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Abstract

Filler-induced strengthening is ubiquitous in materials science and is particularly well-established in polymeric nanocomposites. Despite
having similar constituents, colloidal gels with solid filling exhibit distinct rheology, which is of practical interest to industry (e.g., lithium-
ion batteries) yet remains poorly understood. We show, using experiments and simulations, that filling monotonically enhances the yield
stress (i.e., strength) of colloidal gels while the elastic modulus (i.e., stiffness) first increases and then decreases. The latter softening effect
results from a frustrated gel matrix at dense filling, evidenced by a growing interphase pressure. This structural frustration is, however, not det-
rimental to yielding resistance. Instead, fillers offer additional mechanical support to the gel backbone via percolating force chains, decreasing
the yield strain at the same time. We develop a mechanistic picture of this phenomenology that leads us to a novel “filler-removal protocol,”
making possible individual control over the strength and brittleness of a composite gel.© 2025 Published under an exclusive license by

Society of Rheology. https://doi.org/10.1122/8.0000878

l. INTRODUCTION

Attractive colloids self-assemble into percolating, porous
gel networks, leading to soft solids with finite yield stress
[1-5]. These colloidal gels constitute an important material
class in industries ranging from consumer products to coatings
and biotechnology [6-8]. Hence, understanding and control-
ling their rheology is of broad fundamental interest and practi-
cal importance. The intrinsic dynamical arrest associated
with colloidal gelation [9-13] naturally frustrates mechani-
cal tunability, though several recent works seek to achieve
this via nonequilibrium protocols comprising external flow
[14], acoustic vibration [15], and active doping [16,17].
Nonetheless, the exploration of more efficient rheological
control strategies is still in progress.

Solid filling is a widely used technique for reinforcement,
such as in polymer nanocomposites [18], filled resins [19],
and concretes [20]. The size disparity between the constituents
(i.e., matrix ~ A vs filler >nm) generally enables these materi-
als to be characterized by application of standard approaches in
continuum mechanics [21,22]. In particle-filled colloidal gels,
these lengthscales are comparable (~um), and their interplay
generates novelty not describable by conventional models. For
example, adding non-Brownian grains to a colloidal gel leads
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to a mechanorheological material in which external flow trig- S
gers a unique bistability [23]. Meanwhile, filling nontrivially 3
distorts the gelation diagram boundaries [24], governed in%
part by competing lengthscales that emerge [25].

As the addition of fillers reduces the volume available for &
colloids, the simplest characterization of a filled gel is by its i
effective volume fraction ¢, subtracting the filler volume
from the total as
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where ¢, and ¢ refer to the absolute volume fractions of gel
colloids and filler particles, respectively. Hence, a filled gel
is more concentrated than an unfilled gel at the same ¢,.
Filler-induced strengthening, reported in various colloidal
gels [26,27], is qualitatively described in part by the increase
in ¢, yet quantitatively this measure fails to capture the
filled gel properties [25,28]. With increasing attention being
paid to composite materials, as well as their utility in techno-
logical applications (e.g., lithium batteries [29]), solid filling
is considered a promising approach to tuning gels efficiently
[30,31]. A fundamental understanding of the basic physics
governing filled-gel rheology is, therefore, crucial.

The parameter space of filled gel composites is huge, and
industrial formulations vary from product to product [32,33].
In this work, we focus on a minimal model system: a
strongly aggregating colloidal gel with embedded large, non-
sticky fillers. In experiments, we observe an anomalous
inconsistency between the ¢; dependence of the stiffness,
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represented by the elastic (or storage) modulus G, and the
strength, represented by the yield stress oy. Simulations cor-
roborate this finding, allowing us to unravel the different
roles of filling in the above two cases. Incorporating a length-
scale argument, our results lead to a mechanistic description
that not only has important practical implications (e.g., in
battery processing [34] and geophysical flow [35]), but also
suggests a conceptual pathway to tunable soft composites.

Il. METHODS
A. Experimental materials

Our experimental model system of filled gel contains two
batches of silica particles dispersed in an aqueous solvent.
The gel colloids are stober silica of diameter dg ~ 482 nm
(from light scattering), functionalized with trimethylsilyl
groups to render hydrophobicity [36]. The fillers are regular
silica microspheres of diameter dr ~ 4 um (from Blue Helix
Ltd.), approximately eight times larger than the colloids. For
confocal imaging, dyes are incorporated into the small col-
loids and the nearly refractive-index-matched solvent of
ethanol, water, and glycerol (1:1:9 mass ratio). Confirmed by
microscopy and rheology, the silica colloids strongly attract
each other (U, > kgT) via hydrophobic interactions, while
the fillers are nearly hard spheres with short-ranged electro-
static repulsion (Debye length x =~ 10nm). When mixed, the
colloids aggregate into a porous gel network with fillers
embedded inside, Fig. 1(a). The absence of colloidal “halo”
precludes strong attractions between gel colloids and fillers,
see Fig. S1 in the supplementary material.

For filled colloidal gels, we fix the absolute volume frac-
tion of gel colloids at ¢, = 0.1, which gives a tenuous solid-
like gel, and we vary the volume fraction ¢y of fillers.

B. Simulations

Using LAMMPS [37], our simulation system consists of
attractive gel colloids with an average diameter d, (bidis-
perse with 1:1.3 to prevent crystallization) and large fillers
with diameter df = 8d, in a cubic box with Lees—Edwards
periodic boundaries. Based on the pair types (g-g, g-f, and
f-f), three interactions are considered. For simplicity, both

(@)  Experiment (b) Simulation
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FIG. 1. (a) Colloidal gels with particle fillers in experiments (confocal
slice). Red: gel colloids with ¢, = 0.1; blue: solid fillers with ¢y = 0.2. (b)
3D rendering of a simulation in similar conditions to (a). The interactions
(potential curves) used in the simulations are sketched on the left.
h = r — (a; + a;) refers to the surface distance between the ith particle with
radius a; and the jth particle with radius a;. r refers to the center-to-center
distance.

volume exclusion (among all particles) and g-g attraction
(between gel colloids) are modeled using Hookean springs
with a unified stiffness k, i.e., harmonic potentials as shown
in Fig. 1(b). Attraction is set to be short-ranged (§, = 0.01d,)
and strong (U, = k¢ f /2 = 20kgT) [38], giving the interaction
stress scale Uydy 3,

Analogous to experiments, we fix the gel volume fraction
at ¢, = 0.1 and vary that of fillers ¢;. To prevent finite size
effects, all simulations contain at least N, = 40000 gel col-
loids, i.e., the box size L260d,. Gelation begins from a random
configuration and proceeds over 10z under a Langevin ther-
mostat until reaching a stable gel, where 75 = m]dg /2kgT is
the Brownian time scale of gel colloids with solvent viscosity
n. We then relax the gel by gradual quenching to kg7 = 0.
Our primary focus in this study is the effect of fillers on the
network morphology and the resulting mechanics. As we con-
sider sufficiently strong colloidal bonding, dynamical effects
(e.g., caging effects [39] and the glass transition [40]) contrib-
ute little to the rheology. Therefore, adapted from [41], our
simulations measure the rheology at athermal conditions fol-
lowing a full quench.

Throughout this work, each simulation runs five times,
with the presented data and error bars representing the
average (or geometric mean) and standard deviation, respec-
tively. We use OVITO [42] to render visualization.

C. Rheology

For both experiments and simulations, we measure the 3
theology once the gel is fully formed. Rheological measure-<
ments comprise small amplitude oscillatory shear (SAOS) and
creep test, giving the elastic modulus G’ and yield stress oy, &
respectively. R

Before each experimental measurement, we perform a high-
rate rejuvenation at 7 = 1000s~! for 1 min and a subsequent
30 min recovery at rest to prevent the phase separation as
reported in [23]. Rheology is then measured on a stress-
controlled, Anton Paar MCR 301 rheometer with a sand-
blasted cone-plate geometry (cone angle 1°; diameter 25 mm;
truncation gap 48 um). SAOS is carried out with strain ampli-
tude y, = 0.1% and a low frequency @ = 1rads~!, with 30s
equilibration and subsequent 60 s measurement. These guar-
antee reproducible measurements in the linear regime (see
Fig. S2 in the supplementary material). For creep tests [43],
we start from a small stress o = 0.1 Pa and increase it in a
stepwise manner until steady flow (y ~ constant and y > 0)
occurs. Imposing a constant stress o, we measure the strain
evolution for at least 5 min, which is sufficiently long for the
shear rate ¥ to be either vanishing (below yielding) or finite
(beyond yielding).

In simulations, SAOS is carried out at the same amplitude
(7o =0.1%) and a low frequency w (see Fig. S3 in the
supplementary material). Compared with the damping time
tqa = mg/3nnd, (wWhere mg refers to the particle mass), the
oscillation is slow enough (wty ~ 0.01) to eliminate inertial
effects. Oscillation proceeds for five full cycles, with the first
two cycles for equilibrating and the last three cycles for aver-
aging measurement. With the time series of shear stress o(f)
and sinusoidal shear strain y = y,sin(w?), we use Fourier
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FIG. 2. Rheology measurements in simulations. (a) Stress signals in oscillatory rheology (SAOS) and modulus decomposition. (b) Schematic feedback loop in
stress-controlled simulations. (c)—(e) Creep test results of a filled gel at ¢; = 0.4. (c) Under a series of setpoints oy, the measured stress ¢ equilibrates at oy
within 20 simulation steps (transient region). (d) The strain y evolves over time under creep tests, either reaching a finite value (nonflow, o < oy) or linearly
growing (flow, o > oy). (e) For the data just below the yield stress [o‘/Uadg’3 = 0.60, with filled square symbols (red) in (c) and (d)], the stress o is further
decomposed by pair species [see Eq. (3)], and their evolutions over strain y. The stable values (64—, G4, and 6¢_r) refer to the yield strength contributions.

Transform to extract the stress amplitude o and phase dif-
ference 0, giving the elastic modulus G’ = (o¢/7,)cos 6 as
shown in Fig. 2(a).

Rheological simulations on LAMMPS are intrinsically
rate-controlled. To achieve creep tests, we implement a feedback
loop [44] internally to maintain a constant shear stress o by
adjusting the shear rate y at every single step, Fig. 2(b). Given a
setpoint o, we measure the shear stress o(f) and then impose
a corresponding shear rate (#) based on the distance to the set-
point, i.e., the error value e(f) = o(f) — oy. Specifically, a
proportional-integral (PI) controller is applied as follows:

t

y(t) = Kpe(®) + K; J e(?)dt, 2

0

where K, and K; are two control parameters. With appropriate
parameter tuning, such a method can stabilize the stress o
around the setpoint (with < 1% error) in 20 simulation steps,
such as Fig. 2(c). By imposing a series of shear stresses, we
examine the evolution of strain y(r) to determine the nonflow
(7 = 0) and flow (y =~ constant and ¥ > 0) states, as well as
the yield stress oy and yield strain y, as shown in Fig. 2(d).

1. Stress decomposition

In simulations, we keep the shear rates (y,o in oscillatory
rheology and ¥ in creep test) sufficiently small to eliminate
inertial effects. This enables us to ignore the kinetic contribu-
tion (ocmv?) and bulk viscous stress (oc7y) in the shear stress
o. To gain mechanistic insight, we decompose o into contri-
butions from each of three interacting pairs,

o

S

O =0y 5+ 0y +0¢t, €}

2

then obtain the corresponding moduli G, ,, G, , and G} &

by Fourier transformation of the respective signals, Fig. 2(a). §
The linearity ensures G' = G},_, + G, ; + G;_; (see demon-
stration in the supplementary material).

Similarly, the yield stress o, measured from the creep test
can be decomposed as well. For the stress just below yielding
(0 — o), we apply stress decomposition Eq. (3) to show
the evolution of each component, Fig. 2(e). The stress value
in the equilibrium state (y — y,) then represents the contri-
bution of each interaction type to the overall yield strength,
denoted by 64_g, Go_f, and G¢_s.

lll. RESULTS
A. Unfilled gel rheology

We first investigate the rheology of unfilled colloidal gels,
i.e., ¢ =0. In experiments, both the elastic modulus G’
(from SAOS) and the yield stress oy (from creep test) mono-
tonically increase with the volume fraction of gel colloids ¢,,
Fig. 3(a). Power-law fittings give G' = 2.27 x 10° ¢}** Pa
(blue solid line) for elastic modulus and oy =1.7
x10° ¢;27 Pa (red dashed line) for yield stress. The expo-
nents are roughly consistent with those in the literature
(such as the “strong-link gel” in [45]), indicating strong
attractions between colloids.

Similar to experimental results, G' and oy in simulations
also increase with ¢, in power-law manners, Fig. 3(b). Fittings
give G'/Und;* =298¢7°" and oy/Ud;* =19.1 4,7,
respectively. Though still consistent with literature values
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(a) Experiment

(b) Simulation
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FIG. 3. Unfilled gel rheology in experiments (a) and simulations (b). Elastic
modulus G’ (blue triangle) and yield stress oy (red diamond) vary as functions
of gel volume fraction ¢,. Solid and dashed lines are power-law fittings. For

experiments, G’ = 2.27 x 105 d)g.zz Pa and 6, = 1.7 x 103 ‘1’2'27 Pa. For sim-
ulations, G’/Uaa’[;3 =298 ¢§-31 and oy/Uad; —191 ¢;,73.

[46—49], both the exponents are lower than those of experi-
mental gels. This quantitative discrepancy may result from
the simplified interactions used in our simulations, which
do not consider more complex and realistic effects such as
hydrophobicity [50], frictions [51], and adhesions [40],
among others. However, such a minimal model can help us
efficiently uncover the key physics of composite gels. The
qualitative agreement also supports our methodology.

B. Rheological inconsistency in filled gels

With the volume fraction of gel colloids ¢, = 0.1 fixed,
we investigate how the addition of fillers affects the filled
gel rheology. According to Eq. (1), fillers effectively con-
centrate the gel and, in principle, are expected to increase
both G’ and oy as predicted by the power laws in Fig. 3. As
shown in Fig. 4, the yield stress oy (red squares) indeed
increases monotonically with the filler volume fraction ¢y.
The elastic modulus G’, on the contrary, exhibits a peak at
¢f ~ 0.3 and then decreases, i.e., softening. Such a drop in
modulus with dense filling conflicts with the expectation
from increasing ¢, (solid black lines) and deviates mark-
edly from the trend of increasing yield strength. Despite the
quantitative differences, this inconsistency is observed in
both experiments and simulations, Fig. 4.

C. Nonmonotonic elastic modulus

To uncover the origin of softening, we apply the stress/
modulus decomposition [Fig. 2(a)] to the filled gels in simu-
lations. In the low-filling regime (¢; S ¢f), the elastic
response is dominated by that of the gel matrix G’g_g, Fig. 5(a).
Here, fillers are mostly isolated, or loosely confined, within the
gel matrix as shown in Fig. 5(c) (left). The occasional gel-filler
and filler-filler contacts are unsustainable and thus respond vis-
cously, leading to vanishing G, ; and G%_; in Fig. 5(a).

Extending the power law of unfilled gels to filled gels, we
find that the elastic modulus predicted using ¢ in place of
¢, [solid black line in Fig. 5(a)] appears to capture well the
measured G’ below ¢;. That is, consistent with accelerated
gelation [25], fillers concentrate the gel matrix in a manner
effectively described by ¢.4. While such G'—¢ scaling is
expected locally, this is not trivial on a global level since
loosely confined fillers generate cavities in the gel network.
Presumably, both the stress and strain are associated with

o~ 0.3
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sto 2 LCUL
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Filler Volume Fraction ¢y

FIG. 4. Rheological inconsistency in granular-filled colloidal gels. (a)
Experimental (Exp) data of yield stress oy and elastic modulus G’ are plotted
as functions of filler volume fraction ¢;. The solid black line refers to the
¢eir-predicted  elastic  moduli, giving G’ =2.27 x 10° ¢ Pa.  (b)
Simulation (Sim) data of oy and G’ in semilogarithmic plots. The solid black g
line shows G'/U,d; > = 29.8 47"

their local counterparts by a factor of ~(1 — <;bf)*1 (cf. [52])
so that they cancel out in G'.

As filling increases (¢ > ¢f), fillers start to frustrate and 8
thereby weaken the gel skeleton via direct contacts, Fig. 5(c)
(right). This is evidenced by the decreased gel modulus
G o> Which decays faster than the overall elastic modulus

116:80 620z Atenuer L

G'. While the gel-matrix contribution still dominates, the
filler-induced moduli G, ; and G}_; emerge above ¢; and
increase with filling, Fig. 5(a). This implies that the fillers
are persistently trapped within the gel skeleton via mechani-
cal contacts, which enable them to participate directly in
structural percolation and stress transmission.

In contrast to the sparsely filled gels, fillers (¢ > 0.3)
participating in the load-bearing network serve as junctions
and thus induce heterogeneous stress transmission [53]. In
addition, the gel-filler and filler-filler pairs cannot support
tensile loads, unlike the gel-gel matrix, where both tension
and compression generate elastic forces. Together, these
factors result in less efficient stress transmission and, there-
fore, a reduction in elastic modulus G'.

Moreover, the mechanical frustration from gel-filler con-
tacts above ¢ plays a role. We characterize this frustration
using the interphase particle pressure

1
Hgt = —gtf(zgff), 4)

where X,_; denotes the gel-filler stress tensor measured at
rest. At low filling ¢¢ < ¢, the vanishing interphase pressure
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FIG. 5. Decomposition of elastic modulus G'. (a) Decomposed elastic
moduli as functions of filler volume fraction ¢. Solid line:
G'/U.dy 3 =29.8 ¢ with ¢ defined in Eq. (1). (b) Interphase pressure
Iy_¢. Here, we use the geometric mean for Il,_¢, which is nonzero for
¢ > ;. (c) Schematic gel matrices at low ¢y < ¢ (left: loosely confined)
and high ¢; > ¢f (right: mechanically frustrated). Interphase contacts are
highlighted.

IT,_s = O [Fig. 5(b)] is consistent with the absence of G;,ff
in Fig. 5(a), again confirming loosely confined fillers.

At high filling ¢; > ¢f and with sufficient relaxation
prior to measurement, Il,_¢, or equivalently the frustration
on the gel, cannot be fully relaxed due to the limited free
space. Instead, it becomes nonzero beyond qS? ~ 0.3 and
increases with ¢, Fig. 5(b). This coincides with the observed
finite elastic responses from solid fillers (G, _; and G% ),
indicating a change in the stress transmission mode. Such
filler-induced prestress [54] also suggests another possible
origin of softening in G'.

1. Lengthscale scenario

A simple lengthscale argument seems to capture the
deviation in G’ from the ¢ prediction reported here. For
colloidal gels, a characteristic lengthscale £ can be esti-
mated from the primary peak of static structure factor S(g),
Fig. 6(a) and Fig. S4 in the supplementary material.
As & decreases with ¢, according to a power-law as
&/dy = 1.44¢g_ 088 (solid line), we assume such a scaling
holds in filled gels by replacing ¢, with ¢g. Another relevant
lengthscale is the average spacing between fillers 6, which has
been verified as important in various gel composites [26,55].
Through Voronoi analysis, we show how &, almost indepen-
dent on cl)g, decreases with ¢y, Fig. 6(b).

@ 10] b) 19
= 3
~ ~ 1
w S

e Filler-only

0.1v Filled gel |

0.0 0.2 04 0.6
f

A 1 L 1 L
0.0 0.2 0.4 0.6
Filler Volume Fraction ¢

2
FIG. 6. Lengthscale scenario. (a) Characteristic gel length & varies with §
volume fraction qbg in colloidal gels. Extracted from structure factors shown §
in Fig. S4 in the supplementary material. The solid line refers to power-law S
fitting: &/d, = 1.44¢;0'88. (b) Filler spacing ¢ as a function of filler volume §
fraction ¢ in both filler-only systems (¢, = 0) and filled gels (various ¢,). 8
The average spacing & is measured from the equivalent sphere diameters of
Voronoi cells. (c) Elastic modulus G’ as a function of filler volume fraction 3
¢y at different filler sizes dr. (d) Lengthscale ratio /8. The horizontal gray
solid line refers to the critical value £/8 = 2. The vertical dashed lines refer
to the crossover points.

When the ratio of the two lengthscales £/6 is small, aggre-
gated clusters can be naturally accommodated between fillers
without being disturbed (i.e., loose confinement), forming a
colloidal gel network well characterized by ¢.4. As the ratio
increases, the reduction in free space leads to inevitable frus-
tration on the gel matrix. A critical value £/8 = 2 [dashed
gray line in Fig. 6(d)], which captures the deviation of gelation
time in [25], also coincides with the transition of G’ away
from the unfilled prediction in Fig. 6(c) (blue triangle) at
¢; ~ 0.3. Importantly, this lengthscale argument appears to
hold for various filler sizes df as shown in Figs. 6(c) and 6(d),
suggesting a general physics of lengthscale interplay.

While the gel volume fraction ¢, = 0.1 is fixed in this
work, we expect the critical lengthscale ratio £/8 = 2 to still
apply within a range of ¢, by simply changing &. Yet a col-
loidal gel network is typically porous and of multiple scales.
For very low ¢, where the gel clusters are highly porous, the
fillers may be accommodated within the clusters, invalidating
the comparison between cluster size (~¢) and filler spacing
(~6). For higher ¢,, the gelation proceeds in a manner of
viscoelastic phase separation [56], where a percolated
network is formed before coarsening and clustering. In such
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case, disturbance on the final gel structure is limited. Hence,
a generic framework of legnthscale interplay may require the
incorporation of multiple physical quantities.

D. Yielding resistance

Although mechanical frustration caused by dense filling
reduces the stiffness, it does not affect the yielding resistance;
the yield stress oy, monotonically increases with ¢, Fig. 4.
Creep test and stress decomposition illustrate the microscopic
origin. For filled gels with low ¢, the stress is mostly under-
taken by the gel matrix [Fig. 7(a), upper], i.e., 0s_s = Oy as
shown in Fig. 7(d). This supports our argument that fillers
are loosely confined and, therefore, their stress can be
relaxed under load prior to yielding. Below ¢, the strength-
ening in the yield stress oy is subtle.

As ¢y increases, the other two components (G,—¢ and G¢_y)
grow and even exceed G,_, beyond ¢; = 0.5, Fig. 7(d). This
differs from G’ in Fig. 5(a), where G,_; and G}_; are always
below G, .. In a highly filled gel, such as ¢ = 0.4 in
Fig. 7(a) (lower), the fillers develop into percolating force
chains along the compressive direction under shear. Moreover,
the fillers, initially unaggregated, are pushed together under
creeping shear and form clusters of fillers which persist
under stress, such as Fig. 7(c). Under confinement of gel
matrix, the largest cluster size LI increases with ¢; and per-
colate beyond ¢; =0.35 as shown in Fig. 7(b), greatly
resisting yielding as a result. This is reminiscent of the per-
colation threshold in polymer nanocomposites [57], both
leading to substantial strengthening. Further decomposing
the gel response 6,_, into tensile and compressive compo-
nents, we find that the ratio of compressive loads increases
with ¢; [inset of Fig. 7(d)].

Surprisingly, in contrast to the filling-dependent Gfg_g
shown in Fig. 5(a), the yield stress contribution 6,_, from
the gel matrix remains almost independent of ¢;, Fig. 7(d).
In other words, solid filling either enhances (loose confine-
ment) or weakens (mechanical frustration) the stiffness Gfgf
of gel matrix depending on ¢, but seemingly plays little role
in the yielding resistance 6,_,. This distinction is associated
with the physical difference between the two quantities. The
elastic modulus G’ represents the stiffness of a material (i.e.,
how difficult to deform) and is typically measured at a small
strain amplitude (y, = 0.1% in this work). In contrast, yield
stress oy, or strength, refers to the maximum load that a
material can bear prior to failure, which usually occurs far
beyond the linear regime (y, 2 10% in this work). This dif-
ference also determines whether the fillers percolate (yield-
ing), such as Fig. 7(c), or not (SAOS). We conclude,
therefore, that the monotonic strengthening in oy stems from
the additional mechanical support offered by solid fillers,
which may form percolating clusters when resist yielding.

E. Filler removal and tunability

The transition in yielding mechanism also manifests in
the yield strain y,. Though quantitatively different [58],
both experiments and simulations confirm that solid filling
leads to a reduction in y,, Fig. 7(e). This embrittlement
indicates more possibilities in tunable gel rheology. To
further extend such tunability, as well as to better illustrate S
the role of solid filling, here we develop a filler-removal g
protocol. This protocol is inspired by the template-removal g
technique [59] in mesoporous materials. Specifically, we 3
remove fillers following gelation and perform relaxation§
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and rheological measurements afterward. The proportion o 3
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Pair types are represented by different colors of bonds, whose width is proportional to the force magnitude. Slices with a thickness of 10d; in the flow-gradient
plane are shown. See full movies Videos S1 and S2 in the supplementary material. (b) Size of the largest filler cluster LI, normalized by the box size L, under
creep test (y — y,). Filled symbols represent percolated clusters. (c) An example of percolating filler cluster at ¢y = 0.4. (d) Yield stress oy and contributions
from each interacting pair type (Gg—g, Gg—f, and G¢_¢) as functions of filler volume fraction ¢;. Inset shows further decomposition of 6,_, into compressive
and tensile loads. (e) Yield strains Yy (determined by creep tests) from simulations (sim) and experiments (exp) as functions of filler volume fraction ¢;.
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of fillers to remove (randomly selected) then becomes a
tuning parameter, Fig. 8(a).

While the yield strength monotonically increases with ¢,
removing all fillers (¢ = 100%) always reduces the yield
stress oy to that of an unfilled gel, Fig. 8(b). This is consis-
tent with the insignificant ¢; dependence of the stress contri-
bution 6,_, from gel matrix, Fig. 7(b). In addition, a gel
with partially removed fillers (& = 20%) exhibits an interme-
diate yield stress between those of a full composite (o = 0%)
and a filler-removed matrix (o = 100%), Fig. 8(b).
Regardless of the initial ¢, the yield strength oy seems to be
mainly determined by the remaining filler volume fraction
¢¢(1 — @), as shown in Fig. S5 in the supplemental material.
These results, as well as the lower G’ upon filler removal
(see Fig. S6 in the supplementary material), further elucidate
the role of solid fillers in mechanical reinforcement.

Interestingly, the filler-removal operation appears to have
little effect on the yield strain y,, Fig. 8(c). This implies the
structural origin of filler-induced embrittlement. Though increas-
ing the concentration typically reduces the yield strain in colloi-
dal gels [45], the reduction in y, may not be simply attributed
to the increasing ¢.;. With the same composition, the yield
strain y,, varies as a function of the filler size dr. Larger fillers
(df = 12d,) give rise to lower y,; comparable sizes (df = d,)
barely change y,, Fig. 8(c). These results suggest another size-
dependent physics, which is not accounted for ¢ in Eq. (1).

Dilute gels of strongly aggregating colloids consist of
ramified clusters [60], in which thin strands are packed in a

80 G20z Asenuer

fractal manner (see Fig. S4 in the supplementary material). &
With strong attractions, these strands hardly deform on their
own [61], but their joints, instead, are relatively flexible to
allow cluster rotations. Hence, the gel network evolves into a
highly stretched state under shear [41], and the yielding point
correlates with the fracture of the most-stretched strand,
Fig. 8(d) and Video S3 in the supplementary material. While
network morphology is determinative to gel rheology [62], a
quantitative analysis based on the shortest percolation path
(SPP) [63] agrees with our measurement on y,, for dilute gels
(see Fig. S7 in the supplementary material).

Filling at high ¢; solidifies the joint-strand connections
via squeezing. The gel is squeezed to fit in between com-
pactly packed fillers, and the colloidal lumps (joints) only
stay at the filling interstice, Fig. 8(f). If assuming fully con-
strained joints at the dense limit, yielding occurs with the
rupture, rather than stretch [see Fig. 8(f) and Video S4 in the
supplementary material], of the strands. The yield strain y,
may be alternatively estimated by the aspect ratio of strands.
While the strand length [ is comparable to the filler size df
as sketched in Fig. 8(f) (left), the width As ~ 2d, can be
approached by considering a strand of tetrahedrons (the
minimal rigid element [64]). Thus, we can estimate the yield
strain as Yy~ As/ls, which is dr dependent.

For large df, the above estimate is in quantitative agree-
ment with the simulations, Fig. 8(c) (dashed lines). Small
fillers, nevertheless, behave more like a continuous fluid
phase without modifying the final gel structure (see gel-gel
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structure factor, Fig. S8 in the supplementary material) and
thereby have less impact on y,. While the two yielding sce-
narios we proposed [Figs. 8(d)—8(f)] exhibit semiquantitative
agreement with simulational measurements, experimental
verifications are, unfortunately, unpractical due to the limited
view and time resolution in microscopy.

The disparate dependence of yield stress and strain on
filler removal allows for additional tunability. For colloidal
gels, changing volume fraction merely enables limited explo-
ration on the oy—y, diagram, Fig. 8(g) (blue solid circles).
With the filler-removal protocol applied, the yield strength
oy varies with both the filler volume fraction ¢; and the
removal fraction «, while the yield strain Yy is a function of
¢; only. This suggests a novel way to tune gel rheology. By
replotting the data of Figs. 8(b) and 8(c) (dr = 8d,) in the
same diagram, we find that filling techniques enable continu-
ous exploration to a more brittle state (low oy and low yy),
Fig. 8(g) (red squares), which is not naturally accessible by
unfilled gels. That is, the filler-removal protocol enables indi-
vidual control over strength and brittleness.

There are several candidate experimental protocols in
which this computational proof-of-concept could be real-
ized. One is to adapt current template-removal techniques,
which utilize microwave [59], ultraviolet light [65], chemi-
cal reflux [66], etc. Using fillers of thermo-sensitive mate-
rials (e.g., pNIPAAm [67] and gelatin [68]), filler-removal
protocol may also be achieved via temperature control.
Alternatively, bubbles- or droplets-embedded gel composites
[69-72] exhibit potential of practical filler removal as well.
While these routes highly enrich the control diagram, tunabil-
ity using other quantities, such as gel volume fraction ¢, [45],
filler size dy [Figs. 6(c) and 8(c)], and interparticle friction
[73], presents a vast parameter space of rheological control by
formulation that can be made rational by the mechanistic
insight provided here.

IV. CONCLUSIONS

Altogether we probe the impact of solid filling on colloi-
dal gel rheology, focusing on the case of large, nonsticky
fillers embedded in a matrix of a dilute, yet strong
(Uy > kgT), colloidal gel. With more fillers added to the
gel, the inconsistency between yield strength (~oy) and
stiffness (~G’) indicates different roles of solid filling. Fillers
can additionally support the gel matrix to resist further yield-
ing under sustained load and large strain, whereas beyond
¢; ~ 0.3 the structural frustration on the gel backbone domi-
nates and leads to softening under small amplitude oscillatory
shear. This structural impact also leads to a reduction in yield
strain  y,. Exploiting the novel filler-removal protocol
described here, one may individually control the strength and
brittleness to achieve a new practical route to tunability in
colloidal gel rheology.

SUPPLEMENTARY MATERIAL

See the supplementary material for the following: Videos
S1-82: Filled gels (S1: ¢; = 0.1; S2: ¢y = 0.4) under creep
test. Within the slice of thickness = 10d, in the flow-gradient
plane, only interacting pairs are shown as interparticle bonds,

JIANG ET AL.

where the color and width represent pair type and force mag-
nitude, respectively. The time step (shown at the top-left
corner) interval between frames is logarithmically scaled.
Videos S$3-S4: Filled gels (S3: ¢ =0.1; S4: ¢y =0.4)
under creeping with SPP (measured at rest) highlighted in
red. For better visualization, colloids and fillers are set to be
translucent. Experiments: The absence of colloidal “halos”
around hydrophobic fillers precludes strong gel-filler attrac-
tions; Rheology of a ¢, = 0.1 colloidal gel justifies our mea-
surement protocol. Simulations: Demonstration of modulus
decomposition; dynamic tests of a ¢, = 0.1 colloidal gel;
structure factors of colloidal gels; yield stress upon filler
removal as a function of ¢¢(1 — &); elastic modulus upon
filler removal; shortest percolation path (SPP) in colloidal
gels; gel-gel structure factor with small fillers (df = d).
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