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The aggregation of attractive colloids has been extensively studied from both theoretical and experi-
mental perspectives as the fraction of solid particles is changed, and the range, type, and strength of
attractive or repulsive forces between particles varies. The resulting gels, consisting of disordered as-
semblies of attractive colloidal particles, have also been investigated with regards to percolation, phase
separation, and the mechanical characteristics of the resulting fractal networks. Despite tremendous
progress in our understanding of the gelation process, and the exploration of different routes for
arresting the dynamics of attractive colloids, the complex interplay between convective transport pro-
cesses and many-body effects in such systems has limited our ability to drive the system toward a
specific configuration. Here, we study a model attractive colloidal system over a wide range of particle
characteristics and flow conditions undergoing aggregation far from equilibrium. The complex multiscale
dynamics of the system can be understood using a time-rate-transformation diagram adapted from
understanding of materials processing in block copolymers, supercooled liquids, and much stiffer glassy
metals to direct targeted assembly of attractive colloidal particles.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Main

The physical and mechanical properties of soft condensed
matter generally, and colloidal systems specifically, are directly
governed by their underlying microstructure. The diversity of
different microstructures obtained are the results of (i) interactions
between the primary particles that constitute the material [1,2] and
(ii) the interplay between the complexmany-body effects that arise
from these interactions and the processing conditions under which
the material system is fabricated [3,4]. Attractive Brownian parti-
cles assemble into colloidal gels, glasses, and crystals depending on
the volume fraction of colloidal particles and their interparticle
interactions [5], each state representing an ensemble microstruc-
ture that particles collectively form [4]. Although one can predict
theoretically the most favorable global structure for the particle
assembly, the interplay between dynamical transport processes
and the growing structures, coupled with the collective hydrody-
namic behavior of large particle clusters, makes it extremely
ali).
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challenging to control the final configuration of such structured
materials. Because the collective energy landscape of the particle
ensemble in a given condition exhibits a plethora of local minima
that the particulate structures can explore, kinetically arrested
colloidal gel states form, rather than the ordered crystalline
microstructure associated with the deepest energy minimum [3,6].
Colloidal gels typically exhibit arrested microstructures, in which
the individual particles form partially- ordered space-spanning
networks that determine the mechanical response and properties
of the resulting soft material. Recent advances in imaging tech-
niques and computational studies of particle assembly under
quiescent conditions have brought invaluable insight into the
microscopic physics and dynamics of these particulate structures
[6e10]; however, the resulting colloidal assemblies evolve and
dynamically respond to imposed boundary conditions, resulting in
a thermokinematic memory of the flow history [11,12], which leads
to shear-induced structuration/rejuvenation [13e15], as well as
rheological hysteresis and thixotropy [16,17].

Recent experimental and computational studies have shown
that the dynamical behavior of colloidal gels can be systematically
understood based on the ratio of the magnitude of shear forces
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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arising from flow to the strength of attraction between colloidal
particles. This ratio is commonly referred to as a Mason number
Mn ¼ ðshear forcesÞ=ðattractive forcesÞ ¼ 6ph _ga3=G [12,18e20],
where h is the suspending fluid viscosity, a is the radius of a par-
ticle, _g is the imposed deformation rate, and G is the strength of
attraction between a pair of Brownian particles (typically expressed
in kT units). In similar approaches, others have proposed the use of
the term ‘Peclet number of depletion’ [18,20], which is effectively a
Mason number normalized or rescaled by the range of attraction
[21]; however, since theMason number is defined as the ratio of the
magnitude of shear forces to attractive forces exerted on a particle,
here we do not normalize the Mason number by the range of
attraction. At small deformation rates, Mn<10�2, (where shear
forces promoting bond breakage are significantly smaller than
attractive forces promoting bond formation) the material behaves
similarly to a viscoelastic solid, and bulk deformation tests show
that it exhibits a yield stress [22]. Above this critical stress, irre-
versible flow of the material begins, with progressive deviation
from linear viscoelastic solid behavior (often characterized by a
transient stress overshoot) and ultimately steady flow similar to a
viscoplastic fluid [18,23e26]. At sufficiently strong deformation
rates,Mn>100, the particulate network is effectively broken down
into individual components and the system response to an imposed
deformation is increasingly a hard-sphereelike one [27]. At inter-
mediate rates [28], 10�2 � Mn � 100, constant breakage and
reformation of particle-particle bonds results in dynamic evolution
of flow heterogeneities over a wide range of scales and the evolu-
tion of complex secondary structures that change the bulk stress
response of the fluid as a whole [25,28,29]. Nonetheless, it should
be noted that the use of the Mason number in scaling the rheo-
logical behavior of colloidal gels is limited to particles with short-
range attraction. For longer range potentials the shape of the en-
ergy landscape and the functional form of the potential needs to be
taken into account. Thus, here and for the entirety of our results, we
study the behavior of colloidal systems with attractions acting
within one quarter of the particle radius to avoid potential-
dependent structures. Furthermore, one should note that the use
of the Mason number as defined here can only be justified for
spherical particles with symmetric interactions. In many practical
applications, where the shear forces are exerted on non-spherical
particles, or on particles with asymmetric interaction potentials,
similar dimensionless groups will need to be defined accordingly.

Because of these complex dynamics, the resulting microstruc-
tures and the final mechanical properties of a colloidal gel strictly
depend not only on the flow rates at which the material was pro-
cessed but also on the entire processing history [12]. Consequently,
regardless of advances in particle chemistry, and physical under-
standing of the self-assembly phenomenon [30e33], systematic
methods for fabrication of a colloidal network with specific or
tailored final properties requires understanding of the non-
equilibrium rheology of the self-assembling systems. The seminal
work of Koumakis et al. [20] has demonstrated the role of pro-
cessing history, by carefully examining the structure and rheology
of shear-rejuvenated colloidal gels at different imposed deforma-
tion rates and after cessation of flow. Nonetheless, a clear quanti-
tative route to a desired structure for a given system is lacking.

Lu et al. [6] described a phase diagram of colloidal gelation, with
clear description of the solid-like to liquid-like boundary, based on
3 different parameters: the volume fraction of solid particles, the
interaction strength, and the range of attraction in between parti-
cles. Other theoretical/computational phase diagrams have been
proposed based on similar parameters [3,4,34]. However, these
phase maps are specified on the basis of our understanding of
quiescent gelation and do not reflect the time-dependent response
of the system to deformation history. For example, a specified
volume fraction of particles with specific range and strength of
attraction, well within the solid-like behavior region of the quies-
cent state diagram may show minimal to no elastic behavior in
small amplitude oscillatory deformation depending on the history
of the flow inwhich it was formed [35]. The present work develops
a road map to understanding shear-mediated assembly of colloidal
particles by considering the effect of flow history and outlines how
to construct a dynamical phase map in which such microstructures
can be tuned toward desirable mechanical properties. To do so, we
perform numerical simulations incorporating many-body hydro-
dynamic interactions of attractive colloidal particles well within
the gel-forming region of Lu's phase map for associating particles at
f ¼ 0:15 and study the effect of accumulated strain, as well as the
strength of the flow on the final microstructure and properties of
the fluid.

There is a growing recognition that there are close analogies
between the material response of stiff engineering materials such
as metals and glasses and soft microstructured materials such as
colloidal or protein gels [36,37]. Here, we extend this connection by
adapting a well-known framework from material processing
studies of complex engineering materials that exhibit a wide range
of possible flow-induced microstructures known as the time-tem-
perature-transformation diagram [38e42]. This allows us to sys-
tematically unravel many of the complex features associated with
shear-driven assembly of complex colloidal structures. Because
flow strength can be characterized by the shear rate, or in dimen-
sionless form by the Mason number, and the accumulated strain
provides a convenient dimensionless measure of the time over
which transport processes take place, we refer to this framework as
a time-rate-transformation (TRT) diagram (or alternatively as a
strain-Mason number-transformation diagram). It should be noted
that the P�eclet number (i.e. the ratio of the shear forces to the
thermal forces) is commonly used to describe the rheological
behavior of hard-sphere suspensions; however, in these attractive
colloidal systems we use the rescaling Mn ¼ Pe� ðkT =GÞ as the
appropriate dimensionless group of choice.

We perform dissipative particle dynamics [18] simulations (for
implementation details, see SI) of attractive suspensions with solid
volume fraction of f ¼ 0:15 [25000 spherical colloidal particles and
200000 solvent particles], using a Morse potential to represent the
interparticle interaction as U ¼ � Gð2e�khij � e�2khij Þ, where hij is
the surface-surface distance between two interacting particles. In
this scheme, colloidal particles interact through the Morse poten-
tial, as well as random, dissipative, and lubrication forces, excluding
traditional conservative forces to avoid discontinuities in particle
interaction potentials. (For details of our simulation method, refer
to Supplementary Material and studies by Jamali et al [12 and
Boromand et al 18].) Having the exact expression for the interac-
tion potentials, one can accordingly calculate the effective range of
attraction using the Noro-Frankel expression [43]; however, it has
been shown that the stickiness parameter and the second virial
component of all interaction potentials become virtually identical
at short distances where the separation between two particles is
less than 0.1e0.3a [43,44]. We show this quantitatively in Table S3
of the Supplementary Materials. In our simulations, we study a
wide range of attraction strengths 3kT � G � 50kT , and three
different ranges of attraction (k�1=a¼ 0.1, 0.2 and 0.25), and keep
the volume fraction constant at f ¼ 0:15. Furthermore, for all shear
simulations a Lees-Edwards boundary condition is used to impose
deformation rates.

We have previously studied gelation under quiescent conditions
for a range of volume fractions 0:1 � f � 0:3 and measured the
corresponding ensemble-averaged coordination numbers, Z0, as a
suitable measure of the ensemble microstructure [12]. These gels
are then subject to a steady simple shear flow of strength _g0, and



Fig. 1. Evolution in the ensemble-averaged coordination number (scaled by its value at quiescent conditions), for a range of attraction strengths, in attractive colloidal systems as a
function of applied Mason number. Alternatively, the depletion Peclet number Pedep ¼ Mn.(k-1/a) is shown on the upper axis.
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the ensemble average coordination numbers at long times,
Zð _g0; t/∞Þ, were again measured for different applied shear rates.
When plotted against the Mason number, the normalized coordi-
nation number (scaled with the value measured at the end of
gelation under quiescent conditions, Zeq) confirms our previous
findings of three distinct regimes in these systems (Fig. 1). This
behavior can be well described by a scaled expression of the form
(Eq (1)):

Z ¼ Zð _g0; t/∞Þ
Z0

¼ Z∞
Z0

þ dð1þMnÞ
1þ bMnc (1)

where Z∞ is the average coordination number of a hard-sphere
suspension at a given shear rate (G ¼ 0kT), d ¼ 1� ðZ∞ =Z0Þ, and
the two fitting parameters are found to be b ¼ 0:3 and c ¼ 2. The
small fluctuations at low Mason number observed in Fig. 1 are
associated with irreversible shear-aging of the colloidal gels under
a slow, but non-zero, imposed deformation rate. In this regime,
commonly referred to as ‘shear compaction’, although the shear
stresses imposed by the fluid flow are not sufficient to break the
particulate network globally, they provide the particles near the
surface of locally glassy clusters [45] with additional energy
required to occasionally break their bonding interactions and
explore a more stable global state with progressively larger number
of bonds [12,18]. Recently, Whitaker et al. [45] through graph the-
ory and structural analysis of the particle configurations showed
that in gels formed under quiescent conditions and under flowing
conditions, the elasticity of the gel arises from the packing of locally
glassy clusters.

Having the long-time rheology-microstructure relationship of
these attractive colloids under flow at hand, we prescribe the
following protocol for the TRT: all simulations are initiated with a
random distribution of 25000 colloidal particles sheared at
Mn ¼ 10 to ensure complete rejuvenation of the structure [12], and
then all simulations are brought to arrest _gðtqÞ ¼ 0, at different
quench times, tq with a linear decrease in shear rate over time of
the form:

_gðtÞ¼ _g0
�
1� t

�
tq
�

(2)

Based on the results in Fig. 1, and because at Mn>1 particle-
particle bonds are effectively broken, time is initialized at the
instance when the imposed deformation rate corresponds to
Mn ¼ 1, i.e. when _g0 ¼ G=6ph0a

3. (Note that time is expressed in
dissipative particle dynamics (DPD) units as explained in the SI.)

The total accumulated strain, gmax: ¼
R
_gðtÞdt ¼ _g0tq=2 (i.e. the

integrated area under the shear rate-time curve) is an initial obvious
measure of the accumulated flow history; however, because three
different ranges of attractions are investigated, a more universal
choice is to incorporate the length scale of the attraction, and we
report results using a rescaled strain, gn ¼ ðk�1 =aÞgmax:. Note that
in ourdescription, theMasonnumber solely captures the ratio of the
magnitude of shear forces to attractive forces. One can alternatively
choose to represent the data against the ‘Peclet number of deple-
tion, Pedep, as defined by Koumakis et al. [20], including the range of
attraction in the dimensionless shear rate. However, using the range
of attraction between the particles to rescale the effective accu-
mulated strain and the Mason number to represent the relative
magnitude of the forces, the resulting dimensionless group is
equivalent to using Pedep and the total strain. Upon being brought to
rest, another 103t is allowed for the particulate structure to reach its
steady state [where t is the Brownian diffusive time of the colloid,
equal to a2=D ¼ 6pha3=kT withD the diffusion coefficient of a single
particle]. The rescaled time-time stress autocorrelation function,



Fig. 2. a) Stress autocorrelation function against time measured for hard-sphere suspension quenched from Pe ¼ 1 over tq ¼ 10t and an attractive gel with k�1 ¼ 0:1a and G ¼
30kBT quenched from Mn ¼ 1 and (b) Normalized residual stress against normalized accumulated strain for attractive systems under our time-rate-transformation protocol, at
different quench times. The line shows fit to sr ¼ sr;eq=ð1þgnÞ.
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CabðtÞ ¼ VhsabðtÞsabðtþDtÞi=kT (averaged over all three indepen-
dent off-diagonal components of the total stress tensor, sab, whereV
is the volume of the calculation cell), decays to zero for a viscous
fluid,with the area under the autocorrelation curve being ameasure
of the zero shear viscosity of the system [46,47]. One can decouple
the contribution of different interactions to the total stress by
individually investigating the interactions between particles;
however, here the reported stress autocorrelation is calculated
based on the total stress tensor and including all interactions (i.e.
solvent-solvent, solvent-colloid, and colloid-colloid) to represent
relevant experimentally measured bulk stresses. Each stress auto-
correlation graph is averagedover 500 time origins (t), with 10 time-
step intervals (each time step being Dt ¼ 0:0005rcðm=kTÞ0:5 where
m is the mass of individual DPD particles), resulting in the largest
error bar being less than 1% of the calculated quantities. By contrast,
Fig. 3. Ensemble-averaged coordination number (shaded in blue color, with square symbol
with circular symbols and dashed lines) scaled by their values at quiescent conditions of gels
both measures, corresponding to a gel formed at rest.
for a yield stress fluid, at long times Cab decays to a finite value [48]
which is a measure of the residual stress, sr in the system. In Fig. 2a,
we show the evolution of the stress autocorrelation: while the
simple exponential decay of CabðtÞ for the hard-sphere suspension
indicates existence of a well-defined zero shear viscosity [49], a
non-zero terminal value of the same measure for the attractive
particle suspension leads to a divergent area integral and prevents a
zero-shear viscosity from being defined for these systems [22]. The
oscillations in the stress autocorrelation function of the attractive
systems correspond to non-linear viscoelasticity and the emergence
of a yield stress, with the period of oscillation being proportional to
the quench times imposed during the TRT protocol (SI). Fig. 2b
shows the residual stress in the attractive suspensions for different
attraction strengths and ranges, as a function of the total normalized
accumulated strain underwhich theyhave been brought to rest. The
s and solid lines) and normalized number density fluctuations, N (shaded in red color
brought to rest at different quench times. The dotted line represents a value of unity for
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solid line presented is fit to sr ¼ sr;eq=ð1þgnÞ, where sr;eq is the
residual stress of the attractive gel formed under quiescent condi-
tions ( _g ¼ 0). Normalizing the residual stress values of different gels
by the corresponding values in the same gel formed at no-flow
conditions collapses all data, regardless of the strength and range
of attraction, into a master curve. Evidently, the colloidal structures
formed over longer quench times show increasingly fluid-like
behavior (similar to flocculated clusters of particles), whereas the
identical particle ensembles prepared in the same way, but
quenched over shorter times, result in gels with increasingly solid-
like properties.

Careful examination of the structures quenched over the
shortest times (gn � 2) show slightly larger residual stresses than
the ones formed at no-flow conditions. This arises from the
annealing actions of small viscous shear stresses which allow par-
ticles to break out of their cages, and explore a lower energy state
by forming more bonds, as evidenced by the smallMn limit of Fig. 1
in the shear compaction regime.

In recent work, we have shown that the time- and rate-
dependent rheology of these attractive colloidal systems can be
parametrized through distinct signatures in microscale (average
coordination number, <Z>), mesoscale (number density fluctua-
tions, [NDFs]), and macroscale (shear stress) scale measures of a
system under flow. Fig. 3a shows scaled values of the average co-
ordination number, Z , and NDFs, N , of the final structures, as a
function of total accumulated strain for the same suspensions as in
Fig. 2b. The dashed lines represent corresponding values of the
Fig. 4. Strain-Mason number-transformation phase diagram, with representative structure s
top figure shows the time-varying Mason number and the normalized accumulated strains,
black, red, and green line, respectively. The break in the ordinate axis is to distinguish betwe
figure shows the final state of the material (-for strong gel, , for weak gel, and � for floc
quench process. This strain measure has been rescaled to account for the systematic vari
strengths between the particles are varied (see Fig. S3 for an un-rescaled representation).
same quantities measured for the same system under quiescent
gelation.

Based on our previous work and the results in Fig. 2/3, we can
define clear criteria for three distinct structural states formed
under different conditions: (i) strong gels with sr=sr;eqzOð1Þ,
N � 1 and Z � 1 where the system exhibits elastic solid-like
behavior; (ii) weak gels corresponding to 0:05 � sr=sr;eq � 0:5,
N >1 and Z � 1, where a percolated network of particles is
present and thus the material exhibits a finite residual stress,
consistent with the presence of a yield stress and a rheological
behavior similar to a soft viscoelastic solid (however, importantly
the yield stress is smaller than observed in gels formed isotropi-
cally and under no-flow conditions;) and (iii) flocculated fluids
with no clear indication of a yield stress where the system no
longer exhibits gel-like behavior, a percolated network of particles
is absent, and the mechanical properties are significantly weaker
than the strong gels, sr=sr;eq � 0:05, N >1 and Z >1. The sus-
pensions quenched over the shortest times and smallest strains,
gn <10, not only result in the strongest gels with the largest re-
sidual stress (sr) but also have distinctly different microscale and
mesoscale structures than the gels formed under quiescent con-
ditions. Analysis of the fractal dimension of the gels using a box
counting algorithm [12] shows that at intermediate shearing
times, 10<gn <100, the strong gels are denser with larger fractal
dimensions (Df ¼ 2:21 for gn ¼ 1 compared to Df ¼ 1:76 for
gn ¼ 20).
napshots at each corresponding region for a system with G ¼ 10 kT and k�1 ¼ 0.1a. The
with three solid lines showing linear shear rate decay with tq ¼ 2, 20, and 200 for the
en final structures at the end of flow protocol and under no-flow conditions. The lower
culated fluid) as a function of an appropriately rescaled strain accumulated during the
ation in the relevant thixotropic timescale of each colloidal system as the attraction
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Using these criteria elucidated previously, we can construct a
phase map of the different regimes and the corresponding micro-
structures (Fig. 4) using our direct numerical simulations of each
regime. The distinctions between strong gel, weak gel, and floc-
culated fluid states correspond to the material configurations at the
end of the quench protocol, i.e. under no-flow condition, and the
shaded regions in this time-rate-transformation process (Fig.
4(top)) are pathways to those final structures. Finite Mason
numbers indicate that the system is ‘fluidized’ and exposed to an
imposed deformation rate and cannot therefore strictly be referred
to as a gel. Fig. 4 (bottom) summarizes the final states at the end of
the TRT protocol over 285 simulation results for varying quench
times and strengths of attraction between particles. Since the
initialization time required for calculation of strain is associated
with the condition Mn ¼ 1, (and thus varies for different applied
shear rates and different values of G), a given value of gn corre-
sponds to different quench times for different attraction strengths.
To incorporate the effects of quench time and attraction strength
we renormalize the values of gn using the characteristic thixotropic
timescale (scaled by the diffusive timescale) for each attraction
strength, tthix:ðGÞ. As we have shown in previous work, this thixo-
tropic timescale is a strong function of G and varies as
tthix:=t � ðG=kTÞ�0:32 [see SI for additional details]. The resulting
phase diagram clearly shows that, regardless of the particle
attraction strength or range of attraction, for long quench times
(corresponding to gn:tthix:=t � 400) the particles effectively form
phase-separated clusters that are not interconnected. On the other
hand, for very rapid quenches when the total shearing time for the
particles to explore the distribution of local energy minima is short,
gn:tthix:=t � 40, strong, disordered, fractal, and percolated gels are
formed. In the intermediate regime of 40<gn:tthix:=t<400,
although some connections between discrete particulate clusters
are present, the mesostructure is heterogeneous with significantly
larger NDFs compared with quiescent gelation, and the resulting
weak gel shows a much lower yield stress when a deformation is
imposed.

These strain-Mason number state diagrams for attractive
colloidal particles provide a systematic guide for predicting the
type of structure/property that one can obtain for a given volume
fraction, strength, and range of attraction between the particles.
This time-Mason number representation clearly shows that for
these strictly time-dependent materials, the final structure is not
merely a function of the initial state variables, but that a clear un-
derstanding of the underlying transport processes including the
evolution in the imposed shear rate, the timescale of the defor-
mation history, and the relevant thixotropic timescale of the ma-
terial are essential for predicting the final system state. Our results
further confirm the role of shearing protocols experimentally
investigated by Divoux et al. [16] and Helal et al. [35], in which the
shear history is shown to control the macroscopic measures of the
final structures, i.e. magnitude of the shear viscosity, the loss, and
storage moduli, as well as electrical conductivity. Furthermore, fast
confocal microscopy of sheared attractive colloids have also shown
the role of prior shear history and the rate of applied deformation in
controlling the microstructural evolutions of colloidal gels under
flow [25,27,45]. We have shown that the final structures of a
quiescent gel-forming system can vary from a dense fractal gel with
a large yield stress to disconnected fluid flocs. We have prescribed a
time-rate-transformation procedure based on the Mason number
which represents the (time-evolving) strength of the flow
(compared with the strength of attraction between the particles)
and a normalized accumulated strain, gn, which incorporates both
the range of attraction and the flow history. The resulting dynam-
ical phase map provides alternative routes to shear-mediated
design of attractive colloidal gels with desired structures.
Although a linear quench profile (eq. (2)) was investigated in detail
here, one can also design different routes through this strain-
Mason number diagram (in the SI we also explore exponential
profiles and step-wise decay of deformation rate with different
waiting times at each rate) and the resulting state maps remain
largely unchanged. Our findings, coupled with this simple dimen-
sionless representation of the shearing material history experi-
enced by these thixotropic attractive particulate systems, enable us
to design and control a priori colloidal assembly into different
rheological and microstructural states.
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Supplementary data to this article can be found online at
https://doi.org/10.1016/j.mtadv.2019.100026.

References

[1] W. Poon, Colloids as big atoms, Science 304 (5672) (2004) 830.
[2] V. Trappe, et al., Jamming phase diagram for attractive particles, Nature 411

(6839) (2001) 772e775.
[3] E. Zaccarelli, Colloidal gels: equilibrium and non-equilibrium routes, J. Phys.

Condens. Matter 19 (32) (2007) 323101.
[4] E. Zaccarelli, W.C.K. Poon, Colloidal glasses and gels: the interplay of bonding

and caging, Proc. Natl. Acad. Sci. 106 (36) (2009) 15203e15208.
[5] F. Sciortino, One liquid, two glasses, Nat. Mater. 1 (3) (2002) 145e146.
[6] P.J. Lu, et al., Gelation of particles with short-range attraction, Nature 453

(7194) (2008) 499e503.
[7] J. Bergenholtz, W.C.K. Poon, M. Fuchs, Gelation in model colloid-polymer

mixtures, Langmuir 19 (10) (2003) 4493e4503.
[8] A. Furukawa, H. Tanaka, Key role of hydrodynamic interactions in colloidal

gelation, Phys. Rev. Lett. 104 (1e4) (2010) 245702.
[9] M.E. Helgeson, et al., Homogeneous percolation versus arrested phase sepa-

ration in attractively-driven nanoemulsion colloidal gels, Soft Matter 10 (17)
(2014) 3122e3133.

[10] W.C.K. Poon, A.D. Pirie, P.N. Pusey, Gelation in colloid-polymer mixtures,
Faraday Discuss 101 (0) (1995) 65e76.

[11] M. Geri, et al., Thermokinematic memory and the thixotropic elasto-
viscoplasticity of waxy crude oils, J. Rheol. 61 (3) (2017) 427e454.

[12] S. Jamali, G.H. McKinley, R.C. Armstrong, Microstructural rearrangements and
their rheological implications in a model Thixotropic Elastoviscoplastic fluid,
Phys. Rev. Lett. 118 (4) (2017), 048003.

[13] V. Grenard, N. Taberlet, S. Manneville, Shear-induced structuration of confined
carbon black gels: steady-state features of vorticity-aligned flocs, Soft Matter
7 (8) (2011) 3920e3928.

[14] T. Gisler, R.C. Ball, D.A. Weitz, Strain hardening of fractal colloidal gels, Phys.
Rev. Lett. 82 (5) (1999) 1064e1067.

[15] C.O. Osuji, D.A. Weitz, Highly anisotropic vorticity aligned structures in a shear
thickening attractive colloidal system, Soft Matter 4 (7) (2008) 1388e1392.

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

[17] R.G. Larson, Constitutive equations for thixotropic fluids, J. Rheol. 59 (3)
(2015) 595e611.

[18] A. Boromand, S. Jamali, J.M. Maia, Structural fingerprints of yielding mecha-
nisms in attractive colloidal gels, Soft Matter 13 (2) (2017) 458e473.

[19] R. Scirocco, J. Vermant, J. Mewis, Effect of the viscoelasticity of the suspending
fluid on structure formation in suspensions, J. Non-Newtonian Fluid Mech.
117 (2) (2004) 183e192.

[20] N. Koumakis, et al., Tuning colloidal gels by shear, Soft Matter 11 (23) (2015)
4640e4648.

[21] Z. Varga, et al., Hydrodynamics control shear-induced pattern formation in
attractive suspensions, Proc. Natl. Acad. Sci. 116 (25) (2019) 12193e12198.

[22] D. Bonn, et al., Yield stress materials in soft condensed matter, Rev. Mod. Phys.
89 (3) (2017), 035005.

[23] J. Colombo, E. Del Gado, Stress localization, stiffening, and yielding in a model
colloidal gel, J. Rheol. 58 (5) (2014) 1089e1116.

[24] T. Gibaud, D. Frelat, S. Manneville, Heterogeneous yielding dynamics in a
colloidal gel, Soft Matter 6 (15) (2010) 3482e3488.

[25] A. Mohraz, M.J. Solomon, Orientation and rupture of fractal colloidal gels
during start-up of steady shear flow, 1978-present, J. Rheol. 49 (3) (2005)
657e681.

[26] J.D. Park, K.H. Ahn, Structural evolution of colloidal gels at intermediate vol-
ume fraction under start-up of shear flow, Soft Matter 9 (48) (2013)
11650e11662.

https://doi.org/10.1016/j.mtadv.2019.100026
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref1
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref2
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref2
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref2
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref3
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref3
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref4
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref4
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref4
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref5
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref5
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref6
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref6
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref6
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref7
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref7
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref7
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref8
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref8
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref8
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref9
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref9
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref9
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref9
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref10
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref10
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref10
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref11
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref11
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref11
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref12
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref12
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref12
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref13
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref13
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref13
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref13
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref14
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref14
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref14
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref15
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref15
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref15
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref16
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref16
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref17
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref17
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref17
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref18
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref18
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref18
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref19
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref19
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref19
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref19
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref20
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref20
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref20
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref21
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref21
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref21
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref22
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref22
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref23
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref23
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref23
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref24
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref24
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref24
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref25
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref25
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref25
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref25
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref26
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref26
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref26
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref26


S. Jamali et al. / Materials Today Advances 5 (2020) 100026 7
[27] L.C. Hsiao, et al., Role of isostaticity and load-bearing microstructure in the
elasticity of yielded colloidal gels, Proc. Natl. Acad. Sci. 109 (40) (2012)
16029e16034.

[28] B. Rajaram, A. Mohraz, Microstructural response of dilute colloidal gels to
nonlinear shear deformation, Soft Matter 6 (10) (2010) 2246e2259.

[29] A. Mohraz, E.R. Weeks, J.A. Lewis, Structure and dynamics of biphasic colloidal
mixtures, Phys. Rev. E 77 (6) (2008), 060403.

[30] J. Colombo, E. Del Gado, Self-assembly and cooperative dynamics of a model
colloidal gel network, Soft Matter 10 (22) (2014) 4003e4015.

[31] S.C. Glotzer, M.J. Solomon, Anisotropy of building blocks and their assembly
into complex structures, Nat. Mater. 6 (2007) 557.

[32] S. Sacanna, L. Rossi, D.J. Pine, Magnetic click colloidal assembly, J. Am. Chem.
Soc. 134 (14) (2012) 6112e6115.

[33] M.J. Solomon, Directions for targeted self-assembly of anisotropic colloids
from statistical thermodynamics, Curr. Opin. Colloid Interface Sci. 16 (2)
(2011) 158e167.

[34] Z. Varga, J. Swan, Hydrodynamic interactions enhance gelation in dispersions
of colloids with short-ranged attraction and long-ranged repulsion, Soft
Matter 12 (36) (2016) 7670e7681.

[35] A. Helal, T. Divoux, G.H. McKinley, Simultaneous rheoelectric measurements of
strongly conductive complex fluids, Phys. Rev. Appl. 6 (6) (2016), 064004.

[36] B. Keshavarz, et al., Nonlinear viscoelasticity and generalized failure criterion
for polymer gels, ACS Macro Lett. 6 (7) (2017) 663e667.

[37] K.M. Schmoller, A.R. Bausch, Similar nonlinear mechanical responses in hard
and soft materials, Nat. Mater. 12 (2013) 278.

[38] M. Yamada, et al., Interplay between Time-Temperature Transformation and
the liquid-liquid phase transition in water, Phys. Rev. Lett. 88 (19) (2002)
195701.
[39] S. Lee, C. Leighton, F.S. Bates, Sphericity and symmetry breaking in the for-
mation of FrankeKasper phases from one component materials, Proc. Natl.
Acad. Sci. 111 (50) (2014) 17723e17731.

[40] T.M. Gillard, S. Lee, F.S. Bates, Dodecagonal quasicrystalline order in a diblock
copolymer melt, Proc. Natl. Acad. Sci. 113 (19) (2016) 5167.

[41] E.B. Moore, V. Molinero, Structural transformation in supercooled water
controls the crystallization rate of ice, Nature 479 (2011) 506.

[42] A. Peker, W.L. Johnson, Time-temperature-transformation diagram of a
highly processable metallic glass, Mater. Sci. Eng. A 179e180 (1994)
173e175.

[43] M.G. Noro, D. Frenkel, Extended corresponding-states behavior for particles
with variable range attractions, J. Chem. Phys. 113 (8) (2000) 2941e2944.

[44] H.N. Lekkerkerker, R. Tuinier, in: Colloids and the Depletion Interaction, vol.
833, Springer, 2011.

[45] K.A. Whitaker, et al., Colloidal gel elasticity arises from the packing of locally
glassy clusters, Nat. Commun. 10 (1) (2019) 2237.

[46] R. Kubo, Statistical-mechanical theory of irreversible processes. I. General
theory and simple applications to magnetic and conduction problems, J. Phys.
Soc. Jpn. 12 (6) (1957) 570e586.

[47] A. Boromand, S. Jamali, J.M. Maia, Viscosity measurement techniques in
dissipative particle dynamics, Comput. Phys. Commun. 196 (2015)
149e160.

[48] M. Whittle, E. Dickinson, Brownian dynamics simulation of gelation in soft
sphere systems with irreversible bond formation, Mol. Phys. 90 (5) (1997)
739e758.

[49] N.Y.C. Lin, M. Bierbaum, I. Cohen, Determining quiescent colloidal suspension
viscosities using the Green-Kubo relation and image-based stress measure-
ments, Phys. Rev. Lett. 119 (13) (2017) 138001.

http://refhub.elsevier.com/S2590-0498(19)30100-6/sref27
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref27
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref27
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref27
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref28
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref28
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref28
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref29
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref29
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref30
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref30
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref30
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref31
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref31
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref32
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref32
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref32
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref33
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref33
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref33
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref33
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref34
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref34
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref34
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref34
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref35
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref35
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref36
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref36
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref36
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref37
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref37
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref38
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref38
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref38
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref39
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref39
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref39
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref39
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref39
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref40
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref40
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref41
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref41
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref42
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref42
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref42
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref42
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref42
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref43
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref43
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref43
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref44
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref44
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref45
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref45
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref46
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref46
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref46
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref46
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref47
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref47
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref47
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref47
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref48
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref48
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref48
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref48
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref49
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref49
http://refhub.elsevier.com/S2590-0498(19)30100-6/sref49

	Time-rate-transformation framework for targeted assembly of short-range attractive colloidal suspensions
	1. Main
	Declaration of competing interest
	Appendix A. Supplementary data
	References


