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Nonlinear elasticity and transition to macroscopic irreversibility in compos-
ite hydrogels

Ippolyti Dellatolas,* Thibaut Divoux,”*¢ Emanuela Del Gado,? and Irmgard Bischofberger**

Filler-hydrogel composites combine enhanced mechanical properties with functionalities conferred by the nanofillers. When the
nanofillers interact attractively with the hydrogel matrix, even low nanofiller volume fractions can lead to a strong increase in the
linear viscoelastic moduli. Here, we build on our understanding of the microscopic phenomena at play in these systems to explore
their nonlinear response, using attractive nanofillers embedded in a gelatin matrix. We identify a threshold of deformation beyond
which the material undergoes permanent macroscopic damage and relate this change in mechanics to the material’s strain-stiffening
nature. Increasing nanofiller volume fraction leads to nanofiller-induced stiffening of the polymer matrix, yet the overall viscoelastic
response of the composites remains qualitatively similar to that of pure hydrogels: under increasing strain amplitude, their elastic and
viscous moduli, G’ and G”, exhibit a pronounced overshoot followed by a crossover associated with yielding. A transition occurs in
the composite at the strain amplitude ¥,,,, Where G’ reaches its maximum, characterized by a marked change in the stress relaxation
dynamics. Beyond ¥, the composites no longer recover their initial viscoelastic properties in repeated strain amplitude sweeps,
indicating that the material has sustained macroscopically irreversible changes and a permanent loss of elasticity. We thus identify three
distinct regimes in the strain-stiffening materials: nonlinear elasticity, macroscopic irreversibility, and yielding. We further suggest that
the plasticity underpinning macroscopic irreversibility is due to the breaking of bonds that contribute most to the composite’s strain

stiffening response in the hydrogel matrix.

Introduction

The ability of materials to undergo plastic deformation is exploited
in applications such as 3D printing, where the viscoelastic response
of inks enables high resolution and varied patterns in direct ink
writing*2] in bioinks, where the plasticity of hydrogels enhances
cell spreading and migration in cell cultures®, or in injectable hy-
drogels for drug and cell delivery®>., Hydrogels, composed pri-
marily of water, are indeed particularly relevant in medical appli-
cations due to their potential biocompatibility®?. Incorporating
nanofillers at low volume fractions can improve their mechanical
properties and introduce specific functionalities!?"14, Understand-
ing how these materials respond to increasingly large deformations
is key to fine-tuning their behavior to a desired application>"Z,
In particular, identifying the onset and mechanisms of permanent
damage, at both a microscopic and a macroscopic level, is essential
when composites undergo repeated loading.

A material that experiences small deformations or loads can
fully recover its original state once the deformation or load is re-
moved!®. This behavior defines the elastic regime. As the de-
formation becomes larger, the material undergoes irreversible mi-
croscopic rearrangements, marking the transition to the plastic
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regimel?. The onset of plasticity corresponds to the strain at which
the transition between the elastic regime and the plastic regime
occurs and is typically defined for a given system based on a spe-
cific rheological test - for example as the deviation from a linear
stress response in shear startup or in large-amplitude oscillatory
strain sweeps2%°22. Yielding, which marks the transition from a
solid-like state to one where the material flows or fractures, occurs
beyond the onset of plasticity>3. Previous work on the nonlinear
behavior of soft materials has explored the microscopic origin of
yielding in soft glassy materials, i.e., amorphous soft solids and
densely packed systems, as well as in colloidal gels?434, reveal-
ing that local plastic events generally precede yielding®. In yield
stress fluids, which flow only beyond a critical stress3, the mate-
rial can accumulate strain either through recoverable elastic defor-
mation or through unrecoverable plastic deformationZ38, While
yielding has in general been ascribed to a sharp transition from a
solid-like to a liquid-like state2223530 it can be more gradual in
systems where the viscous modulus G” exhibits an overshoot as
the strain transitions from recoverable to unrecoverable with in-
creasing deformation®Z. Within this framework, yielding is linked
to the progressive accumulation of plasticity through local struc-
tural rearrangements, associated with the overshoot of the viscous
modulus G”. The amount of plastic deformation acquired before
yielding determines whether the material exhibits brittle or duc-
tile failure, where brittle failure is often associated with abrupt
fracture as opposed to progressive yielding characteristic of duc-
tile failureS24Y The impact of progressive plasticity on a mate-
rial’s elasticity and its ability to recover its viscoelastic response
under increasing deformation — termed macroscopic reversibility2®
- remain largely unexplored, particularly in materials that exhibit
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strain stiffening prior to yielding.

Here, we report on the nonlinear elasticity, macroscopic irre-
versibility, and yielding in composite hydrogels that exhibit an
overshoot in both the elastic modulus (associated with strain stiff-
ening) and the viscous modulus with increasing strain ampli-
tude. These overshoots occur in the range of strain amplitudes be-
tween the linear elastic regime and the yield point, defined as the
crossover of the elastic and viscous moduli. Such a non-monotonic
viscoelastic response is commonly observed in hydrogels and other
biopolymer soft solids*1#4, The distinct sequence of viscoelastic
regimes occurring with increasing strain amplitude - linear elas-
tic, strain stiffening, and yielding — provides a framework for un-
derstanding the interplay between microscopic plasticity, damage
accumulation, and macroscopic irreversibility.

We identify a critical strain beyond which the system transi-
tions from a macroscopically reversible to a macroscopically irre-
versible response. Remarkably, this critical strain coincides with
the strain ¥, at which G’ reaches its maximum. Below this
threshold, the material fully recovers its viscoelastic properties, in-
dicating that the deformation does not significantly alter the mi-
crostructure in a way that impacts the macroscopic response. This
suggests the existence of a nonlinear and yet fully elastic regime,
whose upper bound is set by ¥,,- This critical strain is significantly
smaller than the yield strain defined as the crossover of G' and
G"22, 'We propose that the macroscopic irreversibility observed
beyond ¥}, arises from the breakage of bonds responsible for the
material’s nonlinear elasticity. This understanding offers new in-
sights on strain stiffening materials and raises the question of how
macroscopic irreversibility occurs more generally, particularly in
systems exhibiting a monotonic decrease in G'. Our findings can
guide the design of hydrogel composites by identifying the criti-
cal strain, specific to the material, beyond which its microstructure
and macroscopic viscoelastic properties are permanently affected.

Methods

Sample preparation

The hydrogel composites consist of carboxylate-modified
polystyrene nanofillers (CA100NM, Magsphere) of radius
r¢ = 50 nm embedded in gelatin type B (G9391, Sigma Aldrich)
hydrogels. The PS nanofillers are carboxyl-coated and negatively
charged (0.12 meq/g). Gelatin type B is amphoteric (pI =
4.7-5.3), leading to weakly negative or near-neutral chains at
the working pH (5-7). The interactions between nanoparticles
and gelatin are attractive with gelatin due to electrostatic and
hydrophobic contributions4>748, The gelatin is dissolved in deion-
ized water at concentrations ranging from cge| = 10 wt% — 18 wt%
under continuous stirring at 80°C for 20 minutes. The nanofillers
are added to the hot aqueous solution at volume fractions ¢
varying between 5-107* and 0.09. The hydrogel forms upon
cooling in the presence of the nanofillers.

Rheological measurements

Rheological tests are conducted in a parallel-plate geometry (di-
ameter d = 40 mm, initial gap height 4y = 500 um) connected
to a strain-controlled rheometer (ARES-G2, TA Instruments). The
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geometry is coated with a trizact self-adhesive abrasive disc (1700
grit, 3M) to prevent wall slip. We maintain Fy =0+ 1 N throughout
gelation to compensate for sample contraction or gap decrease in-
duced by gel formation, which would create artificial pre-stresses
known to impact the nonlinear response of gels“Y. Hot gelatin
samples containing nanofillers are placed in the pre-heated geom-
etry. The samples are sealed with mineral oil (330779, Sigma-
Aldrich) to prevent evaporation. The gelation is induced by de-
creasing the temperature at 5°C/min from 80°C to 25°C. The sol-
gel transition is monitored for 30 minutes at a strain amplitude
% = 0.01 and frequency @ = 27 rad/s. We then perform one of
the following rheological tests: a strain amplitude sweep, a stress
relaxation test, a two-step stress relaxation test, or a series of
successive strain amplitude sweeps. In strain amplitude sweeps,
the strain amplitude is progressively increased from 9 = 0.005 to
Y =50 at @ = 27 rad/s. In stress relaxation experiments, a fixed
strain is applied, and the stress response is recorded for 20 min-
utes. In two-step stress relaxation experiments, an initial strain
%1 is imposed, and the stress response is recorded for 20 minutes.
This is followed by a 10 minute time sweep at y = 0.01 and fre-
quency o = 2x rad/s to monitor the viscoelastic properties of the
composite. A second stress relaxation step is then performed by
imposing a strain of amplitude y, of equal magnitude and same di-
rection (9, = 71). In the strain amplitude sweep series, we alternate
between an amplitude sweep at @ = 2z rad/s from ) = 0.05 to a
maximum final value 9% and a 5-minute time sweep in the linear
regime at 9 = 0.01 and o = 2z rad/s. This sequence is repeated
four times.

Results

Strain sweep response of composite hydrogels

Our hydrogels exhibit a complex rheological response for increas-
ing strain amplitude, as shown in Fig.[1/A where we report the elas-
tic and viscous moduli of a pure gelatin hydrogel with a gelatin
concentration cge = 10 wt% and of a composite gelatin hydrogel
with identical gelatin concentration but with a nanofiller volume
fraction ¢y = 0.09. At low strain amplitudes, both systems display
a linear regime, where G’ and G” are independent of the strain
amplitude 1y, up to the strain amplitude denoting the onset of
nonlinearity ¥,, defined as the value beyond which G’ and G”
are no longer constant. The elastic modulus is more than an or-
der of magnitude larger than the viscous modulus, indicating that
the material’s response is primarily elastic. As the strain ampli-
tude increases, the hydrogel undergoes strain stiffening, with G/
increasing and reaching a maximum at y) = ¥, Similarly, G”
increases and reaches a maximum at a higher strain amplitude
10 = Yhax > Viax- Beyond these maxima, both G’ and G” decrease
and eventually cross at the strain amplitude y = 7.. Beyond this
crossover point, G” exceeds G’, indicating that the material has
yielded.

The overall behavior of pure and composite gelatin hydrogels
is similar; both materials exhibit a linear regime, followed by
strain stiffening and yielding with increasing strain amplitude. In-
creasing the nanofiller volume fraction, however, significantly en-
hances the elastic and viscous moduli in the linear regime, G}, and
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Fig. 1 Strain sweep response of the hydrogels. (A) Elastic modulus G’ (closed symbols) and viscous modulus G” (open symbols) of gelatin hydrogels
with gelatin concentration cg = 10 wt% containing no nanofillers (black symbols) and containing a volume fraction of nanofillers ¢ = 0.09 (orange
symbols) as a function of strain amplitude 9. (B) Reinforcement of the plateau elastic modulus G; and the plateau viscous modulus Gg with increasing

volume fraction of nanofillers ¢.

Gy, with a fivefold increase for ¢; ~ 0.09, as shown in Fig. .
The reinforcement originates from attractive interactions between
the nanofillers and the surrounding hydrogel matrix, specifically
electrostatic interactions between the gelatin and the polystyrene
nanofillers#346, This attraction leads to a local hydrogel densifica-
tion around the nanofillers, as discussed in our previous work1,
Microscopic evidence of this densification is provided through
small-angle X-ray scattering experiments and nanoindentation ex-
periments, as discussed in Fig. S1 of the ESI. We showed that
these densified regions act as ‘effective fillers’, which, at sufficiently
high nanofiller concentrations, form a percolated network that en-
hances the stress transmission throughout the material. This net-
work restricts thermal fluctuations of the gel strands, leading to a
global stiffening of the composite hydrogel.

Onset of nonlinearities in composite hydrogels

The strain response of composite hydrogels with increasing
nanofiller content (¢¢ = 0.0005 — 0.09) and of pure gelatin hydro-
gels with increasing gelatin concentration (cge; = 10 wt% — 18 wt %)
are shown in Figs. [2JA and PB. The elastic modulus increases with
increasing nanofiller volume fraction and gelatin concentration.
Adding nanofillers shifts the onset of nonlinearity to lower strain
amplitudes compared to pure hydrogels. In particular, ¥, de-
creases with increasing nanofiller volume fraction, whereas it re-
mains nearly unchanged with increasing gelatin concentration, as
shown in Fig. [2IC where we report ¥, as a function of the plateau
modulus G, to show that the decrease in J,, is not simply due
to an increase in the gel linear elastic modulus that increases as
a power law with gelatin concentration®?. Other critical strains,
including ¥y, 7., and ¥,, exhibit a similar decreasing trend with
increasing nanofiller volume fraction, as shown in Fig. S2 in the
ESI. In contrast, the relative amplitude of strain stiffening, defined
as the normalized increase in G’ relative to the modulus at the on-
set of nonlinearity, AG'/G!,; = (Gj.x — Ghy)/G.;> depends only on

nl>

the gel elastic modulus (ESI Fig. S3): For a given gel modulus, the
amplitude of strain stiffening is the same in both composite and
pure gelatin hydrogels.

The observation that strain stiffening occurs at the same strain in
pure gelatin gels across a concentration range of cge; = 10— 18 wt%
reveals that it is not governed by the crosslink density or the mesh
size of the hydrogel. Instead, the strain stiffening likely originates
from a local nonlinear response of the gelatin chains due to a tran-
sition from bending to stretching of the chains under increasing
strain®®>1l, Indeed, strain stiffening has been observed in vari-
ous hydrogels and biological systems, where it is commonly at-
tributed to the nonlinear response of individual polymer chains
under high extension2"22 The onset of strain stiffening corre-
lates with the persistence length of the polymer chains, with stiffer
chains exhibiting stiffening at lower strains compared to more flex-
ible ones*2. In our composite hydrogels, the shift in the onset of
strain stiffening suggests that the addition of nanofillers reduces
chain extensions, making lower strains sufficient to trigger a non-
linear response. Notably, the nanofiller volume fraction beyond
which the critical strains decrease is close to the volume fraction
denoting the onset of reinforcement, as shown in Fig. 2]D. Our pre-
vious work revealed that, at nanofiller volume fractions near and
above the onset of reinforcement, the hydrogel locally densifies
around the nanofillers. This densified shell acts as a mechanically
stiffer region. As these regions grow and begin to overlap, they
form a percolated structure that constrains the thermal fluctua-
tions of the surrounding gel strands’?. This suppression of fluc-
tuations stiffens the effective network segments, resulting in an
overall increase in the composite modulus. This is consistent with
a reduction of chain extensions at these volume fractions and a de-
crease in the critical strains. Once this strain denoting the onset of
strain stiffening is reached, the magnitude of strain stiffening de-
pends only on the gel modulus, as the nature of the gelatin chains
remains unchanged.
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Fig. 2 Strain sweep response of composites and pure gels. Elastic modulus G’ of (A) filler-gelatin composites with gelatin concentration cge = 10 wr%
and nanofiller volume fractions ranging from ¢ = 0.0005 to 0.09 and (B) pure gelatin hydrogels with concentrations ranging from ¢y = 10 wt% to
18 wt%. (C) The strain ¥,,, at which G’ reaches a maximum decreases with increasing gel plateau modulus G}, in composite hydrogels (red symbols),

but remains almost constant in pure gelatin hydrogels (blue symbols). (D) Left axis: Strain ¥, of the composite hydrogel, normalized by j/max(o)

of the pure gelatin hydrogel. Right axis: Elastic modulus of the composite hydrogel normalized by that of the pure gelatin hydrogel, G;/G;w), as a

function of nanofiller volume fraction ¢.

The observation that the overall behavior of the elastic and
viscous moduli across the linear, strain stiffening, and yielding
regimes remains similar across gels with different nanofiller con-
tent and in the pure gelatin hydrogels suggests that the micro-
scopic phenomena governing the viscoelastic response primarily
occur within the polymer matrix, rather than being directly at-
tributable to the nanofillers.

Transition beyond nonlinear elasticity

To further probe the nonlinear response of the hydrogels, we per-
form stress relaxation experiments where we record the stress re-
sponse o (t) to a step strain of amplitude yp. We select strain values
in three regimes: the linear regime, the strain-stiffening regime,
and beyond the maximum of G’. To account for the shift in crit-
ical strain amplitudes induced by the nanofillers, we define the
reduced strain amplitude ¥} = Y% — ¥n.x to report the relaxation
modulus G(r) = o(t)/y for varying imposed strain amplitudes v,
as shown in Fig. [3A.

For ¥; < 0 (before the peak in G'), G(t) exhibits a single de-
cay, with nearly identical responses in both the linear and strain-
stiffening regimes. Conversely, for ¢ > 0 (beyond the peak in G),
the relaxation modulus exhibits a multi-step decay: an initial rapid
drop followed by a long-time relaxation similar to that observed at
lower strains. At long times, when rescaled by a factor A(y), the
relaxation modulus for all strain amplitudes collapses onto a mas-
ter curve that exhibits a stretched exponential decay (gray curve
in Fig. ). At short times, the stress response exhibits a very rapid
decay that is faster than the response time of the rheometer. This
is evidenced by the fact that the first reported value of the relax-
ation modulus is lower than the plateau modulus of the hydrogel
prior to the stress relaxation. Within the measurable time win-
dow, the relaxation exhibits a power-law decay with an exponent
k that becomes increasingly negative with increasing strain ampli-
tude, as shown in Fig. [B[C. The scaling factor A captures the effect
of both these early-time decays, as it sets the height of the plateau
of the stretched exponential decay relative to the plateau elastic
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Fig. 3 Stress relaxation. (A) Relaxation modulus G(r) = 6(r)/1 of a composite hydrogel (cgel = 10 wt%, ¢ =0.08) for which ¥, = 2.33, for
different imposed strain amplitudes y. (B) Normalized relaxation modulus G(¢)/A, with a normalization value A(y) chosen such that the late-time
response exhibits a master curve for all applied strain amplitudes. The gray curve denotes a stretched exponential fit, G(¢)/A = Gyexp[—(¢/f)%], with
Go = 1.15 Pa, tp = 567 s, and a = 0.35 that highlights the universal late-time decay for r > 10 s. (C) Power-law exponent k of the early-time decay of
G(t) as a function of representative strain amplitude % = % — Y. for the composite hydrogel (red symbols) and the pure hydrogel (blue symbols).
The open symbols denote the power-law exponent of the early-time decay of G(r) during the second relaxation step in two successive stress relaxation
experiments (as shown in Fig. , where each step is performed at a strain ¥/, plotted such that for these experiments 35 =2x7;. Inset: Power-law fit
of the early-time decay of G(r) for ¥} = 17.67. (D) Scaling factor A(y) normalized by the plateau modulus of the gels G, versus ¥} for the composite
hydrogel (red symbols) and the pure hydrogel (blue symbols). The open symbols correspond to the normalized scaling factor A/G, during the second
relaxation step in two successive stress relaxation experiments, plotted similarly as in (C).

modulus of the hydrogel G,. The ratio A/G, decreases with in-
creasing y; (Fig. ), indicating that the combined effect of the
first decay (inaccessible due to instrument limitation) and the sub-
sequent power-law decay results in a larger initial stress relaxation
for higher strain amplitudes.

In pure gelatin gels, the stretched exponential decay has been
attributed to a slow coil-to-helix transition of the gelatin strands
under shear=7, which we would also expect in the composite
hydrogels. We associate the short-time stress relaxation with the
breaking of elastically active bonds, where the most “pre-stretched"
bonds break first upon the application of strain. The transition
from a single-step to a multi-step relaxation occurring at ¥, sug-
gests a transition to a different nonlinear regime. ¥,,, delineates
a nonlinear elastic regime — which extends up to the maximum of

strain stiffening — from one that is no longer purely elastic and
that emerges beyond the maximum. A similar transition, from
a single stretched exponential decay to a multi-step relaxation,
has been reported in telechelic associating polymers, where het-
erogeneity in end-to-end chain distances leads to a distribution
of bond breakage probabilities®3. This supports our suggestion
that the short-time stress relaxation stems from the breaking of the
most “pre-stretched" bonds, as gelatin is known to form a loosely
connected, heterogeneous network of triple helices, with a range
of end-to-end distances42>859  Comparing the stress relaxation
profile of composites and pure gelatin gels, we find that both the
power-law exponent of the early decay and the rescaling factor
A depend similarly on the reduced strain amplitude ¥}, as shown
in Figs. [3IC and [3D. This suggests that, once the shift in critical
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strains induced by the nanofillers is accounted for, the nonlinear
response at a given strain amplitude is primarily dictated by the
gelatin matrix: The bonds responsible for the early-time relaxation
correspond to gelatin bonds, rather than interactions introduced
by the nanofillers.

To further investigate the transition occurring at ¥,,, we per-
form a two-step stress relaxation experiment. A fixed strain ampli-
tude is applied for 20 minutes, followed by a 10 minute time sweep
at a strain amplitude in the linear regime, after which a second
stress relaxation experiment is conducted at the same strain am-
plitude, in the same direction as the first step (y» = 7). When the
applied strain amplitude lies within the nonlinear elastic regime
(yf <0), the stress relaxation response remains unchanged: both
relaxation curves exhibit a single, long-time decay, with no sig-
nificant differences between the two steps, as shown in Fig. [FA.
This suggests that the material retains its ability to recover from
deformation within this regime. In contrast, when the strain am-
plitude exceeds the nonlinear elastic regime (y; > 0), the second
relaxation step exhibits a steeper initial decay compared to the first
step, while the long-time behavior remains unchanged, as shown
in Fig. [4B. The exponent of the initial decay in the second step is
reported in Fig. [3[C for comparison with the power-law exponents
in single-step relaxation experiments. This exponent is of the or-
der of what would be obtained by performing a step strain at an
amplitude equal to the sum of the imposed amplitude in each step
of the two-step relaxation experiments. This steeper decay in the
second step indicates that the first stress relaxation induces per-
manent structural changes in the material, including irreversible
bond breakage and residual bond stretching. As a result, addi-
tional bond breakage occurs during the second relaxation, leading
to a more pronounced initial relaxation response.

Manifestation of macroscopic irreversibility

The transition beyond nonlinear elasticity and its relation to irre-
versible phenomena is further probed by performing a series of re-
peated strain amplitude sweeps. The strain amplitude is increased
from jp = 0.005 to a final value ¥, followed by a five-minute time
sweep in the linear regime. This protocol is repeated for a total of
four times, with ¥ chosen either within the strain stiffening regime
or beyond ¥,,«. To account for the aging of the hydrogel during
the strain amplitude series, we report an additional control exper-
iment: A time sweep of equivalent duration to the first three strain
amplitude series, followed by a strain amplitude sweep performed
at the same time as the fourth and final strain sweep in the series.
This allows us to isolate the effects of strain history from those of
aging by comparing the final sweep in the series with that of an
aged, unstressed gel.

When % < ¥%nax the elastic modulus G’ exhibits the same be-
havior across all strain sweeps in the series: The linear regime
is followed by strain stiffening, with both the onset and extent
of stiffening remaining unchanged, as shown in Fig. [5A. When
¥ > Yhax, NOWever, notable changes occur in subsequent sweeps,
as seen in Fig. BB. Although the gel ultimately recovers its lin-
ear elasticity, the magnitude of strain stiffening characterized by
AG' /Gl = (Glpax — Gly) /Gl decreases with each strain sweep, and

Tticte-Ontime

LS
DOI: 10.1039/D5SM00990A

3
A 10 T T T T
~
S
AlO r ]
=
)
m stepl
m step 2
101 1 1 1 1
3
B 10
~
©
S
AlO
=
o
m stepl R
step 2
101 1 1 1 1
107" 10° 10t 10? 10°

t(s)

Fig. 4 Two successive stress relaxation experiments. Relaxation modulus
G(t) = o(t)/1 of a composite hydrogel (cge1 = 10 wr%, ¢ = 0.08) in two
successive stress relaxation tests for a strain (A) % =7 = —0.83 in the
nonlinear elastic regime and (B) % = 7 = 2.67 in the macroscopically
irreversible regime.

Yinax Shifts to lower values (Figs. and ). In the final strain
amplitude sweep, the magnitude of strain stiffening is significantly
lower than that of the aged gel. Furthermore, the time needed for
the hydrogel to recover its linear viscoelastic properties increases
with the maximum strain amplitude in the strain sweeps ¥, as
shown in Fig. S4 in the ESI. These observations are consistent with
a scenario in which the bonds that break preferentially are those
that contribute most significantly to the nonlinear elastic response.
Indeed, the decrease in strain stiffening across repeated sweeps in-
dicates that fewer bonds capable of contributing to this response
remain intact. At the same time, the recovery of the linear regime
in each sweep indicates that the overall material structure remains
largely preserved. Since strain stiffening is attributed to the ini-
tially stiffer —or more “pre-stretched"- bonds, the results imply that
when the gel is strained beyond ¥, it undergoes plastic defor-
mation, characterized by the irreversible breaking of these most
pre-stretched bonds in the gelatin matrix.

The viscoelastic response of the viscous modulus G” during re-
peated strain amplitude sweeps is shown in Fig. [f] for varying ¥.
When ¥ < % (i.e., below the strain characterizing the crossover
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Fig. 5 Strain stiffening in strain amplitude sweep series. Elastic modulus G’ as a function of time ¢ during a series of strain sweeps on a composite
gelatin hydrogel with a nanofiller volume fraction of ¢ = 0.08 and a gelatin concentration of cye) = 10 wt%. The strain amplitude is varied in each
strain sweep between (A) ¥ = 0.005 and % = 1.5 or (B) 1 = 0.005 and % =20. ¥, for this composite is 2.33. The gray dashed line represents the
elastic modulus in a separate experiment during a time sweep followed by a strain amplitude sweep, for comparison with the strain amplitude sweep
of a gel that has aged for a similar amount of time as the time it takes to perform the first three series. Insets: Elastic modulus normalized by the
modulus at the onset of nonlinearity G’'/G/; for each strain sweep as a function of strain amplitude y%. (C) The extent of strain stiffening characterized
by AG' /G, = (Gax — Ghy)/Ghy and (D) the strain ¥, at the maximum of G’ for each strain amplitude series, normalized by the value from the first
series denoted by the superscript (1), for different reduced strain amplitudes ¥

of G’ and G"), the magnitude of the overshoot in G” remains un-
changed across successive strain sweeps. When ¥ > ¥, however,
the magnitude of the overshoot progressively decreases with each
sweep, as shown in Fig. Ep This suggests that while straining the
gel into the macroscopically irreversible regime ¥ > ¥, does not
change subsequent viscoelastic energy dissipation, the additional
viscoelastic dissipation associated with the overshoot at yielding is
reduced once the gel has been strained beyond the yield point. In
contrast, the strain amplitude at which the overshoot occurs de-
creases at each step in the series for strains % > ¥, as shown in
Fig. @) This shows that once the gel has been brought into the
macroscopically irreversible regime, the strain-induced dissipation
associated with yielding decreases. The overshoot in G” has previ-
ously been identified as a signature of unrecoverable strain accu-
mulation through viscoplastic energy dissipation, associated with
the buildup of plasticity>Z. The steepness of the overshoot has

been linked to microstructural heterogeneities within the gel, with
a steeper overshoot indicative of a greater number of locally stiff
regions relative to the bulk®?. These stiff regions hinder the propa-
gation of deformation fields, leading to more abrupt failure. In our
experiments, the steepness of the G” overshoot is similar for each
series, suggesting that viscoplastic dissipation and plastic strain ac-
cumulation are not significantly affected by the gel’s mechanical
history. Our results also indicate that the degree of heterogeneity
within the hydrogels is not significantly altered by the successive
strain sweeps, suggesting that the bond breakage responsible for
macroscopic irreversibility occurs predominantly in the denser re-
gions of the gel network.

Discussion and Conclusions

Plasticity is associated with permanent damage in materials at the
microscopic level: the specific microscopic events leading to plas-
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Fig. 6 Viscoelastic dissipation in strain amplitude sweep series. Viscous modulus G” as a function of time ¢ during series of strain sweeps on a
composite gelatin hydrogel with a nanofiller volume fraction of ¢ =0.08 and a gelatin concentration of cg| = 10 wt%. The strain amplitude is varied
within each strain sweep between (A) % =0.005 and % = 1.5 or (B) % = 0.005 and % =20. For this composite, ¥,,, =2.33 and % =6.11. The gray
dashed line represents the viscous modulus in a separate experiment during a time sweep followed by a strain amplitude sweep, for comparison with
the strain amplitude sweep of a gel that has aged for a similar amount of time as the time it takes to perform the first three series. Insets: Viscous
modulus normalized by the modulus at the onset of nonlinearity G” /G, for each strain sweep as a function of strain amplitude ¥%. (C) The extent of
the overshoot in G” characterized by AG” /G = (Gih.x — Gi)/Gh and (D) the strain ¥, at the peak of G” for each strain sweep, normalized by the

value from the first series, for different reduced strain amplitudes ¥ .

ticity accumulation have been studied in a range of materials.
However, the impact of plasticity accumulation on macroscopic
system mechanics is the subject of ongoing discussion859, In
our hydrogel composites that exhibit strain stiffening, we show
that macroscopic irreversibility occurs beyond the strain ¥, cor-
responding to the maximum of strain stiffening. While the mate-
rial fully recovers its viscoelastic spectrum after strain amplitude
sweeps below ¥.x, it does not recover this spectrum after being
strained beyond that point. This observation poses a key ques-
tion: How is macroscopic irreversibility related to microscopically
irreversible — or local plastic — events? It is possible that local
plastic events occur even below ¥/, but remain undetectable at
the macroscopic scale. Indeed, a decoupling between microscopic
plasticity and macroscopic irreversibility has been observed in a 2D
jammed material under shear, where plastic rearrangements pre-
cede macroscopic irreversibility — evidenced by changes in the bulk

rheology upon reversing the imposed deformation — and rheologi-
cal yielding?®. In addition, plastic events can occur without lead-
ing to damage in the material. Theoretical work, based on the soft
glassy rheology (SGR) model describing elastoplastic yield stress
fluids and amorphous soft solids, reported that plastic events con-
tribute to strain recovery when an applied stress is switched off32.
In our case, the stress relaxation response following a step strain
below ¥, is consistent with nonlinear elasticity, while relaxation
profiles for strains beyond ¥,,, are indicative of bond breakage.
Notably, this strain is slightly larger than the strain at which the
overshoot in G” begins in our system — a feature commonly used
to mark the onset of plasticity in yield stress fluids=Z. This suggests
that if damage accumulation occurs within the strain stiffening
regime (i.e. below 7,,) through microscopically irreversible lo-
cal bond failures, these events are either insufficient in number or
not spatially organized such that they would manifest macroscopi-
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cally in stress relaxation experiments or repeated strain amplitude
sweeps.

Much work has focused on characterizing failure in materials
that exhibit ductile yielding, in contrast to brittle fracture?. Yield
stress fluids, such as carbopol microgels, tend to fail in a contin-
uous, ductile manner, whereas crosslinked hydrogels or polymer-
bridged microemulsions typically exhibit a more abrupt, fracture-
like failure. Studies of yielding under creep and steady shear flow
emphasize that the type of bonds underlying the gel elasticity and
the bond kinetics are critical parameters to predict yielding be-
havior®2, The physical hydrogels studied in our work could be
expected to exhibit a behavior that is neither purely brittle, as the
bonds within the gel are not covalent, nor purely ductile, as would
be the case in a softer, more fluid-like material. Our findings con-
firm this hypothesis, identifying that beyond ¥,,,«, two types of fail-
ure occur simultaneously within the material: a more brittle-like,
irreversible, breakage of bonds responsible for the gel’s nonlinear
elasticity, and a more ductile material response that allows for re-
covery of the gel’s linear viscoelasticity.

A novelty of our work lies in the fact that the materials stud-
ied here exhibit an overshoot of G’. This strain-stiffening behavior,
common to a range of materials“244 allows us to identify a nonlin-
ear elastic regime between the onset of nonlinearity at ¥, and the
peak in G’ at ¥,,,. It would be interesting to consider if and when
the transition to macroscopic irriversibility occurs in materials that
do not exhibit an overshoot of G'. We would expect macroscopic
irreversibility to occur for a strain amplitude between that of the
onset of plasticity and that of the crossover of G’ and G”. Moreover,
strain stiffening in gelatin has been associated with the nonlinear
response of the chains that are the most stretched, rather than with
plastic effects, such as the formation of new bonds, as the material
is deformed, which is consistent with our finding that the strain
stiffening regime is nonlinear elastic®8, A distinction is sometimes
made between strain stiffening — where the origin of the increase in
G’ is nonlinear elastic — and strain hardening — where the origin is
plastic — particularly in numerical simulations that can specifically
map the network topology®3®%, It would be interesting to probe
the onset of macroscopic irreversibility in strain hardening materi-
als, investigating specifically whether the transition occurs beyond
the maximum of G’ as in our system, or earlier in the hardening
regime.

The hydrogel composites studied here thus exhibit unique fea-
tures: tunable linear elastic stiffness, the ability to self-heal, and a
marked transition from a nonlinear elastic regime where deforma-
tions are reversible to a macroscopically irreversible regime where
the deformation has permanently affected the material microstruc-
ture. This understanding can guide the design of hydrogel com-
posites by identifying the critical strain, specific to the material,
beyond which the microstructure and macroscopic viscoelasticity
will be permanently affected. The deformation threshold identi-
fied in our study beyond which macroscopic irreversibility occurs
is related to the strain-stiffening nature of the hydrogel compos-
ites. Our results could thus extend to a range of materials that
exhibit strain stiffening.
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