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Local rheological probes for complex fluids: Application to Laponite suspensions
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We present an experimental method allowing a direct measurement of the local rheological behavior of
complex fluids. A magnetic probe is inserted into the bulk of the fluid and submitted to a controlled magnetic
force or torque, which induces a mechanical perturbation of the fluid. The geometry of the perturbation can be
varied using two kinds of probes: a magnetic bead submitted to a homogeneous magnetic force in one
direction, and a magnetic needle that can turn inside the material under the effect of an applied magnetic
torque. Two complex viscoelastic fluids are investigated. First, a surfactant solution, which has a linear me-
chanical behavior in the range of the applied stresses, is used to test and validate the experimental methodol-
ogy. We then use the local probes to investigate a Laponite colloidal suspension, which exhibits nonlinear
behavior such as thixotropy, shear thinning, and aging. In this latter fluid, we find an exponential growth of the
rheological relaxation time versus the system age, a power-law dependence of the fluid viscosity on the applied
stress, and a dynamical yield stress which saturates with the fluid aging time.
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I. INTRODUCTION are constitutive of the studied materj@-11], or intrusive if
tracer particles are added to the matefigiLl]. In order to
Complex fluids such as colloids, emulsions, foams, polylink the observed diffusive motion of the followed objects to
mer or surfactant solutions are multiphasic materfds  the internal mechanics of the material, microscopic mechani-
Their constitutive entities are in interaction; the competitionc& models have been formulatd11,19. However, in the

: : se of nonequilibrium systems presenting an aging behav-
between the different energies generates structures at maﬁz no obvious relation exists in theofg3] although such a

different Igngth scales ir_1 the quid._This result_s ina c_iiversity"m’( is experimentally observed and thus empirically as-
of the fluid macroscopic rheological behavior, which cang,med.
vary as a function of timeaging[2]), or as a function of the Recently, direct microscopic rheological measurements
applied stresgelastic-plastic transitio3], shear thinning, have been developed in the domain of biophysics, to inves-
shear thickening, thixotropj4]). tigate the micromechanics of complex biological systems
The rheology of these soft materials has been the subje¢hetwork of actin filaments, or living cell®n the scale of its
of many investigations. Experimentally, several methods areonstituents{14—-17. A microscopic magnetic bead is in-
frequently used. Classical rheometry consists of globallyserted into the material to be investigated and submitted to a
shearing(stressing the sample between two plates and re-controlled magnetic force. The bead displacement in re-
cording the stresgstrain applied by the sample onto the SPONSe to the external perturbation then gives access to the
shearing platg5]. This allows the geometry and the fre- measurement of the local V|_sc0elast|c r_noduh.An a_lternatlve
. . ethod, based on the rotation of colloidal magnetic probes,
guency of the shear to be varied and is a very powerfu

X i . ) . . s also commonly used to measure the local viscosity of flu-
technique to investigate materials with a linear responsgyg at the nanoscopic scdles].
However, in the case of nonlinear materials, the deformation | this paper, we generalize these experimental methods

field inside the sample does not decrease linearly with into allow the systematic direct investigation of the local rhe-
creasing distance from the shearing plate. Models based @flogy of complex fluids. Two tools are developed, based on
an inhomogeneous strain distribution inside the stressed fluithe translation or rotation of a magnetic probe inside the fluid
accurately account for the nonlinearities of the macroscopito be investigated under the effect of an applied magnetic
stress-strain curvid,6]. Nevertheless, the results obtained by force or torque, which equilibrates with the elastic and vis-
using standard rheological measurement do not directly acous forces or torques applied by the fluid to the probe. Us-
count for such heterogeneities. Dynamic light scattering anghg an appropriate model for the viscoelastic behavior of the
diffusive wave spectroscopy involve measuring the correlafluid, the equation of motion of the probe is deduced. An
tion function of the positions inside the material. Theseanalysis of the probe displacement allows the fluid elastic
methods can be either nonintrusive if the objects followedand viscous moduli to be measured. We use two types of
magnetic probes inserted in the bulk of the material: a para-
magnetic spherical bead submitted to a constant magnetic
*Corresponding author. Email address: elias@ccr.jussieu.fr force which adopts a translation motion in the material, and a
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(a)

FIG. 1. (a) Top view of the ex-
perimental setup used in order to
induce a linear displacement of a
magnetic steel bead inside a com-
plex fluid under the effect of a
magnetic force. The fluid is placed
in a closed cylindrical chamber of
| 1 cm diameter and 1 cm height

and the magnetic bea@adius R
=0.5mm) is inserted in the bulk.
) 1200 . o . . . ' Two pieces of soft iron inside a
coil generate a homogeneous gra-
dient of H? (H being the ampli-
i tude of the external magnetic
field) in the z horizontal direction.
_ Therefore, a homogeneous mag-
. netic force is applied on the para-
| magnetic bead. The underlying
grid on the image is a millimetric
o © ] grid. (b) Plot of H? as a function
o E of the distance to the center of the
polar pieces in the direction for
different intensitied of the elec-
] tric current in the coil: the gradi-
- ent of H? is constant for 1 crrz
x x X X X X <3cm. Inset, variation oFH? vs
o o o o o o ] | in the region 1 crcz<3 cm.
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ferromagnetic needle submitted to a magnetic torque, which [l. EXPERIMENTAL SETUP
rotates in the fluid. These two probes allow the geometry of
the perturbation to be varied. . . . _ _
The paper is organized as follows. The experimental setup 1his technique is based on the linear translation of a mag-
is presented in Sec. II. The experimental methodology is thef€tic Spherical bead in the fluid under the effect of a con-
validated using a linear viscoelastic fluiec. 11, compar-  tolled homogeneous magnetic force. The bead, made of
ing the fluid rheological characteristics determined using th€€l: has a radiu®=0.5 mm. The measurement of the bead

: tization as a function of an applied magnetic field
two types of local probes to measurements performed using rpagne . : '
standard rheometer. In Sec. IV, local probes are used to dg_erformed using a Foner devifid)], shows that the bead has

scribe the local rheology of a complex colloidal glass, 22 paramagnetic behavior. For the magnetic field amplitudes

: - : - LS ed in the experiments, the bead volume magnetiziign
Laponite suspension. The aging behavior, shear thinning, anlﬁscreases linearly with the applied magnetic figtd My

thixotropy of this fluid are investigated. The results obtaineo‘_XH wherey is the bead magnetic susceptibility
and the further applications of this technique are discussed in Inside the complex fluid to be investigated, the bead is

Sec. V. Because the probes are macroscabieir typical . . :
size is 1 mm, the results are not at this stage qualitativerS’me'tted to a magnetic forde generated by the gradient of
We magnetic fielH,

different from the results that can be obtained using standar
rheomem_/. Howev_er, Fhe fluid is investi_gated at a local scale. F=oVa(Mg- V)H=1 uoVaxV(H2), 1)

A promising application of the experimental method pre-

sented here is the variation of the rotating probe size fromwhereVy is the bead volume. To ensure tiatis constant
millimetric to nanoscopic, in order to probe, by the means ofalong the bead displacement, a homogeneous gradiét of
rheology, all the different pertinent length scales of the fluid.is generated using two pieces of soft iron placed inside a coil
Another possible application is the determination of the vis-in the configuration illustrated in Fig.(d). The variation of
coelastic properties of anisotropic materials. H2 along the horizontak axis is presented in Fig.(H): it

A. Translation of a paramagnetic bead
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remains linear owea 2 cmwide region. In this region, the
external magnetic force is along thexis and the amplitude ; g———< —
of the force can be controlled by varying the intensity of the magnetic o
electric current in the coil. needle \g

A cylindrical sealed chamber of 1 cm diameter and 1 cm
height is filled with the fluid to be investigated. The magnetic
bead is inserted in the bulk of the fluid by using a magnet.
When the magnetic field is applied, the bead moves along the
direction of thez axis. The coil is driven by an alternating

square wave form electric current, therefore the relaxation of

the bead motion with or without the applied magnetic force <l fluid
can be analyzed. The bead displacement is followed using a 7 Pl
charge-coupled device camera placed above the chamber, the Helml}oltz ]

images are digitized by the frame grabber of a computer, and coils [

the space-time diagrams are recorded in order to obtain the

bead displacementversus time., a cylindrical magnetic nickel needle inside a complex fluid. The
To calibrate the magnetic force using HJ), the bead needle is 65Qum long and 5Qum in diameter. The complex fluid is

magnetic susceptibility has to be determined. This is

7 . . . L placed in the same cylindrical chamber as in Figa) land the
achieved by placing the setup with tlzeaxis pointing up- magnetic needle is inserted in the bulk. Two pairs of coils in the

wards, W'th the chamber filled with glyc,erOL a Newtonlan Helmholtz configuration provide a magnetic field whose direction
viscous fluid. In the absence of an applied magnetic forcey,n pe adjusted. The applied magnetic field used in the experiments
the bead falls due to its own weiglitg, with a constant s ejther rotating if the two pairs of coils are supplied with an
velocity u; = Pg/(677R) where 7 is the glycerol viscosity ajternating current 90° out of phase, or static making an angle of
and Pg=ApVgg, with Ap the density difference between g=45° with the needle initial orientation as sketched here.

steel and glycero[Stokes experiment When a magnetic
force F is applied, the bead moves upwards with a constant
velocity u,=(F—Pg)/(677R). This allows to check the

Using Eq(l), the bead magnetic Suscep“bmty is made to rotate in the bulk of the studied fluid under the

influence of a controlled magnetic torque. The needle, made
of nickel, has a diameter of 56m and a length of 65@m.
_ 2Pg uz We assume the volume magnetization of the Nickel needle
X™ VamoV(HD) | 7 0y to be the same as the bulk volume magnetizathy
=4.85x10° Am !, since demagnetizing effects are negli-

] ) ) gible for such a geometryy is aligned along the long axis
Using a bead of radiuR=0.5 mm, we determine the mag- of the needle. Using the experimental setup illustrated in Fig.
netic susceptibility of the steel bead to jpe-3.9: 2, a magnetic torque is applied to the needle by means of a

_In the subsequent experimeri@ecs. Ill and IV, the con-  static magnetic field whose direction makes an ageith
tribution of gravity is suppressed by placing thexis in the  respect to the initial orientation of the needle. If one defines
horizontal position, so that the magnetic force is the onlyg the angle through which the needle has turned with respect

external force to be considered for the horizontal bead distg its initial orientation along thg axis, the magnetic torque
placement. Setting the intensity of the electric current in thexsxerted on the needle can be written,

coil at a fixed value between 0 and 6 A, the amplitude of the
applied magnetic force can be adjusted between 0 and 50 I'= puoVyMyXH=T(sin(B—0), 2

MN.

FIG. 2. Experimental setup used in order to induce a rotation of

B. Rotation of a ferromagnetic needle

whereV\ is the needle volume andy= woVyMyHe,. The
The Reynolds number is small enough to ensure a Stokes roan't'al torquoe 'SF‘(H_"B) =Io(H)sing. In the following, B is
fixed to 45° andH is the system control parameter. For the

Re~uRv~10"2, wherev is the fluid dynamic viscosity. e field litud 4 th : o
2This value ofy corresponds to an effective magnetic susceptibil-rzzgknAe IC_ 1Ie r amp Ibu es _uzeb tm € OeXpZZLrlnoe_g JH)
ity for the steel bead, which is due to its shape. For a finite object, m )_’ o Can be varied between © an ’
A cylindrical sealed chamber of 1 cm diameter and 1 cm

the effective susceptibility ix= xpux/(1+ xpuD), Where xpux IS . . . . . 4 .
the magnetic susceptibility of the bulk material @hds the demag- height, filled with the fluid to be investigated and containing

netizing factor, due to the magnetic dipolar interactions inside thd1€ needle is placed under a microscope, and the rotation of
object.D strongly depends on the object shape: 1/3 for a spheri-  the needle towards the static magnetic field direction is fol-
cal monodomain bead. Ag,,~10°>1/D for steel, the effective l0wed using video imaging as previously described. The
susceptibility of the steel bead is=1/D=3, which is of the order Space-time diagrams give plots of the needle rotati@s a

of magnitude of the measured valithe discrepancy probably function of time. Measurements in glycerol cannot be per-
comes from the bead not being perfectly monodomain, thus formed because of the sedimentation of the needle which
<1/3). occurs too rapidly to allow a precise measurement.
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Equations(1) and (2) give the magnetic force applied to (a) 30

the bead and the magnetic torque applied to the needle as
function of the control parameters. When the probe is in-
serted in the fluid under investigation, this for@®rque
equilibrates with the fluid viscous and elastic for¢esques
applied to the beadneedle, which can therefore be mea-
sured.

20
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20 40 - 60

G’ (Pa)
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IIl. VALIDATION USING A LINEAR VISCOELASTIC
FLUID

In this section, a fluid having a linear Maxwellian rheo- (b) 06

logical behavior is investigated. Three different experimental
methods are used to measure the viscoelastic characteristic
of the fluid: a standard Couette rheometer, a magnetic beau
inserted in the fluid and submitted to a magnetic force, and a
magnetic needle submitted to a magnetic torque inside the
fluid. Each method shows that the rheological behavior of
the fluid is Maxwellian in the range of the applied stress. The
numerical values of the fluid viscous and elastic moduli de-
termined independently in each method are identical within
experimental errors. This validates the experimental method- FIG. 3. (a) Cole Cole plot for an aqueous solution [EATC]

ology based on the use of the two local rheological probes.zol1 M and[NaSal=0.17 M atT=25 °C. The solid line is the fit

obtained using the Maxwell modgEg. (3)]. (b) Plot of the rheo-
logical characteristic timeg vs the temperatur&. The solid line is
the fit obtained using Eq5).
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A. Sample description

It is well known that surfactant molecules in aqueous so
lutions can form long elongated wormlike micelles above the
critical micellar concentratiofi3,20]. The micellar growth is
controlled by several parameters such as surfactant conce
tration or the addition of a salt. The equilibrium static and
dynamic properties of these locally cylindrical surfactant as-
semblies depart from those of a polymer solution whose dy-
namics is described by the reptation modeharacteristic . . . ' . .
time 7 in the sense that flexible wormlike micelles can whgre the relaxation timeg, is defined as the ratio of vis-
break and recombine reversibly with a characteristic time®OSity 7 and shear modulus,

Threak-

A specific mode[21] has been developed to describe the
dynamical properties of these systems. In the regime when
scission reactions are rapid on the time scale of reptation

In the case of a Maxwell fluidsingle relaxation timg the
ﬁggular frequency dependence®f andG” are given by

2,2
Gty

= 2 21
1+ w7y

GoTg

G’ = 2
1+ w*th

: ©)

7
’TRZE.

4

~ The linear representation @” versusG' is a semicircle

(Toreak< Trep) the stress relaxation is a single exponential. So

lutions of surfactant are then good examples of well charac:

terized viscoelastic fluids, exhibiting a Maxwellian behavior.
The system chosen for this study is composed of the cal

ionic surfactant cethyltrimethylammonium chori¢€TAC)

in distilled water and an additive sqkodium salicylate, Na-

Sal) which favors the formation of micelles. The molar con-

centrations are, respectivelyCTAC]=0.1 M and[NaSal

=0.17 M.

B. Standard rheology

(Cole Cole plot which is characteristic of a Maxwell behav-
ior. Figure 3a) presents the Cole Cole plot for the investi-

lgated surfactant sample at=25°C. The solid line, which

represents the predictions of the Maxwell mofd&d. (3)], is

in good agreement with the experimental results. Such an
analysis gives G(25°C)=(48%=9) Pa and 7x(25°C)
=(0.49+0.10) s; the error is mainly due to the experiments
not being perfectly reproducible. With increasing tempera-
ture, the shear modulus remains constant within error. An
equation of the Williams-Landel-Ferry form is appropriate to
describe the evolution of the relaxation time with tempera-

We initially characterize this system using a standarcture[22],

Couette rheometer fitted with a cone and plate detdcem

diameter, 2° angle From oscillatory shear measurements the
linear viscoelastic domain is first determined by a stress

sweep (0.5-25 Pa at a constant angular frequency (
=6.3rads?'). The storages’ and lossG” moduli are then
measured by an angular frequency sweep in the range b
tween 0.063 and 63 rad&

[T(K)]= 70 ex M) ©
R TR TC,AT-T, )
W|th ’7'0:0.51 S, TOZ 298 K, C1:794 K, and C2

€=328.6 K. Figure &) represents the variation af versus
T, fitted by Eq.(5).
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C. Local rheology (a) % WM :',_.:”__)
k Y F z

The insertion of a local probe in motion within the fluid
allows to determine the viscous and elastic moduli of the
fluid. Using appropriate Maxwell mechanical equivalent cir-
cuits, the equation of motion of the probe inside the fluid is 15
obtained as a function of the external magnetic fdrgg. (b)
(1)] or torque[ Eq. (2)] applied to the probe. The shear modu-
lus and the viscosity of the fluid are then deduced from a fit
of the probe motion, and compared to the results obtained ir
Sec. llIIB.

z (mm)

1.0

1. Translating bead 0.5

The paramagnetic bead inside the fluid is submitted to a L
homogeneous magnetic for€e at a measured temperature Fo/k
T=30°C. The appropriate Maxwell mechanical equivalent 0.0
circuit consists of a spring of elastic constéariteturn elastic
force —kz) and a dashpot of viscous constagntdrag force
—vz) in seriedFig. 4(a)]; the equation of motion of the bead (©) 0.2 1
is then

F .
—+—=z (6)
Y

\\
O
\
\
\
HO
o
o
(-5 wan) A/

For a step force-, applied att=0, the solution of the
Maxwell model can be written &

z(t)=5+5t. (7) F, (uN)
k vy
FIG. 4. (a) Maxwell mechanical equivalent circuit used to de-
scribe the displacement of the bead in the studied viscoelastic fluid,
A typical bead displacemeiz(t) is shown in Fig. 40). The  under the effect of an applied forcéh) Bead displacement in the
parameters-,/k andF,/y are determined for five different Maxwellian fluid atT=30 °C, under the effect of a homogeneous
applied forces using Ed7) to fit experimental curves. They step forceF,=26.7 xN applied to the bead &t=0. Solid line, best
are plotted in Fig. &) as a function of the applied fordg,. fit of the data using Eq(3). (c) Variation of F4/k (black dot$ and
They increase linearly witk, as expected for a Maxwellian Fo/v (white dotg obtained from the fit shown ifb) as a function
fluid. At T=30°C, one obtaink=(0.42+0.04) Pam and of the applied force strengthR,; k and y do not depend on the
y=(0.062+0.006) Pasm. The experimental error is due to2Pplied force: k=(0.42£0.04) Pam and y=(0.062=0.006)
the slight discrepancies between independent experiments.Pa M s.
To compare these values with the results obtained in Sec.
1B using a classical rheometer, the parametgrand k  modulusG and the elastic parametkiis therefore given by
must be linked to the viscosity and the shear modul of
the surrounding medium.. On one handz the drag defge k=67GR. 9)
exerted by a viscous medium on a spherical bead is given by
the Stokes formuld23]: F,= — 67 7Rz (the Reynolds num- o
ber is very small: Re2x10 4 at mos}, linking the param- _ This gives for the shear modul@=(45+4) Pa and the
eter y to the fluid viscosityz, viscosity n=(6.6+0.7) Pas affT=30°C. At this tempera-

ture, measurements in a Couette rheomé&serc. 111 B) give
G=(48+=5) Pa andyp=(7.2t1.4) Pas. The correct agree-
y=6m7R, (8)  ment between the different measurements validates our tech-

whereR is the bead radius. On the other hand, the displace- 3gquation(9) is an equivalent of the Stokes equati@y. (8)] for
ment of a macroscopic bead embedded in an elastic mediugh elastic medium. Let us notice that an equivalent generalization of
is given in Ref[24] by averaging the deformation generatedthe Stokes-Einstein equation is generally assumed in the case of
by the elastic forcé=, over the entire surface of the bead: microscopic particles submitted to Brownian motion inside a vis-
z=—(1/67G)(F./R). The relation between the shear coelastic mediuni7].

021502-5



WILHELM, ELIAS, BROWAEYS, PONTON, AND BACRI PHYSICAL REVIEW E66, 021502 (2002

’ r + L =0 10
(a) elastic ‘, ) cC ¢ (10
torque ' viscous
torque wherel is the applied torqued is the angle through which

the needle has turned; is the wire elastic constarfteturn
elastic torque—C#), and ¢ is the dashpot viscous constant

/ needle (drag torque— ¢ i9). To test this hypothesis, we performed an
experiment in which a ferromagnetic needle embedded in the
Maxwellian micellar solution is submitted to a static mag-
netic field making an initial anglgg=45° with the initial
needle orientation, as described in Sec. Il B. A step magnetic
field is appliedH =0 fort<0 andH=H, for t=0, resulting
in the rotation of the needle towards the magnetic field di-
rection. As the applied magnetic torque depends on the
needle directiord [Eg. (2)], calculations are required to de-
rive from Eq.(10) the angle through which the needle has
turned as a function of time. We define a new variable
=B— 6, and write

(b)

0 (deg)

dt=— Ecotarﬁ’ + £
C I'y sing’

before integrating between'0andt. One finally finds

© +3 ¢ tar( @) 3

t—F—OIn W +6n
tal 5

where 6,=6(0") is defined by

sin(B8— 6o)

snp—g)| 12

—
L

I'/C (rad)
o
[6,]
\
\
\
o
\
\\
—e—i

\
G-spen 9 1

//§/,/”‘I” ' o= (To/C)sin(B— ;). (11b

o0& : 7 r ; 0 Figure 8b) shows a fit of the experimental datt) using
0 ! 2 3 4 S Eq. (9) with two fitting parametersE,/C andT'y/£. Again,
r, @) the rheological behavior of the fluid is linear for the range of
external torque used, as shown in Figc)5 The measured
FIG. 5. (a) Maxwell mechanical equivalent circuit used to de- viscoelastic parameters aT=29°C (Sec. llIB) are:
scribe the needle rotation in the studied viscoelastic material, undqr = (9.2+1.7)x10°° Pan? and &é=(1.8+0.1)x10°°
the effect of an applied torque (b) Needle rotation in the Maxwell  pan$s. The errors here are due to the fit to the data using
fluid under the effect of a step magnetic fiet, applied at=0  gq (9), which is larger than any error due to the reproduc-
an_d making an ang_le of 45° with respect to the in_itial needle Orien'lbility.
tation. T=29°C. Different values of the magnetic torqlig are As in the case of the translating bead, the two parameters
plotted. Solid line, best fit of the data using Ef). (c) Variation of C and ¢ must be linked to the fluid shear modulus and vis-
I'y/C (black dotg and I'y/¢ (white dotg obtained from the fit oo . . .
shown in(b) as a function of the applied initial torqug,; C and& cosity In ordpr to be cpmpared with the result; obtained in
! Sec. lll B using a classical rheometer. The relation betwgen

do not depend on th lied torque=(9.2+1.7)x 10 ° Pant Lo : ;
aﬁdngo:(fggoig)xioaﬁp;z n?osrq ( ) a and 7 is given in Ref.[25] for a cylinder of lengthL and
' ' ' diameterb,

nique for determining the viscoelastic linear parameters on a L3
local macroscopic scale using a translating bead probe. &= 3n(L/20) (12

2. Rotating needle This gives a local viscosity ofj=(11+1) Pas, in good

The ferromagnetic needle inside the fluid is submitted to aagreement with the valug=(10+2) Pas obtained with the
magnetic torqud” at a measured temperatufe=29°C. In  Couette rheometer af=29°C. This analysis validatea
this geometry, we can model the system as a Maxwell meposteriorithe proposed model described by E#0). More-
chanical equivalent circuit consisting of a dashpot coupled t@ver, the measured rat& C=(0.20=0.05) s is close to the
a torsion wire, as represented in Figap The equation of relaxation timerg= 7/G=(0.19+0.04) s obtained with the
motion of the needle can then be written as Couette rheometer ai=29°C, reflecting that the elastic
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parametelC is proportional to the shear modul@with the  the suspension exhibits shear-thinning behavior: the viscosity
same geometrical factor as the one linking the viscous padecreases when the applied strain incref38g1Q. The va-
rameter¢ to the viscosityy [Eq. (12)]. This is theoretically riety of its mechanical behaviors makes this system a good
predicted 24] for a sphere rotating in a viscoelastic medium model system for studying the rheology of complex materi-
and seems to apply to the elongated shape considered hefés-

so that the relation between the elastic cons@rind the ~ The suspensions are prepared by dispersing Laponite par-
shear modulu€ of the fluid can be written as ticles at 2.7 wt % in distilled water under vigorous stirring at

pH=10 in order to avoid particle dissolutigdl1]. At this
particle concentration, the solutions are in the pasty phase if

3
:i_ (13 no external shear is applied. The ionic strength is set at
3In(L/2b) 10 * M by adding NaOH to the water before dispersing the
particles. Once prepared, the Laponite suspension is stored
IV. APPLICATION TO THE LOCAL RHEOLOGY OF A for 10 to 12 dayS in sealed vials Unde& Htmosphere in
LAPONITE SUSPENSION order to prevent dissolution of GOfrom the air, which

would lower thepH and affect the chemical stability of the

Having validated the experimental methodology, both setsuspensiofi32]. At t=0, the solution is filtered through a 0.8
ups are used to explore the local rheology of Laponite, 3,;m microsept filtron, to break up eventual aggregates or

complex colloidal fluid, which exhibits thixotropy, shear- structureg31]. Immediately after filtration, the suspension is

thinning behavior, and glassy dynamics. placed h a 1 cmdiameter chamber, a magnetic bead or
needle is inserted, and the chamber is covered with a glass
A. Sample description and preparation plate. This method allows to define a reproducible initial

L ) , . liquid state. After several minutes, the fluid becomes vis-
Laponite is a synthetic clay (gssliodHsO02N&7)  coelastic and the experiment can begin.

which consists of colloidal disklike particles of mean diam- Lett. be the time ela :

. w psed between the sample preparation
eFer 28 nm and th|cknes$l nm[26,27. The fa_ces of the in the chamber t(=0) and the application of the external
disks are charged negatwe_ly when the part_lcles are SUsnechanical perturbation. At =t—t,,=0, the probe inside
pended in an aqueous solution. The phase diagram of SUGf, q,,iq is submitted to a step force or torque and its motion

Laponite suspension exhibits a liquid phase at low particles ona1 764, To perform a measurement, a mechanical pertur-

concentration, a wscqelastlc isotropic phase and a \./'Scpe.laﬁ'ation is typically applied for several seconds, which is small
tic birefringent nematic phase when the concentration is in

. o ."compared to the fluid a limit of large Deborah number
creased[28]. The structure of the isotropic viscoelastic P uid age, [limi g u

phase, also calledastyphase, has been the subject of manyDe: (characteristic timp(time of experimenty t,,/t'>1].

tudi q . t Al Wh ati d dIn this limit, a mechanical equivalent circuit can be used to
studies and remains controversial. eréas stalic and Oyf.qqripe the relaxation motion of the probe: the fluid viscous

nalrmtc l'gtht s;gttéanng expetr|rr|1egtls |r|]1|t|all]}/ re\éealeq ?fracltaland elastic parameters deduced from this analysis do not de-
gels F“Ct!”‘{ thq tr?nr;le'c?.l[ f] ?th our; nto in erfn?h pend on the duration of the measurement, although they de-
organization within the tiuid. in tact, the structure ot the ., ont,,. In the following, the displacement of the trans-

pasty phase strongly depends on the suspension preparaﬂ%@ing bead in the suspension is analyzed using a linear

222 Z}ggagge?:ggﬁggéﬁg' d-ir:cerilr”r?ilr?a?;tggtxgécnstgv%ng;[: mechanical model presented in Sec. IV B. This model is used
ferent regimes: a regime dominated by long-range electrot-0 investigate the influence of the system age on the vis-
) o . ) coelastic parameters of the flui8ec. IV Q, and the depen-
static repulsion at low ionic strength<(10"" M) wh_ere the . dence of the fluid viscosity on the strength of the applied

fluid adopts an amorphous structure, and a regime at hig

ionic st th wh the electrostat lsion i rce (Sec. IVD). A needle in rotation in the Laponite sus-
lonic strength where the electrostalic repuision IS SCreenegy i, is then use@@ec. IV B to analyze the effect of the
and the particle anisotropy plays a role, giving an internal

) . . agnetic torque applied to the needle on the elastic response
structure to the fluid 34]. Here, we are interested in the of the fluid. In all the experiments presented here, the stress

a:nlorph_oug patsty pttwr?s%?_f thi Laporlute lsuspelnsmn_, Otbtam%gplied to the magnetic probes is of the order of 10 to 100 Pa
at low ionic strength. This phase slowly evolves in Ime'(see Discussion Such a mechanical perturbation modifies

following adgilr?ssyl dy?amltg:st?,l(lj,BS: (I;S v;.;cotslty ":[]- h't e rheological properties of the Laponite suspension. How-
creases, and the relaxation imes depend on the ime at wh ver, during its displacement, the magnetic bead or needle

:Eg ﬁzfg?tr;ixk;?fob;egngrreepsa;tefﬁeAaStigongrsg?g'ggrgéﬂe“r?cuee robes a region of the fluid which has not been previously
this oh Py I led rei ging 86 Th I'. i 'sheared, although the fluid rheology has been modified be-
is phenomenon is also called rejuvenafif. The liqui hind the probe. We thus use the local magnetic probes both
&8 perturb the fluid and to measure the modification of the
Rcoelastic parameters under the effect of the applied per-
turbation.

described as a glass transition where the applied stress pl
the role of temperaturg37]: when the applied stress is de-
creased below a critical valughe yield stress the system is

quenched. Dereet al. [38] sketched a generic phase dia-
gram for this transition in the stress—particle concentration
space. The actual temperature does not seem to affect the At t'=t—t,=0, the bead inside the fluid is submitted to
Laponite suspension properties. In addition, the rheology o& step forceF=F. Its translation motion can be decom-

B. Mechanical linear model for the translating bead

021502-7
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long times. An effective Maxwellian characteristic relaxation
time can thus be defined as= yq/k=yo/(ko+ky).

(a)

(mm)

C. Investigation of aging using the translating bead

© z
N

The viscoelastic properties of the Laponite suspension are
first investigated by varying,,. Different cylindrical con-
tainers are filled with a Laponite suspension from the same
preparation at=0. The fluid evolves at rest in the container
and a force is applied to the beadtatt,,, during a time
t'=t—t,<t, . Each experiment has been replicated a num-
ber of times in order to ensure reproducibility. Figur@)7
shows the bead motiaz(t’) for different aging times,,. As
t,, increases, the bead displacement slows down. This means
e that the viscoelastic moduli of the fluid increase: this behav-

N 1 ior is characteristic of aging. In aging systems, the measured
(b) Yo response of the system varies as a function of the system age
—p in the following way:z(t’,t,,)=2z[t'/a(t,)], wherea(t,)) is
F Z an increasing function df, [42]. In the Laponite suspension
K investigated here, we observe an exponential growth of
0 a(ty): a(ty)~expt,/a), with «=(360£30) s=(6.0

FIG. 6. (a) Bead displacement in a Laponite suspension undert0'5) min [Fig. 7(b)]. Within the ?rror barsa does not
the effect of a step forc&,=59.9N applied to the bead at  depend on the strength of the applied force. .
=t,,=20 min. Solid line, best fit of the data using E6), with four As the system does not have time to age during a single
fitting parametersko, Ky, 7o, andy;. Att’=t—t,=5s, the force ~Measurement, the fluid viscoelastic moduli can be deter-
is set to zero and the magnetic bead moves backwards due to tifgined using Eq(15). The aging dynamics are then described
fluid elasticity. (b) Kelvin-Voigt mechanical equivalent circuit used by the evolution of the viscoelastic moduli witly. The four
to describe the displacement of a bead in translation in the Laponittddependent viscous and elastic parameters increasetyith
suspension. [Fig. 7(c)]. The effective Maxwellian characteristic relax-

ation time 7(t,) grows exponentially witht,: 7(t,)
posed into three regimes: an instantaneous elastic response~aéxpt, /B8) with 8= (710=50) s=(12+1) min of the same
t’=0, a transient regime, and a viscous regime where therder of magnitude a&.
bead velocity is constarifig. 6(@)]. In order to deduce the
fluid viscoelastic parameters, such a behavior can be de- D. Investigation of shear-thinning behavior using the
scribed by a linear Kelvin-Voigt equivalent mechanical cir- translating bead
cuit involving four independent elastic and viscous param-
eterskg, ki, y9, andy,, as sketched in Fig.(B). In this
model, the bead equation of motion is

Fo/k,
Fo/(kotky)

0.0

The rheological properties of the Laponite suspension

have also been studied as a function of the strength of the

force applied to the magnetic bead. The experimental proce-

dure is presented in Fig.(®: att=t,=t;, a step force of

F, strengthF, is applied to the bead and the relaxation motion
of the bead is recorded. Subsequently, the force is released
and the bead moves slightly backwards because of the fluid
elasticity. Att=t,, a second step force of amplitude is
applied to the bead. The force is then released before a third

(14) step force of amplitud€& ; is applied at=t3, etc. The fluid

L 11
‘ Toz_k0+kl

F+ —+—)I5+
Yo KoTo Yo7o

where

¥1(KotKy)
Kok;

To=

viscoelastic moduli are measured as a function of the force
. _ , amplitude using a linear analysis of the bead displacement
The solution of Eq(13) for a step forceF, applied att under each perturbation. The total measuring time for this
=01is sequence is chosen to be small in comparison to the aging
time t,,. This procedure allows a reliable comparison be-
@: i:l— ks exp( _ E) n L (15) tween the results obtained for different force amplitudes be-
Fo ko kot ky T Yo cause the measurements are performed in the same chamber,
which avoids problems of reproducibility due to the use of
The four parameter&,, ki, vy, and y, are obtained by different containers. However, because of the small back-
fitting the experimental data(t) using Eq.(15). It is conve-  wards motion of the bead when the force is released, the
nient to reduce the four independent parameters to twiénitial region in which the bead moves when a force is ap-
physical parameters: the suk+ky+Kk;, representing the plied at the next step has already been sheared, and the fluid
effective elastic parameter of the system at short times, ani@ softer in this region because of the shear-thinning effect.
the viscous parameter,, controlling the viscous regime at Therefore only the viscous regime of the bead displacement
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FIG. 8. (a) Sketch of the experimental procedure used to inves-
0

0 tigate the shear-thinning behavior of Laponite suspensiont At
=t,,, the force is applied to the bead by steps of increasing ampli-
tude. After each step the force is set to zero for the bead position to
relax. The time between two steps is small compared to the aging
time t,, of the suspension. The bead displacement is sketched in
dotted lines.(b) Bead displacement in a Laponite suspension as a

FIG. 7. (a) Bead displacement in a Laponite suspension for dif-function of time for aging time,, =20 min. Five different constant
ferent aging times. After preparation, the suspension ages at rest féorcesF are applied to the beagk) Viscosity of the Laponite sus-

a timet,,. At t'=t—t,=0, a constant forc&,=37.0uN is ap- pensiony= v, /(67R) in the viscous regime of the bead displace-

plied to the bead. Whet, increases, both the initial jump and the ment as a function of the applied force stren@thfor different

long-time slope ofz(t’) decrease. This means that the viscous andaging times. The solid line represents a power-law variatipn
the elastic moduli of Laponite suspension increase with increase ir F ¢ with §=2.

ty, - (b) Master curve obtained for the same aging timgas in(a),

after translating horizontally all the curveglog,((t')] from a

guantity logd a(t,)], as suggested in Reff42]. The inset shows

can be analyzed, since it is only in this regime that the bead
the variation ofa vs t,,. The best fit ofa(t,) is exponential: e>.<plores a region which has r]ot prewogsly been sheared.
a(t,) ~expt, /@) with «=(360=30) s=(6.0+0.5) min. (c) Evo- Figure &b) shows the bead motiar(t’) for different applied
lution of the four linear viscoelastic parameters of the model preforces. Figure &) represents the variation of the fluid vis-
sented in Fig. 6 as a function of,. All these parameters are in- COSity 7= v,/(67R) [Eq. (8)] as a function of the applied
creasing functions ot,,. Inset, time evolution of the effective forceF, for different aging timesz is a decreasing function
Maxwelian relaxation timery=y,/(ky+k;). Solid line, exponen-  of F, which is characteristic of the shear-thinning behavior of
tial fit of 7o(ty): 7o(tw)=~expt,/B) with g=(710+50) s=(12  Laponite suspensions. Within error bars, the variatioryof
+1) min of the same order of magnitude as versusF is compatible with a power-law behavior. We find
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FIG. 9. Angle of the needle submitted to an oblique magnetic ! i
field (8=45°), as a function of time fofa) different initial torques 10k [ i
att,,=20 min (b) different aging times af';=2.56 nJ. a I ] i
=
. . ~ 0.8} -
n~F ~? with an exponent=(2.0+0.2) independent of the | |
aging time. 0.4L i
E. Investigation of thixotropy using the rotating needle 0.0 . 1 A 1 A 1 .
. . . . 0 2000 4000 6000 8000
We now investigate the mechanical behavior of the Lapo- iy (5)

nite suspension with a different geometry of the mechanical
pe_rturbation, by using a ferromagnetic nee_dle_ rotating in the FIG. 10. (a) Variation of the Laponite linear elastic constaht
fluid. The ferromagnetic needle is placed inside the fluid agained from Eq(10a as a function of the amplitude of the torque
t=0. Att=t,,, it is submitted to an external magnetic field. I'. applied to the needle @t =0", just after the instantaneous
The initial angle between the field and the needle axis is 45%lastic angle step. Full circles,, =60 min; empty circles,t,,
Again, the rotation of the needle towards the magnetic field=100 min. The variation o€ vs I'y is erratic. Therefore, a linear
may be decomposed into three stages: first, an elastic reginygodel is not applicable to describe the rotation of the needle in the
in which the needle turns instantaneously in the fluid; then aaponite suspensiorib) Value of the torqud™, just after the angle
transient regime and finally a slow relaxation towards equistep, as a function of the initial torque;. The horizontal line
librium (see Fig. 9. represents the mean val(@67 nJ here The aging time is 20 min.
There is no analytical solution for the needle turning(c) Evolution of the dynamical threshold value of the tordue
angle as a function of time in this case because the appliedith the aging timet,,. The error bars represent the estimated stan-
stress changes during the needle rotation. In addition, all théard error of the measurements for different initial torques. The
viscoelastic parameters of the fluid vary because of sheaplain curve represents an exponential relaxation function with a
thinning effect. Therefore, only the initial regime of the time constant of 1500 s and a saturation value of 1.23 nJ.
needle relaxation a' =0 can be analyzed. At =07, just
after the needle has turned instantaneously from an ahgle However, one notices that, has no marked dependence
the magnetic torqud’ . =T"sin(45- 6,) applied to the on the initially applied torqué¢see Fig. 1(b)]. Over a wide
needle equilibrates with the elastic torque exerted by theange forl;, the torqud’ , is constant within error. It seems
fluid to the needle. Figure 18 shows the variation of the that Laponite behaves as a dynamical yield stress fluid: when
fluid elastic constan€ determined by the measurementdgf  the stress is too large, the fluid ruptures under the stress and
using Eqg.(11b versusI', . One notices thaC is not a the needle turns instantaneously on the time scale of the ob-
monotonic function ofl" , . Therefore the linear analysis is, servation, until the stress decreases to a threshold value. This
in the case of the rotating needle, unlikely to produce ahreshold value is a nonlinear characteristic of the fluid. Per-
proper estimation of the elastic constant of Laponite. sello et al. [43] have noticed a similar behavior in concen-
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trated colloidal aqueous silica dispersidrisis believed that logical study, probing all the pertinent lengths and time

when the stress is very intense the structure of the fluid iscales of the analyzed material.

altered; the fluid then behaves as a brittle material, and in-

tense shear localizes in fractures. B. Application to the rheology of a Laponite suspension
Plotting the dynamical yield stress as a function of the

aging time[Fig. 100)], one notices a possible exponential Having validated the experimental methodology, the local

probes have been used to investigate aging, shear thinning,

relaxation behavior with a time constant of 25 nfirb00 3. . . . .
: . . X . __and thixotropy of the isotropic pasty phase of a Laponite
There is roughly a factor 2 difference with the aging time . . S
colloidal suspension, whose rheology is still poorly under-

g?ﬁ;%?qﬁtﬁg;he viscoelastic moduli, which is the same OrOIegtood. We have found that the characteristic rheological re-

laxation timer of the fluid grows exponentially with the age

of the systemt,,. This result confirms recent independent
measurements performed on Laponite suspension using dy-
A. Validation of the local probes, and applications namic light scatteringDLS) [35]. Both experiments have

In this paper, the rheology of viscoelastic complex fluidsP€en performed in the early stage of aging, when the typical

has been probed at a local but nevertheless macroscopiglaxation time of the system is small compared to the sys-
scale, using two different geometries for the perturbationem age.r<t,, (7/t,~10"? in the experiments presented in
First, the translation of a magnetic bead inserted in the bullkhis pape). In a later stage of aging, wheris of the order of
of the material and submitted to a homogeneous controlleélv, & power-law scaling of versust,, is generally observed,
magnetic force has been used to determine the viscoelastié Laponite suspensiorid1] and in many other physical sys-
moduli of a Maxwellian micellar solution of surfactant. The tems[9,36,38,42 The good agreement between our results
values obtained are identical to within a few percent to thos@nd the results obtained using DIS5] is instructive, as
found using a traditional Couette rheometer, which validategelaxation times determined using DLS or rheological mea-
the method. An interesting application of this local probe,surements are of a different nature. DLS allows to determine
based on the fact that the viscoelastic moduli are measured f Microscopic relaxation time, which is the time for the po-
the direction of the applied force, would be the investigationsitions of the colloidal Laponite particles to decorrelate. Rhe-
of the rheology of anisotropic fluids, such as the surfactanPlogy measures a macroscopic characteristic time, defined as
solution presented in Sec. Il in the shear-banded regiméhe ratio between the fluid viscous and elastic modulus. In
(high applied stregs aging systems, which are out of equilibrium, no link exists
The second technique is based on the rotation of a madnriori between the microscopic fluctuations and the fluid vis-
netic needle inside the fluid, under the influence of a con€osity, although such a relation is experimentally observed.
trolled magnetic torque. Having extended the MaxwellMore experiments, coupling DLS and rheological measure-
model to the description of this geometry of perturbation, thenents, are needed to explore this link.
viscoelastic moduli of the Maxwellian fluid have been mea- Varying the applied stress, we have found that the varia-
sured via the analysis of relaxation of the needle orientatioion of the viscosity, of the pasty phase of Laponitersus
towards the direction of the applied magnetic field. Again,the applied forceF is compatible with a power lawz
this method has been validated by the comparison with theF ~° with an exponent=(2.0+0.2) independent of the
results obtained using standard rheometric measurements.S¥stem age. This result can be compared to the measurement
further application of the rotating magnetic needle is base®f Bonnet al. [40] performed on Laponite suspension using
on the fact that in this geometry, the elastic and viscou$ Couette rheometer. Varying the shear fatef the shearing
torques applied to the needle both scale as the needle vdpate, the authors have found that the fluid viscosjtycales
ume, as well as the magnetic torque. Therefore, at mechan®s @ power law with the shear ratg=~¢~" with »=(0.66
cal equilibrium, the equation of motion of the needle does* 0.02). Assuming that the force is proportionahja in the
not depend on the needle volume, contrary to the case of théscous regime, this measurement gives v/(1—v)=(1.9
translating bead. It should thus be possible to continuously: 0.1), which is in good agreement with our measurements.
vary the size of the magnetic probe from a millimetric to a This similarity is, however, surprising as the experimental
nanoscopic scale. In the case of complex fluids, which ar@rocedure in both methods is different. Boetnal. have per-
structured at many different length scales, the rheologicaformed measurements in the stationary regime, reached after
response of the fluid is expected to change when the probghearing the fluid for several hours in a Couette rheometer. In
reaches a size comparable to a characteristic length scale @fir experiments, the viscosity is measured a few seconds
the fluid. This tool can thus be used to explore the link be-after the force is applied to the magnetic bead, and the bead
tween rheology and structure in complex fluids. Applying anexplores a region that has not been previously sheared. The
oscillating stress will also allow to perform a complete rheo-similarity between both measurements suggests that the ag-
ing and shear-thinning behavior of Laponite could be inde-
pendent, the viscosity of the suspension being a product of a
“In the case of the concentrated silica colloid, the volume fractiorfunction oft,, times a function of the applied force or shear
was over 0.25. It is known that Laponite dispersion exhibit the saméate.
generic behavior as silica dispersion, only at much lower volume Finally, using the magnetic needle rotating inside the
fractions[7]. Laponite suspension, we have investigated a nonlinear re-

V. DISCUSSION
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gime, in which the stress applied to the needle instantaa controlled external magnetic stress. The viscoelastic
neously relaxes to a fixed value, independent of the initiaimoduli of the fluid are deduced from the analysis of the
applied magnetic torque. This behavior is compatible withmotion of the probe in the fluid. This experimental method-
the fracturation of the pasty phase, which is responsible oblogy has first been validated using a well-known fluid hav-
the thixotropy of colloidal suspensions. The applied threshing a linear Maxwellian rheological behavior. Then, the rhe-
old torque above which the fracture regime appears increasedogy of a Laponite colloidal suspension has been
with the age of the suspension, with a characteristic timenvestigated. We have obtained the following results.
which is of the same order of magnitude as the increasing (1) Aging The characteristic rheological time of the sus-
time of the suspension rheological time. pension increases exponentially with the age of the suspen-
To unify the different regimes investigated with the trans-sion. The experiments have been performed in the early stage
lating bead and with the rotating needle, a proper estimatioonf aging, where the characteristic rheological time is small
of the stress applied to the fluid is needed. In the case of theompared to the system age.
translating bead, the applied stress as a function of the ap- (2) Shear thinning The viscosity of the suspension de-
plied force amplitude can be written as=F,/(47R?), creases when the applied stress increases. This decrease is
whereR is the radius of the bead. For the range of the used¢ompatible with a power lawy~ o~ ° with §=(2.0+0.2)
force amplitudes, between 18 and gN, the stressr ap-  independent of the system age.
plied to the bead ranges between 5 and 10 Pa. The stress (3) Thixotropy Above a threshold applied stress, the ro-
applied at the tip of the rotating needle can be estimated asmting needle shows a regime which is compatible with a
o=T/(127L3), whereL is the length of the needle. A3, fracture regime in the fluid, and could be the beginning of
varies between 0.6 and 3.9 nJ during experiments, this cothe transition from the viscoelastic phase towards a liquid
responds to a stress applied to the tip of the needle be- phase. This yield stress is an increasing function of the sus-
tween 16 and 95 Pa. However, the viscoelastic internal streggension age.
is not homogeneous at the surface of the probe, and these The experimental methods presented in this paper are
considerations only give an order of magnitude estimate opromising for future investigation of complex fluids. The
the applied stress during the experiment. We can still contranslating bead can be used to determine the viscoelastic
clude that the maximum stress applied at the tip of the rotatmoduli of anisotropic fluids. The rotating needle will be used
ing needle is in average higher than the stress applied to the probe, by the means of rheology, all the pertinent length
translating bead. This is compatible with the fact that theand time scales of a complex fluid, by varying the frequency
bead explores the pasty phase of the Laponite suspensiaf the applied stress, and the size of the probe from a milli-
investigated, whereas the needle explores the transition fromnetric to a nanoscopic scale.
the pasty phase to the liquid phase, which occurs when the
stress increases.
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