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Abstract

We explore the rheology during a startup flow of well-characterized polyelectrolyte microgel suspensions, which form soft glasses above the
jamming concentration. We present and discuss results measured using different mechanical histories focusing on the variations of the static yield
stress and yield strain. The behavior of the shear stress growth function is affected by long-lived residual stresses and strains that imprint a slowly
decaying mechanical memory inside the materials. The startup flow response is not reversible upon flow reversal and the amplitude of the static
yield stress increases with the time elapsed after rejuvenation. We propose an experimental protocol that minimizes the directional memory and we o
analyze the effect of aging. The static yield strain y, and the reduced static yield stress o,/0y, where oy is the dynamic yield stress measured from 3
steady flow measurements, are in good agreement with our previous simulations [Khabaz et al., “Transient dynamics of soft particle glasses in g

startup shear flow. Part I: Microstructure and time scales,” J. Rheol. 65, 241 (2021)]. Our results demonstrate the need to consider memory and &

aging effects in transient measurements on soft particle glasses. © 2022 The Society of Rheology. https://doi.org/10.1122/8.0000448

Il. INTRODUCTION

Soft particle glasses (SPGs) are amorphous materials
made of deformable particles that are packed at large volume
fractions above the jamming transition [1,2]. Important exam-
ples include concentrated emulsions [1], microgel suspen-
sions [3], and concentrated dispersions of hairy particles
such as star polymers [4,5] or grafted nanoparticles [6]. In
SPGs, each particle is constrained in a cage by elastic repul-
sive forces and cannot move over long distances unless a
mechanical action exceeding the yield point is applied. The
macroscopic consequence is that SPGs behave like amor-
phous solids at rest, which respond elastically to small defor-
mations, whereas they can deform irreversibly and flow
under large deformations. Steady shear flow of SPGs is often
described using the generic Herschel-Bulkley equation,
which relates the shear stress o to the shear rate y through
o =0, + ky" where o, is the yield stress, k is the consis-
tency parameter, and n is the shear-thinning exponent.
Understanding the microscopic mechanisms at the origin of
the flow of soft glassy materials has stimulated intense exper-
imental and theoretical research [7,8]. Extensions of mode
coupling theory [9], micromechanical models [10,11], and
mesoscopic [12—14] and microscopic models [15,16] consti-
tute important contributions to the field. It has been shown
that the steady shear and oscillatory rheology of model SPGs
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is dominated by the elastic contact interactions and the lubri-
cation forces acting between the particles [10,11,17-19].
Beyond steady shear rheology, the transient response of §
SPGs during a startup flow provides important information 3
about the time-dependent mechanisms that drive the solid—g
liquid transition from jammed to fluid states. Startup experi-
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zero to the material initially kept at rest and analyzing theg
shear stress growth function that will also be called the tran-
sient stress in the following. Experimentally, SPGs made of g
thermosensitive core—shell particles [9,20,21], polyethylene S
oxide-protected silica particles [22], multiarm star polymers:j
[20,23,24], concentrated emulsions [25,26], dispersions of c;i
wax crystal in oil [27], and Carbopol suspensions [28,29]§
have been found to share a generic phenomenology. Initially,
the stress grows linearly with the accumulated strain, which
represents the elastic response of the material. At larger
strains, the stress keeps on growing and eventually reaches a
maximum before decreasing to a steady-state value. The
stress overshoot (o,) represents the minimum stress that the
material has to overcome to start flowing from rest; it is often
called the static yield stress. Similarly, the position of the
overshoot is called the static yield strain (y,). Both quantities
depend on the applied shear rate and several material
parameters.

Understanding the way soft glasses yield upon flow incep-
tion is an important issue. The control of the startup flow
response of soft materials is crucial in many manufacturing
processes where pressure overshoots can damage the process-
ing tools or be detrimental to the quality of the final products
[30]. On a fundamental level, the transient response of soft
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materials contains the intimate physical mechanisms at the
origin of their complex rheology. A recent statistical physics
approach makes a connection between the yield behavior of
thermally annealed amorphous materials and the physics of
phase transition [31]. Yielding is shown to be either discon-
tinuous akin to a first-order phase transition, corresponding
to brittle behavior, or smooth and continuous, i.e., ductile,
depending on the degree of annealing of the initial state.
Another theoretical framework inspired from the fluidity
model associates the presence of stress overshoots to the
nucleation and growth of shear bands near the moving walls
as a result of nonlocal effects [32]. Stress overshoots are then
predicted to vary with the applied shear rate as power laws,
which exhibit two distinct exponents in the limit of low and
high shear rates. Other theoretical approaches based on
shear-transformation-zone theory [33], mode coupling theory
[34], molecular dynamic simulations [35,36], and microme-
chanical models [37,38] attribute a key role to nonaffine
deformations that develop in amorphous materials during
startup flow.

Recently, we have explored startup flows of SPGs using
large-scale three-dimensional particle dynamics simulations
at different particle volume fractions and shear rates and pro-
posed the following microscopic mechanisms [38]. The
buildup of the stress is driven by an interplay between struc-
tural anisotropy due to an accumulation of particles along the
compression axis and a depletion along the extension axis
combined with extra compression of particles that are soft
and deformable. At low shear rates, the stress increase is
monotonic and without any stress overshoot. The time scale
at which structural anisotropy and the stress are maximum is,
thus, correlated to the nonaffine dynamics of SPGs. This
mechanism, where structural anisotropy is central, echoes to
the previous analysis of flow inception in hard sphere glasses
[35] and metallic glasses [37].

In view of the current state of the art, a systematic experi-
mental investigation of flow inception in SPGs is timely and
desirable in order to confront theoretical models to real prop-
erties. This is the purpose of the present work. We use sus-
pensions of soft and deformable microgels made of
crosslinked polyelectrolyte networks, which undergo a
jamming transition at high enough concentration where they
can be assimilated to disordered packings of athermal fric-
tionless particles, which are in contact as in SPGs [3]. By
investigating the startup flow properties of the jammed sus-
pensions, systematically varying the microgel concentration
and the suspending fluid viscosity, we have discovered that
other parameters of interest concern the mechanical history
of the SPGs. Indeed SPGs have the capacity to store long-
lived residual stresses and strains and to slowly evolve during
time [39—41]. Therefore, startup flow experiments may probe
materials that are in an unspecified state depending on their
mechanical history. It is likely that several data available in
the literature are affected by significant uncertainties due to
uncontrolled mechanical preparation [38]. First, we show that
unlike in our model simulations [38] where the suspensions
are mechanically equilibrated before flow inception, startup
flow experiments in microgel suspensions are significantly
affected by mechanical rejuvenation and subsequent

relaxation or recovery of residual stress and strain trapped in
the materials during their preparation. Second, we present
and discuss the results of startup flow experiments measured
for different mechanical histories. For each condition, we
analyze the values of the static yield stress o, and static yield
strain y, when the shear rate and the microgel concentration
are varied over a wide range of values. We discuss our find-
ings in light of the simulation predictions reported in [38]
and recent models from the literature.

The article is organized as follows. In Sec. II, we describe
the preparation of microgel suspensions, experimental
methods, and some basic rheological characterizations at
steady state. Section III is devoted to the results of startup
flow experiments themselves and their physical interpreta-
tion: effects of mechanical history (Sec. IIl A) including
slow relaxation, memory and reversibility of response, aging
(Sec. III B), the effect of shear rate (Sec. III C), and finally,
the variations of the static yield stress and static yield strain
(Sec. IIT D). Conclusions and perspectives are presented in
Sec. IV.

Il. MATERIALS AND METHODS
A. Sample preparation

dny wouy papeojumoq

We use jammed suspensions of polyelectrolyte microgels
provided by Coatex SAS [42]. They are synthesized by semi-
batch emulsion polymerization at low pH (~2) in starvedg.
conditions from ethyl acrylate (64.5 wt. %), methacrylic acidg
(34.5 wt. %), and the difunctional crosslinker diallyl phthalate §
(1 wt. %). Initiators and reactants are fed in a continuous 5
way, the feeding rate and temperature being optimized to?i
ensure that the conversion rate is constant, and the particle g
size grows linearly with time. These conditions are known to g
reduce inhomogeneity of composition and limit the occur-
rence of dangling chains [3]. At the end of the synthesis, a
stock solution of solid polymer particles in water is obtained.
The solid content of the stock solution is determined by ther-
mogravimetry. The radius of gyration (R,) and the hydrody-~
namic radius (Rj,) of the particles are determined by staticcgi_
and dynamic light scattering: R, = 27 nm and R; = 36 nm,g
respectively. The ratio R,/R,=20.75 is of the order of the ~
value expected hard-spheres (0.775).

Microgel suspensions are prepared by diluting the stock
solution with ultrapure water and adding sodium hydroxide
that ionizes the methacrylic acid units and provokes the
swelling of the particles [43]. To facilitate homogenization,
we mix two equal volumes of polymer and sodium hydroxide
in water. The concentration of the sodium hydroxide solution
is exactly adjusted to ionize all the carboxylic functions
borne by the microgels. In some samples, water is replaced
by a mixture of ultrapure water and glycerol in order to
increase the viscosity of the suspending medium (7, = 11.5
and 60 mPas, respectively). The presence of glycerol does
not significantly affect the ionization reaction and suspension
properties. Samples are gently stirred to avoid bubbles and
kept at rest for at least 48 h before use. In the low concentra-
tion limit, swollen microgels have a radius of 165+3 nm
with a polydispersity index of about 0.1. At finite concentra-
tions, swelling is regulated by a balance between the osmotic
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pressures of ions inside and outside the microgels. Most of
the counterions associated with the carboxylate groups are
trapped inside the microgels, but a small fraction is free to
escape in the solution causing a decrease in the net osmotic
pressure responsible for swelling and the shrinking of the micro-
gels [3,44,45]. At higher concentrations, steric deswelling takes
over when the particles are densely packed and there is not
enough water available to achieve swelling equilibrium [3].
Osmotic deswelling is particularly important for ionic microgels
due to the translational entropy of the counterions [42], but it
also exists in neutral microgels [46]. An important consequence
is that the volume fraction of the microgels is not known accu-
rately, and in the following, we use the polymer concentration
(C) expressed in mg g~ as the control variable.

B. Rheological measurements

Rheological measurements are carried out with an Anton
Paar MCR 502 rheometer equipped with a cone and plate
geometry (50 mm diameter, 2° angle, and truncation of
48 um). It is a stress-controlled rheometer that has a control-
ler that allows strain-controlled experiments. The shearing
surfaces exhibit a roughness of about Spum in order to
prevent wall slip [47]. To minimize solvent evaporation, the
geometry is protected from the exterior by a solvent trap
commercially available from Anton Paar (#107716). The
atmosphere of the trap is saturated using a small quantity of
water. The bottom plate is connected to a Peltier system that
controls the temperature at 20.0 £ 0.1 °C. The geometry and
the drive system are corrected for inertia and residual torques
according to the protocol recommended by the manufacturer.

1. Linear viscoelasticity measurements

Small amplitude shear rheology measurements are per-
formed to probe the viscoelastic properties of the suspensions
in the linear response domain. The angular frequency is
varied between 1072 and 107 rad s~!. and the strain amplitude
is being kept constant to a value of y, = 5 x 1073,

2. Flow curve measurements

To measure the flow curves, we apply a logarithmic ramp
of shear rates with a sampling resolution of six points per
decade, which decreases from 5 x 10% to 1072 s~! and for
each shear rate value, we record the stress at steady state. At
low shear rates, mechanical equilibration is very slow and the
ramp measurement results are complemented by the long
time stress values deduced from startup flow measurements.

3. Startup flow experiments

Startup flow experiments are performed by applying a cons-
tant shear rate to a material initially maintained at rest and moni-
toring the transient stress response. The shear stress is plotted as
a function of the time elapsed since the application of the shear
rate or equivalently the actual strain experienced by the material.
In these experiments, it is critical to control the response time of
the rheometer during transient measurements and check that
they do not affect the response from the material itself. In prac-
tice, the rheometer is controlled by the FM4.92 firmware that

has been especially optimized by Anton Paar for our transient
measurements during flow cessation and startup flow experi-
ments. We have carefully determined response times in real
configurations, i.e., when the geometry is loaded with microgel
suspensions. The detailed results are presented in the supple-
mentary material [48]. In flow cessation experiments, the
response time is of the order of 20 ms in the controlled stress
mode and 40 ms in the controlled rate mode (Fig. S1 [48]). In
startup flow experiments, the response time required to reach
the nominal shear rate is of the order of 30 ms (Fig. S2 [48]).
Another limitation is the fastest sampling time acceptable for a
decent signal to noise ratio, which is of the order of 10 ms.
These conditions restrict the range of accessible shear rates
since the stress peak that marks the onset of yielding is not cor-
rectly resolved at high shear rates above y 247!,

C. Rheological characterization of microgel
suspensions

1. Determination of the glass transition concentration

od

Linear viscoelasticity and nonlinear flow properties are z
used to identify the different states that are encountered when §
the concentration is increased. We follow the procedure%
already described for similar polyelectrolyte microgels in [3]
and later generalized to thermosensitive microgels in [46]. &
Figure 1(A) shows the variations of the storage modulus G’ gr
and loss modulus G” when the polymer concentration is2
increased. At low polymer concentration, the viscoelastic &
moduli reach terminal relaxation, ie., G'(w)-w? andé
G"(w)-w at low frequency, indicating liquidlike behavior. g
Above C=525mgg™!, terminal relaxation is no longer
accessible and the microgel suspensions behave like visco-
elastic solids over the entire frequency range with a nearlyg
frequency-independent storage modulus G'(w) and a much 3
lower loss modulus G”(w), which exhibits a minimum &
around a frequency w,, (see also supplementary material §
[48]). Figure 1(B) shows the shear rate dependence of the 3
viscosity of microgel suspensions at increasing concentra-~
tions. At low concentration, the viscosity curves have the%—
characteristic shape expected for viscous suspensions: aé
Newtonian plateau at low shear rates, shear-thinning behavior
at intermediate shear rates, and a second plateau at high shear
rates. The low-shear viscosity, 7y, increases by several orders
of magnitude when the concentration increases from O to
50mgg~'. Above C = 52.5mgg™', the Newtonian plateau
no longer exists in the shear rate window investigated, indi-
cating that the longest relaxation time exceeds the observa-
tion time. Based on the results shown in Fig. 1, we associate
the concentration Cg = 52.5mgg~! with the glass transition
concentration above which the suspension behaves like athe-
rmal glass with solidlike properties. In this regime, the elas-
ticity is of entropic origin [3].
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2. Determination of the soft jamming concentration

We define the plateau modulus Gy as the value of the
storage modulus at angular frequency w,, at which the loss
modulus has a shallow minimum. The variations of Gy with
the concentration are plotted in Fig. 2. In the entropic glass
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FIG. 1. Viscoelastic moduli vs angular frequency (A) and steady shear vis-
cosity vs shear rate (B) of microgel suspensions with increasing concentra-
tion. The inset in (B) shows the variations of the low-shear viscosity with
concentration. The continuous lines in (B) are the best fits of the data to the
Carreau—Yasuda equation [3].

regime above Cg, the plateau modulus first increases by
several orders of magnitude over a very narrow range of con-
centration. Similar behavior has already been reported for
Brownian hard sphere suspensions [21,49], microgel suspen-
sions of submicron size [3,46], and nanoemulsions [50]. At
higher concentration, there is a crossover above which the
plateau modulus increases linearly with the polymer concen-
tration. We determine the crossover concentration from the
extrapolation to zero modulus of the linear fit to the experi-
mental data. We define this crossover as the onset of the soft
jamming regime: C; = 10mgg~!. In the soft jamming
regime, microgel suspensions can be viewed as disordered
packings of athermal frictionless particles interacting via
repulsive elastic forces that exert through soft and deformable
contacts [8,43]. Jamming in microgel suspensions and in
other soft particle systems is fundamentally different from
jamming in hard sphere suspensions because of the capacity
of the particles to be in contact and deform elastically. The
linear variation of the plateau modulus agrees with results of
simulations for athermal elastic spheres [11,51] and a recent
statistical mechanics theory [46].

2500 {104 &
‘|021(-ISD
2000
101~§
Cimg.g’]
—_ 100ttt
& 1500457020 30 40 50 6
© 1000+

500 -

0 10 20 30 40 50 60
Clmg.g™

FIG. 2. Variations of the plateau modulus of microgel suspensions as a
function of polymer concentration. The suspensions are prepared using pure
water (open circle, filled circle: ng = 0.89 mPas) and two water—glycerol
mixtures (red filled diamond: ng = 11.5 mPas; blue filled square:
ns = 60 mPas). Open symbols refer to suspensions in the entropic g]ass
regime; full symbols refer to suspensions in the soft jamming regime. Theg
continuous line is the best fit of the data measured in the soft jamming o
regime to a linear variation. The inset shows the data of the main graph
plotted in lin-log representation.

3. Steady flow properties in the soft jamming regime

-die'sqnd//:dpy wouy pap!

In the following, we study microgel suspensions at concen-
trations C > Cjy, i.e., in the soft jamming regime. We vary the § 3
polymer concentration and the viscosity of the suspendmgg
fluid as shown in Table I. The flow curves o(y) are reported ing
the supplementary material [48]. They are well fitted to theo
Herschel-Bulkley equation, o = oy + k7" allowing to deter-%
mine the yield stress o, the consistency parameter k, and the
shear-thinning exponent n. These parameters are listed in3 3
Table 1. This equation, which has been considered as an empir- 3
ical form for a long time, has recently emerged from various
predictive microscopic theories of soft glasses [10,16,46,52].
Experimentally, the stress amplitude varies linearly with the,
applied strain up to the yield point allowing us to define the's
yield strain y, as oy = Goy, [3,46]. The values of the yleld ®
strain are listed in Table I; they are approximately constant=
indicating that the yield stress and the plateau modulus can be
considered as proportional. Following our previous works
[1,11,19,53], we scale the stress by the yield stress o, and the
shear rate by the characteristic time 1,/Gy, which is a particle
relaxation time that arises from the balance between viscous
and elastic forces. The dimensionless shear rate y7¢/Gy
expresses the competition between shear advection and particle
rearrangement [1,11,19,53]. This set of nondimensional vari-
ables collapses all the flow curves on a unique master curve of
equation as shown in Fig. 3.
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lll. RESULTS AND DISCUSSION
A. Mechanical history
1. Slow relaxation and memory

The rheological study of microgel suspensions, like many
other viscoplastic materials, poses specific challenges
because of their capacity to accumulate residual stresses and
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TABLE 1. Linear and nonlinear properties of the suspensions investigated in this article.
C(mgg™) 1, (Pas) Go (Pa) o, (Pa) 7y (=) k(Pas") N
15 0.89 280 13.3+0.5 0.047 £ 0.02 5403 0.43+0.02
15 11.5 241 12.0+0.5 0.050 +0.02 11403 0.52+0.02
20 0.89 565 33x1 0.050 +0.02 11.9+0.2 0.39+0.02
20 11.5 460 251 0.054 +£0.02 211 0.48 £0.02
20 60 480 25+1 0.051+0.02 40+ 1 0.50+0.02
30 0.89 1030 601 0.055+0.02 24+1 0.38£0.02
30 11.5 1084 62+1 0.056 +0.02 475+15 0.45+0.02
40 0.89 1700 912 0.054 +0.02 385=x15 0.36 £0.02

strains that relax very slowly [39,40,41]. To overcome this
difficulty, we have implemented two different protocols that
are schematically represented in Fig. 4. In both protocols, the
material is first presheared at a constant shear rate y, for a
time interval fy. The values of ¥, and 7y do not matter signifi-
cantly provided that the yield stress is exceeded and the sus-
pension is fully fluidized and at steady state. In most of the
experiments reported in this work, we use 7, = 20 s~! and
to = 120 s. This preshear step is intended to erase the previ-
ous mechanical history experienced by the suspension. At
t = 0, the preshear flow is interrupted and the suspension is
kept under zero shear stress in protocol A—see Fig. 4(A)—
or under zero shear rate in protocol B—see Fig. 4(B)—
during the waiting time ¢,,. Finally, at t = ¢,,, the probe shear
rate y is applied and the stress is recorded until steady state is
reached.

Figure 4(A’) shows the strain recovery experienced by the
microgel suspension when the stress is set to zero after the
preshear is stopped (protocol A). At very short times
(At < 200 ms), the strain oscillates under the combined
action of inertia and elasticity (data not shown). Then after a
sharp drop, it slowly recovers in the direction opposite to the
preshear. This demonstrates that the preshear flow has
imprinted a directional strain into the microgel suspension,

30
C=40 mg.g”"; n,=0.89 mPa.s
C=30mg.g™; n;=11.5 mPa.s
C=30 mg.g”"; n,=0.89 mPa.s
C=20 mg.g”'; n;=60 mPa.s

C=20 mg.g™; n;=11.5 mPa.s
C=20 mg.g”"; n,=0.89 mPa.s
C=15mg.g™"; n;=11.5 mPa.s
C=15mg.g"; n,=0.89 mPa.s

20+

[ BNCIR SEOIRAN vy |

ol o,

O T T T T T T T T

10"°10° 10® 107 10° 10° 10* 10 102 10"
y-ns/ GO

FIG. 3. Collapse of the experimental flow curves measured in the soft

jamming regime onto a single master curve. The equation of the continuous

line is /oy, =1+ 140(}'/175/G0)0'48i0'02. The original data are represented in
Fig. S3 [48].

which forces the measuring geometry to rotate in the oppo-
site direction. Similarly, Fig. 4(B") shows the stress relaxation
experienced by the microgel suspension when it is immobi-
lized after flow cessation (protocol B). The stress exhibits a
fast initial decay followed by a much slower relaxation that
persists over the longest times investigated [40,41]. These
results show that although the preshear step prepares the sus-
pensions in a reproducible rheological state, the subsequentg
startup flow experiments probe materials that are intrinsically §
out-of-equilibrium even after long waiting times. In the fol- &
lowing, we analyze whether and to what extent residual$
stresses and strains affect the transient response of microgel
glasses upon flow inception.

2. Reversibility of the startup flow response

Preshear imparts a directional memory inside the suspen-
sion that remembers the last direction it has been sheared for
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FIG. 4. Diagrams (A) and (B) represent the mechanical history for the two
different experimental protocols used in this study. The material is first pre-
sheared by applying a constant shear rate ¥, for a time interval #,; upon flow
cessation, it is allowed to recover at zero shear rate (A) or relax at zero stress
(B) for a period of time #,,; then a shear rate of amplitude y is applied at 7.
(A’) shows the recovery of the residual strain during the waiting time t,,
when o,, = 0; at very short times, the strain oscillates under the combined
action of inertia and elasticity; the strain origin is taken at the maximum of
the first oscillation. (B’) shows the relaxation of the residual stress during the
waiting time t,, when y,, = 0. The concentration of the microgel suspension
is C=15mg g~" and the suspending fluid is pure water.
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a long period of time [40,41]. This memory effect can make
the transient behavior of the suspensions dependent on the
preshearing direction [54,55]. Here, we use it as a way to
track the influence of the preshear on subsequent startup flow
experiments. We consider that the directional disturbance
introduced by the preshear is negligible when the response is
reversible upon flow reversal [55]. Figure 5 presents the
results of two series of experiments performed with protocols
A and B, respectively, for increasing values of f,. For each
value of 7, we present the stress variations measured when
(1) the preshear and the shear rate are applied along the same
direction with y,, ¥ >0 and (ii) they are applied along
opposite directions with ¥, < 0 and y > 0.

Let us first analyze the results shown in Figs. 5(Al)-
5(A4), which are obtained with protocol A, i.e., when
o, = 0. The stress variations measured when the preshear
and the applied shear rate are along the same direction
(79, 7 > 0) qualitatively exhibit the characteristic shapes that
are expected for startup flow experiments. The stress grows
monotonically from a value close to zero, reaches a
maximum which increases with the waiting time, and
decreases to a steady-state value. When the preshear direction
is reversed (¥, < 0, y > 0), the stress variations are affected,
particularly at short waiting times, the stress overshoot being
smaller and slightly shifted to lower strain values. However,
above t,, = 1000s, the stress variations obtained for the pre-
shear in the positive and negative directions are nearly super-
imposed, the stress maxima differing by less than 5% when
t, = 1000 s.

The results obtained with protocol B, i.e., when y,, =0,
are significantly different as shown in Figs. 5(B1)-5(B4).

First, the stress takes a finite value at low strain amplitude.
This initial value is associated with the residual stress that
has not relaxed during #,; it is positive or negative depending
on the preshear direction. The presence of residual stress
affects the entire response even for long waiting times. The
stress overshoot is smaller and occurs later when the preshear
is in the negative direction. Only at 7, = 10000s, the
response can be considered as reversible.

This study shows that protocol A minimizes the direc-
tional influence of the residual transient strains and stresses
induced by the preshear on subsequent startup flow measure-
ments. This conclusion is supported by the observation that,
in protocol A, the residual stress measured at rest (applying
y = 0g) for t > 1, is negligible once ¢,, is large enough, typ-
ically when #,, > 1000 s, whereas in protocol B, a significant
residual stress still exists and the response is not reversible
upon reversal of the preshear direction—see Fig. S5 [48].

3. Microscopic interpretation

In Fig. 6, we propose a microstructural interpretation of the'g’
origin of the memory effect and its consequence on startup §
flow experiments using the theoretical and experimental frame- &
work available from previous works [10,15,16,38,40,41]. In as
fully equilibrated jammed glass at rest, soft particles are com-
pressed with an equal number of neighbors in all directions:
the pair distribution function is isotropic (see Fig. 6). Under a2
steady shear flow, the microstructure is distorted so that moreg
particles are in the compressive region of the shear flow, §
where they are more compressed than at equilibrium, and§
fewer particles are in the extensional region where they are &
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FIG. 5. Dependence of the stress response on the preshear direction for two protocols depicted in Figs. 4(A1)-4(A4): o,, = 0; Figs. 4(B1)-4(B4): y,, = 0. The
shear rate 7 = 0.25 s~! is applied in the positive direction in all experiments, whereas the preshear is applied in the positive (black circles) or negative (blue
open circles) direction. The origin of the strain is taken at the beginning of the startup flow experiments, i.e., at r = #,,.The concentration of the microgel suspen-
sion is C=15mg g~" and the suspending fluid is pure water (1, = 0.89 mPas at 20 °C). The amplitude of the preshear rate is 79| = 20571
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Preshear

Onset of startup flow (t=t,)

Protocol A
(0,=0)

Steady flow

Protocol B
(7,=0)

FIG. 6. Schematic representation of the two-dimensional pair distribution functions in the flow plane during preshear [(P) and (P')], at the beginning of startup
flow experiments [(A), (A’) and (B), (B')] and at steady state (S), following [40] and [41]. The dotted lines represent the pair distribution function when the
glass is at rest and fully equilibrated. The arrows indicate the compression and extensional components of the flow relative to the test particle. During preshear,
there appear an accumulation zone (continuous, black) and a depletion zone (dashed, black) in the compression and extension quadrants, respectively. In the
compression quadrant, the particles are more compressed than in the quiescent state, whereas they are less compressed in the extension quadrant. There is no
extra compression at ¢ = t,, because the elastic recoil that relaxes compression and extension is a fast process. During the waiting time, the accumulation and 2

depletion zones partly relax indicating the decay of anisotropy, which is coded by gray color and the length of the circular arcs. The preshear rate and the shear o

rate are applied during the startup flow, such as |y,| > 7.

less compressed as shown in Figs. 6(P) and 6(P") [10,35]. The
resulting anisotropy of the pair distribution function is well
characterized by the coefficient g, _,(r) of the expansion of
the pair distribution function into an orthogonal series of
spherical harmonics [56]. The macroscopic stress of soft parti-
cle glasses can then be directly computed from anisotropy
through a simple expression, which involves the coefficient
g2,—2(r) and the amplitude of the elastic forces [10,17,38,40].

The variations of the shear stress growth function during
the startup flow can be mapped onto the evolution of micro-
structural anisotropy. The situation where the suspension is
initially fully equilibrated and the pair distribution function is
isotropic has been investigated using simulations [38]. Upon
flow inception, particles accumulate in the compressive direc-
tion beyond what is expected at a steady state. The stress
overshoot represents the point where the anisotropy of the
pair correlation function is maximum before being relaxed by
rearrangements, which redistribute particle contacts. Upon
flow cessation, the relaxation of the elastic deformation of
particles, which only involves central elastic forces, is a fast
process [41]. By contrast, the decay of anisotropy is slow
because it requires collective rearrangements of large-scale
configurations [39,41].

Let us now analyze the situation where a preshear flow is
applied to the suspension prior to the startup flow experi-
ment. When the preshear is stopped and zero stress is applied
to the jammed suspension (o,, = 0; protocol A), the anisot-
ropy created by the preshear persists for some time after flow
cessation so that the stress in the suspension can be nonzero
even though the macroscopic stress at the walls is zero. This
residual stress forces the material to move in the direction
opposite to the preshear. However, the anisotropy slowly
relaxes so that the residual stress vanishes when the waiting
time fy is long enough, whatever the direction of the
preshear, as illustrated in Figs. 6(A) and 6(A’) (see also
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supplementary material [48]) [46]. Therefore, at long waiting §
times, residual stresses do not affect subsequent startup ﬂowg
experiments; the transient response is nearly reversible upon §
preshear reversal in agreement with the results shown in§
Figs. 5(A1)-5(A4).
When the jammed suspension is maintained at rest after 3
preshearing (y,, = 0; protocol B), a significant anisotropy?i’
whose orientation depends on the direction of the preshearg
persists for a long time after flow cessation [40,41], as illus-
trated in Figs. 6(B) and 6(B’). This anisotropy gives rise to a
long-lived positive or negative residual stress. When the pre-
shear is applied along the positive direction (y, > 0), the g
residual anisotropy at the beginning of the startup flow in3
Fig. 6(B) has the same orientation as it will have at a steady}:
state in Fig. 6(S). The buildup of the stress overshoot simplyc;i_
corresponds to a redistribution of compressed particles in the g
accumulation/depletion zones compatible with the applied
shear rate ¥ > 0. By contrast, when the preshear is applied in
the negative direction (y, < 0), the orientation of the anisot-
ropy has to rotate by an angle 7/2 between the beginning of
the startup flow experiment and the steady state [compare
Figs. 6(B’) and 6(S)]. It is likely that the anisotropy due to
the preshear, which gives a negative contribution to the
stress, coexists for some time with the anisotropy created by
the applied shear rate y, which contributes positively to the
stress. Therefore, the amplitude of the overshoot is smaller
and its position shifted to higher strain with respect to the
previous situation, just as observed in Figs. 5(B1)-5(B4).
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B. Aging

In this section, we investigate the role of the waiting time
t, during which the suspension is allowed to recover
(o =0) or to relax (y,, =0) after the preshear step.
Figure 7 presents two series of experiments performed using


https://www.scitation.org/doi/suppl/10.1122/8.0000448

724 DI DIO ET AL.

304 — - t,=10000 s
—1,=5000 s
—1t,=2500 s

(A)

204

o [Pa]

10 1

o [Pa]

t, [s]

10° 10" 102 10° 10*

102 107" 10°
y [

FIG. 7. Dependence of the stress response on the waiting time f, for
the two protocols is depicted in Fig. 4: (A) o, =0; (B) y,, =0. The
applied shear rate is 7 = 0.25 s~'. The suspension is presheared at a rate of
7o = 20 s~! during 100s. The origin of the strain is taken at the beginning
of the startup flow experiment, i.e., at ¢ = t,,. The concentration of the micro-
gel suspension is C=15mgg™"; the suspending fluid is pure water
(n, = 0.89 mPas at 20 °C). The inset in panel (B) shows the variations of
the work of yielding per unit volume defined as the peak area above the
dashed lines, as a function of the waiting time.

the two protocols described in Sec. III A 1 when the waiting
time is increased from 1 to 10*s. Both the preshear rate 7,
and the shear rate y are applied along the positive direction.
Figure 7(A) depicts the results obtained with protocol A, i.e.,
when o,, = 0. The stress grows monotonically from a value
close to zero, which confirms that the residual stress at ¢, is
very small, goes through a maximum, and decreases to a
steady-state value. The amplitude of the stress overshoot
(o), which is very small at short waiting times, increases
significantly with 7, before saturating at very long times
(t,, > 2500 s). The peak then becomes broader. The position
of the peak is nearly independent of the waiting time except
at very short waiting times where there is some residual
anisotropy. Figure 7(B) is obtained using protocol B
(7,, = 0). The time evolution of the peak overshoot follows
the same trends as in protocol A except at small strain values
(i.e., short times) where the response is affected by the

presence of a significant residual stress as discussed in
Sec. IIT A. This initial stress decreases as the waiting time is
increased as expected. The startup flow curves measured for
different waiting curves all cross over at a strain of about
0.04, which represents the strain above which the residual
stress due to preshear becomes negligible compared to the
stress induced by the applied shear rate as the initial anisot-
ropy is progressively erased by local rearrangements.

It is interesting to discuss these findings in the context of
the recent literature. The results depicted in Fig. 7 are in qual-
itative agreement with previous observations reported for
various soft colloidal materials [20-24,30,34]. The increase
in the amplitude of the stress overshoot is generally associ-
ated with aging phenomena. Our experimental results are
also well reproduced by the particle dynamics simulation
described in [38], which confirms that aging in jammed
glasses is driven by the long time evolution of local particle
configurations in the mechanical energy landscape. To be
quantitative, we compute the mechanical work associated
with yielding by integrating the area under the peak associated 5
with the stress overshoot. This method takes into account both
the increase in the peak intensity at short time and its broaden- §
ing at long time. The graph in the inset of Fig. 7(B) shows that
the mechanical works per unit volume computed for protocols
A (oy, = 0) and B (y,, = 0) are comparable and follow a loga- &
rithmic variation over the entire of waiting time investigated.g
Such logarithmic functions of the waiting times have been §
demonstrated theoretically to be generic signatures of physical 3
aging in disordered systems [57].

It is remarkable that the mechanical work associated tog
yielding is very small when the waiting time is short, in§
agreement with the fact that the peak overshoot nearly disap- g
pears. This suggests that unrelaxed residual stresses and §
strain create enough mobility to facilitate rearrangements that 3
prevent large accumulation of particles in the compression%
direction [41]. There is a striking analogy here with theg
behavior of thermal molecular glass formers annealed at high%
temperatures and quenched at 7 = 0 [31]. For poor annealing}j
conditions, i.e., when the initial amorphous state is preparedc;i_
at high temperatures where the local environments fluctuate, g
yielding is monotonous without stress overshoots. When the ~
glass formers are quenched deeper inside the glass phase,
there are fewer fluctuations and a stress overshoot appears. In
this analogy, soft glasses are mechanically activated and
residual local stress plays the role of the temperature in glass
formers, the annealing being controlled by the waiting time.
Note however that there is a third regime in glass formers,
where yielding becomes discontinuous with a sharp drop of
the stress around a yield strain of about 0.12. Although this
regime is not observed here, additional experiments would be
useful to check that discontinuous yielding never occurs at
much longer waiting times in SPGs.
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C. Role of shear rate

We are now in a position to perform startup flow experi-
ments where the applied shear rate is systematically varied from
107 to 457" In all these experiments, the suspensions are pre-
sheared by applying a constant shear rate of 7, = 20s~! for
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100s and the waiting time is #, = 1000 s above which the
peak stresses do not evolve significantly. Figures 8(A) and
8(B) present the results obtained with protocol A (o, = 0)
and B (y,, =0) when the concentration is C=15mg g™
The variations of the stress overshoot with the applied shear
rate in both sets of data exhibit the same trend: the overshoot
is very small at low applied shear rates and increases with the
applied shear rate. There is, however, one important differ-
ence when one considers the small strain limit of the stress:
the initial stress in Fig. 8(A) is zero as expected, but in
Fig. 8(B), it takes a constant value associated with the value
of the unrelaxed residual stress at the beginning of the experi-
ment. The long time values obtained at steady state are insen-
sitive to the mechanical history as expected. The inset in
Fig. 8(B) compares the values of the stress overshoot o, and
of its position y, as a function of the applied shear rate,
which are obtained in protocols A and B. The value of o), is
slightly larger in protocol B than it is in A, indicating that
the unrelaxed residual stress adds a small contribution to the
static yield stress. By contrast, the suspensions yield earlier
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FIG. 8. Dependence of the stress response on the applied shear rate for the
two protocols is depicted in Fig. 4: (A) o, = 0; (B) ¥,, = 0. The origin of
the strain is taken at the beginning of the startup flow experiments, i.e., at
t=t, (t, =1000s). The concentration of the microgel suspension is
C=15mgg™" ; the suspending liquid is pure water (17, = 0.89 mPas at 20 °C).
The inset in panel (B) compares the values of the static yield stress and static
yield strain obtained with protocol A (black circles) and B (open circles).

in protocol B. This can be understood by considering that
there is a pre-existing anisotropy in B, at the beginning of the
experiment, which facilitates the yielding process. The yield
strain in protocol A exhibits a small upturn at very low
applied yield strain, which we attribute to some contribution
of the unrelaxed strain when o,, = 0. The same trends are
found over a wide range of concentrations and for different
viscosities of the suspending liquid, which are the two main
parameters controlling the static yield stress and static yield
strain.

The raw values are reported in Fig. 9 for different concen-
trations and solvent viscosities. We observe that ¢, at a given
shear rate varies by a factor 10. The range of variation of y,
is narrower. The values of o, and y, increase with the
polymer concentration. At a given concentration, both quanti-
ties also increase with the solvent viscosity.

D. Scaling properties of the static yield stress and
static yield strain and comparison with simulations

Let us now rationalize the dependence of the static yield g
stress and yield strain on microgel concentration and sus-
pending fluid viscosity. In Figs. 10(A) and 10(B), following
our previous work [36], we plot the variations of the dimen-
sionless static yield stress o,/c, versus the reduced shear
rate y1s/Go. 1 is the viscosity of the suspending fluid, Gy is S
the plateau modulus, and o, is the dynamic yield stressz
determined from flow curve measurements (see Table I).S 3
All the data collapse and form a unique master curve overm
several decades of shear rates. We do not observe any sig-
nificant differences between the static yield stresses mea-
sured with protocols A and B, respectively. We have also
reported the values computed numerically using our 3Dc>
particle dynamics simulations for three different volumej
fractions. The theoretical and experimental data are in good X
agreement within the accuracy of the simulations and exper-
iments. It is interesting to note that the variable oc,/c, is &
similar to the reduced stress o/c, which is used to collapse 3
the steady-state flow curves on universal master curves 1n‘
Fig. 3 [1,11,19,53]. This similarity arises from the fact that 5 E
both the stress at steady state and the stress overshoot have 2 g
the anisotropy of the pair distribution function as a common
origin.

In Figs. 10(C) and 10(D), we plot the variations of the
static yield strain determined with protocols A and B, respec-
tively, as a function of the dimensionless shear rate y1/Gy.
Again the data collapse on master curves, albeit with some
dispersion. We note that, however, the data measured using
protocol A (ow = 0) are systematically larger than the results
obtained with protocol B (y,, = 0). In the former case, the
yield strain data tend to the limit y = 0.15 when y — O,
whereas in the latter they approach 0.1. The data obtained
from simulations tend to y =2 0.1, but they are slightly
smaller than the experimental data that lay above.
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IV. CONCLUDING REMARKS

Our results demonstrate that it is crucial to take into
account the mechanical history to understand the transient
yielding of SPGs. The conventional protocol widely used in
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FIG. 9. Static yield stress o, and corresponding static yield strain y,, as a function of the applied shear rate for the two protocols are depicted in Fig. 4: (A) and
(C) o, = 0; (B) and (D) y,, = 0. The concentration of the suspensions and the solvent viscosity are varied.

the literature, which consists in preshearing the material to
put it in a reproducible state, creates long-lived internal
stresses or strains that slowly recover and affect subsequent
startup experiments in two ways. First, the material keeps a
memory of the direction along which it has been presheared.
The transient response is not reversible upon flow reversal
and depends on the direction of the preshear relatively to the
direction of the applied shear rate. Second, the stress response
evolves with the time elapsed after the end of the preshear, the
so-called waiting time: the peak overshoot grows in amplitude
and becomes broader at long waiting times. The mechanical
work associated with yielding increases with the waiting time
in a logarithmic way, which is indicative of physical aging
[57]. Here, physical aging is driven by the disordered distribu-
tion of internal stresses introduced during preshearing. Poorly
annealed SPGs, i.e., when the waiting time is short, tend to
yield in a continuous manner without stress overshoot because
internal stresses create some local mobility that favor particle
rearrangements [41].

We have designed and implemented the experimental pro-
tocol (A) that minimizes the directional memory and restore
reversibility upon flow reversal. After preshearing, the mate-
rial is allowed to recover by applying zero macroscopic stress
for a long enough time. We anticipate that internal stresses’
distribution is then symmetrical, which explains the absence
of directional bias and restoring reversibility upon flow rever-
sal. The dual protocol (B) that consists in annealing the mate-
rial after preshear by applying zero shear rate requires much
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longer annealing times and is not fully efficient for our
purpose. In this second protocol, internal stresses persist long £
after flow cessation and affect the transient rheology of SPGs 3
until they reach steady state. In this regard, our results openg
promising perspectives to prepare materials with controlled g
internal stress distributions.

The reduced static yield stress data o,/c,, where o, is the|
dynamic yield stress measured from steady flow measure- 2
ments, collapse onto a universal master curve when they are-
plotted as a function of the dimensionless shear rate y14/G.
The scope of this result is twofold. First, it confirms that the
dynamic yield stress is the appropriate scale to rationalize the
variations of the static yield stress. Second, it supports
the importance of the dimensionless variable yng/Gy and of
the characteristic time 75/Gy to rationalize the transient rheol-
ogy of SPGs in addition to the steady-state properties
[1,11,18,19,38,53]. The static yield stresses obtained with the
optimized protocol (A) and the protocol (B) that only provides
partial stress annealing are comparable within a difference of
about 10%. A common trend observed in both protocols is
that the peak overshoot vanishes when the applied shear rate
is small and increases rapidly when it is large. This can be
understood by considering that the duration of rearrangements
is set by the characteristic time 74/Go [19]. Therefore, when
¥1s/Go < 1, local plastic rearrangements can occur before
macroscopic yielding takes place. On the opposite limit where
yns/Go > 1, particles are trapped in their cages and accumu-
late elastic energy until cages break, which happens in the
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vicinity of the stress overshoot, thus confirming the connection
we proposed earlier between the transient rheology of SPGs
and the microscopic dynamics [38].

The experimental master curves obtained by plotting the
reduced shear rate o,/0, as a function of the dimensionless
shear rate yn¢/Gy are in good agreement with the similar
master curve formed by the simulation data. This is an inter-
esting outcome considering the relatively small size of the
simulations. In the simulations, we have shown that the struc-
tural anisotropy revealed by the pair distribution function
g(r) controls the stress buildup, the latter reaching a
maximum at the stress overshoot before being relaxed by par-
ticle rearrangements. It is interesting to note that the varia-
tions of the reduced static yield stress versus the
nondimensional shear rate in Figs. 10(A) and 10(B) exhibit
some similarity with the master flow curve as shown in
Fig. 3. We believe that this similarity expresses that the stress
overshoot and the stress at steady state are controlled by the
same physical mechanism, i.e., the anisotropy of the pair dis-
tribution function.

The static yield strain values y, measured for different
materials collapse reasonably well onto master curves for
both protocols A and B. However, the quality of the collapse
is affected by some dispersion in the data. The master curves
are found to be slightly dependent on the measuring protocol
and they are shifted with respect to the master curve obtained
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in simulations, the discrepancy being the greater for the data
measured using protocol A.

In order to assess the generality of the results presented in
this article, we have investigated the startup flow properties
of two additional soft particle glasses. The first system is
made of microgels that have the same composition as in this
study except for the nature of the crosslinker, which is
dicyclopentenyl-oxyethyl methacrylate [3]. The degrees of
crosslinking are comparable as well as the particle size.
These microgels are also synthesized using emulsion poly-
merization, but there are some differences in the temperature
of the reaction and the rate of addition of the reactants. The
crosslinker is more hydrophobic than diallyl phthalate, which
is used in this study, which can induce some variability in
the spatial distribution of the crosslinker inside the microgels.
We restrict our discussion to the values of the reduced static
yield stress o,,/0y and yield strain y, obtained using protocol
A (o, = 0), which are presented in supplementary material
[48]. The values of o,/c, obtained for different concentra-
tions and solvent viscosities collapse very well on a unique
master curve in very good agreement with the simulations,
when they are plotted as a function of the dimensionless
shear rate yn¢/Go. We just note the absence of static yield
stress below a dimensionless shear rate of about 107,
whereas in Fig. 10(A), there is still a small stress overshoot
at a dimensionless shear rate of about 10™°. An important
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difference between the two systems concerns the static yield
strain variations. The values of y, are of the same order of
magnitude as in Fig. 10(C), but they do not collapse on a
single master curve. This suggests that the position of the
stress overshoot in startup flow experiments is influenced by
details of the microstructure and contact interactions. The
second system is made of Carbopol particles at different con-
centrations as studied in [32] (see supplementary material
[48]). The preparation protocol and the aging time are not
specified in the original publication, which may introduce a
bias in comparison with our experiments. When plotted as a
function of the dimensional shear rate yng/Gy, the reduced
shear stress data ¢,/c, collapse on a curve, which is shifted
vertically with respect to the master curve found for the micro-
gels and the simulations. The stress overshoots occur for strain
values much larger than reported in this study. Again the static
yield strain data y, do not collapse. To conclude this discus-
sion, although the scaling properties of the static yield stress
found for different SPGs in experiments and simulations agree
altogether, the behavior of the static yield strain is far less uni-
versal. We attribute the observed differences in part to experi-
mental errors and to the sensitivity of the static yield strain to
the exact microstructure of the particles.

The behavior described in this study exhibits interesting
similarities with that of hard sphere suspensions. Flow cessa-
tion in hard sphere suspensions is followed by slow relaxation
or recovery, when the shear rate or the stress is set to zero,
respectively, until an arrested state is reached [58]. Moreover,
the growth of the stress during the startup flow is associated
with microstructural anisotropy [35,36]. There is, however, an
important difference between hard sphere glasses where the
stress overshoot decreases when the volume fraction
approaches random close-packing, i.e., the jamming transition
of hard spheres and soft colloids where the stress overshoot
increases in a monotonic way with the volume fraction. This
can be qualitatively justified by the fundamental difference
that exists between hard and soft sphere suspensions. In hard-
sphere glasses, the stress is of entropic origin, the free volume
decreases drastically near close-packing so that no large defor-
mation nor stress accumulation is possible. This restriction
does not exist in soft particle glasses where particles are in
contact and have the capacity to deform both in compressive
and in extension directions causing an increase in structural
anisotropy and accumulation of elastic energy.

Although the buildup of anisotropy in relation to the accu-
mulation/depletion mechanism appears to be a generic mech-
anism in particulate materials, albeit with some subtle
variations, its relevance for other soft matter systems like
polymers is an open question. The startup behavior of entan-
gled linear chains in melts has been extensively studied (see
[59] and references therein). It depends on the relative value
of the applied shear rate and the frequencies associated with
terminal relaxation (w;) and Rouse relaxation (wg). When
¥ < wy, the stress grows monotonically toward the steady
state value without any overshoot. At larger shear rates,
wg <y < wg, there is an overshoot at Yy = 2.3, which is
much larger than in soft particle glasses. The overshoot is
explained by the orientation of the chain segments in their
tube. At still larger shear rates, ¥ > wg, the chains do not

have time to equilibrate in their tube and the overshoot
involves a combination of segment orientation and chain
stretching. The situation is still more complex in entangled
branched polymers where the stress growth is characterized
by a double overshoot due to a combination of orientation,
stretching, and lateral branch dynamics [60]. Polymer glasses
also exhibit a rich phenomenology with the stress overshoot
depending on temperature, applied shear rate, and mechanical
history [61]. In these systems, plastic deformation is homoge-
neous at scales larger than the entanglement lengths, but dis-
tortions occur at smaller scales comparable to the monomer
size [62]. In conclusion, irrespective of the system under
investigation, start-up flow experiments appear to be critical
and challenging tools that are sensitive to topology and
reflect the microscopic dynamics.
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