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Abstract The yielding behavior of dilute magnetorheolog-7

ical (MR) fluids has been investigated using creep–recovery8

tests. At very low stress levels, MR fluids behave in the lin-9

ear viscoelastic regime as demonstrated by the fact that the10

instantaneous strain equals the instantaneous (elastic) recov-11

ery. In this region, gap-spanning field-induced structures12

support the stress levels applied. Upon increasing the stress13

value, the MR fluid evolves towards a nonlinear viscoelas-14

tic response. Here, the retarded elastic and viscous strain15

decrease, and the plastic contribution to the instantaneous16

strain grows probably due to the appearance of unattached17

field-induced structures. A larger stress value results in a18

viscoplastic solid behavior with negligible retarded and vis-19

cous strain and a fully plastic instantaneous strain. Finally, a20

plastic fluid behavior is found when the stress value is larger21

than the so-called yield stress. MR fluids exhibit an interme-22

diate behavior between non-thixotropic (simple) and highly23

thixotropic model yield stress fluids.24
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Introduction 28

Magnetized magnetorheological (MR) fluids are known to 29

exhibit nonequilibrium transitions from a fluid- to solid-like 30

state, characterized by the sudden arrest of their dynamics. 31

This phenomenology is ubiquitous to a wide variety of sys- 32

tems as already reported by Trappe et al. (2001). In this 33

context, what makes MR fluids of especial interest is the 34

fact that the jamming state of the constituent particles can 35

be externally tuned by the application of magnetic fields. 36

In other words, MR fluids can be considered smart attrac- 37

tive colloids as their interparticle (magnetic) attraction can 38

be tuned externally. 39

In general, a colloidal system can be jammed by increas- 40

ing the volume fraction of the constituents, increasing 41

the interparticle attractions, or decreasing the stress. In 42

this work, we will focus our attention in MR fluids that 43

are jammed by increasing the magnetostatic interactions 44

between the constituent particles for a constant volume frac- 45

tion. Also, generally speaking, jammed solids have been 46

reported to be refluidized by thermalization or by an applied 47

stress, and consequently, a unified description has been pro- 48

posed in terms of a jamming phase diagram for attractive 49

colloidal particles that aimed to give a unifying link between 50

the glass transition, gelation, and aggregation (Trappe et al. 51

2001). In this work, we are interested in unjamming the MR 52

fluids under the application of shear stresses. Accordingly, 53

we will be able to induce a solid- to fluidlike transition in 54

MR fluids that are initially jammed at a given magnetic field 55

strength and particle volume fraction, by simply applying a 56

shear stress. 57

In rheological terms, jammed solids are typically iden- 58

tified by the appearance of a low-frequency plateau in the 59

elastic modulus, a viscosity divergence, and eventually the 60
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onset of a yield stress (the minimum stress value for the61

material to flow) under the conditions of experimentation.62

In spite of this apparently simple definition, the determi-63

nation and also the existence of a true yield stress is still64

controversial (Moller et al. 2006).65

Probably the most suitable technique to measure a yield66

stress is the so-called vane method (Barnes and Nguyen67

2001). Unfortunately, the necessity of application of a68

magnetic field precludes the use of this technique. How-69

ever, in spite of its difficulty, there are many different70

approaches to interrogate the yield stress in a MR fluid71

that are also employed in other pasty materials (see for72

instance Christopoulou et al. 2009; Laurati et al. 2011). In73

most cases, the yielding behavior has been ascertained by74

the application of shear stress or strain rate ramps. How-75

ever, more reliable techniques have been employed in the76

literature, for example, using stress/strain amplitude sweeps77

(de Vicente et al. 2002, 2011). Among them, we would like78

to emphasize the use of creep tests. In a creep test, a con-79

stant shear stress is applied for a time interval, while the80

strain is recorded. These are very delicate methods, espe-81

cially when accompanied by a recovery stage and, at large82

stresses, where tool inertia might prohibit instantaneous83

halt. Consequently, the literature on this is very scarce.84

Pioneering works that described the use of creep tests to85

investigate the yielding behavior of MR fluids are briefly86

summarized now. In 1994, Otsubo and Edamura (1994)87

reported creep data on electrorheological (ER) fluids. They88

showed that contrary to the expectation at that time, electri-89

fied ER fluids did not behave as pure elastic solids at low90

stresses but, instead, exhibited a retarded elastic and vis-91

cous flow. Interestingly, the recovery behavior was found to92

be purely plastic, for intermediate and large stresses, in dis-93

agreement with classical single-chain model predictions. In94

the ER fluids investigated, the yield stress value determined95

by creep tests was found to be smaller than the plateau96

stress in the flow curves. Li and coworkers (2002) investi-97

gated the effect of magnetic field strength and temperature98

on the creep behavior of MR fluids (below the yield value).99

Their results indicated that MR fluids behaved as linear100

viscoelastic bodies at very small stresses, with increas-101

ing constant stresses, nonlinear viscoelastic, viscoplastic,102

or purely plastic properties dominated. See et al. (2004)103

also reported creep tests on commercial MR fluids in the104

preyield regime. They demonstrated that shear compliance105

data collapsed at low stresses, well within the linear vis-106

coelastic region. The elastic compliance was best fitted by107

a power law relationship ∝ H−4.4 in discrepancy with the108

simple dipole–dipole interaction model that predicts a scal-109

ing with H−2. This finding was argued to reflect the fact110

that as the magnetic flux density is increased, the nature of111

structures themselves undergoes a change. In 2006, Chot-112

pattananont et al. (2006) investigated the creep response of113

poly(3-thiopheneacetic acid) ER fluids. They demonstrated 114

that similarly to MR fluids, the suspensions exhibited an 115

evolution with an increase of applied stress from a linear vis- 116

coelastic response at low stresses to a nonlinear viscoelastic 117

response, followed by a viscoplastic solid, and finally a 118

transition from plastic solid to plastic liquid at the yield 119

stress. 120

Creep–recovery tests have also been employed in the 121

examination of the yielding behavior of other pasty 122

materials. For example, creep–recovery measurements by 123

Petekidis et al. (2003, 2004) demonstrated that hard-sphere 124

(repulsive) colloidal glasses tolerate large strains, up to at 125

least 15 %, before yielding irreversibly. A non-negligible 126

recovery is found even in samples which have flowed sig- 127

nificantly during stressing. Such a recovery is attributed to 128

cage elasticity. The creep–recovery behavior of attractive 129

colloidal glasses was investigated by Pham et al. (2008). In 130

contrast to what occurred for hard-sphere colloidal glasses, 131

the recovered strain exhibits a peak with stress, and a finite 132

recovered strain is measured even well above the yield 133

stress. More recently, a similar peak was also found when 134

plotting the maximum recovered strain versus stress values 135

in the case of colloidal gels by Laurati et al. (2011). 136

In this work, we are interested in a better understanding 137

of the yielding behavior of MR fluids under the pres- 138

ence of uniaxial DC external magnetic fields. To do so, 139

we carry out an extensive rheological study that involves 140

steady and unsteady (shear) flows. Also, for a comparative 141

purpose, model yield stress fluids are formulated ad hoc 142

having similar yield stress values but exhibiting a very dif- 143

ferent thixotropic behavior. On the one hand, polyacrylic 144

acid polymers are employed as model microgel dispersions 145

that are essentially non-thixotropic. On the other hand, we 146

use bentonite clay suspensions that are well-known to form 147

very thixotropic yield stress fluids. Finally, time-dependent 148

changes in viscosity are explained in terms of the thixotropic 149

structural model developed by Quemada (2008). 150

Theory 151

Time-dependent rheological phenomena appearing in gels, 152

pastes, and colloidal glasses can be rationalized in terms 153

of structural viscosity models (Quemada 1998, 2008; 154

Derec et al. 2001; Coussot et al. 2002; Derec et al. 2003; 155

Craciun et al. 2003; Moller et al. 2009b). This kind of mod- 156

eling grounds is on three basic concepts: (a) a structural 157

variable S characterizing the structure, (b) a rate equation 158

of S that accounts for the forces perturbing the microstruc- 159

ture (viscous forces from the gradient velocity field) and 160

those restoring the equilibrium state (Brownian motion and 161

interparticle forces), and (c) a given form of the viscosity– 162

structure relation, η(S). 163
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In the model proposed by Quemada (1998), the structural164

state of dispersion is regarded as a mixture of individ-165

ual particles and clusters of them (structural units) sus-166

pended in a fluid. The structural variable S is defined167

as the number fraction of particles contained in the168

structural units. The time dependence of S results from169

the balance between buildup and breakdown of struc-170

tural units, which is governed by the following relaxation171

kinetics:172

dS
/
dt =

(
t−1
Br + t−1

in

)
(1 − S) − t−1

hy S (1)

where tBr, tin, and thy are the characteristic relaxation173

times associated to Brownian, pair interaction, and hydro-174

dynamic forces, respectively. According to the definition175

given above, S enters the effective volume fraction of the176

disperse phase, φeff = φ (1 + CS), where φ is the true177

particle volume fraction, and C is a compactness factor. It178

is observed that φeff ≥ φ, because the effective volume179

fraction includes the volume occupied by the particles plus180

the volume of solvent immobilized hydrodynamically in the181

structural units. Finally, the shear viscosity is obtained by182

introducing φeff(S) into the following equation:183

η

ηF
=

(
1 − φeff

φm

)−2

(2)

which generalizes a relationship between viscosity and184

volume fraction for concentrated colloidal dispersions185

(Quemada 1977; Brady 1993; Heyes and Sigurgeirsson186

2004). In Eq. 2, ηF is the suspending fluid viscosity, and φm187

is the maximum packing fraction.188

More recently, this modeling was extended to discuss189

time-dependent phenomena like thixotropy, aging, and reju-190

venation by inserting a time-dependent solution of the191

kinetic equation S(t) in the viscosity relation η(S) under an192

unsteady shear (Quemada 2008). The details of the result-193

ing “nonlinear structural” (NLS) model are not simple to be194

summarized, and the reader is referred to the original paper195

for further information. Here, we briefly describe the main196

rheological features that are of interest in the present work.197

In the theoretical context of hard-sphere suspensions, if198

φeff is relatively high, the motion of structural units becomes199

strongly constrained due to the presence of neighbors, and200

the systems undergo a glassy transition when φeff reaches201

φg = 0.58. If φeff further increases, the vibrational motion202

of particles vanishes at φm ≈ φRCP = 0.637, the concen-203

tration of random close packing. Taking into account that204

φeff evolves in time, the model considers that the material205

is in a fluid phase for φeff < φg , and in a paste phase206

for φg ≤ φeff ≤ φRCP. Furthermore, there exists a criti-207

cal volume fraction φc2 that divides the paste domain into208

two: if the true volume fraction is φ < φc2, ϕeff (t → ∞)209

remains lower than φm, the steady state viscosity is finite, 210

and the system is called a soft paste. In contrast, if φ ≥ φc2, 211

φeff (t → ∞) reaches φm, the viscosity diverges, and the 212

material is called a hard paste. Therefore, for the system at 213

rest, the NLS model predicts a bifurcation of the rheological 214

behavior. 215

Accordingly, when the system is subjected to a constant 216

shear stress τ , imposed after a destructuring step (preshear), 217

the viscosity evolves as shown in Fig. 1a. For τ ≤ τY , 218

the buildup of structure overcomes shear destructuring, and 219

the viscosity tends to infinity. For τ > τY , the structuring– 220

destructuring processes attain a dynamical equilibrium, and 221

steady viscosity plateaux are expected. As a consequence, a 222

bifurcation is observed when τ reaches a critical value τY , 223

which only exists for φc2 ≤ φ ≤ φm. For particle concen- 224

trations lower than φc2, there is no sufficient structure to 225

produce a bifurcation, even at zero shear stress. 226

As indicated in Fig. 1a, the region of τ ≤ τY is asso- 227

ciated to the phenomenon of aging, which is characterized 228

(a)

(b)

Fig. 1 a Relative viscosity as a function of dimensionless time, tR =
t / (tBr + 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. τ 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 is229

attained), and the slowing down of the evolution with a char-230

acteristic time that is proportional to the age of the system.231

Instead, the region of τ > τY corresponds the phenomenon232

classically known as thixotropy, where a steady state viscos-233

ity value is reached after a characteristic time that depends234

on Brownian motion and interparticle forces. Also in this235

region, the model predicts the existence of a stress τK where236

the system remains unaltered in its initial state (S = Sinit ).237

This stress value cannot be considered as an intrinsic charac-238

teristic of the material, since its value depends on the initial239

structure. When the stress τY < τ < τK , increasing the240

viscosity from its initial value corresponds to restructuring241

(dS
/
dt > 0). In contrast, when τ > τK , decreasing the242

viscosity from its initial value corresponds to destructuring243

(dS
/
dt < 0).244

If the constant shear stress follows a rest period, depend-245

ing on its length, the initial structure changes. In general,246

the longer the rest time is, the larger is the structural247

variable S. Interestingly, in the NLS model, the stress bifur-248

cation is intrinsically independent of initial conditions, in249

contrast to predictions of Coussot and coworkers (2002,250

2006). It is also possible that, depending on the material251

under study, the sample significantly ages during the rest252

period. Actually, this will be the case of highly thixotropic,253

bentonite clay suspensions studied in this work. If φ ≥254

φc2, the material ages with a viscosity that grows as t2,255

and there are three possibilities depending on the level of256

the stress applied (see Fig. 1b): (a) for very low stresses257

(τ < τY ), structuring continues with a viscosity that258

diverges as t2; (b) for intermediate stresses (τY < τ < τK),259

structuring increases but reaches a finite value; and finally,260

(c) for very large stresses (τ > τK), a maximum is initially261

reached, and then the viscosity decreases to reach a steady262

value.
Q1

263

The steady state φeff (t → ∞) response of systems with264

φc2 ≤ φ ≤ φm subjected to τ > τY is that of fluids with a265

yield stress τY . In this case, the model predicts the following266

steady shear viscosity:267

η (τ) = η∞
(

τ + τC

τ − τY

)2

, (3)

where η∞ is the high shear viscosity, and τC is a critical268

shear stress. Of course, if τ ≤ τY , η → ∞ and γ̇ = 0.269

This nonlinear plastic behavior represents quite well several270

experimental results (see, for example, Berli and Quemada271

2000).272

Finally, we mention the structural model proposed by273

Coussot et al. (2002), which also involves a structural274

variable that evolves following a linear kinetics, and is275

empirically related to the shear viscosity η. Despite this276

model lacks of a detailed description of the micro- or277

mesostructure, it is able to capture some features of the278

macroscopic response, notably the viscosity bifurcation, 279

and thus also helps to rationalize experimental results 280

(Moller et al. 2006, 2009a). 281

Materials and methods 282

Conventional MR fluids were formulated by dispersing car- 283

bonyl iron microparticles (HQ grade, BASF) in silicone 284

oils (20 ± 3 and 487 ± 2 mPa·s, Sigma-Aldrich) with- 285

out additives. The particle volume fraction was fixed at 5 286

vol%. Accordingly, the MR fluid is expected to operate 287

in the strong link concentration regime where the stor- 288

age modulus increases with increasing the concentration, 289

while the yield strain decreases with increasing the parti- 290

cle content (Segovia-Gutiérrez et al. 2012). This prevents 291

complications that appear for larger concentrations where 292

a two-step yielding process has been recently described 293

(Segovia-Gutiérrez et al. 2012). Model yield stress fluids 294

employed in the second part of this manuscript were pre- 295

pared from aqueous dispersion of polyacrylic acid polymers 296

(Sigma-Aldrich) and bentonite clay (Sigma-Aldrich). On 297

the one hand, microgel suspensions were prepared from the 298

neutralization of polyacrylic acid solutions at a concentra- 299

tion of 0.5 wt%. On the other hand, the clay volume fraction 300

was fixed at 10 wt%. 301

Rheology experiments were conducted in a stress- 302

controlled MCR 501 magnetorheometer (Anton Paar) to 303

explore the yielding behavior of MR fluids in the pres- 304

ence of magnetic fields ranging from 52 to 259 kA/m. 305

A plate–plate geometry (diameter 20 mm) was used. The 306

temperature of the sample was stabilized at 25 ◦C using 307

a circulating fluid bath. According to the manufacturer, 308

the technical specifications of the rheometer were as fol- 309

lows: the minimum and maximum torques were 0.1 μNm 310

and 230 mNm, respectively. On the other hand, the mini- 311

mum and maximum speeds (in CSS mode) were 10−7 and 312

3,000 min−1, respectively. It is worth to stress here that all 313

experimental data reported in this study, although noisy in 314

some cases, are well inside the specifications of the rheome- 315

ter. Finally, it is worth to remark that slip was not observed 316

during the experiments, and therefore, the rheometer tools 317

were not surface treated (Segovia-Gutiérrez et al. 2012). 318

First, steady shear flow tests were carried out as 319

described in Segovia-Gutiérrez et al. (2012). Briefly, the 320

experimental procedure is summarized as follows: (a) ini- 321

tially, the sample was preconditioned at a constant shear rate 322

200 s−1 for 30 s; (b) next, the suspension was left to equi- 323

librate for 1 min in the presence of a magnetic field; and 324

(c) finally, the shear stress was logarithmically increased 325

from 0.1 Pa at a rate of ten points per decade. Experiments 326

were repeated at least three times with fresh new samples. 327

The yield stress in the MR fluids is typically determined 328
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using two different approaches. The first one consists in329

the determination of the so-called static yield stress as the330

stress corresponding to the onset of flow in double loga-331

rithmic representations of stress versus shear rate. A second332

method to determine the yield stress is to fit the Bingham333

plastic equation to a rheogram (shear stress versus shear334

rate) in lin–lin representation. The latter procedure results335

in the so-called Bingham yield stress that depends on the336

range of shear rates considered. Even though there are other337

more appropriate methods to measure the yield stress, these338

two approaches are frequently used in the MR literature339

(Volkova et al. 1999; de Vicente et al. 2002). For the purpose340

of this study, we are interested in the static yield stress.341

Step stress and recovery tests were also performed under342

shear. The experimental protocol used is summarized in343

Fig. 2 as follows: (a) a preshear was first applied to eliminate344

shear history effects during 30 s (shear rate 100 s−1); (b) an345

equilibration step followed at rest in a quiescent state (stress346

equal to zero), again during 30 s; (c) the magnetic field was347

suddenly applied during 120 s to promote the field-induced348

structuration; and (d) finally, step stress and recovery tests349

followed still in the presence of the magnetic field. In a350

typical essay, a constant shear stress τ0 was applied for a 351

time of 300 s, while the resulting strain was measured. The 352

stress was then removed, and the recovered strain was mea- 353

sured for another 300 s. In all cases investigated, the strain 354

was reset to zero at the beginning of the creep test. 355

Steady shear rheology of MR fluids 356

Figure 3a shows steady shear flow curves for 5 vol% MR 357

suspension in 20 mPa·s silicone oil under different mag- 358

netic fields. In the absence of magnetic fields, the sample 359

behaves as a Newtonian fluid (results not shown). However, 360

in the presence of magnetic fields, the stress increases over 361

the entire range of shear rates. In this figure, it is clearly 362

shown that the MR fluid exhibits a yield stress, as a result 363

of strong magnetic interactions among particles. The full 364

lines in Fig. 3a represent Eq. 3, which is the steady state 365

prediction of the structural viscosity model for effective vol- 366

ume fractions entering the paste phase, therefore leading 367

to a plastic-like behavior. Yield stress values in Fig. 3a are 368

clearly defined and hence model-independent. It is worth 369

Fig. 2 Schematic of the protocol used for the creep–recovery investigations. Not to scale
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(a)

(b)

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 (lines are used to guide the eyes). Gray symbols
correspond to liquid states

noting, however, that the η(τ ) trend of these suspensions370

cannot be described by the linear Bingham model.371

On the other hand, if the applied magnetic field is rela-372

tively low (below ≈10 kA/m), the effective volume fraction373

(particle aggregates) is not sufficiently high, and the sys-374

tem is fluidlike for the whole range of shear rates and time375

scales explored in the experiments (Segovia-Gutiérrez et al.376

2013). Eventually, a low-shear Newtonian plateau could be377

attained within an appropriate experimental window, as it378

was discussed in a recent work (Berli and de Vicente 2012).379

In collecting data from a series of experiments analo- 380

gous to that reported in Fig. 3a, at different particle volume 381

fractions, we were able to build a three-dimensional jam- 382

ming phase diagram for carbonyl iron-based MR fluids, 383

which is shown in Fig. 3b. This figure closely resembles 384

that reported in Fig. 3, in Trappe et al. (2001), and suggests 385

the applicability of the jamming transition in describing 386

aggregated MR fluids for a fixed time scale. Projecting the 387

data plotted in Fig. 3b (yield stress) over the φ-H-plane 388

defines a phase boundary that visibly differentiates fluid- 389

and solid-like states. The transition can be reached either 390

by increasing φ at a constant attractive interaction energy or 391

by increasing the strength of particle–particle interactions 392

at a given value of φ. The second possibility is normally 393

used in the practice with MR fluids, where the attractive 394

interaction is controlled by means of the external mag- 395

netic field H. A similar phase diagram can be obtained 396

from a series of magnetosweep tests at fixed particle con- 397

centrations (Segovia-Gutiérrez et al. 2012). The resulting 398

phase diagrams are in qualitative good agreement with the 399

one obtained from steady shear flow tests described above. 400

However, now, the critical field is found to be less sensitive 401

on the particle concentration and one order of magnitude 402

smaller, probably due to the different time scales employed 403

in both steady and dynamic oscillatory shear tests. These 404

results are not shown here for brevity. 405

The phase diagram also illustrates that the higher the 406

attractive interaction is, the lower is the critical concentra- 407

tion φc required to reach a solid-like state in agreement 408

with Trappe et al. (2001). This remarkable feature can be 409

accounted for as a diminution of φc with the strength of the 410

interaction. In fact, high values of φ are required to reach the 411

solid-like threshold when the magnetic attraction is weak, 412

since flocs continuously reorganize to form relatively small, 413

compact clusters that are not enough to crowd the system. 414

At the other extreme, when the interaction is strong, particle 415

aggregation yields large, loosely packed clusters that easily 416

jam to form an elastic solid, even at low values of φ. The 417

critical volume fraction φc defined by Trappe et al. (2001) 418

corresponds to φc2 in the structural model of Quemada 419

(2008), i.e., the minimum concentration required to attain 420

a divergence of the shear viscosity, for a given interaction 421

energy. 422

One may conclude that Fig. 3b resumes the role of par- 423

ticle concentration, interaction energy, and shear stress in 424

the solid-like transition of MR fluids. To our knowledge, 425

the phase behavior of MR fluids had not been discussed 426

in this scenario before. This is important from the funda- 427

mental point of view (one observes that MR fluids present 428

a universal phenomenology sheared with colloidal sus- 429

pensions, emulsions, and microgels) (Trappe et al. 2001; 430

Christopoulou et al. 2009; Laurati et al. 2011) and also has 431

consequences in practice (for example, it is evident that the 432
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critical H depends on φ and vice versa, which is relevant to433

formulate MR fluids for a given purpose).434

Yielding behavior of MR fluids from step stress tests435

As a way of example, Fig. 4 shows typical creep curves436

at shear stresses of 50, 150, 250, 400, 600, 1,000, 1,500,437

and 1,800 Pa, measured at a magnetic field strength of438

173 kA/m. From Fig. 3a, the yield stress at 173 kA/m is esti-439

mated as c.a. 400 Pa under a steady flow. Hence, under the440

classical Bingham plastic point of view, for stresses below441

400 Pa, the MR fluid is expected to behave as a elastic442

solid. However, a close observation of Fig. 4 reveals three443

regions at the lowest stress values investigated: instanta-444

neous, retardation, and constant rate that are in contradiction445

with an elastic solid behavior. When the stress is first446

applied, there is a sudden, almost instantaneous increase of447

strain in less than 1 s. This is followed by a slight increase448

over the next 300 s. For the largest stresses investigated,449

a steady state regime is reached where the sample flows.450

The fact that the strain linearly increases with time at the451

longest times suggests the development of a viscous flow452

that will not be recovered upon cessation of the stress. It453

is of outstanding interest the observed stepwise increase454

in strain for a stress of 1,000 Pa (see inset in Fig. 4) that455

has been associated in the past to unstable flows and/or456

aggregation fragmentation processes. Similar observations457

have been reported for MR fluids by See et al. (2004)458

(see Fig. 3b in their paper) and in the case of ER flu-459

ids by Otsubo and Edamura (1994) (see Fig. 5 in their460

paper).461

Typical recovery curves are also shown in Fig. 4. Inter-462

estingly, the deformation is very slightly recovered when463

removing the stress, in contrast to linear viscoelastic the-464

ory where the instantaneous elastic strain on the application465

and removal of stress must be the same. The instanta-466

neously recovered strain defined as the strain which the467

sample recovers instantaneously after the removal of the468

stress is very small. Also, the total recovered strain, defined469

as the difference between the strain at the end of the recov-470

ery period and the maximum strain attained at the end of471

the creep period, is essentially the same as the instanta-472

neously recovered strain. Since the strain is not completely473

recovered after the removal of the stress, the MR fluid is474

behaving as a purely plastic material, and the minimum475

(critical) stress associated to the onset of plasticity corre-476

sponds to the yield value. Since wall slip was not observed477

in the experiments, the plastic response is a consequence of478

bulk properties in the MR fluids. Interestingly, the instan-479

taneous initial deformation without elastic recovery cannot480

be explained by the single-width chain model. In contrast,481

the deformation and rearrangement of particles in thick482

columnar structures have been argued to be responsible for483
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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
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the purely plastic responses of MR fluids in the literature 484

(Otsubo and Edamura 1994; Li et al. 2002; See et al. 2004). 485

More quantitative information on the yielding phenom- 486

ena of MR fluids is obtained when plotting the instan- 487

taneous, or the total recovered strain, as a function of 488

the applied stress (Fig. 5) as it may give a measure of 489

energy storage. As commented above, both magnitudes 490

give extremely similar values. Results shown in Fig. 5a 491

reveal that the recovered (elastic) strain is essentially pro- 492

portional to the stress at low stress values. In fact, from this 493

proportionality constant, at very low stress values, the stor- 494

age modulus can be estimated (Petekidis et al. 2003). The 495

instantaneous strain decreases with increasing the magnetic 496

field strength. This was expected as the elastic modulus is 497

known to increase with the magnetic field strength. Simi- 498

lar results were obtained by Li et al. (2002) and See et al. 499

(2004). 500

For large stresses, the total recovered strain reaches a 501

maximum and then decreases. The maximum and, there- 502

fore, the onset of nonlinearity are achieved at the same strain 503

value (10 %) independently of the magnetic field employed. 504

This finding is in good agreement with the crossover yield 505

strain γ C (i.e., the strain corresponding to G′ =G′′) reported 506

by Segovia-Gutiérrez et al. (2012) and resembles the recov- 507

ery observed for attractive colloidal glasses by Pham et al. 508



AUTHOR'S PROOF! JrnlID 397 ArtID 704 Proof#1 - 30/04/2013

UNCORRECTED
PROOF

Rheol Acta

Fig. 5 Stress dependence of (a)
the instantaneously recovered
strain and (b) the ratio between
the instantaneously recovered
strain and the instantaneous
strain. Vertical arrows
correspond to the static yield
stress as obtained from the
extrapolation to zero shear rate
of the flow curves in log–log
representation (see Fig. 3b)
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(2008) and colloidal gels by Laurati et al. (2011). This509

finding further implies that the energy required for particle510

arrangement is directly related to the strain level. The stress511

value corresponding to the transition from elastic deforma-512

tion at small stresses to Newtonian flow at large stress (i.e.,513

at the maximum) is an indicator of the yield stress of the514

material. In fact, Fig. 5b demonstrates that there is a rea-515

sonably good correlation between the stress values where516

the ratio between the instantaneously recovered strain and517

the instantaneous strain becomes zero and the yield stress518

obtained from steady shear flow curves (arrows in Fig. 5b).519

The recovery (elasticity) decreases with increasing the stress520

and reaches zero at the yield stress value. This finding is in521

good agreement with experiments on commercial MR fluids522

reported by Li et al. (2002). Also, with increasing the field523

strength at a fixed stress value, the viscoplastic response524

diminishes, and more elastic behavior ensues.525

The creep and recovery behavior of MR fluids can be526

captured by using the generalized Kelvin–Voigt model that527

is constituted by a series association of a Maxwell liquid528

and a certain number of Kelvin–Voigt solids. According to529

this model, the creep compliance function can be written as530

(Tadros 1987) follows:531

J (t) = γ

τ0
= J0 +

N∑

i=1

Ji

(
1 − e−t/ti

)
+ t

η0
(4)

and the recoil can be written as follows:532

R (t) = γr

τ0
= T

η0r

+
N∑

i=1

Jir

(
eT /tir − 1

)
e−t/tir (5)

Here, it is assumed that the stress is applied for t < T and533

removed at t = T . Also, ti = ηiJi represents the retar-534

dation time of the Kelvin–Voigt solid. For the experiments535

reported in this study, curves are well fitted, taking just one536

Kelvin–Voigt solid (N = 1). This description is particularly537

useful because all the data in the small strain region should538

collapse to the shear compliance function if the MR fluid is 539

responding in the linear viscoelastic regime. The first term 540

in the RHS of Eq. 4 represents the elastic + plastic property 541

of the MR fluid, the second term is associated to the delayed 542

elastic strain, and finally, the third term is associated to the 543

irreversible viscous flow. If the stress is applied for a long 544

time, the sample may deform permanently, and the viscos- 545

ity at the corresponding shear rate is given by the inverse 546

of the slope of the compliance curves in this steady flow 547

region. In the case of linear viscoelastic materials, J0 must 548

be elastically recovered upon cessation of the stress. How- 549

ever, in magnetized MR fluids, J0 generally comprises two 550

components, an elastic one and a plastic one (see below). 551

In Table 1, we show best-fitting parameters to Eqs. 4 and 552

5 for a wide range of magnetic fields investigated. Data in 553

Table 1 reveal that the instantaneous compliance slightly 554

increases when the stress value for all magnetic fields inves- 555

tigated increases. Strictly speaking, this point suggests that 556

stresses applied are already out of the viscoelastic linear 557

region. For all magnetic fields investigated, we could ideally 558

identify three regions. (1) For low stresses, the compliance 559

function has three contributions: instantaneous, retarded, 560

and viscous flow. (2) Upon increasing the stress value, the 561

retarded elastic and viscous components decrease, and at 562

some critical stress, the MR fluid is instantaneously strained 563

without the observation of retarded elastic and viscous com- 564

ponents. At this stage, η0 becomes infinite, and J1 exhibits 565

a very low negligible value (i.e., viscoplastic solid behav- 566

ior). Similar findings were obtained by Otsubo and Edamura 567

(1994). (3) For a larger stress value, J0 = 0 and the MR 568

fluid flows as a plastic fluid exhibiting a very low viscosity 569

η0. The stress value corresponding to this transition has been 570

associated in the past with the viscosity bifurcation phenom- 571

ena observed by Coussot and coworkers (2002) in highly 572

thixotropic yield stress materials, and as a consequence, this 573

stress value may be considered the frontier between the pre- 574

and postyield regimes. Even though non-negligible values 575

are obtained from data fitting for J1 and t1, the result of the 576

fit is not sensitive to important changes in J1 and t1. 577
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Table 1 Values of best-fitting parameters at each magnetic field strength according to Eqs. 4 and 5 t1.1

t1.2Stress (Pa) Creep test Recovery test

t1.3J0 (1/Pa) η0(Pa·s) J1(1/Pa) t1(s) η0r (Pa·s) J1r (1/Pa) t1r (s)

52 kA/m

t1.45 0.0047 250,000 0.0012 16 64,000 0.001 14

t1.510 0.0065 410,000 0.00096 4.6 57,000 0.0021 0.46

t1.615 0.010 1,100,000 0.00156 2.6 32,000 0 –

t1.730a 0.038 ∞ 0 – 8,400 0 –

t1.860a 0.11 ∞ 0 – 2,700 0 –

t1.9100 0 56 2.7 40 39 0 –

t1.10300 0 5.2 20 78 3.8 0 –

t1.11500 0 0.17 200 80 0.15 0 –

86 kA/m

t1.1220 0.0043 1,300,000 0.00039 1.8 78,000 0.00052 0.46

t1.1360 0.012 ∞ 0.0016 1.9 25,000 0.00088 0.45

t1.14100 0.0073 ∞ 0 – 42,000 0.00061 0.46

t1.15150 0.018 ∞ 0 – 18,000 0.000092 0.45

t1.16300a 0 300 3.1 47 72 0 –

t1.17500 0 18 4.7 50 14 0 –

t1.18800 0 5.3 3.4 65 5.0 0 –

t1.191, 000 0 3.4 3.0 68 3.3 0 –

173 kA/m

t1.2050 0.00038 1,900,000 0.000020 8.1 990,000 0.000089 87

t1.21150 0.0015 ∞ 0.000074 0.9 250,000 0.000035 1

t1.22250 0.0020 ∞ 0.00013 1.14 180,000 0.0001 0.5

t1.23400 0.0062 ∞ 0.00077 1.85 45,000 0.0001 0.5

t1.24600a 0.042 ∞ 0.00057 11.28 7,200 0.00002 0.5

t1.251, 000a 0 ∞ 1.35 14.9 210 0 –

t1.261, 500 0 18 2.05 41 16 0 –

t1.271, 800 0 8.5 0 – 8 0 –

259 kA/m

t1.28100 0.00040 3.800,000 0.000011 1.3 1,100,000 0.000047 41

t1.29500 0.0049 ∞ 0.00046 1.5 60,000 0 –

t1.301,000a 0.097 ∞ 0.049 5.7 1,100 0 –

t1.311, 400a 0 ∞ 0.69 12 320 0 –

t1.321, 800 0 60 1 30 51 0 –

t1.331, 900 0 39 0.068 13 39 0 –

t1.342, 200 0 16 0 – 15 0 –

t1.352, 600 0 7.4 0 – 6.9 0 –

Italicized values correspond to the fluidized (plastic fluid) region t1.36
aMeasurements where a stepwise increase in strain is observed t1.37

Regarding the recovery behavior, we should say that the578

response is very slightly retarded as inferred from the low579

values of J1r in Table 1. As a consequence, the recovery is580

nearly instantaneous and essentially given by the first term581

in Eq. 5 (T
/
η0r ). As observed in Table 1, η0r decreases582

when the stress value independent of the magnetic field583

strength increases. Importantly, a sudden drop in η0r is 584

observed at a shear stress close enough to the yielding point 585

and associated to the maximum in Fig. 5a that manifests a 586

purely viscous fluid flow. 587

It is also important to remark that stress values that are 588

marked with an asterisk in Table 1 correspond to those 589
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cases where a stepwise increase in the strain was moni-590

tored. Similar findings were reported in the past by Otsubo591

and Edamura (1994) and Li et al. (2002). This stepwise592

increase in the strain close to the critical yield stress value593

has been claimed to be due to field-induced chain rupture594

and reformation under shear.595

Comparison between steady shear flow curves and creep596

tests: viscosity bifurcation597

A further insight on the creep behavior can be obtained598

when plotting the instantaneous viscosity, defined as the599

ratio between the stress and the shear rate, as a func-600

tion of time (see Fig. 6). This kind of representation has601

been traditionally employed (Coussot et al. 2002; Moller602

et al. 2006, 2009a) to investigate the yielding behavior of603

pastes and demonstrated the appearance of the previously604

commented viscosity bifurcation at the yield stress in the605

case of highly thixotropic yield stress fluids (Coussot et al.606

2002) and a change in the viscosity versus time slope in607

the case of non-thixotropic yield stress fluids. Below the608

yield stress, the viscosity of non-thixotropic yield stress flu-609

ids keeps slowly increasing in time as η ∝ t0.6 for times610

even longer than 104 s (Moller et al. 2009b). In contrast,611

for non-thixotropic yield stress fluids above the yield stress,612

the viscosity quickly reaches a steady (constant) value.613

The structural models discussed above (Quemada 2008;614

Coussot et al. 2002) provide further insights to interpret615

these phenomena, at least qualitatively. Additional discus-616

sions are given below in relation to Fig. 12.617

Results shown in Fig. 6 demonstrate a slow flow that618

appears to occur at long times in the preyield regime as indi-619

cated by the fact that the curves for the lowest stresses do620

not become perfectly horizontal lines but continue to rise621

(η ∝ t). Even though these measurements are well inside622

the rheometer resolution, the very low values of the shear623

rate involved make this part of the measurement susceptible624
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to possible sample slippage and instrument noise effects. 625

Similar findings were reported for commercial MR fluids 626

by See et al. (2004). 627

At this stage, it would be interesting to compare the yield 628

stress obtained from steady shear flow curves and creep 629

tests. In Fig. 7, we show such a comparison. As observed, 630

steady shear and unsteady shear creep experiments provide 631

yield stress data that are in reasonably good agreement. 632

Actually, our results reveal that the yield value inferred from 633

the maximum in the total recovered strain is in reason- 634

ably good agreement with the static yield stress obtained 635

from steady shear flow curves. Contrary to our observations, 636

Otsubo and Edamura (1994) reported a yield stress value 637

from creep tests that were about 70 % of the plateau stress 638

in steady shear flow curves. 639

Comparison with model yield stress fluids 640

As demonstrated above, MR fluids are yield stress fluids in 641

the sense that they hardly flow if the imposed stress is below 642

a certain (field-dependent) value, but they flow at high shear 643

rates when the stress exceeds the so-called yield stress τY . 644

It has been recently reported that yield stress fluids 645

can be categorized in two groups: thixotropic and non- 646

thixotropic (simple) yield stress fluids. Even though, in the 647

past, the phenomena of yield stress and thixotropy have been 648

considered separate fields of research, currently, they are 649

demonstrated to be intimately linked (Moller et al. 2006; 650

Coussot et al. 2006). On the one hand, an ideal simple (non- 651

thixotropic) yield stress fluid is one for which the shear 652

stress depends only on the shear rate. In this case, viscosity 653

diverges continuously when the yield stress is approached 654

from above. Typical examples involve foams, emulsions, 655

and microgels. On the other hand, in (highly) thixotropic 656
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yield stress fluids, the stress depends both on the (instan-657

taneous) shear rate and the shear history of the sample. By658

far, the vast majority of yield stress materials are highly659

thixotropic. In thixotropic materials, the stress reversibly660

decreases with time at high shear and increases with time661

under rest or low shear rates. As a consequence, a typi-662

cal test frequently used to ascertain whether a material is663

thixotropic or not is increasing the shear stress/rate and664

then decreasing it while continuously measuring the result-665

ing shear rate/stress. If the stress is not a function of the666

shear rate only but also depends on the history of the sam-667

ple, the two curves should not collapse, and the material is668

said to be (highly) thixotropic. Typical examples of (highly)669

thixotropic materials are clay suspensions and colloidal670

gels.671

According to the discussion above, a carefully controlled672

measurement protocol must be followed to get reliable and673

reproducible results. As a consequence, prior to a test, yield674

stress fluids must be brought to the same initial state by a675

controlled history of shear and rest in what rheologists call676

a “preshear” stage.677

Two model yield stress materials are employed in this678

work to compare their yielding behavior with that of con-679

ventional MR fluids. On the one hand, polyacrylic acid-680

based microgel suspensions are employed as a representa-681

tive example of simple yield stress fluids because they are682

very slightly thixotropic. On the other hand, bentonite clay683

suspensions are used as model (highly) thixotropic fluids.684

The particular formulations of these colloidal systems were685

chosen ad hoc for them to have a similar yield stress value686

under the same experimental conditions.687

1. Microgel suspensions employed in this work are688

highly cross-linked anionic polyacrylic acid (PA) that689

swells upon neutralization to form electrically charged690

particles of approximately a few microns diameter691

(de Vicente et al. 2006; Gutowski et al. 2012). Con-692

centrations of approximately 0.1 wt% are reported in693

the literature to be sufficient for the particles to jam694

together to form a yield stress fluid. The weight concen-695

tration employed was 0.5 wt%. The pH was adjusted by696

adding sodium hydroxide.697

2. Weakly flocculated clay suspensions were prepared by698

dispersion of bentonite clay (BC) in water. The weight699

concentration employed was 10 vol%. The reason for700

this concentration value is that the yielding behav-701

ior of these particular systems has been extensively702

reported in the literature. Actually, data for increas-703

ing and decreasing stress ramps have been reported by704

Moller et al. (2009a).705

3. Unless appropriately stabilized, MR fluids are well-706

known to exhibit important sedimentation problems707

because of the large density mismatch between the con-708

stituent iron particles and dispersing medium. To ensure 709

that MR fluids remain stable at least during the rheology 710

tests and, in particular, during the quiescent period at the 711

preshear stage, we did increase the viscosity of the dis- 712

persing medium. Hence, silicone oils employed in the 713

formulation of MR fluids employed in this section had 714

a viscosity of 487 mPa·s. By simply increasing the vis- 715

cosity of the dispersing medium, iron microparticles are 716

expected to remain in suspension in longer periods of 717

time, and importantly, the yield stress is not expected to 718

be much influenced at a given magnetic field strength. 719

The particle concentration remained fixed at 5 vol%. 720

When dealing with MR fluids, magnetic fields applied 721

were 53 kA/m in order for the yield stress to be of a 722

similar order of magnitude than the yield stress of PA 723

and BC suspensions. 724

Steady shear flow 725

Getting reproducible results is notoriously difficult, espe- 726

cially with highly thixotropic yield stress fluids, because 727

of their shear history. Consequently, a strict experimen- 728

tal protocol was followed to ensure reproducibility and 729

comparability. Steady shear flow curves were ascertained 730

following the protocol described in Fig. 8. For initial con- 731

ditioning, the samples were subjected to steady shearing at 732

100 s−1 for 200 s and left (magnetized if needed) in a qui- 733

escent state for 200 s. Subsequently, the test was started. To 734

confirm that 200 s was sufficiently long for the microscopic 735

structures to form, a series of tests were carried out using 736

different intervals of time in the quiescent state. It is worth 737

to stress here that a preconditioning is absolutely necessary 738

to get reliable and reproducible results. Steady shear flow 739

curves were obtained here using stress- and strain-controlled 740

modes in order to more clearly differentiate between the 741

so-called static and dynamic yield stresses. 742

Results obtained using the protocol described in the 743

above paragraph are shown in Fig. 9 for the three systems 744

investigated. In the case of PA, we clearly observe that both 745

up and down stress curves do essentially overlap, suggesting 746

that under the experimental conditions, microgel suspen- 747

sions behave as non-thixotropic yield stress fluids. Note that 748

in this case, the stress increases/decreases 1 Pa every 3 s, 749

and this is a long time enough for the microgel suspension 750

to reach a pseudo-steady state. As we will see later, the 751

steady state is reached in only 1 or 2 s (see Fig. 10a). Impor- 752

tantly, the non-thixotropic character is manifested by using 753

both stress- and strain-controlled tests. Actually, the steady 754

shear rheology of PA microgels is fit extremely well by 755

the Herschel–Bulkley model (Moller et al. 2006; 2009a, b; 756

Gutowski et al. 2012). As shown in Fig. 9a, the yield stress 757

of PA suspensions is around 20 Pa. As expected, this is a 758

much smaller value than the Bingham one predicted from 759
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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 rate760

data in Fig. 9b.761

Similar to PA suspensions, data for increasing and762

decreasing shear stresses in MR fluids coincide (cf. Fig. 9a).763

These results are further checked through strain-controlled764

tests up to shear rates of 400 s−1 (cf. “MR fluid (MRF)765

short” data in Fig. 9b). As a consequence, a priori MR flu-766

ids formulated here in a high viscosity dispersing medium767

can be considered as non-thixotropic yield stress materi-768

als. In our case, the static yield stress in MR fluids is769

around 70 Pa (cf. Fig. 9a), while the dynamic/Bingham770

yield stress value is found to be very similar to that of 771

PA suspensions (approx. 500 Pa, cf. Fig. 9b). For com- 772

pleteness, in Fig. 9b, we include up-and-down shear rate 773

ramps covering a larger shear rate range (up to 1,000 s−1) 774

where the isotropic–nematic transition for MR fluids is 775

observed (for further details, see Volkova et al. 1999). For 776

the purpose of the present study, we are only interested 777

in the early stages of the yielding process, and conse- 778

quently, we will not achieve large enough shear stresses 779

(shear rates) for the development of the isotropic–nematic 780

transition. 781

Fig. 9 Up-and-down stress
curves of (a) stress controlled,
(b) strain controlled. Open
symbols correspond to steady
shear viscosity values obtained
from Fig. 10
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Finally, BC suspensions do clearly exhibit a thixotropic782

loop. This was expected as the weakly flocculated clay783

suspension liquefies at high stresses, and then, the branch784

obtained upon decreasing the stress is significantly below785

the one obtained while increasing the stress. This is clearly786

seen in the kind of representation employed in Fig. 9a. Note787

that contrary to PA suspensions, in this case, 3 s is not788

enough for the BC suspensions to reach a steady state (see789

Fig. 12b in the following sections). The yield stress for BC790

suspensions as obtained from the up stress curve is very791

similar to that obtained for MR fluids (approx. 60 Pa).792

It is worth to stress here that employing a lower viscosity793

silicone oil in the formulation of the MR fluid would result794

in a false thixotropic behavior due to the sedimentation of795

field-induced structures in the down curve. As demonstrated796

in Fig. 9a, the use of a larger viscosity dispersing medium797

prevents such sedimentation. It is also important to report798

that, a priori, the yielding behavior of MR fluids should799

not depend on the viscosity of the dispersing liquid as soon800

as the particle concentration and magnetic field strength801

remain constant. As will be shown later, the yield stress802

value for MR fluids formulated with different oil viscosities803

is essentially the same in spite of using different preshearing804

protocols.805

Creep–recovery tests806

Creep tests were also carried out in model yield stress flu-807

ids using the same preconditioning protocol (stages I and808

II in Fig. 8) as described above and with the same acquisi-809

tion times as reported in Fig. 2. Additionally, we did also810

check that running concatenated creep/recovery tests after811

step V in Fig. 2 gave the same results for PA and MR flu-812

ids which were found to be non-thixotropic materials. On813

the other hand, as expected because of their thixotropic814

behavior, in the case of BC suspensions, concatenated815

tests gave different results because of the aging of the816

suspension.817

Results obtained for PA-based (simple) yield stress flu-818

ids are shown in Fig. 10a. As observed, a few seconds after819

the shear stress is applied, the viscosity seems to reach a820

steady value for the larger stresses applied. However, for low821

stresses, curves obtained seem to deviate from this observa-822

tion. The observed transitionary stress is interpreted in the823

literature as the yield stress. In the classical rheology liter-824

ature, this kind of simple yield stress fluid has been taken825

as an example to show that yield stress materials do not826

really exist but, instead, behave as very high viscosity mate-827

rials at low shear (Barnes 1999). However, more recently,828

this observation has been questioned (Moller et al. 2006) by829

running creep measurements for times as long as 104 s in830

nonslip samples. In the time interval investigated here, the831

viscosity value seems to reach a clear steady plateau value832

for large stresses. On the other hand, similar to Moller et al. 833

(2006), a slow flow appears here to occur at long times in the 834

low stress regime that is well inside the rheometer’s resolu- 835

tion. For these low stresses, the viscosity has been reported 836

to increase with time following a power law with exponents 837

that range from 0.6 for 2 % Carbopol suspensions to 1.0 for 838

hair gels (Moller et al. 2009a). This increase with time is 839

generally found to be independent of the stress value and is 840

associated to overaging of the sample. 841
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Fig. 10 Instantaneous viscosity as a function of time for different
imposed stresses. a Microgel suspension, b clay suspension, c MR
fluid
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At this point, one should note that, strictly speaking,842

microgels are not free of thixotropy but present charac-843

teristic structuring times that are much shorter than those844

of bentonite clay suspensions, which is included here as845

a model thixotropic fluid (see Fig. 10b and discussions846

below). The subtle thixotropic behavior of microgels does847

not manifest in the timescales of the experiment associ-848

ated to Fig. 9 but becomes evident in Fig. 10a, where one849

observes that the system takes times around 1 s to reach the850

equilibrium viscosity, for the highest stresses applied.851

Results for BC suspensions are included in Fig. 10b.852

This kind of representation highlights the viscosity bifur-853

cation and avalanche phenomena characteristic of (highly)854

thixotropic yield stress fluids such as BC suspensions.855

Contrary to what occurs in the case of microgel suspen-856

sions, now the viscosity very clearly increases with time857

at low stresses, and a non-monotonic behavior is observed858

for intermediate stress levels. It has been reported in the859

past that buildup (aging) of the structure wins over the860

destruction (rejuvenation) of it when thixotropic yield stress861

fluids are subjected to low stress values (below a critical862

yield stress). As a consequence, the shear rate enormously863

decreases, and hence, the viscosity increases quadratically864

in time “until the flow is halted altogether” (Moller et al.865

2006; Quemada 2008). On the other hand, for slightly larger866

stress values than the yield stress, the viscosity decreases by867

many orders of magnitude in an avalanche mode describ-868

ing a discontinuous transition (viscosity bifurcation). In869

terms of the structural model (Quemada 2008), the viscosity870

plateaux for τ > τY involve a dynamic equilibrium between871

structuring and destructuring processes, i.e., dS
/
dt = 0.872

The system may approach the equilibrium by either break-873

ing down (dS
/
dt < 0) or building up (dS

/
dt > 0) the874

structure. At intermediate shear stresses, the plateaux appear875

to be instable, which may be due to the high sensitivity to876

the imposed shear stress values in the close vicinity of the877

bifurcation (Fig. 1b). An outstanding difference when com-878

paring Fig. 10a, b comes from the appearance of a shoulder879

in the case of BC suspensions. This can be easily explained880

because the suspension ages during the rest stage as demon-881

strated in Fig. 9a. Hence, for large enough stresses, τ > τK ,882

viscosity must decrease to reach a steady value (see Fig. 1b).883

Experimental data corresponding to the MR fluids are884

included in Fig. 10c. Results obtained qualitatively behave885

in an intermediate way between PA and BC suspensions886

and closely resemble measurements carried out in sec-887

tions above where the effect of magnetic field strength was888

explored. A quick look to the figures reveals that the low889

stress behavior of MR fluids is very similar to the one of890

BC suspensions. On the other hand, the high shear stress891

regime looks more alike to the PA suspensions. In other892

words, Fig. 10c shows that the viscosity of MRF quickly893

reaches a steady value for the larger stresses imposed, which894
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Fig. 11 Time dependence of the shear creep compliance J (t) and
recoil R(t) functions for the three systems investigated: a microgel
suspension, b bentonite suspension, c 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 895

discussed above for PA suspensions. However, at the low- 896

est stresses, the viscosity continuously increases during the 897

times observed, and the fluid seems to age similar to BC 898

suspensions. 899

Again, more valuable information can be obtained in te- 900

rms of the compliance and recoil functions corresponding to 901

the creep and recovery stages. Results obtained for the three 902
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systems investigated are included in Fig. 11. This kind of903

representations clearly manifests the differences described904

above. The quadratic dependence of the strain with the time905

and the oscillations at short times may correspond to the906

response of the (viscoelastic) material when it is suddenly907

submitted to a shear stress, while there is a significant inertia908

of the system. In fact, a similar ringing has been described909

in the literature in the past in other different materials (e.g.,910

Coussot et al. 2006).911

To get further information, compliance and recoil curves912

shown in Fig. 11 were fitted to Eqs. 4 and 5. The parameters913

obtained from the fits are included in Table 2. As observed914

in Table 2, the instantaneous compliance remains at a very915

low constant value for the lowest stresses investigated. This916

suggests that in this case, the systems essentially behave in917

the viscoelastic linear region. In Fig. 12a, we show that in918

spite of this, the behavior of the three systems under the919

viscoelastic linear region (for a given stress value applied of 920

15 Pa) is pretty different. On the one hand, the smallest η0 is 921

obtained for PA suspensions. On the other hand, the largest 922

J0 is obtained in the case of MR fluids. 923

The fact that the suspensions behave in the viscoelastic 924

linear region is further confirmed in Fig. 12b where we find 925

a quantitative good agreement between the low strain stor- 926

age modulus (solid line in Fig. 12b) and the instantaneous 927

strain/applied stress relation from creep tests (symbols in 928

Fig. 12b) up to stress values of approximately 30 Pa. Again, 929

this finding is also in good agreement with the fact that 930

the instantaneous strain coincides with the instantaneously 931

recovered strain at low stress levels (see Fig. 12c). Finally, 932

deviation from linearity is also achieved at a very similar 933

stress (≈60 Pa) and strain (≈10 %) levels (cf. Fig. 12d). 934

Throughout this work, the yielding behavior of conven- 935

tional MRF has been investigated by using steady shear 936

Table 2 Q2Same as Table 1 for microgel suspensions (PA), clay suspensions (BC), and MR fluids (MRF) t2.1

t2.2Stress (Pa) Creep test Recovery test

t2.3J0(1/Pa) η0(Pa·s) J1(1/Pa) t1(s) η0r (Pa·s) J1r (1/Pa) t1r (s)

PA

t2.410 0.0017 120,000 0.00014 7.3 270,000 0.0016 83

t2.515 0.0020 49,000 0.0018 110 44,000 0.0012 24

t2.630 0.0034 23,000 0.00247 32 19,000 0.0024 96

t2.760 0 250 0 – 240 0.0038 200

t2.8100 0 35 0 – 32 0 –

t2.9300 0 8.1 0 – 8.2 0 –

t2.10500 0 2.4 0 – 2.3 0 –

BC

t2.115 0.0011 200,000,000 0.00057 86 520,000 0.00039 43

t2.1210 0.0025 570,000 0.00098 31 520,000 0.0056 590

t2.1315 0.0036 400,000 0.00079 21 93,000 0.0011 0.45

t2.1430 0.0056 3,900,000 0.0047 30 38,000 0.0015 0.45

t2.1560a – – – – 1,400 0.00045 0.46

t2.1670 0 7.5 0 – 7.2 0 –

t2.1780 0 0.87 0 – 0.78 0 –

t2.18100 0 0.39 0 – 0.34 0 –

t2.19300 0 0.11 0 – 0.099 0 –

MRF

t2.205 0.00046 4,900,000 0.00072 96 610,000 0.00052 67

t2.2110 0.00037 560,000,000 0.0018 390 3,900,000 0.00128 230

t2.2215 0.00044 1,000,000 0.00015 41 890,000 0.00025 56

t2.2330 0.00089 510,000 0.00011 8.9 390,000 0.0005 0.46

t2.2460a – – – – 23,000 0.00056 0.46

t2.25100 0 ∞ 5.7 710 150 0 –

t2.26300 0 51 0.75 29 46 0 –

t2.27500 0 2.8 0 – 2.8 0 –

MR fluids investigated in this table are different to those reported in Table 1 t2.28
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Fig. 12 Characterization of the
preyield regime and onset of
nonlinearity in PA, BC, and
MRF systems: a compliance and
recoil functions in the preyield
regime, b instantaneous strain as
a function of the applied shear
stress. Solid lines are taken from
the low-strain storage modulus.
c Instantaneously recovered
strain as a function of the
instantaneous strain at the onset
of creep, d ratio between the
instantaneously recovered strain
and the instantaneous strain as a
function of the shear stress
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and creep–recovery tests, in order to elucidate if these937

fluids exhibit time-dependent phenomena like aging and938

thixotropy. At very low stress levels, MR fluids behave in939

the linear viscoelastic regime and evolve towards nonlin-940

ear viscoelastic, viscoplastic, and plastic responses when941

the stress value is increased. In steady shear flow, a plas-942

tic fluid behavior is found when the imposed stress is larger943

than the so-called yield stress. Finally, creep–recovery test944

showed that MR fluids might involve the aging phenom-945

ena akin to thixotropic fluids at low shear stresses, while946

an almost non-thixotropic behavior is exhibited at higher947

stresses.948

Conclusions949

In the literature, tests involving MR fluids typically focus950

on the response at shear rates over 1 s−1 (See et al. 2004).951

However, MR fluids are demonstrated to deviate from plas-952

tic fluid models (Bingham, Herschel–Bulkley, etc.) because953

the latter assume that the MR fluid operating in the preyield954

regime does not deform at all if the applied stress is below955

a critical yield stress value (Berli and de Vicente 2012).956

In this sense, unsteady creep tests are found to be interest-957

ing because they do actually provide further insight into the958

yielding mechanism under the presence of magnetic fields.959

Indeed, experiments reported here demonstrate that MR960

fluids do creep even under the presence of stresses below 961

the “yield” stress. 962

In the case of dilute MR fluids subjected at very small 963

stress levels, the instantaneously recovered strain is antic- 964

ipated to be very similar to the instantaneous strain as 965

expected from the linear viscoelasticity theory. This is so 966

because field-induced structures slightly deform under the 967

applied stress and later recover. In this situation, particle 968

aggregates fully connect the plates, generating an elastic 969

response that is later released when the stress is removed. 970

The stresses investigated in the first part of this work are 971

generally too large to observe this region. See et al. (2004) 972

reported that the linear response occurs for strains of the 973

order of 0.1 % or smaller. 974

For larger stresses, the energy used to stretch the field- 975

induced structures is not completely stored, and partial dis- 976

sipation occurs. This finding has been previously described 977

in the literature by Otsubo and Edamura (1994) and Li et al. 978

(2002) and interpreted by the deformation of clusters of 979

particles arranged in a BCT lattice. In general, this is pos- 980

sibly due to the existence of structures that are attached at 981

only one plate or are completely free (i.e., unattached). The 982

deformations of free and unattached chains are expected to 983

generate a plastic response. 984

For stresses very close to the yield stress, the stored 985

energy is consumed, and the field-induced structure changes 986

to another metastable configuration. The suspension is 987
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almost instantaneously strained without viscous flow, and988

in this case, the MR fluid will not exhibit an elastic recov-989

ery. The MR fluid behaves as a plastic fluid and exhibits a990

stepwise increase in the strain during the creep period.991

For very large stresses, the field-induced structure is992

destroyed, and the system flows with a low viscosity level.993

Obviously, the system does not recover the strain upon the994

cessation of the stress.995

Experiments reported here basically concern systematic996

creep tests with different stress values at a constant time997

of rest (waiting time). With this, it is possible to study the998

solid–liquid transition. However, MR fluids and soft glassy999

systems, in general, exhibit two directly related character-1000

istics, namely, jamming and aging, that are mechanically1001

manifested by the yielding and thixotropic behavior. In our1002

opinion, to better understand the aging of these systems,1003

future work should involve the study of the effect of the time1004

of rest.1005
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