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33 Abstract. We examine the macroscopic deformation of a colloidal depletion gel subjected
34 to a step shear stress. Three regimes are identified depending on the magnitude of the applied
35 stress: (i) For stresses below yield stress, the gel undergoes a weak creep in which the bulk
36 deformation grows.sublinearly with time similar to crystalline and amorphous solids. For
37 stresses above/yield stress, when the bulk deformation exceeds approximately the attraction
38 range, the sublinear increase of deformation turns into a superlinear growth which signals
23 the onset ©Of non-linear/rearrangements and yielding of the gel. However, the long-time
a1 creep after such superlinear growth shows two distinct behaviors: (ii) under strong stresses,
42 a viscous flow isireached in which the strain increases linearly with time. This indicates a
43 complete yielding and flow of the gel. In stark contrast, (iii) for weak stresses, the gel after
44 yielding starts to resolidify. More homogenous gels that are produced through enhancement of
45 either interparticle attraction strength or strain amplitude of the oscillatory preshear, resolidify
46 gradually. In contrast, in gels that are more heterogeneous resolidification occurs abruptly.
47 We also/find that heterogenous gels produced by oscillatory preshear at intermediate strain
48 amplitude yield in a two-step process. Finally, the characteristic time for the onset of delayed
49 ylelding is found to follow a two-step decrease with increasing stress. This is comprised
50 of an exponential decrease at low stresses, during which bond reformation is decisive and
51 resolidification is detected, and a power law decrease at higher stresses where bond breaking
g g and particle rearrangements dominate.
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1. Introduction

Attractive colloidal systems are ubiquitous in nature as well is in industrial systems and.daily
life products such as foodstuff, personal care products or even slurries such as construction
materials like cement [1]]. Therefore, their rheological behavior is relevant.to a wide range
of applications and products particularly in their processing, transportation and shelf-life.
A common phenomenon in such multicomponent complex soft matter formulations is the
interplay between the attractive and repulsive interactions, thermalsBrownian motion and
external fields such as gravity or flow [1]. -

When attractive interactions dominate colloidal particles form clusters that, depending
on the particle volume fraction and attraction strength, may create interconnecting networks
and gels with solid like mechanical response with a finite yield stress that needs to be exceeded
to induce flow in the system. The underlying structure responsible for the solid like response
range from dilute fractal-like networks of thin strands [1, [2], concentrated interconnected
glassy clusters formed via arrested phase separation{344. 5} 6] to more homogeneous cages
in attractive glasses at very high volume fractions [7, 8]J: v

Yield stress systems composed of attractive particles often exhibit aging, as their
mechanical properties, internal dynamics and microstructure are changing with time [9]. On
the other hand shear and flow affect the formation or breakage of clusters and gel network
commonly seen also in industrial formulations. Hence, such interplay of structural evolution
and flow properties introduce a shear-histery dependence, commonly termed as thixotropy
[L, 10, 11]. For example in transient tests such as a start-up shear rate or a start-up shear stress
the stress or acquired strain, respectively, depend on the ageing time of the sample [[12,[13,/14]].
Similar behavior has been observed in stép-up or step-down shear rate or shear reversal tests.
Therefore, the linear and nonlinear rheological response of gels depend on the time after their
formation or after shear rejuvenation. The latter, a procedure that aims to eliminate history
effects and reset the internal.time of the sample, consists of some type of strong, steady or
oscillatory shearing thatiinvolves high stresses and shear rates [9, [15} [16, [17]. Moreover in
such systems gravity can also/play a role in causing gel collapse, effectively limiting the
lowest volume fraction the gel can be stable [[18, 19] while other effects that might be present
are wall slip andsshear banding [20, 21, 22].

On the microstructural level arrested phase separation gels exhibit coarsening, especially
when the attraetion strength is not much larger than the thermal energy so that thermal
fluctuations may. induce bond restructuring within the clusters. If, however, the attraction
strength is several kg1, coarsening becomes extremely slow and structure, dynamics and
mechanical properties are essentially frozen [23] 24]].

Whereas colloidal gels yield by the application of any finite constant shear rate, under
the application of constant stress yielding is achieved only at stresses above the yield stress
while at lower values the strain is expected to slowly creep towards a constant plateau value.
In practice colloidal gels exhibit a long transient creep response for stresses around the yield
stress due to their heterogeneous structure which is amenable to large-scale, stress induced
restructuring. This has been manifested in the transient response by phenomena such as
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delayed yielding and delayed solidification taking place before a final steady state is‘reached
[25, 26, 277]. In the former case a colloidal gel under constant stress eventually 4ields and
flows with a constant viscosity after a transient period during which it exhibits an apparent
solid like response. The latter is composed of an initial elastic response at early times and a
subsequent slow creep with nonlinear deformation at intermediate but often prolonged’ time
period. This response has been seen in several experimental systems and’is related either
with a catastrophic failure of the gel structure or to more subtle bond breaking that enables
larger level particle rearrangements, leading in both cases to flow after a delay time, which
decreases with applied stress [27, 28, 29]. On the other hand, colloidﬁ gels have been
proposed to exhibit a delayed solidification under constant stféss, during which a sample
that initially seems to flow, subsequently re-solidifies again due to shear induced structural
changes. Such behavior has been found in computer simulations for particles with moderate
attractions of few kg1, where depending on the applied/stressithree characteristic responses
were detected [25]. For stresses well above the yield sttess yielding leads to steady state flow
with a constant shear rate while well below the yield stress the sample slowly creep with a
progressively decreasing shear rate. Near the yield stress however the gel may respond in a
more complex way exhibiting a delayed solidification after it has temporarily yielded and been
flowing. These phenomena demonstrate the complex interplay of stress induced restructuring,
involving restructuring and breakage of bonds ‘with bond reformation that trigger cluster and
network reformation or disintegration.

A common phenomenology in a widexange of yield stress fluids for stresses below the
yield stress is a sublinear decay of.the shear rate with time, following an Andrade type decay
proportional to t~2/3. Although the details of the underlying structural mechanism might be
different in soft matter systems such as colloidal gels [29], repulsive glasses of hard [30] or
soft particles [31], the general'perception is that it is related to the similar phenomena of the
collective propagation of local dislocations in metallic solids.

Delayed yielding has ‘been quantified by the measurement of the characteristic time
linked with the onset‘of flow after stress is applied. This delay time, 7, , is a decreasing
function of the applied stress as has been seen in a variety of systems [28, 27, 32]] to follow a
two-step decay with the delay time decreasing exponentially in both regimes. This behavior
was attributed.t0'a bond rupture model that led to macroscopic gel failure and flow [28, 27]],
or in another study involving carbon black particle gels, it was related to distinct transitions
from localized flow (wall slip) to homogenous flow conditions [29].

While delayed yielding has been seen experimentally in a variety of systems such as
carbon black, depletion gels, thermoreversible gels [27, 33]], or even protein gels [34} 35], the
delayed reselidification found in simulations [25] has not been detected in real experimental
systems so far. Here we present a systematic study in intermediate volume fraction, depletion
gels of PMMA particles at different attraction strengths, where we follow the transient
response of the system at applied shear stress below and above the yield stress. Moreover, the
effect of preshear and ageing time before the application of stress was also probed in an order
to investigate how preshear history affects the creep response. Our experimental findings show
that both delayed yielding and delayed solidification is detected with the response depending
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both on the attraction strength and pre-shear conditions.

The rest of the paper is organized as follows: We first present the experimental system
and the rheological protocols in the Materials and Methods section. We then present,the
results of creep data as a function of shear stress for strong and subsequently for lower
attraction strengths. We then discuss creep response at different pre-sheat histories where
we vary both the pre-shear conditions and the ageing time, and finally present a.discussion
and conclusions.

2. Materials and Methods

We used nearly hard-sphere colloidal particles made of polymethyl-methacrylate (PMMA).
Particles are sterically stabilized by a short grafted layer (~ 10nm) of poly-hydroxystearic
acid (PHSA) chains. Particles have a hydrodynamic radius, of 'R;, = 196nm with the
polydispersity of about 12% (determined by light s€attering) to suppress crystallization.
They were dispersed in Octadecene which has a high beiling point (315°C') that minimizes
evaporation and allows for long-time rheological experiments.’l"he depletion attractions were
introduced between particles by adding non=adsorbing linear 1, 4-polybutadiene (PB) chains
with molecular weight, M, = 323300g/mol andradius of gyration, R, = 19nm (measured
by light scattering). This gives a polymer-colloid size ratio { = R,/R = 0.097 in dilute
solution. The gel was prepared at particle volume fraction ¢ = 0.3 and two different polymer
concentrations of ¢,/c;; = 0.186 and 0.589; where ¢}, (= 3Mw/(47NsR;) = 0.0187g/cm?
with N4 being Avogadro’s number) is the polymer overlap concentration. The attractive
potential was estimated by Generalized Free Volume Theory (GFVT) [36] which provides
a better approximation compared to original Asakura-Oosawa (AO) model [37]. Theory
predicts the polymer concentrationiin the free volume accessible for polymers as cg;”ee /ey =
0.303, and 0.913, respectively. /AAccording to GFVT, the effective polymer-colloid size ratio
reduces to £ = 0.09, and 0.058 and the corresponding attraction strengths at contact are
Udep(2R) = —5.7 and'—=12.7k T, respectively.

Rheological experiments® were performed with Anton-Paar MCR 501 rheometer.
Serrated homemade cone-plate geometries with diameter 25mm, cone angle 2.3° and cone
truncation 0.02mim weretised. Adopting such roughened geometries suppresses wall-slip.
This is evidenced by¢the absence of the second pseudo-yield stress plateau at low shear
rates in the-flow curve (see Fig. [9) which is the rheological signature of the wall-slip [38].
Measurements were conducted at 7" = 20°C' using a Peltier plate.

2.1. Shear rejuvenation protocol:

In order. to‘erase any history effects, before each experiment, first the gel was subjected to a
large amplitude oscillatory shear (LAOS) flow with the strain amplitude of 79 = 1000% and
frequency w = 10rad/s. In order to examine if the imposed shear flow is strong enough to
fully break the bonds between the particles, we use Péclet depletion number (the ratio of shear
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forces Fipeqr to attractive forces due to depletion interactions Fyep) [39, 17, 40]:
Fshear 1271'775R3
Pege, = = 1
Edep Fdep Ud@p(2R) Yow ( )

A shear rejuvenation protocol demands Peg., > 1 which means a stronger shear forces
compared to attractive forces and hence a substantial number of bonds aresexpeeted to break
under shear. For the shear rejuvenation used in this study i.e. 7o = 1000% and wy="10rad/s,
the vales of Peg,, for the gels with —5.7 and —12.7kgT are Pe,., =®and 2.2, respectively.
Hence, the imposed shear flow is sufficient to break-down the gel strucfure, allowing for a
dispersed configuration. After shear rejuvenation, flow is stopped and the/gel is allowed to
age for a certain duration of time before it is subjected to a step-stress:

In order to investigate the effect of the shear history on the yielding of the gel during
creep measurements, first the gel was shear rejuvenated with 5 =1000% and w = 10rad/s.
Then, the gel was directly subjected to a oscillatory shear with the same frequency but with
different strain amplitudes of 79 = 100% and 25%. Afiter reaching a constant values of both
elastic G’ and viscous G” moduli, the shear was stopped and ‘the gel was allowed to age for
the duration of 1000s before the step-stress is applied.

In the present study, we compare our experimental results with those from BD
simulations on lower volume fraction (¢ ="0.2) celloidal gels [25]. We must note that
the initial condition in our experiments and.simulations are different. As mentioned above,
in experiments the gel is shear rejuvenated by large amplitude oscillatory shear flow with
Pege, > 1. In contrast, in BD_simulationsithe gel has been prepared by switching on
the attractions from an already equilibrated suspension of purely repulsive particles. A
direct comparison between rheo-confocal experiments and BD simulations demonstrates
that high preshear (for Pegjgmp>_1) and thermal quench are expected to produce similar
relatively homogenous structures [[L6]. Hence, our creep data for those gels presheared at
large strain amplitudes can be contrasted with those from simulations. On the other hand, a
low/intermediate strain amplitude preshear will create highly heterogeneous structures [17]]
and hence its comparison with.simulations is subjected to uncertainty.

3. Results and/Discussion

3.1. Creep experiments

In creep measuréments, the sample is subjected to a constant shear stress and the evolution
of thesstrain, ~(#), with time is probed and the creep compliance, the ratio of time-dependent
strain to the applied stress, J(t) = ~(t)/o is calculated. The Generalized Stokes-Einstein
Relation (GSER) reveals that the macroscopic deformation .J(t) is linearly linked to the
microscopic average mean-squared displacements of the probed collidal particles embedded
in the'fluid [41] 42| 43] 44]:

J(t)kpT/(nR’) = (Ar®)/R? 2
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Although the validity of GSER and the extent of the agreement between macro and
microrheology may be limited for some systems and conditions [45, 41], we cautiously use
it here to allow discussion of creep response in analogy to the particle dynamics. Moreover,
as mentioned, the relation in Eq. [2|links .J(¢) measured in creep experiments,to the MSD of
a probe particle in the quiescent sample. However, the work of Sentjarbrckaja et al. [13] has
shown that even at the nonlinear shear for systems out of equilibrium, J (#)"and MSD exhibit
an analogous response, being proportional to the macroscopic strain deformation. Here, we
exploit qualitatively such analogy to interrogate the response of colloidal gels under constant
stress. Note also that recent combined simulation and rheometry studiesdn colloidal gels [24]],
examining the level of GSER validity with respect to link between linear viscoelasticity and
average particle dynamics has showed that the latter may represent only approximately the
macroscopic linear viscoelasticity only for rather strong homogenous gels.

In this section, we examine the response of an intetmediate volume fraction (¢ = 0.3)
colloidal gel to a step shear stress. A wide range of shear stresses varying from below to well
above the yield stress is investigated while the deformation of .the gel over time is probed. We
additionally examine the effect of gel age, interparticle attraction strength as well as preshear
history on the yielding behavior of the gel during creep measurements. We first discuss the
creep results for the gel with the stronger attraction strength of Uy, (2R) = —12.7kgT. The
gel has been shear rejuvenated at the strain amplitude of 7o = 1000% with w = 10rad/s
and aged afterwards for the duration of 1000s before it is subjected to a step stress. The
results of creep experiments are shown in'Fig. [Il Here, the creep compliance is presented
in the form of J(t)kpT/(mR?).JAs mentionedrabove, such normalization allow us to make
a link between macroscopic defermation and microscopic particle dynamics during creep
measurements (see Eq. [2). Moreover the time is normalized by Brownian time in the dilute
regime as tp = 6mnR3/kpT =.0.15 where n = 4.2mPa is the solvent viscosity, kp is
Boltzmann’s constant and/7’ is'thedtemperature. We must note that the Brownian time in
dilute regime is the simplest scaling to be considered. In the concentrated glassy clusters,
hydrodynamic interactions,are expected to increase the Brownian relaxation time by about an
order of magnitude‘akin to HS glasses [46]]. Moreover, the presence of a polymer depletant
(through an increase of the background viscosity) and attractions are also additional factors
that slow down'the short-time self-diffusivity. However, for the simplicity reasons, we have
not taken these effects@ntoaccount here.

For all.shear stresses examined here, the creep compliance exhibits an initial fast growth
for t/tg < 1 which is stress independent. This initial growth is followed by the resonant
“creep.ringing” which originates from an interplay of the motor inertia with the gel elasticity
[47]. Here, the short-time (¢/tp < 1) creep deformation scales with the square of time
(J(t).~ t?). However, this initial superlinear increase of J(t) is due to rheometere’s inertia
rather than a true response of the gel. Brownian Dynamics (BD) simulations on the lower
volume. fraction colloidal gels (¢ = 0.2) show that the short-time bulk deformation scales
with the square root of time (J(t) ~ t%5) regardless of gel age or bond strength [25]]. This
short-time deformation corresponds to the high-frequency linear viscoelastic response, where
only some structural deformation takes place.

Page 6 of 21



Page 7 of 21 AUTHOR SUBMITTED MANUSCRIPT - JPCM-118013.R1

1
2
3 7
4
5 10° ]
6 1
7 10
9 & 10
1 =
1? ~ 10°
_\Cm 3
12 910‘
13 = 10"
14 5
15 10
16 10'6 L —e—1 «~—25 ——7 o 8
L L L L L L 10' L L

17 10" 10° 10* 10° 10° 10 10" 107 10" 420° 10° 10°
18 th, t/tg
19
20
21 Figure 1. (a) Creep compliance and (b) the shear rate as a function of time at different
22 applied shear stresses as shown in the legend. The horizontal dashed-dotted line in (a) marks
23 ¢*2. Dashed line in (b) represents Andrade creep law, (t) o t~2/3 and dashed-dotted line
24 shows logarithmic creep, §(t) oc 1/t. Th¢ vertical arraws in (b) show the delay yield time.
25 Results are for the gel with ¢ = 0.3, Ugep(2R) = =12.7kpT and £* = 0.058. The gel has
26 been shear rejuvenated with vy =11000% and\w = 10rad/s and aged for the duration of
27 1000s before the stress is applied.
28
29
2(1) For ¢ < 0.7Pa, the creep complianceris independent of the stress throughout the
32 creep measurement. Hence, here we define the yield stress as the stress below which creep
33 compliance becomes stress-independent. For times beyond creep ringing (¢/tp > 1) and for
2‘5‘ o < gy, J(t) shows a plateau which is followed by a weak sublinear increase at longer times.
36 Based on Eq. 2] this plateau represents the length scale at which particles are localized due to
37 short-ranged interparticle attractionsyThe plateau (or localization length) is slightly smaller
gg than the attraction range in agréement with findings from BD simulations that show particles
40 are localized at lengthiscales smaller that the range of attraction [24} 40} 48, 49].
41 The long-time pre-yield response of the gel is better seen by plotting the shear rate,
fé Y(t) = dvy/dt, the time derivative of the bulk deformation (Fig. [Ib). Similar to J(t),
44 here we present the, shear rate in the form of 4(t)kzT/(omR?) (Fig. [Ib). Based on Eqf2]
45 Y(t)kpT /(omdR®) represents an instantaneous diffusivity (D = d((Ar?)/R?)/dt). Moreover,
j? this ratio is equivalent to the inverse instantaneous viscosity (kgT'/(nmR?)). For o < 0.7Pa

and t/tg>"10 (above the resonant "creep ringing"), the shear rate decays continuously with
48 p ringing y y
49 time. The decayfollows two distinct patterns: (i) at intermediate times (1 < ¢/t < 1000), the
g? shearrate follows a power law decay with 4 o< t~2/3. Such power law decay of shear rate has
52 been observed first in metals and it is known as Andrade creep [S0] also known as 3 creep. It
53 has'been found also in gels and colloidal glasses [51,31]. (ii) At even longer times, the creep
g‘S‘ response seems to follow a linear decrease with time (3 oc ¢~1). This has first been introduced
56 by Phillips (also called « creep) in hard matter [52]] and was also reported for granular systems
57 and colloidal glasses [53, 31]. Such algebraic decay of shear rate indicates that the gel
58 undergoes plastic deformations under weak stresses rather than recoverable linear viscoelastic
59
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extension [25]. The algebraic decay of shear rate originates from thermal fluctuations. In the
absence of Brownian motions, the gel behaves as a linear elastic solid in whichithe shear
rate decays exponentially over time [25]. Microstructural analysis from BD simulations,for
o < o, indicates a net bond formation and hence gel coarsening under such, weak stresses
[25]).

When shear stress is increased above o,, at short times J(¢) follows the,curves for
o < o,. However, after a certain time, .J(¢) deviates from the ones for o < of and crosses
over to values higher than the attraction range. As stress is increased, this deviation takes
place at shorter times. In this regime, J(¢) exhibits a superlinear increase with time where
for ¢ > 1Pa, it shows a ballistic growth i.e. J(t) ~ t* which consequently leads to a linear
increase of 4 with time (see Fig. [Ib). Such ballistic growth of bulk deformation, based on
Eq may originate from ballistic displacements of particles (i.e. (Ar?) ~ t*) when they
are subjected to o0 > o, as has been observed in hard-sphere colloidal glasses during creep
measurements for o > o, [13]. In the case of attractive colloidal glasses during start-up
shear flow, yielding commences by ballistic displacements of particles when they escape their
attractive bonds [48]]. Hence, one may expect a similar mechanism for colloidal gels as well
where yielding during a step stress measurefnent may initiate through ballistic displacements
of particles when they leave their local constrains caused by inter-particle attractions. As
mentioned, this is manifested by the ballistic increase of .J(¢) when deformations exceed
the attraction range. Moreover, note‘that BD,simulations on colloidal gels has shown a net,
although limited, bond loss during the superlinear growth of J(¢) [25] in agreement with
similar findings in experiments‘and BD simulation under constant shear rate [16, 54].

After the ballistic increase of the,creep compliance and the initial yielding of the gel,
two-distinct behaviors are detected: (i) Foro > 1.4Pa , J(t) exhibits a linear increase with
time and consequently the shearratereaches a constant value which indicates the development
of a steady state viscous flow and hénce a complete yielding. BD simulations has shown a
significant net bond lessyin this regime [25]].

(i1) For an intermediate range of shear stresses (0.3Pa < o < 1.6Pa), however, an
interesting response emerges where at long-times the gel starts to resolidify under stress. This
is manifested by atransitionin .J(¢) from a superlinear to a sublinear growth and consequently
a significant decrease of flow rate with time. As the imposed stress reduces, resolidification
initiates at longer/times and,the reduction of flow rate is more intense in full agreement with
findings frem BD simulations [23]. Note that such resolidification during creep experiments
has als@ been observed in concentrated suspensions of purely repulsive star polymers and
been associated to the interplay between ageing and shear rejuvenation [26]. BD simulations
forJower volume fraction colloidal gels ¢ = 0.2 associates such macroscopic resolidification
to a:microscopic transition from a net bond loss, during the ballistic growth of J(t), to a
net bond formation during the resolidification process [25]. The resolidified gel is coarser
compated to the quiescently aged gel. This is reminiscent of mechanisms under steady or
oscillatory shear at low and intermediate shear rates or strain amplitudes that lead to cluster
compactification [16, [17]. The examination of the delay yield time, as will be discussed
later, and its dependence on shear stress provides insight into the microscopic origin of such
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Figure 2. (a) Creep compliance and (b) the shear fate as a.function of time at different applied
shear stresses as shown in the legend. The horizontal dashed-dotted line in (a) marks &*2.
Dashed line in (b) represents Andrade creep law, (t). oc t~2/3 and dashed-dotted line shows
logarithmic creep, (t) o 1/t. Results arefor the gel with ¢ = 0.3, Ugep(2R) = —12.7kpT
and £* = 0.058. The gel has been shear rejuvenated with 79 = 1000% and w = 10rad/s and
aged for the duration of 100s befote the stress is.applied.

resolidification under stress.

We should note that resolidificationiebserved in our experiments might be transient. The
gel after long-time resolidification may againstart to yield and flow (for example see o = 1
and 1.2Pa in Fig. [I). This could originate from the partial collapse of the gel network. Note
however that BD simulations which dornot include density mismatch between particles and
solvent and hence ignore any collapse of the gel network, also showed signatures of transient
resolidification [25]]. Therefore, ihnay not be excluded that under the appropriate conditions
a system may exhibit continues transitions between successive yielding and resolidification.

As the final comment on this:section, we point out that it would be interesting to examine
the linear viscoelastic properties of the gel after log-time creep experiments to investigate
whether the gel becomes weaker or stronger especially when it resolidifies under stress.

3.1.1. Effect of the.gel age: In this section, we examine the effect of waiting time after shear
rejuvenation ‘or equivalently the gel age on the creep response. As the gel ages, its structure
coarsensy more bonds are formed and as the result particle mobility is reduced and the gel
elasticity.is enhanced [39} 123/ 24, [16].

In'Fig. [T} .we have discussed the creep response for the older gel of the same attraction
strength Ugep(2R) = —12.7kpT which has been aged for the duration of 1000s (6667¢/t5)
before the stress is applied. In Fig. 2] we present the creep response for the younger gel which
has aged for 100s after shear rejuvenation. The bulk deformation for the younger gel shows
similar shear stress dependence as the one for the older gel: A creeping regime for o < 0.7Pa
, a resolidification regime for 0.7Pa < o < 1.8Pa and a viscous flow regime for o > 1.6 Pa.
A careful comparison between old (Fig. [I) and young (Fig. [2) gels indicates that the older
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gel resolidifies faster over time compared to the younger gel. This may originate from an
enhanced structural heterogeneity in the older gel. This idea will be further supported when
the influence of bond strength (section [3.1.2)) and preshear (section [3.1.3)) are discussed.

In order to highlight the detailed differences between young and old gels during the creep
measurements, we contrast the creep compliance and the shear rate for gels with two different
aging times of 100s and 1000s at three different regimes: (i) below the yield stress (ii) in the
resolidification regime and (iii) viscous flow regime. Results of such comparison are shown
in Fig. 3| For o < o, the older gel shows smaller values of creep compliince compared to
the younger one. Based on Eq. [2] this indicates that in the older gel parficles are less mobile
and they are localized at smaller length scales consistent with previous observations [23} 24].
Moreover, lower values of .J(t) for the older gel means larger elasticity.compared to younger
gel since the complex modulus G* is proportional to 1/.J(¢) [43]]. This is in agreement with
linear viscoelastic measurements which indicate that the gel gets stronger as it ages with
elastic modulus G’ increasing with time (see Fig. S1).

For o > o, the initial ballistic growth of .J(¢) and hence yielding initiates at earlier
times in the younger gel which has a higher particle mobilify. This finding indicates that
Brownian motion promotes yielding whichds.consistent with findings in gels during creep by
BD simulations [25] as well as earlier experimental studies in similar depletion gels where
the first yield strain related to bond rearrangements, was found to increase with frequency in
LAOS experiments. The latter was attributed.within a Kramer’s escape model to effects of
Brownian motion [35]]. Note also that similar Brownian motion assisted yielding has been
observed experimentally and by BD simulations in colloidal glasses where the yield strain
both in oscillatory [56]] and start-up shear [57] was found to decrease at lower frequencies or
shear rates where Brownian motion dominates. Moreover, this idea that Brownian motions
facilitates yielding will be furthersupported through the examination of interparticle attraction
strength and range of attractiondn section [3.1.2]

A different creepresponse is detected at long-times: In the viscous flow regime (o = 3Pa
in Fig. [3), both young and old gels show identical long-time creep response. This indicates
a unique shear-melted state where the structural history incorporated in the system during
aging has been completely erased by shear flow. In contrast, in the resolidification regime
(0 = 1.2Pa inFig. B); the Tong-time creep response for the young and old gels is different.
The younger geliresolidifies earlier and the rate at which it resolidifies is more gradual
compared.te,older gel; a finding that is in agreement with BD simulations [25]].

3.1.2.Effect of ithe depletant concentration: In this section, we examine the influence of
depletant concentration on the gel deformation during creep measurements. Based on GFVT
[36],.increasing depletant concentration enhances the interparticle attraction strength and
reduces the attraction range due to increase of osmotic pressure. Both increasing attraction
strength and reducing range of attraction enhance the attractive forces and hence reduce
particle mobility [58]]. Moreover, increasing depletant concentration above the gelation point
leads to formation of gels with more homogenous structures [58, 5] and enhanced elasticity

[3].
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Figure 3. (a) Creep compliance and (b) the shear rate as a function of time at different applied
shear stresses as shown in the legend for two different aging times of 100s (dashed-dotted
lines) and 1000s (solid lines). Results are for the gel with ¢ = 0.3, Ugep(2R) = —12.7kpT
and £* = 0.058. The gel has been shear rejuvenated Witlxw = 10rad/s and vy = 1000%.
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Figure 4. (a) Creep compliance and (b) the shear rate as a function of time at different applied
shear stresses as shown in the legend. The horizontal dashed-dotted line in (a) marks £*2.
Dashed line in (b) represents Andrade creep law, (t) oc t~2/3 and dashed-dotted line shows
logarithmic creep, +(¢) o< 1/t. Results are for the gel with ¢ = 0.3, Uge,(2R) = —5.7kpT
and &* = 0.09:The gel has been shear rejuvenated with vo = 1000% and w = 10rad/s and
aged for the duration of 1000s before the stress is applied.

Here, we present the creep response for the gel with lower depletant concentration and
hence weaKer attraction strength of Upg.,(2R) = —5.7kgT and larger attraction range of
&* =10.09. The gel has been shear rejuvenated at the strain amplitude of v = 1000% with the
frequency w = 10rad/s and then aged for the duration of 1000s before shear stress is applied.

Results'of creep measurements for this gel are shown in Fig. @ Similar to the stronger gel
(Ugep(2R) = —12.7kpT, £* ~ 0.06) presented in Fig. |1} here the weaker gel also shows three
regimes of creeping for o < 0.5Pa, resolidification for 0.5Pa < o < 0.9Pa and viscous flow
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Figure 5. (a) Creep compliance and (b) the shear rate as a function of time at different
applied shear stresses as shown in the legend for two different attraction strengths of
Uiep(2R) = —5.7kpT (dashed-dotted lines) and —=12.7kpT (solid lines). The gel has been
shear rejuvenated with 79 = 1000% and @ = 10rad/ % and aged for the duration of 1000s
before the stress is applied.

for 0 > 0.8 Pa. The weaker gel shows a smaller value of the stress threshold for the long-time
viscous flow (o = 0.9Pa) compared.to the stronger gel of —12.7kgT (0; = 1.6Pa). As
mentioned above, in the stronger gel, due to both enhanced attraction strength and reduced
range of attraction, attractive forces are stronger and hence bond breaking and flow require
larger forces eventually resulting torhigher yield stress.

The stark contrast betweén weaker and stronger gel is detected however in the
resolidification regime. In the case of the stronger gel, resolidification takes place gradually
(see Fig. [1). In contrast, the weaker gel shows an abrupt resolidification (Fig. ). Although
the microscopic origin of such/abrupt resolidification needs more complementary techniques
such as rheo-confocal experiments’and computer simulations, here, we provide evidences that
such abrupt resolidificationimay, originate from the enhanced structural heterogeneity in the
weaker gel. To support thisidea, in section[3.1.3] we will examine the role of preshear history
which also has a profound impact on the structural heterogeneity.

In Fig. 5] we compare the creep response of the weak and strong gels at three stress
regimes, namely/below the yield stress, in the resolidification and viscous flow regimes. Such
a comparison provides a more detailed picture about the influence of bond strength and length
(depletant concentration) on the gel deformation during creep measurements.

For 0 <, a4, the stronger gel exhibits smaller values of creep compliance compared to the
weaker one. ‘As mentioned earlier, in the gel with higher concentration of depletants attractive
forcesnare stronger and hence particle mobility is less. Such reduced particle mobility is
expected to result in a lower values of .J(t) (see Eq2). Moreover, lower values of .J(t) for
stronger gel means enhanced elasticity compared to the weaker gel since G* ~ 1/J(t). This
1s in agreement with the linear viscoelastic measurements shown in Fig. S2.

When the shear stress is increased to 0.7 Pa, the weaker gel yields and flows after a delay
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Figure 6. The shear rate as a function of time at different applied shear stresses as shown in
the legend for the gel presheared with w = 10rady/s at the srain amplitudes of vy =(a) 100%
and (b) 25%. Dashed lines represent Andrade creep law, (%) o t=2/3 and dashed-dotted lines
show logarithmic creep, ¥(t) o 1/t. The vertical arrow in (a) shows the indicative delay yield
time (for o = 4Pa) taken from the second superlinear growth of bulk deformation. Results
are for the gel with ¢ = 0.3, Uge,p(2R) = =12{7kpT and £* = 0.058. After the preshear, the
gel has been aged for the duration/f.1000s before the stress is applied.

time although it eventually resolidifies. abruptly at long-times. In contrast, the stronger gel
shows longer time creeping behavior without yielding. The initial ballistic increase of J(t)
takes place at shorter times for the weaker gel.in which thermal fluctuations are more active.
Similarly, as shown in Fig. [3] the younger gel in which particles are more mobile also yields
faster. Hence, one can concludethat Brewnian motions assist particles to escape bonds and
hence facilitate yielding as discussed above.

In the viscous flow regime, the weaker gel shows larger values of both creep compliance
and shear rate. Higher flow rates (at a constant stress) in the weaker gel originate,
microscopically, from @ faster shear-induced particle diffusion (see EqJ2)

3.1.3. Effect of the preshear: We now further examine the effect of preshear history on the
yielding behavior of colloidal gels during creep experiments. Colloidal gels due to their non-
equilibrium nature are very sensitive to preparation history. It has been shown that shear flow
largely affects their structure and consequently their mechanical properties 16} [17]. In our
previousiwork, wehave demonstrated that oscillatory preshear is a more efficient way to create
gels with larger structural heterogeneity and hence reduced elasticity compared to steady shear
flow [17]. Therefore, in the present study, we chose oscillatory shear flow in order to create
gels with different levels of structural heterogeneity and hence different elasticity.

In order to erase any shear history effects, the gel was fully shear rejuvenated at strain
amplitude of vy = 1000% with the frequency w = 10rad/s. Then, the gel was subjected to
a‘oscillatory shear flow with the same frequency but strain amplitudes of 100% and 25%.
After reaching steady oscillatory shear flow, shear was stopped and the gel was allowed
to age for the duration of 1000s. Dynamic frequency sweep measurements in the linear
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Figure 7. (a) Creep compliance and (b) the shear rate as a function of time at different
applied shear stresses as shown in the legend. The'gel hasbeen presheared with w = 10rad/s
at different srain amplitudes of 1000% (dashed-dotted lines), 100% (solid lines) and y9 = 25%
(dashed lines). Results are for the gel with ¢ =10.3, Ugep (2R) = —12.7kgT and £* = 0.058.
After the preshear, the gel has been aged for the durationgf 1000s before the stress is applied.

viscoelastic regime show a solid-like response manifested by larger values of storage modulus
G' compared to loss modulus G” over the entire range of probed frequency (see Fig. S3).
Moreover, a decrease in the strain amplitude,of the preshear leads to formation of gels with
weaker elasticity (Fig. S3). This is due to-an enhanced structural heterogeneity which reduces
the number of bonds that conne€t,the clusters together [[17]].

Now, we turn our attention to.thé.creep response of the gel prepared at different preshear
strain amplitudes. The results for the gel'presheared with 5 = 1000% has already been shown
in Fig. [I] In Figs. [6|a and b,.we presentthe creep experiments for the gel presheared at strain
amplitudes of 7y = 100% and 25%, xespectively. In this case, similar to the gel presheared at
7 = 1000%, one can identify three regimes of (i) below yield stress (ii) resolidification and
(111) viscous flow. However, the marked contrast with the more homogenous gel prepared by
preshearing at largesstrain of 45'= 1000% is detected in the resolidification regime. As shown
in Fig. [1| the gelipresheared at 7o = 1000% resolidifies gradually whereas those presheared
at 79 = 100%_and 25% show a sudden resolidification after reaching a well-defined viscous
flow. Moreover, in thecase of the gel presheared with v, = 100%, this sudden resolidification
is accompanied by successive abrupt yielding and resolidification (see o = 2.3, 2 and 1.8 Pa
in Fig. [6|a). For a better clarity, we have shown the results for o = 2 and 2.3 Pa separately in
Fig. S4.

In order to highlight the detailed differences caused by preshear during the creep
measurements, we contrast the creep compliance and the shear rate for the gel presheared
at different strain amplitudes of vy = 1000%, 100% and 25% at different regimes: (i) below
theyield stress (ii) in the resolidification regime and (iii) viscous flow regime. Results of such
c¢omparison are shown in Fig. [7. For 0 < o, the gel presheared at larger strain amplitudes
exhibits lower values of creep compliance. Microscopically, this indicates, based on EqJ2] that
in more homogenous gels that are created by preshearing at larger strain amplitudes, particles
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are less mobile. A smaller particle mobility leads to an enhanced elasticity since G* 1/ J(t)
in agreement with linear viscoelastic measurements presented in Fig. S3.

For o > o,, the time at which the superlinear increase of J(¢) commences, shows anen-
monotonic dependence with the strain amplitude of preshear. This time is shostest for the gel
presheared at the intermediate strain amplitude of 100% and longest for thedgel presheared at
lowest strain amplitude of 25%. In contrast, the gel presheared at the large strain,amplitude
of 1000% shows a time between the two.

A careful inspection of the creep compliance and shear rate inFig. |7 for.«c = 1.6 and
3Pa for the gel presheared at intermediate strain amplitude of 100%«<marks an interesting
feature. In this case, the transient J(¢) shows a two-step superlinear growth during the creep
measurements. As the result, the flow rate also shows a two-step growth before reaching
a constant value at long-times indicating complete yielding and flow. Such a two-step
superlinear growth of J(¢) indicates that the gel presheared atiintermediate strain amplitude
of 100% yields in a two-step process. Two-step yielding is seen for all shear stresses above
the yield stress (see Fig. [6] a). Two-step yieldingshasibeen observed during both start-up
shear flow and dynamic strain sweep measurements in colloidal gels [39, 55, 159, [17]] and
attractive colloidal glasses [60, 61,139, 48] where the first yield has been associated to a short
length scale bond breaking and restructuring whereas the second yield to a larger length scale
breakage and restructuring of clusters (in colloidal gels) or cages (in attractive glasses). In
our previous work, we have demonstrated that preshear has a strong impact on the yielding
behavior of colloidal gels during start-up shear flow experiments [17]. More homogenous
gels that are produced by oscillatory preshear atlarge strain amplitudes exhibit a nearly single
step yielding process. In contrast, these gels that are prepared by preshearing at low and
intermediate strain amplitudes (and equivalently lower shear rates) yield in a two-step process
due to an enhanced structural’heterogeneity caused during preshear. The magnitudes of the
first and the second yield processes,imanifested by the magnitude of the corresponding stress
peaks, depend on the preshear strain amplitude. In gels that are presheared at low strain
amplitudes, the magnitude, of the first yield process is rather weak and probably that is why
the gel presheared at lower strain amplitude of 25% does not show a two-step yielding during
creep measurements.

The long-time creep.compliance and the shear rate in the viscous flow regime (see creep
results for o = 3Pa in Fig.[7) are independent of the preshear strain amplitude although the
transient response towards the long-time steady state is affected by preshear. As mentioned
earlier, this marks a unique shear-melted state where the structural history caused during the
course of preshear has been completely erased by shear flow.

In contfrast, in the resolidification regime, although initially the flow rate for all three
different preshear strain amplitudes reaches the same constant value (see ¢ = 1.6 Pa in Fig.
[7b), eventually the difference between different preshears emerges at longer-times where the
more heterogenous gels produced by preshearing at lower strain amplitudes of 100% and 25%,
resolidify abruptly whereas the more homogenous gel prepared by preshearing at large strain
amplitude of vy = 1000%, does not resolidify. In this case,, = 1000%, resolidification
takes place at lower stresses (0.7Pa < o < 1.6Pa) and as shown earlier in Figs. [1| and
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Figure 8. The delay time as a function of the applied shear stress at different attraction
strengths and preshear strain amplitudes as shown in the legend. Open symbols are related
to stresses where resolidificationnder stress takes'place whereas closed symbols represent
stresses at which a viscous flow is'reached. The solid lines are the exponential fits and the
dashed lines are power law fits to experimental.data. In all cases, the gel has been aged for the
duration of 1000s before the stress is applied.

2} occurs gradually. These findings further supports the idea that the abrupt resolidification
originates from enhanced structural heterogeneity. However, the mechanism by which the
structural heterogeneity impacts the rate of resolidification remains to be explored. We must
also note that creep results for stresses below yield stress and in the viscous flow regime are
highly reproducible. In contrast, intthe resolidification regime and especially for those gels
presheared at low strainamplitudes©f 25% and 100%, the time at which resolidification takes
place is varying from testto test, suggesting that there is a certain level of uncertainty probably
introduced by internal chaotic rearrangements or to some extent external conditions.

3.1.4. The delay time: wIn this section, we examine variations of the delay yield time 7, with
the strength of the extérnal lead, interparticle attraction strength as well as the role played by
shear rejuvenation. Here, we adopt the definition used by Sprakel et al. [27] for the delay time
defined as the required time for the derivative of the shear rate (d7/dt) to reach its maximum
i.e. the time after which the acceleration of shear flow slows down (see indicative vertical
artows in Fig. [Ib). In Fig. [8 we plot the delay time as a function of shear stress for the
gels with two different attraction strengths of —5.7 and —12.7kgT". For the stronger gel of
—12.7kgT, the delay time for different preshear strain amplitudes is also shown. For the gel
presheared at the strain amplitude of 100%, the delay time was calculated for the second-step
superlinear growth of J(¢) (as shown in Fig. @1 by the indicating vertical arrow). All the
results are after the gel was aged for 1000s. The delay time increases as the attraction strength
18 increased or the strain amplitude of preshear is reduced. Moreover, in all cases, the delay
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time decreases with shear stress exhibiting two distinct scaling regimes: an exponential decay
for weak stresses and a power-law for stronger shear stresses with 7, ~ o~ with & found to
be 1.2 — 1.6. This behavior is consistent with findings by BD simulation on Similar, yet lower
volume fraction, colloidal gels [25] while previous experiments with a variety of attractive
colloidal gels, including depletion systems at lower ¢, suggest a double expdnential decrease.
[27]. Such two distinct scaling regimes of the delay time has been explained based.on a bond-
rupture model [27]. In the strong-stress regime, the rate of bond breakage is larger than bond
reformation. Therefore, the failure of the entire network takes place approximately at the
same rate as the breakage of single bonds which based on the single—bond\—rupture model is
predicted to be an exponential function of stress although in out ease it follows a power-law
decay. On the other hand, at the limit of weak stress regime, the rate of bond breakage is
smaller than the bond reformation and hence, yielding requires,a simultaneous dissociation
of all bonds within a cross section of a network strand./This process is also an exponential
function of the applied load, but with a different characteristic stress [27]].

The most striking observation in Fig. 8| is that the resolidification takes place in the
“weak-stress regime” where a net bond formation occurs under stress consistent with findings
from BD simulations [25]. In the case of the stronger gel, the transition from weak-stress
regime (net bond gain) to strong-stress regime (het bond loss) coincides with the transition
from resolidification to viscous flow regime. For the weaker gel, however, resolidification
takes place well inside the weak-stress regime. Moreover, as it is clearly demonstrated in
Fig. [8] the suppression of Brownian motien by increasing attraction strength and particle
localization leads to an incredse,of the delay time for yielding, suggesting that thermal
fluctuations act in cooperation with shear to promote yielding via bond rearrangement and
breaking. This is in line with earlier strain eontrolled experiments [5, 48, 56, 57] and the BD
simulations [25]] discussed aboves,

3.2. Stress vs strain controlled shear experiments:

As a final point, we ecompare the'stress versus strain controlled experiments under steady state
shear flow conditions. In'strain controlled experiments a constant shear rate is imposed and
the evolution of.the stress /with time is probed. In this study, the transient evolution of the
stress is not the subject of.interest and hence only the steady state condition is considered. In
Fig. [0 we present the steady state values of shear stress as a function of the applied shear
rate (flow curve) for the weak gel of —5.7kpT". The flow curve exhibits a typical response for
colloidal gels. A well-developed yield stress plateau emerges at low shear rates indicating the
dynamic yieldsstress. As mentioned in section [2] the presence of a single yield stress plateau
is the rheological fingerprint of no wall-slip conditions. For shear rates slightly above the
yield stress plateau, the stress exhibits a sublinear growth with shear rate which marks shear-
thinning response. Microscopic imaging in this regime indicates formation of heterogenous
structures under shear flow in which heterogeneity is progressively reduced as shear flow
is enhanced [16, 40]. However, at very high shear rates (well above Pey, = 1), the gel
tends to behave as a simple Newtonian fluid in which the stress increases linearly with the
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Figure 9. Steady state shear stress,as a function of the applied shear rate (pink squares). Blue
star symbols are the steady state values,taken fromcreep experiments. The horizontal dashed-
dotted line shows the dynamic yield stress (the stress plateau) whereas dashed line represents

the yield stress measured from creep experiments. The vertical arrow represents Pege, = 1.
Results are for the gel with ¢ =0:3;Uqcp(2R) = —5.7kpT and £* = 0.09.

imposed shear rate as the result ofithe full break-down of the gel structure [16} 40]. In Fig.
9, we also show the results forstressicontrolled (creep) experiments when a steady state
shear flow is reached (blue star symbols). Note that in creep experiments, the steady state
condition is achieved only 4n the viseous flow regime. In Fig. [9] we also show the value
of yield stress taken from cregp measurements (horizontal dashed line). As mentioned, in
creep experiments theyyield stressds defined as the stress below which the creep compliance
becomes independent of the applied stress. As shown in Fig. [9] the yield stress taken from
creep measurement is well below the dynamic yield stress (horizontal dashed-dotten line)
taken from the stress plateau in strain controlled experiments.

A comparison between stress and strain controlled experiments indicates that the yield
stress plateau is the stress which distinguishes viscous flow regime from resolidification and
no yield régimes. If .the applied stress is larger than the dynamic yield stress, then the gel will
ultimately yield‘and flow (blue star symbols). In this case, both strain and stress controlled
experiments.result into the same steady state conditions. This demonstrates that in the viscous
flow regimey the path towards steady state is not important as also observed in Figs. [3]and[7]
If the:ximposed stress is below the dynamic yield stress and above the creep yield stress, the
gel temporarily flow but eventually resolidifies. In contrast, for stresses below the creep yield
stress, the gel will never yield.
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4. Conclusions

The bulk deformation in a frustrated, out-of-equilibrium, particle gel have been investigated
during creep measurements. The model system is comprised of hard-sphere colloidal particles
with a volume fraction of ¢ = 0.3 where short-ranged attractions are inttoduced between
particles by adding nonadsorbing linear polymer chains. The influence ofithe applied
shear stress, gel age, interparticle attraction strength and the preshear historyson the bulk
deformation and yielding of the gel during creep measurements have-been.explored.

The creep yield stress is defined as the stress below which the ¢reep.compliance becomes
stress-independent whereas the dynamic yield stress is definedsas the low shear rate stress
plateau measured by a decreasing shear rate (flow curve). We find that the creep yield stress
is well below the dynamic yield stress. The gel exhibits three well-defined response regimes:
(i) When the applied stress is below the creep yield stresss the gel undergoes a weak sublinear
deformation in which the shear rate + continues to decay.indefinitely with time. The long-time
preyield creep response follows /() o< 1/t similar tererystalline and amorphous solids.

When shear stress is increased above the creep yield stress, initially, the gel deformation
follows the sublinear growth. However, when deformation reaches the order of the attraction
range, it turns into a ballistic growth which signals yielding of the gel. As stress is enhanced,
the transition from sublinear to superlinear growth takes place at shorter times. Moreover,
in younger gels or gels with reduced interparticle attractions in which the particle mobility
is enhanced, this transition occurs at shorter times indicating a faster yielding. This suggests
that Brownian motions assist thésparticles to eseape their bonds and hence facilitate yielding.
Microscopically, such superlinear growth of bulk deformation is associated to ballistic
motions of particles when they leave their attractive bonds. After the superlinear growth
of deformation, two distinct responses emerge: (ii) In the presence of strong stresses (above
the dynamic yield stress), the gel deforms linearly with time which indicates the development
of a steady state viscous flow and hence a complete yielding. In contrary, (iii) under weak
shear stresses (between ereep and dynamic yield stresses), the gel starts to resolidify under
stress. This is manifested by.a transition from a superlinear to a sublinear growth of bulk
deformation. The analysis of the delay yield time indicates that resolidification takes place in
the weak stressaregime in which a net bond formation and hence gel coarsening under stress
occurs.

The examination of the gel age, interparticle attraction strength as well as preshear
history indicates.that the rate at which resolidification takes place depends on the structural
heterogeneity. In gels with relatively homogenous structures, resolidification takes place
gradually whereas in gels with more heterogenous structures resolidification occurs abruptly.
Finally, a two-step yielding process is detected for heterogenous gels that are produced by
oscillatory preshear at the intermediate strain amplitude. This is manifested by a two-step
superlinear growth of bulk deformation during creep experiments. These findings demonstrate
the rich nonlinear flow response of colloidal gels under constant stress that are due to
microscopic interplay of shear induced bond formation and breakage or restructuring with
Brownian motion; all the above affected by pre-existing structures formed during a specific
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shear flow history.
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