to
develop the model to account more realistically for the
deformation of the micelles.

Experimental
A. Materials and sample preparation

The diblock copolymer Eg4B g was prepared by sequen-
tial anionic polymerisation of ethylene oxide followed by
1,2-butylene oxide. The monofunctional initiator was
2(2-methoxyethoxy)ethanol activated by reaction with
potassium metal (mole ratio OH/K = 5). Vacuum line
and ampoule methods were used for the synthesis. '°C
NMR spectra gave a number-average molar mass,
M, = 5,500 g mol~! and gel permeation chromatogra-
phy calibrated with poly(oxyethylene) standards indi-
cated a narrow chain length distribution, i.e.
My, /M, = 1.03 where M, is the weight average molar
mass. Further details of the synthesis and copolymer
characterization can be found elsewhere (Mingvanish
et al. 2000).

The diblock copolymer gel investigated in this report
had a concentration of 15 wt% in water, and was
prepared by mixing at 60-70 °C until dissolution was
complete.

B. Techniques

Rheology experiments were performed with a Rheomet-
rics ARES rheometer by applying oscillatory strains to
the gel. A cone-and-plate geometry with a 25 mm
diameter and a 0.1 rad cone angle was used for all the

measurements. Because all measurements were conducted
at T=22 °C, and the time per measurement was small
(t < 1 hr), evaporation was negligible for the samples
studied. Furthermore, in the cone-and-plate geometry
the contact of sample with the air is small. Voltage
signals corresponding to the input sinusoidal strain and
the output force transducer signal (proportional to
stress) were digitized on a LeCroy 9304C Oscilloscope.
Approximately 20 cycles of the fundamental frequency
were acquired and the shear stress was analyzed using
the Fourier transformation algorithm incorporated in
the oscilloscope, and off-line using the program Origin
3.5 (Microcal Software Inc.).

Small angle x-ray scattering experiments were per-
formed at the Synchrotron Radiation Source, Daresbury
Laboratory, U.K. Beam-line 2.1 was used with an x-ray
wavelength 1 =1.5 A. The SAXS patterns were recorded
on a multiwire gas-filled area detector located at 3 m
from the sample. A scattering pattern from an oriented
specimen of wet collagen (rat tail tendon) was used for
the calibration of the ¢ scale range, (¢ = 4= sin 0/4, where
the scattering angle is defined as 20). All experiments
were conducted at room temperature.

Results and discussion

Figure 1 shows the profile of the scattered intensity
versus ¢ for a 15 wt% aqueous gel of Eg¢B;g at 20 °C,
obtained by radial integration of a 2D SAXS pattern.
We observe a series of peaks in the positional ratio
1:(8/3)"%:(11/3)"/? with a first-order reflection located at

Intensity/ arb. units
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Fig. 1 Profile of intensity versus wavenumber for an aqueous gel
containing 15 wt% Eg¢B;g at 20 °C, obtained by radial integration of
a 2D SAXS pattern. The arrows indicate the position of expected
reflections for an fcc structure
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q*=0.031 A~'. This sequence of peaks is consistent with
the 111, 220, and 311 reflections of an fcc structure
(Fm3m symmetry) with a lattice parameter a =351 A and
a distance between nearest neighbours d=248 A. The
absence of the 200 reflections (missing peak at (4/3)'2¢*)
is due to the orientation of the gel that occurred during
the sample loading, as discussed elsewhere (Hamley
et al. 1999).

The extent of the linear viscoelastic regime for the gel
was determined by performing a ‘‘strain sweep” at a
fixed frequency wo=1 Hz and plotting the variation of
G’ and G” as a function of the strain amplitude, as
shown in Fig. 2a. This indicates a linear behaviour up to
approximately 0.5% strain where G” starts to increase.
Of course, in the non-linear regime, G” and G” are not
defined correctly by the rheometer software. In this

1E+5 r
i (a)
L ....
1E+4 |- g o
c f © "
p - ) f:h
- - O Q
e
o 1E+3 OO ® Qo
" cog e
r O ®
i [
e U B B
1E-1 1E+0 1E+1 1E+2
Strain(%)
1E+5 E
r ° (b)
[ e00000000000000
1E+4 E
& :OQOQ
= r OO
S
| OOo
1E+3 e
£ O
C Co
r ©o
Eap il il
1E-2 1E-1 1E+0 1E+1 1E+2
W,(Hz)

Fig. 2 (a) variation of the dynamic moduli G’ (@) and G” (O) versus
strain at wy= 1 Hz. (b) variation of the dynamic moduli G’(®) and G”
(O) versus frequency at a strain amplitude 4 =0.4%

region, the stress should be represented as a Fourier
series with non-zero higher harmonics (see Eq. (1)). A
frequency sweep performed in the linear viscoelastic
regime is shown in Fig. 2b. This shows that G’ is
essentially independent of freguency in the range
examined and its value G’ > 10" Pa is consistent with
a “hard gel”, cubic, structure (Hvidt et al. 1995).
The frequency dependence of the dynamic moduli
indicate that the crossover of G’ and G” that defines
the characteristic relaxation time will occur for
o >20 Hz, i.e. £y < 0.05 s. Thus at a probe frequency
o =1 Hz, the rheological response is dominated by the
mesophase structure (here a cubic lattice) rather than
molecular relaxation processes.

In Fig. 3, the stress and strain wave forms obtained at
a fixed frequency (wg = 1 Hz) but different strain
amplitudes are plotted on the left-hand side while
Lissajous figures of the stress (force) against strain are
shown on the right-hand side. For a strain amplitude of
A=1% (bottom), the stress wave is sinusoidal and in
phase with the strain wave and the Lissajous pattern is a
line. Care was taken to record steady state waveforms,
which developed several cycles after the startup of shear.
For this deformation, the sample therefore behaves as a
pure elastic solid. For a larger amplitude 4 =5%, the
sample exhibits viscoelastic behaviour and the stress
wave is out of phase with the input strain. The Lissajous
pattern is elliptical with a small kink at the upper right
and lower left extremities indicating a small non-linear
effect. When the strain is increased to 4 = 10%, the kink
observed previously becomes more pronounced. For the
highest strain amplitudes, the shear stress becomes
independent of the strain amplitude for two quarters
of a shear cycle. This indicates that shear thinning is
occurring in the gel, producing a lozenge-shaped Lissaj-
ous figure. For higher deformations, the measured stress
is strongly non sinusoidal and higher harmonics are
clearly present in the waveform. The shear stress is
independent of the strain over a large part of the cycle. It
is important to note that the data collected in Fig. 3
were obtained sequentially, i.e. for the same sample the
strain was increased incrementally. This could lead to
shear history effects because even at A = 10% the flow is
non-linear, thus the sample will be at least partially
oriented, and this is the starting state for the higher
strain amplitude measurements.

Lozenge-shaped Lissajous patterns at high amplitude
strains have previously been observed for ordered
micellar structures (Hamley et al. 1998b; Watanabe
et al. 1982; Watanabe et al. 1997). Hamley et al.
(1998) examined a 33 wt% gel of EgsB;o forming a bce
phase via SAXS experiments on shear aligned gels. They
reported that the non-ellipsoidal shape of the Lissajous
figures at large strain amplitudes was associated with a
macroscopic slip-stick mechanism of macroscopic align-
ment under large amplitude oscillatory shear (LAOS).
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Fig. 3 Left: Rheometer output voltage corresponding to applied
strain (@) and stress response (O) obtained under oscillatory
deformation at wg=1 Hz. The strain increases from bottom to top.
The ordinates have been rescaled to give a common scale for strain or
stress in each plot. Right: Lissajous patterns of the wave form data

This leads to permanent alignment of the bcc gel, as
shown by experiments where the orientation has been
monitored for up to one hour. There are important
differences between the nonlinear flow of the fcc gel
studied here and that for the bcc gel reported earlier
(Hamley et al. 1998b). The bce phase is more elastic than
the fcc gel. This is manifested by the response at
A=10%, for example. For the bcc gel, the strain and
stress were in phase (Hamley et al. 1998b). In contrast,

Fig. 3 shows that in the fcc gel there is already a large
phase shift, and that at the highest strain rate, the
maximum stress occurs where the strain is near zero, i.e.
at a maximum strain rate. This indicates that in the
present fcc gel, pronounced shear thinning occurs at
large strain amplitudes. On the other hand, in the bcc
gel, a slip-stick mechanism was suggested to occur at
large strain amplitudes, based on a sawtooth component
in the stress response, i.e. a gradual build up of stress
followed by release during part of a shear cycle. The
origin of the differences in these mechanisms may simply
be due to the difference in concentration (and/or shear
frequency) or it may be due to the effect of microstruc-
ture on the flow mechanism. We consider first the former
possibility. The more concentrated gel can be expected
to exhibit a more elastic response. For the fcc system
studied here we have not undertaken SAXS experiments
on the 15 wt% gel under LAOS. However, we have
examined in detail the effects of oscillatory (and steady)
shear on a lower concentration (9 wt%) gel of the same
copolymer, also forming an fcc phase (results from
steady shear experiments have been published earlier
(Hamley et al. 2000)). These results shed some insight
into the flow mechanisms of an fcc micellar gel under
LAOS. Figure 4 shows the 2D SAXS pattern obtained
for the 9 wt% gel before shear (Fig. 4a) and under an
oscillatory shear at A4=1700% and @y=0.2 Hz
(Fig. 4b). The partial orientation observed before shear
is due to the sample loading. Upon application of
LAOS, the structure was macroscopically aligned and
the position of the reflections in the SAXS pattern
indicate that the fcc structure became oriented with the
{111} planes parallel to the shear plane, indicating that
slip occurs in {111} planes (Hamley et al. 2000; Daniel
et al. 2000). This is physically reasonable since they are
the close-packed planes of an fcc structure. The
same flow mechanism has previously been reported by
others for charge- or sterically- stabilized colloids

q, /Al
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Fig. 4 SAXS patterns of an aqueous gel containing 9 wt% of EgeBsg
at 20 °C in the (¢y,¢e) plane where v indicates the shear direction and
e = Vv X v the neutral (vorticity) direction. (a) sample as mounted, (b)
during shear at wy=0.2 Hz, 4=1700%



44

(Ackerson and Pusey 1988; Ackerson 1990; Chen et al.
1994; Dux et al. 1996; Clarke et al. 1997), where it has
been termed “‘layer sliding” (Ackerson 1990; Chen et al.
1994). The same alignment mechanism has also been
observed for other block copolymer solutions (McCon-
nell et al. 1995; Berret et al. 1996; Molino et al. 1998;
Leyh et al. 1998).

Slip in the bcc phase also occurs in close-packed
planes, being {110} planes in this case (Ackerson and
Clark 1984). However, the flow mechanism is quite
distinct to that in the fcc phase. In the fcc phase, layer
sliding occurs readily at sufficiently high shear rates as
hexagonal close-packed layers slide over one another,
destroying the ABCABC... stacking sequence of an fcc
crystal. In the bcec phase, on the other hand, the bcc
crystal structure is locally maintained for low shear
rates, and slip is mediated by defects, specifically
twinning planes (Ackerson and Clark 1984). At higher
shear rates, however, flow can occur via a distorted
two-dimensional hcp structure as layer sliding sets in
(Ackerson and Clark 1984). The distinct flow beha-
viour of fcc and bec crystals may reflect subtle
differences in the intermicellar potential. The short-
ranged potential between ‘“‘hard spheres” in an fcc gel
could favour layer sliding at moderate shear rates but
hindered slip-stick motion in bcc gels where the
potential is long-ranged. We note that the shear-
induced orientation was retained upon cessation of
shear for both fcc and bec gels, so that relaxation
effects cannot explain the difference in observed
nonlinear flows.

In order to quantify the extent of the non-linear
response of the gel when subjected to oscillatory strains
at a frequency wy =1 Hz, a Fourier analysis of the stress
response was carried out. The meaning of the coefficients
in the Fourier series expansion of the stress is discussed
below in the context of Eq. (5). The Fourier spectra of
the shear stress during oscillatory shear strain of
different amplitudes are shown in Fig. 5. Values of the
strain amplitude are 4 =1, 5, 10, 50, 100, and 2000%
respectively. For a deformation of 4=1% the non-
linear response of the gel is weak and only the third
harmonic at 3w, is detectable with a relative intensity of
about I(3wg)/I(wo) =0.008. Then, upon increasing the
strain amplitude, the number of higher harmonics
increases and for an applied strain of 4=2000% the
frequency spectrum contains up to the 81st harmonic as
detected by a single measurement where no further data
averaging was performed. This result clearly shows the
increase of the non-linear response of the structure with
increasing strain amplitude.

The variation of the amplitude of the third harmonic
as a function of the strain amplitude is illustrated in
Fig. 6. These plots are useful because the condition
I(3wg) =0 can be used to define the linear regime. Up to
approximately A4=100%, I(3wg)/l(wy) increases as

log(A) before an asymptotic value is reached. It is worth
noticing that I(5wq)/I(wg) and I(7wg)/I(wg) also increase
logarithmically up to A= 100% (not shown here). The
intercept 1(3wg)/I(wp) =0 at a strain 4 =0.65% suggests
a cross-over between the linear and the non-linear
regime. However, we note that with increased instru-
mental sensitivity it is possible that higher harmonics
could be detected, i.e. that a linear regime would not
strictly exist (Wilhelm et al. 2000). Nevertheless, the
value 4 =0.65% is in good agreement with the onset of
the non-linear regime obtained from the variation of G’
and G” versus strain amplitude (cf. Fig. 2a). It can be
observed that the progressive increase of G”” makes the
determination of the cross-over between the linear and
the non-linear regime much less accurate in a strain
sweep measurement than in frequency space. It has been
also reported previously that the presence of high
harmonics is a more sensitive indicator of non-linearity
than the variation of G” and G” versus strain (Reimers
and Dealy 1996).

An asymptotic behaviour for the amplitude of the
harmonics has been predicted using a Carreau-type
model, in the limit of extreme shear thinning that
occurs for very large amplitude strains (Wilhelm et al.
1998). In this model the viscosity varies as
n/ny =1/(1+ py*), where o« and f are constants. In
the limit o =1, the oscillating stress becomes essentially
independent of shear rate (i.e. 5 ~7~!) and can be
described by a periodic step function. In this simplified
model, the amplitude of the different harmonics at nwg
decreases as 1/nwq in the limit of large amplitudes. In
our case, Lissajous patterns showed that for a strain
amplitude 4 =2000%, the stress response is indepen-
dent of the strain over a large period of the cycle (cf.
Fig. 3). At this strain amplitude, the model predicts
1(3wo)/I(wo) = 1/3 and I(5wg)/I(wo) = 1/5 but we observe
1(3wo)/I(wo) =0.26 and I(5wg)/I(wg)=0.14. The de-
crease of the harmonic amplitudes is faster than the
1/nwy variation predicted by the simple model of
Wilhelm et al. 1998. This discrepancy is presumably
due to the fact that the shear response cannot be
accurately represented with a step function, i.e. o is less
than unity. In fact, the rheometer output voltage
reported in Fig. 3 shows the absence of sharp edges
in the stress response. A possible additional contribut-
ing factor to reduced intensities for higher harmonics
arises from memory related terms, which contribute
differently when averaged over different time periods. A
further limitation of the Carreau model is that it applies
to steady flow behaviour, a state not attained in the
LAOS measurements.

At sufficiently low frequencies, the behaviour of the
micellar lattice, exhibiting plasticity, is determined by
the strain. We thus present, in the next section, a model
that accounts for the strain dependence of the stress
response of a periodic (micellar) lattice.
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Comparison to a model for the non-linear rheology

A lattice model based on connected Maxwell-Voigt
cells was developed to describe the rheological response
of surfactant cubic phases by Jones and McLeish
(1995). It was assumed that the system can be described
by a displacement variable x,(f), which in our case
describes the position at time ¢ of the nth layer of
micelles from its unstrained position. At the current
level of approximation, we consider only a two
dimensional cross-section of layers as illustrated in
Fig. 7, since the model is not expected to account for
the distinct stress response of different planes in a cubic
lattice, such as the face-centered cubic lattice consid-
ered here. In the following, we briefly outline the model

in order to introduce the equations used to model the
non-linear stress harmonic coefficients. For a complete
derivation, the reader is referred to Jones and McLeish
(1995).

Considering one layer, displaced to x,, a dissipative
stress acting from the bulk below takes the form
n(x, —X,—1)/a, where 7 is the bulk viscosity and a is
the lattice parameter. The corresponding elastic stress is
G(x,, — x,_1)/a, where G is the bulk modulus. Balancing
this stress with that from above leads to the following
equation of motion

G G
g(xn+1 _xn) _;
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Fig. 6 Variation of /(3wg)/I(wo) and highest harmonic observed as a
function of applied shear strain amplitude

For small deformations, it is possible to take the
continuum limit (n — s) giving

& __n O’ (2)
0s2  Golsor

It is thus possible to define a bulk relaxation time
7, = n/G and solve this equation to obtain the following
form

x(n,t) = aP(t)n+ D() , (3)

where D(f) is zero if we impose the fixed boundary
conditions x(0,£) =0 and x(N,t) = Nay, but will be non-
zero if slip-planes are present (see below). In this case,
D(t) is related to the distance slipped. The quantity
P(1) = a '0x(n,t)/on is the gradient of displacement in the
bulk sample. For the no slip case this is equal to the
strain y(¢). The stress can now be computed as

o=GP+nP . (4)

The first term is the elastic stress and the second is the
viscous component. For the no slip case, ¢ = Gy, where
G is a constant. Thus no stress relaxation occurs, and the
system behaves as a solid at low frequencies, i.e.
effectively as a Voigt cell. In order to model stress
relaxation, Jones and McLeish (1995) allowed for slip
planes. They derived analytical expressions for the
dynamic shear moduli within theory for one slip plane
linear response. However, the interest here is in the
nonlinear reponse, which was also considered (Jones and
McLeish 1995). If a sinusoidal strain y=17yq sin wgt is
applied to the system, the stress can be expanded as

e8]

o(t) = Z [G'(1)yo sin(lwot) + G (1)yg cos(lmot)] (5)
1=0

layer n Xp

| | | | |
| | | | |
| | | | |
1 | | | |

Fig. 7 Schematic of lattice Maxwell-Voigt model. A balance of forces
act on a layer displaced to x,, when subjected to a sinusoidal strain.
From above, there is an elastic stress G sin(2n(x,+1 — x,)/a), and a
viscous stress #(X,+1 — X,)/a. From below there is an elastic stress
G sin(2n(x, —x,-1)/a), and a viscous stress n(x, — x,_1)/a

where the terms G’(1) and G”(1) with / # 0 are non-zero
in the non-linear regime and G’(/=0) and G”’(/=0) are
the usual storage and loss moduli respectively. The
boundary condition at the slip plane allowing for a
periodic lattice potential can be expressed as (Jones and
McLeish 1995)

GP + P — (5 — 50_1) — Gasin(2n(x, — x,_1)/a) = 0
a
(6)

where G, is the elastic modulus at the slip plane due to
the lattice potential. The non-linear response is analysed
using a perturbation expansion, in which the gradient of
the displacement, P(¢), is written as

P(t) = Po(t) + ePi(1) + &Po(6) + -+, (7)
with G>=¢G. Examination of the terms that are first

order in ¢ in the perturbation expansion produces the
following equation from the boundary condition

. 27D
GP, 4+ BP, — G sin <L> =0 (8)
a

The solution of this equation can be expressed in integral
form using the Green function P(¢) and admitting only
terms up to Py(¢) in the source function. Evaluation of
the integral eventually leads, following Jones and
McLeish (1995), to the expression

. J2l+1(0() )
2;1 + 0)%12(2] + 1)2 [Sln((zl + 1)(¢p + wot))

— wot(2l+ 1)cos((2L+ 1)+ wot)] . (9)

Here J,;+; denotes a Bessel function of argument
o=2nNy((1 + (rywot/(r, + N))z)/(l + woz‘cz))l/2 and
tan ¢ =(1 + wy>11;)/wo(t — 7). The relaxation time 7
is that for a single slip plane. In the expression for o,

P (t) =
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r, =1/12 is the ratio of the bulk viscosity to the slip plane
viscosity. Finally, we obtain the stress via Eq.(4) (Jones
and McLeish 1995).

We attempted to use Eq. (9) with Eq. (4) to fit the
harmonics shown in Fig. 5 (taking the absolute value of
o). The following procedure was adopted to reduce the
number of fit parameters: The frequency of applied
strain wo=1 Hz was fixed, as was G ~ G’(wg=1 Hz) =
3 x 10% Pa and the strain amplitude (values as in Fig. 5).
This left n, n, and N as fit parameters. Fourier
coefficients up to /=35 were included. Unfortunately it
proved not to be possible to fit the data within this
model. However it was possible to reproduce qualitative
trends, i.e. (i) decreasing amplitude of successively
higher harmonics at fixed strain and (ii) amplitude of a
given harmonic increasing with strain. Representative
values are given in Table 1.

Summary

We have studied the non-linear response of an fcc
micellar structure formed by a diblock copolymer in
aqueous solution subjected to LAOS. Upon increasing
strain, the stress response was found to be strongly
non-linear and strong shear thinning was indicated
from the shape of Lissajous patterns of stress as a
function of strain. SAXS experiments showed that
under LAOS, slip of the fcc gel occurred in {111}
planes. The non-linear response of the gel was then
further investigated using a Fourier transform analysis.
We observed that the high harmonic contributions
increase with increasing strain and up to the 8lst
harmonic was observed for a strain amplitude of

Table 1 Measured and fitted harmonic amplitudes (relative to
! = 0) corresponding to the data in Fig. 5

oMz QI+1) y = 1% y = 100%®
Measured Fit Measured Fit

1 1 1 1 1

3 0.016 0.016 0.253 0.266

5 0 0 0.126 0.017

7 0 0 0.069 0.005

9 0 0 0.045 7.6 x107°
11 0 0 0.027 8.0 x 1077
*Fit coefficients: § = 57 Pas, N = 133, r, = 0.019;
PFit coefficients: 7 = 1x10* Pa's, N = 1008, r, = 0.107

2000%. The analysis in the Fourier space allowed us
to determine with precision the onset of the non-linear
regime. It was also found that the amplitude of the
harmonics /(3wy), 1(5wq), and I(7wq) increases logarith-
mically with strain amplitude up to 4=100% before
reaching an asymptotic value. A Maxwell-Voigt model
for the non-linear stress assuming a weakly periodic
lattice potential in slip planes was unable to model this
behaviour quantitatively, but was able to reproduce
observed trends of monotonically decreasing harmonic
coefficients at a fixed strain and increase in harmonic
intensities with strain.
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