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ABSTRACT
Thixotropic yield-stress fluids (TYSFs) are a unique class of materials whose properties are affected by both shear rate and shear history.When
sheared, these materials undergo a transition from an elastic solid to a viscoelastic fluid, which is accompanied by a structural transition
that slowly recovers upon the cessation of shear. The strong interdependence between structure, dynamics, and rheological properties in
TYSFs make it challenging to identify the fundamental physics controlling these phenomena. In this study, we vary the ionic strength of a
suspension of cellulose nanocrystals (CNC) to generate model TYSFs with tunable moduli and thixotropic kinetics.We use a novel rheological
protocol—serial creep divergence—to identify the physics underlying the yield transition and recovery of CNC gels. Our protocol identifies a
critical transition that bifurcates the solid-like and fluid-like regimes of the gels to precisely determine the yield stress of these materials even
in the presence of thixotropic effects. Additionally, the thixotropic kinetics collapse onto a single master curve, which we fit to a transient
solution to a coupled diffusion–aggregation model. Our work thereby identifies the underlying physicochemical mechanisms driving yielding
and thixotropic recovery in attractive colloidal gels.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0153644

I. INTRODUCTION

Yield-stress fluids are found in a wide variety of materials
from cosmetics and paints to construction materials and drug
delivery systems.1–3 When these complex fluids are exposed to
low stresses, they act like a solid to resist deformation, but at
higher stresses, they flow like a liquid to viscously dissipate energy.
This transition from elastic deformation to viscous flow can be
defined as a yield transition characterized by a specific yield
stress. How to define this yield stress, however, continues to be
debated. Identifying the yield stress through a physically precise
method is essential to design materials with desired mechanical
properties and to predict their flow behavior under processing
conditions.4,5

Over a century ago,6 Bingham and colleagues introduced the
concept of a yield-stress fluid, proposing that once the yield stress σy
is exceeded under steady shear, the material will flow as a Newtonian
fluid with a constant viscosity. Herschel and Bulkley7 extended this
concept by modifying the relationship between shear stress σ and
shear rate γ̇ to incorporate a non-Newtonian viscosity according to
σ = σy + Kγ̇n, where K and n are adjustable model parameters that

define the effective viscosity of the fluid. Refinements to our under-
standing of yield-stress fluids extended the yield transition from
simple steady shear measurements to oscillatory deformations8–10
and transient start-up shear,11,12 in which the yield stress is deter-
mined by the crossover between the storage and loss moduli or
through an overshoot in the transient stress response, respectively.
Microstructural changes and spatial heterogeneities underlying the
yield transition can be investigated through various experimental
techniques, such as confocal microscopy, nuclear magnetic reso-
nance spectroscopy, and ultrasound.13–15 Even with these significant
experimental and theoretical advances, there remains significant
ambiguity over how to precisely define andmeasure σy. For instance,
depending on the measurement geometry, the experimental proto-
col, and shear history, σy can vary over an order of magnitude.10,16–19
Furthermore, for many yield-stress fluids, the yield transition occurs
concomitant with a second phenomenon—thixotropy. Thixotropy
is characterized by a time-dependent recovery of fluid structure and
increased viscoelasticity after being subjected to shear stress.20–22
The dependence on shear history introduced by thixotropy results
in additional ambiguity over “the” yield transition for thixotropic
yield-stress fluids (TYSFs).
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One canonical class of TYSF—gels—possess a percolated struc-
ture controlled by the interparticle interactions and dynamics of a
dispersed phase suspended in a continuous fluid matrix. Gels can be
formed by a wide range of components, including small molecules,23
colloidal particles,24 biomacromolecules,25 polymers,26 and complex
mixtures of the above.27 Colloidal gels, in particular, have attracted
significant interest owing their to importance in a diverse range
of applications. In attractive colloidal systems, the sol–gel transi-
tion occurs once the colloidal particles self-assemble into a fractal
cluster that percolates the sample.28 A comparable rigidity percola-
tion29 transition can occur at increasing volume fractions to generate
a mechanically robust gel even from softer particles with flexible
bonds. As a result of these percolating clusters, colloidal gels become
highly elastic with a modulus that scales with particle volume frac-
tion and the strength of attractive interactions.30 The increase in
elastic modulus leads to an increase in σy so that stiffer gels require
larger stresses to flow.31 Indeed, for many applications, gels must
be processed under flow, during which the applied shear begins
to remodel or destroy the percolating structure.32 As a result, col-
loidal gels often experience significant changes to their mechanical
properties during the yield transition, only sufficiently recovering
their elasticity over periods of quiescent rest. How gels recover their
mechanical properties is essential to their performance in scientific
and industrial applications, but the physical mechanisms relating
local structural transitions33–35 to yielding and thixotropy remain
ambiguous and system specific.

In this study, we investigate yielding in the presence of
thixotropy to unambiguously define the yield stress σy and to
gain insight into the physical mechanisms controlling these related
phenomena. We use suspensions of cellulose nanocrystals (CNCs)
as model TYSFs,36–38 in which the yield stress is controlled by the
addition of salt. The CNCs are negatively charged rod-like col-
loidal particles that form stable aqueous suspensions. The presence
of salt in the suspension causes the charged surface of CNCs to
become screened, reducing their repulsive interactions to induce
gelation.39–41 Our study employs a novel rheological protocol, which
we term serial creep divergence (SCD), to investigate the correlation
between the CNC dynamics and the yielding and recovery behav-
ior of the network. This new protocol allows us to precisely track
the evolution of the gel structure over time and provides insights
into the mechanisms that govern its yielding behavior. We identify a
critical transition that bifurcates the solid-like and fluid-like regimes,
allowing us to precisely and unambiguously determine σy even in the
presence of thixotropic effects. In addition, our novel SCD protocol
extracts the kinetics of structural recovery, which we explain through
a coupled diffusion–aggregation model. With these findings, we
demonstrate the potential of SCD to identify physicochemical mech-
anisms underlying the rheological properties of colloidal gels and
other classes of complex fluids.

II. MATERIALS ANDMETHODS
A. Materials

Cellulose nanocrystals were purchased from CelluForce (Mon-
treal, Canada) as a dry powder. According to the manufacturer, the
CNCs have a nominal size between 120 and 200 nm. Using dynamic
light scattering (DLS), we found that the CNCs have a diffusivity
of D0 = 2.5 ± 0.2 μm2/s corresponding to a hydrodynamic diameter

of 195 ± 22 nm and confirming that the CNCs are well dispersed
in solution. Additionally, the ζ-potential of the CNC was found
to be −39 ± 1 mV, in good agreement with literature values.42–44
Potassium chloride was purchased from Fisher Scientific.

B. Gel preparation
Dry CNCs were dispersed in deionized (DI) water at a concen-

tration of 5 wt. % and homogenized on a stir plate for 4 hours. The
resulting suspension was optically clear, indicating a homogeneous
suspension of the CNC. A salt stock solution was prepared by dis-
solving KCl in DI at a concentration of 5M. Finally, the CNC stock
was diluted with DI water and combined with the salt stock solu-
tion to achieve KCl concentrations ranging from 1 to 100 mM and a
CNC concentration of 3 wt. %. The gels were allowed to homogenize
overnight on a tube roller. A schematic of the preparation procedure
is shown in Fig. 1.

C. Rheology
Rheological measurements were conducted using a TA Instru-

ments HR20 rheometer, equipped with 60 mm diameter cone-and-
plate and parallel plate geometries. Due to the stiffness of most gels,
we were unable to compress them to the required height for the
cone geometry in our experiments. Therefore, we utilized parallel
plate geometry for the majority of our experiments with a sam-
ple thickness of 1 mm. The use of a solvent trap was employed
to reduce evaporation during the experiments. To further mitigate
evaporation, the edges of the samples were coated with mineral
oil. All measurements were conducted at a constant temperature of
T = 25 ○C.

Oscillatory experiments were performed to identify the fre-
quency response and yielding characteristics of these materials. To
reduce loading effects, the gels were initially oscillated after loading
and trimming at 100% strain for 1 min at a frequency ω = 10 rad s−1.
Then, a series of amplitude sweeps were applied to the sample,
starting from a low strain to a high strain, followed by the reverse,
going from a high to a low strain amplitude. For the frequency
sweeps, we select a strain well within the linear viscoelastic (LVE)
region and measure the moduli as a function of frequency in both
increasing and decreasing directions. To gain further insight into
yielding behavior, we conduct serial creep divergence (SCD) mea-
surements.45 In SCD, samples are loaded onto the rheometer and
initially yielded by applying a constant shear rate γ̇ = 100 rad s−1
for 1 min. This protocol disrupts the underlying structural network
in the material and erases previous mechanical history. After this
preshearing protocol, the sample is allowed to rest at quiescent con-
ditions for a waiting time tw after which a stress σ is imposed and the
sample compliance is measured. We repeat this procedure, includ-
ing the preshear, for increasing tw and σ. Each compliance curve is
measured over 1000 s or until the strain reaches 10 000%.

III. RESULTS ANDDISCUSSION
A. Linear rheology

We first confirm that the CNC gels act as thixotropic yield-
stress fluids using strain amplitude sweeps in which the material is
subjected to oscillatory deformation at a constant frequency (Fig. 2).
At small strain amplitudes (e.g., γ < 0.1%), a representative gel at a
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FIG. 1. Schematic of the solution preparation process in which a stock salt solution is combined with an aqueous CNC solution under stirring to achieve 3 wt. % CNC with KCl
concentrations ranging from 1 to 100 mM. The addition of salt screens the electrostatic repulsion between CNC particles, causing the particles to aggregate into a percolating
network.

salt concentration of 30 mM behaves as a soft solid with the storage
modulus G′ larger than the loss modulus G′′. At higher strains (e.g.,
γ ≳ 10%), however, the gel enters a nonlinear regime, and G′ drops
abruptly. By contrast, G′′ initially increases with increasing strain,
exhibiting an overshoot at γ ≈ 100% before decaying. This decrease
in G′ and overshoot in G′′ are both typical characteristics of yield-
stress fluids,46,47 and gels at all salt concentrations exhibit the same
qualitative behavior. After this initial amplitude sweep, we imme-
diately conduct a second amplitude sweep but now in the reverse
direction from high to low strains. For non-thixotropic materials,
the two amplitude sweeps are expected to agree as the yield tran-
sition is reversible.48–51 For these CNC gels, however, there are
significant differences between the moduli measured in the forward
and reverse directions. As the strain is reduced, the material returns
from its viscous state (G′′ > G′) to fully recover its elasticity at small

FIG. 2. Storage (closed symbols) G′ and loss (open symbols) G′′ moduli as a
function of oscillation strain γ for a 30 mM KCl gel. Data collected with increas-
ing and decreasing γ are shown in blue and gray, respectively. All results were
obtained at ω = 10 rad s−1.

γ, but the recovery follows a dramatically different path. Specifically,
there is no overshoot in G′′, and G′ reaches the linear regime at a
significantly lower strain. These differences demonstrate that these
CNC gels are thixotropic,52–55 indicating that the percolating net-
work breaks down under high stress but recovers over time once
that stress is removed. As a result, the material properties of the gel
strongly depend on the shear history of the sample.

After confirming that these salt-induced CNC gels form
thixotropic yield-stress fluids, we investigate how salt affects their
linear elasticity. We conduct frequency sweeps within the LVE
region (i.e., γ = 0.1%) for samples prepared with salt concentra-
tions ranging from 100 to 103 mM. At low salt concentrations
(c ≲ 10 mM), the network behaves like a viscoelastic fluid where the
storage and loss moduli increase with frequency but G′′ remains
larger than G′ over the entire frequency range [Fig. 3(a)]. At moder-
ate salt concentrations (c ≈ 10 mM), we observe an overlap between
G′ and G′′, both of which increase with increasing frequency,
following a critical gel-like behavior.56,57 Finally, at high salt con-
centrations (c > 10 mM), samples behave like a viscoelastic solid
where G′ is independent of frequency and significantly higher than
G′′. To identify the gel point in a more rigorous fashion, we plot
the loss tangent tan(δ) = G′′/G′ as a function of frequency for
the various salt concentrations [Fig. 3(b)]. We observe that tan(δ)
becomes independent of frequency for c ≈ 10 mM KCl, which sat-
isfies the Winter–Chambon criterion defining the gel point.58,59
Finally, we quantify the increase in elasticity with salt concentra-
tion by taking G′ at ω = 10 rad/s as a representative value and
plotting it as a function of c [Fig. 3(c)]. We observe a plateau at
low and high salt concentrations, along with a rapid increase near
the critical concentration c = 10 mM, consistent with the previous
literature.30,60–63 This linear rheology confirms the physical pic-
ture that at low salt concentrations, the repulsive forces between
CNC particles stabilize the colloidal suspension but are screened
at high salt concentrations to aggregate the CNC into a percolat-
ing network.64,65 This percolating network underlies the thixotropic
yield stress response that we identified earlier in which the network
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FIG. 3. (a) Storage (closed symbols) G′ and loss (open symbols) G′′ moduli and (b) tan(δ) = G′′/G′ as a function of frequency ω at various salt concentrations. (c) G′ at
ω = 10 rad s−1 as a function of salt concentration.

breaks under stress to viscously flow and reforms under quiescent
conditions.

B. Serial creep divergence (SCD)
Whereas many experimental methods require a choice of γ̇ to

impose a deformation on yield-stress fluids,16 creep measurements
explicitly define the stress imposed on the sample and measure
the evolution in strain. We use these measurements to distinguish
between fluid-like and solid-like states in a similar method to vis-
cosity bifurcation,52 except we allow the network to repair under
quiescent conditions rather than evolve in steady shear flow. Our
methodology, which we call serial creep divergence (SCD), involves
pre-shearing the material to break its structure, allowing the gel to
quiescently reorganize and rebuild the underlying network over a
waiting time tw and finally applying a stress σ to measure the com-
pliance J = γ/σ of the material over time (Fig. 4). At short tw, the
CNC gels exhibit a power law increase in compliance, indicating that
the sample immediately flows through a combination of viscous dis-
sipation, characterized by the scaling J ∼ t, and instrument inertia,
characterized by the scaling J ∼ t2. Although this sample is above the
gel point (i.e., c > 10 mM), there is insufficient time for the network
to recover between yielding events. As tw increases, the network
begins to restructure, and the compliance exhibits an intermediate
plateau with delayed yielding. Eventually, after a sufficiently long tw,
the network recovers to fully support the applied stress, resulting in
a long-time plateau reflecting solid-like behavior.

The applied stress has a direct impact on the time required for
the network to rebuild and support external stresses. For instance,

when σ = 15 Pa is applied to a c = 30 mM sample, the network
quickly reorganizes itself to support the stress after ≈20 s. At
σ = 55 Pa, however, the network requires a significantly longer time
to reorganize, up to 6000 s (Fig. 4). The SCD results demonstrate
that as σ increases, the time required for the network to rebuild
and support the stress also increases. We attribute this increase in
tw to the fact that the elastic network must reach a higher bond
density to support higher stresses.66 When the applied stress is
too high, however, the material cannot form a sufficiently robust
network and will always yield regardless of waiting time tw (see
supplementary material). It is important to note that measuring the
creep response under such high stress is a challenging task because
the material begins to fail at the gel-plate interface (adhesive failure)
rather than within the gel (cohesive failure). As a result, the rheome-
ter accelerates rapidly after failure and shuts down for safety. For
all measurements shown here, the material fails cohesively so that
the creep responses reflect the material properties of the gel. Pre-
vious work67–69 investigated yielding in this high-stress regime and
found that increased stress enhances yielding so that colloidal gels
yield more rapidly under higher stress. Our work, however, focuses
on the yielding behavior of weakened thixotropic gels (i.e., after ini-
tial failure) at stresses smaller than their quiescent equilibrium yield
stress.

To investigate the relationship between tw and yielding, we
quantify the shift in compliance curves by defining the yield time
Δty as the difference between the inertial response of the instru-
ment and the time at which γ = 600% (Fig. 4). Although this choice
of strain is arbitrary, it effectively separates materials that flow
from those that exhibit long-time plateaus in compliance. For all
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FIG. 4. Compliance J = γ/σ as a function of time for a c = 30 mM sample under
applied stresses of (a) 15 Pa, (b) 35 Pa, and (c) 60 Pa at various waiting times tw.
Solid lines indicate an inertial response of the instrument with J ∼ t2. Dashed lines
indicate the threshold used to quantify the yield time at γ = 600%.

samples, Δty increases with waiting time tw before diverging to infin-
ity (Fig. 5). The time at which Δty diverges depends on both salt
concentration and applied stress, increasing with stress as the net-
work takes longer to restructure and decreasing with salt concen-
tration as attractive interactions between the CNC become stronger.
For these experiments, Δty is less than tw, indicating that the CNC
gels are at a quasi-steady state during each creep experiment, mini-
mizing structural changes in thematerial under flow. The divergence
of Δty corresponds to the transition between compliance curves
exhibiting viscous flow and those that exhibit elastic deformation,
reflecting the bifurcating responses observed in Fig. 4. Physically,
the divergence Δty at a specific tw identifies the time at which the
material has developed a percolating elastic network dense enough

FIG. 5. Yield time Δty as a function of waiting time tw under different applied
stresses for samples with (a) 15 mM, (b) 30 mM, and (c) 50 mM KCl. Colored
curves are guides to the eye.

to support the applied stress without exhibiting bulk flow. There-
fore, we determine the gel strength unambiguously from the plot
by identifying the waiting time at which the divergence occurs. This
relationship, however, still depends on both tw and σ. To appropri-
ately define yielding of these thixotropic materials, we aim to remove
the dependence on tw and identify a critical stress σc that always
separates elastic deformation from viscous flow.

To define the critical stress σc independent of thixotropy, we
investigate the relationship between yield time divergence, applied
stress, and salt concentration. Specifically, we define the waiting time
at which the yield time diverges ty,∞ and plot it as a function of σ
(Fig. 6). We observe that ty,∞ increases with σ and decreases with
c. At high c, the attractive interactions between particles become
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FIG. 6. Long-time yield divergence ty,∞ as a function of stress σ for samples with
different salt concentrations. Solid curves are guides to the eye.

stronger, leading to stronger interparticle bonds and faster parti-
cle aggregation to generate a dense network in a shorter amount
of time. At a critical stress σc, ty,∞ diverges as the gel can no
longer support stresses beyond this value, even with infinite recov-
ery times. This unique divergence of divergences at σc, therefore
unambiguously differentiates between stresses that induce flow in
the sample and those that can be supported by the underlying
strength of the percolated network. We thus propose that σc rep-
resents a precise definition of the yield stress for these thixotropic
fluids.

We compare the critical stress values obtained from SCD to the
values determined through other standard methods, such as oscilla-
tory amplitude sweeps and stress growth measurements (Fig. 7). For
this comparison, σy is defined in oscillatory amplitude sweeps by the
crossover between G′ and G′′ at ω = 10 rad s−1 and in stress growth
measurements as the maximum stress under steady shear. In SCD,
the critical stress σc determined by the divergence of ty,∞ defines the
yield stress and increases monotonically with salt concentration. The

FIG. 7. Yield stress σy as a function of salt concentrations extracted from oscillatory
amplitude sweeps, transient shear growth measurements at different shear rates
γ̇, and our serial creep divergence protocol.

yield stresses determined from stress growth measurements agree
with the SCD values at low salt concentrations but exhibit a non-
monotonic dependence that decreases at higher salt concentrations,
suggesting that σy decreases with increasing interaction strength
and, thus, violating predictions for flocculated suspensions.1 Finally,
the yield stress measured in oscillatory amplitude sweeps increase
monotonically like those of SCD but are almost an order of mag-
nitude smaller. These lower values determined under oscillatory
deformation may result from activated bond breaking induced by
the imposed strain.70 Thus, we find that SCD defines a yield stress
using critical phenomena—divergences and bifurcations—that acts
as an effective upper-bound compared to other definitions.

C. Restructuringkinetics
In addition to defining σc, these ty,∞ curves exhibit self-

similarity across all salt concentrations. To investigate this self-
similarity, we collapse the data onto a single curve by normalizing
the applied stress by σc and ty,∞ by a kinetic time scale τ0 (Fig. 8).
This kinetic time scale was chosen to follow an established scal-
ing law that collapses the growth in the linear rheology with time71

according to τ0 ∼ c−8.7 where we define τ0 = 1 s at c = 30 mM. With
these normalizations, the data collapse onto a single master curve
for all salt concentrations, ranging over six decades in time and two
decades in stress, confirming that the critical stress σc represents
a precise definition of the yield stress. The collapse of these data
suggests that the physical mechanism underlying the restructure of
these gels is independent of salt concentration.

Additionally, the time scale τ0 required to collapse the data
(inset of Fig. 8) relates to the kinetics by which these gels restruc-
ture and exhibits a strong decrease as σc increases. To investigate
these kinetics, we invert the yield divergence to show the growth in
the strength of the network as a function of normalized time (Fig. 9).
Here, we assume that these gels fail by developing a shear band in
which bonds are broken along a plane. Both experimental72–74 and
theoretical75,76 studies have shown that polymeric and colloidal gels
do indeed yield by developing shear bands in which the strain is
localized within the sample to an area with a finite width, although

FIG. 8. Master yield curve obtained by normalizing the long-time yield divergence
ty,∞/τ0 and stress σ/σc . Inset: normalization time τ0 as a function of critical stress
σc. Solid line is the equation τ0 = 107 exp(−σc/5.5).
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FIG. 9. Normalized stress σ/σc as a function of the normalized long-time yield
plateau ty,∞/τ0 for samples with different salt concentrations. The dashed line
is the best fit to a diffusion model [Eq. (2)], and the solid line is the best fit to the
diffusion–aggregation model [Eq. (3)]. Inset: estimated thickness of the shear band
interface L as a function of σc. The solid line is equation L = 8147 exp(−σc/11).

more complex heterogeneous scenarios have also been observed.68
For these colloidal gels, such a shear bandmay be transient77 or long-
lived,78,79 but under our experimental protocol, we cease shearing
immediately after yielding to prevent the rheometer from acceler-
ating and ejecting the sample. Thus, we cannot distinguish between
these two scenarios. At a shear band interface, simulations76 find that
there is a decreased particle density and a high shear rate due to the
difference in the velocities between the shear bands.73 Although our
rheological measurements do not allow us to directly identify shear
bands, our physical assumption is consistent with our observations
of cohesive failure, verified by the gel uniformly coating both the top
and bottom plate of the rheometer after unloading.

Under this shear band picture, the gel may recovers its prop-
erties by repairing the network connectivity across the shear band
interface. Colloidal particles would therefore need to transport from
the bulk, bind to neighboring particles in the shear band interface,
and reform a cohesive percolating network. We initially describe
this process by solving Fick’s second law in 1D, a partial differential
equation relating the spatiotemporal concentration profiles through
a diffusivity D, given by

∂c
∂t
= D ∂2c

∂x2 . (1)

We model the shear band interface as a finite slab of thickness 2L
with boundary conditions c(x = −L) = c(x = L) = cs and an initial
condition c(t = 0) = 0, where x = 0 is the midplane of the shear band
interface and cs represents the bulk concentration of the equilibrium
gel. These boundary conditions assume that the concentration of
the dispersed phase, and therefore bond density, is constant within
each shear band and fully depleted at the interface. Under quies-
cent conditions, colloidal particles can transport across the interface
to restore the elastic network. We make two assumptions to solve
this equation. First, we assume that the local stress σ scales propor-
tionally to c, as expected from the affine network model.80 Second,
we assume that the stress that can be supported by the network
is controlled by the concentration at the midplane, which would

be the weakest point of the gel. With these two assumptions, we
solve the partial differential equation through standard approaches
assuming separation of variables and solving for the boundary and
initial conditions. The solution is an infinite sum of eigenmodes,
defined by

σc − σ
σc
= 4

π

∞

∑
n=odd

1
n

sin(nπ
2
) exp [−n

2π2ζ0
4
( t

τ0
)], (2)

where ζ0 = τ0D/L2 is the only fitting parameter. This diffusion argu-
ment, however, fails to capture the experimental data (Fig. 9). The
colloidal gels exhibit slower kinetics in which the normalized stress
increases more gradually with time as compared to the diffusion
prediction.

To improve our description of restructuring kinetics, we rec-
ognize that the CNC experience strong interparticle attractions that
may modify their diffusion into the shear band interface. Previous
studies have found that suspensions of attractive colloids aggre-
gate through a diffusion–limited aggregation (DLA) model.81–83 In
this model, colloids form a permanent bond immediately upon
contact with another particle, leading to the growth of fractal
clusters that follow a universal scaling law Rg ∼ tα, where Rg is
the radius of gyration of the aggregate and α = 0.55 is a univer-
sal exponent.84 According to the Stokes–Einstein relationship, the
diffusivity of these fractal clusters scales inversely with Rg. Com-
bining these scaling laws leads to a time-dependent diffusivity
D/D0 ∼ R−1g ∼ t−0.55, where D0 is the diffusivity of a single colloidal
particle. We incorporate the DLA structural evolution into our dif-
fusion model by setting D = D0(t/τ)−0.55 in Eq. (1) and proceed to
solve the partial-differential equation using the same approach as
before, leading to

σc − σ
σc
= 4

π

∞

∑
n=odd

1
n

sin(nπ
2
) exp [− n2π2ζ0

4(0.45)(
t

τ0
)

0.45
]. (3)

A full derivation of our mathematical solution is presented in the
supplementary material. This diffusion–aggregation model excel-
lently fits our experimental findings (Fig. 9) with only a single fitting
parameter ζ0 = τ0D0/L2, which relates the normalization time scale
τ0 to the initial particle diffusivity D0 and thickness L of the shear
band interface. Under the assumptions of our model, the excellent
agreement between this theoretical prediction and our experimental
results suggests that these colloidal gels do indeed yield by devel-
oping a shear band within the sample and recover their strength
through the diffusion of attractive colloids across the shear band
interface. Our rheological measurements, however, do not pro-
vide direct structural information on the formation of shear bands,
which we aim to determine in future work through particle image
velocimetry33,85 or scattering methods.86

As further validation of this model, we convert the arbitrary
choice of τ0 used to collapse the data in Fig. 8 into a physical pre-
diction for the thickness L of the shear band interface using the
value ζ0 = 0.37 ± 0.1 that best fits our data. Here, we assume that the
initial diffusivity is that of a single CNC particle (D0 = 2.5 μm2/s),
as measured by DLS. We note that this choice is likely an over-
estimate of D0 as the network may break apart into small clusters
under shear instead of completely breaking down into individual
particles.87–89 Using this value for D0, we find that L decreases from
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∼1000 μm to 5 μm as the gel strength increases. Even with our sim-
plifying assumptions, these values of L are of the appropriate order
of magnitude for our rheological samples, which have a thickness of
1 mm, and are consistent with our observations of cohesive failure.
Furthermore, although measuring the thickness of this shear band
interface is challenging experimentally, our findings are consistent
with predictions derived from a shear transformation zone (STZ)
model75 that show a decrease in the thickness of the shear band
interface with increasing interparticle attraction strength. Thus, our
diffusion–aggregationmodel not only captures the kinetics by which
the gel strength increases over time but also results in physically
meaningful estimates of the thickness of the shear band interface.
Future work will aim to investigate the structural transformations
occurring within these materials during yielding to precisely iden-
tify the presence and size of the shear bands suggested by our
findings.

IV. CONCLUSION
We investigate the yield transition in thixotropic colloidal gels

using a novel rheological protocol—serial creep divergence (SCD).
This protocol elucidates the underlying mechanisms governing the
yielding and subsequent recovery of the colloidal gel through a
critical bifurcation in the creep response. Our approach leads to
an unambiguous definition of the yield stress σy according to the
divergence of yield times as the material restructures. Additionally,
we have shown that these restructuring kinetics are self-similar for
all salt concentrations and can be collapsed onto a master curve
defined by σy and a kinetic timescale τ0. Furthermore, we show
that the growth in the gel strength over time arises from the cou-
pling between colloidal diffusion across the shear band interface and
simultaneous aggregation of the attractive colloids. Our experimen-
tal results are well-fit by a proposed diffusion–aggregation model,
which provides physically reasonable estimates of the thickness of
the shear band interface.

With this novel approach and physical insight, our study pro-
vides a valuable tool to design and characterize the mechanical
behavior of soft materials for use in applications including drug
delivery techniques,90 tissue engineering,91 and energy storage.92,93
We expect our SCD protocol to be applicable for a wide vari-
ety of complex fluids, enabling researchers to accurately determine
the yield transition and critical stress of TYSFs. Specifically, we
expect that SCD can help to address the role of particle size,
aspect ratio, and geometry on TYSF rheology. Moreover, under-
standing the impact of various kinds of bonding—electrostatic,
covalent, polymer-mediated, etc.—on the mechanical characteris-
tics of gels will significantly improve our ability to design, a priori,
gels and colloidal suspensions with targeted responses and advanced
functionalities.

SUPPLEMENTARYMATERIAL

The supplementary material includes descriptions and results
of SCD measurements performed at high stress (σ > σc), alterna-
tive methods of defining the yield stress σy, and a full mathematical
derivation of the diffusion–aggregation model.
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