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Synopsis
We have investigated the uniaxial elongation behavior of six different wormlike micelle systems
covering a broad range of surfactant concentrations cs and salt/surfactant ratios R using the
capillary breakup elongational rheometry (CaBER). In the fast-breaking limit (high cs and R),
filament lifetime tfil is controlled by the equilibrium shear modulus G0 and the breakage time
2=3
kbr obtained from small oscillatory shear according to tfil =G0 / kbr and relaxation time ratios
ke =ks  1 are found. When reptation dominates (high cs , low R) ke =ks < 1 is observed similar as
for solutions of covalently bound polymers. In this concentration regime, the micellar structure
seems not to be affected by the strong elongational flow. In contrast, high filament lifetimes up to
1000 s and ke =ks values up to 10 are observed at low cs irrespective of R. This indicates the
formation of elongation-induced structures (EISs). A minimum viscosity and a minimum initial
diameter are required for creating EIS. Additional filament stretching experiments indicate that a
critical total deformation has to be exceeded for structure build-up. Finally, our experiments reveal
a distinct difference regarding the dependence between solutions of linear and branched micelles of
filament lifetime on viscosity suggesting that CaBER is a versatile means to distinguish between
C 2014 The Society of Rheology. [http://dx.doi.org/10.1122/1.4897965]
these structures. V

I. INTRODUCTION
A. General remarks
Surfactant solutions forming wormlike micelles (WLMs) are widely used in home and
personal care products (e.g., cosmetics and detergents) [Yang (2002)] and are becoming
increasingly important in, e.g., enhanced oil recovery [Padding et al. (2009)], agrochemical spraying [Xue et al. (2008)], and drag reduction agents [Arora et al. (2002); Li et al.
(2008); Hadri and Guillou (2010)]. Respective applications involve complex flow kinematics with strong extensional components, which can cause large and rapid deformation
of the fluid microstructure. The resulting stretching and alignment of micelles lead to a
range of unconventional phenomena including flow-induced chain scission [Vasquez
et al. (2007); Germann et al. (2013)], structure formation [Vasudevan et al. (2010)], and
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elastic instabilities [Pathak and Hudson (2006)]. A fundamental understanding of material properties as well as the ability to predict changes that occur within the material during processing is extremely important for industrial application. Investigations so far
mainly focused on the shear-banding phenomenon [Britton and Callaghan (1997);
Britton and Callaghan (1999); Haward and McKinley (2012); Fischer and Challaghan
(2001); Salmon et al. (2003)], shear-thickening even in dilute solutions [Hu and Matthys
(1995); Cappelaere et al. (1994); Hartmann and Cressely (1997a); Hartmann and
Cressely (1997b); Hartmann and Cressely (1997c); Cressely and Hartmann (1998);
Hartmann and Cressely (1998); Wheeler et al. (1998); Hu et al. (1998); Nowak (2001);
Berret and Serero (2001); Azzouzi et al. (2005); Vasudevan et al. (2008)] and the corresponding shear-induced structure (SIS) [Wheeler et al. (1996); Kadoma et al. (1997);
Ouchi et al. (2006a); Ouchi et al. (2006b)] using different techniques such as turbidity
[Yamamoto and Taniguchi (2012); Schubert et al. (2004); Lerouge et al. (2008); Herle
et al. (2005)], flow birefringence [Dehmoune et al. (2007); Berret et al. (2002);
Wunderlich et al. (1987); Oda et al. (1997); Ouchi et al. (2006b)], light scattering [Liu
and Pine (1996); Boltenhagen et al. (1997)], cryo transmission electron microscopy
(cryo-TEM) [Oda et al. (1997); Lu et al. (1998)], particle image velocimetry [Hu et al.
(1998)], and small-angle neutron scattering [Hoffmann et al. (1991); Schmitt et al.
(1995); Berret et al. (1998); M€unch et al. (1993); Herle et al. (2007); Dehmoune et al.
(2009); Lutz-Bueno et al. (2013)]. This structure formation phenomenon has been mainly
investigated for surfactant systems composed of CTAB/NaSal [Hu et al. (1994); Liu and
Pine (1996); Shikata et al. (1988); Kadoma and van Egmond (1998); Humbert and
Decruppe (1998); Vasudevan et al. (2008); Dehmoune et al. (2009); Lutz-Bueno et al.
(2013)] and CPyCl/NaSal [Wheeler et al. (1998); Fischer et al. (2002); Callaghan et al.
(1996); Mair and Callaghan (1997); Britton and Callaghan (1999); Schmitt et al. (1994)]
but so far this effect is not yet fully understood and very little is known about extensional
thickening and structure formation in extensional flow.
In this study, we use capillary breakup elongational rheometry (CaBER) to get a
deeper insight into the rheological behavior and flow-induced structural change of WLM
solutions in uniaxial elongational flow. In particular, two aspects are covered. In the first
part of this paper, general observations of filament formation and subsequent thinning of
WLM solutions are discussed in detail. In the second part, elongational material properties, such as filament lifetime and elongational relaxation time, are related to corresponding shear parameters and the occurrence of elongation-induced structures (EISs) is
discussed in detail. Prior to presenting our results, we describe the state of art regarding
the behavior of WLM solutions in elongational flows particularly focusing on the CaBER
method and its application to WLM systems. We finish this paper with a short
conclusion.

B. Capillary breakup extensional rheometry
In CaBER experiments [Bazilevsky et al. (1990); Entov and Hinch (1997); Bazilevsky
et al. (2001); McKinley (2005)], a fluid drop is placed between two plates and subsequently exposed to an extensional step strain thus forming an unstable liquid filament.
The following thinning process of the fluid filament is driven by capillary stresses and
resisted by viscous and/or elastic stresses developed in the liquid thread during flow. The
CaBER technique can be applied to liquids covering a wide range of viscosities, from
about 50 mPas up to 100 Pas. The technique is straightforward, fast and requires only a
small amount of sample (V < 0.1 ml) and, in contrast to other techniques, CaBER allows
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for large Hencky strains up to e ¼ 10 which are of great significance to technical
applications.
In the common CaBER setup, the only measured quantity during filament thinning is
the diameter decay D(t) at a single position in the filament. However, different extensions
are reported in the literature such as optical shape recognition using a high-speed camera
[Christanti and Walker (2001a); Niedzwiedz et al. (2009); Nelson et al. (2011); Gier and
Wagner (2012); Sattler et al. (2012)], force measurement during initial step strain [Klein
et al. (2009)] as well as during the whole capillary thinning process [Sachsenheimer
et al. (2012)]. Recently, also a temperature control option has been presented allowing
for a uniform temperature distribution within the filament [Sachsenheimer et al.
(submitted)].
The thinning behavior strongly depends on the type of material. Different characteristic diameter vs time curves are reported in the literature [McKinley (2005)]. For
Newtonian fluids, a slightly noncylindrical filament shape is observed and the corresponding minimum diameter decreases linearly according to [Papageorgiou (1995);
McKinley and Tripathi (2000); Sachsenheimer et al. (2012)]
DðtÞ ¼ D1  0:1418

C
t;
g0

(1)

where C is the surface tension, g0 is the viscosity of the Newtonian fluid, and D1 is the
diameter at the beginning of the linear decay. For viscoelastic fluids such as polymer solutions [Bazilevsky et al. (1990); Entov and Hinch (1997); Anna and McKinley (2001);
Arnolds et al. (2010); Clasen (2010); Sachsenheimer et al. (2012); Sachsenheimer et al.
(submitted)] or surfactant solutions [Yesilata et al. (2006); Bhardwaj et al. (2007b);
Chellamuthu and Rothstein (2008); Miller et al. (2009); Kim et al. (2010);
Sachsenheimer et al. (submitted)], cylindrical filaments are observed and at least in a certain stage of thinning the diameter decreases exponentially with time according to


t
;
DðtÞ / exp 
3ke

(2)

where ke is the elongational relaxation time. Differences between this elongational relaxation time and the characteristic shear relaxation time ks obtained from small amplitude
oscillatory shear (SAOS) are related to the strong nonlinear deformation in CaBER
experiments [Arnolds et al. (2010); Sachsenheimer et al. (submitted)]. The exponential
diameter decay directly corresponds to an exponentially increasing viscosity which has
its physical origin in the loss of entropy during stretching of, e.g., polymer molecules or
wormlike micellar structures.

C. Elongational flow of WLM solutions
The elongational rheology of WLM solutions is, up to now, poorly understood. Early
investigations were based on opposed jet experiments [Fischer et al. (1997); Lu et al.
(1998); Prud’homme and Warr (1994); Walker et al. (1996); Chen and Warr (1997)],
four-roll mill experiments [Kato et al. (2002); Kato et al (2004); Kato et al. (2006)], entrance flow [Okawara et al. (2008); Okawara et al. (2009)], two-dimensional squeeze
flow [Takahashi and Sakata (2001)], and flow through porous media experiments [Muller
et al. (2004)] showing an elongational hardening (increase of elongational viscosity with
increasing elongation rate) of WLM solutions which is attributed to strong alignment of
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the micelles in flow direction. However, all these experiments were not purely extensional or had an unknown preshear history.
Recently, extensional rheology of WLM has been investigated using continuous filament stretching [Filament stretching extensional rheometer (FiSER)] or capillary thinning (CaBER) experiments [Rothstein (2003); Yesilata et al. (2006); Bhardwaj et al.
(2007b); Bhardwaj et al. (2007a); Chellamuthu and Rothstein (2008); Miller et al.
(2009); Kim et al. (2010); Sachsenheimer et al. (submitted)] which allow for applying a
purely extensional flow field to these low viscosity liquids.
Yesilata et al. (2006) have used the CaBER method to measure the extensional behavior of erucyl bis(hydroxyethyl)methylammonium chloride (EHAC) and isopropanol in a
brine of ammonium chloride in deionized water. These solutions clearly form exponentially thinning cylindrical filaments. The elongational relaxation time ke was about a
factor of three lower than the longest relaxation time ks calculated from SAOS measurements. This is different from CaBER results for Boger fluids, where ke  ks was found
[Anna and McKinley (2001)] but similar to concentrated polymer solutions [Oliveira
et al. (2006); Arnolds et al. (2010); Clasen (2010); Sachsenheimer et al. (submitted)].
Later CaBER measurements for a series of CTAB/NaSal solutions showed that the ratio
of the extensional relaxation time and the shear relaxation time ke =ks starts at values less
than one (ke =ks ¼ 0:5) and increases linearly with increasing surfactant concentration,
eventually reaching a plateau at roughly ke =ks  1 [Bhardwaj et al. (2007b)]. The onset
of the plateau corresponds approximately to the surfactant concentration, where a maximum in zero-shear viscosity is observed for a given salt/surfactant ratio. For CPyCl/
NaSal solutions, ke =ks also begins at a value much less than one (ke =ks ¼ 0:2) and then
monotonically increases with increasing surfactant concentration but without reaching a
plateau value at large surfactant concentrations.
The only study addressing the role of branching on the extensional rheology of WLM
has been performed by Chellamuthu and Rothstein (2008). For a series of linear and
branched WLM solutions of sodium oleate (NaOA) and octyltrimethyl ammonium bromide (C8TAB), these authors observe a dramatic decrease of relaxation time ratio ke =ks
in CaBER and a maximum Trouton ratio in FiSER with the onset of branching. They
hypothesize that this is due to the additional stress relief mechanisms caused by sliding
or ghostlike crossing effects which are supposed to be more efficient in elongational
flows. This study suggests that transient extensional rheology might be suitable to distinguish between branched and linear micelles. Other mechanical techniques are so far not
available for differentiating branched WLM solutions from linear entangled micelle
solutions [Decruppe and Ponton (2003)]. Also in neutron or light scattering experiments,
linear micelles and branched micelles show similar behavior. So far, the only method
that can directly distinguish linear and branched micelles is cryo-TEM [Clausen et al.
(1992); Danino et al. (2000); Danino et al. (2001); Croce et al. (2003); Ziserman et al.
(2004); Abezgauz and Danino (2007); Helgeson et al. (2010); Danino (2012)]. All these
studies have indicated that the first viscosity maximum occurring at a critical salt/surfactant ratio Rmax is attributed to the transition from linear to branched micelles.
Using the CaBER technique, Sachsenheimer et al. (submitted) recently reported a
detailed analysis of CPyCl/NaSal (R ¼ 0.5) dissolved in aqueous solution of 500 mM
sodium chloride (NaCl). These solutions with different surfactant concentrations between
40 mM and 120 mM show an intermediate Newtonian thinning region followed by viscoelastic thinning indicated by a change of the dimensionless fore ratio from X ¼ 0.713 to
X ¼ 1, where X ¼ F=pCD is defined as the ratio of the true axial force F in the filament
and the force due to surface tension (pCD). The exponential diameter decay allows for a
robust determination of the elongational relaxation time ke , and a relaxation time ratio
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ke =ks  1 was found independent of surfactant concentration. This indicates that the
equilibrium conformation of the WLM is not affected by the strong elongational flow
during capillary thinning.
There are only a few studies dealing with a structure build-up in elongational flows.
Combining the opposed nozzle technique with small-angle light scattering (SALS), the
apparent elongational viscosity and the radius of gyration RG in elongational direction of a
WLM (TTAB/NaSal) solution were determined simultaneously. Both quantities exhibit a
pronounced maximum upon variation of strain rate e_ at the same critical value. The
decrease of the elongational viscosity and RG is attributed to the scission of micelles as predicted theoretically [Vasquez et al. (2007); Cromer et al. (2009); Germann et al. (2013)].
However, it could not be resolved whether the increase in RG observed at low elongation
rates is just due to alignment and elongation of micelles in flow direction or whether fusion
of micelles occurs increasing the average micellar contour length [Chen and Warr (1997)].
Okawara et al. [Okawara et al. (2008); Okawara et al. (2009)] investigated the pressure
loss Dp of CTAB/NaSal solutions (cs ¼ 30 mM) at high salt/surfactant ratios R flowing
through two different converging channels and analyzed structural changes using simultaneous SALS experiments. For a distinct apparent elongation rate regime (regime II), a
strong increase of Dp with increasing elongational rate has been observed. Corresponding
SALS measurements show a combination of butterfly type and streak-type pattern indicating a structure build-up. A further increase of the apparent elongation rate (regime III)
results in a weaker increase of Dp with increasing e_ than in regime II and a change in the
SALS patterns indicates a less pronounced structure build-up at these elevated elongation
rates. Furthermore, the measurements of Okawara et al. show that the creation of EISs
depends not only on the elongational rate but also on the total Hencky strain.
Takahashi et al. [Takahashi and Sakata (2011)] investigated the flow-induced structure
build-up of similar CTAB/NaSal solutions (cs ¼ 30 mM, R > 1) in planar elongation using
a squeeze flow device. In this setup, elongational deformation is dominant in the center
plane whereas shear dominates close to the walls. Structure formation was verified by the
occurrence of opaque regions during flow at the rim close to the walls (SIS) as well as in
the center plane (EIS). SIS was observed at shorter elapsed times than EIS but at significantly higher critical strains and strain rates. Furthermore, the EISs occurred at a critical
total strain ec irrespective of the salt/surfactant ratio R but all solutions had R values corresponding to the fast-breaking limit (branched micelles). To our knowledge, these are the
only studies directly showing structure build-up in elongational flow of WLM solutions.
In summary, the extensional flow properties of WLM solutions deserve further exploration. Despite some data in the literature [Bhardwaj et al. (2007b); Chellamuthu and
Rothstein (2008)], a systematic investigation of extensional flow behavior as a function
of R covering both viscosity maxima (if present) is still lacking and there are still uncertainties and questions that remain open. First, the variation and interpretation of the elongational relaxation time ke and its relation to the shear relaxation time ks as a function of
surfactant or salt concentration are unclear. The question whether extensional rheology is
able to distinguish between linear and branched micelles is also still open. Furthermore,
the phenomenon of structure build-up during elongational flow is almost uninvestigated.

II. EXPERIMENTAL SETUP AND SAMPLE PREPARATION
A. Capillary breakup extensional rheometry
In our setup, the CaBER-1 (Thermo Scientific, Karlsruhe) is extended with an optical
train, including a high-speed camera (Photron Fastcam-X 1024 PCI) as well as a
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telecentric objective (MaxxVision TC4M 16, magnification: x1) and blue telecentric
backlight illumination (Vision & Control TZB30-B), allowing for full filament assessment with high spatial and temporal resolution of 16 lm/px and up to 3000 fps. In case of
very stable filaments, the high-speed camera has been replaced by a PIKE CCD camera
(Allied Vision Technologies) achieving a frame rate of 10 fps. Further details about the
experimental setup and the data analysis are given in Niedzwiedz et al. (2009) and
Sachsenheimer et al. (2012). A representative sketch of the experiment can be found,
e.g., in Bhardwaj et al. (2007b). Plates with a diameter D ¼ 6 mm are used in all experiments. Filaments are stretched from hi ¼ 1:5 mm to hf ¼ 6 mm within a strike time of
ts ¼ 40 ms as discussed in Sec. III A. Our customized temperature control unit
[Sachsenheimer et al. (submitted)] was used for measurements at elevated temperatures.
Furthermore, this unit providing a saturated atmosphere thus preventing solvent evaporation was used for measurements of solutions showing high filament lifetimes.
B. Filament stretching extensional rheometer
Liquid filaments were stretched continuously using the home made FiSER setup of
Professor Rothstein of the University of Massachusetts [Anna et al. (2001); Rothstein
and McKinley (2002a); Rothstein and McKinley (2002b); Rothstein (2003)]. Plates with
a diameter D ¼ 5 mm and an initial displacement L0 ¼ 0:75 mm were separated with
increasing speed in order to achieve a constant stretching rate according to
e_ L ¼

1 dL
:
L dt

(3)

A metal grid was glued onto the plates to increase the adhesion between plates and liquids
under test. The diameter vs time curve was recorded using a laser micrometer.
Unfortunately, axial forces were too low so that only the evolution of D(t) could be recorded.
Filament stretching experiments were performed at room temperature of 25  C 6 3  C.
C. Shear rheology
Steady shear experiments and SAOS were performed using a MARS II (Thermo
Fischer, Karlsruhe, Germany) equipped with a cone plate fixture (60 mm diameter and 1
cone angle) or a coaxial cylinder system (Z20 DIN) depending on sample viscosity.
Steady shear data were obtained in a shear rate range of c_ ¼ 0:1  500 s1 . A sudden
increase of viscosity occurring for CTAB/NaSal and CPyCl/NaSal solutions at a critical
shear rate was taken as evidence for SIS formation, because these systems are well
known to undergo structural formations during nonlinear deformation [Liu and Pine
(1996); Wheeler et al. (1998); Herle et al. (2005); Ouchi et al. (2006b); Vasudevan et al.
(2008); Takahashi and Sakata (2011); Lutz-Bueno et al. (2013].
The shear modulus G ¼ G0 þ iG00 was obtained from SAOS experiments covering
the frequency range x ¼ 0:01  50 rad=s. Based on these measurements, the terminal
shear relaxation time and the zero-shear viscosity
G0
x!0 G00 x

ks ¼ lim

G00
x!0 x

and g0 ¼ lim

(4)

were determined.
High frequency shear modulus data were obtained from oscillatory squeeze flow experiments using a piezo-driven axial vibrator (PAV) described in Crassous et al. (2005)
and Oelschlaeger et al. (2009). These experiments cover the frequency range up to
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x ¼ 50; 000 rad=s and were used for a reliable assessment of the plateau modulus G0 and
the breakage time kbr ¼ 1=xðG00min Þ [Fischer and Rehage (1997); Yesilata et al. (2006)].
D. Additional techniques
Surface tension C has been determined for CPyCl/NaSal and CTAB/NaSal solutions
with an experimental error of DC ¼ 61 mN=m using a DCAT1 tensiometer (DataPhysics,
Filderstadt, Germany) equipped with a platinum-iridium Wilhelmy-plate at T ¼ 20  C.
E. Test fluids
The surfactants hexadecyltrimethylammonium bromide (CTAB) and cetylpyridinium
chloride (CPyCl) as well as the salts sodium salicylate (NaSal), potassium bromide
(KBr), sodium nitrate (NaNO3), sodium chlorate (NaClO3), and sodium chloride (NaCl)
were purchased as powder with a purity of at least 98% from Carl Roth GmbH
(Karlsruhe, Germany) and were used without further treatment. Surfactants and salt were
dissolved in distilled water and homogenized by means of shaking for five days at room
temperature. Solutions were then stored for another five days before measuring to ensure
the formation of the equilibrium micelles structure. Solutions of CPyCl/NaSal, CTAB/
NaSal, CTAB/KBr, CTAB/NaNO3, and CTAB/NaClO3 were prepared at constant surfactant concentration but different salt/surfactant ratios R covering the dilute and semidilute
regime. For the sake of clarity, it should be noted that all concentrations given in this
paper refer to the concentration of the surfactant molecules and not to the total concentration of both, surfactant and salt. For selected R values, the systems CPyCl/NaSal and
CTAB/NaSal were analyzed at different surfactant concentrations. In addition, CPyCl/
NaSal/NaCl solutions were prepared at a fixed CPyCl/NaSal ratio of R ¼ 0.5 with surfactant concentrations between 40 mM and 120 mM and a NaCl concentration of 500 mM as
described by Berret et al. (1993). Different measurement temperatures were applied in
order to prevent crystallization of the surfactant solutions. Sample compositions and measurement temperatures are summarized in Table I.
Figure 1(a) shows the variation of the zero-shear viscosity g0 as a function of
salt/surfactant ratio R for WLM solutions with constant surfactant concentration investigated in this study. Corresponding values for CPyCl/NaSal/NaCl solutions are shown
elsewhere [Berret et al. (1993)]. At low salt/surfactant ratios R, all systems show an
increase of the zero-shear viscosity with increasing R in good agreement with earlier
observations [e.g., the works of Rehage and Hoffmann (1988), Azzouzi et al. (2005),
Oelschlaeger et al. (2009), and Oelschlaeger et al. (2010)]. At higher salt/surfactant
ratios, differences between the different surfactant solutions occur. For CPyCl/NaSal and
CTAB/NaSal, the viscosity as a function of the salt/surfactant ratio R shows two maxima
but only one broad viscosity maximum is observed for CTAB/NaClO3. The systems
CTAB/NaNO3 and CTAB/KBr show a monotonic increase of viscosity in the
TABLE I. Investigated salt/surfactant systems with measurement temperatures.
System
CPyCl/NaSal
CPyCl/NaSal/NaCl
CTAB/NaSal
CTAB/KBr
CTAB/NaNO3
CTAB/NaClO3

Surfactant concentration

Measurement temperature

5 mM–100 mM
40 mM–120 mM
5 mM–25 mM
150 mM
75 mM
150 mM

20  C
25  C
20  C
35  C
25  C
30  C
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FIG. 1. Zero-shear viscosity g0 (top) and terminal shear relaxation time ks (bottom) as a function of the salt/surfactant ratio R for 100 mM CPyCl/NaSal (measurement temperature T ¼ 20  C), 25 mM CTAB/NaSal
(T ¼ 20  C), 75 mM CTAB/NaNO3 (T ¼ 25  C), 150 mM CTAB/NaClO3 (T ¼ 30  C), and 150 mM CTAB/KBr
(T ¼ 35  C) solutions. Lines are to guide the eye.

investigated R range. For CPyCl/NaSal and CTAB/NaSal solutions, the first viscosity
maximum occurs at the same salt/surfactant ratio of Rmax ¼ 0:6 6 0:1. In order to study
differences in capillary thinning at similar zero-shear viscosity g0 , the surfactant concentrations for these two systems were chosen such that g0 values obtained for R < Rmax .
The shear relaxation time was analyzed in two different ways: The terminal shear
relaxation time ks [Fig. 1(b)] calculated according to equation 4 and the crossover relaxation time ks;c defined as the inverse of the crossover frequency at which G0 ¼ G00 . Shear
relaxation time ratios ks =ks;c ¼ 1 are found for solutions in the fast-breaking limit with
R > Rmax , where Rmax denotes the salt/surfactant ratio at which the first viscosity maximum occurs. For R < Rmax , ks > ks;c is observed corresponding to a multiexponential
decay of the shear stress. In the following, only the terminal shear relaxation time ks will
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be considered. However, for very low R values, the terminal flow region where G0 / x2
and G00 / x could not be observed. In these cases, the zero-shear viscosity was determined from steady shear experiments but no ks values could be obtained.

III. RESULTS AND DISCUSSION
A. Choice of step-strain parameters in CaBER experiments for WLM
solutions
The step-strain parameters initial gap height hi, final gap height hf, and strike time ts
set in a CaBER experiment may have a strong effect on the subsequent capillary thinning
process, since they determine the initial filament diameter as well as the axial stress
within the filament.
In preliminary experiments, four different sets of hi and hf have been used
(hi ¼ 0:5 mm and hf ¼ 6 mm, hi ¼ 1:5 mm and hf ¼ 11 mm, hi ¼ 1:5 mm and hf ¼ 8 mm
as well as hi ¼ 1:5 mm and hf ¼ 6 mm) in order to elucidate their effect on filament thinning. Initial gap heights hi > 1.5 mm are not feasible, due to the low surface tension of the
investigated fluids. The liquid under test flows out of the gap and a correct filling is not
possible. If the ratio hf/hi is chosen too high, filaments break before the upper plate has
reached its end position, e.g., for hf ¼ 6 mm and hi ¼ 0.5 mm uniform filaments could only
be formed for the 100 mM CPyCl/NaSal solutions with R ¼ 0.5 and R ¼ 5. Tilted CaBER
experiments on CPyCl/NaSal/NaCl and CTAB/NaSal [Sachsenheimer et al. (submitted)]
have revealed that high axial normal stresses rzz occur during the initial period of thinning, and we suppose that filament rupture occurs during the step-strain period when rzz
exceeds a critical value the filament can bear. This idea is supported by FiSER experiments on CTAB/NaSal solutions, where a critical axial normal stress at filament rupture
independent of elongation rate was found [Bhardwaj et al. (2007b)].
Choosing hi ¼ 1.5 mm and hf ¼ 6 mm enabled us to characterize the capillary thinning
of WLM solutions in a broad range of surfactant concentrations and salt/surfactant ratios
R covering both viscosity maxima and hence spanning several orders of magnitude with
respect to shear viscosity. The influence of the strike time ts on the filament lifetime tfil
was investigated for CPyCl/NaSal and CTAB/NaSal solutions covering both viscosity
maxima, and ts was varied between ts ¼ 20 ms and ts ¼ 160 ms. Longer strike times are
not recommended because of a potential superposition of filament stretching and capillary thinning [Sachsenheimer et al. (submitted)]. However, no variations of the filament
lifetime were found within experimental error in contrast to the observations of Miller
et al. (2009) who reported a significant influence of ts and hf on the filament lifetime but
in good agreement with the results of Kim et al. (2010) who could not recover an influence of initial step-strain parameters on the elongational relaxation time.
B. Characteristic filament shape and diameter decay
In the following filament formation and subsequent capillary thinning will be
discussed based on results obtained for CPyCl/NaSal and CTAB/NaSal solutions. Three
characteristic types of filament shape and diameter evolution are observed for these
WLM solutions. Typical pictures of fluid filaments at different stages of thinning are
shown in Fig. 2.
Filaments made from the CPyCl/NaSal solutions show a cylindrical region near the midpoint of the thread only in the final stage of thinning (t > 3=5tfil ), whereas a curved filament shape is observed at the beginning of the thinning process. This shape evolution is
typical for visco-elastic fluids, where the thinning process is initially controlled by viscous
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FIG. 2. Typical images of fluid filaments taken during CaBER experiments (hi ¼ 1:5 mm, hf ¼ 6 mm,
ts ¼ 40 ms) at different stages of capillary thinning relative to the filament lifetime tfil for 100 mM CPyCl/NaSal
with R ¼ 0.5 (top), 25 mM CTAB/NaSal with R ¼ 0.5 (middle) and 25 mM CTAB/NaSal with R ¼ 4.5 (bottom).

and capillary forces until finally elasto-capillary thinning dominates [Clasen (2010);
Sachsenheimer et al. (submitted)]. The Newtonian response also shows up in the linear
decrease of the filament diameter during the early thinning period, whereas exponential filament diameter decay is observed in the final stage controlled by elasto-capillary thinning as
shown in Fig. 3. Similar results were found for CPyCl/NaSal/NaCl solutions analyzing the
axial force in the liquid thread [Sachsenheimer et al. (submitted)]. Finally, the fluid filament
breaks and in certain cases this is preceded by a bead-on-a-string structure, but this phenomenon is not discussed in this paper. Filament lifetime for these CPyCl/NaSal solutions varies
between tfil  0:2 s and tfil  60 s depending on the salt/surfactant ratio R.

FIG. 3. Filament diameter as a function of normalized time t=tfil determined at T ¼ 20  C for 100 mM CPyCl/
NaSal with R ¼ 4.0 (g0 ¼ 1:2 Pas and tfil ¼ 0:8 s) as well as 25 mM CTAB/NaSal with R ¼ 0.4 (g0 ¼ 0:076 Pas
and tfil ¼ 107 s) and R ¼ 5.2 (g0 ¼ 36:2 Pas and tfil ¼ 70 s). Number of shown data points is reduced for sake of
clarity. The solid lines represent the exponentially thinning region where the elongational relaxation time is
determined. The dashed curve represents the late Newtonian thinning regime observed for CTAB/NaSal at
R ¼ 0.45 and is a fit of equation 1 to the experimental data in the time range 0:8 < t=tfil < 1.
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The investigated CTAB/NaSal solutions show a different characteristic filament shape
and diameter vs time curve at low (R < Rmax ) and high (R > Rmax ) salt/surfactant ratio.
At low R (Fig. 2, middle), the filaments of CTAB/NaSal solutions exhibit a perfect cylindrical shape during the whole thinning process as expected for viscoelastic solutions.
The diameter D1 determined right after the upper plate has reached the end position
(t ¼ ts ) is significantly smaller than for CPyCl/NaSal solutions or CTAB/NaSal solutions
with R > Rmax due to the low viscosity of this solution. The corresponding diameter vs
time curve (Fig. 3) shows an extended regime of exponential thinning diameter followed
by a linear decay prior to breakup. In this R range, filament lifetimes vary between
tfil  50 s and tfil  800 s.
CTAB/NaSal solutions with high R values exhibit an asymmetric filament in the early
stage of thinning controlled by gravitational sagging (Bond number Bo ¼ qgD2 =C > 1).
As the thinning proceeds further, a cylindrical filament shape with exponentially decreasing diameter until filament breakage is observed. Filament lifetimes vary between
tfil  40 s and tfil  800 s.
All three thinning periods (early Newtonian, visco-elastic and late Newtonian) observed
here for WLM solutions can be covered using a finitely extensible nonlinear elastic (FENE)
model [Entov and Hinch (1997)]. In addition, the occurrence of an early Newtonian thinning
regime has been associated with the dimensionless elasto-capillary number Ec ¼ 2ks C=g0 D
which is the dimensionless ratio of the elastic stress and capillary pressure within the filament [Anna and McKinley (2001); Clasen et al. (2006); Clasen (2010), Sachsenheimer
et al. (submitted)]. Furthermore, the late Newtonian regime has been attributed to the finite
extensibility parameter of polymer molecules or WLM structures [Entov and Hinch (1997);
Rothstein (2003); Chellamuthu and Rothstein (2008)]. However, an exponentially decreasing diameter region allowing for an unambiguous determination of the elongational relaxation time ke is found for all WLM solutions investigated in this study.
C. Filament thinning behavior of CPyCl/NaSal and CTAB/NaSal solutions
In Fig. 4, filament lifetime tfil is plotted as a function of the salt/surfactant ratio R for
the 100 mM CPyCl/NaSal and the 25 mM CTAB/NaSal solutions. These surfactant
concentrations are compared here because they yield similar g0 and ks values for

FIG. 4. Filament lifetime tfil as a function of salt/surfactant ratio R for 100 mM CPyCl/NaSal and 25 mM
CTAB/NaSal at T ¼ 20  C. Lines are to guide the eye.
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R < Rmax . Here, we plot tfil which can be determined from D(t) in a straight forward
manner. However, the elongational relaxation time ke obtained from the exponential diameter decay regime exhibits a similar dependency on R and reveals the same differences
between the CPyCl and CTAB systems.
Significant differences between the CTAB/NaSal and CPyCl/NaSal system show up
in the CaBER experiments, even at low R values, where the shear rheological properties
g0 and ks are nearly identical (see Fig. 1). In the whole salt concentration range, tfil or ke
is (up to three orders of magnitude) higher for the CTAB/NaSal system than for the
max
CPyCl/NaSal system. The maximum filament lifetime is tmax
fil  1000 s and tfil  60 s
for CTAB/NaSal and CPyCl/NaSal, respectively. It should be kept in mind that the
CTAB concentration at which such stable filaments occurs is only a fourth of the CPyCl
concentration. The long filament lifetimes observed for CTAB/NaSal solutions at low R
values are most likely due to an EIS formation because the system CTAB/NaSal is
known to undergo structural changes during flow [Liu and Pine (1996); Ouchi et al.
(2006b); Vasudevan et al. (2008); Lutz-Bueno et al. (2013)] in the concentration range in
which our CaBER experiments indicate EIS. This structure formation effect is mostly
investigated in shear flows [Liu and Pine (1996); Ouchi et al. (2006b); Vasudevan et al.
(2008); Lutz-Bueno et al. (2013)], where the SIS shows up in a sudden increase of the
steady shear viscosity g at a critical shear rate c_ c (see inset in Fig. 4), critical shear stress
or a critical total shear deformation. Generally, the occurrence of shear thickening in
WLM solutions can also result from elastic instabilities [Britton and Callaghan (1999);
Fardin et al. (2011); Fardin et al. (2012a); Fardin et al. (2012b); Fardin and Lerouge
(2012); Beaumont et al. (2013); Perge et al. (2014)]. But in these cases, shear banding is
observed (elucidated by a slope of 1 in the steady viscosity function) prior to shear
thickening. Furthermore, elastic instabilities have been observed for CPyCl/NaSal/NaCl
(cs ¼ 238 mM) and CTAB/NaNO3 (cs ¼ 30 mM) [Britton and Callaghan (1999); Fardin
et al. (2011); Fardin et al. (2012a); Fardin et al. (2012b); Fardin and Lerouge (2012)] but
neither SIS has been reported in the literature, nor did we find any indication of EIS.
Interestingly, capillary thinning behavior of solutions showing shear banding (fast braking limit, R > Rmax ) is controlled by linear viscoelastic shear properties (see Sec. III D).
So it seems flow instabilities do not occur in this flow kinematics. The phenomenon of
long stable filaments will be discussed in more detail below.
D. Fast-breaking limit
Shear and elongational relaxation times are compared in Fig. 5 showing the relaxation
time ratio ke =ks as a function of salt/surfactant ratio R for the 100 mM CPyCl/NaSal and
the 25 mM CTAB/NaSal systems.
For high R, i.e., in the fast-breaking limit, linear viscoelastic shear relaxation is
described by a single-mode Maxwell model in a wide frequency range (see, e.g., inset in
Fig. 6). The relaxation time ratio ke =ks is fairly independent of R. The difference between
ke =ks ¼ 0:460:2 for CPyCl/NaSal solutions and ke =ks ¼ 0:960:4 for CTAB/NaSal solutions may be explained by differences in micellar flexibility. More importantly, finding a
constant relaxation time ratio of ke =ks  1 indicates that the capillary thinning behavior
is characterized by linear material properties which can be obtained from simple oscillatory shear experiments [see also Sachsenheimer et al. (submitted)].
This hypothesis is further supported by the universal scaling of the reduced filament
lifetime tfil =G0 with the equilibrium micellar breakage time kbr shown in Fig. 6 summarizing data for six different WLM systems at different surfactant concentrations, salt/surfactant ratios, and temperatures. The linear viscoelastic fluid properties G0 and kbr are
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FIG. 5. Relaxation time ratio ke =ks as a function of salt/surfactant ratio R for 100 mM CPyCl/NaSal and 25 mM
CTAB/NaSal at T ¼ 20  C.

determined from SAOS experiments (at the same measurement temperature) as illustrated in the inset of Fig. 6 where the storage and loss moduli G0 and G00 are plotted
against the angular frequency x. The breakage time is defined as the reciprocal angular
frequency at which the loss modulus shows a minimum value, kbr ¼ 1=xðG00min Þ, [Fischer
and Rehage (1997); Yesilata et al. (2006)] and the plateau modulus G0 is determined
from G0 at the same angular frequency, G0 ¼ G0 ðxðG00min ÞÞ. The ratio of filament lifetime
and plateau modulus clearly depends on the breakage time and all data points collapse to
3=2
one master curve according to tfil =G0 / kbr irrespective of the type of surfactant, the
behavior of the salt (strongly binding or not), and the measurement temperature. This

FIG. 6. Ratio of filament lifetime and plateau modulus as a function of the breakage time of the micelles for different WLM solutions as mentioned in the diagram. Different data points represented by the same symbol refer
to different R values or in case of CPyCl/NaSal/NaCl solutions to different surfactant concentrations. The solid
line represents a power law fit to the experimental data with an exponent of 3/2. The inset shows the storage and
loss moduli for a 25 mM CPyCl/NaSal solution (R ¼ 0.8) as a function of the angular frequency illustrating the
determination of G0 and kbr . Measurement temperatures are given in Table I.
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scaling law also holds for solutions with ke =ks < 1 as long as a minimum in G00 is still
present. A similar scaling is found when tfil is replaced by ke . Thepcorrelation
can also be
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
given in terms of dimensionless numbers dividing the times by qV=C, where q is the
density and V is the sample volume as well as dividing the modulus by the initial
Laplace pressure 2C=D0 .
These findings indicate that no flow-induced structural change occurs in this salt/surfactant regime and the breaking rate of the micelles does not change during elongational
flow in a CaBER experiment.
E. Low salt regime
Striking differences are observed between CPyCl/NaSal and CTAB/NaSal solutions in
the low salt limit. For the CPyCl/NaSal system, ke =ks starts at values much lower than one
(ke =ks  0:02) and increases with increasing salt concentration until the plateau is reached
at high R. Relaxation time ratios ke =ks  1 found for low R values might be taken as evidence for a flow-induced decrease of the mean length of micelles, but such low ke =ks values are also observed for solutions of covalently bound polymers in the entangled state and
ke =ks values as low as 0.01 are reported in the literature [Liang and Mackley (1994);
Oliveira et al. (2006); Clasen (2010); Arnolds et al. (2010); Sachsenheimer et al. (submitted)]. Therefore, it is not very surprising that WLM solutions where the reptation is the
dominant stress relaxation mechanism, show ke =ks  1. Similar results are also obtained
for CTAB/NaNO3, CTAB/NaClO3, and CTAB/KBr solutions at low R values investigated
in this study. Nevertheless, structural analysis under elongational flow, e.g., neutron scatting, would be useful for clarifying the origin of these findings unambiguously, but this is
beyond the scope of this paper and will be addressed in a subsequent study.
In contrast, the relaxation time ratio of the CTAB/NaSal solutions at low salt concentrations starts at approximately ke =ks ¼ 10 and decreases with increasing salt/surfactant ratio
R reaching a plateau for R  1 > Rmax . Such high relaxation time ratios have never been
reported in the literature (to the best of our knowledge) and we hypothesize an elongationinduced structural change stabilizing the filaments as already mentioned above. In this
case, ke corresponds to the characteristic thinning time scale of the flow-induced structure
and ks corresponds to the characteristic relaxation time scale of the equilibrium structure of
the WLM solutions at rest. This topic will be discussed in more detail below.
F. Distinguishing between linear and branched micelles
Figure 7 shows the filament lifetime tfil as a function of zero-shear viscosity g0 for different WLM solutions investigated in this study. CPyCl/NaSal solutions [Fig. 7(a)] with
similar zero-shear viscosity exhibit a significantly lower filament lifetime in the case of
linear micelles (R < Rmax ) than in the case of branched ones (R > Rmax ). Furthermore, the
filament lifetime depends more strongly on zero-shear viscosity in the linear regime
0:9
(tfil / g1:3
0 ) than in the branched regime (tfil / g0 ). For CPyCl/NaSal solutions, the
change of the micellar morphology from a linear to branched structure at Rmax is confirmed
by rheological measurements [Oelschlaeger et al. (2009)] and cryo-TEM studies
[Abezgauz and Danino (2007)]. Similar results are obtained for the CTAB/NaClO3 system,
when solutions with R < Rmax and R > Rmax are compared [Fig. 7(c)]. For CTAB/NaNO3
solutions [Fig. 7(b)], the scaling exponent tfil / ga0 decreases from a ¼ 1:3 to a ¼ 0:9 at a
critical salt/surfactant value R ¼ 5.7 indicating a linear to branched micelles transition.
This hypothesis is further supported by cryo-TEM images [Helgeson et al. (2010)] and by
Oelschlaeger et al. [Oelschlaeger et al. (2010)] who observed a characteristic increase of
the plateau modulus G0 at R  5:0 for a 350 mM CTAB/NaNO3 solution.
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FIG. 7. Filament lifetime tfil as a function of zero-shear viscosity g0 for 100 mM CPyCl/NaSal, 25 mM CTAB/
NaSal (both left, measurement temperature T ¼ 20  C), 75 mM CTAB/NaNO3 (top right, T ¼ 25  C), and
150 mM CTAB/NaClO3 (bottom rightT ¼ 30  C) at R < Rmax (filled symbols) and R > Rmax (open symbols).

For the branched CTAB/NaSal solutions with cs ¼ 25 mM and R > Rmax the filament
lifetime tfil hardly changes with the zero-shear viscosity g0 , both quantities depend only
weakly on R. This hinders an accurate determination of a scaling exponent but the variation of lifetime with g0 seems to be consistent with the scaling law tfil / g0:9
0 found for
the other systems. However, filament lifetime is much larger for solutions with R < Rmax
than for solutions with R > Rmax and varies only weakly with zero-shear viscosity
(tfil / g0:3
0 ). This is in contrast to the findings for the other systems and is taken as further
evidence for EIS occurring in CTAB/NaSal solutions with R < Rmax .
EIS formation also may have occurred in another system investigated by Chellamuthu
and Rothstein [Chellamuthu and Rothstein (2008)]. They focused on solutions of sodium
oleate (NaOA) and octyl trimethyl ammonium bromide (C8TAB) at a fixed mass ratio of
7:3 and different total surfactant concentrations cs. For solutions at cs < cs;max ¼ 4 wt. %
long filament lifetimes and high maximum Trouton ratios are reported. For cs > cs;max ,
where micelles show a branched structure [Ziserman et al. (2004)] a rapid decrease of the
maximum Trouton ratio with increasing cs is found. This observation was taken as evidence for extremely efficient stress relief mechanisms due to sliding of branching points
and ghostlike crossing.
However, the shape of the diameter vs time curve for NaOA/C8TAB solutions at cs <
cs;max is very similar to that obtained for CTAB/NaSal solutions at R < Rmax (EIS regime).
Corresponding steady shear experiments show a sudden increase of viscosity or normal
stress difference at a critical shear rate (e.g., c_ c ¼ 9467 s1 for cs ¼ 2 wt. %) supposed to
indicate a structure build-up in shear. The drastic change in the elongational behavior
occurring around cs;max reported by Chellamuthu and Rothstein seems to be more likely
due to a flow-induced structure formation than due to a transition between linear and
branched micelles as hypothesized in their paper. Furthermore, it should be noted that the
measured filament lifetimes of NaOA/C8TAB solutions at cs  cs;max are lower than the
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FIG. 8. Filament lifetime ratio tfil =tfil;N as a function of the salt surfactant ratio R for CTAB/NaSal solutions
with surfactant concentrations of 5 mM, 10 mM, and 25 mM at T ¼ 20  C. The inset shows tfil =tfil;N as a function
of the surfactant concentration for CPyCl/NaSal solutions with R ¼ 1 and CTAB/NaSal solutions with R ¼ 0.5.
The arrows indicate the critical R value at a given concentration or a critical surfactant concentration at a given
R value, respectively, above which EIS are observed. Lines are to guide the eye.

theoretical values calculated from the zero-shear viscosity assuming Newtonian flow
behavior. This may indicate a flow-induced decrease of the mean length of the micelles.
Finally, distinguishing between linear and branched micelles based on CaBER measurements seems to be possible but is not unambiguous. In general, the micellar structure can
change during flow (e.g., EIS formation as observed for CTAB/NaSal solutions for R <
Rmax or breakage of micelles most likely to occur in NaOA/C8TAB solutions for
cs > cs;max ).
G. Flow-induced structure build-up
As discussed above, the phenomenon of EIS formation is suggested by the high ke =ks
ratios observed for 25 mM CTAB/NaSal solutions at low salt/surfactant ratios R. In order
to shed more light on EIS, we have investigated CTAB/NaSal and CPyCl/NaSal solutions
with lower surfactant concentration again covering a broad R range. In Fig. 8, we compare
the filament lifetime tfil obtained in our CaBER experiment to the theoretical filament lifetime tfil;N calculated from the zero-shear viscosity of the solutions assuming Newtonian
flow behavior during capillary thinning. Introducing this value is necessary because shear
relaxation time could not be determined for the low viscosity WLM solutions with low
surfactant concentration, and therefore, the relaxation time ratio ke =ks could not be calculated. The filament lifetime ratio tfil =tfil;N is plotted as a function of R for CTAB/NaSal
solutions with 5, 10, and 25 mM surfactant concentration as well as for CPyCl/NaSal with
R ¼ 1 and CTAB/NaSal with R ¼ 0.5 as a function of surfactant concentration cs.
For all surfactant systems, the filament lifetime ratio starts at high values of
tfil =tfil;N  105 but strongly decreases with increasing salt/surfactant ratio R and levels
off at a constant value for R > Rmax. Similar results are obtained for CPyCl/NaSal
solutions with R ¼ 1 but different surfactant concentrations as illustrated in the inset of
Fig. 8. For the 25 mM CTAB/NaSal solution, this limiting tfil =tfil;N ratio is around ten and
corresponds to ke =ks  1 (see Fig. 5). As already discussed above, filament thinning in
this case is controlled by the viscoelasticity of the entangled WLM network present at
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FIG. 9. Illustration of filament creation in CaBER experiments depending on the salt/surfactant ratio R and the
surfactant concentration for CTAB/NaSal solutions at T ¼ 20  C. The dark gray area represents solutions where
no filaments are created corresponding to zero-shear viscosities g0 < 3 mPas. The light gray area (half filled
symbols) represents solutions where filaments are created but filament lifetime is controlled by the equilibrium
viscoelasticity of the solutions and not by EIS formation. Filled symbols indicate solutions where EIS is found.

rest. In all other cases, filament lifetime ratios tfil =tfil;N between 102 and 105 are found
indicating structure formation due to the elongational deformation during capillary thinning. This hypothesis is supported by the fact that all these solutions also show shear
thickening and are prone to SIS formation.
It should be noted that performing multiple CaBER experiments on one and the same
sample did not result in systematic variations in the filament lifetime confirming that the
flow-induced structure formation is reversible. For a sake of clarity, we also want to note

FIG. 10. Influence of final plate displacement hf and sample volume V on filament creation for a 10 mM
CTAB/NaSal solution with R ¼ 0.5 for three different plate diameters D0 at T ¼ 20  C. The s ample volume V is
set by the plate diameter D0 and the plate displacement hi and thus characterizes the initial configuration of the
CaBER experiment.
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that the solutions investigated by Okawara and Takahashi [Okawara et al. (2008);
Okawara et al. (2009); Takahashi and Sakata (2011)] do not show EIS in CaBER.
However, finding structure formation in shear experiments does not automatically imply
a corresponding effect during capillary thinning. Figure 9 illustrates the occurrence of EIS
during capillary thinning of CTAB/NaSal solutions exemplarily. For low salt/surfactant
ratios R, no filaments could be created in CaBER experiments indicating that no structural
change occurs during the stretching process. Furthermore, no structure formation is observed
for high surfactant concentrations cs at high R values. In this case, the filament lifetime is
only controlled by the viscoelasticity of the WLM solutions as already discussed above. It
should be noted that for all solutions in the “no filament” and “EIS” region in Fig. 9, a structure formation has been found in shear experiments. The critical salt/surfactant ratio Rcrit at
which EIS is observed (indicated by slowly thinning filaments), decreases with increasing
surfactant concentration, and corresponds to a critical zero-shear viscosity of about 3 mPas.
If the viscosity of the WLM solution is too low, the initial liquid bridge breaks during the
initial step-strain deformation. This minimum viscosity criterion also holds if the surfactant
concentration is too low, irrespective of R. Nevertheless, these solutions show shear thickening. This discrepancy may be rationalized assuming that a minimum energy input is needed
for structure formation. While this energy input cannot take place during the fast step-strain
deformation in a CaBER experiment it may be maintained in large deformation shear
experiments. Finally, similar results have been obtained for CPyCl/NaSal solutions but a
slightly lower critical zero-shear viscosity of 2.2 mPas is found in this case.
The influence of the final plate displacement hf and the sample volume V on structure
formation in a CaBER experiment is illustrated exemplarily in Fig. 10 for a 10 mM
CTAB/NaSal solution with R ¼ 0.5. Generally, stable liquid bridges are observed for low
final plate displacements. The minimum hf needed for destabilization of the liquid bridge
(followed by a thinning process) depends on surface tension and density of the solution
but not on its viscosity or elasticity. Neglecting slight differences in solution density, critical hf values are independent of sample composition. However, if the final height hf is
sufficiently large two cases of filament breakup are observed. For low sample volume V
(corresponding to low initial gap height hi and small plate diameter D0 ) the liquid bridge
breaks during the initial step strain and no filament is created independent of the final
plate separations hf . This indicates that the thinning behavior is mainly controlled by the
low zero-shear viscosity and no structure build-up takes place. Increasing V but holding
the final displacement hf constant results in a dramatic increase of the filament lifetime
indicating a structure build-up (EIS). Furthermore, for given initial sample volume (e.g.,
V ¼ 42 mm3 , corresponding to D0 ¼ 6 mm and hi ¼ 1:5 mm), the EIS phenomenon disappears if a critical hf;c value is exceeded. However, hf;c increases with increasing surfactant concentration, i.e., increasing solution viscosity, and the no filament region in the
hf –V-plane disappears, e.g., for a 25 mM CTAB/NaSal solution with R ¼ 0.5.
The final displacement hf , the sample volume V, and the zero-shear viscosity g0 of the
surfactant solution determine the filament diameter D1 measured right after the upper
plate has reached the end position at t ¼ ts . This quantity increases with increasing sample viscosity [see, for example, data in Clasen (2010)] and increasing V but decreases
with increasing hf . Our experimental results suggest that a minimum diameter D1;crit is
needed for structure build-up of surfactant solutions in CaBER experiments. Values of
D1;crit  0:3 mm are observed for a 10 mM CTAB/NaSal solution with R ¼ 0.5 (Fig. 10)
but D1;crit decreases slightly with increasing concentration (D1;crit  0:26 mm for 15 mM
CTAB/NaSal, R ¼ 0.5). This finding is supported by shear experiments using parallel
plate geometry [Herle et al. 2005], where the increase of viscosity due to a structure
build-up is less pronounced if the gap width is decreased.
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FIG. 11. Diameter as a function of total elongational strain eL determined in FiSER experiments with an initial
plate displacement L0 ¼ 0:75 mm for a CTAB/NaSal solution with cs ¼ 10 mM and R ¼ 0.75 at T ¼ 2563  C.

Further insight into the EIS phenomenon is provided by FiSER experiments. In these
experiments, the fluid drop is placed between two plates and the plates are separated at
an exponentially increasing speed in order to maintain a constant elongation rate e_ .
CTAB/NaSal solutions with surfactant concentrations between 5 mM and 20 mM and
R values between 0.7 and 1 have been investigated at nominal elongation rates
between 0.1 s1 and 1 s1. Characteristic results for a cs ¼ 10 mM and R ¼ 0.75 are
shown in Fig. 11 displaying the filament diameter D as a function of total strain
eL ðtÞ ¼ lnðLðtÞ=L0 Þ for different strain rates.
The DðeL Þ curves can be split into three parts. In the first period D decreases from
its initial value D0  5 mm to D0  2:2 mm corresponding to the stretching of the liquid
filament which still forms a stable bridge. The second stage is characterized by a rapid filament thinning. Finally, regime III is reached at a critical nominal strain eL;c ¼ 1:160:1.

FIG. 12. Snapshots of a stretched liquid filament consisting of a 10 mM CTAB/NaSal solution with R ¼ 1 captured at the beginning and near the end of the third region in filament stretching performed using a FiSER apparatus at a constant elongational rate e_ L ¼ 0:4.
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In this regime, the slope of the DðeL Þ-curves dramatically decreases and this is attributed
to the EIS build-up. In these FiSER experiments, structure formation always occurs at
eL;c  1 for all surfactant concentrations and R values investigated here irrespective of
the applied nominal strain rate.
Figure 12 shows two snapshots of a FiSER experiment performed at a constant elongation rate of e_ L ¼ 0:4 for a 10 mM CTAB/NaSal solution with R ¼ 1. At the beginning
(Fig. 12, left), a liquid reservoir is clearly visible at the lower plate. Further stretching
yields only a slight decrease in the diameter but liquid is pulled out of the reservoir creating the new filament. This reveals the high stability of the filament and further supports
the flow-induced structure build-up. Finally, the filament breaks at a finite diameter but
not necessarily in the middle of the filament demonstrating the sensitivity of the structure
to huge deformations presumably due to local fluctuations of structural strength.

IV. CONCLUSIONS
We have investigated the capillary thinning of six different WLMs systems (CPyCl/
NaSal, CPyCl/NaSal/NaCl, CTAB/NaSal, CTAB/KBr, CTAB/NaNO3, and CTAB/NaClO3)
covering a wide range of surfactant concentrations cs and salt/surfactant ratios R.
Figure 13 schematically summarizes the main results of our investigations on these
WLM solutions.
Solutions in which stress relaxation is dominated by reptation (high cs, low R) exhibit
relaxation time ratios ke =ks < 1 similar to solutions of covalently bound polymer solutions. This is most likely due to stretching and orientation of the micelles in the strong
nonlinear flow during capillary thinning, but further structural investigations are needed
to check for additional contributions from chain scission.
In the fast-breaking limit where micelles break and recombine quickly (high cs, high
R) ke =ks  1 is found. Nonlinear effects seem to be of minor relevance, and the timescale
of capillary thinning is solely controlled by linear material parameters available from
SAOS. All investigated WLM solutions covering several orders of magnitude in shear
modulus G0 and micellar breakage time kbr are found to obey a universal scaling law

FIG. 13. Schematic phase diagram for WLM solutions with different surfactant concentration and salt/surfactant ratios.
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3=2

tfil =G0 / kbr even if ke =ks < 1. These findings indicate that the equilibrium mean length
of the micelles does not change during capillary thinning.
Furthermore, CaBER experiments reveal a distinct difference between solutions of linear and branched micelles. The dependence of filament lifetime on zero-shear viscosity is
0:9
much stronger for linear micelles (tfil / g1:3
0 ) than for branched micelles (tfil / g0 ) and
at a given zero-shear viscosity branched micellar solutions exhibit a longer filament lifetime in CaBER experiments than solutions of linear micelles.
At lower surfactant concentrations, filament lifetime is much larger than expected
from the corresponding zero-shear viscosity, tfil  tfil;N , and relaxation time ratios
ke =ks > 1 are observed. These findings are attributed to an EIS formation and all solutions categorized to show EIS also exhibit SIS build-up. Nevertheless, a minimum zeroshear viscosity g0 and a minimum initial filament diameter D1 are required to achieve
such extended filament lifetimes in CaBER experiments indicating EIS. Additionally,
FiSER experiments suggest that a minimum total strain eL;c is needed for structure buildup in extensional flow. Further investigations will have to include birefringence, turbidity
and scattering experiments to verify the EIS phenomenon directly and to get a deeper
insight into the potentially formed super-micellar structure.
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