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Abstract The yielding behavior of dilute magnetorheolog-
ical (MR) fluids has been investigated using creep—recovery
tests. At very low stress levels, MR fluids behave in the lin-
ear viscoelastic regime as demonstrated by the fact that the
instantaneous strain equals the instantaneous (elastic) recov-
ery. In this region, gap-spanning field-induced structures
support the stress levels applied. Upon increasing the stress
value, the MR fluid evolves towards a nonlinear viscoelas-
tic response. Here, the retarded elastic and viscous strain
decrease, and the plastic contribution to the instantaneous
strain grows probably due to the appearance of unattached
field-induced structures. A larger stress value results in a
viscoplastic solid behavior with negligible retarded and vis-
cous strain and a fully plastic instantaneous strain. Finally, a
plastic fluid behavior is found when the stress value is larger
than the so-called yield stress. MR fluids exhibit an interme-
diate behavior between non-thixotropic (simple) and highly
thixotropic model yield stress fluids.
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Introduction

Magnetized magnetorheological (MR) fluids are known to
exhibit nonequilibrium transitions from a fluid- to solid-like
state, characterized by the sudden arrest of their dynamics.
This phenomenology is ubiquitous to a wide variety of sys-
tems as already reported by Trappe et al. (2001). In this
context, what makes MR fluids of especial interest is the
fact that the jamming state of the constituent particles can
be externally tuned by the application of magnetic fields.
In other words, MR fluids can be considered smart attrac-
tive colloids as their interparticle (magnetic) attraction can
be tuned externally.

In general, a colloidal system can be jammed by increas-
ing the volume fraction of the constituents, increasing
the interparticle attractions, or decreasing the stress. In
this work, we will focus our attention in MR fluids that
are jammed by increasing the magnetostatic interactions
between the constituent particles for a constant volume frac-
tion. Also, generally speaking, jammed solids have been
reported to be refluidized by thermalization or by an applied
stress, and consequently, a unified description has been pro-
posed in terms of a jamming phase diagram for attractive
colloidal particles that aimed to give a unifying link between
the glass transition, gelation, and aggregation (Trappe et al.
2001). In this work, we are interested in unjamming the MR
fluids under the application of shear stresses. Accordingly,
we will be able to induce a solid- to fluidlike transition in
MR fluids that are initially jammed at a given magnetic field
strength and particle volume fraction, by simply applying a
shear stress.

In rheological terms, jammed solids are typically iden-
tified by the appearance of a low-frequency plateau in the
elastic modulus, a viscosity divergence, and eventually the
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onset of a yield stress (the minimum stress value for the
material to flow) under the conditions of experimentation.
In spite of this apparently simple definition, the determi-
nation and also the existence of a true yield stress is still
controversial (Moller et al. 2006).

Probably the most suitable technique to measure a yield
stress is the so-called vane method (Barnes and Nguyen
2001). Unfortunately, the necessity of application of a
magnetic field precludes the use of this technique. How-
ever, in spite of its difficulty, there are many different
approaches to interrogate the yield stress in a MR fluid
that are also employed in other pasty materials (see for
instance Christopoulou et al. 2009; Laurati et al. 2011). In
most cases, the yielding behavior has been ascertained by
the application of shear stress or strain rate ramps. How-
ever, more reliable techniques have been employed in the
literature, for example, using stress/strain amplitude sweeps
(de Vicente et al. 2002, 2011). Among them, we would like
to emphasize the use of creep tests. In a creep test, a con-
stant shear stress is applied for a time interval, while the
strain is recorded. These are very delicate methods, espe-
cially when accompanied by a recovery stage and, at large
stresses, where tool inertia might prohibit instantaneous
halt. Consequently, the literature on this is very scarce.
Pioneering works that described the use of creep tests to
investigate the yielding behavior of MR fluids are briefly
summarized now. In 1994, Otsubo and Edamura (1994)
reported creep data on electrorheological (ER) fluids. They
showed that contrary to the expectation at that time, electri-
fied ER fluids did not behave as pure elastic solids at low
stresses but, instead, exhibited a retarded elastic and vis-
cous flow. Interestingly, the recovery behavior was found to
be purely plastic, for intermediate and large stresses, in dis-
agreement with classical single-chain model predictions. In
the ER fluids investigated, the yield stress value determined
by creep tests was found to be smaller than the plateau
stress in the flow curves. Li and coworkers (2002) investi-
gated the effect of magnetic field strength and temperature
on the creep behavior of MR fluids (below the yield value).
Their results indicated that MR fluids behaved as linear
viscoelastic bodies at very small stresses, with increas-
ing constant stresses, nonlinear viscoelastic, viscoplastic,
or purely plastic properties dominated. See et al. (2004)
also reported creep tests on commercial MR fluids in the
preyield regime. They demonstrated that shear compliance
data collapsed at low stresses, well within the linear vis-
coelastic region. The elastic compliance was best fitted by
a power law relationship o« H™*# in discrepancy with the
simple dipole—dipole interaction model that predicts a scal-
ing with H™2. This finding was argued to reflect the fact
that as the magnetic flux density is increased, the nature of
structures themselves undergoes a change. In 2006, Chot-
pattananont et al. (2006) investigated the creep response of
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poly(3-thiopheneacetic acid) ER fluids. They demonstrated
that similarly to MR fluids, the suspensions exhibited an
evolution with an increase of applied stress from a linear vis-
coelastic response at low stresses to a nonlinear viscoelastic
response, followed by a viscoplastic solid, and finally a
transition from plastic solid to plastic liquid at the yield
stress.

Creep-recovery tests have also been employed in the
examination of the yielding behavior of other pasty
materials. For example, creep—recovery measurements by
Petekidis et al. (2003, 2004) demonstrated that hard-sphere
(repulsive) colloidal glasses tolerate large strains, up to at
least 15 %, before yielding irreversibly. A non-negligible
recovery is found even in samples which have flowed sig-
nificantly during stressing. Such a recovery is attributed to
cage elasticity. The creep-recovery behavior of attractive
colloidal glasses was investigated by Pham et al. (2008). In
contrast to what occurred for hard-sphere colloidal glasses,
the recovered strain exhibits a peak with stress, and a finite
recovered strain is measured even well above the yield
stress. More recently, a similar peak was also found when
plotting the maximum recovered strain versus stress values
in the case of colloidal gels by Laurati et al. (2011).

In this work, we are interested in a better understanding
of the yielding behavior of MR fluids under the pres-
ence of uniaxial DC external magnetic fields. To do so,
we carry out an extensive rheological study that involves
steady and unsteady (shear) flows. Also, for a comparative
purpose, model yield stress fluids are formulated ad hoc
having similar yield stress values but exhibiting a very dif-
ferent thixotropic behavior. On the one hand, polyacrylic
acid polymers are employed as model microgel dispersions
that are essentially non-thixotropic. On the other hand, we
use bentonite clay suspensions that are well-known to form
very thixotropic yield stress fluids. Finally, time-dependent
changes in viscosity are explained in terms of the thixotropic
structural model developed by Quemada (2008).

Theory

Time-dependent rheological phenomena appearing in gels,
pastes, and colloidal glasses can be rationalized in terms
of structural viscosity models (Quemada 1998, 2008;
Derec et al. 2001; Coussot et al. 2002; Derec et al. 2003;
Craciun et al. 2003; Moller et al. 2009b). This kind of mod-
eling grounds is on three basic concepts: (a) a structural
variable S characterizing the structure, (b) a rate equation
of S that accounts for the forces perturbing the microstruc-
ture (viscous forces from the gradient velocity field) and
those restoring the equilibrium state (Brownian motion and
interparticle forces), and (c) a given form of the viscosity—
structure relation, 7(S).
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In the model proposed by Quemada (1998), the structural
state of dispersion is regarded as a mixture of individ-
ual particles and clusters of them (structural units) sus-
pended in a fluid. The structural variable S is defined
as the number fraction of particles contained in the
structural units. The time dependence of S results from
the balance between buildup and breakdown of struc-
tural units, which is governed by the following relaxation
kinetics:

dsfdr = (5 +15") (1 =) = 1) 8 (1)

where gy, fin, and fyy are the characteristic relaxation
times associated to Brownian, pair interaction, and hydro-
dynamic forces, respectively. According to the definition
given above, S enters the effective volume fraction of the
disperse phase, ¢erf = ¢ (1 + CS), where ¢ is the true
particle volume fraction, and C is a compactness factor. It
is observed that ¢eff > ¢, because the effective volume
fraction includes the volume occupied by the particles plus
the volume of solvent immobilized hydrodynamically in the
structural units. Finally, the shear viscosity is obtained by
introducing ¢.fr(S) into the following equation:

-2
(-5 @

which generalizes a relationship between viscosity and
volume fraction for concentrated colloidal dispersions
(Quemada 1977; Brady 1993; Heyes and Sigurgeirsson
2004). In Eq. 2, nF is the suspending fluid viscosity, and ¢y,
is the maximum packing fraction.

More recently, this modeling was extended to discuss
time-dependent phenomena like thixotropy, aging, and reju-
venation by inserting a time-dependent solution of the
kinetic equation S(¢) in the viscosity relation 7(S) under an
unsteady shear (Quemada 2008). The details of the result-
ing “nonlinear structural” (NLS) model are not simple to be
summarized, and the reader is referred to the original paper
for further information. Here, we briefly describe the main
rheological features that are of interest in the present work.

In the theoretical context of hard-sphere suspensions, if
desr s relatively high, the motion of structural units becomes
strongly constrained due to the presence of neighbors, and
the systems undergo a glassy transition when ¢efr reaches
¢o = 0.58. If ¢efr further increases, the vibrational motion
of particles vanishes at ¢, =~ ¢rcp = 0.637, the concen-
tration of random close packing. Taking into account that
desr evolves in time, the model considers that the material
is in a fluid phase for ¢efrf < ¢4, and in a paste phase
for ¢g < et < ¢Prcp. Furthermore, there exists a criti-
cal volume fraction ¢, that divides the paste domain into
two: if the true volume fraction is ¢ < @2, @eff (f — 00)

remains lower than ¢,,, the steady state viscosity is finite,
and the system is called a soft paste. In contrast, if ¢ > ¢.2,
Pefr (t — 00) reaches ¢, the viscosity diverges, and the
material is called a hard paste. Therefore, for the system at
rest, the NLS model predicts a bifurcation of the rheological
behavior.

Accordingly, when the system is subjected to a constant
shear stress t, imposed after a destructuring step (preshear),
the viscosity evolves as shown in Fig. la. For t < ty,
the buildup of structure overcomes shear destructuring, and
the viscosity tends to infinity. For t > ty, the structuring—
destructuring processes attain a dynamical equilibrium, and
steady viscosity plateaux are expected. As a consequence, a
bifurcation is observed when t reaches a critical value 7y,
which only exists for ¢ < ¢ < ¢,. For particle concen-
trations lower than ¢.», there is no sufficient structure to
produce a bifurcation, even at zero shear stress.

As indicated in Fig. la, the region of t < ty is asso-
ciated to the phenomenon of aging, which is characterized

(a) , . .

< 10 4
~
= —
E.
=4
10" 4 3
e
i
T T T
107 10" 10° 10' 10°
ZR
(b) : :

Fig. 1 a Relative viscosity as a function of dimensionless time, g =
t/(tpr + tin), for pastes under constant shear stress, as predicted by
Quemada’s model (Quemada 2008). Arbitrary values of model param-
eters were used in calculations to qualitatively illustrate the viscosity
bifurcation phenomena. t increases from stop to bottom. b Relative
viscosity as a function of dimensionless time for pastes under constant
shear stress after aging at rest
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by the absence of equilibrium (no steady state viscosity is
attained), and the slowing down of the evolution with a char-
acteristic time that is proportional to the age of the system.
Instead, the region of t > 7y corresponds the phenomenon
classically known as thixotropy, where a steady state viscos-
ity value is reached after a characteristic time that depends
on Brownian motion and interparticle forces. Also in this
region, the model predicts the existence of a stress tx where
the system remains unaltered in its initial state (S = Siziz).
This stress value cannot be considered as an intrinsic charac-
teristic of the material, since its value depends on the initial
structure. When the stress ty < t < Tk, increasing the
viscosity from its initial value corresponds to restructuring
dS / dt > 0). In contrast, when t > 1k, decreasing the
viscosity from its initial value corresponds to destructuring
ds / dt < 0).

If the constant shear stress follows a rest period, depend-
ing on its length, the initial structure changes. In general,
the longer the rest time is, the larger is the structural
variable S. Interestingly, in the NLS model, the stress bifur-
cation is intrinsically independent of initial conditions, in
contrast to predictions of Coussot and coworkers (2002,
20006). It is also possible that, depending on the material
under study, the sample significantly ages during the rest
period. Actually, this will be the case of highly thixotropic,
bentonite clay suspensions studied in this work. If ¢ >
¢c2, the material ages with a viscosity that grows as 2,
and there are three possibilities depending on the level of
the stress applied (see Fig. 1b): (a) for very low stresses
(t < ty), structuring continues with a viscosity that
diverges as #2; (b) for intermediate stresses (7y < T < Tg),
structuring increases but reaches a finite value; and finally,
(c) for very large stresses (7 > Tx ), a maximum is initially
reached, and then the viscosity decreases to reach a steady
value.

The steady state ¢er (f — 00) response of systems with
¢ < ¢ < ¢y, subjected to T > 1y is that of fluids with a
yield stress 7y. In this case, the model predicts the following
steady shear viscosity:

2
n(r)=noo(’+fc) , 3)

T—1Y

where 71~ is the high shear viscosity, and 7¢ is a critical
shear stress. Of course, if T < 7y, n — o0 and y = O.
This nonlinear plastic behavior represents quite well several
experimental results (see, for example, Berli and Quemada
2000).

Finally, we mention the structural model proposed by
Coussot et al. (2002), which also involves a structural
variable that evolves following a linear kinetics, and is
empirically related to the shear viscosity 1. Despite this
model lacks of a detailed description of the micro- or
mesostructure, it is able to capture some features of the
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macroscopic response, notably the viscosity bifurcation,
and thus also helps to rationalize experimental results
(Moller et al. 2006, 2009a).

Materials and methods

Conventional MR fluids were formulated by dispersing car-
bonyl iron microparticles (HQ grade, BASF) in silicone
oils (20 = 3 and 487 £+ 2 mPa-s, Sigma-Aldrich) with-
out additives. The particle volume fraction was fixed at 5
vol%. Accordingly, the MR fluid is expected to operate
in the strong link concentration regime where the stor-
age modulus increases with increasing the concentration,
while the yield strain decreases with increasing the parti-
cle content (Segovia-Gutiérrez et al. 2012). This prevents
complications that appear for larger concentrations where
a two-step yielding process has been recently described
(Segovia-Gutiérrez et al. 2012). Model yield stress fluids
employed in the second part of this manuscript were pre-
pared from aqueous dispersion of polyacrylic acid polymers
(Sigma-Aldrich) and bentonite clay (Sigma-Aldrich). On
the one hand, microgel suspensions were prepared from the
neutralization of polyacrylic acid solutions at a concentra-
tion of 0.5 wt%. On the other hand, the clay volume fraction
was fixed at 10 wt%.

Rheology experiments were conducted in a stress-
controlled MCR 501 magnetorheometer (Anton Paar) to
explore the yielding behavior of MR fluids in the pres-
ence of magnetic fields ranging from 52 to 259 kA/m.
A plate—plate geometry (diameter 20 mm) was used. The
temperature of the sample was stabilized at 25 °C using
a circulating fluid bath. According to the manufacturer,
the technical specifications of the rheometer were as fol-
lows: the minimum and maximum torques were 0.1 ©uNm
and 230 mNm, respectively. On the other hand, the mini-
mum and maximum speeds (in CSS mode) were 107 and
3,000 min~!, respectively. It is worth to stress here that all
experimental data reported in this study, although noisy in
some cases, are well inside the specifications of the rheome-
ter. Finally, it is worth to remark that slip was not observed
during the experiments, and therefore, the rheometer tools
were not surface treated (Segovia-Gutiérrez et al. 2012).

First, steady shear flow tests were carried out as
described in Segovia-Gutiérrez et al. (2012). Briefly, the
experimental procedure is summarized as follows: (a) ini-
tially, the sample was preconditioned at a constant shear rate
200 s~ ! for 30 s; (b) next, the suspension was left to equi-
librate for 1 min in the presence of a magnetic field; and
(c) finally, the shear stress was logarithmically increased
from 0.1 Pa at a rate of ten points per decade. Experiments
were repeated at least three times with fresh new samples.
The yield stress in the MR fluids is typically determined

279
280
281

282

283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328



AUTHOR'S PROOF!

329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350

Rheol Acta

JrnlID 397_ArtID 704_Proof#1 - 30/04/2013

using two different approaches. The first one consists in
the determination of the so-called static yield stress as the
stress corresponding to the onset of flow in double loga-
rithmic representations of stress versus shear rate. A second
method to determine the yield stress is to fit the Bingham
plastic equation to a rheogram (shear stress versus shear
rate) in lin—lin representation. The latter procedure results
in the so-called Bingham yield stress that depends on the
range of shear rates considered. Even though there are other
more appropriate methods to measure the yield stress, these
two approaches are frequently used in the MR literature
(Volkova et al. 1999; de Vicente et al. 2002). For the purpose
of this study, we are interested in the static yield stress.
Step stress and recovery tests were also performed under
shear. The experimental protocol used is summarized in
Fig. 2 as follows: (a) a preshear was first applied to eliminate
shear history effects during 30 s (shear rate 100 s~!); (b) an
equilibration step followed at rest in a quiescent state (stress
equal to zero), again during 30 s; (c) the magnetic field was
suddenly applied during 120 s to promote the field-induced
structuration; and (d) finally, step stress and recovery tests
followed still in the presence of the magnetic field. In a

typical essay, a constant shear stress 7y was applied for a
time of 300 s, while the resulting strain was measured. The
stress was then removed, and the recovered strain was mea-
sured for another 300 s. In all cases investigated, the strain
was reset to zero at the beginning of the creep test.

Steady shear rheology of MR fluids

Figure 3a shows steady shear flow curves for 5 vol% MR
suspension in 20 mPa-s silicone oil under different mag-
netic fields. In the absence of magnetic fields, the sample
behaves as a Newtonian fluid (results not shown). However,
in the presence of magnetic fields, the stress increases over
the entire range of shear rates. In this figure, it is clearly
shown that the MR fluid exhibits a yield stress, as a result
of strong magnetic interactions among particles. The full
lines in Fig. 3a represent Eq. 3, which is the steady state
prediction of the structural viscosity model for effective vol-
ume fractions entering the paste phase, therefore leading
to a plastic-like behavior. Yield stress values in Fig. 3a are
clearly defined and hence model-independent. It is worth

N
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2 . e e
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Fig. 2 Schematic of the protocol used for the creep-recovery investigations. Not to scale
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Fig. 3 a Steady shear flow curves for 5 vol% MR suspension in
20 mPa-s silicone oil in different magnetic fields. Symbols are experi-
mental data. Full lines represent the structural viscosity model (Eq. 3;
see text for details). b Three-dimensional jamming phase diagram for
carbonyl iron-based MR fluids defined by the apparent yield stress
(black symbols) as a function of both magnetic field strength and par-
ticle concentration (/ines are used to guide the eyes). Gray symbols
correspond to liquid states

noting, however, that the n(r) trend of these suspensions
cannot be described by the linear Bingham model.

On the other hand, if the applied magnetic field is rela-
tively low (below ~10 kA/m), the effective volume fraction
(particle aggregates) is not sufficiently high, and the sys-
tem is fluidlike for the whole range of shear rates and time
scales explored in the experiments (Segovia-Gutiérrez et al.
2013). Eventually, a low-shear Newtonian plateau could be
attained within an appropriate experimental window, as it
was discussed in a recent work (Berli and de Vicente 2012).

@ Springer

In collecting data from a series of experiments analo-
gous to that reported in Fig. 3a, at different particle volume
fractions, we were able to build a three-dimensional jam-
ming phase diagram for carbonyl iron-based MR fluids,
which is shown in Fig. 3b. This figure closely resembles
that reported in Fig. 3, in Trappe et al. (2001), and suggests
the applicability of the jamming transition in describing
aggregated MR fluids for a fixed time scale. Projecting the
data plotted in Fig. 3b (yield stress) over the ¢-H-plane
defines a phase boundary that visibly differentiates fluid-
and solid-like states. The transition can be reached either
by increasing ¢ at a constant attractive interaction energy or
by increasing the strength of particle—particle interactions
at a given value of ¢. The second possibility is normally
used in the practice with MR fluids, where the attractive
interaction is controlled by means of the external mag-
netic field H. A similar phase diagram can be obtained
from a series of magnetosweep tests at fixed particle con-
centrations (Segovia-Gutiérrez et al. 2012). The resulting
phase diagrams are in qualitative good agreement with the
one obtained from steady shear flow tests described above.
However, now, the critical field is found to be less sensitive
on the particle concentration and one order of magnitude
smaller, probably due to the different time scales employed
in both steady and dynamic oscillatory shear tests. These
results are not shown here for brevity.

The phase diagram also illustrates that the higher the
attractive interaction is, the lower is the critical concentra-
tion ¢. required to reach a solid-like state in agreement
with Trappe et al. (2001). This remarkable feature can be
accounted for as a diminution of ¢, with the strength of the
interaction. In fact, high values of ¢ are required to reach the
solid-like threshold when the magnetic attraction is weak,
since flocs continuously reorganize to form relatively small,
compact clusters that are not enough to crowd the system.
At the other extreme, when the interaction is strong, particle
aggregation yields large, loosely packed clusters that easily
jam to form an elastic solid, even at low values of ¢. The
critical volume fraction ¢, defined by Trappe et al. (2001)
corresponds to ¢, in the structural model of Quemada
(2008), i.e., the minimum concentration required to attain
a divergence of the shear viscosity, for a given interaction
energy.

One may conclude that Fig. 3b resumes the role of par-
ticle concentration, interaction energy, and shear stress in
the solid-like transition of MR fluids. To our knowledge,
the phase behavior of MR fluids had not been discussed
in this scenario before. This is important from the funda-
mental point of view (one observes that MR fluids present
a universal phenomenology sheared with colloidal sus-
pensions, emulsions, and microgels) (Trappe et al. 2001;
Christopoulou et al. 2009; Laurati et al. 2011) and also has
consequences in practice (for example, it is evident that the
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critical H depends on ¢ and vice versa, which is relevant to
formulate MR fluids for a given purpose).

Yielding behavior of MR fluids from step stress tests

As a way of example, Fig. 4 shows typical creep curves
at shear stresses of 50, 150, 250, 400, 600, 1,000, 1,500,
and 1,800 Pa, measured at a magnetic field strength of
173 kA/m. From Fig. 3a, the yield stress at 173 kA/m is esti-
mated as c.a. 400 Pa under a steady flow. Hence, under the
classical Bingham plastic point of view, for stresses below
400 Pa, the MR fluid is expected to behave as a elastic
solid. However, a close observation of Fig. 4 reveals three
regions at the lowest stress values investigated: instanta-
neous, retardation, and constant rate that are in contradiction
with an elastic solid behavior. When the stress is first
applied, there is a sudden, almost instantaneous increase of
strain in less than 1 s. This is followed by a slight increase
over the next 300 s. For the largest stresses investigated,
a steady state regime is reached where the sample flows.
The fact that the strain linearly increases with time at the
longest times suggests the development of a viscous flow
that will not be recovered upon cessation of the stress. It
is of outstanding interest the observed stepwise increase
in strain for a stress of 1,000 Pa (see inset in Fig. 4) that
has been associated in the past to unstable flows and/or
aggregation fragmentation processes. Similar observations
have been reported for MR fluids by See et al. (2004)
(see Fig. 3b in their paper) and in the case of ER flu-
ids by Otsubo and Edamura (1994) (see Fig. 5 in their
paper).

Typical recovery curves are also shown in Fig. 4. Inter-
estingly, the deformation is very slightly recovered when
removing the stress, in contrast to linear viscoelastic the-
ory where the instantaneous elastic strain on the application
and removal of stress must be the same. The instanta-
neously recovered strain defined as the strain which the
sample recovers instantaneously after the removal of the
stress is very small. Also, the total recovered strain, defined
as the difference between the strain at the end of the recov-
ery period and the maximum strain attained at the end of
the creep period, is essentially the same as the instanta-
neously recovered strain. Since the strain is not completely
recovered after the removal of the stress, the MR fluid is
behaving as a purely plastic material, and the minimum
(critical) stress associated to the onset of plasticity corre-
sponds to the yield value. Since wall slip was not observed
in the experiments, the plastic response is a consequence of
bulk properties in the MR fluids. Interestingly, the instan-
taneous initial deformation without elastic recovery cannot
be explained by the single-width chain model. In contrast,
the deformation and rearrangement of particles in thick
columnar structures have been argued to be responsible for
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Fig. 4 Time dependence of the shear strain achieved during a step
stress (creep) and recovery experiment at 5 vol% MR fluid for sev-
eral stresses as indicated in the figure. The magnetic field strength is
173 kA/m

the purely plastic responses of MR fluids in the literature
(Otsubo and Edamura 1994; Li et al. 2002; See et al. 2004).

More quantitative information on the yielding phenom-
ena of MR fluids is obtained when plotting the instan-
taneous, or the total recovered strain, as a function of
the applied stress (Fig. 5) as it may give a measure of
energy storage. As commented above, both magnitudes
give extremely similar values. Results shown in Fig. 5a
reveal that the recovered (elastic) strain is essentially pro-
portional to the stress at low stress values. In fact, from this
proportionality constant, at very low stress values, the stor-
age modulus can be estimated (Petekidis et al. 2003). The
instantaneous strain decreases with increasing the magnetic
field strength. This was expected as the elastic modulus is
known to increase with the magnetic field strength. Simi-
lar results were obtained by Li et al. (2002) and See et al.
(2004).

For large stresses, the total recovered strain reaches a
maximum and then decreases. The maximum and, there-
fore, the onset of nonlinearity are achieved at the same strain
value (10 %) independently of the magnetic field employed.
This finding is in good agreement with the crossover yield
strain y ¢ (i.e., the strain corresponding to G’ = G”) reported
by Segovia-Gutiérrez et al. (2012) and resembles the recov-
ery observed for attractive colloidal glasses by Pham et al.
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(2008) and colloidal gels by Laurati et al. (2011). This
finding further implies that the energy required for particle
arrangement is directly related to the strain level. The stress
value corresponding to the transition from elastic deforma-
tion at small stresses to Newtonian flow at large stress (i.e.,
at the maximum) is an indicator of the yield stress of the
material. In fact, Fig. 5b demonstrates that there is a rea-
sonably good correlation between the stress values where
the ratio between the instantaneously recovered strain and
the instantaneous strain becomes zero and the yield stress
obtained from steady shear flow curves (arrows in Fig. 5b).
The recovery (elasticity) decreases with increasing the stress
and reaches zero at the yield stress value. This finding is in
good agreement with experiments on commercial MR fluids
reported by Li et al. (2002). Also, with increasing the field
strength at a fixed stress value, the viscoplastic response
diminishes, and more elastic behavior ensues.

The creep and recovery behavior of MR fluids can be
captured by using the generalized Kelvin—Voigt model that
is constituted by a series association of a Maxwell liquid
and a certain number of Kelvin—Voigt solids. According to
this model, the creep compliance function can be written as
(Tadros 1987) follows:

N
. t
T =2 =+ Y g (1-eM)+ — )
o i=1 0

and the recoil can be written as follows:

N

T .

R(t) = & = — + E Jir (eT/tir _ ]) e—t/t,, (5)
70 nor

i=1
Here, it is assumed that the stress is applied for t < T and
removed at t+ = T. Also, t; = n;J; represents the retar-
dation time of the Kelvin—Voigt solid. For the experiments
reported in this study, curves are well fitted, taking just one
Kelvin—Voigt solid (N = 1). This description is particularly
useful because all the data in the small strain region should
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collapse to the shear compliance function if the MR fluid is
responding in the linear viscoelastic regime. The first term
in the RHS of Eq. 4 represents the elastic + plastic property
of the MR fluid, the second term is associated to the delayed
elastic strain, and finally, the third term is associated to the
irreversible viscous flow. If the stress is applied for a long
time, the sample may deform permanently, and the viscos-
ity at the corresponding shear rate is given by the inverse
of the slope of the compliance curves in this steady flow
region. In the case of linear viscoelastic materials, Jy must
be elastically recovered upon cessation of the stress. How-
ever, in magnetized MR fluids, Jy generally comprises two
components, an elastic one and a plastic one (see below).

In Table 1, we show best-fitting parameters to Egs. 4 and
5 for a wide range of magnetic fields investigated. Data in
Table 1 reveal that the instantaneous compliance slightly
increases when the stress value for all magnetic fields inves-
tigated increases. Strictly speaking, this point suggests that
stresses applied are already out of the viscoelastic linear
region. For all magnetic fields investigated, we could ideally
identify three regions. (1) For low stresses, the compliance
function has three contributions: instantaneous, retarded,
and viscous flow. (2) Upon increasing the stress value, the
retarded elastic and viscous components decrease, and at
some critical stress, the MR fluid is instantaneously strained
without the observation of retarded elastic and viscous com-
ponents. At this stage, no becomes infinite, and J; exhibits
a very low negligible value (i.e., viscoplastic solid behav-
ior). Similar findings were obtained by Otsubo and Edamura
(1994). (3) For a larger stress value, Jo = 0 and the MR
fluid flows as a plastic fluid exhibiting a very low viscosity
no. The stress value corresponding to this transition has been
associated in the past with the viscosity bifurcation phenom-
ena observed by Coussot and coworkers (2002) in highly
thixotropic yield stress materials, and as a consequence, this
stress value may be considered the frontier between the pre-
and postyield regimes. Even though non-negligible values
are obtained from data fitting for J; and #;, the result of the
fit is not sensitive to important changes in J; and ¢;.
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Table 1 Values of best-fitting parameters at each magnetic field strength according to Egs. 4 and 5 tl.1
Stress (Pa) Creep test Recovery test
Jo (1/Pa) no(Pa-s) Ji(1/Pa) 1(s) nor(Pa-s) Ji(1/Pa) 111(s)
52 kA/m
5 0.0047 250,000 0.0012 16 64,000 0.001 14
10 0.0065 410,000 0.00096 4.6 57,000 0.0021 0.46
15 0.010 1,100,000 0.00156 2.6 32,000 0 -
30* 0.038 00 0 - 8,400 0 -
60* 0.11 00 0 - 2,700 0 -
100 0 56 2.7 40 39 0 -
300 0 5.2 20 78 3.8 0 -
500 0 0.17 200 80 0.15 0 -
86 kA/m
20 0.0043 1,300,000 0.00039 1.8 78,000 0.00052 0.46
60 0.012 00 0.0016 1.9 25,000 0.00088 0.45
100 0.0073 00 0 - 42,000 0.00061 0.46
150 0.018 00 0 - 18,000 0.000092 0.45
300* 0 300 3.1 47 72 0 -
500 0 18 4.7 50 14 0 -
800 0 5.3 34 65 5.0 0 -
1,000 0 3.4 3.0 68 3.3 0 -
173 kA/m
50 0.00038 1,900,000 0.000020 8.1 990,000 0.000089 87
150 0.0015 00 0.000074 0.9 250,000 0.000035 1
250 0.0020 00 0.00013 1.14 180,000 0.0001 0.5
400 0.0062 00 0.00077 1.85 45,000 0.0001 0.5
600* 0.042 00 0.00057 11.28 7,200 0.00002 0.5
1, 000* 0 00 1.35 14.9 210 0 -
1,500 0 18 2.05 41 16 0 -
1,800 0 8.5 0 - 8 0 -
259 kA/m
100 0.00040 3.800,000 0.000011 1.3 1,100,000 0.000047 41
500 0.0049 00 0.00046 1.5 60,000 0 -
1,000* 0.097 00 0.049 5.7 1,100 0 -
1, 400* 0 00 0.69 12 320 0 -
1,800 0 60 1 30 51 0 -
1,900 0 39 0.068 13 39 0 -
2,200 0 16 0 - 15 0 -
2,600 0 7.4 0 - 6.9 0 -

Italicized values correspond to the fluidized (plastic fluid) region

*Measurements where a stepwise increase in strain is observed

Regarding the recovery behavior, we should say that the
response is very slightly retarded as inferred from the low
values of Jj, in Table 1. As a consequence, the recovery is
nearly instantaneous and essentially given by the first term
in Eq. 5 (T / nor). As observed in Table 1, ng, decreases
when the stress value independent of the magnetic field

strength increases. Importantly, a sudden drop in 5, is
observed at a shear stress close enough to the yielding point
and associated to the maximum in Fig. 5a that manifests a
purely viscous fluid flow.

It is also important to remark that stress values that are
marked with an asterisk in Table 1 correspond to those
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cases where a stepwise increase in the strain was moni-
tored. Similar findings were reported in the past by Otsubo
and Edamura (1994) and Li et al. (2002). This stepwise
increase in the strain close to the critical yield stress value
has been claimed to be due to field-induced chain rupture
and reformation under shear.

Comparison between steady shear flow curves and creep
tests: viscosity bifurcation

A further insight on the creep behavior can be obtained
when plotting the instantaneous viscosity, defined as the
ratio between the stress and the shear rate, as a func-
tion of time (see Fig. 6). This kind of representation has
been traditionally employed (Coussot et al. 2002; Moller
et al. 2006, 2009a) to investigate the yielding behavior of
pastes and demonstrated the appearance of the previously
commented viscosity bifurcation at the yield stress in the
case of highly thixotropic yield stress fluids (Coussot et al.
2002) and a change in the viscosity versus time slope in
the case of non-thixotropic yield stress fluids. Below the
yield stress, the viscosity of non-thixotropic yield stress flu-
ids keeps slowly increasing in time as 7 oc % for times
even longer than 10* s (Moller et al. 2009b). In contrast,
for non-thixotropic yield stress fluids above the yield stress,
the viscosity quickly reaches a steady (constant) value.
The structural models discussed above (Quemada 2008;
Coussot et al. 2002) provide further insights to interpret
these phenomena, at least qualitatively. Additional discus-
sions are given below in relation to Fig. 12.

Results shown in Fig. 6 demonstrate a slow flow that
appears to occur at long times in the preyield regime as indi-
cated by the fact that the curves for the lowest stresses do
not become perfectly horizontal lines but continue to rise
(n o« t). Even though these measurements are well inside
the rtheometer resolution, the very low values of the shear
rate involved make this part of the measurement susceptible

Viscosity (Pa.s)

P PP PP PP PP SR S S B |

Time (s)

Fig. 6 Instantaneous viscosity as a function of time for constant stress
values for 5 vol% MR fluid. The magnetic field strength is 173 kA/m
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Fig. 7 Yield stress as a function of the external magnetic field in
5 vol% MR fluids. Horizontal lines correspond to the upper and lower
bounds as obtained from viscosity bifurcation representations (Fig. 6).
Squares correspond to those stresses where the ratio of recovered
strains becomes zero (Fig. 5b). Circles represent the yield stresses
obtained from the extrapolation in steady shear flow curves (Fig. 3b)

to possible sample slippage and instrument noise effects.
Similar findings were reported for commercial MR fluids
by See et al. (2004).

At this stage, it would be interesting to compare the yield
stress obtained from steady shear flow curves and creep
tests. In Fig. 7, we show such a comparison. As observed,
steady shear and unsteady shear creep experiments provide
yield stress data that are in reasonably good agreement.
Actually, our results reveal that the yield value inferred from
the maximum in the total recovered strain is in reason-
ably good agreement with the static yield stress obtained
from steady shear flow curves. Contrary to our observations,
Otsubo and Edamura (1994) reported a yield stress value
from creep tests that were about 70 % of the plateau stress
in steady shear flow curves.

Comparison with model yield stress fluids

As demonstrated above, MR fluids are yield stress fluids in
the sense that they hardly flow if the imposed stress is below
a certain (field-dependent) value, but they flow at high shear
rates when the stress exceeds the so-called yield stress ty.
It has been recently reported that yield stress fluids
can be categorized in two groups: thixotropic and non-
thixotropic (simple) yield stress fluids. Even though, in the
past, the phenomena of yield stress and thixotropy have been
considered separate fields of research, currently, they are
demonstrated to be intimately linked (Moller et al. 2006;
Coussot et al. 2006). On the one hand, an ideal simple (non-
thixotropic) yield stress fluid is one for which the shear
stress depends only on the shear rate. In this case, viscosity
diverges continuously when the yield stress is approached
from above. Typical examples involve foams, emulsions,
and microgels. On the other hand, in (highly) thixotropic
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yield stress fluids, the stress depends both on the (instan-
taneous) shear rate and the shear history of the sample. By
far, the vast majority of yield stress materials are highly
thixotropic. In thixotropic materials, the stress reversibly
decreases with time at high shear and increases with time
under rest or low shear rates. As a consequence, a typi-
cal test frequently used to ascertain whether a material is
thixotropic or not is increasing the shear stress/rate and
then decreasing it while continuously measuring the result-
ing shear rate/stress. If the stress is not a function of the
shear rate only but also depends on the history of the sam-
ple, the two curves should not collapse, and the material is
said to be (highly) thixotropic. Typical examples of (highly)
thixotropic materials are clay suspensions and colloidal
gels.

According to the discussion above, a carefully controlled
measurement protocol must be followed to get reliable and
reproducible results. As a consequence, prior to a test, yield
stress fluids must be brought to the same initial state by a
controlled history of shear and rest in what rheologists call
a “preshear” stage.

Two model yield stress materials are employed in this
work to compare their yielding behavior with that of con-
ventional MR fluids. On the one hand, polyacrylic acid-
based microgel suspensions are employed as a representa-
tive example of simple yield stress fluids because they are
very slightly thixotropic. On the other hand, bentonite clay
suspensions are used as model (highly) thixotropic fluids.
The particular formulations of these colloidal systems were
chosen ad hoc for them to have a similar yield stress value
under the same experimental conditions.

1. Microgel suspensions employed in this work are
highly cross-linked anionic polyacrylic acid (PA) that
swells upon neutralization to form electrically charged
particles of approximately a few microns diameter
(de Vicente et al. 2006; Gutowski et al. 2012). Con-
centrations of approximately 0.1 wt% are reported in
the literature to be sufficient for the particles to jam
together to form a yield stress fluid. The weight concen-
tration employed was 0.5 wt%. The pH was adjusted by
adding sodium hydroxide.

2. Weakly flocculated clay suspensions were prepared by
dispersion of bentonite clay (BC) in water. The weight
concentration employed was 10 vol%. The reason for
this concentration value is that the yielding behav-
ior of these particular systems has been extensively
reported in the literature. Actually, data for increas-
ing and decreasing stress ramps have been reported by
Moller et al. (2009a).

3. Unless appropriately stabilized, MR fluids are well-
known to exhibit important sedimentation problems
because of the large density mismatch between the con-

stituent iron particles and dispersing medium. To ensure
that MR fluids remain stable at least during the rheology
tests and, in particular, during the quiescent period at the
preshear stage, we did increase the viscosity of the dis-
persing medium. Hence, silicone oils employed in the
formulation of MR fluids employed in this section had
a viscosity of 487 mPa-s. By simply increasing the vis-
cosity of the dispersing medium, iron microparticles are
expected to remain in suspension in longer periods of
time, and importantly, the yield stress is not expected to
be much influenced at a given magnetic field strength.
The particle concentration remained fixed at 5 vol%.
When dealing with MR fluids, magnetic fields applied
were 53 kA/m in order for the yield stress to be of a
similar order of magnitude than the yield stress of PA
and BC suspensions.

Steady shear flow

Getting reproducible results is notoriously difficult, espe-
cially with highly thixotropic yield stress fluids, because
of their shear history. Consequently, a strict experimen-
tal protocol was followed to ensure reproducibility and
comparability. Steady shear flow curves were ascertained
following the protocol described in Fig. 8. For initial con-
ditioning, the samples were subjected to steady shearing at
100 s~! for 200 s and left (magnetized if needed) in a qui-
escent state for 200 s. Subsequently, the test was started. To
confirm that 200 s was sufficiently long for the microscopic
structures to form, a series of tests were carried out using
different intervals of time in the quiescent state. It is worth
to stress here that a preconditioning is absolutely necessary
to get reliable and reproducible results. Steady shear flow
curves were obtained here using stress- and strain-controlled
modes in order to more clearly differentiate between the
so-called static and dynamic yield stresses.

Results obtained using the protocol described in the
above paragraph are shown in Fig. 9 for the three systems
investigated. In the case of PA, we clearly observe that both
up and down stress curves do essentially overlap, suggesting
that under the experimental conditions, microgel suspen-
sions behave as non-thixotropic yield stress fluids. Note that
in this case, the stress increases/decreases 1 Pa every 3 s,
and this is a long time enough for the microgel suspension
to reach a pseudo-steady state. As we will see later, the
steady state is reached in only 1 or 2 s (see Fig. 10a). Impor-
tantly, the non-thixotropic character is manifested by using
both stress- and strain-controlled tests. Actually, the steady
shear rheology of PA microgels is fit extremely well by
the Herschel-Bulkley model (Moller et al. 2006; 2009a, b;
Gutowski et al. 2012). As shown in Fig. 9a, the yield stress
of PA suspensions is around 20 Pa. As expected, this is a
much smaller value than the Bingham one predicted from
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Fig. 8 Schematic of the protocol used for the steady shear flow curve investigations. Not to scale

lineal regression, at large deformation, to stress/shear rate
data in Fig. 9b.

Similar to PA suspensions, data for increasing and
decreasing shear stresses in MR fluids coincide (cf. Fig. 9a).
These results are further checked through strain-controlled
tests up to shear rates of 400 s~! (c¢f. “MR fluid (MRF)
short” data in Fig. 9b). As a consequence, a priori MR flu-
ids formulated here in a high viscosity dispersing medium
can be considered as non-thixotropic yield stress materi-
als. In our case, the static yield stress in MR fluids is
around 70 Pa (cf. Fig. 9a), while the dynamic/Bingham

yield stress value is found to be very similar to that of
PA suspensions (approx. 500 Pa, cf. Fig. 9b). For com-
pleteness, in Fig. 9b, we include up-and-down shear rate
ramps covering a larger shear rate range (up to 1,000 s~1)
where the isotropic—nematic transition for MR fluids is
observed (for further details, see Volkova et al. 1999). For
the purpose of the present study, we are only interested
in the early stages of the yielding process, and conse-
quently, we will not achieve large enough shear stresses
(shear rates) for the development of the isotropic—nematic
transition.

Fig. 9 Up-and-down stress (a) (b)
curves of (a) stress controlled, 10° . . . . . . . 1600 T T T T T
(b) strain controlled. Open . 14004 e
symbols correspond to steady A o o Strain controlled ; e
shear viscosity values obtained = E 120090 _ o pa - /A»“? A/ 1
from Fig. 10 & 1074 f ° .'f E . 1000{ —®—BC A / ]
e ol T
Z _——a z - A EEE
= St:ess[c)zntrolled «n 400 ]
—e—BC 2004 o
) 3L bt
10* 100 1000 10" 10" 100 100 100 10' 0 200 400 600 800 1000

Shear rate (/s)
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Finally, BC suspensions do clearly exhibit a thixotropic
loop. This was expected as the weakly flocculated clay
suspension liquefies at high stresses, and then, the branch
obtained upon decreasing the stress is significantly below
the one obtained while increasing the stress. This is clearly
seen in the kind of representation employed in Fig. 9a. Note
that contrary to PA suspensions, in this case, 3 s is not
enough for the BC suspensions to reach a steady state (see
Fig. 12b in the following sections). The yield stress for BC
suspensions as obtained from the up stress curve is very
similar to that obtained for MR fluids (approx. 60 Pa).

It is worth to stress here that employing a lower viscosity
silicone oil in the formulation of the MR fluid would result
in a false thixotropic behavior due to the sedimentation of
field-induced structures in the down curve. As demonstrated
in Fig. 9a, the use of a larger viscosity dispersing medium
prevents such sedimentation. It is also important to report
that, a priori, the yielding behavior of MR fluids should
not depend on the viscosity of the dispersing liquid as soon
as the particle concentration and magnetic field strength
remain constant. As will be shown later, the yield stress
value for MR fluids formulated with different oil viscosities
is essentially the same in spite of using different preshearing
protocols.

Creep—recovery tests

Creep tests were also carried out in model yield stress flu-
ids using the same preconditioning protocol (stages I and
Il in Fig. 8) as described above and with the same acquisi-
tion times as reported in Fig. 2. Additionally, we did also
check that running concatenated creep/recovery tests after
step V in Fig. 2 gave the same results for PA and MR flu-
ids which were found to be non-thixotropic materials. On
the other hand, as expected because of their thixotropic
behavior, in the case of BC suspensions, concatenated
tests gave different results because of the aging of the
suspension.

Results obtained for PA-based (simple) yield stress flu-
ids are shown in Fig. 10a. As observed, a few seconds after
the shear stress is applied, the viscosity seems to reach a
steady value for the larger stresses applied. However, for low
stresses, curves obtained seem to deviate from this observa-
tion. The observed transitionary stress is interpreted in the
literature as the yield stress. In the classical rheology liter-
ature, this kind of simple yield stress fluid has been taken
as an example to show that yield stress materials do not
really exist but, instead, behave as very high viscosity mate-
rials at low shear (Barnes 1999). However, more recently,
this observation has been questioned (Moller et al. 2006) by
running creep measurements for times as long as 10* s in
nonslip samples. In the time interval investigated here, the
viscosity value seems to reach a clear steady plateau value

for large stresses. On the other hand, similar to Moller et al.
(2006), a slow flow appears here to occur at long times in the
low stress regime that is well inside the rheometer’s resolu-
tion. For these low stresses, the viscosity has been reported
to increase with time following a power law with exponents
that range from 0.6 for 2 % Carbopol suspensions to 1.0 for
hair gels (Moller et al. 2009a). This increase with time is
generally found to be independent of the stress value and is
associated to overaging of the sample.
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Fig. 10 Instantaneous viscosity as a function of time for different
imposed stresses. a Microgel suspension, b clay suspension, ¢ MR
fluid

@ Springer

833
834
835
836
837
838
839
840
841



AUTHOR'S PROOF!

842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894

JrnlID 397_ArtID 704_Proof#1 - 30/04/2013

Rheol Acta
At this point, one should note that, strictly speaking, ()
microgels are not free of thixotropy but present charac- 10' T T T T T
teristic structuring times that are much shorter than those 10°]  Polyacrylic acid Slope 1 1
of bentonite clay suspensions, which is included here as 1073 |7 300pa ]

a model thixotropic fluid (see Fig. 10b and discussions
below). The subtle thixotropic behavior of microgels does
not manifest in the timescales of the experiment associ-
ated to Fig. 9 but becomes evident in Fig. 10a, where one
observes that the system takes times around 1 s to reach the
equilibrium viscosity, for the highest stresses applied.
Results for BC suspensions are included in Fig. 10b.
This kind of representation highlights the viscosity bifur-
cation and avalanche phenomena characteristic of (highly)
thixotropic yield stress fluids such as BC suspensions.
Contrary to what occurs in the case of microgel suspen-
sions, now the viscosity very clearly increases with time
at low stresses, and a non-monotonic behavior is observed
for intermediate stress levels. It has been reported in the
past that buildup (aging) of the structure wins over the
destruction (rejuvenation) of it when thixotropic yield stress
fluids are subjected to low stress values (below a critical
yield stress). As a consequence, the shear rate enormously
decreases, and hence, the viscosity increases quadratically
in time “until the flow is halted altogether” (Moller et al.
2006; Quemada 2008). On the other hand, for slightly larger
stress values than the yield stress, the viscosity decreases by
many orders of magnitude in an avalanche mode describ-
ing a discontinuous transition (viscosity bifurcation). In
terms of the structural model (Quemada 2008), the viscosity
plateaux for 7 > ty involve a dynamic equilibrium between
structuring and destructuring processes, i.e., d.S / dt = 0.
The system may approach the equilibrium by either break-
ing down (dS/dt < 0) or building up (dS/dt > 0) the
structure. At intermediate shear stresses, the plateaux appear
to be instable, which may be due to the high sensitivity to
the imposed shear stress values in the close vicinity of the
bifurcation (Fig. 1b). An outstanding difference when com-
paring Fig. 10a, b comes from the appearance of a shoulder
in the case of BC suspensions. This can be easily explained
because the suspension ages during the rest stage as demon-
strated in Fig. 9a. Hence, for large enough stresses, t > tg,
viscosity must decrease to reach a steady value (see Fig. 1b).
Experimental data corresponding to the MR fluids are
included in Fig. 10c. Results obtained qualitatively behave
in an intermediate way between PA and BC suspensions
and closely resemble measurements carried out in sec-
tions above where the effect of magnetic field strength was
explored. A quick look to the figures reveals that the low
stress behavior of MR fluids is very similar to the one of
BC suspensions. On the other hand, the high shear stress
regime looks more alike to the PA suspensions. In other
words, Fig. 10c shows that the viscosity of MRF quickly
reaches a steady value for the larger stresses imposed, which
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Fig. 11 Time dependence of the shear creep compliance J(f) and
recoil R(t) functions for the three systems investigated: a microgel
suspension, b bentonite suspension, ¢ MR fluid. The initial noise in
the compliance at low stresses is presumably caused by inertio-elastic
effects

is a characteristic of systems virtually free of thixotropy, as
discussed above for PA suspensions. However, at the low-
est stresses, the viscosity continuously increases during the
times observed, and the fluid seems to age similar to BC
suspensions.

Again, more valuable information can be obtained in te-
rms of the compliance and recoil functions corresponding to
the creep and recovery stages. Results obtained for the three
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systems investigated are included in Fig. 11. This kind of
representations clearly manifests the differences described
above. The quadratic dependence of the strain with the time
and the oscillations at short times may correspond to the
response of the (viscoelastic) material when it is suddenly
submitted to a shear stress, while there is a significant inertia
of the system. In fact, a similar ringing has been described
in the literature in the past in other different materials (e.g.,
Coussot et al. 20006).

To get further information, compliance and recoil curves
shown in Fig. 11 were fitted to Egs. 4 and 5. The parameters
obtained from the fits are included in Table 2. As observed
in Table 2, the instantaneous compliance remains at a very
low constant value for the lowest stresses investigated. This
suggests that in this case, the systems essentially behave in
the viscoelastic linear region. In Fig. 12a, we show that in
spite of this, the behavior of the three systems under the

viscoelastic linear region (for a given stress value applied of
15 Pa) is pretty different. On the one hand, the smallest 5 is
obtained for PA suspensions. On the other hand, the largest
Jo is obtained in the case of MR fluids.

The fact that the suspensions behave in the viscoelastic
linear region is further confirmed in Fig. 12b where we find
a quantitative good agreement between the low strain stor-
age modulus (solid line in Fig. 12b) and the instantaneous
strain/applied stress relation from creep tests (symbols in
Fig. 12b) up to stress values of approximately 30 Pa. Again,
this finding is also in good agreement with the fact that
the instantaneous strain coincides with the instantaneously
recovered strain at low stress levels (see Fig. 12c). Finally,
deviation from linearity is also achieved at a very similar
stress (=60 Pa) and strain (=10 %) levels (cf. Fig. 12d).

Throughout this work, the yielding behavior of conven-
tional MRF has been investigated by using steady shear

Table 2 Same as Table 1 for microgel suspensions (PA), clay suspensions (BC), and MR fluids (MRF) t2.1
Stress (Pa) Creep test Recovery test
Jo(1/Pa) no(Pa-s) Ji(1/Pa) 11(s) nor (Pa-s) J1-(1/Pa) t1-(s)
PA
10 0.0017 120,000 0.00014 7.3 270,000 0.0016 83
15 0.0020 49,000 0.0018 110 44,000 0.0012 24
30 0.0034 23,000 0.00247 32 19,000 0.0024 96
60 0 250 0 - 240 0.0038 200
100 0 35 0 - 32 0 -
300 0 8.1 0 - 82 0 -
500 0 2.4 0 - 2.3 0 -
BC
5 0.0011 200,000,000 0.00057 86 520,000 0.00039 43
10 0.0025 570,000 0.00098 31 520,000 0.0056 590
15 0.0036 400,000 0.00079 21 93,000 0.0011 0.45
30 0.0056 3,900,000 0.0047 30 38,000 0.0015 0.45
60? - - - 1,400 0.00045 0.46
70 0 7.5 0 - 7.2 0 -
80 0 0.87 0 - 0.78 0 -
100 0 0.39 0 - 0.34 0 -
300 0 0.11 0 - 0.099 0 -
MRF
5 0.00046 4,900,000 0.00072 96 610,000 0.00052 67
10 0.00037 560,000,000 0.0018 390 3,900,000 0.00128 230
15 0.00044 1,000,000 0.00015 41 890,000 0.00025 56
30 0.00089 510,000 0.00011 8.9 390,000 0.0005 0.46
60? - - - - 23,000 0.00056 0.46
100 0 00 57 710 150 0 -
300 0 51 0.75 29 46 0 -
500 0 2.8 0 - 2.8 0 -

MR fluids investigated in this table are different to those reported in Table 1
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and creep—recovery tests, in order to elucidate if these
fluids exhibit time-dependent phenomena like aging and
thixotropy. At very low stress levels, MR fluids behave in
the linear viscoelastic regime and evolve towards nonlin-
ear viscoelastic, viscoplastic, and plastic responses when
the stress value is increased. In steady shear flow, a plas-
tic fluid behavior is found when the imposed stress is larger
than the so-called yield stress. Finally, creep—recovery test
showed that MR fluids might involve the aging phenom-
ena akin to thixotropic fluids at low shear stresses, while
an almost non-thixotropic behavior is exhibited at higher
stresses.

Conclusions

In the literature, tests involving MR fluids typically focus
on the response at shear rates over 1 s~! (See et al. 2004).
However, MR fluids are demonstrated to deviate from plas-
tic fluid models (Bingham, Herschel-Bulkley, etc.) because
the latter assume that the MR fluid operating in the preyield
regime does not deform at all if the applied stress is below
a critical yield stress value (Berli and de Vicente 2012).
In this sense, unsteady creep tests are found to be interest-
ing because they do actually provide further insight into the
yielding mechanism under the presence of magnetic fields.
Indeed, experiments reported here demonstrate that MR
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fluids do creep even under the presence of stresses below
the “yield” stress.

In the case of dilute MR fluids subjected at very small
stress levels, the instantaneously recovered strain is antic-
ipated to be very similar to the instantaneous strain as
expected from the linear viscoelasticity theory. This is so
because field-induced structures slightly deform under the
applied stress and later recover. In this situation, particle
aggregates fully connect the plates, generating an elastic
response that is later released when the stress is removed.
The stresses investigated in the first part of this work are
generally too large to observe this region. See et al. (2004)
reported that the linear response occurs for strains of the
order of 0.1 % or smaller.

For larger stresses, the energy used to stretch the field-
induced structures is not completely stored, and partial dis-
sipation occurs. This finding has been previously described
in the literature by Otsubo and Edamura (1994) and Li et al.
(2002) and interpreted by the deformation of clusters of
particles arranged in a BCT lattice. In general, this is pos-
sibly due to the existence of structures that are attached at
only one plate or are completely free (i.e., unattached). The
deformations of free and unattached chains are expected to
generate a plastic response.

For stresses very close to the yield stress, the stored
energy is consumed, and the field-induced structure changes
to another metastable configuration. The suspension is
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almost instantaneously strained without viscous flow, and
in this case, the MR fluid will not exhibit an elastic recov-
ery. The MR fluid behaves as a plastic fluid and exhibits a
stepwise increase in the strain during the creep period.

For very large stresses, the field-induced structure is
destroyed, and the system flows with a low viscosity level.
Obviously, the system does not recover the strain upon the
cessation of the stress.

Experiments reported here basically concern systematic
creep tests with different stress values at a constant time
of rest (waiting time). With this, it is possible to study the
solid-liquid transition. However, MR fluids and soft glassy
systems, in general, exhibit two directly related character-
istics, namely, jamming and aging, that are mechanically
manifested by the yielding and thixotropic behavior. In our
opinion, to better understand the aging of these systems,
future work should involve the study of the effect of the time
of rest.
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