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Synopsis

filament stretching extensional rheometer and capillary breakup extensional rheometer are used
o measure the extensional rheology of a series of wormlike micelle solutions experiencing a
niaxial elongational flow. The experiments are performed using a series of wormlike micelle
olutions of both cetylpyridinium chloride and sodium salicylate �NaSal� in an aqueous sodium
hloride solution and cetyltrimethylammonium bromide and NaSal in de-ionized water. The linear
iscoelasticity of all the wormlike micelle solutions is well described by a Maxwell model with
ust one or two relaxation times while the steady shear measurements all demonstrate
haracteristics of shear banding at large shear rates. In transient homogeneous uniaxial extension
mposed by a filament stretching rheometer, each of the wormlike micelle solutions demonstrate
ignificant strain hardening. At large extension rates, the wormlike micelle solution filaments are
ll found to fail through a dramatic rupture near the axial midplane at a constant stress independent
f imposed extension rate. The result is an extensional viscosity that decays linearly with
ncreasing extension rate. This filament failure likely stems from the local scission of individual
ormlike micelle chains. For the more concentrated solutions, as the imposed extension rate is

educed, a critical extension rate is found below which the filament does not rupture, but instead
lastocapillary pinch off is recovered and the elastic tensile stresses achieved in the fluid filament
row far beyond the value observed at rupture. This dramatic upturn in the elastic tensile stress and
he extensional viscosity at low extension rates is not intuitively expected and is most likely a
esult of structural changes to the entangled wormlike micelle solution. Strain hardening is also
bserved in capillary breakup rheometry experiments, however, when the results of filament
tretching and capillary breakup rheometry measurements at nominally the same extension rate are
uperimposed, the results do not agree; the extensional viscosity measurements from filament
tretching are in some instances more than an order of magnitude larger. This result calls into
uestion the use of capillary breakup rheometry for quantitatively measuring the extensional
iscosity of wormlike micelle solutions. © 2007 The Society of Rheology.
DOI: 10.1122/1.2718974�

. INTRODUCTION

Surfactants are molecules that consist of a hydrophilic head group and a hydrophobic
ail. When dissolved in water they can spontaneously form several different types of
elf-assembling aggregates �Israelachvili �1985�; Larson �1999�; Rehage and Hoffmann

�
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694 BHARDWAJ, MILLER, AND ROTHSTEIN
1991��. As seen in Fig. 1, the size and shape of the resulting aggregate morphology can
ange from spherical micelles, to wormlike micelles to lamellae depending on surfactant
nd counterion concentration and interaction �Lequeux and Candau �1997��. An enor-
ous amount of research has been devoted to investigating the morphology, phase tran-

itions, and the shear and extensional rheology of different surfactant solutions �Cates
1987�; Olmsted �1999�; Rehage and Hoffmann �1991�; Rothstein �2003�; Shikata and
otaka �1991�; van Egmond �1998��. Under the proper conditions, the micelles, resem-
ling slender rods, can entangle and impart viscoelasticity to the fluid �Cates �1987��. The
ifference between these wormlike micelles and polymers is that the micelles continu-
usly break and reform with time. This leads to a broad and dynamic distribution of
icelle lengths which can theoretically change under an imposed shear or extensional
ow making the resulting flow behavior even more complex then polymeric fluids �Cates
nd Turner �1990��.

Viscoelastic wormlike micelle solutions are currently being used extensively as rheo-
ogical modifiers in consumer products such as paints, detergents and pharmaceuticals
here careful control of the fluid properties is required. In addition, micelle solutions
ave also become important in a wide range of applications including agrochemical
praying, inkjet printing and enhanced oil recovery. A fundamental understanding of the
ehavior of these complex fluids in different flow regimes is therefore extremely impor-
ant to a host of industries. Techniques for the analysis and control of the flow of complex
uids require accurate determination of material properties as well as the ability to un-
erstand and predict changes that occur within the materials as they are subjected to the
ow conditions encountered in industrial and commercial applications. Shear and exten-
ional rheometers provide an excellent framework for investigating the behavior of these
omplex fluids because the flow kinematics tends to be simple. Additionally, these rheo-
ogical measurements can shed light on phenomena such as elastic flow instabilities,
hich commonly occur in the many of the industrial and commercial applications men-

ioned above.
One of the observations that sparked the initial rheological interest in wormlike mi-

elle solutions was that their linear viscoelastic response can often be quite accurately
odeled by a Maxwell model having just a single relaxation time �Rehage and Hoffmann

1991��. However, the nonlinear viscoelastic response of these entangled micelle solu-
ions has been shown to be much more complex �Cates �1990�; Khatory et al. �1993�;
othstein �2003�� and in need of further exploration.

The behavior of wormlike micelle solutions and other complex fluids in extensional
ows is qualitatively different from their behavior in shear flows. The first experimental

nvestigations of the apparent extensional rheology of wormlike micelle solutions used an
pposed jet device �Fischer et al. �1997�; Lu et al. �1998�; Prud’homme and Warr �1994�;

IG. 1. Schematic diagram of wormlike micelle solutions showing various morphologies including spherical,
amellar, wormlike and long entangled wormlike micelles that can impart viscoelasticity.
alker et al. �1996��. Prud’homme and Warr �1994� showed for a series of equimolar
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695EXTENSIONAL RHEOMETRY OF WORMLIKE MICELLE
etradecyltrimethylammonium bromide �TTABr�/Sodium Salicylate �NaSal� solutions
hat at low extension rates, below the coil-stretch transition, a plateau in the steady-state
xtensional viscosity was observed corresponding to the Newtonian response. At higher
xtension rates, chain stretching within the oriented segments was observed to lead to
train hardening in the extensional rheology. At a critical Deborah number, the exten-
ional viscosity was observed to reach a maximum and decreases with further increases
o the Deborah number. Prud’homme and Warr �1994� theorized that the observed reduc-
ion in the extensional viscosity at high extension rates was the result of a scission of the
ormlike micelles in the strong extensional flow. This hypothesis was later supported by

ight scattering measurements �Chen and Warr �1997�� which demonstrated a decrease in
he radius of gyration of the micelle with the reduction in the extensional viscosity and
he filament stretching experiments of Rothstein �2003� which were able to quantify the
nergy required to scission wormlike micelles in strong extensional flows. Researchers
ave also used four-roll mills �Kato et al. �2002�; Kato et al. �2004�� and the flow through
orous media �Muller et al. �2004�� to measure an apparent extensional viscosity of
ormlike micelle solutions.
In Anderson et al. �2004� and Yesilata et al. �2006�, a capillary breakup extensional

heometer was used to measure the extensional viscosity of erucyl bis�hydroxyethyl�m-
thylammonium chloride �EHAC� and iso-proponal in a brine of ammonium chloride in
e-ionized water. Their results showed a strong extensional hardening for all of the
urfactant and salt concentrations that they tested. Additionally, Yesilata et al. �2006�
emonstrated that the extensional relaxation time, �E, extracted from intermediate decay
f the fluid filament for the EHAC solutions was smaller by a factor of approximately 3
han the longest relaxation time obtained from oscillatory shear flow measurements, �.
his observation is very different from capillary breakup measurements of Boger fluids
here these relaxation times were found to be approximately equal, �E�� �Anna and
cKinley �2001��, in accordance with theoretical predictions of Entov and Hinch �1997�.
In Rothstein �2003�, a filament stretching rheometer was used to impose a uniaxial

xtensional flow on a series of solutions of cetyltrimethylammonium bromide �CTAB�
nd sodium salicylate �NaSal� while simultaneously making measurements of the evolu-
ion of the stress and flow induced birefringence �FIB� as a function of time and accu-
ulated strain. These fluids were found to demonstrate considerable strain hardening in

he elastic tensile stress and extensional viscosity �Chen and Rothstein �2004�; Rothstein
2003��. The filament stretching experiments were observed to come to an abrupt end
ith the rupture of the fluid filament near its axial midplane �Chen and Rothstein �2004�;
othstein �2003��. Similar rupture events were also observed for associative polymer

olutions in filament stretching experiments �Tripathi et al. �2006�� and wormlike micelle
olutions in pendent drop experiments �Smolka and Belmonte �2003��. At the surfactant
oncentrations used in these experiments, the wormlike micelles have been shown to be
ntangled forming heavily interconnected, sometimes branched, networks �Appell et al.
1992�; Handzy and Belmonte �2004�; In et al. �1999��. This filament failure likely stems
rom the scission of wormlike micelles resulting in a dramatic breakdown of the micelle
etwork structure en masse �Rothstein �2003��. The failure of micelle solutions and
ssociative polymer solutions in uniaxial extensional flows has also been found to lead to
ew and interesting instabilities in more complex flows such as in the extensional flow in
he wake of a sphere falling through a wormlike micelle solution �Chen and Rothstein
2004�; Jayaraman and Belmonte �2003�� or through an associative polymer solution
Mollinger et al. �1999�� and the extensional flow in the wake of a bubble rising through

wormlike micelle solution �Handzy and Belmonte �2004��. These instabilities have

reat significance to industrial flows of wormlike micelle solutions such as in turbulent
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696 BHARDWAJ, MILLER, AND ROTHSTEIN
rag reduction where strong extensional flow is often encountered. Much research is still
eeded if we are to truly understand the origins and implication of this new class of flow
nstabilities unique to self-assembling wormlike micelle solutions and associative poly-

er solutions.
Although the shear rheology of wormlike micelle solutions has been studied in great

epth, only a relatively small number of extensional rheology measurements of wormlike
icelle solutions currently exist in the literature. In the experiments described within this
anuscript, filament stretching experiments are performed on two different surfactant

olutions, namely CTAB/NaSal and CPyCl/NaSal, over a wide range of surfactant con-
entrations and extension rates. Extensional rheology results for a number of CTAB/
aSal solutions already exist in the literature �Rothstein �2003��. In this manuscript, the
revious filament stretching experiment of CTAB/NaSal solutions is extended to a num-
er of previously untested surfactant concentrations. Additionally, in the experiments
resented in this manuscript for both CTAB/NaSal and CPyCl/NaSal solutions, the ex-
ension rate is systematically varied and its role in the extensional rheology of the worm-
ike micelle solutions and the transition from elastocapillary failure to rupture of the fluid
laments is investigated. Last, the extensional rheology of the wormlike micelle solutions

s measured using capillary breakup extensional rheology and the results are compared
irectly to those obtained through filament stretching. It is striking how poorly the ex-
ensional rheology measured with these two techniques agrees.

The outline of this paper is as follows. In Sec. II, we briefly describe the implemen-
ation of the filament stretching extensional rheometer and the capillary breakup exten-
ional rheometer, the test fluids used and their shear rheology. In Sec. III A, we discuss
he transient homogeneous uniaxial extensional rheology measured through filament
tretching. In Sec. III B we discuss the extensional rheology of the test fluids measured
hrough capillary breakup. Finally, in Sec. IV we conclude.

I. EXPERIMENTAL SETUP

. Test fluids

A series of wormlike micelle solutions assembled from two different surfactant/salt
ombinations were chosen for this study. The first set of wormlike micelle solutions that
ere tested were made up of the cationic surfactant cetylpyridinium chloride �CPyCl� and

odium salicylate �NaSal� dissolved in a brine of 100 mM NaCl in distilled water. For
easons described in Miller and Rothstein �2006�, the molar ratio of surfactant to the
inding salt in this system was held fixed at �CPyCl� / �NaSal�=2. The addition of the salt
elps screen the charges on the hydrophilic head groups of the surfactant making the
esulting micelle more flexible �Kern et al. �1994��. The electrostatic screening of the salt
as been observed to lower the critical micellar concentration �CMC� for CPyCl in
queous NaCl from CMCCPy,H2O=0.90 mM to CMCCPy,NaCl=0.12 mM �Lee et al.
2005��. CPyCl and NaSal were obtained in dry form from Fisher Scientific. Molar
oncentrations of CPyCl between 50 and 200 mM were dissolved in brine on a hot plate
ith a magnetic stirring bar. During mixing, a moderately elevated temperature was

pplied to reduce viscosity and aid in uniform mixing. After the solutions were fully
issolved, approximately 20–30 min, they were allowed to settle at room temperature for
t least 24 h before any experiments were performed to allow air bubbles introduced
uring mixing to rise out.

The second set of test fluids were a series of wormlike micelle solutions made up of
nother cationic surfactant CTAB �Fisher Scientific� and NaSal �Fisher Scientific� in

e-ionized water. As has been customary in the literature �Shikata and Kotaka �1991��,
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697EXTENSIONAL RHEOMETRY OF WORMLIKE MICELLE
he molar ratio of surfactant to the binding salt was held fixed at �CTAB� / �NaSal�=1 and
or our experiments the molar concentration of the CTAB was varied from 10 and
50 mM. Each of these solutions is well above the critical micelle concentration, which
or CTAB in pure water is CMC=0.9 mM and is again significantly lower in the presence
f salt �Israelachvili �1985��. The solutions were prepared as described above. For both
olutions, at the concentrations used, the wormlike micelle solutions are concentrated and
ntangled with a significant number of entanglement points per chain �Israelachvili
1985��.

All extensional rheology experiments were performed at room temperature
T=23±2 °C�. When analyzing and presenting the experimental data, the relaxation
imes and viscosities were adjusted to their values at a reference temperature of

0=25 °C using time-temperature superposition with a shift factor, aT, defined by the

IG. 2. Small amplitude oscillatory rheology of �a� CPyCl/NaSal solutions in 100 mM NaCl at T=20 °C and
b� CTAB/NaSal solution at T=25 °C. The data in �a� include: storage modulus, G� �filled symbols�, and loss
odulus, G� �open symbols�, for � 50/25 mM, � 100/50 mM, � 150/75 mM, and � 200/100 mM with

wo-mode Maxwell model fits to each of the data sets �–�. The data in �b� include: for � 10/10 mM, �
7.5/17.5 mM, � 25/25 mM, � 50/50 mM, � 75/75 mM, � 100/100 mM, and � 150/150 mM with a
ingle-mode Maxwell fits to each of the data sets �–�.
rrhenius equation �Bird et al. �1987��. Over the temperature range of our experiments,
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698 BHARDWAJ, MILLER, AND ROTHSTEIN
he Arrhenius form of the time-temperature shift factor was found to be in good agree-
ent with the rheological data for each of the wormlike micelle solutions tested.

. Shear rheometry

The steady and dynamic shear rheology of the test fluids was characterized using a
tress-controlled rheometer �TA instruments, AR2000� with a 6 cm/2° cone-and-plate
eometry. The micelle solutions were loaded and allowed to equilibrate for several min-
tes. The samples were not presheared. In Fig. 2, the storage modulus, G�, and loss
odulus, G�, of the CPyCl/NaSal and the CTAB/NaSal wormlike micelle solutions were

lotted as a function of angular frequency, �, along with the prediction of a Maxwell
odel. The viscoelastic properties of the fluids listed in Tables I and II including zero

hear rate viscosity, �0, Maxwell relaxation time,�M, and the elastic plateau modulus, GN
0 ,

re found by fitting the data to a single-mode Maxwell model. The deviation of the
heological data from the predictions of the single-mode Maxwell model observed at
arge angular frequencies in Fig. 2�b� correspond to the Rouse-like behavior of the mi-
elle between entanglement points �Fischer and Rehage �1997��. This deviation, which
as been shown to become more pronounced with increase in the concentration of
urfactant/salt, is well predicted by adding a second mode, the Maxwell model as in Fig.
�b� and can be used to determine both the breakup time, �br, and the reptation time, �rep,
f the wormlike micelle chains. In the fast breaking limit �rep��br, Cates showed that
he breakup and reptation time could be related to the measured value of the Maxwell
elaxation time through �M = ��rep�br�1/2 �Cates �1987��. Additionally, the theoretical
esh size �m= �kT /G0�1/3 �Doi and Edwards �1986�; Granek and Cates �1992�� can be

etermined in order to gain some information about the proximity of entanglement points
nd the density of the wormlike micelle mesh.

In Fig. 3, the steady shear viscosity, �, is plotted as a function of shear rate, �̇. At
mall shear rates and angular frequencies, the micelle solutions have a constant zero shear
ate viscosity. As the shear rate is increased, the fluid begins to shear thin. At a critical

ABLE I. Parameters characterizing the rheology of the CTAB/NaSal wormlike micelle solutions.

CTAB/NaSal �mM�

10/10 17.5/17.5 25/25 50/50 75/75 100/100 150/150

ero-shear viscosity �0 �Pa s� 5.0 41 68 62 55 39 38
lateau modulus G0 �Pa� 0.28 1.2 2.5 10.9 26.2 48.8 94.8
axwell relaxation time �M �s� 18 35 27 5.7 2.1 0.8 0.4
ritical diameter D* �mm� 173 41 19 4.4 1.8 0.98 0.51

ABLE II. Parameters characterizing the rheology of the CPyCl/NaSal wormlike micelle solutions.

CPyCl/NaSal �mM�

50/25 100/50 150/75 200/100

ero-shear viscosity �0 �Pa s� 1.0 11 30 69
lateau modulus G0 �Pa� 4.2 27 60 104
axwell relaxation time �M �s� 0.27 0.50 0.56 0.59
ritical diameter D* �mm� 12 2.1 0.84 0.39
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699EXTENSIONAL RHEOMETRY OF WORMLIKE MICELLE
hear rate, the viscosity drops precipitously approaching a slope of ���̇−1. For the
PyCl/NaSal solutions, this plateau in the shear stress corresponds to the formation of

wo or more distinct shear bands. These shear bands have been recently measured and
nalyzed in our lab using particle image velocimetry and flow induced birefringence
FIB� measurements and a specially designed large Couette flow cell �Miller and Roth-
tein �2006��. Although we have not yet attempted to observe shear banding in the
TAB/NaSal solutions, it could also account for the dramatic reduction in the shear
iscosity observed in these systems.

. Filament stretching extensional rheometry

A filament stretching extensional rheometer �FiSER� capable of imposing a homoge-
eous uniaxial extension on a fluid filament placed between its two end plates was used
o make simultaneously measurements of the evolution in the force and the midpoint

IG. 3. Steady shear viscosity of �a� CPyCl/NaSal solutions in 100 mM NaCl at T=20 °C and �b� CTAB/
aSal solution at T=25 °C. The data in �a� include: � 50/25 mM, � 100/50 mM, �; 150/75 mM and �
00/100 mM. The data in �b� include: for �; 10/10 mM, �; 17.5/17.5 mM, � 25/25 mM, �; 50/50 mM, �;
5/75 mM, �; 100/100 mM, and �; 150/150 mM.
adius. A complete description of the design and operating space of the filament stretch-
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700 BHARDWAJ, MILLER, AND ROTHSTEIN
ng rheometer used in these experiments can be found in Rothstein and McKinley �Roth-
tein �2003�; Rothstein and McKinley �2002a�; Rothstein and McKinley �2002b�� and a
ore detailed history of the technique can be found in the following papers by the
cKinley and Sridhar groups �Anna et al. �2001�; McKinley and Sridhar �2002�; Tirtaat-
adja and Sridhar �1993��.
The goal of extensional rheometry is to cause a motion such that the resulting exten-

ion rate imposed on the fluid filament, �̇, is constant. The deformation imposed upon the
uid filament can be described in terms of a Hencky strain, �=−2 ln�Rmid /R0�, where R0

s the initial midpoint radius of the fluid filament. The strength of the extensional flow is
haracterized by the Deborah number, De=��̇, which is the ratio of the characteristic
elaxation time of the fluid, �, to the characteristic time scale of the flow, 1/ �̇0. The
lastic tensile stress difference generated within the filament can be calculated from the
lgebraic sum of the total force measured by the load cell, Fz, if the weight of the fluid
nd the surface tension are taken into account while ignoring inertial effects �Szabo
1997��

�	zz − 	rr� =
Fz


Rmid
2 +

1

2

�g�
L0R0
2�


Rmid
2 −

�

Rmid
, �1�

here L0 is the initial end plate separation, � is the equilibrium surface tension of the
uid and � is the density of the fluid. The extensional viscosity may be extracted from the
rinciple elastic tensile stress and is often nondimensionalized as a Trouton ratio

Tr = �	zz − 	rr�/�0�̇ = �E
+/�0, �2�

here �E
+ is the transient extensional viscosity and �0 is the zero shear rate viscosity of

he fluid, respectively.

. Capillary breakup extensional rheometry

In order to determine the extensional rheology of the less concentrated and less vis-
ous fluids, capillary breakup extensional rheometry measurements �Anna and McKinley
2001�; Bazilevsky et al. �1990�; Entov and Hinch �1997�; McKinley and Tripathi �2000�;
odd et al. �2005�; Stelter et al. �2000�� were performed using the filament stretching

heometer described above �Rothstein �2003�; Rothstein and McKinley �2002b��. In a
apillary breakup extensional rheometer �CaBER�, an initial nearly cylindrical fluid
ample is placed between the two end plates of the filament stretching rheometer and
tretched with an exponential profile, L=L0 exp��̇0t�, to final length of Lf. The stretch is
hen stopped and the capillary thinning of the liquid bridge formed between the two end

FIG. 4. Schematic diagram of capillary breakup extensional rheometry.
lates produces a uniaxial extensional flow that can be used to measure an apparent



e
s
g
t
M
s
l
s
m
fi
m

e
m
a
t
H
w

a
T
c
l
f
F
e
s
�

T
t

a
p
r
B
s

a
l
�
fl
c
m

701EXTENSIONAL RHEOMETRY OF WORMLIKE MICELLE
xtensional viscosity. A schematic diagram of the stretch is shown in Fig. 4. The final
tretch length is chosen such that LF=3.6R0 and the stretch rate is chosen such that it is
reater than the characteristic relaxation time of the fluid, �̇�1/�, and also greater
han the time scale for capillary drainage of the liquid bridge, �̇�� /�0R0 �Anna and

cKinley �2001��. It has been shown that CaBER is capable of measuring the exten-
ional viscosity of fluids with shear viscosities as low as 70 mPa s and relaxation times as
ow as 10 ms �Rodd et al. �2005��. In addition, CaBER can reach extremely large Hencky
trains limited only by the resolution of diameter measurement transducer. In our experi-
ents, a laser micrometer �Omron Z4LA� with a resolution of 5 m was used to obtain
nal Hencky strains of up to �=2 ln�3 mm/5 m�=12.7, although in practice reliable
easurements below 20 m were difficult to achieve.
The breakup of the fluid filament is driven by capillary stresses and resisted by the

xtensional stresses developed within the flow. The extensional viscosity of the wormlike
icelle solution can be determined by measuring the change in the filament diameter as
function of time. Papageorgiou �1995� showed that for a Newtonian fluid the radius of

he fluid filament will decay linearly with time, Rmid�t�� �tb− t�. Conversely, Entov and
inch �1997� showed that for an Oldroyd-B fluid, the radius will decay exponentially
ith time, Rmid�t��exp�−t /3�E�. The extension rate of the fluid filament is given by

�̇ = −
2

Rmid�t�
dRmid�t�

dt
=

2

3�E
�3�

nd hence for an Oldroyd-B fluid, the flow has a constant Deborah number of De=2/3.
his value is larger than the critical Deborah number of De=1/2 needed to achieve
oil-stretch transition and thus strain hardening of the extensional viscosity of the worm-
ike micelle solutions can be achieved. Additionally, the slope of the diameter as a
unction of time can be used to calculate a relaxation time in this elongational flow, �E.
or Boger fluids, theory predictions and experiments show that �E��. An apparent
xtensional viscosity can be calculated by applying a force balance between capillary
tresses and the elastic tensile stresses within the fluid filament �Anna and McKinley
2001��

�E =
�/Rmid�t�

�̇�t�
=

− �

dDmid/dt
. �4�

o calculate the extensional viscosity, the diameter measurements are fit with the func-
ional form proposed by Anna and McKinley �2001�,

Dmid�t� = Ae−Bt − Ct + E , �5�

nd differentiated with respect to time. The choices of fitting parameters have their
hysical relevance. The decay of the fluid filament diameter at intermediate times can be
elated to the extensional relaxation time and the fitting parameter B such that
=1/3�E. Additionally, C can be related to equilibrium value of the extensional viscosity

uch that C=� /�E,�.
The equilibrium surface tension for each of the wormlike micelle solutions tested was

ssumed to be consistent with the value of �=0.032 and 0.036 N/m reported in the
iterature for the CPyCl/NaSal and CTAB/NaSal solutions above the CMC, respectively
Akers and Belmonte �2006�; Cooper-White et al. �2002��. However, in any free surface
ow containing surfactants, one must also consider the role that dynamic surface tension
ould play. As the fluid filament is stretched and a new surface is generated, surfactant

olecules diffuse from the bulk and populate the new surface. The result is a surface
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702 BHARDWAJ, MILLER, AND ROTHSTEIN
ension that is a function of the age of a given surface. Because the time scales of the
aBER experiments described here are slow compared to the time scale of the dynamic

urface tension �seconds vs. milliseconds� �Cooper-White et al. �2002�� the equilibrium
alue of the surface tension was used in all of our calculations of the extensional viscos-
ty. Additionally, in the FiSER experiments, at the point that the fluid filament is stretch-
ng fast enough to necessitate the use of the dynamic surface tension in the force balance
n Eq. �1�, the elastic tensile stress typically dominates over the surface tension term and
he factor of 2 change in the surface tension would make little to no difference in the final
alue of the extensional viscosity.

II. RESULTS AND DISCUSSION

. Filament stretching extensional rheometry

A series of constant extension rate experiments were performed on broad range of
ormlike micelle solutions using the filament stretching rheometer described in Sec. II C.
he spectrum of strain rates and final Hencky strains were designed to maximize the
nowledge gained of the behavior of these wormlike micelle solutions in extensional
ows.

A quantitative analysis of the extensional rheology for a series of wormlike micellar
olutions of both CPyCl/NaSal and CTAB/NaSal was performed using a filament stretch-
ng extensional rheometer and are presented in Fig. 5. In Figs. 5�a�–5�c�, the measured
lastic tensile stress as a function of time for a broad series of extension rates is presented
or CPyCl/NaSal concentrations of 100/50, 150/75, and 200/100 mM, respectively. The
lastic tensile stress in the fluid filaments was observed to increase monotonically and
emonstrate some degree of strain hardening. At large extension rates, �̇�1/� the fluid
laments were all found to rupture. However, as the extension rate was reduced, the
laments began to fail through an elastocapillary thinning and pinch off. For the 150/75
nd 200/100 mM solutions, the transition from rupture to capillary pinch off was found
o be at Deborah numbers of approximately De�0.99 and 0.74, respectively. For the case
f the 100/50 mM solution, the fluid was always found to rupture for all the extension
ates tested. For all of the experiments that ended with a filament rupture, the final
aximum elastic stress that was achieved in the fluid filaments of each solution was

ound to be constant independent of extension rate. For the 100/50, 150/75, and
00/100 mM CPyCl/NaSal solutions the tensile stress at rupture was found to be
	E�7100, 6900, and 6700 Pa, respectively. The similarity in these tensile stresses is
oincidental. If the differences in the elasticity of each solution are accounted for by
ondimensionalizing the elastic tensile stress at rupture with the plateau modulus, we find
hat �	E /G decays monotonically from �	E /G=260, 116, to 64 as the CPyCl concentra-
ion is increased from 100, to 150 and finally to 200 mM. This observation of a constant
upture stress independent of extension rate is consistent with observations made previ-
usly for the extensional viscosity and filament rupture of CTAB/NaSal solutions �Roth-
tein �2003��, although the dependence of the dimensionless tensile stress at rupture on
urfactant concentration appears to be slightly stronger for the case of the CPyCl/NaSal
olutions.

The dynamics of the filament rupture were captured and analyzed using a high-speed
igital video camera �Phantom v.4.2� at a frame rate of 2000 fps. A time-lapse series of
mages for a rupture event of the 150/75 mM CPyCl/NaSal at a Deborah number of
e=2.6 is shown in Fig. 6 and is very similar to the rupture events observed for CTAB/
aSal systems �Chen and Rothstein �2002��. Unlike capillary driven filament breakup
nstabilities, which have been observed to occur in weakly strain hardening fluids after
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IG. 5. Elastic tensile stress growth as a function of time for viscoelastic wormlike micelle solutions in uniaxial
xtensional flows at Tref =25 °C. The figure includes data for: �a� 100/50 mM CPyCl/NaSal with increasing
xtension rates ranging from 2.6 s−1��̇�6.3 s−1 �1.3�De�3.2�; �b� 150/75 mM CPyCl/NaSal solution with
xtension rates ranging from 1.2 s−1��̇�4.2 s−1 �0.67�De�2.3�; and �c� 200/100 mM CPyCl/NaSal solu-
ion with extension rates ranging from 1.0 s−1��̇�6.0 s−1 �0.60�De�3.6�.
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onsiderable necking of the fluid filament �Yao et al. �1998��, the failure of these worm-
ike micelle filaments occurs before any significant necking has occurred. The failure
ppears to be initiated by the growth of a surface or internal defect in the filament which
apidly propagates across the filament cleaving it in two. The propagation of defect and
nal failure of the fluid filament is quite rapid, taking only fractions of a second.

A review of the dynamics of the necking of viscoelastic fluid filaments was recently
resented by Renardy �2004�. In his review, Renardy showed that the purely elastic
nstabilities that we have observed in our experiments are independent of surface tension
nd can occur for fluids in which the extensional viscosity goes through a maximum with
ncreasing strain. The observed filament failure mechanism appears similar to failures
bserved in tensile loading of elastic solids and extremely elastic polymer melts �Court-
ey �2000�; Joshi and Denn �2003�; Vinogradov et al. �1975��. For the case of elastic
olids, samples experiencing a uniform tensile deformation become unstable and fail
hen the force or the engineering stress goes through a maximum �Courtney �2000��. At

hat point, the solid has exhausted its work-hardening capacity and begun to work soften,
estabilizing any perturbation along the sample and producing a neck that grows rapidly
ith time. A similar breakup phenomenon was observed by Tripathi et al. �2006� during
lament stretching experiments of a model associative polymer system containing hydro-
hobically modified ethoxylate-urathane. At high strain rates and Deborah numbers, Tri-
athi et al. �2006� observed the associative polymers exhibited a sudden rupture phenom-
non while at low strain rates the filament was observed to fail through a visco-capillary
hinning.

At lower Deborah numbers, where the fluid filament pinches off through elastocapil-
ary thinning, the elastic tensile stress for both the 200/100 mM and 150/75 mM CPyCl/
aSal solutions were found to grow to values much larger than the critical stress for

upture. It has been hypothesized that the tensile stress of rupture corresponds to the
aximum stress that the micelles can withstand before they begin to fail en masse

Rothstein �2003��. One would therefore expect that as the extension rate is reduced and
he filament transitions from rupture to capillary breakup, the final tensile stress would
egin to decrease and not increase. Additionally, these observations for CPyCl/NaSal
ere not observed by Rothstein �2003� for CTAB/NaSal solutions. It is possible that this
iscrepancy may be because they simply did not probe the response of the CTAB/NaSal
ormlike micelle solutions to low enough extension rates to observe a similar upturn in

IG. 6. Representative images of progressive filament rupture for the 150/75 mM CPyCl/NaSal solution at a
e=2.6. The total duration of the failure event was determined to be 11 ms.
he stress. In order to test whether the response of the CPyCl/NaSal solution in exten-
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ional flow is universal for all the wormlike micelle solutions or just a unique artifact of
his particular system, a series of filament stretching experiments were performed for
0/50 and 100/100 mM CTAB/NaSal solutions to extend the range of extension rates
mposed by Rothstein �2003�.

In Figs. 7�a� and 7�b�, the measured elastic tensile stress as a function of time for a
road series of extension rates is presented for CTAB/NaSal concentrations of 50/50 and
00/100 mM, respectively. The elastic tensile stress in the fluid filaments were all ob-
erved to increase monotonically and strain harden. For the 50/50 and 100/100 mM
olutions, the filaments were found to rupture at each of the extension rates tested; even
t extension rates corresponding to low Deborah numbers of De=0.75 and 0.6, respec-
ively. The value of the tensile stress at rupture agrees well with the results of Rothstein
2003�. The lack of an upturn in the tensile stress for the CTAB/NaSal solutions at low
xtension rates suggests that there may be a physical difference between the wormlike

IG. 7. Elastic tensile stress growth as a function of time for viscoelastic wormlike micelle solutions in uniaxial
xtensional flows at Tref =25 °C. The figure includes data for �a� 50/50 mM CTAB/NaSal with increasing
xtension rates ranging from 0.13 s−1��̇�2.5 s−1 �0.75�De�14.3�; �b� 100/100 mM CTAB/NaSal solution
ith extension rates ranging from 0.7 s−1��̇�3.0 s−1 �0.6�De�2.4�.
icelle solutions tested here. However, at the low Deborah numbers at which the upturn
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706 BHARDWAJ, MILLER, AND ROTHSTEIN
s being measured, it is important to determine first that a constant extension rate profile
as achieved and second that the experiments are affected by gravitational sagging. A

areful inspection of the diameter profile as a function of time confirms that we are in fact
chieving a constant extension rate profile. A more detailed analysis is required to under-
tand the role of gravitational sagging on our experiments.

The useful operating space of the filament stretching rheometer is limited at large
xtension rates by the specifications of the rheometer and end plate instabilities �Spiegel-
erg and McKinley �1996�� and by gravitational sagging at low extension rates. The
symmetry in the initial fluid column is governed by the Bond number, Bo=�gR0

2 /�,
hich is the ratio of gravitational to surface stresses. During stretch, the importance of
ravitational sagging is governed by the ratio of the Bond number and the capillary
umber, Bo /Ca=�gR0 /�0�̇, which expresses the ratio of gravitational and viscous forces
uring the stretch �Anna et al. �2001��. When Bo /Ca�1, a significant amount of fluid
an drain from the fluid filament to the bottom end plate during stretching. Thus, a
inimum extension rate and Deborah number can be defined below which sagging be-

omes important

Desag = ��̇sag = ��gR0/�0. �6�

or the CPyCl/NaSal solutions tested the critical Deborah number for the onset of gravi-
ational sagging was Desag=1.1, 0.46, and 0.21 for the 100/50, 150/75, and
00/100 mM solutions, respectively. It is clear, therefore, that none of the filament
tretching experiments presented in Fig. 5 should be affected by gravitational sagging and
t can be ruled out as the cause of the unexpected behavior observed at low extension
ates.

For each of the experiments in Fig. 5, the Trouton Ratio was calculated from Eq. �4�
nd plotted as a function of accumulated Hencky strain in Fig. 8 for each of the CPyCl/
aSal solutions. With decrease in the imposed extension rate, we observe a delay in the

train hardening of the Trouton Ratio to larger Hencky strains. This is consistent with the
esponse of both polymers and wormlike micelle solutions �McKinley and Sridhar
2002�; Rothstein �2003��. Owing to the constant elastic tensile stress achieved at rupture
or the high Deborah number experiments, the Trouton ratio is found to decrease linearly
ith increasing imposed extension rate, Tr��̇−1. The Trouton Ratios at lower Deborah
umbers increases sharply with decreasing extension rate as the filament transitions from
upturing to capillary failure.

This can be seen more clearly by plotting the maximum value of the extensional
iscosity achieved either at the point of rupture or elastocapillary failure as a function of
xtension rate in Figs. 9 and 10 for the CPyCl/NaSal and CTAB/NaSal solutions, respec-
ively. These plots also facilitate a comparison of our results to those obtained using an
pposed jet device or a four-roll mill �Fischer et al. �1997�; Kato et al. �2002�; Kato et al.
2004�; Lu et al. �1998�; Prud’homme and Warr �1994�; Walker et al. �1996��. In Fig.
�a�, the 100/50 CPyCl/NaSal solutions did not demonstrate a transition from filament
upture to capillary pinch off, whereas this transition could be achieved for the 150/75
nd 200/100 mM CPyCl/NaSal solutions respectively. As expected, the maximum exten-
ional viscosity decays linearly with increasing strain rate at large extension rates. At
ower extension rates, elastocapillary thinning is recovered and the filament is observed
o achieve larger Hencky strains and extensional viscosities with decreasing extension
ate. Extensional viscosity plots as a function of strain rate are also provided in Fig. 10
or both the 50/50 and 100/100 mM CTAB/NaSal solutions. For these fluids, the fluid
laments were observed to rupture at a critical stress for all the extension rates tested.

ence the slope of the maximum extensional viscosity as a function of the strain rate is
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IG. 8. The Trouton ratio as a function of the accumulated Hencky strain at Tref =25 °C. The figure includes
ata for: �a� 100/50 mM CPyCl/NaSal with increasing extension rates ranging from 2.6 s−1��̇�6.3 s−1 �1.3
De�3.2�; �b� 150/75 mM CPyCl/NaSal solution with extension rates ranging from 1.2 s−1��̇�4.2 s−1

0.67�De�2.3�; and �c� 200/100 mM CPyCl/NaSal solution with extension rates ranging from 1.0 s−1��̇
−1
6.0 s �0.60�De�3.6�.
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IG. 9. The maximum extensional viscosity achieved either at filament rupture or elastocapillary pinch off as
function of the applied extension rate at Tref =25 °C. Included in �a� are: � 100/50 mM CPyCl/NaSal; �b� �
50/75 mM CPyCl/NaSal; and �c� � 200/100 mM CPyCl/NaSal. The hollow symbols indicate plots for

apillary breakup rheometry.
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709EXTENSIONAL RHEOMETRY OF WORMLIKE MICELLE
ound to be fixed at Tr��̇−1. On the basis of this observation, it may be inferred that there
xist two distinct dynamic regimes of wormlike micelle solutions in extensional flows;
lastocapillary thinning and filament rupture. Also included in Figs. 9 and 10 as hollow
ymbols are the apparent equilibrium extensional viscosities, for each of the fluids mea-
ured through capillary breakup extensional rheometry. We will discuss these experi-
ents and the obvious discrepancies between the extensional viscosities measured be-

ween the filament stretching and capillary breakup in the following section.

. Capillary breakup extensional rheometry

In capillary breakup extensional rheometry, the filament stretching rheometer was used
o impose a step extensional strain on an initially cylindrical sample. The fluid filament
as then allowed to thin under capillary motion as the diameter was monitored as a

unction of time. As described in Sec. II C, measurement of the diameter with time can be
sed to determine both an extensional relaxation time and an apparent transient exten-
ional viscosity for fluids too thin to be measured using filament stretching. The dynamics

IG. 10. The maximum extensional viscosity achieved either at filament rupture or elastocapillary pinch off as
function of the applied extension rate at Tref =25 °C. Included in �a� are: � 50/50 mM CTAB/NaSal; and �b�
100/100 mM CTAB/NaSal. The hollow symbols indicate plots for capillary breakup rheometry.
f capillary thinning were captured and analyzed using a digital video camera. A series of
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710 BHARDWAJ, MILLER, AND ROTHSTEIN
ime-lapse images for a capillary failure event of the 50/25 mM CPyCl/NaSal are shown
n Fig. 11. The fluid filament initially forms a cylindrical fluid column between the two
nd plates and drains over time into semicircular blobs of fluid on each end plate and
ventually pinching off after t=1.3 s. The effect of gravity can be observed in the dis-
roportionate amount of the fluid on the bottom end plate.

Plots of diameter as a function of time are presented in Fig. 12 for the CPyCl/NaSal
nd CTAB/NaSal, respectively, along with a solid line corresponding to a best fit to Eq.
5�. Using Eq. �5�, the diameter data in Fig. 13�a� can be differentiated with respect to
ime and combined with the surface tension to produce an apparent transient extensional
iscosity. We call this viscosity apparent because, unlike filament stretching experiments,
he extension rate is not held fixed in these experiments, but rather changes as the effects
f finite extensibility become more pronounced at larger strains. The decay of the diam-
ter with time of the more concentrated solutions cannot be easily fit by Eq. �5�. As the
iscosity of the solution increases, the time during the early stretch that the fluid column
emains Newtonian can be quite significant. At early times, the fluid response is New-
onian, Tr=3, and the diameter will decay linearly with time, D�t�	D0−�t /3�0. The
esulting extension rate increases with time, �̇�t�=4� /3D�t��0, as the diameter decreases.
train hardening of the extensional viscosity cannot begin until the Deborah number

ncreases beyond De=0.5 and the micelles undergo a coil-stretch transition. Thus, a
ritical diameter can be inferred for the onset of capillary driven non-Newtonian exten-
ional flow behavior and the onset of strain hardening

D* = 4��/3�0. �7�

hus for all the capillary breakup experiments shown in Fig. 13, the fit to Eq. �5� was
nly performed for diameters less than the critical diameter, D*. Values of D* for all of
he fluids can be found in Tables I and II. Although the value of the critical diameter is
ypically large for the low concentration solutions, D*�D0, for the higher concentration
olutions such as the 200/100 mM CPyCl/NaSal solution the critical diameter can get as
mall as D*=0.39 mm. This analysis shows that there is an upper limit on the fluid
lasticity, G0=�0 /�, for which CaBER is a viable for measuring extensional viscosities.
he slope of the exponential decay of the curve for D�D* is a measure of the exten-
ional relaxation time, �E, of the fluid as obtained from the coefficient of the exponent in

IG. 11. Representative images of progressive filament failure, due to the influence of capillary action for the
0/25 mM CPyCl/NaSal solution.
q. �5�.



i
d
t
t
m
fl
a
�
e
t
r
t

F
a
N
5

711EXTENSIONAL RHEOMETRY OF WORMLIKE MICELLE
A plot of the extensional relaxation time ratio measured from the CaBER experiments
s plotted in Fig. 13 as a function of surfactant concentration. Yesilata et al. �2006�
emonstrated that the extensional relaxation time extracted from intermediate decay of
he fluid filament for the EHAC solutions was smaller by a factor of approximately 3 than
he longest Maxwell relaxation time obtained from oscillatory shear rheology experi-

ents, �M. This observation is different from capillary breakup measurements of Boger
uids where these relaxation times were found to be approximately equal, �E=� �Anna
nd McKinley �2001�� in accordance with the theoretical predictions of Entov and Hinch
1997�. In the case of the CTAB/NaSal solutions, in Fig. 13�b� we observe the ratio of the
xtensional relaxation time to the Maxwell relaxation time, �E /�M, starts at values less
han one and increases linearly with increasing surfactant concentration, eventually
eaching a plateau at a value of approximately one, �E /�M �1, for concentrations greater

IG. 12. Measurements of diameter as a function of time for a series of CABER experiments. Included in �a�
re solutions of: � 50/25 mM, � 100/50 mM, � 150/75 mM; and � 200/100 mM CPyCl/NaSal in 100 mM
aCl aqueous solution. Included in �b� are solutions of: � 10/10 mM, � 17.5/17.5 mM, � 25/25 mM, �
0/50 mM, � 75/75 mM, — 100/100 mM, and � 150/150 CTAB/NaSal in water.
han CTAB�50 mM. For the case of CPyCl/NaSal solutions in Fig. 13�a�, the ratio of
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712 BHARDWAJ, MILLER, AND ROTHSTEIN
he extensional to shear relaxation time also begins at a value much less than one, but
hen monotonically increases without reaching a similar plateau value at large surfactant
oncentrations.

The trends observed in the extensional relaxation times derived from the CaBER
easurements, especially for the CTAB/NaSal solutions, may be a direct result of the

nitial Newtonian response of the fluid which may also play a large role in the explaining
he discrepancies between CaBER and FiSER measurement of the extensional viscosity.
he step strain imposed on the fluid filament to generate the liquid bridge in CaBER is
ssentially a pre-conditioning step that deforms the micelles parallel to the flow direction.
he fluid is initially stretched at a very large extensional Deborah number, De�1. The
tretch is then stopped and the fluid filament is allowed to drain under a capillary action
t a nominal Deborah number of De=2/3. The conventional wisdom in regards to
aBER measurements on polymer solutions is that the initial deformation induced by the

tep strain relaxes out quickly and does not affect the extensional rheology measurements
s the CaBER experiment typically lasts order ten relaxation times �Anna and McKinley

IG. 13. Relaxation time ratio, �E /�M, as a function of surfactant/salt concentrations. Included in �a� are the
PyCl/NaSal solutions and in �b� are the CTAB/NaSal solutions.
2001��. However, in self-assembled systems like wormlike micelle solutions, the initial
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713EXTENSIONAL RHEOMETRY OF WORMLIKE MICELLE
tep strain can affect the size or morphology of the micelle or the interconnectivity of the
icelle network probed by CaBER. This initial pre-conditioning step might account for

he dramatic under prediction of the extensional relaxation time and equilibrium value of
he extensional viscosity in the CaBER experiments when compared to the Maxwell
elaxation time measured in shear and the maximum extensional viscosities measured in
iSER at similar extension rates, respectively. Recent studies by Bhardwaj et al. �2006�,

n which CTAB/NaSal and CPyCl/NaSal solutions were subjected to a precise amount of
reshear prior to being stretched either with CaBER or FiSER, demonstrated that the
xtensional viscosity of these wormlike micelle solutions is extremely sensitive to even
he smallest amounts of pre-conditioning, be that pre-shear or, in the case of CaBER and
he studies presented here, pre-stretch. What is more, for the more concentrated solutions,
he capillary drainage of the fluid filament at early times results in an extensional flow
here De�1. It is not until D�D* that the extensional flow becomes strong enough to
egin to extend and stretch the micelles. For the more concentrated solutions, the time
equired to achieve D* is often much greater than the relaxation time of the fluid. For
hese solutions, the early low Deborah number flow might allow the deformation and

orphological changes imposed by the initial step strain to partially or even completely
elax out. This would explain why the extensional relaxation time for CTAB/NaSal be-
ins so much lower than the Maxwell relaxation time, but then recovers to the Maxwell
elaxation time as the concentration of surfactant is increased and D* is subsequently
educed. This argument does not, however, explain why the extensional relaxation time
ncreases beyond the Maxwell relaxation time for the CPyCl/NaSal solutions with in-
reasing surfactant concentration. For the higher concentration of CPyCl/NaSal solutions,
t appears that the pre-stretch builds up structure in the wormlike micelle solutions rather
han breaking it down.

A plot of the apparent Trouton ratio calculated from Eq. �4� for the CPyCl/NaSal and
TAB/NaSal wormlike micelle solutions is presented in Fig. 14. It may be observed that
ne of the primary advantages of using capillary breakup rheometry is that, apart from
ur ability to determine the extensional rheological properties of very low viscosity
uids, Hencky strains of the order of �=2 ln�R0 /Rmid�t��
12 can be achieved. This is in
ontrast to filament stretching rheology where the total imposed Hencky strains are lim-
ted by the travel of the end plates and filament rupture was typically observed to occur
t values of Hencky strain less than ��4. The extensional viscosity of each of the fluids
as found to strain harden and approached an equilibrium value at large Hencky strains.

t should be noted that none of the extensional viscosities measured with filament stretch-
ng experiments achieved equilibrium, including the samples that did not rupture, but
xperienced an elastocapillary pinch off. This is most likely a result of the large Hencky
trains that can be achieved with this technique. The value of the Trouton ratio was found
o increase with decreasing surfactant concentration at the lower concentrations tested.
his is consistent with previous literature which showed that for both entangled wormlike
icelle solutions and entangled polymer solutions, that the degree of strain hardening

ecreases with increasing concentrations �Rothstein �2003�; Rothstein and McKinley
2002a��. Physically, this can be explained by considering that, as the concentration of
urfactant is increased, the number of entanglement points along a wormlike chain in-
reases and the molecular weight between entanglements decreases. This reduces the
nite extensibility of the chain between entanglement points and therefore the equilib-
ium value of the Trouton ratio at a fixed Deborah number. The slight deviations from this
rend for 25/25 mM CTAB/NaSal concentration is most likely a result of the large

ariation in the data from experiment to experiment and the error incurred while calcu-
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714 BHARDWAJ, MILLER, AND ROTHSTEIN
ating the apparent extensional viscosity from the decay of the diameter with time. This is
ery different from the FiSER results that are very repeatable and have significantly less
rror in the extensional viscosity measurements.

The expected increase in the Trouton ratio with decreasing concentration can be seen
ore clearly if we think about the asymptotic analysis of the FENE-P model that the

teady-state extensional viscosity can be written in the form �Doyle et al. �1998��

�E,� − 3�s = 2nkBT�L2�1 − 1/�2��̇� + . . . � . �8�

n CaBER experiments, the extension rate is nominally given by �̇=2/3� and
urthermore the solvent contribution to the viscosity is essentially zero. Hence Eq. �8�
educes to �E,�=nkBT�L2 /2. If we compare this value to that expected from filament
tretching where the Deborah number is very large, we expect that

E,��De=�� /�E,��De=2/3�=4. Of course this is not quite right because Eq. �8� assumes
large value of the Deborah number. A full FENE-P uniaxial extensional flow simulation

IG. 14. CABER measurements of Trouton Ratio as a function of accumulated Hencky strain. Included in �a�
re solutions of: � 50/25 mM, � 100/50 mM, � 150/75 mM; and � 200/100 mM CPyCl/NaSal in 100 mM
aCl aqueous solution. Included in �b� are solutions of: � 10/10 mM, � 17.5/17.5 mM, � 25/25 mM, �
0/50 mM, and � 75/75 mM, � 100/100 mM, and 150/150 CTAB/NaSal in water.
ives a ratio that is closer to a value of three assuming a zero stress initial condition for
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715EXTENSIONAL RHEOMETRY OF WORMLIKE MICELLE
he CaBER experiments. If, however, we plot the steady-state extensional viscosity mea-
urements obtained using CaBER against the maximum values of extensional viscosity
easured at filament rupture or elastocapillary failure with FiSER in Figs. 9 and 10, the

esults do not agree with the predictions of the FENE-P model. This is not completely
nexpected considering that the FENE-P model was developed to describe the rheology
f dilute polymer solutions not entangled wormlike micelle solutions. What is unexpected
s how dramatically the FiSER and CaBER data differ at comparable extension rates. It is
lear that a new differential constitutive model specifically derived for wormlike micelle
olutions is needed if we are to accurately predict the behavior of these solutions in
xtensional flows.

A close inspection of Fig. 10 shows that the results of CaBER underpredict the exten-
ional viscosity of the CTAB/NaSal solutions measured by FiSER by a factor of 2 or 3.
lthough not quantitative, the difference could be the result, at least in some part, of the
ynamic surface tension of the surfactant solution. In calculating the apparent extensional
iscosity from Eq. �4�, the equilibrium value of the surface tension was used. If the
urface tension of water were used, CaBER and FiSER data would compare more favor-
bly. When these observations are taken in conjunction with the recovery of the exten-
ional relaxation time at large surfactant concentrations, they suggest that the stresses and
ny morphological changes to the wormlike micelles resulting from the initial step stretch
ppear to relax out during the early stages of the capillary driven flow when D�D* and
e�

1
2 .

As seen in Fig. 9, the discrepancy between the extensional viscosity of the CPyCl/
aSal solutions measured with CaBER and FiSER is dramatic and is clearly not the

esult of dynamics surface tension. Even for the 100/50 mM CPyCl/NaSal, which does
ot show the dramatic upturn in the extensional viscosity at low extension rates, the
esults from CaBER for the equilibrium value of the extensional viscosity are more than
n order of magnitude less than the maximum value measured with FiSER. What is more
emarkable is that none of the filament stretching experiments obtain a steady-state value
f the extensional viscosity before they pinch off or rupture. This suggests that the
ifference in the steady-state extensional viscosity between these experiments is even
arger than reported in Figs. 9 and 10. The disparity between the CaBER and FiSER
esults gets even worse for the 150/75 and 200/100 mM CPyCl/NaSal data for which the
iSER data shows a dramatic upturn in the extensional viscosity as the fluid filament

ransitions from rupture at large extension rates to elastocapillary failure as the extension
ate is reduced below a critical value.

The dramatic difference between the extensional viscosities measured with CaBER
nd FiSER suggests that for wormlike micelle solutions the difference in the dynamics in
hese two uniaxial extensional flow experiments is extremely important. The flow im-
osed in FiSER is a transient homogeneous uniaxial extensional flow while CaBER, even
fter the step strain, is not homogeneous. Judging by the sensitivity of the extensional
iscosity on extension rate, this difference may be enough to produce the observed
ifferences in the data. The upturn in the extensional viscosity of the more concentrated
olutions measured with FiSER as the extension rate is reduced suggests a change in the
icelle dynamics, morphology, and/or aggregation number with extension rate. Micelles

an only support a maximum stress before scission occurs �Rothstein �2003��. Although
icelles are continuously breaking and reforming, the likehood of micelle scission in-

reases with increasing elastic tensile stress. When the wormlike micelles breaks, the
ewly formed cylindrical end caps are pulled apart by a combination of the extensional

ow kinematics and the elastic recoil of the wormlike micelle. If the extension rate is



l
m
e

f
fl
t
w
o
e
w
s
a
d
1
c
s
p
s
h
s
e
w
a
r
e
s
p
v

I

b
w
u
s
a
d
s

d
d
m
a
s
w
s
m
r

716 BHARDWAJ, MILLER, AND ROTHSTEIN
arge enough, the end caps may pull apart too quickly to reform. Where these individual
icelles break, the entangled wormlike micelle network is weakened locally and if

nough micelles break en masse the fluid filament can rupture.
Since none of the CaBER experiments failed through rupture, a transition in FiSER

rom rupture to elastocapillary failure was expected as the extension rate imposed on the
uid filament in FiSER is reduced. As the extension rate is reduced, Eq. �2� demonstrates

hat a smaller tensile stress is needed to achieve the same extensional viscosity. One
ould therefore expect that the transition from rupture to elastocapillary failure would
ccur when the equilibrium value of the extensional viscosity can be reached without
xceeding the tensile stress at rupture. At this point, we expected that the fluid filament
ould smoothly transition from rupture to an elastocapillary pinch off and that the mea-

ured extensional viscosity would display a maximum �Prud’homme and Warr �1994��
nd then approach the CaBER results as the extension rate was further reduced as pre-
icted by Eq. �8�. Instead, the transition from rupture to elastocapillary failure for the
50/75 and 200/100 mM CPyCl/NaSal solutions was accompanied by a significant in-
rease in the elastic tensile stress supported by the fluid filament far beyond the tensile
tress that was found to result in rupture at larger extension rates. There are a number of
ossible explanations for the observed upturn in the extensional viscosity. As the exten-
ion rate is reduced and the flow kinematics are slowed down, individual micelles may
ave time to reattach or heal after a scission event even at stresses beyond the rupture
tress observed at large extension rates. Alternatively, at these lower extension rates, the
ntangled wormlike micelle network may have enough time to rearrange itself in such a
ay as to increase the percentage of wormlike micelles actively carrying the axial stress

ccumulated within the fluid filament thereby increasing the critical stress required for
upture of the fluid filament. This hypothesis is further reinforced by the increase in the
xtensional relaxation time well above the Maxwell relation times for the CPyCl/NaSal
olutions that demonstrate the upturn in the extensional viscosity. No matter which ex-
lanation is correct, what is clear is that the dynamics of FiSER and CaBER can produce
ery different responses from wormlike micelle solutions in extensional flows.

V. CONCLUSIONS

In this work we report the result of both a filament stretching rheometer and capillary
reakup rheometer used to measure the transient extensional rheology of a series of
ormlike micelle solutions in uniaxial elongation flows. The experiments are performed
sing a series of wormlike micelle solutions of both cetylpyridinium chloride and sodium
alicylate in an aqueous sodium chloride solution and cetyltrimethylammonium bromide
nd sodium salicylate in de-ionized water. All of the wormlike micelle solutions tested
emonstrated single-mode or two-mode Maxwell behavior in small-amplitude oscillatory
hear experiments and shear banding at large shear rates in steady-shear experiments.

In transient homogeneous uniaxial extension, all of the wormlike micelle solutions
emonstrated significant strain hardening, the degree of which was found to increase with
ecreasing surfactant concentration. Above a critical extension rate, all of the wormlike
icelle solution filaments tested were observed to fail through a dramatic rupture near the

xial midplane. For each fluid, this failure was found to occur at a constant elastic tensile
tress independent of imposed extension rate resulting in an extensional viscosity that
as found to decay linearly with increasing extension rate. This filament failure likely

tems from the local scission of individual wormlike micelles in the fluid filament en
asse. For the less concentrated solutions, the fluid filaments were always found to
upture even as the Deborah number approached one half. For some of the more concen-
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rated solutions, as the imposed extension rate was reduced, a critical extension rate was
ound below which the filament did not rupture, but instead elastocapillary thinning was
ecovered. For these cases, the elastic tensile stresses were measured within the fluid
lament and therefore the extensional viscosity was found to grow far beyond the values
bserved at rupture. We hypothesized that this dramatic increase in the extensional vis-
osity at low extension rates is most likely the result of changes to the entangled worm-
ike micelle structure which enable a larger percentage of chains to carry extensional
tress at lower extension rates. Strain hardening was also observed in capillary breakup
heometry experiments, however, a clear upper limit in the elastic modulus of the fluid
as found for capillary breakup experiments. When the results of filament stretching and

apillary breakup rheometry measurements at nominally the same extension rate were
ompared, the results do not agree; the extensional viscosity measurements from filament
tretching are in some instances more than an order of magnitude larger than the capillary
reakup measurements. This result demonstrates the sensitivity of these self-assembling
ormlike micelle solutions to the dynamics of the extensional flow and brings into
uestion the viability of using capillary breakup experiments to accurately measure the
xtensional viscosity of wormlike micelle solutions.
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