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a b s t r a c t 

The question of whether Carbopol gels always behave as “model ” yield stress material is addressed experimentally. Prompted by several simple hydrodynamic 

experiments performed with Carbopol gels that can not be fully understood within the commonly accepted “model ” picture, we revisit the yielding behaviour of a 

Carbopol gel. When subjected to a loading/unloading process, the yielding of the Carbopol is gradual and exhibits a rheological hysteresis. By in-situ visualisation 

of the microstructure it is demonstrated that these features do not originate from a micro-structural damage of the micro-gel. A systematic description of the role of 

the rate at which the material is forced (loaded or unloaded) on the yielding scenario is given. In closing, the question of how simple a scalar model can be and yet 

accurately describe the experimentally observed yielding scenario of a Carbopol gel in a rheometric flow is addressed. It is concluded that simple scalar models may 

do such job as long as they are not too simple and include a minimal amount of physical ingredients. 

1. Introduction 1 

For many years since the synthesis of carbomer polymers in 2 

the1950 ′s [Brown, H.P., Carboxylic polymers, US Patent 2798053A, 3 

1957], aqueous Carbopol dispersions have been considered a reference 4 

standard for a “model ” yield stress fluid, specifically a fluid that per- 5 

fectly matches the behaviour predicted by yield-stress fluid constitutive 6 

models, such as the Herschel-Bulkley model. This is quite a remarkable 7 

exception, since normally constitutive equations attempt at mimicking 8 

the flow behaviour within a limited range of flow parameters, and not 9 

vice-versa. As the rheometers technology became more and more so- 10 

phisticated, however, concerns about the fidelity of Carbopol gels in 11 

modeling the yield-stress fluids behaviour have been equally growing 12 

in number and strength. Echos of the fiery debate about the existence 13 

of the yield-stress in the 1990’s [4,5] are still haunting the viscoplas- 14 

tic fluids community. More recently, an equally intense controversy has 15 

flourished about the concept itself of “model ” yield-stress fluids. On one 16 

hand, some authors show that Carbopol gels are indeed the simple model 17 

yield-stress fluid that many people believe them to be, [11,30,31] . On 18 

the other hand, however, other authors report experimental evidence 19 

of behaviours that significantly depart from that of a model yield-stress 20 

fluid, such as rheological hysteresis in the flow curve [17,19,33,43] , 21 

transient shear banding [20] that persists for a very long time, stress 22 

overshoot during steps in the rate of strain [18] and the breaking of 23 

fore-aft symmetry in a falling ball experiment, [34] . 24 
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Most recently, it was suggested that both types of behaviour may be 25 

found in the same type of Carbopol, depending on the preparation pro- 26 

tocol [16] : strong stirring breaks the polymers into smaller fragments, 27 

some of which are so small that they exhibit Brownian motion. This gen- 28 

erates a depletion interaction that leads to gel formation, which in turn 29 

leads to the thixotropy, and is usually interpreted in terms of a simple 30 

toy-model for the evolution of the microstructure and the viscosity, [27] . 31 

The basic assumptions of the model are that there exists a scalar struc- 32 

tural parameter, Φ, that describes the local degree of interconnection of 33 

the microstructure, and that the viscosity increases with increasing Φ. 34 

In addition, for an ageing system at low or zero shear rate Φ increases, 35 

while the flow at sufficiently high shear rates breaks down the structure 36 

and Φ decreases to a low steady state value. 37 

The present work aims to offer a contribution to the settlement of 38 

this dispute regarding the elusive nature of Carbopol gels by combin- 39 

ing macro-rheological experiments, in-situ visualisation of the Carbopol 40 

micro-structure and phenomenological modeling. 41 

The paper is organised as follows. Following a general introduction, 42 

we describe the “model ” yield stress material picture of a Carbopol gel, 43 

Section 1.1 . Next, we highlight three distinct simple hydrodynamic ex- 44 

periments that are at odds with this ideal picture, Section 1.2 . The exper- 45 

imental methods including a detailed description of the protocol used 46 

to prepare the Carbopol gel are discussed in Section 2 . The central re- 47 

sults of the study are described in Section 3 . Prompted by these three 48 

simple flow examples all at odds with the “model ” picture, we revisit the 49 
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Fig. 1. Dependence of the rate of deformation on the imposed stress mea- 

sured during a linear stress ramp. The empty/full symbols refer to the in- 

creasing/decreasing branch of the ramp. The vertical dashed line separates 

the solid deformation regime (S) and the fluid deformation regime (F) . The 

full line is a nonlinear fit by the Herschel-Bulkley model. 

yielding picture of a Carbopol gel in Section 3.1 . The question regard- 50 

ing the micro-structural integrity of the Carbopol sample is addressed in 51 

Section 3.2 . The dependence of the yielding scenario of the Carbopol gel 52 

on the rate at which the material is loaded/unloaded is systematically 53 

analysed in Section 3.4 . Finally, we address in Section 3.5 the issue of 54 

the phenomenological modelling of the yielding process of a Carbopol 55 

gel. The paper closes with a summary of the main findings and of the 56 

central conclusions of the study, Section 4 . 57 

1.1. Carbopol gels as “model ” yield stress materials 58 

We clarify in the following what is commonly understood by the 59 

“model ” yield stress picture commonly attributed to Carbopol gels. To 60 

illustrate this picture, a typical dependence of the rate of strain on the 61 

applied stress measured with a 0 . 1% ( 𝑤𝑡 ) aqueous solution of Carbopol 62 

980 during an increasing/decreasing stress ramp (the full/empty sym- 63 

bols marking each branch of the ramp are hardly distinguishable be- 64 

cause they overlap nearly perfectly) performed with a plate-plate geom- 65 

etry is illustrated in Fig. 1 . 66 

The rheological data presented in Fig. 1 bear several key features: 67 

1. The transition from a solid regime (S) to a fluid regime (F) seems 68 

to occur at a well defined value of the applied stress equal to the 69 

yield stress, 𝜏 = 𝜏𝑦 . 70 

2. The deformation states seem to be fully reproducible upon in- 71 

creasing/decreasing stresses meaning that the material responds 72 

exactly the same to an imposed stress during a loading and un- 73 

loading process. 74 

3. The yielding process seems to be accurately described by the 75 

Herschel-Bulkley constitutive law, 𝜏 = 𝜏𝑦 + 𝐾|�̇�|𝑛 - the full line 76 

in Fig. 1 . Here, K stands for the consistency and n ∈ (0, 1) for the 77 

power law index. 78 

Together with the above enumerated features of the yielding process, 79 

Carbopol gels are equally and universally recognised for their chemical 80 

and micro-structural stability during extended periods of time. 81 

1.2. Three simple hydrodynamic experiments at odds with the “model ”82 

yield stress picture of a carbopol gel 83 

The “model ” yield stress picture of a Carbopol gel described in 84 

Section 1.1 may be challenged by (at least) three relatively simple to 85 

perform hydrodynamic experiments which we briefly describe in the 86 

following. 87 

1.2.1. Sedimentation of a spherical solid object in a Carbopol gel 88 

The first example refers to the sedimentation of a spherical solid 89 

object in a Carbopol gel at low Reynolds numbers ( Re < 1). In the ab- 90 

sence of inertial contributions, the flow pattern around a spherical ob- 91 

ject moving at constant speed through a “model ” viscoplastic material 92 

should exhibit a fore-aft symmetry, [6] . The measurements of the in- 93 

stantaneous flow fields around the solid object performed by Putz and 94 

coworkers [34] revealed a strikingly different picture, Fig. 2 (a). First, 95 

the fore-aft symmetry was systematically broken for various concentra- 96 

tions of Carbopol and various radii of the falling sphere while validation 97 

experiments performed with a purely viscous glycerol solution revealed 98 

a purely symmetric flow pattern. Second and perhaps the most intrigu- 99 

ing, a negative wake phenomenon was observed: beyond a stagnation 100 

point located in the aft region of the flow, the flow direction was re- 101 

versed, i.e. the fluid was moving away from the falling object. As the 102 

Reynolds numbers were small (typically Re < 1) such flow patterns do 103 

not originate from inertial effects. 104 

A simple phenomenological explanation of the fore-aft symmetry 105 

breaking may be given in terms of the thixotropy of the material as 106 

follows. The material located in the fore region of the moving solid is 107 

subjected to a stress gradually increasing in time. The characteristic time 108 

scale associated to this loading process of the material may be estimated 109 

as 𝑡 0 = 𝑅 ∕ 𝑈 0 where R is the radius of the sphere and U 0 its terminal ve- 110 

locity. The material located in the aft region of the flow is subjected to 111 

a gradually decreasing stress or, to an unloading process. Thus, the bro- 112 

ken symmetry of the flow pattern may be attributed to an irreversibil- 113 

ity of the deformation states of the material upon loading/unloading 114 

(thixotropy). Two important points have to be made here. First, the mea- 115 

surements of the second invariant of the rate of strain tensor presented 116 

in Ref [34] . indicate that the gel is loaded/unloaded around the solid- 117 

fluid transition. Second, during all the experiments reported in Ref [34] . 118 

the material was loaded/unloaded in an “unsteady ” fashion: viewed in 119 

a Lagrangian frame of reference, the material elements were subjected 120 

to a constant stress only for a finite time of the order of t 0 < 1 s . 121 

The emergence of the negative wake on the other hand may be ex- 122 

plained by the presence of elasticity in the flow and has been system- 123 

atically described both experimentally and theoretically for the case of 124 

viscoelastic fluids, [1,25] . The “model ” yield stress picture of a Carbopol 125 

gel does not account for any of these two phenomenological behaviours. 126 

A numerical simulation of the sedimentation problem in an elasto- 127 

viscoplastic material described by the Saramito model [41] was reported 128 

by Fraggedakis and coworkers, [22] . The authors report numerical flow 129 
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Fig. 2. (a) Experimentally measured flow pattern around a 

solid sphere of radius 𝑅 = 1 . 95 𝑚𝑚 freely falling through a 

0.07% (wt) solution of Carbopol 980. The Reynolds number 

is 𝑅𝑒 = 0 . 087 . The plot is adapted from Fig. 8 of Ref [34] . 

panel (b) Numerical flow pattern obtained by Fraggedakis and 

coworkers - adapted with permission from Ref [22] . (courtesy 

of Professor John Tsamopoulos). 

patterns qualitatively similar to those obtained experimentally and em- 130 

phasise the role of elastic effects for both the fore-aft symmetry breaking 131 

and the emergence of the negative wake effect. 132 

1.2.2. The Landau-Levich flow 133 

A second simple fluid dynamics experiment somewhat similar to the 134 

first one from the point of view of flow kinematics is the Landau-Levich 135 

experiment which consists withdrawing a solid plate at a constant speed 136 

(sufficiently small so the Reynolds number does not exceed unity, Re ≤ 1) 137 

from a bath filled with a Carbopol gel. 138 

An instantaneous flow pattern measured during a Landau-Levich ex- 139 

periment performed with a 0.2%(wt) solution of Carbopol 980 is shown 140 

in Fig. 3 . This experiment was performed with a rough plate in order to 141 

eliminate the wall slip. The speed of the rigid plate was 𝑈 𝑝 = 3 𝑚𝑚 ∕ 𝑠 . 142 

As in the case of the sedimentation experiment discussed in 143 

Section 1.2.1 , a negative wake effect is clearly visible. Whereas we are 144 

not aware of any numerical simulations that captures this effect, we 145 

believe it is once more attributed to the elasticity. We may therefore 146 

conclude that this second simple experiment is at odds as well with the 147 

“model ” yield stress picture of a Carbopol gel. 148 

1.2.3. Rayleigh-Bénard thermo-convective instability 149 

A third simple fluid dynamics setting refers to the Rayleigh-Bénard 150 

convective instability. For the case of a Newtonian fluid heated from be- 151 

low when the vertical temperature gradient exceeds a critical value such 152 

as the buoyancy forces overcome viscous dissipation (or the Rayleigh 153 

number Ra exceeds a critical value Ra c ≈1708) the system loses its hy- 154 

drodynamic stability and the so called thermal convection is observed. 155 

Zhang and coworkers were the first to investigate the possibility of 156 

triggering thermal convection in a yield stress material heated from be- 157 

low, [45] . 158 

By means of stability analysis they have demonstrated that, within 159 

the framework of the Bingham model, the system is linearly stable. This 160 

means that, unlike in the Newtonian case, infinitesimally small perturba- 161 

tions of the flow field and the temperature field are unable to destabilise 162 

the flow regardless the value of the Rayleigh number. 163 

A weakly nonlinear stability analysis performed by Balmforth and 164 

Rust concludes that, within the framework of the Herschel-Bulkley 165 

model and at small Bingham numbers Bn , a sufficiently large finite am- 166 

Fig. 3. In-situ visualisation of the flow field around a rigid plate withdrawn at a 

constant speed U p from a container filled with a 0.2% (wt) solution of Carbopol 

980. The Reynolds number was 𝑅𝑒 = 0 . 05 . 

plitude perturbation of the base state may destabilise the flow and trig- 167 

ger Rayleigh-Bénard convection, [2] . 168 

The experiments performed by Kebiche et al, [26] , however, indicate 169 

that convective states may be triggered in the absence of a finite ampli- 170 

tude perturbation and the bifurcation towards the convective state is an 171 

imperfect bifurcation that may be described by the stationary Landau- 172 

Ginzburg model with a field. An instantaneous flow field measured right 173 

above the onset of the thermo-convective instability is exemplified in 174 

Fig. 4 . 175 

The discrepancy between the experimental findings reported in Ref. 176 

[26] with the two stability studies reported in Refs [2,45] . can only be 177 

attributed to the rheological behaviour of the gel around the solid-fluid 178 
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Fig. 4. Instantaneous flow field measured 

right above the onset of the Rayleigh-Bénard 

convection in a Carbopol gel heated from be- 

low. The plot is adapted from Ref [26] . 

transition. Indeed, the onset of convection corresponds to very small 179 

rates of deformation typically in the range 10 −4 − 10 −3 ( 𝑠 −1 ) . Within 180 

this range of shear rates it is unclear how realistic a simple Herschel- 181 

Bulkley type model really is. This issue will be explicitly addressed later 182 

on through the paper in Section 3.1 . 183 

2. Experimental methods 184 

2.1. Fluid preparation 185 

We chose a 0 . 15%( 𝑤𝑡 ) aqueous solution of Carbopol 940. Carbopol 186 

is the generic trade name of a cross-linked polyacrylic acid −[ 𝐶𝐻 2 − 187 

𝐶 𝐻( 𝐶 𝑂 𝑂 𝐻)]− with high molecular weight. In an anhydrous state, it 188 

is commercialised in the form of a white powder soluble in aqueous 189 

solvents. After the addition of a neurtralising agent such as sodium hy- 190 

droxide (NaOH), a clear gel is obtained. The Carbopol gels exhibit a 191 

yield stress behaviour in a neutral state due to the presence of a jammed 192 

spongy microstructure, [24,28,33] . 193 

The Carbopol gel was prepared according to the following protocol 194 

which was very similar to the protocol used by Dinkgreve and cowork- 195 

ers, [16] . First, the right amount of anhydrous Carbopol was dissolved in 196 

de-ionized water using a magnetic stirring device at a speed of 1000 rpm . 197 

The stirring process has been carried on for several hours after an ho- 198 

mogeneous solution was obtained. The degree of mixing/dissolution 199 

was assessed visually by monitoring the optical isotropy of the solu- 200 

tion. Next, the pH of the solution was gradually increased from 3.2 to 201 

7 by gradual titration with a small amounts of a 10 𝑤𝑡 % aqueous NaOH 202 

solution gradually pipetted while gently mixing the solution. The neu- 203 

tralised mixture has been gently stirred using a propeller mixer for three 204 

additional hours. A particular attention was to maintain the speed of 205 

the stirrer around 50 rpm in order to avoid the mechanical damage of 206 

the microstructure. After preparation, the batch of the gel was kept in 207 

an air-tight container in order to avoid the evaporation of the solvent 208 

and allowed to rest at room temperature for 24 h . A small amount of 209 

the solution was covalently labelled with Rhodamine B in order to vi- 210 

sualise the micro-structure by means of epi-fluorescent microscopy (see 211 

Section 3.2 for the details). We have tested that the rheological proper- 212 

ties of the gel sample were unaltered by the fluorescent labelling. 213 

2.2. Rheological measurements 214 

The rheological measurements were performed using a controlled 215 

stress rotational rheometer (Mars III , Thermofischer Scientific) equipped 216 

with a nano-torque module. Tests were performed using a parallel plate 217 

geometry with a diameter 𝐷 = 35 𝑚𝑚 and a gap 𝑑 = 1 𝑚𝑚 . To prevent 218 

wall slip, glass paper with an average roughness of 500 𝜇m was glued 219 

on each plate. To account for the addition of the glass paper on the ro- 220 

tating plate of the device, the inertia of the device was recalibrated. The 221 

absence of any wall slip effect was verified by measuring flow curves in 222 

subsequent tests performed with several values of the gap and showing 223 

that all measurements perfectly overlap. To prevent the evaporation of 224 

the solvent during the rheological measurements a thin layer of com- 225 

mercial oil was added to the free meniscus of the sample. 226 

Most of the rheological measurements were performed according to 227 

the following protocol. First, the sample was pre-sheared at a constant 228 

applied stress larger than the yield stress for 300 s and allowed to re- 229 

lax for another 300 s . Then, to assess the rheological behaviour of the 230 

Carbopol gel in different deformation regimes, a commonly used rhe- 231 

ological test consisting of loading/unloading the material according to 232 

an increasing/decreasing linear stress ramp was applied to a fluid sam- 233 

ple, Fig. 5 . For all the experiments reported herein, the maximum stress 234 

was chosen 𝜏max = 20 𝑃 𝑎 (which is significantly larger than the yield 235 

stress 𝜏y ≈8.9 Pa ) and the number of steps of each branch of the ramp 236 

was fixed 𝑁 = 500 . To test the role of the rate at which the material is 237 

loaded/unloaded, the duration of each step was t 0 was varied between 238 

0.2 s and 2 s . Through the rest of the manuscript t 0 will be referred to as 239 

the “characteristic forcing time ”. We note that for large enough number 240 

of steps N the stepped ramp is well approximated by a continuous linear 241 

ramp 𝜏 = 𝐵𝑡 with the slope 𝐵 = 

𝜏max 
𝑁𝑡 0 

, the dashed lines in Fig. 5 . 242 

In addition to the controlled stress ramps, we have monitored the re- 243 

sponse of the gel to steps in the rate of shear. To test the reproducibility 244 

and quantitatively assess the instrumental error, each rheological mea- 245 

surement was repeated three times with a fresh sample. 246 

2.3. Micro-rheo digital particle image velocimetry observations of the 247 

rheometric flow 248 

To get insights into the structure of the rheometric flow and check 249 

for the possibility of shear banding a home made micro-rheo PIV system 250 

schematically illustrated in Fig. 6 was used. For a detailed description 251 

of the experimental system and of the approach the reader is referred 252 

to Ref [42] . It consists of parallel plate geometry equipped with a sand- 253 

blasted glass plate (see panel (b) in Fig. 6 )). 254 

Whereas the optical transparency of the plate does not suffice for the 255 

visualisation of the flow, it is sufficient for the bulk illumination of the 256 

fluid by a white light source WS . The flow is visualised from the side 257 

through a hyper-zoom lens from the side using a digital camera ( CCD ). 258 

The measuring plane is orthogonal to the bottom plate of the rheometer. 259 

The size of the field of view is roughly 300 𝜇mx 450 𝜇m . The Carbopol 260 

gel is seeded with a small amount of polyamide spheres with an average 261 

diameter of 5 𝜇m . Time series of velocity fields measured right below the 262 

top disk in a vertical plane are obtained from pairs of subsequent images 263 

using a Digital Particle Image Velocimetry (DPIV) tool implemented in 264 

the house under Matlab. The instrumental accuracy of the micro-DPIV 265 

measurements was 7% of the measured speed. 266 

3. Results 267 

3.1. Yielding of a carbopol gel to stress revisited 268 

None of the three simple flows exemplified in Section 1.2 can be 269 

theoretically rationalised in the framework of a “model ” yield stress ma- 270 

terial. This prompts us to revisit the yielding scenario of a Carbopol gel 271 

in a simple rheometric flow. 272 

The “model ” yield stress picture of a Carbopol gel summarised in 273 

Section 1.1 was challenged for the first time by Putz and Burghelea, 274 

[33] . The main approach in Ref [33] . was to perform controlled stress 275 

ramps for both increasing and decreasing values of the applied stresses 276 

according to the protocol schematically illustrated in Fig. 5 and de- 277 

scribed in Section 2.2 . While the maximum stress during the ramp 𝜏max 278 

and the number N of steps of each branch were fixed, the characteristic 279 

forcing time t 0 was varied. 280 

The limit of steady state forcing corresponds to large values of t 0 . We 281 

illustrate in Fig. 7 the dependence of the measured absolute value of the 282 
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Fig. 5. Schematic representation of the linear stepped stress ramp. For clarity 

of the presentation, we have chosen here 𝑁 = 20 steps of each of the two 

branches of the ramp while during the experiments we report herein 𝑁 = 500 . 

Fig. 6. (a) Schematic representation (not in 

scale) of the micro-rheo- PIV system used to 

measure the dependence of the tangential ve- 

locity component at 𝑟 = 5 𝑅 ∕6 (R being the ra- 

dius of the plate used during the rheological 

tests) on the vertical coordinate z . (b) Photo- 

graph of the serrated transparent disk used for 

the micro-rheo-PIV measurements. 

Fig. 7. Dependence of the absolute value of the rate of shear |�̇�| on the 

reduced applied stress 𝜏/ 𝜏y measured for increasing (empty symbols) and 

decreasing (full symbols) imposed stresses. The stresses were varied lin- 

early in time and the characteristic forcing time was 𝑡 0 = 1 . 5 𝑠 . The vertical 

dashed lines separate the three deformation regimes: (S) - solid, (S+F) - 

intermediate and (F) - fluid. The full square marks the point of elastic recoil 

(the rate of shear changes sign) systematically observed on the decreasing 

stress branch of the ramp. The full line is a fit by the Herschel-Bulkley 

model. 

rate of shear |�̇�0 | on the normalised applied stress 𝜏/ 𝜏y for 𝑡 0 = 1 . 5 𝑠 . 283 

The yield stress 𝜏y was obtained via a classical Herschel-Bulkley fit, 284 

𝜏y ≈8.9 Pa . The data set presented in Fig. 7 is the very same data set pre- 285 

sented in Fig. 1 but only plotted on a log-log scale. Prior to discussing the 286 

main features of the solid-fluid transition it is worth noting that results 287 

qualitatively similar to that illustrated in Fig. 7 have been obtained using 288 

various rheometers, various concentrations of Carbopol, and at various 289 

temperatures [8,23,26,32,33,40,44] . More recently, a rheological hys- 290 

teresis qualitatively similar to our result was observed by Divoux and 291 

coworkers, [19] . 292 

Several important features some of which are at odds with the 293 

“model ” yield stress picture may be noticed in Fig. 7 : 294 

1. For low values of the applied stress, a plateau of the shear rate is 295 

observed on both branches of the flow ramp. As the stress ramp 296 

was linear in time, such plateaus are the signature of an elastic 297 

solid behaviour. This can be easily demonstrated as follows. A 298 

plateau �̇� = �̇�0 = 𝑐𝑡 observed for low stresses during linearly in- 299 
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Fig. 8. Fluorescent micro-graph of a 0.1% 

(wt) solution of Carbopol 980 containing a 

10 −5 𝑀 aqueous solution of molecular Rho- 

damine 6G at (a) 𝑝𝐻 = 3 (no measurable yield 

stress). (b) 𝑝𝐻 = 7 (measurable yield stress). 

creasing/decreasing stress ramp 𝜏 = 𝐵𝑡 implies 𝛾 = �̇�0 𝑡 = 

𝜏�̇�0 
𝐵 

or 300 

𝜏 = 𝐺𝛾 with 𝐺 = 

𝐵 

�̇�0 
which is the Hooke’s law. 301 

2. For high values of the applied stresses a fluid regime (F) that 302 

can be accurately described by the Herschel-Bulkley constitutive 303 

model (the full line) is observed. 304 

3. In spite of the visual impression given by Fig. 1 which displays 305 

the very same data but plotted on a linear scale, the transition 306 

from the solid regime (S) to the fluid regime (F) is not direct (i.e. 307 

does not occur at a well defined value of the stress) but mediated 308 

by an intermediate deformation regime (S+F) . 309 

4. With the exception of the fluid regime (F) , the measurements are 310 

not reproducible upon increasing/decreasing the applied stress 311 

and a clear rheological hysteresis is observed. 312 

5. On the decreasing branch of the applied stresses, there exists a 313 

critical value of the applied stress 𝜏c / 𝜏y ≈0.8 below which the 314 

shear rate changes sign (the spindle of the rheometer reverses its 315 

sense of rotation). This may be understood in terms of a recoil 316 

effect which is correlated to both the elasticity of the gel and the 317 

momentum of inertia of the plate geometry. 318 

It is rather clear that the points (3 − 5) enumerated above are at odds 319 

with the “model ” yield stress picture. 320 

However, the measurements presented in Fig. 7 contain all the physi- 321 

cal ”ingredients ” needed to phenomenologically understand the topology 322 

of the flow fields observed during the sedimentation experiments illus- 323 

trated in Fig. 2 and during the Landau-Levich experiment illustrated in 324 

Fig. 3 . 325 

The breakdown of the fore-aft symmetry of the flow pattern mea- 326 

sured during the sedimentation experiment Fig. 2 may be related 327 

to the emergence of a rheological hysteresis observed upon increas- 328 

ing/decreasing stresses past the (S+F) deformation regime by simply 329 

noting that the material located in the fore region of the sphere is being 330 

progressively loaded while the material located in the aft region is being 331 

unloaded. 332 

The emergence of the negative wake during both the sedimentation 333 

experiment Fig. 2 and the Landau-Levich experiment Fig. 3 may be di- 334 

rectly related to the recoil effect observed during the unloading branch 335 

of the controlled stress ramp. 336 

3.2. Visualisation of the carbopol microstructure 337 

Dinkgreve and coworkers pointed out that Carbopol gels behave as 338 

”model ” yield stress materials if they are “properly ” prepared, [16] . By 339 

“properly ”, the authors mean the gel is not over-stirred during the neu- 340 

tralisation phase of the preparation procedure and explain that the over- 341 

stirring would mechanically destroy the micro-structure even at a neu- 342 

tral pH which ultimately leads to a non-model rheological behaviour 343 

(e.g. emergence of stress overshoot during step-strain rheological tests, 344 

rheological hysteresis during increasing/decreasing ramps of stresses) 345 

and emergence of a negative wake during sedimentation experiments 346 

similar to those exemplified in Section 1.2.1 . To support this statement, 347 

the authors present in Fig. 5 of their paper micrographs of a gently 348 

stirred (structured) Carbopol gel sample versus a strongly stirred (de- 349 

structured) Carbopol sample. The micrographs were obtained by adding 350 

molecular Rhodamine 6 G (few drops of an aqueous solution of Rho- 351 

damine 6 G with a concentration of 10 −5 𝑀) to a 0 . 5% ( 𝑤𝑡 ) aqueous solu- 352 

tion of Carbopol Ultrez U 10. 353 

To test whether the micro-structure of the Carbopol solution used in 354 

our rheological tests was mechanically damaged during preparation or 355 

not, we have carefully followed the procedure described in Ref [16] ., 356 

added 10 −5 𝑀 of molecular Rhodamine 6 G to the Carbopol solution 357 

and attempted to visualise the microstructure by means of classical epi- 358 

fluorescent microscopy. The results of this attempt are summarised in 359 

Fig. 8 . 360 

In an acid state (just after the complete dissolution of the anhydrous 361 

Carbopol in deionised water) at 𝑝𝐻 = 3 a microstructure is clearly visi- 362 

ble, panel (a) in Fig. 8 . Upon neutralisation (at pH ≈7) the microstruc- 363 

ture is no longer visible, panel (b) in Fig. 8 . A similar unsuccessful at- 364 

tempt of visualising the microstructure of a neutral Carbopol solution 365 

by simply adding an ionic dye (Acrydine Orange) has been reported by 366 

Gutowski and coworkers, [24] . 367 

The differences in the visualization of Carbopol by Rhodamine 6 G in 368 

different environments can be explained in terms of basic organic chem- 369 

istry as follows. In acid environment at 𝑝𝐻 = 3 Carbopol is in a dissoci- 370 

ated state and the Rhodamine is bound to the Carbopol by non-covalent 371 

interactions such as ionic bonds. To help understanding this point, we 372 

illustrate in Fig. 9 (a) the molecular structure of Rhodamine 6 G . How- 373 

ever, in neutral conditions at 𝑝𝐻 = 7 the carboxylic groups of Carbopol 374 

which allow this ionic bonding are neutralised. Thus, Rhodamine 6 G 375 

does not interact preferentially with Carbopol and it is homogeneously 376 

distributed in the solution (the Rhodamine has a low molar mass, so it 377 

diffuses easily in the solvent), which leads to non-specific visualisation 378 

of the system 8 (b). 379 

To visualise the microstructure of the Carbopol, we have elaborated a 380 

more sophisticated chemical protocol able to covalently bind molecules 381 

of Rhodamine B to the backbone of the poly-acrylic acid. To help under- 382 

standing this point, we illustrate in Fig. 9 (b) the molecular structure of 383 

Rhodamine B . As compared to the ionic bonding attempted by Dingreve 384 

and coworkers in Ref [16] ., the net advantage of the covalent bonding 385 

comes from the fact that the covalent bonds are not destructed during 386 

the neutralisation step of the Carbopol solution. 387 

The Carbopol with covalently bound Rhodamine B was prepared 388 

by three-step synthesis. In the first step the Rhodamine B was esteri- 389 

fied with ethylene glycol providing 2-hydroxyethyl ester, which was in 390 

the second step transformed to 2-bromoethyl ester. In the last step the 391 

bromine-modified Rhodamine B was grafted on Carbopol under basic 392 

conditions. The detailed description of the synthesis protocol goes be- 393 
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Fig. 9. (a) Molecular structure of Rhodamine 6 G used 

by Dinkgreve and coworkers in Ref [16] . (b) Molecular 

structure of Rhodamine B used in the present study. 

Fig. 10. Micrograph of the neutral Carbopol gel covalently labelled with Rho- 

damine B (see text for description). The bright details of the micrograph refer 

to the Carbopol particles while the dark details refer to the acqueous solvent. 

yond the scope of this contribution and it will be given in a subsequent 394 

paper. 395 

A micrograph of the covalently labelled Carbopol gel is illustrated 396 

in Fig. 10 . The bright details in this image refer to Carbopol particles 397 

while the dark regions refer to the solvent (deionised water). It is clear 398 

from Fig. 10 that the gel is highly structured and the average size of 399 

the micros-structure is of the order of 50 𝜇m . This characteristic size is 400 

consistent with the results reported in Refs [28,29] . 401 

3.3. On the physical reasons behind the emergence of the rheological 402 

hysteresis during the loading/unloading of the carbopol sample 403 

After being reassured that the rheological hysteresis observed upon 404 

loading/unloading of the Carbopol gel ( Fig. 7 ) it is not related to a me- 405 

chanical damage of the micro-structure, we discuss in the following sev- 406 

eral possible physical reasons behind this observation. A first important 407 

contribution to the emergence of the rheological hysteresis relates to the 408 

elastic effects within the regimes (S) and (S+F) . As shown in Fig. 7 and 409 

highlighted in Section 3.1 elasticity manifests through the emergence of 410 

a plateau of shear rates in the (S) regime and through an elastic recoil 411 

on the unloading branch. These elastic effects coupled to an unsteady 412 

loading/unloading of the sample may phenomenologically lead to the 413 

observation of a rheological hysteresis. 414 

Another possible physical reason responsible for the emergence of 415 

a rheological hysteresis relates to the presence of shear banding in the 416 

flow. Indeed, shear banding has been observed experimentally with Car- 417 

bopol gels, [20] . To test whether shear banding occurred during the 418 

rheological measurements, we resort to the micro-rheo-DPIV technique 419 

described in Section 2.3 . 420 

Using this setup, 500 individual flow fields were measured in the 421 

plane 𝑧 − 𝑟 within the sample at the radial position 𝑟 = 5 𝑅 ∕6 ( R being 422 

the radius of the top glass made disk). The stress was chosen such as 423 

the system would be within the regime S+F . A time averaged flow field 424 

is shown in Fig. 11 (a) and dependence of the azimuthal velocity com- 425 

ponent U on the vertical coordinate is shown in Fig. 11 (b). The error 426 

bars defined by the root mean square deviation of the measured veloc- 427 

ity computed with 500 instantaneous velocity fields does not exceed 428 

7% of the measured value, Fig. 11 (b). Two distinct flow regions can be 429 

seen in Fig. 11 (b). For z < 150 𝜇 m the velocity profile is flat (meaning 430 
𝜕𝑈 

𝜕𝑧 
) which is consistent with the presence of a solid plug located near 431 

the top disk. For z > 150 𝜇 m the slope of the dependence 𝑈 = 𝑈 ( 𝑧 ) is no 432 

longer null: the material flows. 433 

Thus, we may conclude that shear banding was present during the 434 

rheological measurements which, according to Divoux and coworkers, 435 

contributes to the emergence of the rheological hysteresis [19] . To con- 436 

clude this part, the emergence of hysteresis may be phenomenologi- 437 

cally triggered by several combined effects: elasticity, unsteady load- 438 

ing/unloading and shear banding. Through the rest of the manuscript 439 

we restrict our discussion to the first two effects. A systematic discus- 440 

sion of the shear banding and an analysis of the space-time dynamics of 441 

the micro-rheo-DPIV measured flow fields goes beyond the scope of the 442 

present contribution and will be published elsewhere. 443 

3.4. Role of the rate of the forcing on the dynamics of the solid-fluid 444 

transition 445 

We address in the following the question of how the rate at which the 446 

material is loaded/unloaded influences the rheological measurements. 447 

A quantitative measure of rate of the loading/unloading process is given 448 

by the characteristic forcing time t 0 . The choice of monitoring the re- 449 

sponse of the Carbopol gel during an unsteady loading/unloading pro- 450 

cess rather than a steady state forcing scheme is clearly motivated by 451 

the ”simple ” flows illustrated in Section 1.2 . 452 

To understand this we perform controlled stress ramps similar to the 453 

one illustrated in Fig. 7 for various values of the characteristic forcing 454 

time (the time per stress step) t 0 , Fig. 12 . 455 

For clarity of the presentation, we present the data acquired on the 456 

increasing branch of the stress ramp in Fig. 12 (a) and the data acquired 457 

on the decreasing branch of the ramp in Fig. 12 (b). 458 

Regardless the branch of the ramp, a clear dependence of the mea- 459 

sured shear rate on the characteristic forcing time t 0 is observed within 460 

the solid deformation regime (S) and within the intermediate regime 461 

(S+F) . On both branches, for low values of the imposed stress, a plateau 462 

of the rate of shear is observed. 463 

As explained in Section 3.1 the emergence of these plateaus is an 464 

indicator that, at low applied stresses, the material follows Hooke’s law. 465 

To get further insights into this, we plot in Fig. 13 the dependence 466 

of the value of the shear rate plateau observed at low shear stresses �̇�0 467 

on the characteristic forcing time t 0 measured on both the increasing 468 

(circles) and decreasing (squares) branch of the stress ramp. 469 

On both branches of the stress ramp, a power law scaling of the low 470 

stress shear rate plateau is observed, �̇�𝑢,𝑑 0 ∝ 𝑡 −1 0 - the full/dashed lines in 471 
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Fig. 11. (a) Time averaged (over 500 instantaneous velocity fields) velocity field. The false colour map refers to the magnitude of the velocity. (b) Dependence of 

the time averaged azimuthal velocity component U on the vertical coordinate z . The error bars are defined by the root mean square deviation obtained by performing 

a statistical analysis over 500 instantaneous flow fields and do not exceed 7% of the measured value. 

Fig. 13 . The low applied stress plateau values of the rate of shear mea- 472 

sured on the increasing branch of the ramp are systematically smaller 473 

than the values measured on the decreasing branch, �̇�𝑢 0 < �̇�𝑑 0 which im- 474 

plies G 

u > G 

d . This may be understood as follows. At the end of the un- 475 

loading process (the decreasing branch of the stress ramp), the material 476 

has accumulated a long de-structuring history and cannot return to the 477 

initial solid state characterised by G 

u but to a “softer ” solid state charac- 478 

terised by G 

d < G 

u . The elastic moduli G 

u , d may be estimated using the 479 

slope B of the stress ramp 𝐺 

𝑢,𝑑 = 

𝐵 

�̇�
𝑢,𝑑 

0 
= 

𝜏max 
𝑁 

1 
𝑡 0 ̇𝛾

𝑢,𝑑 

0 
which using the power 480 

law fit results shown in Fig. 13 , leads to G 

u ≈57 Pa and G 

d ≈22 Pa . 481 

A measure of the deficit of the deformation power per unit volume of 482 

material is given by the area of the hysteresis observed in Fig. 7 defined 483 

as: 484 

𝐴 = 

1 
𝜏𝑦 

|||||∫
𝜏𝑚𝑎𝑥 ∕ 𝜏𝑦 

0 
�̇�𝑢 𝑑 𝜏𝑢 − ∫

𝜏𝑚𝑎𝑥 ∕ 𝜏𝑦 

0 

|||�̇�𝑑 |||𝑑 𝜏𝑑 
||||| (1) 

The dependence of the magnitude of the rheological hysteresis A on 485 

the characteristic forcing time t 0 is shown in Fig. 14 . 486 

As the characteristic forcing time is increased, the magnitude of 487 

the rheological hysteresis decays as a power law, 𝐴 ∝ 𝑡 −1 0 - the full 488 

line in Fig. 14 . This means that, in the asymptotic limit of a steady 489 

state forcing the deformation states are practically reversible upon in- 490 

creasing/decreasing stresses and the Carbopol gel tends to behave as a 491 

“model ” yield stress material. A qualitatively similar power law decay of 492 

the area of the hysteresis was reported by Divoux and coworkers, [19] . 493 

3.5. On modelling the yielding transition in a carbopol gel: how simple a 494 

rheological model can get (and yet remain meaningful)? 495 

We aim in this section at finding a minimalistic rheological model 496 

able to describe the yielding behaviour of a Carbopol gel presented in 497 

Secs. 3.1, 3.4 and illustrated in Figs. 7 , 12 . Several phenomenologi- 498 

cal macroscopic models have been proposed [7,9,10,12–15,21,33,35–499 

38] which have a general form: 500 

𝑑Φ( 𝑡 ) 
𝑑𝑡 

= 𝐹 1 
[
Φ( 𝑡 ) , 𝜏( 𝑡 ) , 𝐶 1 , 𝐶 2 , …, 𝐶 𝑚 

]
(2) 

The distinctive feature of these models is that they describe the tem- 501 

poral evolution of a micro-structural parameter Φ( t ) as a function of the 502 

applied stress and a number of parameters 𝐶 1 , …, 𝐶 𝑚 . Part of these pa- 503 

rameters describe the kinetics of the destruction/re-structuration of the 504 

material and are difficult (or impossible!) to measure. The rest of the pa- 505 

rameters describe the rheological behaviour of the material (e.g. yield 506 

stress, consistency, power law index, elastic modulus) which may be 507 

measured via adequate macroscopic rheological tests (flow ramps, oscil- 508 

latory measurements, creep/relaxation tests etc.). The functional depen- 509 

dence F 1 is often chosen on a phenomenological (and semi-empirical) 510 

basis rather than derived from first principles. The micro-structural 511 

Eq. 2 needs to be complemented by a constitutive relationship which 512 

takes the general form: 513 

𝜏( 𝑡 ) = 𝐹 2 

[ 
Φ( 𝑡 ) , 𝑑𝜏( 𝑡 ) 

𝑑𝑡 
, 𝐴 1 , 𝐴 2 , …, 𝐴 𝑚 

] 
(3) 

where the material constants 𝐴 1 , 𝐴 2 , …., 𝐴 𝑚 reflect the rheological be- 514 

haviour of the material. A choice of the functional dependencies F 1 and 515 

F 2 that is suitable for modelling the response of a Carbopol gel to stress 516 

must satisfy (at least) two fundamentals requirements: 517 

1. In the asymptotic limit of very small applied stresses, Eq. 3 should 518 

reduce to Hooke’s law: 𝜏 = 𝐺𝛾. 519 

2. For applied stresses significantly larger than the yield stress one 520 

needs to recover the Herschel-Bulkley constitutive relationship: 521 

𝜏 = 𝜏𝑦 + 𝐾|�̇�|𝑛 . 522 

Besides these basic requirements there exist at least two impor- 523 

tant requirements a comprehensive micro-structural model should meet. 524 

First, a micro-structural model needs to be thermodynamically vali- 525 

dated, [14,41] . This requirement is more difficult to fulfil particularly 526 

when the functional dependence F 1 is prescribed on a phenomenolog- 527 

ical (semi-empirical basis). An alternative way of prescribing a ther- 528 

modynamically validated evolution equation for the microstructure has 529 

been recently proposed using a Gibbs field microscopic yielding picture 530 

similar to the magnetisation of a lattice of atomic spins and built upon 531 

fundamental principles of Statistical Physics , [8,39,40] . 532 

Second, such models should also be able to capture the shear band- 533 

ing phenomenon which is often observed during the yielding process, 534 

[17,19] . Obviously, this task is impossible to achieve by a scalar model. 535 

Through the reminder of this section we will not discuss the thermody- 536 

namic aspect and the shear banding but focus on a significantly more 537 

modest quest: identify a minimalistic scalar model that satisfies the two 538 

base requirements afore stated and is able to accurately describe the 539 

experimentally observed yielding scenario of a Carbopol gel. 540 
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Fig. 12. (a) Dependence of the rate of strain �̇� on the imposed 

stress measured on the increasing branch of the stress ramp 

for various values of the characteristic forcing time t 0 . (b) De- 

pendence of the absolute value of the rate of strain |�̇�| on the 

imposed stress measured on the decreasing branch of the stress 

ramp for various values of the characteristic forcing time t 0 . In 

both panels, the top colour bar maps the value of t 0 . The verti- 

cal dashed lines separate the solid deformation regime (S) the 

intermediate regime (S+F) and the fluid deformation regime 

(F) . The full line is a nonlinear fit by the Herschel-Bulkley 

model. 

3.5.1. Applicability of the model proposed in ref. [9] in describing the 541 

rheological response of a carbopol gel 542 

One of the simplest micro-structural models was proposed by Cous- 543 

sot and coworkers, [9] . The time derivative of the structural parameter 544 

depends linearly on the shear rate according to: 545 

𝑑Φ( 𝑡 ) 
𝑑𝑡 

= 

1 
𝜆
− 𝛼Φ( 𝑡 ) ̇𝛾( 𝑡 ) (4) 

The micro-structural equation has a single steady state solution, Φ𝑆𝑆 = 546 
1 

𝜆𝛼�̇�
. The viscosity of the material is directly related to the micro- 547 
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structural parameter 1 : 548 

𝜂( 𝑡 ) = 𝜂0 
[
1 + 𝛽Φ( 𝑡 ) 𝑛 

]
(5) 

An important claim made in Ref. [16] is that, when over-stirred dur- 549 

ing preparation, the Carbopol gel becomes weakly thixotropic and its 550 

rheological behaviour can be described by the model proposed in Ref [9] . 551 

This is clearly illustrated in Fig. 7 of Ref. [16] which presents measure- 552 

ments of a flow curve for an increasing/decreasing ramp in shear rates 553 

together with an excellent fit using the model proposed in Ref [9] . Dur- 554 

ing their tests the duration of each step in the shear rate was 𝑡 0 = 10 𝑠 555 

(according to insert of Fig. 7 of Ref. [16] ). To fit their data, the authors 556 

set 𝛽 = 1 , 𝑛 = 2 (not to be confused with the power law index in the 557 

Herschel-Bulkley law), 𝜆 = 10 𝑠 and 𝛼 obtained from the yield stress via 558 

𝛼 = 

2 𝜂0 𝛽
𝜆𝜏𝑦 

. 559 

Prior to assessing this claim and attempting to describe the yielding 560 

behaviour of the Carbopol gel used in this study with this model we 561 

make several rather obvious remarks: 562 

1. In the limit of high applied shear rates when the structural pa- 563 

rameter Φ is expected to vanish (if one assumes that the mi- 564 

crostructure will be entirely destroyed far above the yield point) 565 

the model described above predicts a Newtonian behaviour, 566 

𝑙𝑖𝑚 Φ→0 𝜂(Φ) = 𝜂0 . This is somewhat at odds with the universally 567 

recognised fact that Carbopol gels sheared at rates far above the 568 

yield point exhibit a shear thinning behaviour, 𝜂 ∝ �̇�𝑛 −1 (with 569 

n ∈ (0 1)) and a high shear rate Newtonian plateau has been never 570 

observed experimentally. Thus, the only way of recovering a 571 

shear thinning response with this model is to assume that even far 572 

beyond the yield point the structural parameter remains strictly 573 

positive, Φ> 0. Certainly, such an assumption is difficult to jus- 574 

tify on either a theoretical or an experimental basis for the case 575 

of a Carbopol gel. 576 

2. Corresponding to a linearly increasing (with time) and continu- 577 

ous ramp in shear rates �̇�( 𝑡 ) = 𝐴𝑡, there exists an analytical solu- 578 

tion for the structural parameter: 579 

Φ( 𝑡 ) = 

𝑒 
− 1 2 𝐴𝛼𝑡 2 

[ √
2 𝜋𝐸𝑟𝑓𝑖 

( √
𝐴𝛼𝑡 √
2 

) 

+ 2Φ(0) 𝜆
√
𝐴𝛼

] 

2 
√
𝐴𝛼𝜆

(6) 

The analytical solution of Eq. 6 is generally non monotonic: prior 580 

to decaying to zero as t increases it passes through a local max- 581 

imum. This means that, prior to yielding, the material first ages 582 

to a state Φ𝑚 = 𝑚𝑎𝑥 {Φ( 𝑡 )} > Φ(0) which depends strongly on the 583 

choice of the initial condition Φ(0). Except for the data presented 584 

by Dinkgreve and coworkers in Fig. 7 of Ref. [16] we are not 585 

aware of any other independent experimental observation of age- 586 

ing of a Carbopol gel prior to yielding within time windows of 587 

order of tens of seconds during a controlled rate ramp. 588 

To gain further insights into applicability of this model in describing 589 

the flow curves of a Carbopol gel and compare our findings with the data 590 

published in Fig. 7 of Ref. [16] we consider an increasing/decreasing 591 

stepped ramp in the rate of shear in the form: 592 

�̇�( 𝑡 ) = �̇�𝑚𝑎𝑥 

−2 𝑁 + 1 + 

∑𝑁 

𝑘 =0 ,𝑡 0 
𝐻( 𝑡 − 𝑘 ) + 

∑2 𝑁 

𝑘 = 𝑁+1 ,𝑡 0 
𝐻( 𝑘 − 𝑡 ) 

𝑁 

(7) 

Here H stands for the Heaviside step function, t 0 is the duration of 593 

each step of the ramp and 𝑇 max = 𝑁 𝑡 0 is the total duration of the load- 594 

ing/unloading branches. To avoid numerical issues while solving the 595 

coupled equations Eqs. 4, 5 we approximate the Heaviside functions 596 

involved in the summations in Eq. 7 as 𝐻( 𝑡 ) ≈ 1 
2 

[
1 + tanh 

(
𝑡 

𝑡 𝑠 

)]
with t s 597 

being a small smoothing factor. 598 

1 The equation used in Ref. [16] was 𝜂( 𝑡 ) = 𝜂0 [ 1 + 𝛽Φ( 𝑡 ) ] 𝑛 , but, as the authors 

make reference to the first paper that introduces the model (Ref [9] .) we believe 

this was merely a typo. 

As in Ref [16] . we choose 𝑡 0 = 10 𝑠, 𝜆 = 10 𝑠, 𝜂0 = 0 . 1 𝑚𝑃 𝑎𝑠, 𝛽 = 1 , 599 

𝑛 = 2 and compute the parameter 𝛼 using the yield stress, 𝛼 = 0 . 0022 .The 600 

numerical solution Φ( t ) of the Eq. 4 is computed using the Matlab func- 601 

tion ode23s . Last, we compute the viscosity using the numerical solution 602 

of the structural parameter according to Eq. 5 . 603 

The numerical solutions of the model obtained for six different values 604 

of the initial condition Φ(0) are shown in Fig. 15 . In each of the panels 605 

of Fig. 15 the colours map the value of the initial condition Φ(0) (see 606 

the top colour bars), the full lines and symbols refer to the increasing 607 

branch of the shear rate ramp while the dash-dotted lines and the empty 608 

symbols refer to the decreasing branch of the ramp. 609 

As one would expect from the analytical solution expressed by Eq. 6 , 610 

regardless the value of the initial condition Φ(0), the structural pa- 611 

rameter first increases when the shear rate increases up to a maximal 612 

vaue and the magnitude and position of the local maximum depends 613 

strongly on Φ(0), Fig. 15 (a). Corresponding to large applied shear rates 614 

�̇� ≥ �̇�𝑐 ≈ 50 𝑠 −1 , the numerical solutions computed for various initial 615 

conditions overlap. The numerical solutions of the structural parameter 616 

computed for various Φ(0) on the decreasing branch of the shear rate 617 

ramp are monotonic and overlap - the dash-dotted lines in Fig. 15 (a). 618 

The local maxima of the structural parameter observed on the in- 619 

creasing branch of the ramp result in local maxima of both the reduced 620 

stress 𝜏/ 𝜏y Fig. 15 (b) and of the viscosity, Fig. 15 (c). Past these maxima 621 

the reduced stresses decrease steeply up to �̇� ≈ �̇�𝑐 and then increase lin- 622 

early which is consistent with a nearly Newtonian rheological behaviour 623 

(see the dashed line of unitary slope in Fig. 15 (b)). This steep decrease 624 

of the stresses past the local maxima translates into a seemingly shear 625 

thinning behaviour of the viscosity solutions Fig. 15 (c). At a closer look, 626 

however, the slopes of the decay of the viscosity in this range of shear 627 

rates are systematically steeper than −1 (the dashed line in Fig. 15 (c)) 628 

and increase as the initial condition Φ(0) increases. This simply means 629 

that this viscosity decay can not be intrinsically connected to a shear 630 

thinning behaviour ( 𝜂 ∝ �̇�𝑛 −1 with n ∈ (0, 1)) and it solely emerges as a 631 

result of an arbitrary choice of the initial condition Φ(0). 632 

Yet the biggest surprise comes when plotting the numerical solutions 633 

of the viscosity against the reduced stress, Fig. 15 (d): all the numeri- 634 

cally obtained dependencies are multi-valued! We are not aware of any 635 

published rheological data obtained with a Carbopol gel showing two 636 

distinct values of the viscosity for the same applied stress. 637 

To conclude the analysis of the applicability of the model proposed 638 

in Ref [9] . in describing the yielding behaviour of a Carbopol gel, the 639 

following points may be summarised: 640 

1. In the asymptotic limit of small applied shear rates the model can 641 

not describe an elastic solid rheological behaviour as observed 642 

in Fig. 12 . In the limit of large applied shear rates, one can not 643 

recover a true shear thinning behaviour 𝜏 ∝ �̇�𝑛 with n ∈ (0, 1) as 644 

one would typically expect from a Carbopol gel in a fluid state. 645 

2. Although a power law decay of the viscosity may be observed 646 

within a limited range of shear rates (prior to yielding), this decay 647 

is inconsistent with a true shear thinning behaviour because it is 648 

too step even for the smallest initial value Φ(0) explored. 649 

3. This model predicts a non monotonic increase of the stress with 650 

the rate of shear. Apart from the data published in Fig. 7 of Ref. 651 

[16] we are not aware of any other measurements performed with 652 

a Carbopol gel that reveal such a behaviour. 653 

4. When plotted against the stress, the numerical solutions of the 654 

viscosity are multivalued which is obviously unphysical and has 655 

never been observed for a Carbopol gel. 656 

Thus, the overall conclusion of this section is that, contrarily to what 657 

is claimed in Ref. [16] , the model proposed in Ref [9] . is unable to ac- 658 

curately describe the yielding behaviour of a Carbopol gel subjected to 659 

a stepped ramp of shear rates. 660 
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Fig. 13. Dependence of the shear rate plateau value |�̇�0 | on the char- 

acteristic forcing time t 0 measured on the increasing ramp (circles) 

and the decreasing branch of the stress ramp (squares).The full line is 

a power law fit, �̇�0 = 10 −4 + 7 ⋅ 10 −4 𝑡 −1 . 06 0 . The dashed line is a power 

law fit, �̇�0 = 10 −4 + 0 . 0018 𝑡 −1 . 05 0 . 

Fig. 14. Dependence of the magnitude of the rheological hysteresis 

on the characteristic forcing time t 0 . The full line is a guide for the 

eye, A ∝1/ t 0 . 

3.5.2. Applicability of the model proposed in ref. [33] in describing the 661 

rheological response of a carbopol gel 662 

As it is clear from the arguments given in Section 3.5.1 that the 663 

model proposed in Ref [9] . can not describe the yielding behaviour of 664 

a Carbopol gel we now turn our attention to another micro-structural 665 

model proposed in Ref [33] . and and test its applicability in describing 666 

the rheological behaviour of a Carbopol gel detailed in Section 3.1 . 667 

According to Ref [33] . the evolution equation for the structural pa- 668 

rameter Φ depends on the imposed stress 𝜏 according to: 669 

𝑑 

𝑑𝑡 
Φ( 𝑡 ) = 𝑘 𝑟 

[ 
1 − tanh 

( 

𝜏 − 𝜏𝑦 

𝑤 

) ] 
Φ( 𝑡 )(1 − Φ( 𝑡 )) 

− 𝑘 𝑑 

[ 
1 + tanh 

( 

𝜏 − 𝜏𝑦 

𝑤 

) ] 
Φ( 𝑡 ) + 𝛿. (8) 

where k r is the rate of recombination of micro-structural units, k d is 670 

the rate of destruction of the solid phase, 𝜏y is the yield stress 𝑤 is a 671 

constant that controls how steep the change in the microstructure from 672 

solid to fluid and fluid to solid is and 𝛿 is a small term accounting for the 673 

thermal noise. Unlike the micro-structural model proposed in Ref [9] ., 674 

the evolution equation Eq. 8 has two steady state solutions which al- 675 

lows in principle bistability and the emergence of a genuine rheological 676 

hysteresis when the material is loaded and then unloaded, [33] . 677 

As a constitutive relationship one may consider a thixo-elastic 678 

Maxwell model similar to a number of micro-structural models proposed 679 

by Quemada, [35–37] : 680 

𝜂( ̇𝛾) 
𝐺 

Φ𝑑𝜏

𝑑𝑡 
+ 𝜏 = 𝜂( ̇𝛾) ̇𝛾 (9) 

where G is the elastic modulus, �̇� the rate of shear and 𝜂( ̇𝛾) = 𝐾 ̇𝛾𝑛 −1 + 681 

𝜏𝑦 
1− 𝑒 − 𝑚 |�̇�||�̇�| is a Papanastasiou regularised Herschel-Bulkley viscosity func- 682 

tion. 683 
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Fig. 15. Response of the model proposed in Ref [9] . to a ramp in the shear rate (see text for details): (a) Dependence of the micro-structural parameter Φ on the 

imposed shear rate �̇�. (b) Dependence of the reduced stress 𝜏/ 𝜏y on the imposed shear rate �̇�. The dashed line is a guide for the eye, 𝜏∕ 𝜏𝑦 ∝ �̇� which is the Newtonian 

asymptotic limit of the model. (c) Dependence of the viscosity 𝜂 on the imposed shear rate �̇�. The dashed line is a guide for the eye, 𝜂 ∝ �̇�−1 . (d) Dependence of the 

viscosity 𝜂 on the reduced stress 𝜏/ 𝜏y . The various colours in each panel refer to the initial condition of the micro-structural parameter Φ(0) mapped onto the top 

colour-bar. The full lines and the full symbols in each panel refer to the increasing branch of the ramp while the dashed-dotted lines refer to the decreasing branch 

of the ramp. 

It is rather trivial to note that the asymptotic behaviour of the con- 684 

stitutive relationship given by Eq. 9 is fully consistent with the experi- 685 

mentally observed rheological behaviour of a Carbopol gel illustrated in 686 

Figs. 7 , 12 and discussed in Section 3.1 . For 𝜏/ 𝜏y →0 one obtains Φ→1 687 

and Eq. 9 reduces to Hooke’s law: 𝜏 = 𝐺𝛾. In the asymptotic limit of 688 

large applied stresses 𝜏/ 𝜏y > 1 the entire material is fluidised Φ→0 and 689 

Eq. 9 reduces to the Herschel-Bulkley law (or its regularised variant): 690 

𝜏 = 𝜏𝑦 + 𝐾|�̇�|𝑛 −1 . 691 

To test the ability of this model to describe the yielding behaviour 692 

of a Carbopol gel, we consider an increasing/decreasing ramp of the 693 

applied stresses in the form: 694 

𝜏( 𝑡 ) = 𝜏𝑚𝑎𝑥 

−2 𝑁 + 1 + 

∑𝑁 

𝑘 =0 ,𝑡 0 
𝐻( 𝑡 − 𝑘 ) + 

∑2 𝑁 

𝑘 = 𝑁+1 ,𝑡 0 
𝐻( 𝑘 − 𝑡 ) 

𝑁 

(10) 

To describe the measurements presented in Fig. 7 , we chose 𝜏max = 695 

20 𝑃 𝑎, 𝑡 0 = 1 . 5 𝑠 and 𝑁 = 500 . Corresponding to the forcing scheme de- 696 

scribed by Eq. 10 , we find the values of the model parameters such as 697 

the numerical solution of the system of ordinary differential equations 698 

formed by Eqs. 8 and 9 matches the best the measurements presented 699 

in Fig. 7 . 700 

In order to do so we have written a nested function program in Mat- 701 

lab. The main function uses the built-in function lsqnonlin in Matlab 702 

which solves nonlinear least-squares data fitting problems using a trust- 703 

region-reflective algorithm. As input we provide an initial guess for the 704 

parameters vector, the target data (see the symbols in Fig. 7 ) and a 705 

function which first solves the Eq. 8 for Φ using the built-in function 706 

ode15s in Matlab and then solves the constitutive relation defined by 707 

Eq. 9 for �̇� using the built-in function fzero in Matlab. The output of the 708 

main function is a vector with the optimal parameter values. We note 709 

that the increasing/decreasing branches of the flow ramp were fitted 710 

separately in order to properly capture the hysteresis behaviour visible 711 

in Fig. 7 within the (S) and (S+F) deformation regimes. The best fit- 712 

ting functions for the dependence of the rate of strain |�̇�| on the applied 713 

stress 𝜏/ 𝜏y obtained according to this fitting/optimisation procedure are 714 
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Fig. 16. (a) Dependence of the structural parameter Φ on the applied stress obtained by solving numerically the elasto-viscoplastic model proposed by Putz and 

Burghelea, [33] for an increasing/decreasing stress ramp with 𝜏max = 20 𝑃 𝑎 and 𝑡 0 = 1 . 5 𝑠 . (b) Best fit of the dependence of the shear rate |�̇�| on the reduced applied 

stress 𝜏/ 𝜏y . In both panels the full/dash-dotted lines refer to the increasing/decreasing branch of the linear stress ramp. 

shown in Fig. 16 (b) as full lines. The corresponding numerical solution 715 

of the micro-structural parameter Φ is shown in Fig. 16 (a). It is clear 716 

from Fig. 16 that all the main features observed during the rheological 717 

tests and detailed in Section 3.1 are accurately described by the model. 718 

A classical manifestation of elastic behaviour relates to the emer- 719 

gence of a stress overshoot during a rheological test consisting of a step 720 

in the rate of strain, �̇�( 𝑡 ) = 𝐻( 𝑡 ) ̇𝛾max . A systematic description of the stress 721 

overshoot observed with a Carbopol gel sample subjected to a step in 722 

the rate of strain was performed by Divoux and coworkers, [18] . 723 

On the other hand, Dinkgreve and coworkers show in Ref [16] . that 724 

an overshoot behaviour is solely observed with over-stirred samples 725 

which experienced a micro-structural damage, Fig. 3 therein. 726 

We illustrate in Fig. 17 a clear overshoot behaviour observed for 727 

several imposed rates of strain �̇�max which is fully consistent with the 728 

findings of Divoux and coworkers. Bearing in mind that the Carbopol 729 

sample used in this study did not undergo any micro-structural damage 730 

and contrarily to the claim made in Ref [16] . we conclude that the over- 731 

shoot behaviour in our case is an intrinsic feature of the Carbopol gel 732 

which emerges from its elastic solid behaviour prior to yielding. 733 

On a physical modelling side, the model proposed in Ref [9] . and 734 

discussed in Section 3.5.1 is clearly unable to predict an overshoot be- 735 

haviour first and foremost because it lacks any elasticity. Therefore, we 736 

investigate in the following the ability of the model proposed in Ref [33] . 737 

to predict such behaviour. To do so, we have solved numerically the 738 

Eqs. 8 and 9 with a shear rate prescribed as �̇� = 𝐻( 𝑡 ) ̇𝛾max . To account 739 

for the mechanical inertia of the top disk of the rheometer we have fol- 740 

lowed Ref [3] . and added a source term in the right hand side of Eq. 9 as 741 

a single fit parameter 2 This inertial contribution should not be confused 742 

with the fluid inertia which was negligible for all the flows discussed 743 

through the manuscript. The rest of the parameters of the model were 744 

set to the same values obtained while fitting the dependence of the rate 745 

of strain on the applied stress shown in Fig. 16 . 746 

The result of fitting the stress overshoot data is shown in Fig. 17 as 747 

full lines. We may conclude that, in spite its simplicity, the model pro- 748 

posed in Ref [33] . is able to capture the stress overshoot phenomenon 749 

reasonably well. 750 

4. Conclusions, outlook 751 

The question regarding the nature of Carbopol gels subjected to stress 752 

( “model ”, weakly thixotropic or time dependent yield stress materials) is 753 

addressed. After clarifying what is commonly understood by the “model ” 754 

yield stress material picture of a Carbopol gel in Section 1.1 , three exam- 755 

ples of simple hydrodynamic experiments all at odds with this picture 756 

are detailed in Section 1.2 : the low Reynolds number sedimentation of a 757 

spherical object in a Carbopol gel ( Fig. 2 ), the Landau-Levich experiment 758 

( Fig. 3 ) and the emergence of thermo-convective instabilities within a 759 

Carbopol gel heated from bellow ( Fig. 4 ). 760 

2 Such a correction was not needed while fitting the flow curve data because 

the increments in the rate of shear were small. 
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Fig. 17. Stress overshoot observed during a step in the rate of shear 

�̇�( 𝑡 ) = 𝐻( 𝑡 ) ̇𝛾max : (a) Time dependence of the reduced stress 𝜏/ 𝜏y . The 

full lines are the numerical solutions of the model proposed in Ref [33] . 

(b) Time dependence of structural parameter Φ. In both panels the 

symbols are: circles - �̇�max = 0 . 5 𝑠 −1 , squares - �̇�max = 1 . 5 𝑠 −1 , right trian- 

gles - �̇�max = 2 𝑠 −1 , left triangles - �̇�max = 3 𝑠 −1 . 

By revisiting the rheological behaviour of a Carbopol gel in 761 

Section 3.1 , a yielding behaviour strikingly different from that of a 762 

“model ” yield stress material is revealed, Fig. 7 . First, the transition 763 

from a solid regime (S) to a fluid regime (F) is not direct but mediated 764 

by an intermediate deformation regime (S+F) where solid and fluid 765 

behaviours coexist. Second, the deformation states are not recoverable 766 

upon increasing/decreasing stresses and a rheological hysteresis is ob- 767 

served. Third, during the unloading branch of the stress ramp, an elastic 768 

recoil effect is systematically observed. The observation of a rheologi- 769 

cal hysteresis and of the elastic recoil effect may phenomenologically 770 

explain the observation of the fore-aft symmetry breaking of the flow 771 

patterns measured around a solid object settling in a Carbopol gel as 772 

well as the emergence of a negative wake effect similar to that observed 773 

more than two decades ago with viscoelastic fluids. 774 

Motivated by the claim made by Dinkgreve and coworkers in 775 

Ref [16] . that the rheological hysteresis solely emerges when the Car- 776 

bopol gel samples are over-stirred during preparation and the gel micro- 777 

structure is mechanically damaged, we focused in Section 3.2 on the 778 

microscopic visualisation of the Carbopol sample used in this study. As 779 

a first attempt in doing so, we have closely followed the fluorescent 780 

staining procedure of the Carbopol gel detailed in Sec. II of Ref [16] . 781 

Whereas we could visualise some micro-structural features in an acid 782 

state (no measurable yield stress), Fig. 8 (a), all the micro-structural de- 783 

tails have simply vanished when the sample was brought to a neutral pH 784 

(measurable yield stress), Fig. 8 (b). This prompted us to develop a more 785 

sophisticated fluorescent labelling protocol to bind covalently (not ion- 786 

ically by simply adding molecular dye to the Carbopol gel) molecules of 787 

Rhodamine 6 G on the Carbopol molecules. By doing so, we were able 788 

to unequivocally demonstrate that the micro-structure of our gel was 789 

not broken during the preparation step ( Fig. 10 ) meaning that the phys- 790 

ical origins of the non “model ” bahavior of the Carbopol gel used in this 791 

study are different from the one advanced in Ref [16] . 792 

The measurements of the shear rate during an increasing linear ramp 793 

of stresses ( 𝜏 = 𝐵𝑡 ) exhibit a clear dependence on the characteristic forc- 794 

ing time t 0 (the time per stress value) within the (S) and (S+F) defor- 795 

mation regimes, Fig. 12 . On both the loading and the unloading branch, 796 

a plateau of the shear rate consistent with the Hooke’s law is observed 797 

within (S) regime. 798 

The magnitude A of the rheological hysteresis observed in Fig. 7 de- 799 

creases with increasing the characteristic forcing time t 0 as a power 800 

law 𝐴 ∝ 𝑡 −1 0 , Fig. 14 . This indicates that in the asymptotic limit of a 801 

steady state forcing t 0 →∞ the yielding behaviour of the Carbopol gel 802 

approaches the “model ” yielding scenario illustrated in Fig. 1 . 803 
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The phenomenological modelling of the yielding transition of the 804 

Carbopol gel is discussed in Section 3.5 . First, we show that contrarily 805 

to the claim made in Ref [16] ., the simple structural model proposed in 806 

Ref [9] . can not describe any of the key features of the solid-fluid tran- 807 

sition, Section 3.5.1 . Next, it is demonstrated in Section 3.5.2 that the 808 

phenomenological model proposed in Ref [33] . is able to describe both 809 

qualitatively and quantitatively the response of the gel during controlled 810 

stress ramps, Fig. 16 , and steps in the rate of strain, Fig. 17 . 811 

The overall conclusion of this study is that the response of Carbopol 812 

gels subjected to stress does exhibit a number of features not accounted 813 

for within the “model ” picture particularly around the solid-fluid tran- 814 

sition: rheological hysteresis, elastic recoil during a controlled stress 815 

unloading process and stress overshoot. We emphasise once more that 816 

none of these features is related to a mechanical damage of the micro- 817 

structure of the gel. As the solid-fluid transition depends strongly on the 818 

rate the energy is injected into the system, one may safely state that Car- 819 

bopol gels are not the “model ” yield stress materials as considered during 820 

the past several decades but simply time dependent elasto-viscolpastic 821 

materials which, in the asymptotic limit of a steady state forcing, tend 822 

to behave as “model ” yield stress materials. 823 
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