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Abstract

An innovative experimental apparatus for the direct measurement of yield stress was conceived and realized. It is based on a
torsion pendulum equipped with a magnetic dipole and a rotating cylinder immersed in the material to be investigated. The
pendulum equilibrium state depends on the mechanical torque applied due to an external magnetic induction field, elastic reaction
of the suspension wire, and shear yield stress. Experimental results are reported showing that the behavior of the pendulum
rotation angle, in different equilibrium conditions, provides evidence of the yield stress presence and enables its evaluation by
equilibrium equations. The dependence on time of the equilibrium approach was also studied, contributing to shed light on the
relaxation effect in the transition from a fluid-like to solid-like behavior, as well as on the eventual thixotropic effects in non-
Newtonian fluids. The validity of the proposed technique and related experimental apparatus was tested in aqueous Carbopol
solutions, with different weight percentages. The linear procedure, combined with the effectiveness and reliability of the pro-
posed experimental method, candidates it to be used for the study of peculiar behaviors of other yield stress complex fluid such as

blood, crude waxy oils, ice slurries, and coating layer used in the food industry and also for fault sliding in geodynamics.

Keywords Yield stress measurement - Complex fluids - Rheology of Carbopol - Relaxation times

Introduction

The study of yield stress fluids and, in particular, the questions
related to their transition from solid-like behavior in static
condition to liquid-like behavior in viscoelastic kinetic
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condition, the existence or not of thixotropy, the time-
dependent effects, the discordance of results obtained with
different measurement methods, and the use of new measure-
ment technologies (Balhoff et al. 2011; Bonn and Denn 2009;
Bonn et al. 2017; Choi et al. 2011; Coussot 2014; Coussot
et al. 2017; Dinkgreve et al. 2016; Jonkkéri and Syrjala 2010;
Ong et al. 2019; Owens et al. 2020; Sun and Gunasekaran
2009; Ulieny and Golden 2007) have been object of several
investigations from some decades to today.

Generally, in experiments that probe the transition from
liquid to solid, the dynamic yield stress 74 is measured ac-

cording to the definition 7,4 = lim;_o 7 (7) , namely, it is the
shear stress measured in steady-state shear flow in the limit
where the deformation rate (shear rate fy ) goes to zero, so that

the extrapolation of the flow curves (T vs fy ) towards the
vanishing shear rate is used. However, this methodology suf-
fers from some important limitations: wall slip occurrence
(Buscall 2010; Poumaere et al. 2014), dependence on the
sweep rate of shear rate (Divoux et al. 2013), and thixotropy
effects depending on the preparation (Dinkgreve et al. 2018).
Other researchers prefer to switch off the flow rather than
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progressively decreasing 7', determining the residual stress,
but this procedure is sensibly influenced by the value of the
initial applied shear rate (Lidon et al. 2017).

On the other hand, several types of experiments are also
devoted to the transition from solid to liquid, in order to de-
termine the static yield stress, i.e., the maximum stress for
which solid structure is preserved during shear start up
(Divoux et al. 2011). For this purpose, creep experiments are
often performed: a constant shear stress is applied and strain is
monitored (Meller et al. 2009). If shear 'y tends to a constant
value, the material remains a solid (i.c., does not flow), while
if vy increases with time, the material behaves like a liquid.
Therefore, the static yield stress is obtained as the maximum
shear stress for which a flow is not activated. Also, in this kind
of measurements, some criticisms can be underlined, since it
is not categorical to establish if a steady-state is effectively
reached and if the system flows or not, in particular because
it could be that no apparent flow is detected for a long time
before the material finally yields (Chaudhuri and Horbach
2013). Among the most studied materials, Carbopol’s hydro-
gel solutions have been investigated in depth for their stability,
for connection with jamming in granular system and easy
modeling (Gabelle et al. 2013; Péméja et al. 2019; Shafiei
et al. 2018), as well as for wall slip effects (Daneshi et al.
2019; Poumaere et al. 2014), and interplay between creep
and residual stresses (Lidon et al. 2017). In a recent paper
(Varges et al. 2019), peculiarities of the transient and steady-
state were shown, demonstrating that in Carbopol 980 the
elastic effects are dominant when the system is fully struc-
tured, while viscous effects dominate after yielding. At stress
just above the yield stress, thixotropic effect is observed, in
contrast to the observed absence of thixotropy at large stress-
es. No elasticity was observed in the dispersions while un-
structured, the microstructure rebuilding instantaneously after
reduction of the imposed stress to a value below the yield
stress. In the present investigation, experiments are conducted
in such a way to reach the state of static equilibrium from
dynamic conditions, or to abandon the static equilibrium, al-
ways working around stress values close to yield stress.
Therefore, a thixotropic trend is expected, as well as a differ-
ence between static and dynamic yielding (Dinkgreve et al.
2017). In the same paper (Varges et al. 2019), the importance
of measure times is shown, which also fits in with our results.
In line with the mentioned preliminary findings, we do not
consider considerable residual elastic stresses, but we took
into account a possible elastic deformation only when the
quasi-solid structure is present below the yield stress.

Here, we propose a new experimental technique with the
aim to conduct an analysis on the basic significance of yield
stress and have chosen Carbopol because it is a well-
characterized material, while the aspects highlighted above re-
main to be clarified. The renewed experimental methodologies
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represent an alternative approach to the topic. Considering the
listed limits of the most used methodologies to measure both
dynamic and static yield stress, the proposed innovative proce-
dure is substantially based on the following changes regarding
the setting of the problem and the measurement technique:

First, we start from the fundamental physics conception
that, if the static yield stress (7y) is given by the minimum
shear stress necessary to start a flow of the elasto-viscoplastic
material investigated and the dynamic one (7yq) is the smallest
shear stress to apply in order to stop it flowing, 7y and 7,4 are
also the mutual shear stresses applied by the material studied
on an object that starts to flow in it and ends flowing in it,
respectively. The proposed methodology differs substantially
from the standard rheological techniques because it is based
on the measurement of the stress that a fluid exerts on an
immersed rotating object, whereas classic methods are based
on the evaluation of the stress that is applied on a fluid.

Second, the experiment for dynamic yield stress evaluation
is within the basic methodology of switching off the flow, but
instead of starting from a fixed initial shear rate and repeating
the experiments by decreasing it, one starts from a non-
equilibrium condition that automatically leads to vanishing
shear rate. Thus, it is not necessary to impose a decreasing
of the initial speed by a motor driving torque.

Third, the procedure for determining static yield stress lies
in the basic concept of a creep experiment but, in accordance
with the criterion expressed in point 1, the deformation of the
solid-like material that becomes fluid is indirectly deduced
from the release of a cylinder put in rotation in it.

Fourth, a torsion pendulum equipped with a magnetic di-
pole and a rotating cylinder immersed in the investigated ma-
terial was used as the object on which the shear stress of the
fluid is applied; the presence of a homogeneous magnetic field
applying a twisting torque on the magnetic dipole has a fun-
damental role for the measurement procedure and it consti-
tutes one of the most original aspects.

In fact, the exact knowledge of the applied magnetic torque
and the induced rotation of the equipment in the fluid allow
the identification of the relaxation time from a non-
equilibrium flow condition to a state of static equilibrium, as
well as the measurement of both static and dynamic yield
stress. Experiments in different equilibrium conditions were
possible thanks to the innovative magnetic field assistance.
They highlighted the effects of measurement times when yield
stress fluids are investigated, helping to shed light on some
points of the related data of previous literature and allowing to
establish a time-cadenced procedure that guarantees a reliable
and repeatable quantitative evaluation of yield stresses.

To the best of our knowledge, the same possibility to de-
termine not only static and dynamic yield stress but also time-
dependent phenomena, using a single experimental setup and
applying the same basic methodology, was exhibited only by
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large-amplitude oscillatory shear (LAOS) measurements. The
fundamental difference between the two methodologies con-
sists in the use of static equilibrium conditions in the here
proposed magnetic-field-assisted torsion pendulum technique
(MFATPT), while LAOS is based on the dynamic oscillation
characteristic at different frequencies, static conditions being
never active, and a dependence on the amplitude of the oscil-
lations being present. Therefore, the main advantage of
MFATPT is that it allows to investigate a broad range of
conditions, from quasi-static state to the LAOS ones with high
accuracy, while a MFATPT negative aspect consists in the
considerable time necessary to take an accurate measurement,
depending on the need to follow conditions of static
equilibrium.

In the experimental section, the material preparation and
the description of the innovative experimental apparatus are
presented, with the related measure theory. The subsequent
section reports the experimental results on the following: (i)
the relaxation behavior from a fluid in kinetic condition to
solid-like material in a static condition, for solutions at a dif-
ferent percentage of Carbopol; (ii) the behavior from static
condition to flow condition through the increasing stimulus
of a magnetic torque to determine the static yield stress; (iii)
the behavior from kinetic flow to the static equilibrium for
different external conditions to determine the dynamic yield
stress; and (iv) round-trip cycles through successive equilibri-
um conditions performed at different experimental times, to
highlight the importance of the latter and optimize experimen-
tal measurements.

The conclusions will detail the most significant contribu-
tions of this study, consisting of the easy and direct measure-
ment of static and dynamic yield stresses, as well as the deter-
mination and the modeling of the behaviors over time from a
fluid-like response (when flowing) to a solid-like response
(when static) typical of Carbopol microgels.

Experimental
Materials

Carbopol (commercial name of polyacrylic acid) solutions
were prepared starting from Carbopol® 980 NF Polymer
(Lubrizol), following standard preparation protocols. In par-
ticular, Carbopol powder was dissolved in deionized water
(MilliQ) and mixed with a propeller (Heidolph RZR 2102
Control) for about 15 min at 700 rpm. The so-prepared aque-
ous solution was neutralized with a 1 M sodium hydroxide
water solution (supplied by Sigma-Aldrich). The neutraliza-
tion step took place during about 1 h stirring. Carbopol solu-
tions were prepared at different concentrations ranging be-
tween 0.07 and 0.20%wt.

Carbopol forms a colloidal dispersion when mixed with
water. After neutralization, the polymer chains, interconnect-
ed by crosslinks, absorb water and partially uncoil due to the
electrostatic repulsion. High molecular weight polyacrylate
entanglements interconnect the chains. They lead to irrevers-
ible agglomerates (Putz and Burghelea 2009) and prevent free
flowing (Taylor and Bagley 1974). The hydration produces
ten times increase of the chain diameter (Kim et al. 2003). In
summary, the ionization process, with the crosslink of the
swollen molecules, produces a strongly bonded microgel net-
work. The latter exists at different scale level, also at very low
concentrations, as reported in several papers (Gutowski et al.
2012; Kim et al. 2003; Piau 2007) and recently demonstrated
by high-resolution confocal microscopy(Graziano et al.
2020). Indeed, yield stress in Carbopol-based systems is
strongly dependent on the Carbopol particle networks, the
latter being at the basis of the yielding nature. A higher con-
centration of Carbopol can also induce a jamming transition
when a 3D network is generated, the suspension behaving as a
gel-like material (Dinkgreve et al. 2016; Dinkgreve et al.
2015; Paredes et al. 2013). At low stresses, the microgel ag-
glomerates do not move relatively to each other, but are able to
deform, showing a solid-like elastic behavior. Above a thresh-
old value of the external shear stress, a relative mobility of the
microgels occurs producing a liquid-like visco-plastic behav-
ior (Ketz et al. 1988).

For this study, Carbopol® 980 has been chosen among
the others since it is non-toxic and ensures the formulation
of a yield stress model fluid also with a small amount of
polymer, reaching a meaningful yield stress range for ap-
plication (Varges et al. 2019). Sample stability was evalu-
ated by measuring rheological properties over time,
highlighting a long-term preservation of the yield stress
for over a week from the preparation. Different methods
can be used for the determination of the yield stress, lead-
ing to results that can vary more than one order of magni-
tude, in the dependence of sample handling and used meth-
od (Bonn et al. 2017). To have preliminary data on the
used material, here we adopt one of the most used methods
for the determination of yield stress by means of oscillatory
tests. In particular, considering the curves of the elastic
modulus G’ and viscous modulus G"' as functions of shear
stress at a fixed frequency of 1 Hz, the value of stress
corresponding to the initial drop of G" (5% of the differ-
ence from the plateau value) could be taken as static yield
stress. Indeed, this point represents the onset of the non-
linear region where the fluid is not behaving anymore as an
elastic solid and flows like a liquid (Mezger 2006; Shih
et al. 1999). A stress-controlled rheometer Physica MCR
301 (Anton-Paar) equipped with a titanium cone-plate sys-
tem (65 mm, angle of 2°) was used. The obtained data have
been used for a comparison with the results of the new
methodology proposed in this work.

@ Springer
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Once prepared, the solutions were stored in tubes sealed
with para-film tape. The experimental measurements with the
innovative setup were performed within 3 days of preparation.
Aseptic pipettes calibrated to the tenth of a milliliter were used
for the transfer inside the cylindrical ampoule of the innova-
tive experimental apparatus described in the following
section.

Experimental apparatus and theory of the measure

Figure 1 shows the scheme of the experimental apparatus
designed to measure yield stress of a complex fluid. A nylon
thread, stretched along the vertical axis (Y), constitutes a tor-
sional pendulum together with the magnetic dipole, which has
a moment (78 mA m?), and the inert plastic cylinder (I C),
both tied, balanced and coaxial with the wire itself. Using the
standard calibration curve of the elastic reaction torque for the
used wire, the value of the elastic torsion constant K =131-
1077 Nm was easily determined. The external cylinder (E C) is
fixed to the ground. The radii of the inner and outer cylinders
are Ry =7.0 mm and R, =15.0 mm respectively. The yield
stress fluid (YSF) to investigate is transferred, taking it with
pipettes from the container in which it has degassed, and
slowly introducing it into the cavity between the two cylin-
ders, accurately avoiding the formation of air bubbles. This
operation was continued until the inner rotating cylinder is
immersed in the sample for a height 2. We underline that the
rotating cylinder is perfectly balanced and solidly bound with
respect to the suspension axis, which is also the rotation axis,
and any vertical thrust (Archimedes’ thrust, elastic reaction
thrust that tends to make the cylinder float) are balanced by
the tensile stress in the suspension wire.

Fig. 1 Scheme of the prototype
experimental apparatus: symbols
as described in the text

HC

YSF =
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The magnetoelastic resonator (M R), whose signal is proc-
essed by a Signal Analyzer (S A), has a core consisting of an
innovative nanocrystalline material. This soft ferromagnetic
core is high sensitive to changes in the local magnetic field
(Lanotte et al. 2000). When the pendulum rotates, the mag-
netic dipole, rigidly connected to it, also rotates inducing a
decrease in the magnetic field component coaxial with the
sensor.

Therefore, any rotation () of the pendulum around the Y-
axis is detected with high sensitivity (=0.25°). This method-
ology has been deeply explained in reference (Lanotte et al.
2019). In that previous investigation, the damped oscillation
of a similar torsional pendulum, immersed in a fluid, was
studied to determine the material viscosity. In this case, in-
stead, the measurement technique is fundamentally different
since it consists of determining the condition of static equilib-
rium of the pendulum. Moreover, important components were
added to the original apparatus. In particular, a standard sys-
tem of Helmholtz Coils (HC) was integrated for applying a
static magnetic induction field B along the Z-axis, which is
perfectly orthogonal the suspension wire, on Y-axis, and to
the magnetic dipole in the rest position (Fig. 1). Both the
rotation stimulation and the equilibrium position are deter-
mined by the torque produced by the field B. The rotation
angle is also directly visualized using a standard protractor
that is fixed in the horizontal XZ plane and coaxial with the
Y-axis. The MR sensor is not influenced by magnetic induc-
tion field B since it is sensitive only to magnetic component
along X-axis. The external EC ampoule is immersed in a ther-
mal bed, maintaining a constant temperature (20 °C) by means
of a thermostatic setup (Lanotte et al. 2019). Figure 2a shows
an image of the experimental equipment (snapshot from
above).

SA

HC

SZAE
|

VAN
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Fig. 2 a Photography of the experimental apparatus showing the
torsional pendulum system -suspension wire along Y-axis + rotating
magnetic dipole in the plane XZ + empty cylinder (IC)-, the external
cylinder (EC), the yield stress fluid (C) which fills the cylindrical crown
to a controlled level, the external ampoule (A) in which water is kept at
constant temperature, the needle (N) glued to the magnetic dipole, the
protractor fixed on the XZ plane and centered on the Y-axis, the position
of the magnetoelastic resonator (MR) for the precise measurement of the
rotation angle. b. Scheme of the scalar components of the mechanical
moments along Y-axis in any equilibrium condition reached after the
application of a magnetic induction field directed along Z-axis. The figure
shows the sign of Y scalar components of the magnetic torque (— 1 B
sin(«)), the mechanical reaction torque (+ K0), the yield stress torque (+ 7
Sq), and the internal friction torque (+Mf) in the case examined, i.e., when
equilibrium is achieved through clockwise rotation

It is possible to see the permanent magnet that constitutes
the magnetic dipole W, the internal and external cylinders (IC
and EC respectively), and the Carbopol solution (C) between
them. A nonmagnetic stainless-steel needle is also visible,
integrated with the pendulum system and coaxial with the
magnetic dipole. This needle is a guide for visualizing the
rotation on a protractor (G in Fig. 2a), fixed on a horizontal
plane and centered on the Y-axis, along which the nylon sus-
pension wire is stretched.

In the case shown in Fig. 2, the applied field B # 0 produces
the reduction of the « angle between B and p from the initial
90°, in the condition of B=0, to the final 70°. Since « is
complementary to the rotation angle, the latter assumes the
value 6 = (7/2 — o) = 20°. In fact, when a magnetic induction

field is applied, the torsion pendulum is subjected to a mag-
netic torque 1 A B, whose modulus is pB-sin(«) inducing a
clockwise rotation around Y (see Fig. 2b).

On the other side, starting from the position in which the
pendulum is not subject to any external stimulus, when a
rotation of @ intensity is produced, a mechanical reaction
torque of modulus K-0—and direction indicated in Fig. 2b—
is also applied to the pendulum, being K the elastic torsional
constant of the suspending wire. Moreover, when a static
equilibrium is established, if there is a fluid between the inter-
nal and external cylinder, a mechanical moment also acts due
to the shear yield stress () applied by the fluid on the cylinder
surface (7,-Sq Fig. 2b). This mechanical moment is then ap-
plied on the cylinder surface immersed in the solution (base
area ITR,* and eight 4, Fig. 1) by the fluid which is in contact
with this surface in static condition: the fluid not in contact
with the cylinder does not apply any action on it. In the de-
scribed experimental conditions, the intensity of this torque
can be expressed as 7,-Sq, Where 7, is the constant yield stress
and Sy =], r - S, where S is the surface of IC wet by the fluid
and r is the distance of any elementary surface dS from the
rotation axis Y. In the investigated case, it results in

Sy = 27R2h + [§ 2mrdr (1)

Since Ry =7 mm and 4 =3 mm or #=9 mm were used in
the experimental apparatus, the values Sq = 1.6:10° m> or 3.5-
10°° m?* are obtained respectively.

Ultimately, whenever the pendulum stops in static equilib-
rium at an angle 0., the sum of all the components along Y-
axis of the applied torques must be equal to zero. Therefore,
referring to the scheme in Fig. 2b, the following equation can
be applied:

~Bysin(5 ~0.) + K0, + 7, S4+ My =0 2)

where summarizing for the sake of clarity, 7, ¢S, is the
torque due to the shear yield stress in the points of the
static fluid in contact with cylinder IC (Fig. 1), —Busin
(%—96) is the torque component applied by the external
magnetic field in consequence of the presence of the mag-
netic dipole glued to the pendular system, K6, is the torque
component due to elastic torsional reaction of the suspen-
sion wire, and M, is the component of the torque due to
eventual mechanical internal friction, inherent in the pen-
dulum system, and not intern to the fluid. There are no
terms due to internal stress in the fluid, as well as internal
friction in the fluid, because they are not applied on the
rotational pendulum whose static equilibrium is consid-
ered. Any reaction relating to elastic deformation of the
like-solid phase is considered contained in 7, (or rather
inherent to the contact shear stress itself).

@ Springer
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In conclusion, the simple theory of the experiment provides

(B cos.—K0.—M y)

Ty = Sd (3)

from which the yield stress value can be calculated by mea-
suring the equilibrium angle 6., being known all the other
parameters on the right side of the equation.

Results and discussion

Temporal trends to spontaneously re-establish con-
ditions of static equilibrium starting from flow con-
dition: measurement of dynamic yield stress

To measure the dynamic yield stress, a first experimental in-
vestigation was devoted to the detecting of the rotation angle
as a function of time. A torsion was produced up to a maxi-
mum fixed angle 6,,.. Afterwards, the pendulum was left
under the sole action of the elastic moment recall and the
rotation angle has been acquired while the static equilibrium
conditions were restored.

With reference to Fig. 2a, initially, the pendulum, free from
any torsional stress, was stationary at the initial angle 6, = 0.
By a slow progressive increase in the intensity of the B field
along Z-axis, the pendulum rotation was produced up to
O max = 00°. Then, B was turned off and the rotation of the
pendulum, during the approach to the new equilibrium posi-
tion, was detected over time.

If the experiment is carried out in the air, the pendulum has
damped oscillations and gradually stops at the equilibrium
angle |0 < 0.25°. This means that the torque due to the inter-
nal friction in the pendulum system (M) is negligible, since it
is included in the limit of the experimental error.

When Carbopol solution is present, after an abrupt decrease
of the angle in few seconds, a non-zero equilibrium angle 6,,;,
is slowly reached, as shown in Fig. 3 for different weight
percentage: this clearly indicates that a shear stress occurs on
the fluid-cylinder interface, preventing further sliding and
balancing the mechanical moment of the elastic recall. Since
the fluid initially is flowing and in final condition is stopped,
we can speak of dynamic yield stress.

Taking into account that 0, is progressively reached by a
counterclockwise rotation and B is switched off, the equilibri-
um of torques provides:

Komin_Tyd . Sd =0 (4)
Kemin
= 5
Tyd Sd ( )

where 7y4 is the dynamic yield stress.

@ Springer

In Fig. 3, the decreasing behaviors of 0 (measured by the
MR sensor) with time, starting from 6,,,, in the release posi-
tion up to Oy, in the final equilibrium position, are reported in
the aqueous solutions of Carbopol with different weight per-
centages. The experimental points are obtained by averaging
on reiterated measurements and are reported with the respec-
tive experimental errors. In general, it appears that after about
20 min, the equilibrium is definitively reached in all the used
dilutions.

The value of the parameter # was fixed at 3 mm for
all samples, except for the 0.07%wt solution for which it
was necessary to use =9 mm in order to lengthen the
evolution times towards the static equilibrium. From the
measured values of 6., (Table 1), the shear stress
values, due to a dynamic yield, have been obtained by
applying Eq. (5).

When stopping from flow to static condition,
Carbopol solutions change both the microscopic mor-
phology and the physical properties from liquid-like to
solid-like (Bonn et al. 2017; Shafiei et al. 2018). The
establishment of a new structural configuration with dif-
ferent physical and chemical properties could take time,
and this phenomenon is relevant in enhancing thixotropic
behavior (Dinkgreve et al. 2018). Therefore, in studying
the settling down of the equilibrium starting from a ki-
netic condition, in order to identify the dynamic yield
stress, the approach to equilibrium takes time, as evi-
denced by the experimental results in Fig. 3.
Considering the used measurement methodology, it is
important to note that, when the cylinder IC (Fig. 1) is
approaching to stop, the fluid in contact with the surface
of the cylinder acquires a zero velocity relative to the
cylinder itself. The fluid in the cavity of the two cylin-
ders follows the classical shear flow profile, where the
velocity is zero at the fixed wall and is maximum at the
moving wall, so the fluid velocity takes some time to
become zero everywhere. Only when the shear-flow
completely ends, the cylinder IC is blocked.

It is interesting to stress from Fig. 3 that practically, the
same time occurs to reach equilibrium in solutions at dif-
ferent Carbopol contents (for all dilution, 20 min is neces-
sary to make the decrement of 6 lower than the experimen-
tal error). This indicates that the processes governing the
time evolution are the same in all the cases. Since by in-
creasing Carbopol content, both viscosity, 1, and elastic
modulus, G' increases; it is plausible that the relaxation
time of the equilibrium approach results practically the
same, being related to the ratio 7/G’, as generally results
in polymers. On the other hand, the absolute decrement
appears to be linked to a different composition and conse-
quent different viscosity and density, since they are not
proportional to the content only (Lidon et al. 2017;
Moiller et al. 2009; Varges et al. 2019).
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Fig. 3 Decrement with time of 21 -
the rotation angle during the 20 -
return to the equilibrium

condition, under the sole action of 19
the moment of elastic recall. The 18 A
experimental points are related to

different Carbopol contents as 17 A
specified in the box in the figure 16 -
and refer to average 6 values 15

obtained by repeated
measurements. Experimental
errors are contained in the point
size. Continuous curves are
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Effect of the application of an external torque to start
a flow from the initial equilibrium condition at 6 =0:
determination of the static yield stress

In the absence of liquid, starting from 6 = 0, the current in the
Helmbholtz coils is increased to produce a magnetic induction
field that applies a mechanical moment u B to the torsional
pendulum (B is applied along Z; see Fig. 2). Since the rotation
starts at the lowest applicable current, the mechanical mo-
ment, due to the internal friction of the pendulum, is negligible
to inhibit rotation, in agreement with what was observed about
the free oscillations in the “Temporal trends to spontancously
re-establish conditions of static equilibrium starting from flow
condition: measurement of dynamic yield stress” section.

time (min)

Then, starting from the pendulum in the initial equilibrium
position (/= 0 and B = 0) and with the fluid material covering
the rotating cylinder up to a height %, a magnetic induction
field B = N-AB is applied, with AB=0.25-10" T and N in-
creased progressively by one unit. After 20 min from B appli-
cation, the rotation angle detected by the sensor MR (Fig. 2a)
was recorded, verifying that after this wait, the stable equilib-
rium is obtained (the measured values of 6, vs B remain stable
over time). In presence of a static yield stress, the pendulum
rotation is counteracted and the pendulum remains at rest up to
B<B°. In other words, only for B=B° + AB, a permanent
rotation, equal to or greater than the minimum detectable
one (A#=0.25 ° by means of MR sensor), is detected. We
have outlined “permanent” rotation, because it was always

Table 1  Average values of the dynamic yield stress 7,4 versus the content of Carbopol as deduced from the final equilibrium angle (6,;n) applying Eq.
(5). The errors concerning 7y,q were evaluated by means of the propagation law considering the sensitivity of the measuring devices

Weight percentage of Carbopol (%) 0.07 0.10 0.15 0.20

Ormin (°) 2.7540.25 8.25+0.25 12.75+£0.25 17.00+0.25
Tyd (10'Pa) 1.8+0.3 11.8+0.7 18.2+0.7 24.3+0.7

@ Springer



Rheol Acta

verified that by decreasing magnetizing induction field, name-
ly, returning towards B=0 T value, the rotation does not re-
turn to zero. In fact, if the equilibrium angle equal zero is
restored, it means that the investigated solution is strained
(as in an elastic solid sample) but no flow is produced. Only
if rotation does not return to zero by removing magnetic in-
duction field, we consider activating the flowing fluid adjacent
to the rotating cylinder surface.

This is clarified by the data represented in Fig. 4. In fact, ifa
torsional cycle is performed up to B° to successively return to
zero, also, the rotation angle goes to zero; on the contrary,
when the maximum B value is shifted to B° + AB, the rotation

Fig. 4 For each solution with
different Carbopol content, both
the torque cycles, 6. vs B, up to a
maximum value B° and return to
zero (on the left) and the torque 20"

ZERO ROTATION

remains partially permanent when the torsion returns to zero
(Fig. 4).

Once one finds the B° value, by applying the equilibrium
conditions (3) to the sum of the mechanical moments, with
M= 0, we can deduce the static yield stress:

T, = B°u cosh.—K0, (6)
Sa

taking into account the Sy value for # =3 mm, except in the
case of 0.07w% solution for which # =9 mm was used. This
last choice was necessary otherwise the pendulum rotation
starts for values of the magnetic induction field very close to
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o

RESTORED

-
cycle up to a maximum B° + AB
and return to zero (on the right), 151
are shown: in the first case, the ' A.//
rotation is completely reverted; in e 0. 200/
1 ® Oo—— (1]
the second, a residual rotation is 1.0 /./ " " ?
found. This indicates that B® >
applies a torque producing a 051 -
solid-like material deformation, — / —_
i i 0.0
;j’l:mh Can,betrezeﬂed Fi?“eas“;go b0 10 20 30 40 50 60l % 10 20 30 40 50 50
0 zero; instead, a minimum ~
increment (AB) produces a great- 2.0 °
er torque which induces a flow ./
activation with a liquid-like re- 151 / /
sponse, and consequently an ef- .
fective rotation of the cylinder in- 101 . O—s—= o 0.15%
side the fluid. In fact, the rotation ’ A /|
is not eliminated by reducing the 051 /
torsional stress to zero '
|
—_—
— 008 Ne—eo o oo
o 00 10 20 30 40 50 00 10 20 30 40 50
' ~
Gﬂ) 2.0
®
/|
1.5 u
%
1.0 O— s a 0.10%
] )
0.5 .{/
l/
0.0 — N oe—eo—o—0—
1.0 2.0 3.0 0.0 1.0 2.0 3.0
2.0
1.54 / ]
1.0+ /l
i 0.07%
0.5 °
0.0 > o / N e =2 =/‘ . :
0.0 0.5 1.0 15 20 0.0 0.5 1.0 1.5 2.0

@ Springer

B (105 T)



Rheol Acta

the minimum instrumentation limit making it impossible to
identify the threshold value B°.

In Table 2, the values of B° are reported with the conse-
quent 7y values obtained from Eq. (7). The percentage differ-
ence between static and dynamic yield stress (A7/7q) is also
shown. The static conditions give higher values for all
Carbopol content supporting the conclusion that the difference
depends on the procedure only and it is not an intrinsic prop-
erty of the material.

In fact, the lower value of dynamic yield stress can be
understood by considering that the kinetic rotational energy
of the pendular system must be canceled by the work of the
fluid shear reaction forces, and this work is made by the elastic
reaction of the like-solid material that is forming, so straining
it and abating the equilibrium angle, 0,;,. As consequence, an
artifact decrement of yield stress measured from Eq. (5) is
produced. This effect is inactive in the static case, when only
structure yielding is present. This means that there are not two
different yield stresses, but that the stress value depends strict-
ly on the measurement initial conditions: dynamic or static.

Torsion cycles and time-dependent response

The time required to change both rotating equipment and
Carbopol solution from the static equilibrium to the flow re-
gime and vice-versa has an evident impact when measuring
the pendulum torsion angles in the investigated solution as a
function of a magnetic field higher than the B° threshold
value.

The results of this investigation in 0.20% and 0.10%
Carbopol solutions are shown in Fig. 5a and b respectively.
For the measurements, two different procedures were adopted.
In a first case (black squares in Fig. 5), any increase (or dec-
rement) in field strength, AB, strictly necessary to reach the
subsequent measuring point, was performed in a fixed interval
of 5s.

Then, after a 30-s pause, the measurement of the rotation
was recorded. Thus, each experimental point corresponds to
an evolution of the microscopic state that occurred in about
30 s. The same rotation can also be followed by a magnifica-
tion camera on the protractor.

Table 2 For each aqueous Carbopol solution, the table shows the B°
field value deducted from the torque cycles (6, vs B) in Fig. 4, the static
yield stress consequent from Eq. (7), and the percentage increase (A7/7q)

In a second case (red squares in Fig. 5), the same time
gradients of the field (AB/5 s) were applied, but the pause
before recording 0 experimental values was extended to
20 min (thus ensuring—on the basis of the results in the
“Temporal trends to spontaneously re-establish conditions of
static equilibrium starting from flow condition: measurement
of dynamic yield stress” section—that the equilibrium config-
uration has been achieved before to perform angle
measurement).

In agreement with the system evolution over time, the equi-
librium torsion angle measured over short times (black curve)
increases less in the growth phase of the magnetic torque (Fig.
5 —), and it decreases less in the decreasing phase of the
magnetic torque (Fig. 5 <), compared to the same variations
measured over long times (red curve). The yield stress depen-
dence on the experiment duration was already highlighted in
previous investigations (Caton and Baravian 2008; Malkin
etal. 2017). In particular, short-time and long-time yield stress
values for Carbopol can be largely different (Benmouffok-
Benbelkacem et al. 2010). Our methodology allows to deter-
mine the waiting time for the stabilization of the equilibrium
and to ensure the repeatability of the results when the long
pauses of the second procedure are adopted. Therefore, we
consider in detail the experimental behavior provided by the
red curve in Fig. 5a and the respective experimental points, in
order to obtain the yield stress values (Table 3).

Concerning the interval of B values lower than 610> T
(Fig. 5a), zero rotation is detected. Such a behavior dem-
onstrates that the static yield stress is acting,
counterbalancing the magnetic moment, in agreement with
the “Effect of the application of an external torque to start a
flow from the initial equilibrium condition at 6 =0: deter-
mination of the static yield stress” section, including the B°
threshold value.

In a second range of field values increasing from B° up to
Brax (Fig. 5a), any equilibrium point should verify the Eq. (3).
Therefore, taking into account M= 0, the values of dynamic
yield stress obtained from this method—different from the
evaluation performed in the “Temporal trends to spontaneous-
ly re-establish conditions of static equilibrium starting from
flow condition: measurement of dynamic yield stress” sec-
tion—7y¢* = (B w1 cos(f.) — K 0.)/S4, have been calculated

of the static value with respect to the dynamic one. The errors concerning
Tys were evaluated by means of the propagation law considering the
sensitivity of the measuring devices

Carbopol weight percentage B°(107° T)+0.25:10° T Tys (107! Pa) ATITyq (%)
0.07% 1.00 1.9+0.6 6%

0.10% 2.75 12.3+1.4 4%

0.15% 4.50 20.5+1.4 13%
0.20% 6.00 27.8+1.4 14%
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and reported in the fourth row of Table 3 (here Sy corresponds
to A =3 mm).

Overall, when the incremental ratlo (average shear rate)
from a measuring point to the next decreases (last row in
Table 3), the obtained value of T,4* increases and approaches
to 7ys. This confirms that the difference between yield stress
values obtained under static and dynamic condition can be
ascribed to the kinetic energy: in fact, the lower the increment
in 0, and the lower the kinetic energy of the pendulum in
approaching equilibrium position and more the dynamic
yield stress approximates the static one.

Now, consider the experimental behavior obtained by
reducing B value from B,,,x down to zero. Around By,
the yield stress can decrease if the external destabilizing
torque decreases towards the zero value, maintaining the
static equilibrium condition; therefore, if the friction is
bilateral, it can also change direction downwards to reach
again its maximum value but acting clockwise. In other
words, the sign of the mechanical torque component pro-
duced by yield stress can also be negative and the equi-
librium could be established when

. (T
K6.~B psin (E—95> +|my|-Sa=0 (7)
where |7,| can vary from 0 up to its maximum possible
amount (7, ), as in the standard case of static internal
friction.

As matter of fact, for B =B (Table 3 and Fig. 5a), the sign
of yield stress changes in negative, but decreasing the mag-
netic solicitation, it remains practically equal to zero. This
means that yielding mechanism is not bilateral and the equi-
librium is reached by decreasing 6 until K 6. — B p sin(n/
-0.)=0.

Finally, for low values of the external torque moments,
when B < B, the yield stresses due to the stabilization of the
solution in a more rigid state become predominant. For B =0,
they assume a maximum value consistent with that previously
found, blocking the 6, value at 17° (Table 3 and Fig. 5a).
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Obviously, the considerations made are valid if the maxi-
mum magnetic induction field provides a rotation higher of
Omin determined in the “Temporal trends to spontaneously re-
establish conditions of static equilibrium starting from flow
condition: measurement of dynamic yield stress” section.

For the lower weight percentage Carbopol hydrogels, the
behavior is similar but with minor differences between short
pause and long pause measurements. This assertion can be
verified in Fig. 5b, where cycles for 0.10% Carbopol aqueous
solution are shown. The other percentages are not reported for
the sake of simplicity.

The data obtained from torsional cycles confirm the quality
of the proposed novel methodology and, at the same time,
they highlight the importance of times and procedures for
measuring yield stress. Therefore, at this point, it appears ap-
propriate to perform a comparison with numerical data
resulting by means of other techniques.

The summary in Table 4 shows that the values of yield stress
measured by means of MFATPT have the same trend as those
found in the same samples by oscillatory tests but they are
higher. The difference is greater at low percentage of
Carbopol, where the increment reaches 90%. This could be
ascribed to the fact that oscillatory tests directed to determine
static yield stress are however performed in finite dynamic con-
ditions (oscillations), while our method ensures measurements
in the limit of zero kinetic energy at the flow stopping. In fact,
the relative influence of the kinetic energy should be higher
with decreasing fluid viscosity (lower Carbopol content).

In Table 4, the dynamic yield stress values obtained in
others investigations on the same Carbopol 980 aqueous
solutions are also reported. Few data are available for all
the Carbopol contents, except for 0.10 wt%. In the last
case, we can affirm that the value measured by the new
technique is within the range of the previous evaluations.
Considering that, generally, the yield stress measured in
Carbopol solutions by different methodologies and with
different preparation procedure can spread even up to one
order of magnitude (Balmforth et al. 2014; Benmouffok-
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Table4  Static and dynamic yield stress obtained from the new proposed device in comparison with the values measured through rheometric oscillatory
tests on the same samples and from previous literature investigations on Carbopol 980 hydro-solutions by means of different techniques

Carbopol 7y Tyd Standard (Gabelle et al. 2013) (Varges et al. 2019), (Shamu et al. 2020), (Roberts and Barnes

weight (107" Pa) (107" Pa) oscillatory particle velocimetry extrapol, from flow Particle image 2001), controlled stress

percentage tests (107! Pa) curves (107" Pa) velocimetry (107" Pa) rheometry (107" Pa)
(107" Pa)

0.07% 1.9 1.8 1 =10 12.5

0.10% 12.3 11.8 10 10-20 224 100

0.15% 20.5 18.2

0.20% 27.8 24.3 20

Benbelkacem et al. 2010; Bonn et al. 2017; Curran et al.
2002). This contributes to slow down the mobile equip-
ment before activating the structural microscopic bond at
the origin of the yield stress. In particular, the behavior of
Tyq™ evidenced in Fig. 5 and Table 3 clearly shows that
the measurement of the yield stress depends strictly on
the adopted procedure, even when basically the same
methodology is used (the equilibrium condition of a pen-
dulum in the case of the present investigation). In fact, it
has been highlighted that significant differences are de-
termined by the speed of approach to the equilibrium
position (Table 3): the lower is the change of angle over
time when approaching equilibrium, the more the dy-
namic yield stress value tends to the static one.

(iii) Using the same setup, the dynamic yield stress can be
measured by means of two different procedures ex-
plained in the “Temporal trends to spontaneously re-
establish conditions of static equilibrium starting from
flow condition: measurement of dynamic yield stress”
section and in the “Torsion cycles and time-dependent
response” section. These procedures provide the value
Tya (Table 1) and 7y,4* (Table 3) respectively. The values
obtained using these two different methods show a con-
siderable agreement and confirm the reliability and the
effectiveness of the experiment modeling.

(iv) It is possible to follow in detail the evolution of the static
equilibrium approach with time (the “Temporal trends to
spontaneously re-establish conditions of static equilibrium
starting from flow condition: measurement of dynamic
yield stress™ section; Fig. 3). The equal value of the time
required to reach equilibrium is justified by the process of
shear flow stopping of the Carbopol suspension that is
related to the velocity profile in the cavity.

(v) Time-dependent processes have also highlighted the im-
portance of performing long time measurements to en-
sure that the structural evolutions, and also, deformations
have occurred. This is demonstrated by the results of the
torsion cycles measured at different times (the “Torsion
cycles and time dependent response” section and Fig. 5).
The ability to measure the effect of time can also be

@ Springer

useful to investigate the complex coupling between
viscoplastic deformation, aging, and rejuvenation
(Agarwal and Joshi 2019; Coussot 2018; Joshi and
Petekidis 2018). Moreover, the methodology used ap-
pears competitive compared to some others (Kashani
et al. 2015) for its simplicity.

Even the aqueous solutions of Carbopol, which in many
respects can be considered as a simple fluid (flow behaviors
follow the Hershel-Bulkley law), have here shown significant
dependence on time. This underlines the requirement of ade-
quate experimental protocols to obtain reproducible experi-
mental estimates.

The proposed MFATPT technique fits in the field of rota-
tional shear rheometry in concentric cylinders geometry.
Compared to standard methodologies, its main points of inno-
vation are the alternative direct physical approach, the effec-
tiveness of the magnetic field assistance, the possibility of
adjusting the measurement to the specific time dependency
in the YSF used, and the ability to measure dynamic and static
yield stress with the same experimental setup. The preroga-
tives listed above strongly candidate the new methodology to
highlight and elaborate peculiar aspects in yield stress fluids.

Acknowledgments The authors thank Prof. S. Guido and J. Claussen for
useful discussions.

Authors’ contributions The manuscript was written through contribu-
tions of all authors. All authors have given approval to the final version
of the manuscript.

Funding Open Access funding provided by Universita degli Studi di
Napoli Federico II within the CRUI-CARE Agreement.

Data availability The datasets generated and/or analyzed during the cur-
rent study are available from the corresponding author on reasonable
request.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.



Rheol Acta

Code availability Not applicable.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Agarwal M, Joshi YM (2019) Signatures of physical aging and thixotro-
py in aqueous dispersion of Carbopol. Phys Fluids 31(6):063107

Balhoff MT, Lake LW, Bommer PM, Lewis RE, Weber MJ, Calderin JM
(2011) Rheological and yield stress measurements of non-
Newtonian fluids using a Marsh Funnel. J Pet Sci Eng 77(3-4):
393-402

Balmforth NJ, Frigaard 1A, Ovarlez G (2014) Yielding to stress: recent
developments in viscoplastic fluid mechanics. Annu Rev Fluid
Mech 46:121-146

Benmouffok-Benbelkacem G, Caton F, Baravian C, Skali-Lami S (2010)
Non-linear viscoelasticity and temporal behavior of typical yield
stress fluids: Carbopol, xanthan and ketchup. Rheol Acta 49(3):
305-314

Bonn D, Denn MM (2009) Yield stress fluids slowly yield to analysis.
Science 324(5933):1401-1402

Bonn D, Denn MM, Berthier L, Divoux T, Manneville S (2017) Yield
stress materials in soft condensed matter. Rev Mod Phys 89(3):
035005

Buscall R (2010) Letter to the editor: wall slip in dispersion rheometry. J
Rheol 54(6):1177-1183

Caton F, Baravian C (2008) Plastic behavior of some yield stress fluids:
from creep to long-time yield. Rheol Acta 47(5-6):601-607

Chaudhuri P, Horbach J (2013) Onset of flow in a confined colloidal glass
under an imposed shear stress. Phys Rev E 88(4):040301

Choi S, Steltenkamp S, Zasadzinski JA, Squires T (2011) Active
microrheology and simultaneous visualization of sheared phospho-
lipid monolayers. Nat Commun 2(1):1-6

Coussot P (2014) Yield stress fluid flows: a review of experimental data. J
Non-Newtonian Fluid Mech 211:31-49

Coussot P (2018) Slow flows of yield stress fluids: yielding liquids or
flowing solids? Rheol Acta 57(1):1-14

Coussot P, Malkin AY, Ovarlez G (2017) Introduction: yield stress—or
100 years of rheology. Springer, pp:161-162

Curran S, Hayes R, Afacan A, Williams M, Tanguy P (2002) Properties
of carbopol solutions as models for yield-stress fluids. J Food Sci
67(1):176-180

Daneshi M, Pourzahedi A, Martinez D, Grecov D (2019) Characterising
wall-slip behaviour of carbopol gels in a fully-developed poiseuille
flow. J Non-Newtonian Fluid Mech 269:65-72

Dinkgreve M, Denn MM, Bonn D (2017) “Everything flows?: elastic
effects on startup flows of yield-stress fluids. Rheol Acta 56(3):189—
194

Dinkgreve M, Fazilati M, Denn M, Bonn D (2018) Carbopol: from a
simple to a thixotropic yield stress fluid. J Rheol 62(3):773-780

Dinkgreve M, Paredes J, Denn MM, Bonn D (2016) On different ways of
measuring “the” yield stress. J Non-Newtonian Fluid Mech 238:
233-241

Dinkgreve M, Paredes J, Michels M, Bonn D (2015) Universal rescaling
of flow curves for yield-stress fluids close to jamming. Phys Rev E
92(1):012305

Divoux T, Barentin C, Manneville S (2011) From stress-induced fluidi-
zation processes to Herschel-Bulkley behaviour in simple yield
stress fluids. Soft Matter 7(18):8409-8418

Divoux T, Grenard V, Manneville S (2013) Rheological hysteresis in soft
glassy materials. Phys Rev Lett 110(1):018304

Gabelle JC, Morchain J, Anne-Archard D, Augier F, Liné A (2013)
Experimental determination of the shear rate in a stirred tank with
a non-newtonian fluid: Carbopol. AICHE J 59(6):2251-2266

Graziano R, Preziosi V, Uva D, Tomaiuolo G, Mohebbi B, Claussen J,
Guido S (2020) The microstructure of Carbopol in water under static
and flow conditions and its effect on the yield stress. J Colloid
Interface Sci 582:1067-1074

Gutowski IA, Lee D, de Bruyn JR, Frisken BJ (2012) Scaling and
mesostructure of Carbopol dispersions. Rheol Acta 51(5):441-450

Joshi YM, Petekidis G (2018) Yield stress fluids and ageing. Rheol Acta
57(6-7):521-549

Jonkkéri I, Syrjala S (2010) Evaluation of techniques for measuring the
yield stress of a magnetorheological fluid. Appl Rheol 20(4):45875

Kashani A, Provis JL, van Deventer BB, Qiao GG, van Deventer JS
(2015) Time-resolved yield stress measurement of evolving mate-
rials using a creeping sphere. Rheol Acta 54(5):365-376

Kelessidis V, Poulakakis E, Chatzistamou V (2011) Use of Carbopol 980
and carboxymethyl cellulose polymers as rheology modifiers of
sodium-bentonite water dispersions. Appl Clay Sci 54(1):63—-69

Ketz R, Prud'homme RK, Graessley W (1988) Rheology of concentrated
microgel solutions. Rheol Acta 27(5):531-539

Kim J-Y, Song J-Y, Lee E-J, Park S-K (2003) Rheological properties and
microstructures of Carbopol gel network system. Colloid Polym Sci
281(7):614-623

Lanotte L, Ausanio G, Carbucicchio M, Iannotti V, Muller M (2000)
Coexistence of very soft magnetism and good magnetoelastic cou-
pling in the amorphous alloy Fe62. SCo6Ni7. 5Zr6CulNb2B15. J
Magn Magn Mater 215:276-279

Lanotte L, Ausanio G, lannotti V, Tomaiuolo G, Lanotte L (2019)
Torsional oscillation monitoring by means of a magnetoelastic res-
onator: modeling and experimental functionalization to measure vis-
cosity of liquids. Sensors Actuators A Phys 295:551-559

Lidon P, Villa L, Manneville S (2017) Power-law creep and residual
stresses in a carbopol gel. Rheol Acta 56(3):307-323

Malkin A, Kulichikhin V, Ilyin S (2017) A modern look on yield stress
fluids. Rheol Acta 56(3):177-188

Mezger TG (2006) The rheology handbook: for users of rotational and
oscillatory rheometers. Vincentz Network GmbH & Co KG

Moller P, Fall A, Bonn D (2009) Origin of apparent viscosity in yield
stress fluids below yielding. EPL (Europhysics Letters) 87(3):38004

Ong EE, O’Byrne S, Liow JL (2019) Yield stress measurement of a
thixotropic colloid. Rheol Acta 58(6—7):383-401

Owens CE, Hart AJ, McKinley GH (2020) Improved rheometry of yield
stress fluids using bespoke fractal 3D printed vanes. J Rheol 64(3):
643-662

Paredes J, Michels MA, Bonn D (2013) Rheology across the zero-
temperature jamming transition. Phys Rev Lett 111(1):015701

Piau J (2007) Carbopol gels: elastoviscoplastic and slippery glasses made
of individual swollen sponges: meso-and macroscopic properties,
constitutive equations and scaling laws. J] Non-Newtonian Fluid
Mech 144(1):1-29

@ Springer


https://doi.org/

Rheol Acta

Poumaere A, Moyers-Gonzalez M, Castelain C, Burghelea T (2014)
Unsteady laminar flows of a carbopol® gel in the presence of wall
slip. J Non-Newtonian Fluid Mech 205:28-40

Putz AM, Burghelea TI (2009) The solid—fluid transition in a yield stress
shear thinning physical gel. Rheol Acta 48(6):673—-689

Péméja J, Géraud B, Barentin C, Le Merrer M (2019) Wall slip regimes in
jammed suspensions of soft microgels. Phys Rev Fluids 4(3):
033301

Roberts GP, Barnes HA (2001) New measurements of the flow-curves for
Carbopol dispersions without slip artefacts. Rheol Acta 40(5):499—
503

Shafiei M, Balhoff M, Hayman NW (2018) Chemical and microstructural
controls on viscoplasticity in Carbopol hydrogel. Polymer 139:44—
51

Shih WY, Shih WH, Aksay IA (1999) Elastic and yield behavior of
strongly flocculated colloids. J] Am Ceram Soc 82(3):616-624

@ Springer

Shamu TJ et al (2020) "Radial flow velocity profiles of a yield stress fluid
between smooth parallel disks." Rheologica Acta 1-16

Sun A, Gunasekaran S (2009) Yield stress in foods: measurements and
applications. Int J Food Prop 12(1):70-101

Taylor N, Bagley E (1974) Dispersions or solutions? A mechanism for
certain thickening agents. J Appl Polym Sci 18(9):2747-2761

Ulicny JC, Golden MA (2007) Evaluation of yield stress measurement
techniques on a parallel plate magnetic rheometer. Int J] Modern
Phys B 21(28n29):4898-4906

Varges PR, Costa CM, Fonseca BS, Naccache MF, de Souza Mendes PR
(2019) Rheological characterization of carbopol® dispersions in
water and in water/glycerol solutions. Fluids 4(1):3

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.



	An alternative approach for measuring yield stress and its application in Carbopol microgel
	Abstract
	Introduction
	Experimental
	Materials
	Experimental apparatus and theory of the measure

	Results and discussion
	Temporal trends to spontaneously re-establish conditions of static equilibrium starting from flow condition: measurement of dynamic yield stress
	Effect of the application of an external torque to start a flow from the initial equilibrium condition at θ&thinsp;=&thinsp;0: determination of the static yield stress
	Torsion cycles and time-dependent response

	Conclusive remarks
	References


