>
O
L)
@)
Q
L
o
Y
@)
©
| -
| -
-
@)
ﬁ

RESEARCH ARTICLE | JANUARY 02 2025
A basic model for the nonlinear rheology of bijels 6©

Herman Ching; Ali Mohraz & ©

’ '.) Check for updates ‘

J. Rheol. 69, 45-54 (2025)
https://doi.org/10.1122/8.0000914

@ B

View Export
Online  Citation

Related Content

Shear dynamics of confined bijels

AIP Advances (September 2020)

Fabrication and application of bicontinuous interfacially jammed emulsions gels
Appl. Phys. Rev. (June 2021)

Microstructure, phase inversion and yielding in immiscible polymer blends with selectively wetting silica
particles

J. Rheol. (March 2017)

ADVANCED RHEOLOGY MEASUREMENTS

at your FINGERTIPS Waters™ | A

Instruments

: : ; % COMPARE MODELS

Choose from 3 leading platforms to suit your testing needs

¥0:6¥:02 5202 Ael v1


https://pubs.aip.org/sor/jor/article/69/1/45/3329034/A-basic-model-for-the-nonlinear-rheology-of-bijels
https://pubs.aip.org/sor/jor/article/69/1/45/3329034/A-basic-model-for-the-nonlinear-rheology-of-bijels?pdfCoverIconEvent=cite
javascript:;
javascript:;
https://orcid.org/0000-0002-5178-9166
https://crossmark.crossref.org/dialog/?doi=10.1122/8.0000914&domain=pdf&date_stamp=2025-01-02
https://doi.org/10.1122/8.0000914
https://pubs.aip.org/aip/adv/article/10/9/095304/992299/Shear-dynamics-of-confined-bijels
https://pubs.aip.org/aip/apr/article/8/2/021323/1067913/Fabrication-and-application-of-bicontinuous
https://pubs.aip.org/sor/jor/article/61/2/363/241247/Microstructure-phase-inversion-and-yielding-in
https://e-11492.adzerk.net/r?e=&s=zZFp3PPb_GIRSxy9FpaHYq6tQz0

Check for
updates

A basic model for the nonlinear rheology of bijels
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Abstract

We examine the rheology of bicontinuous interfacially jammed emulsion gels (bijels) beyond the limit of linear viscoelasticity and
propose a simple model that connects bijel rheology to anticipated microstructural changes in the continuous particle-laden interface. The
basic elements of our model are constructed from a linear stress relaxation experiment, which suggests glasslike rheology mediated by o
(out-of-cage) and f (in-cage) particle dynamics along the interface in this limit. Extending to medium amplitude oscillatory shear experi-
ments then reveals signatures of nonlinearity, which we rationalize as the combined effect of shear-induced dilation of the interface and
its simultaneous recompaction by interfacial tension, as well as potential buckling along portions of the interface under compression.
Informed by these observations, we present a double Maxwell model with sigmoidal nonlinearities introduced to account for how interfa-
cial dilation and recompaction affect the intercage particle dynamics (o relaxation) along the interface and buckling. This simple model
successfully captures the general features of nonlinear rheology in bijels, indicating that their linear-to-nonlinear transition is associated
with loss of compaction along the dilated and buckling along the compacted regions of the interface. Our results shed initial light on the
microstructural origins of nonlinear rheology in bijels and the reconfigurability afforded in these systems by the balance of glassy particle
dynamics and interfacial recompaction under shear deformation.© 2025 Published under an exclusive license by Society of
Rheology. https://doi.org/10.1122/8.0000914

. INTRODUCTION With several proof-of-concept applications as mentioned
above already demonstrated, the next leap toward the devel-
.. . o . . . opment and implementation of bijel-derived technologies at _
bijels, are solid-stabilized emulsions uniquely characterized . . . B
scale requires a better fundamental understanding of bijel =

by two dl.St.mCt fluid phase§ that are separated apd mechgm— rtheology [24,25]. This proposition is specifically motivated 5
cally stabilized by a continuous, sample-spanning particle- 8

laden interface [1]. Bijels are typically formed by initiating by the following two problems. First, one of the most promi- §

. o . . . nent methods of bijel processing to date involves a monomer 5
spinodal decomposition in a dispersion of neutrally wetting .. . . =
. . . . exchange step after bijel formation [26], which can lead to =
nanoparticles [2—4]. During spinodal decomposition, the . . . .
. . . . . surface tension gradients along the jammed interface and a
nanoparticles irreversibly adsorb to the continuous interface . . .. .
. . 3 . . complete microstructural breakdown if the bijel cannot with-
with adsorption energy >10" kgT [S]. Reduction of the inter- . .
. : . . . . stand the resulting Marangoni forces [27]. Second, a better
facial area due to interfacial tension brings the particles understandine of biiel rheoloey. especially in the laree strain
together until the surface coverage approaches the two- £ J £, €SP y £

. . . . .. . limit, can lead to the development of cocontinuous compos-
dimensional (2D) jamming limit for the type of particles . . . . . .
. . . . ites with anisotropic transport and mechanical properties, a
used. Colloidal jamming along the continuous interface then . . L . .
. . . . topic with significant technological potential that has
kinetically halts the process and yields sufficient mechanical .
. . . . . . remained largely unexplored. To address these concerns, Lee
rigidity to sustain a self-standing, bicontinuous emulsion . .
; . . . . . et al. conducted the first rheological study on water/
with a sample-spanning continuous interface with a predomi- o .
. . 2,6-lutidine  (W/L) and nitromethane/ethylene glycol
nance of zero mean, negative Gaussian, curvatures (saddle .. . .
. . . . (NM/PG) bijels and concluded that greater interparticle
points) [6,7]. Importantly, the interfacial area per unit volume . . . el
(or characteristic domain size) at the onset of jamming can attractions result in more mechanically robust bijels in the
. . Ja & WI/L system than their NM/PG counterparts [27]. Macmillan
be controlled via the volume fraction of nanoparticles (¢snp) . . .. .
.. . et al. later performed a rheological investigation combined
[8-10]. The combination of these microstructural features i . . . ..
.. . with in situ confocal imaging on a particular class of bijels
makes bijels excellent candidates for template-based synthe- . 2. . .
. . . . . . that are formed by direct mixing and provided evidence for
sis of functional materials with applications ranging from . e . .
. . . . two-step yielding and fluidization of the interface prior to
electrochemical devices [11-17] to catalysis and separations

[18,19], regenerative biomaterials [20,21], and architected shea.r—mduced mlc.rostructural breakdown [28]. Ba]..e[ al.
composites [22,23] studied the dynamics and rheology of a nonpolar bijel and

reported evidence of coarsening and particle rearrangements
along the interface over long periods [30]. A review article
by Thijssen and Vermant has provided important insights
YAuthor to whom correspondence should be addressed; electronic mail: into the connection between interfacial rheology and stability
mohraz@uci.edu of bijels [29]. Finally, in a recent study focused on the nature

Bicontinuous interfacially jammed emulsion gels, or
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of interparticle interactions in bijels, we demonstrated that
the viscoelasticity of bijels made with 1,4-butanediol (BD),
propylene carbonate (PC), and neutrally wetting silica nano-
particles (SNPs) can be attributed to interfacial jamming
alone, and attractive interparticle interactions are not neces-
sary for achieving mechanical stability in these systems,
which do not form monogels [30,31]. In that work, the linear
viscoelasticity of bijels was aptly described by an early adap-
tion of the Mode Coupling theory first derived to model col-
loidal glasses, with signatures of a- and pS-like relaxation
mechanisms at long and short timescales [32]. These obser-
vations depicted bijels as 2D colloidal glasses wrapped in
3D, with glasslike viscoelasticity resulting from colloidal
jamming along the continuous interface. This picture then
raises the following intriguing question: if bijel viscoelastic-
ity purely arises from interfacial jamming, how would the
particle dynamics and rheology change in response to shear
deformation in the intermediate strain regime? Bijels offer a
unique manifestation of this problem since shear deformation
can result in a net increase in the interfacial area, effectively
unjamming the weaving 2D colloidal glass while interfacial
tension continuously recompresses the interface toward its
jamming limit [33,34]. In addition, portions of the
sample-spanning jammed interface colinear with the rota-
tional component of shear deformation can undergo local
buckling at intermediate strains. Therefore, the rheology of
bijels, especially at intermediate strain amplitudes, is likely
governed by a rich rate-dependent competition between
deformation-induced unjamming and recompression by inter-
facial tension, as well as potential buckling along a
sample-spanning jammed interface.

To provide a general framework for investigating these
questions, here we present a simple model for bijel rheology
both within and beyond the linear viscoelasticity limit. The
central concepts underlying our model are how the particle
dynamics may be impacted by shear deformation, as well as
how large deformations may lead to loss of elasticity and
buckling in bijels. We first construct the model’s basic ele-
ments from a stress relaxation experiment [35]. Nonlinear
effects are then incorporated based on the anticipated depen-
dence of particle dynamics on interfacial coverage and its
relation to the rate and magnitude of shear deformation, as
well as loss of elasticity due to unjamming of the particles,
and potential buckling along the interface. We then test the
ability of our simple model to capture the transition from
linear-to-nonlinear viscoelasticity in bijels by comparing its
predictions to experimental results in the context of Lissajous
curves and frequency sweep measurements at intermediate
strain amplitudes. We demonstrate that a simple double
Maxwell representation of the system, based on the widely
separated timescales for a- and S-relaxation modes and
appropriate nonlinear effects to account for faster intracage
dynamics and smaller elastic moduli at lower surface cover-
age, is able to represent the gross features of bijel rheology
within and beyond the linear viscoelasticity limit. Overall,
our findings provide a simple framework to understand bijel
mechanics as well as affirm that glasslike particle dynamics
play an essential role in the rheology of bijels and interfacial
compaction is the predominant contributor to their viscoelasticity

and mechanical stability. Furthermore, the onset of nonlin-
earity appears to originate from the deformation-induced
local dilation and fluidization along the continuous inter-
face as well as potential local buckling along its com-
pressed regions.

Il. MATERIALS AND METHODS
A. Materials

All materials were used as received. BD (99%), PC
(99.7%), fluorescein isothiocyanate isomer I (FITC, >90%),
and tetraethyl orthosilicate (>99.0%) were purchased from
Sigma Aldrich. (3-aminopropyl) triethoxysilane (APTES,
>98%) was purchased from TCI America. HPLC grade water
was purchased from Fisher Chemical. Strong ammonia
hydroxide solution (27%-30%) was purchased from VWR.
Anhydrous ethanol (200 proof) was purchased from
Rossville Gold Shield. Hexamethyldisilazane (HMDS, 98+%)
was purchased from Alfa Aesar.

B. Silica nanoparticle synthesis

Monodispersed, fluorescently tagged SNPs were synthe-
sized using a modified Stober process and subsequently
silanized to achieve neutral wetting properties with respect to
BD and PC. In brief, 8.0 mg of FITC and 33.8 ul of APTES
were mixed into 6.4 ml of anhydrous ethanol for 15 min to
synthesize a silane-conjugated fluorescent dye. Then, 1 ml of
the dye solution, 1 ml of water, 680 ul of tetraethyl orthosili- =
cate, and 295 ul of strong ammonia solution were added to&g
8.8 g of anhydrous ethanol and allowed to react for 3 h underg
mild stirring at 4 °C. Next, 175 ul of HMDS was added to 8
the reaction mixture and allowed to react for 18 h. In our§
experience, bijel formation is generally sensitive to even
small variations in the surface chemistry of SNPs, and such
variations are expected from batch to batch, depending on
environmental conditions such as temperature and relative
humidity. Therefore, neutral wetting conditions were assessed
directly by confocal laser scanning microscopy (CLSM,
Olympus Fluoview 3000) visualization of successful bijel
formation (see Sec. II C). The resulting particles were recov-
ered via centrifugation and washed by resuspension in anhy-
drous ethanol. After three washes, the particles were dried in
a 110 °C vacuum oven for 1 h. The particle size distribution
(radius, a= 160 nm and coefficient of variance, CV =6.7%)
was determined using scanning electron microscopy (SEM,
FEI Magellan 400 XHR). A representative SEM micrograph
of the particles is shown in Fig. S1 in the supplementary
material.

C. BD/PC bijel formation

A nonvolatile fluid mixture comprising BD and PC was
chosen to prepare bijels for extensive rheological characteri-
zation. First, an ultrasonic horn (Sonifier 250, Branson
Ultrasonics) was used to disperse SNPs in a critical mixture
of BD and PC (56.0 vol. % PC) at a particle volume fraction
(¢snp) of 1.5%. The vigorous sonification also heated the
mixture to above its upper critical solution temperature of
30.3 °C [30]. To assess the wettability of SNPs with respect
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to BD and PC, a small aliquot of this heated and sonicated
suspension was transferred to a preheated glass cuvette
(400 um ID, VitroCom), and the cuvette was placed in
contact with a room temperature heat sink (~22 °C) to initiate
phase separation of the binary fluid mixture. SNPs with too
much HMDS or too little HMDS coupled to the particle
surface would produce discrete droplets, while neutrally
wetting SNPs produced bicontinuous structures [33]. In this
study, the criteria for successful bijel formation are the pres-
ence of bicontinuous fluid domains and relative uniformity in
the domain sizes, assessed through CLSM imaging. A confo-
cal laser scanning micrograph of a bijel with these character-
istics is shown in Fig. 1.

D. Bijel rheology

The rheology of the BD/PC bijels was characterized using
a stress-controlled rheometer (DHR-3, TA Instruments, New
Castle, DE) equipped with a cone-and-plate geometry (2°,
40 mm diameter, sandblasted, 60 um truncation gap) and a
temperature-controlled bottom plate. Bijels were formed on
the rheometer using SNPs that had been tested by CLSM for
successful bijel formation. To form the bijels, the warm dis-
persion (of SNPs suspended in the binary BD/PC fluid
mixture) was transferred directly to the preheated (36 °C) rhe-
ometer stage and presheared at 30 s~' for 20's. Then, a rapid
quench (approx. —0.35 °C/s) to a final temperature of 21 °C
was applied to initiate bijel formation. Meanwhile, a 2 h long
oscillatory shear test (strain amplitude yo=1.0 x 10™'%, fre-
quency ®=6.3x 10~" rad/s, and sampled at three cycles per
data point) was applied to monitor the bijel formation
process. Based on the results (see Fig. S2 in the
supplementary material), and also as established in our previ-
ous study, this waiting period was long enough for the

FIG. 1. Confocal laser scanning micrograph of a BD/PC bijel prepared with
dsnp=1.5% 1072 The fluid interfaces are laden with a jammed monolayer
of fluorescently tagged SNPs. Scale bar =200 pm.

viscoelastic moduli to reach their plateau values, presumably
via slow particle rearrangements along the interface to
approach the maximum close packing limit [30,36]. After
bijel formation, the rheometer stage was held at a constant
21 °C for all subsequent experiments.

To measure the stress relaxation spectrum, a y=0.5% step
strain (rise time 0.01 s) was applied to the bijels after the 2 h
wait period, and stress was monitored for 24 h at the fastest
accessible sampling rate on the rheometer. To gather transient
stress and strain waveforms, small amplitude oscillatory shear
(SAOS, y9=0.1%) was first applied to a bijel at four fixed
frequencies (v =1.3 x 10_1, 6.3x 107!, 0.63, and 6.3 rad/s).
Then, on the same bijel, medium amplitude oscillatory shear
(MAOS) was applied for the same frequencies at yy=1%,
then 5%, and last, 10%. In these SAOS-MAOS tests, three
cycles at w=1.3x 107" and 6.3 x 10™" rad/s and six cycles at
®=0.63 and 6.3rad/s were applied with a minimum sam-
pling rate of 488 pt/cycles. The last oscillation cycle at each
test was isolated to obtain the near-steady-state stress and
strain information. This sequence of oscillatory shear from
low to medium amplitudes minimizes the chances of shear-
induced degradation of the notably weak bijel microstructure.
SAOS-MAOS frequency sweeps were conducted in a similar
sequence. In each experiment, a frequency sweep
(@=63x10"2-3.1x10%rad/s) was applied to a freshly
prepared bijel at y,=0.1%. Then, the same frequency
sweep was repeated on the sample at o= 1%, 5%, and 10%.
To manage the duration of the experiments, each .
frequency sweep was divided into a low range%
(@=6.3x10"-6.3rad/s) with three cycles/pt and a high'y
range (@=6.3x10"'=3.1x10%rad/s) with 50 cycles/pt, a
which were conducted sequentially. No significant variationsg
were observed in the overlap region of these experiments. A ¥
typical frequency sweep would take approximately 9h to
complete under our testing conditions. To assess the integrity
of our samples after one of these lengthy tests, we performed
an experiment in which a bijel at gpgp=7.5x 10~ was sub-
jected to two sequential frequency sweeps in opposite direc-
tions (low-to-high frequency first, followed by high-to-low).
The results, shown in Fig. S3 in the supplementary material,
show a complete overlap of the two sequential tests, confirm-
ing that the rheological signatures of our samples did not
change in timescales relevant to our tests. Nevertheless, we
opted to limit the number of lengthy oscillation cycles to
minimize potential minor changes to particle contact angles
with prolonged exposure to the binary liquid mixture, which
our model does not account for.

lll. MODEL DEVELOPMENT, RESULTS, AND
DISCUSSION

Recently, we presented evidence of distinct short- and
long-time dynamics in bijels that we analogized to the
in-cage (f-relaxation) and out-of-cage (a-relaxation) dynam-
ics found in colloidal glasses [30]. Similar behaviors where
the system’s relaxation dynamics are primarily dominated by
two widely separated timescales have been reported for
various other disordered materials such as colloidal glasses
and gels [37,38], concentrated emulsions [39,40], melts of
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hyperstar polymers [41,42], as well as grafted nanoparticle
melts [43]. In bijels, shear deformation can also lead to local
compression, extension, and bending at different points on
the continuous interface, leading to rheological phenomena
not seen in their 3D colloidal glass analogs. Inspired by evi-
dence for at least two widely separated relaxation timescales
in bijels, here we propose a simple viscoelastic model for
bijels comprising two Maxwell paths in parallel as a starting
point. In a Maxwell system, the distribution of recoverable
(7.) and unrecoverable (y,) strain (with total strain y =y, +7,)
can be determined by the overall shear rate (¥) and the char-
acteristic relaxation time r=1n/G, where n is the dashpot
viscosity and G is the spring constant. In our model, one
spring and dashpot set (n =1, where n is a counter to differ-
entiate the two viscoelastic pathways) represents the short
time (high frequency) response corresponding to the fast,
in-cage motions of particles trapped by their neighbors,
while the other set (n=2) describes the long time (low fre-
quency) behavior primarily comprising out-of-cage particle
exchanges along the jammed interface (7, >> 7;). Together,
the total stress is defined as o = o + 0,, while each
Maxwell path is governed by the constitutive equation

G, .
é-n+_16n = Gyy, (1)
n,

n

where the dot notation represents a time derivative. Note that
a continuous relaxation spectrum or a statistical model such
as the Mode Coupling theory would more accurately depict
the Brownian dynamics of colloids sequestered at the inter-
face. However, here our goal is to provide a mathematically
simple macroscopic description for modeling the response of
bijels to medium strain deformations and their transition to
nonlinear viscoelasticity.

As stated earlier, shear deformation can bring about inter-
facial dilation, which would reduce the overall 2D packing of
particles along the interface and render their dynamics less
constrained. Given that bijels attain their mechanical rigidity
from the jammed particle monolayer, a reduction in surface
coverage would result in a loss of elasticity, similar, in princi-
ple, to diluting a 3D colloidal glass [44]. However, unlike
3D colloidal glasses, there is a competing effect where the
particle-laden interface is continuously driven back toward
its fully packed limit by interfacial tension. Independently,
local compaction of the continuous interface along the rota-
tional axis of shear deformation can lead to buckling, further
contributing to loss of elasticity. Based on these consider-
ations, the central premise in our nonlinear model is how
shear-induced interfacial dilation may affect the particle
relaxation dynamics, as well as how shear deformation may
lead to an overall loss of elasticity in the system. To account
for these effects, we propose nonlinear G, and 7, functions
in our model, as schematically shown in Fig. 2.

Analogous modifications have been implemented previ-
ously by Kamani et al. and de Souza Mendes to describe the
linear-to-nonlinear transition of structured yield stress fluids
such as glasses and gels [45,46]. Kamani’s treatment incor-
porated a Herschel-Bulkley representation of the dashpot

N1 Gl

\/

N2 Wint) G2 (vo, 7/ w)

FIG. 2. Schematic illustration of the nonlinear double Maxwell viscoelastic
model, with n=1 (top row) corresponding to fast, in-cage particle dynamics,
and n =2 (bottom row) representing slow, cage relaxation along the interface.
For this study, G; and n; are held constant, while G, and 7, are defined as
functions of the interfacial strain ¥;y, strain amplitude y,, and the frequency-
normalized shear rate y /.

viscosity to model plastic deformation in yield stress fluids.
Alternatively, de Souza Mendes proposed the use of a struc-
tural factor 4 which influences the functions G(1) and n(1),
to account for shear-induced microstructural changes in the
system. As an example of a stepwise constitutive law,
Dimitriou et al. defined a critical stress at which the material
properties switched from linear to nonlinear to specify the
onset of plasticity [47]. In bijels, particle mobility is tied to
the excess interfacial area that is created by shear deforma-
tion. Therefore, we introduce a shear rate-dependent interfa-
cial strain y;, to relate particle dynamics to the applied%
deformation. The evolution of y;, is governed by the ordi- g
nary differential equation

¥0:6%:0

dy.

Tty — R @
where Ry (=2.5 s~! by data fitting—see below) represents the
restorative character of the continuous interface due to inter-
facial tension. Physically, this equation tracks the excess
interfacial area (represented as a dimensionless strain) created
through the competition between affine deformation and

tension-induced  retraction.  For  oscillatory  shear
¥(t) = ypsin(wt), the above equation has the solution
—YoRrw _p w(Ry cos(wt) + wsin(wt

Vi = Yo v e R/t+y0 ( \f ( ) ( )) (3)

R} +o? R; + o?

We postulate that as y;,, increases, excess interfacial area
loosens the particle network and increases particle mobility.
As such, the a relaxation time scale, 7,, shortens. To model
this transition, we define 7,(y;,) with a sigmoid function that
weakens at large y;,, defined by

_a .
MV ind) = 77010<1“2"‘"“L3 1) . 4

Here, no=4x10*Pas, ¢;=5.4, c;=11.75, and ¢3=0.3
are fitting parameters defining the sigmoid function’s height,
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decay rate, and inflection point, which are obtained by non-
linear fitting to experimental data and subsequent manual
inspection of the results. The resulting sigmoid function
describing 7,(y;,) 1S shown in Fig. S4(a) in the
supplementary material.

We next incorporate into our model other nonlinear phe-
nomena such as a general loss of elasticity at intermediate
strains and potential buckling along the particle-laden inter-
face. We anticipate buckling to depend on the applied strain
with its propensity being highest during the high-rate por-
tions of each oscillation cycle where the deformation rate
overcomes the particles’ ability to rearrange along the com-
pressed regions. To incorporate these physics into our simple
model, we propose a nonlinear G, function with sigmoid-
based softening effects as shown below:

() - curara (1)
€4 .
() i)
— GOlO 57 10 1+cg (7/w) . (5)

Here, Go=15Pa, c4=65, ¢5=0.04, ¢4=0.35, ¢;=29.9,
cg=0.126, cog=1.15 obtained by fitting to experimental data
and subsequent manual inspection of the results. The func-
tion G,(yo) represents the overall loss of elasticity at interme-
diate strains [30], and G,(y/w) captures the softening effects
localized to high shear-rate portions of the oscillation cycle.
The resulting sigmoid functions describing G,(y,) and
G,(y/lw) are shown in Figs. S4(b) and S4(c) in the
supplementary material, respectively. Combining the nonlin-
ear 77, and G, functions into the Maxwell model results in
the following constitutive equation:

~ 4

. G2 (707 5) 7\ (. o

o) 277./ oy + Gy <70, a)> (7— o ))~ (6)
G2 (J/Ov 5) 2\/ int

The above ordinary differential equation was solved
numerically using Wolfram Mathematica software. Note that
our model incorporates nonlinear effects only in the n=2
path of the double Maxwell model. This choice is motivated
by two arguments. First, we postulate that shear-induced
interfacial dilation will primarily impact the a-relaxation
dynamics in the jammed particle layer, which are associated
with cooperative out-of-cage rearrangements. Second, each
form of nonlinearity introduced adds complexity and adjust-
ing parameters to the analysis, both of which we are hoping
to minimize in our basic model. Therefore, less influential
shear-induced phenomena such as potential changes to the
fast, in-cage dynamics of the particles, while acknowledged,
are not accounted for in our basic model. To test the validity
of our model, we next test its predictions against oscillatory
experiments in the low- and intermediate-strain regimes.

As a first test, in Fig. 3, we present examples of the stress
response of bijels to small and medium strain oscillatory
shear (yp=0.1% and 10%, respectively) at low frequency

(@ =0.009 rad/s), where our model’s predictions are com-
pared to experimental data. The experimental stress profile
appears to be sinusoidal at y,=0.1%, indicating a linear vis-
coelastic response [Fig. 3(a)]. Medium strain deformation
brings about distortions from a sinusoidal pattern, where the
stress response has a backward-tilted shape in its half-cycle
[Fig. 3(b)] [48]. These nonsinusoidal fingerprints contain
important information about yielding, which is not captured
by the calculation of storage (G’) and loss (G”) moduli from
the data. The model produces a linear (sinusoidal) viscoelas-
tic response at a small strain amplitude that mirrors the exper-
imental results [Fig. 3(c)] and also successfully captures the
general nonlinear features seen at medium strain amplitude.
Specifically, it predicts the rapid drop in stress upon strain
reversal at |y| = y, and the increased plasticity near high 7,
which, when combined, produce a backward-tilted stress
response at ¥y = 10% and @ = 0.009 rad/s [Fig. 3(d)].

We next extend our analysis to a wider range of strain
amplitudes and frequencies in Fig. 4, where the stress
response to oscillatory strain cycles is represented as normal-
ized Lissajous curves (o/0g vs. y/yy) at four different frequen-
cies and four different strain amplitudes, for both
experiments and model predictions. We focus our analysis on
variations in the shapes of the Lissajous curves in transition
from the linear to the nonlinear regime, where several key
signatures are observed in the experimental results. First, as
the strain amplitude is increased, the samples generally
exhibit more dissipative behavior, marked by an increase in 2
the area enclosed within each cycle. Second, nonlinearities in 2
the stress-strain cycles begin to appear as deviations from g
symmetric elliptical loops. Third, in the low frequency andg
high strain limits (yo=5% and 10%, w=0.009rad/s), the §
Lissajous curves appear as parallelogramlike shapes, signify- &
ing a region of constant elastic modulus followed by precipi-
tous drops in stress when the oscillation changes direction at
maximum/minimum strain. We interpret these nonlinear sig-
natures in the context of changes in the mobility of particles
under large strain deformation, as well as potential local
buckling where the interface undergoes compression. At suf-
ficiently low frequencies, shear-induced interfacial dilation
occurs at a rate slower than surface tension-driven contrac-
tion, and the interface remains densely covered throughout
the oscillation cycle. It is also plausible to expect little to no
interfacial buckling at low frequencies since particle rear-
rangements can mitigate compressional stresses along the
interface. We envision that the Lissajous curves at
®=0.009 rad/s represent this limit. In this regime, as the
shear rate slows down to zero (or |y| — 7,) corresponding to
the top right and bottom left corners of each Lissajous curve,
the interface is fully jammed. Strain reversal at this point
results in rapid stress relief, which explains the nearly vertical
profiles at the |y| = y, corners (for example, see the curves
at w=0.009 rad/s; yo=5% and 10%). By contrast, at suffi-
ciently high frequencies the interface is both stretched faster
than it can recoil and compressed faster than particle rear-
rangements can accommodate, resulting in locally reduced
particle coverage and enhanced particle mobility along the
stretched regions, as well as a higher propensity for buckling
along the compressed areas. Both effects lead to increased


https://doi.org/10.60893/figshare.jor.c.7579028
https://doi.org/10.60893/figshare.jor.c.7579028

50

T vy, = 10%
ol
LB

0 ™ 2m
i y,=10%
or
L9
0 d)Tf 2m 0 aT)Tt 2m

FIG. 3. Normalized stress response (0/0p) of bijels under 0.1% (a) and 10%
(b) oscillatory strain plotted as a function of ot (@ =0.009 rad/s). The corre-
sponding normalized stress responses simulated from the nonlinear double
Maxwell model are shown in panels (c) and (d).

dissipative behavior especially during the high-rate portions
of the oscillation cycle, producing the dilated elliptical
shapes seen at @ = 0.6 and 6 rad/s. The curve at w = 0.06 rad/s
and y,=10 then represents an intermediate case between
these low and high frequency regimes, and a Lissajous curve

H. CHING AND A. MOHRAZ

that combines their respective nonlinear signatures.
Comparing the results between the experiments and model
predictions at low strain amplitude (bottom row in Fig. 4),
the model reproduces the increased viscous behavior (larger
enclosed areas within the loops) at low and high frequencies
seen in experiments, which correspond to the two time scales
7, and 7 associated with o and f relaxation of the jammed
particle layer, respectively. Across the tested frequencies, the
model also correctly predicts enhanced viscous behavior at
larger 7y, i.e., the normalized Lissajous curves become
increasingly circular with larger enclosed areas at higher strain
amplitudes. Finally, in the medium strain amplitude and low
frequency regime, the model replicates the rapid drop in stress
near the maximum/minimum strain, followed by a region of
nearly constant elastic modulus. Overall, our mathematical for-
mulation of the strain softening effects based on shear-induced
dilation of the interface and enhanced particle mobility, loss of
elasticity, and potential buckling demonstrates reasonable
success in qualitatively capturing the transition from
linear-to-nonlinear rheology in bijels.

To further test our model, in Fig. 5, we present experi-
mental results and model predictions for small- to medium-
strain oscillatory frequency sweeps, presented in the context
of storage and loss moduli, G’ and G”. We note that the defi-
nitions of G’ and G” are only formally valid within the linear
viscoelasticity regime, and representation of the rheological
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FIG. 4. Lissajous plots (stress vs strain) of bijels under SAOS and MAOS at different oscillation frequencies (w). Each Lissajous plot was normalized to its
stress amplitude (op) and stain amplitude (y,). Experimental data points are plotted as circles, and model predictions are shown as solid lines. A 500 point
(recorded at ~488 pt/s) running average was applied to the experimental results to smooth out the measurement noise.
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FIG. 5. Frequency sweeps of BD/PC bijels at small and medium strains, compared to predictions of the nonlinear double Maxwell model. The gray area in
each plot represents the experimental range where the instrument inertia is significant and may potentially dominate the experimental results [35].

properties using these definitions disregards the detailed non-
linear components of the stress response and reports only its
primary harmonic. Nonetheless, these representations capture
overall changes in the magnitudes of viscoelastic moduli as
well as the general timescales at play under medium strain
deformation, which can prove insightful as complementary
measures to the Lissajous plots presented in Fig. 4. In our
previous documentation of bijel rheology [30], we attributed
the minimum in G” [also seen in Fig. 5(a)] to the competi-
tion between a and S dynamics. In addition, we previously
reported the gradual disappearance of the minimum in G” as
Yo was increased beyond its linear limit [also seen in
Figs. 5(b)-5(d)]), which was attributed to how shear-induced
dilation of the interface enhances the dynamics of
a-relaxation. To test the theory proposed in this paper, we
compare experimental measurements of G’ and G” to our
nonlinear double Maxwell model predictions. In the low
strain limit [y9<0.1%, Fig. 5(a)], our model predicts a
nearly flat G’ response and a minimum in G” that mirror the
experimental data. Upon increasing 7o, the increased plastic-
ity generated by the shear-induced weakening of G, and 7,
in the model results in an overall lowering of G’ consistent
with the experiments. Moreover, our model correctly predicts
the flattening of the low-frequency G” and the gradual disap-
pearance of a minimum as ¥ is increased beyond its linear
limit. Remarkably, incorporating simple assumptions regard-
ing the origin of nonlinearities in bijels, specifically the inter-
play between a and S dynamics, shear-induced dilation and
recompaction of the interface, and potential buckling along
the compressed segments of the interface into a simple
double Maxwell model successfully predict the general fea-
tures of the linear and nonlinear viscoelastic responses. The
applicability of our model corroborates that the rheology of
bijels is primarily governed by particle-induced stresses and,
particularly, the disruption and simultaneous recovery of
glassy colloidal dynamics along the jammed continuous
interface. We will further elaborate on this issue below,
before closing.

As another test of our model’s predictions complementary
to that shown in Fig. 5, we examined the relaxation dynamics
of bijels in response to an initial step strain. An example of
stress relaxation behavior in response to a y=0.5% step
strain is plotted in Fig. 6, together with the predictions of our
model. The sample exhibits an initial shear modulus of
G ~ 500 Pa, which subsequently relaxes to a near stress-free
state in two distinct steps with widely separated timescales,

further corroborating the general picture that our model is
based on. In such an experiment, interfacial dilation only
occurs during the initial rise time. Further, local compres-
sions caused by the sudden step strain can prompt particle
jamming further into the glassy state akin to shear-induced
jamming in 3D colloidal glasses [49] or result in buckling as
discussed earlier. At short timescales, hindered particle
motions within their respective cages can partially relax the
accumulated stresses, but the overall system remains predom-
inantly locked in a nonflowing state [50]. Over time, particle
exchange between the cages eventually dissipates all local
stresses throughout the interface [51]. The lack of a third,
long-lasting plateau confirms that the deformation-induced
stresses along the interface can be fully relaxed by slow
a-relaxation, and the sample can be generally viewed as a 2
viscoelastic liquid. Our basic model correctly captures the =
general behavior seen experimentally and provides ax
quantitative measure for the two timescales at play, with &
71 =1n/G; = 1.7 x 1073 s (B-relaxation timescale) andg
7y = m/Gy =29 x 103 s (a-relaxation timescale in the =
absence of interfacial dilation).

To further investigate the dynamics of cage relaxation
along the interface, we numerically determine how the
a-relaxation timescale 7, varies throughout an oscillation
cycle. In Fig. 7, we plot 7,(wf) normalized by its maximum
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FIG. 6. Stress relaxation behavior of BD/PC bijels in response to a step
strain at ¥ = 0.5% (rise time <0.01 s), where the stress response o(7) is plotted
as the shear modulus G(f) = o(t)/y.
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value alongside y(wf) and y;,(wf) during an oscillation cycle
at intermediate strain amplitude (yy=10%) and low fre-
quency (w=0.009rad/s), where nonlinearities were fully
apparent. The model predicts a dramatic peak in 7, when
[¥ind drops to zero, and a precipitous drop in 7, once the inter-
face is unjammed by dilation. This behavior aligns with our
conjecture that excess interfacial area caused by shear defor-
mation facilitates particle escape from cages, enhancing
a-relaxation dynamics along the stretched portions of the
interface.

Our adaptation of the nonlinear Maxwell model provides
insights into the dynamics of particles under stress and their
consequential nonlinear relaxation. However, the exact
underlying physics of the rich nonlinear rheology of bijels
must be further studied by more sophisticated statistical
models with information regarding the ergodicity of the parti-
cle network [32]. The dynamics of particles along the inter-
face are likely highly heterogeneous during shear
deformation since extension, compression, shearing, and
bending of the interface all dramatically impact local particle
configurations in different ways. Such dynamical heterogene-
ities were grossly simplified in the adaptation of our simple
spring and dashpot model. More direct mapping of the parti-
cle dynamics during bulk deformation could inspire the
development of a nonequilibrium statistical theory that
describes heterogeneous dynamics within bijels and their
effect on the rheology.

Before closing, a note on the applicability of other func-
tions to describe the nonlinear physics of interest in our
model is warranted. Our choice of sigmoidal functions was
based on the ability to fully tune the decay characteristics of
each term using three adjustable parameters (shown in
Fig. S4 in the supplementary material). The strain-induced
softening and cage breaking dynamics modeled in our work
can, in principle, be captured using other mathematical func-
tions incorporated into the same basic double Maxwell
framework. However, to simultaneously reproduce the

Lissajous curve shapes and the softening characteristics
observed in our frequency sweep experiments, we found that
the use of functions whose decay characteristics could be
fully tuned, such as a sigmoid, was necessary. For example,
an alternative derivation of our model using hyperbolic func-
tions with two adjustable parameters for each term captured
some of the gross features of nonlinear bijel rheology with
fewer adjustable parameters (see Figs. S5-S7 in the
supplementary material) but was not able to reproduce the
experimental results with the same fidelity as those presented
in Figs 4 and 5 of this paper.

IV. CONCLUSIONS

The transition from linear-to-nonlinear rheology in bijels
was investigated through experiments and qualitatively
explained by a nonlinear double Maxwell model. Building
upon our understanding of the continuous jammed interface
in bijels, we developed a simple double Maxwell model
whose relaxation time scales reflect Brownian-driven in-cage
(B) and out-of-cage (@) dynamics, to explore the interplay
between particle dynamics and interfacial deformation.
Nonlinear oscillatory measurements revealed signatures of
increased plasticity at high shear rates, which we attributed to
local shear-induced local dilation and potential buckling of
the interface along the extended and compressed regions of
the interface, respectively. We incorporated nonlinear spring 2
and dashpot elements into the double Maxwell model toz
account for the loss of viscoelasticity transpired by these s
events. Our model reproduces the linear frequency responseg
of bijels observed in experiments and captures the general §
features of the linear-to-nonlinear transition including a®
backward-tilted stress response, the loss of elasticity at large
strain amplitudes, the general shapes of Lissajous curves
seen experimentally and frequency-dependent shear moduli
that mimic the experimental data at medium strain ampli-
tudes. Our findings suggest that bijel rheology is primarily
dominated by the competition between « and S relaxation
dynamics along the jammed interface, which are simultane-
ously interrupted and recovered by shear-induced stretching
of the interface and recompaction by interfacial tension,
respectively. Our model also suggests that some loss in the
elastic modulus at intermediate strain amplitudes is likely
related to events localized to high-rate portions of oscillation
cycles such as buckling along the compressed regions of the
interface. Our findings can form the basis for the develop-
ment of more sophisticated models of bijel rheology based
on shear-induced microstructural changes in the particle-
laden interface. Some suggestions for future research on this
topic include the use of more sophisticated statistical models
to describe the particle dynamics along the interface; devel-
opment of models that specifically take particle contact
angles and their possible variations over time into account;
extension of the model to systems in which particles form
clusters or multilayers at the interface; the rheology of bijels
that can form monogels; and accounting for possible changes
in S relaxation dynamics (the n =1 path in our system) upon
shear-induced deformation.
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SUPPLEMENTARY MATERIAL

See the supplementary material for a micrograph of the
particles used in the study, experiments that monitor the for-
mation and evolution of a bijel and the sample integrity
during the lengthy frequency sweeps, plots of the sigmoid
functions used in the study, and a test of hyperbolic tangent
functions as an alternative to capture the nonlinear effects of
interest.
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