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History-dependent rheology of a surfactant hexagonal phase
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The time-dependent response of a surfactant hexagonal phase of a sodium dodecyl sulphate/pentanol/
cyclohexane/brine system to stepped strain is investigated. The dynamics of the system is found to be governed
by strain- and noise-induced yielding of the domains of the system. The effects of the applied strain magnitude
and the ionic strength of the brine on the character of the transitions experienced by the system are reported.

DOI: 10.1103/PhysReVvE.65.031501 PACS nuni)er83.50-v, 83.80.Qr

[. INTRODUCTION an orientation parallel to the flopd2]. Thus the correlation
of orientational fluctuations perpendicular to the flow direc-
Many soft materials exhibit history-dependent rheology.tion could not be attributed to the log rolling of the micelles,
Two different types of history-dependent responses hav@ut was suggested to reflect an undulation of the director
been defined: rheological aging, and a “transient” behaviowith a period of several micrometef$3]. It was found that
of a power-law fluid. The recent theory of the rheological ©nce the system underwent a transition to some new state of
behavior of soft glassy materials, the soft glassy rheolog;lihe director orientation, it remained in this state even after
(SGR model, describes both cases. Agifg the step strain ~ cessation of shedd4-16.
responsgis defined in the SGR mod§l,2] as the property An important feature of the rheological behavior of a hex-
that a significant part of the stress relaxation takes place ofgonal phase is the independence of the director orientation
time scales that grow with the age of the system. Contrary t®n the shear rate in steady shear experiments. In this regime
the case of aging systems, in “transient” behavior all signifi-the tilt angle & of the director, initially aligned along the
cant relaxation processes can essentially be observed on ¥elocity gradient was found to be given by=arctan,
nite time scales. However, in “transient” systems the timewhere y is the strain, indicating that the hexagonal phase
scales of the relaxation after the step strain also depend d¥ehaves as a deformable sdli?].
the age of the system at the time of strain application. Thus, Recently a class of highly swollen surfactant hexagonal
these systems have a short-term memory. Transient behaviphases composed of a mixture of sodium dodecy! sulphate,
has been found in dense emulsi¢B$ foams[4], and poly-  pentanol, brine, and cyclohexane has been discovered and
domain defect textures in ordered mesophd&dswhose this has allowed us to investigate the rheology of the hex-
rheology is governed by rearrangements of domains. agonal phase in more detail. The advantage of the system is
The aging phenomenon of pas{&, flocculated disper- that the radius of the oil swollen cylinder®, can be con-
sions[7], colloidal glasseg8], and some other systems is tinuously changed by an order of magnitude, while the inter-
well described experimentally and a good agreement witlgylinder distance remains constant, by varying the oil content
the theory has been reported. However, the historyand the ionic strength of the polar medififrv]. This leads to
dependent rheology of “transient” systems seems not tc dramatic change in the elasticity of the systei@]. The
have been directly investigated. In this paper we will de-macroscopic elastic modulus was found to scale BS. The
scribe the history-dependent response upon shear of a surfd€sults of creep tests reported on these soft systems gives
tant hexagonal phase. First we give a brief overview of thesome evidence in favor of the SGR model for systems with
experimental data on the rheology of lyotropic hexagonalransient behavior, revealing, however, that the rheological
phases. response of the system is more complicated than that de-
Surfactant hexagonal phases have been found to expescribed in the moddlL8]. It was found experimentally that at
ence transitions to some new stable states of director orieflong creep timest&100 s,t being the stress-on timéhe
tation under steady shear or constant stf@$sSmall angle  strain increases as a power law with
light scattering studies revealed correlated orientational fluc-

tuations perpendicular to the flow direction at low creep y={te (D)
times or at low shear rates, but parallel to the flow direction
at long creep times or high shear raf@§|. The correlation Comparing the experimentally obtained strain time depen-

of orientational fluctuations, perpendicular to the flow direc-dence having the form of Andrade’s law for primary creep in

tion, was attributed to log rolling of the cylindrical micelles, metals[19], with the general equation for creep

predicted theoretically as a possible state of orientation for

polymeric liquid crystals under sheftl]. However, rheo- y=aoJ(t), 2

nuclear magnetic resonance investigations revealed that the

only stable state of the director orientation under shear waand by substituting the creep compliandg) with the ex-
pressions given in the SGR model

*Corresponding author. (x>2):  J(t—t,)<(t—t,) forlinearregime, (3)
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(1<x<2): J(t—t,)=(t—t,)* 1 fortransient regime,

4 [ r --
one can see that Andrade’s lddy for a polycrystalline sys- L

3Y,
tem corresponds to expressiéf) given for the “transient” b
regime in the SGR model with the exponemtequal tox
—1 [note, ¢—t,,) in the SGR model is the measuring time,
i.e., time elapsed from the beginning of the measurement and
ty is the time of stress application, the waiting tim&he
exponenta has been reported to be independent of the his-
tory of the sample for a given applied stress so long as a 0 ' ' '
polycrystalline texture was maintained in agreement with Eq. 0 300 600 900 1200
(4) showing no waiting time dependence of the creep com- time (s)
pliance. However, the exponent was found to depend on the
imposed stress while is taken to be a constant in the SGR £ 1. Time dependence of strain applied to SDS/pentanol/
model. According to the experimental resulis)], the expo-  cyciohexane/brine systems. The values fgrare given in the text.
nenta increases with the applied stress from 0.6&atl Pa
up to 0.9 ate=9 Pa. This corresponds to an increasexof with a strain rise time of 0.1 $Fig. 1). Each successive
=a+1 with applied stress from 1.62 up to 1.9 in the poly- relaxation measurement in the series started immediately af-
crystalline regime. Further increase of the applied stresger the previous one was finished. In other words the waiting
leads to monodomain formation, and, consequently, to a neymet,,, i.e., the time elapsed from the beginning of the first
rheological behavior of the system. It was found that formeasurement in the series, had an increment of 300 s from
large stress, the system reaches a steady statewwith The  measurement to measurement. All relaxation experiments
same steady state, characterized by a linear variatiop of \were performed at 250.2°C.
with time, was immediately reached, if the initially polycrys-  To avoid any preshearing of the sample, it was cooled
talline system was presheared by the application of a suffigown to+2 °C once loaded in the measuring systemthis
ciently large strespl8]. These results are in agreement with temperature the sample is in an isotropic Statad then
the theory, which gives the expression for the creep complineated up to 25°C and left at this temperature 4oh or
ance in the case of>2 different to that for lowex, with the  more before the measurements were performed. This proce-
compliance becoming linearly dependent on the measuringure gave reproducible results. All experiments were re-
time [see Eq(3)]. peated at least three times.

Thus, this surfactant system seems to be very suitable for

a det_ailed in\_/estigation of history-dependent rheology in the Ill. THEORY: THE SOFT GLASSY RHEOLOGY MODEL
transient regime.

strain

A

Yo

In the SGR mode]1] the macroscopic sample is regarded
as a combination of mesoscopic elements. Each element is
assigned a local strain and a corresponding strekk (k is

We investigated the quaternary system of sodium dodecydn elastic constapnt which describes deformations away
sulfate(SDS (BDH Laboratory Suppliers, England, 99% pu- from some local position of unstressed equilibrium relative
rity), pentanol, brine, and cyclohexane. Systems with 0.5 antb neighboring elements. The local strain of an element is
0.4M brine were used. In both systems the brine/SDS weighsupposed to follow the imposed strain until it reaches its
ratio was equal to 2.5 while the cyclohexane and pentanofield valuel, . At this point the element rearranges to a new
content was 65 and 4 wt. % of the total weight of the mix- configuration, where it is less deformed. Thus, yielding pro-
ture, respectively, for the system with M5brine, and 61.5% vides a mechanism of stress relaxation, while between yield
and 4.7% for the system with QM brine. At the above com- events the material behaves as an elastic solid of spring con-
positions the systems are reported to display swollen hexagstantk.
nal phases at room temperatdiie’], and we confirmed this Yielding in the SGR model is regarded not as a purely
by polarizing microscopy. strain-induced phenomenon, but as an “activated” process. A

The rheological measurements were performed in a Coumesoscopic element strained by an amduhts a certain
ette geometry on a strain-controlled Bohlin VOR rheometerprobability of yielding in a unit time interval. This rate is
(BRS VOR 7:9, Sweden The Couette cell consisted of a 7%, where the characteristic yield time for the element with
fixed inner cylinder of 7 mm radius and a rotating outera yield energyE=%kI§ is
cylinder, with a 0.7 mm sample gap.

In the relaxation tests, a strai as applied and the 1
i sts straip, was appli T=roex;{(E—§k|2)/X

Il. EXPERIMENTAL PROCEDURE

, ©)

time dependence of the relaxation modul@ét) = o (t)/ v,
was measureflhere o(t) is the stresk A series of experi-
ments with applied strains of 20%, 40%, 60%, 80%, andwvherer, is the “attempt” time andx is an activation factor,
100% were performed. Each of the series of measurementegarded as an effective “noise” temperature or, alterna-
consisted of 19 relaxation experiments lasting 300 s eactively, as the typical energy available for the activated pro-
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cess. Fox<<1 the theoretical flow curve, i.e., a macroscopic to , , ,
stress response(y) to a steady shear ratg has a macro- o(t)=y(t)— fo YU)Y(E)GpZ(tt)dt. (1D
scopic yield stressy(y—0)= ay>0. This behavior is char-
acteristic of a glass phase. If such a system is strained below For the case described in our experimental procedure
oy, it ages, while ifo>g,, the system achieves a steady when the strain of the same amplitude is applied to the sys-
state and aging no longer occurs. In the so-called “transienttem after equal time intervalst, strain can be expressed as
regime, x<2 aging is absent and the behavior of the
system is dominated by yielding of the mesoscopic elements. V() =700(1) + yo0(t—AD+ yof(t—2A0) + - --

There are two posgibilities of yieldi.ng for Fhe elements. If +700(t— (n—1)At)
the element was strained up to the yield pointk1#2E, it

experiences a “strain-induced” yield event. On the other nto _

hand, an element with an energy much below the yield point = ZO (J+1)yob(t—jAt) (12
can yield through activation dynamics orge- 1/2k12~x (a =

“noise-induced” yield event with the functiong(t)=1 for t>0 and zero elsewhere. Sub-

An alternative description of the material elements used it tion of they(t) function into Eq.(8) gives for thenth
the SGR model is the description of a particle moving in qmeasurement[t>(n—1)At], n>1 and (—1)At<t’
landscape of quadratic potential wells of defghThe bot- <jAt, j=1,...n—-1
tom of each potential well corresponds to the unstrained ' Y '
state. Yielding is associated with the hopping of the particle
to the bottom of a neighboring potential well. Zy(t,t')= a D (t—t,) + At

The constitutive equations for the SGR model for a sys-
tem prepared at time zero in an initial state of zero stress and
strain and subjected to a time-dependent macroscopic strain

_ Where o= exp(y3/2x).
Y()(#(1)=0 fort=<0) are[2] The relaxation modulus of theth step could be found

from the constitutive Eq(11):

n—j-1
i+ 2 aiz) -t
=0
(13

t
a(t)=y(1)Go(Z(t,0)+ f [y(t)
0 G(t—ty,ty,v0)

HOVO)G@L DAY, (6) T, o
t =1—J' n_’)/o Y(t )Gp(Z(t,t ))dt
IIGO(Z(t,O))-i-on(t )Gp(Z(t,t ))dt’, (7) [Y(t')

tW
zl—f n—}Y(t’)Gp(Z(t,t’))dt’
with functionsZ(t,t"), Gy(Z), andGgy(Z) defined as 0 70

t
J— Y ! G Z , ’ d 12
Z(t,t’)=f exp([ y(t") = y(t")172x)dt", 8 ftw_(nlm (1) Gp(Z(t,t))dt
t/
n_lj - ! "Ndt’
Gp(z):f p(Eyexp(—Ze =)dE, 9 172 0] e T Gelialt
0
- _ft Y(t)Gp(Zn-_o(t,t")dt'. (14
Go(z):f Po(E)exp(—Ze E™)dE. (10) (n-1)At
0

To find an analytical expression for the relaxation modu-
In these equation¥(t’) is the average yield rate at tintg, lus, the hopping rate has to be calculated. The expression for
Po(E), andp(E) are correspondingly the probability distri- the hopping rate could be derived following the logic of the
bution for the yield energies in the initial statetat0 and in  Yielding rate calculation in the linear cag]. By substitut-
the consequent states> 0. As shown in[1] the predictions ing Z;(t,t") into the second constitutive E¢7) and taking
of the SGR model are independent of the details of sampléhe Laplace transform of it, we derive the expression for the

preparation andP,(E) could be taken equal to(E). yielding rate forx>1 as
The same choice of units and of distribution of the
i i i . x—1 . x—1 : :
yield energies as in[1] have been made:p(E) v — . G _ F(x)a(”‘l)z{a(”‘l)z(t—tw)

= (1/xg)exp(—E/xy) where the mean yield energy,=(E) is ]
taken to be equal to unity. Consequently, with this choice of

units p(E) = exp(~E). S A o
An alternative form of the constitutive equations that we +AL j+ 240 « Tx=DI(X)a™t

will use to calculate the relaxation modulus could be ob-

tained by substitution of E|7) into Eq. (6) [1] as +O(t2A7x) =2y, (15)
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wherel is the gamma function.

Substituting this into Eq(14) and performing the integra-

tion we have forx>1 andt—t,<t,,
n-1 .

G(t— W,At,n:‘)’o)“E Jﬁa(ni)zr(x)(a(ni)z(t_tw)

i=0
n—j—1 1-x
+ At 2 aiz)
i=0

+T(X)a® X (t—t,) % (16)

The first term in Eq(16) reflects the influence of all pre-

vious steps on the relaxation in tigh step. While the sec-
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ond term describes the relaxation as if there were no previous FIG. 2. Dependence of on the number of steps in strain for

steps and a single large amplitude strain was applied to the=1.2, t—t,,

system at timet,,=(n—1)At.

sidual stress is subtracted fram{t—t,,) at the beginning of

=5, At=300, andy,=0 (curve 1, y,=0.05(curve

In our experiments the re- 2), y,=0.1(curve 3, and y,=0.15(curve 4. The main term and

the resulting relaxation modulus are shown g 0.1 on curves 5

each measurement. Consequently, the relaxation modulus fend 6, respectively.

the (n+1)th step will be expressed as

G(t—t,,At,n+1,yq)

+T ()@ X (t—t,) 17
or
G(t—ty,At,n, yo)x(X)a? X(t—t, ) *+6 (19
with
n
5=T(X) 2 J_l (n+1- J)( (”“’i)z(t—nAt)
n—j 1-x n-1
i2 1-x (n-i)?
+Ati20 @ } [(X)(At) {Z T
n—j-1 1-x n
i2 2—X
X Zoa) ot (19
An estimation of| 8| gives
18] <n2*a"(At)L /2. (20)

Noting that Eq.(16) was derived in the short-time limit, i.e.,

t—t,<<t,, and taking into account that-1x<0 we have
(t—tw)1*X>t3V’x. Consequently, substituting for then (
+1)th stept,, by nAt and using the relatiof20) we find
that

(t—t,)t*>2|8/(na™).

According to this relation the second term in E§9) is

(21)

number of steps and the amplitude of the applied strain are
not too high. In our case the system was subjected to strains
of amplitude in the range of 0.03—0.180-100 % and the
number of steps in strain was 19. Figure 2 illustrates the
effect of the second term in E¢L8) on the relaxation modu-
lus. The terms becomes comparable with the main term for
the highest applied strai100%9 andn=14 only. In all other
cases the approximation of the relaxation modulus with the
main term in Eq(18) is legitimate.

IV. RESULTS AND DISCUSSION
A. 20% strain

It can be seen from Fig. 3 that all the relaxation curves
except those where full relaxation is achieved, i.e., wit&re
drops to zero, are linear in a log-log plot. Thus, in these cases
the relaxation modulus is a power function of the measuring
time G(t—t,,,t,)=(t—t,)? with a negative powep. Ex-
amples of power-law fits of the relaxation curves are given in
the figure. The deviation of the experimental data from the
fits was found not to exceed 5%.

Comparison of the experimental results with theoretical
predictions shows that the experimental curves could be de-
scribed by the function
tw :tw)oc(t_tw)17X

G(t— (22

for the casex>1. Thus, in the following, the experimental
results will be discussed in terms of the SGR model and in
terms of the “noise temperatured associated with the prob-
ability of yielding rather than in terms @8. In terms of the
model, stress relaxation proceeds through yield events, i.e.,
through the rearrangement of mesoscopic elements of the
system into new configurations with zero stress. Conse-
quently, the deviation from a power-law dependence of the
relaxation modulus observed at some waiting times indicates
yielding of most of the elements of the system. For these

small in comparison with the first term provided that the curves the slope of the first linear region following the hori-
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FIG. 3. Relaxation modulus of the SDS/pentanol/
cyclohexane/0®8 brine system subjected to 20% strain vs the mea- 0 2000 4000 8000
suring time. The waiting time valueg at the beginning of each test t, (s)
are shown in the figure. For the sake of clarity not all of the experi-
mental curves are shown. The dashed lines show fits to the data FIG. 4. Waiting time dependence ) noise temperature and
with a power law functiorC(t—t,)**. (b) relaxation modulus G(t-t,=200 s,t,) for the
SDS/pentanol/cyclohexane/045 brine system subjected to 20%
strain. The dashed line on the lower figure shows the function

zontal regionf —1,,<0.1 s(not shown, in log-log plots was 150(t—t,,) =X for t—t, =200 s.

taken to calculate (Fig. 3, dashed lings

The slope of the relaxation modulus varies from measure- - . .
ment to measurement, i.e., thievalue is a function of the elemen_ts at the beginning of th_e rela}xatlon measurements in
waiting time. During the first two measurements the value oithe ser_le_zf(t_=tw), tw=600 s, is an increasing fun_ct|.on of
the noise temperature is higkig. 4 and the system expe- the waiting time. It can b? ;upposed it =t,,) will in-
riences yielding, presumably associated with the orientatioff €25€ monotonically until it pecomes close enough to the
of domains with hexagonal symmetry in the shear field. Theyleld energy_for th_e mesoscopic elemen_ts to ho_p_ to t_he bot-
x value decreases monotonically until it reaches a constarP™ of a neighboring potential well. This transition is ob-

value. The decrease of the noise temperature and, cons%erved at a waiting time of 3250 s at the end of the 11th

quently, the decreasing probability of yielding can be under__measuremer(ﬂ:ig. 3, upper graph, the thick curveAccord-

stood in the following way. After the yield energy is on av- ing to the SGR model, yielding of a mesoscopic element is

erage achieved, mesoscopic elements are able to hop to tﬁés?mateq W'th. r']ts rea:ran?emeht 'Sto a new eq;\uhbnqm
bottom of neighboring potential wells with lower energy than €N |gurﬁlt|onlwn Zero c()jcell strain. however, as ; own in
the current one. The higher the number of yielded elementéz,'g' » the relaxation modulus, I.e., the average shear stress

the lower the average energy of the system. The lower aveft te systerg G,“‘T)’hdoes EOt decrease to Z%ro vghen yield-
age energy leads to a decrease in the probability of noisd'd occurs during the 11th measurement, but becomes an

induced yield events, i.e., to a decrease in thealue, as order of magnitude lower than that before yielding. Conse-

observed experimentally. Consequently, the noise temper&l:uently it is likely that only some mesoscopic elements have

ture decreases until most of the mesoscopic elements havée!ded atty=3250 s. If so, the average stress of the system

yielded and some new state with lower energy is reached.
It can be seen in Fig. &or t,<3000 s) that the system 1 10 1 10
does not fully relax during all measurements, except the first == 2 o=y 2 oi+ = 2, 0=— 2 oy, (23
X N N N N
two. This means that the energy of the system does not return
to the value characteristic of the unstrained state, but is ac-
cumulating in the system during the subsequent measurevhere N is the number of the mesoscopic elements in the
ments. Consequently, the average energy of the mesoscomgstem,n is the number of elements that have not yielded,

I
-
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and o is the stress of the element Thus the higher the low the yield energy and thevalue is low. In this case the
number of yielded elements the lower the resulting macro@verage stress of the system will have the same increment at
scopic stress of the system. the beginning of each measurement andGhealue will be

It can be supposed that two different states with differenindependent of the waiting timgthe residual stress is sub-
characteristic energies, presumably states with different oritracted from thes(t—t,,) at the beginning of each measure-
entations of the domains with hexagonal symmetry, coexismend.
in the system after this yielding. The system remains in this If the energies of most of the mesoscopic elements are
transient state during the seven consequent measuremegtese to the yielding energy, but not close enough for the
(waiting time interval 3250-5300 sintil the system experi- transition to take place during the current measurement,
ences another yielding at the end of the 18th measuremenfome of the mesoscopic elements may yield during the strain
This time the stress in the system drops essentially to zergse time of the subsequent measurement when an additional
indicating that. most of the mesoscopic elements have reaktrain is applied to the system. This may changexthalue
ranged, adopting a new state. ~and lower the average stress of the system. Consequently,

The system in the transient state between the two yleldln%(t_tho) will be lower than that at the beginning of the

events is very unstable and experiences a number of weglte, o, measurement. The energy distribution is expected
yields before it adopts the new state of orientation. It is I|kely,[0 be bimodal in this case, i.e., one part of the elements will

that the ratio of the number of mesoscopic elements in tw%ave low or zero energies and the other part will have ener-

states of orientation is changed via yielding. It should be . | he vieldi | h . .
noted that thes value, i.e., the average stress of the mesosd > ¢10S€ to the yielding value. The noise temperature is

copic elements, in the transient state is Iiig. 3). Conse- expected to increasg relati\{e o th'e value in the preyious
quently the only way for yielding in this case is through measurement reflecting the interactions between_ the yielded
activation dynamics, associated with interelement interac2d unyielded elements. The higher the fraction of the
tions. On the other hand &j,=3250 s and 5300 s the aver- yielded elements the higher the probabmty of yielding for
age energy of the system presumably comes close enough ¢ rest of the elements, and the higher thealue. _
the yield energy G value is high to cause strain-induced Finally, we need to interpret our observation that the in-
yield events to become more probable. The value of thérease of the relaxation modulus is accompanied by a small
noise temperature is equal to unity for these two measuredrop in the noise temperatuf€ig. 4, pointsa andb on the
ments supporting the supposition that the transitions have &(t,,) curve correspond to pointgsandb on thex(t,,) curve,
strain-induced character. respectively. The lowx value suggests that the energy dis-

According to Eq.(18) the relaxation modulus, approxi- tribution of the elements during this measurememe will
mated by the first term, should be independent of the waitinglenote this measurement by its numbgis narrow, i.e., the
time. However, as shown in Fig(a strong dependence &  energies of the elements are close to the average value. Not-
on the waiting time appears to be observed. This dependendeg that thex value is always relatively high in the previous
cannot arise from the terr in Eq. (18), which depends on measurementthe measurement number-1), we suppose
the number of steps in strain, i.e., it is waiting time depen-that the transition from the broad to narrow energy distribu-
dent. First of all this term is small compared to the main terntion takes place during then(- 1)th measurement. Provided
in Eqg. (18) and it has a waiting time dependence quite dif-that no structural rearrangements were observed in the (
ferent from the experimental or(€igs. 2 and # The other —1)th measurement, the average energy of the system at the
possibility is that the waiting time dependence(fs asso- end of the (—1)th measurement is close to, but below the
ciated with the waiting time dependence of the noise temyield energy. Consequently, at the beginning of itle mea-
perature. As noted if2], this is supposed to be a minimal surement the mesoscopic elements of the system receive an
extension to the SGR model, however the analysis of théhcrement in strain, i.e., an increment in energy, such that the
SGR with x evolving in time was not yet reported. On the average energy of the system may become close enough to
base of our experimental data we propose to incorporate the yielding value for a strain-induced transition to take
waiting time dependence afinto Eq.(18) not allowingxto  place. The difference between the situation when the distri-
evolve with measuring time. Taking this into account a rela-bution at the end of then(—1)th measurement is broad or
tively good fit of the experimental curve was obtained withnarrow is the following. If the system with the broad distri-
the function bution of energies of mesoscopic elements is strained, the

elements with high energies, i.e., with the energies close to
G(t—ty,,ty) = (t—t,)r Xt (24)  the yielding value, can yield thereby acquiring zero strain. As
was pointed out above, this will lower the average energy of
(Fig. 4). Thus, according to this empirical relatioB,is in-  the system. On the other hand, if the energy distribution is
dependent of the waiting time when the noise temperature isarrow no yielding will occur during the strain rise time and
constant and decreases or increases tyjtaccording to the the average stress of the systent at,,=0 will be higher
waiting time dependence of thevalue. than that in the previous case.

We propose a qualitative interpretation of the waiting time  Thus the increase iG(t—t,,=0) is presumably associ-
dependence of the relaxation modulus. First we assume a@ed with the mechanism of the strain-induced transitions,
situation where the probability of yield events is low, i.e., while the decrease in this value is due to the noise-induced
when the energies of the mesoscopic elements are well bgield events.
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Structural data are required to detect the orientation of the
domains in the system in the shear field and they will be
reported in a future publication. However, according to the
rheo-small angle light scattering data of Richteriagal.

[10], a surfactant hexagonal phase subjected to constant
shear stress undergoes transitions from an isotropic distribu-

os | P S tion of the domains, to a perpendicular orientation, and then
' o . through a regime of coexistence of parallel and perpendicular
0 3000 6000 orientations to the formation of a monodomain with the di-

rector in the flow direction. It can be supposed that in the

0 2000t 4000 6000 case of applied strain, our system undergoes similar transi-
w(8) tions. Consequently, the first transition may be associated
with the orientation of the domains in the perpendicular ori-
70 entation. The second—with the rearrangement of some of the
60 | (b) domains parallel to the flow direction—and the subsequent
50 k transitions may be associated with an increase of the fraction
% a0 L of p_arallel—oriented domains and then with monodomain for-
o mation.
¢ 30T For the 60% strain experiment the averagealue is
50 higher than that obtained at 40% strain and fluctuates be-
10 tweenx=1.2 and 1.5, indicating that the system is in a tran-
sient state(Fig. 5. Presumably the external strain is high
0

enough for the system to adopt the same state as in the 40%
0 2°°0t (s) 4000 6000 strain experiment after the second transition, i.e., the state of
w coexistence of domains perpendicular and parallel to the
FIG. 5. Waiting time dependence ¢4 noise temperaturec  [1OW orientations. On the other hand, the 60% applied strain
and (b) relaxation modulus G(t—t,=200 st,) for the Might not be sufficient to induce monodomain formation.
SDS/pentanol/cyclohexane/®l5 brine system subjected to 40% However, itis likely that a monodomain is formed during the
strain (squares and 60% strair(triangles. The inset in(a) shows  Series of experiments with 80% applied stréig. 6). In this
the waiting time dependence w6hifted by 2400 s along thg, axis ~ case after yielding during the first measurement in the series
for the system subjected to 40% strégmlid line) andx(t,,) forthe  the noise temperature is almost constant and equal to 1.2,
same system subjected to 20% straiashed ling that is close to thex value for the case of the 60% applied
strain. An abrupt increase in the value observed at,,
=1500-1800 s is followed by a region of nearly constant
The profile(variation witht,,) and the value of the noise noise temperature. The noise temperature is close to unity in
temperature both depend on the applied strain. For the seridisis region, indicating that the system has reached a steady
of relaxation measurements with an applied strain of 40%state with a higher degree of order where the probability of
the noise temperature and the probability of yielding arenoise-induced yield events is very low. It can be supposed
high. When 40% strain is applied to the system, the nois¢hat from close to the beginning of the series most of the
temperature exhibits a maximum during the second measureglomains are aligned in the flow direction. The size of these
ment in the seriegFig. 4). An abrupt drop in the noise tem- domains might increase due to interdomain interactions until
perature is observed in the next measurement, presumabéymonodomain is formed a&§,~2000 s.
due to yielding of most of the mesoscopic elements of the The profile of the noise temperature dependence on the
system. After this drop in thr value, the profile of the noise waiting time in the case of the 100% applied strain is similar
temperature dependence on the waiting time in the regioto that in the previous casgig. 6). The only difference
600<t,,<3000 s repeats that for the previous series with arbetween these two cases is that the transition is shifted on the
applied strain of 20% in the region between the two transiwaiting time scale td,,=900 s and is narrower than in the
tions, i.e., for 3006t,<5400 s[inset in Fig. %a)]. This  previous case.
indicates that when higher strain is applied the first transition The value of the relaxation modulus depends on the wait-
takes place during the third measurement in the series insteau time, in agreement with the above qualitative picture. For
of in the 11th in the previous case. In other words the energgll cases except the case of the first transition in the system
required for most of the mesoscopic elements to rearranggubjected to 20% strain th® value drops to zero when the
themselves into a new state is available almost immediateljransitions take place, indicating that most of the mesoscopic
(note that it is a strain-induced transitjoiConversely when elements have yielded to the unstrained state. The average
lower strain is applied, the system has to collect the energgtress values when 60% strain is applied are the same as
during a number of measurements until it is sufficient for thethose in the cases of 80% and 100% applied strain, before
transition to take place. After the second transition, the systhe transition, indicating that the system is in the same state.
tem submitted to 40% strain undergoes a number of strain- However, this is not the case for the strain-induced tran-
and noise-induced transitions. sitions. It can be seen from Fig. 5 that the relaxation modulus

B. 40-100 % strain
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FIG. 7. Strain dependence of the transition time shift in the
SDS/pentanol/cyclohexane/brine system withMD.#rine with re-
spect to the transition times in SDS/pentanol/cyclohexane/brine sys-
tem with 0.8V brine subjected to 20% strain.

system as a 20% strain on the Bl.5system. It should be
noted that when 19% strain is applied no transitions except
the first one at a waiting time of 4200 s were observed,
because the subsequent transition is expected to occur 1500 s
after the first one, i.e., at a waiting time of 5700 s, which was
not experimentally accessible.

Stronger electrostatic interactions in the system with the
tw (s) lower ionic strength of brine may be responsible for the ob-
served shift in the transition times. Provided that in both
systems the weight ratio of brine/SDS is the same, the
screening of the SDS charge is different: the number of the
excess counterions per SDS charge is 0.35 for thiel G¥s-
tem (the Debye length is 0.4 nmand 0.28 for the OMI

obtained in the experiments with 40% applied strain is morec,ystem(the Depye length is 0.5 n)n.Conseque'ntIy, the elec-
than an order of magnitude lower than that in 20% strairFrOStat',C repulsmn betwegn the cyllnders_ls higher in thg Sys-
experiment in the region around the first two transitions. Thidem With 0.M brine. This suggests a higher cooperativity
result is the manifestation of the speedup of the relaxatiof® domain rearrangement. The stronger correlation between
process in the nonlinear regime. As shown[#], a large the elements suggests also that less strain is rgquwed to pro-
single step strainy, speeds up the relaxation by a factor duce d”;)e s;\mfe trarr]15|t|(r)1ns. 'I_'hese Con5|derat|or;|s are Sr';'p'
exp(y 32x). In the single step strain approximation this re- ported by the fact that the noise temperature, reflecting the

sult may be applied to each test in our series. Thus the highéiregree of interdomain interactions, is higher for theh.4

. . ; . -System before the transitions take place, while the drop in the
the applied strain the higher the speedup of relaxation. Th|§ value after the transitions is steepig. 8. The noise

\?vf;(iat(i:r: e;(ifrllzinssc;:as?otlho?/vzri\]:tvaci)fir:heti;:z;rslsxxii?;o times on thetemperature value oscillates between 1 and 1.27 in the region
9 9 ' between the transitions, while in the M5system this value

is almost constant and equal to 1.12. This means that when

stronger intercylinder, and, consequently, interdomain inter-
Investigations of the relaxation in the SDS/pentanol/actions are present, more domains rearrange themselves into

cyclohexane/brine system in lower ionic strength brine witha new state simultaneously, causing a steeper drayaue.

a slightly smaller spacing between cylind¢ds’], revealed The above considerations relate to the transitions associ-

that the system experiences similar transitions as in thated with domain rearrangements only, but not to those as-

higher ionic strength case. However, the transitions inducedociated with monodomain formation. Contrary to the low

by low strain, i.e., the transitions presumably associated witlstrain case, positive shifts in transition times are observed

the rearrangement of domains, are shifted on the waitingvhen the 0.8 system was submitted to high strain. For

time scale to shorter waiting times. For example, the transiexample, monodomain formation presumably takes place at

tions, induced by 20% strain, are shifted by 3000 s towards$,,=900 s in the 0.1 system subjected to 100% strain,

shorter waiting times. However, a decrease in the value ofvhile under the same experimental conditions théV0sys-

the applied strain results in a decrease in the transition timeem experiences such a transition 3300 s later,tat

shift. A linear dependence of the shift of transition time on=4200 s(Fig. 9.

applied strain was observg@Fig. 7). Thus a 19.3% strain As in the case of the low applied strain the shift in the

was found to produce exactly the same effect on th0.4 transition time is equivalent to the shift in the applied strain

0 2000 4000 6000

FIG. 6. Waiting time dependence ¢f) noise temperature
and (b) relaxation modulus G(t—t,=200 s,t,) for the
SDS/pentanol/cyclohexane/®5 brine system subjected to 80%
strain(circles and 100% strairfcrosses

C. Effect of composition
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FIG. 10. Waiting time dependence of the relaxation modulus for

FIG. 8. Noise temperature dependence on waiting time for thg,o sps/pentanolicyclohexanelbrine system withvDJ5rine sub-
SDS/pentanol/cyclohexane/brine system withM.Brine subjected mitted to 60% strair(triangles and with 0.M brine subjected to
to 20% strain(crossep and with 0.M brine subjected to 19.3% 80% strain(squares

strain (squares

0.4M systems do not differ much, the shift on the applied
strain scale required to induce the transitions in both systems
at the same waiting times is lowy=0.7%. HoweverAy

value. The waiting time dependence of the relaxation modu
lus for the 0.4 sample with 80% applied strain is similar in

prpfile to that for the 0.51 system with a 60% applied strain is higher than 20% in the case of the high applied strain, i.e.,
(Fig. 10. The lowest strain thapresumably induces mon- \hen most of the domains presumably have the same orien-
odomain forrrlathn in the OM system was found to Obe tation and the straining of the system induces a monodomain
equgl to 83.3%(Fig. 11), Wh'_'? for the O'M system 80% ._formation. Monodomain formation implies the annihilation
strain induces such a transition in the middle of the serieg 4omain boundaries due to cylinder fusion. Consequently

(Fig. 6)'dThl.Ji' on thedappl_iedfstrain_ scale theht_rffmdsitions 3SI_I’] this case electrostatic repulsion along the cylinders rather
sociated with monodomain formation are shifted towardSy,, mych weaker intercylinder repulsion plays the main

higher strair). A Iinegr dependence of the. transition_time shif}me. Thus, the higher the repulsion along the cylinder is, i.e.,
on the applied strain was also observ&ig. 9). Again we

attempt to interpret these results from the point of view of
the intercylinder, interdomain interactions. G (Pa)

In the case of the low applied strain, stronger interdomain 20
repulsion in the 0.M system induces stronger elemédo- 10 W
main) coupling, because the rearrangement of a domain may 0

lead to a decrease in the distances between the cylinders of
this domain and those of the neighboring ones. This induces 85% strain
an increase in the electrostatic repulsion between the yielded

domain and the neighboring ones and, consequently, leads to 30
an increase in the probability of the neighboring domain re- fg w
arranging. Provided that the Debye lengths inM.&nd 0

83.3% strain

4500 90% strain
40
301 ,,{‘\ A\
2 10
= 0
"
< 3500
50 100% strain
40
3000 L L . 30
80 85 90 95 100 a
0 T N .
i o,
strain (%) 0 2000 4000 6000
: I o tw (s)
FIG. 9. Strain dependence of the transition time shift in the
SDS/pentanol/cyclohexane/brine system withM.#rine with re- FIG. 11. Waiting time dependence of the relaxation modulus for
spect to the transition times in the same system witiMOKrine the SDS/pentanol/cyclohexane/®4 brine system subjected to
subjected to 100% strain. 83.3%, 85%, 90%, and 100% strain.
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the lower the SDS charge screening, the higher the strain thaumber of steps in strain, the SDS/pentanol/cyclohexane/

should be applied to induce monodomain formation. brine system was found to experience a number of strain-
and noise-induced transitions. The transitions in the system
V. CONCLUSION are presumably associated with the rearrangement of the do-

) ) mains having two-dimensional hexagonal symmetry when

An expression for the relaxation modulus for the case ofpe applied strain is low, and with monodomain formation
then steps of equal strain amplitude and equal length appliegyhen a high strain is applied to the system. However, simul-
to a sample in the transient regime has been derived withifaneous rheological and x-ray investigations are required to

the framework of the SGR model. The experimental data ofyove this supposition, and these experiments are currently in
relaxation in the SDS/pentanol/cyclohexane/brine system iBrogress.

this case showed a more complicated behavior of the relax-

ation modulus than proposed in the theory. However, allow-

ing the noise temperature to evolve with the waiting time, we

found a qualitative agreement between the calculated and the This work was funded by EPSRC Grant No. GR/

experimental data. M50850. We thank Professor P.E. Luckham for the generous
Depending on the amplitude of the applied strain and theyift of the Bohlin rheometer.
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