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ABSTRACT

Cellulose nanocrystals (CNCs) are rodlike biosourced colloidal particles used as key building blocks in a growing number of materials with
innovative mechanical or optical properties. While CNCs form stable suspensions at low volume fractions in pure water, they aggregate in
the presence of salt and form colloidal gels with time-dependent properties. Here, we study the impact of salt concentration on the slow aging
dynamics of CNC gels following the cessation of a high-shear flow that fully fluidizes the sample. We show that the higher the salt content,
the faster the recovery of elasticity upon flow cessation. Most remarkably, the elastic modulus G’ obeys a time-composition superposition
principle: the temporal evolution of G’ can be rescaled onto a universal sigmoidal master curve spanning 13 orders of magnitude in time
for a wide range of salt concentrations. Such a rescaling is obtained through a time-shift factor that follows a steep power-law decay with
increasing salt concentration until it saturates at large salt content. These findings are robust to changes in the type of salt and the CNC
content. We further show that both linear and nonlinear rheological properties of CNC gels of various compositions, including, e.g., the
frequency-dependence of viscoelastic spectra and the yield strain, can be rescaled based on the sample age along the general master curve.
Our results provide strong evidence for universality in the aging dynamics of CNC gels and call for microstructural investigations during
recovery as well as theoretical modeling of time-composition superposition in rodlike colloids.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0085660

. INTRODUCTION

Colloidal gels raise great interest for their multiple appli-
cations in the design of soft materials.' * Gels are formed
through the percolation of attractive particles into a space-spanning
network, which confers upon them an elastic response under small
strains.”” In practice, the manufacturing process of gel-based mate-
rials, for instance, through 3D-printing, ~ generically involves shear
flows that fully disrupt the gel microstructure, followed by a rest
period during which the gel reforms. The structural build-up of the
gel entails specific kinetics of the mechanical properties, eventually
leading to the final product. From a more fundamental point of view,
colloidal gels are intrinsically out-of-equilibrium systems whose
physics still raises many open theoretical questions.!” Therefore, it
is essential to identify the key parameters that control the dynam-
ics of colloidal systems following flow cessation. In most cases,
such dynamics can be divided into two successive steps, respec-
tively, referred to as recovery and aging.!! First, starting from a fully

fluidized suspension, the particles rapidly create new bonds right
after flow cessation. Depending on the interparticle potential,
colloids aggregate into either open, fractal-like cluster networks
or thicker, glass-like bicontinuous structures that constitute the
backbone of the gel microstructure.'”'” This sol-gel transition is
characterized by relatively fast dynamics of the linear viscoelastic
properties, where the elastic modulus G’ becomes larger than the
loss modulus G” typically over a few seconds to several minutes.
Second, on longer time scales, the particles may rearrange locally
and cooperatively due to thermal noise and to short-range, attrac-
tive interparticle forces, without any major large-scale change in
the network structure.””"” Such “physical aging” is associated with
much slower dynamics of the viscoelastic properties that often take
the form of a logarithmic time-dependence'®™"” but may also follow
other behaviors such as a power law.'”*’

The universality in the dynamical behavior of colloidal gels
is probed by constructing master curves for the viscoelastic
moduli G and G”, either during transient regimes including the
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above-described recovery and aging phases or at a steady state.
These master curves are obtained by shifting a set of (G',G")
curves generated by varying the system composition or some exter-
nal control parameter, e.g., the temperature as commonly done for
polymers.”"** Master curves established at a steady state, i.e., when
aging can be neglected, focus on the viscoelastic spectra, G’ and
G" as a function of frequency f. Viscoelastic spectra are measured
for various particle concentrations and/or interparticle potentials.
They are subsequently collapsed onto a master curve by rescaling
not only the frequency by a characteristic timescale but also G" and
G" both by the same characteristic modulus. Such master curves
have been reported for a broad variety of colloidal suspensions,
including fractal-like nanoparticles experiencing van der Waals
attraction,” spherical nanoparticles in depletion interaction,’* neg-
atively charged rodlike nanoparticles with or without screened
electrostatic interactions,”””* silica particles in various polymer
solutions,””** and more complex systems, such as caramel,”” block
copolymer—cosolvent mixtures,”””" and gluten protein gels.”> These
master curves hint at generic steady-state viscoelastic spectra that
result from gel microstructures governed by similar topology and
dynamics across a wide range of colloidal systems.

Searching for universality in the recovery and aging dynam-
ics of colloidal gels raises more challenges as the viscoelastic spectra
evolve over time.”””* For time-dependent yet slowly evolving sys-
tems, the above rescaling can be adapted assuming quasi-stationarity
to build a time-connectivity (or time-cure’’) superposition prin-
ciple, in which the characteristic timescale used to rescale the
frequency is a function of the sample age, as recently illustrated
in aluminosilicate and silica gels.” Yet, a simpler way to deal with
time dependence is to focus on a single frequency and to rescale
the temporal evolution of the storage and/or loss moduli during
the recovery and aging processes that follow flow cessation. Mas-
ter curves obtained by shifting G'(¢) and/or G”(¢) in time only
reflect the existence of a time-“parameter” superposition principle,
where the parameter can be the temperature, as reported in gels
of silica particles,’® the accumulated strain as shown in gels of cel-
lulose nanocrystals (CNCs) mixed with an epoxide oligomer,” or
the composition of the samples.” In the present work, we use this
simple approach to unveil a time-composition superposition prin-
ciple in colloidal gels made of anisotropic colloids, namely, cellulose
nanocrystals, in the presence of salt.

Cellulose nanocrystals (CNCs) are biosourced, biodegradable,
and biocompatible nanoparticles. They have outstanding mechani-
cal and optical properties, which make them relevant for the design
of new green materials with numerous applications in medicine,
electronics, food, and the building industry.”’ ¥ CNCs come from
the crystalline part of cellulose fibrils, which are extracted from
diverse organic resources such as wood, cotton, algae, or some bac-
teria and mushrooms.”’ They are rigid rodlike colloidal particles
of length ranging between 100 and 500 nm and diameter between
5 and 20 nm depending on the source.” *° These particles are
negatively charged due to the presence of sulfate groups on their
surface. Therefore, when dispersed in water at weight fractions
typically below 6 wt.%, they form stable suspensions thanks to
repulsive electrostatic interactions. Adding salt in such aqueous sus-
pensions induces screening of the electrostatic repulsion, and CNCs
may subsequently aggregate to form various phases depending on
the CNC and salt concentrations.”” At low salt concentration, the
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phase diagram successively includes an isotropic liquid, a liquid
crystalline phase, and a repulsive glass when the CNC concen-
tration increases. At larger salt concentrations, colloidal gels are
reported”” " and give way to attractive glasses upon increasing the
CNC concentration.”’

Here, we focus on the slow aging dynamics of CNC gels
following the cessation of a strong shear that rejuvenates the
microstructure. By varying the salt concentration, we establish a
time—composition superposition principle through the existence of
arobust master curve for the temporal evolution of the storage mod-
ulus. We observe that the nature of the cation influences the gelation
dynamics in a way that is compatible with the Hofmeister series.
We further show that time-composition superposition allows one
to rescale a number of linear and nonlinear rheological properties,
based on the salt concentration, such as the frequency-dependence
of the viscoelastic spectra, the loss factor, the characteristic strain at
the onset of nonlinear viscoelastic response as well as the yield strain.
Our results, therefore, provide strong evidence for universality in the
recovery and aging dynamics of CNC gels.

Il. MATERIALS AND METHODS
A. Sample preparation

Gels are prepared from a commercial CNC aqueous suspension
provided by CelluForce (Montréal, Canada) that contains 6.4 wt. %
of CNCs extracted from wood. The typical length of the colloidal
nanocrystals ranges between 55 and 230 nm and their diameter
ranges between 2 and 8 nm, as estimated from TEM images.”” In
practice, in such dispersions, CNCs may be found both as individ-
ual nanorods and as bundles composed of a few nanorods.*"**” The
suspension is diluted to make samples containing 3.2 and 4.8 wt. %
of CNCs. Gelation is induced by adding salt, NaCl, KCI, or MgCl,
(Merck), at a concentration ranging from 5 mM to 240 mM.

The preparation protocol is as follows: (i) We first homogenize
the CelluForce aqueous suspension under high shear using mechan-
ical stirring at 2070 rpm for 5 min (Turrax blender IKA RW20
equipped with an R1303 dissolver stirrer). (ii) Salt is dissolved in dis-
tilled water at the desired concentration and the resulting solution is
added to the CNC suspension under shear. (iii) Mixing at 2070 rpm
is then continued for 5 more minutes. (iv) Finally, the sample is left
atrest in a fridge for at least 24 h. This protocol avoids the formation
of large CNC agglomerates when adding salt and allows us to obtain
homogeneous samples even at high salt concentrations.

B. Rheological measurements

The mechanical properties of the sample are measured using a
stress-controlled rheometer (MCR 301 Anton Paar) equipped with
a cone-and-plate geometry (sand-blasted cone of 40 mm diameter,
0.176 mm truncation, and 30 ym surface roughness as provided
by the manufacturer). The smooth bottom plate is connected to a
Peltier module, which sets the sample temperature to T = 23 °C. In
order to avoid evaporation, we use a homemade solvent trap made of
a Plexiglas cylindrical dome covering the geometry, and we saturate
the atmosphere surrounding the sample with water.

The following four-step rheological protocol is applied to all
samples. (i) The gel is presheared at j = 500 s™' during £, = 20 s to
minimize the influence of previous mechanical history including the
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loading of the sample into the shear cell. A 20 s duration is enough
for the shear stress to reach a steady state in all cases. (ii) Preshear
is stopped abruptly by setting the shear rate to zero, which defines
the time origin t = 0, and we subsequently measure the linear vis-
coelastic moduli, i.e., the storage modulus G’ and the loss modulus
G", every second for 1200 s by imposing small-amplitude oscilla-
tory shear (SAOS) with strain amplitude y = 0.2% and frequency
f =w/2r =1 Hz. (iii) The viscoelastic spectrum [G'(f), G (f)] is
measured through SAOS with y = 0.2% by sweeping down the fre-
quency f logarithmically from 10 to 0.1 Hz with 5 points per decade
over a total duration of 270 s. (iv) Finally, starting 1470 s after pres-
hear cessation, we determine the yielding properties of the gel by
sweeping up logarithmically the oscillatory strain amplitude from
y =0.02% to 500% at f =1 Hz, with 10 points per decade and a
waiting time of 18 s per point, leading to a total duration of 790 s.
This duration is small enough to avoid artifacts due to solvent
evaporation but large enough to ensure that yielding properties are
determined in a quasi-stationary state.

We checked that a strain amplitude of 0.2% lies within the lin-
ear viscoelastic regime for all samples so that the measurements of
[G'(t),G"(t)] in step (ii) and of [G'(f), G" (f)] in step (iii) do not
interfere with the structural build-up and aging processes.

I1l. RESULTS

A. Gel recovery and aging following shear
rejuvenation

1. Typical evolution of viscoelastic moduli
and typical viscoelastic spectrum

In order to study the recovery and aging kinetics of CNC gels,
we focus on the evolution of the viscoelastic moduli G'(¢) and
G (t) after shear rejuvenation, i.e., during step (ii) of the protocol
described earlier. An example of this temporal evolution is shown
in Fig. 1 for a 3.2 wt. % CNC gel with 12 mM NaCl. Both the storage
and loss moduli increase during the rest time after preshear. At short
times, the loss modulus is larger than the storage modulus; hence,
the sample behaves as a viscoelastic liquid up to ¢ = ¢, ~ 100 s, where
the two moduli measured at 1 Hz take the same value. For ¢ > t., the
storage modulus G’ becomes larger than the loss modulus G”. Next,
G’ keeps increasing faster than G”. Therefore, the sample behaves
as a viscoelastic solid of ever-increasing elasticity, even beyond the
1200 s over which G'(t) and G”(t) are measured. Such an evolution
from liquidlike to solidlike behavior is prototypical of the recovery
and aging processes undergone by colloidal gels after flow cessation,
as described above in the introduction.

To further characterize the mechanical state of the sample, the
inset of Fig. 1 shows the viscoelastic spectrum G'(f) and G”(f)
measured after the rest period of 1200 s, i.e., during step (iii) of
the rheological protocol. Both the storage and loss moduli increase
with frequency as weak power laws G’ ~G” ~ f* of exponent
a =022+ 0.02. This means that the loss tangent tand=G"/G’
remains roughly constant and independent of f, which is reminis-
cent of a “critical gel” behavior.”*”*°° Note, however, that due to
the strong impact of the salt concentration on the kinetics reported
below, some samples may undergo significant aging over the 270 s
duration of the frequency sweep so that one should remain cautious
when interpreting these viscoelastic spectra. We also emphasize the
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FIG. 1. Temporal evolution of the storage modulus G” and the loss modulus G fol-
lowing a 20 s preshear at j = 500 s~". The red dashed line defines the “crossover
time” t; at which G’ and G’ measured at f =1 Hz cross each other, while
the crossing point is marked by a green square. An experiment performed on a
3.2 wt. % CNC gel with 12 mM NaCl. Inset: Viscoelastic spectrum G” and G’ as a
function of frequency f for a strain amplitude y = 0.2%, measured after the 1200 s
rest period following preshear.

fact that t. does not a priori correspond to the gel point, which is
actually defined as the point at which tan ¢ first becomes indepen-
dent of the frequency.”” The supplementary material, Figs. S1 and S2,
provides additional data concerning that issue, which is further
discussed in Sec. I'V B 2.

2. Influence of the salt concentration

Figure 2(a) gathers the temporal evolutions of the storage
modulus G'(t) for 3.2 wt.% CNC gels with NaCl concentrations
ranging from 5 to 240 mM and following the same preshear pro-
tocol as above. The corresponding loss moduli are shown in the
supplementary material, Fig. S3(a). In all cases, the storage modulus
increases with time following preshear cessation. Yet, the kinet-
ics strongly depend on the salt concentration: the higher the salt
concentration, the higher the initial elasticity and the slower the
subsequent growth of G'(t). As discussed in the supplementary
material, for NaCl concentrations above 18 mM, the gel is already
in a solidlike state, i.e., G' > G”, only 5 s after preshear (first avail-
able data point for G’ and G”'), so that the sol-gel transition cannot
be resolved and only the slow aging is monitored. For salt concentra-
tions larger than 50-100 mM, the evolution of the storage modulus
appears to become independent of the NaCl content.

The shape of the viscoelastic responses for different salt con-
centrations prompts us to construct a master curve from the data
in Fig. 2(a). By translating the G'(¢) curves in time by a factor of
1/7 that depends on the salt concentration, we obtain the master
curve shown in Fig. 2(b). We arbitrarily take 7 =1 s for the low-
est salt concentration of 5 mM, which thus constitutes a reference
concentration. The corresponding data for the loss modulus G” are
presented in the supplementary material, Fig. S3(b). Remarkably, the
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FIG. 2. (a) Temporal evolution of the storage modulus G’ following a 20 s preshear at 7 = 500 s=". Experiments performed on 3.2 wt. % CNC gels with NaCl concentrations
ranging from 5 to 240 mM (colored symbols). (b) Master curve obtained by shifting the G’(t) data in (a) along the time axis by a factor 1/z. The response G’(t) of the gel
with 5 mM of NaCl is used as a reference (z = 1 s). The green square shows the point at which G” and G”* cross [see also the supplementary material, Fig. S3(b)]. The gray
dashed lines indicate the inflexion point of coordinates (¢*, G"*). The blue and red lines show stretched exponential fits, respectively, G’ (t s t*) = G} exp[(t/Tp)"]

and G'(f21*) = G, (1- A exp[—-((t —1*)/T4)?]) with G} = 0.55 Pa, T, = 8 x 10°, p = 0.28, GZ, = 2200 Pa, A = 1.11, Ty = 8 x 10", and q = 0.16. Inset: Shift

factor 7 as a function of salt concentration.

storage modulus increases over 13 decades of relative time f = t/1
and follows a sigmoidal curve in logarithmic scales with a clear
inflexion point, which coordinates are denoted #* and G'* in the
following. Over the 1200 s rest period investigated here, the inflex-
ion point is only observed for salt concentrations in the range of
15-20 mM [see middle curves in Fig. 2(a)]. Moreover, we note that
the master curve cannot be fitted in logarithmic scales by a symmet-
ric function with respect to the inflexion point. Rather, as shown
by the red lines in Fig. 2(b), two separate stretched exponentials
account, respectively, for the initial growth of the storage modulus
(¥ $t7) and for the late aging process (f 2 ).

The master curve obtained in Fig. 2(b) provides clear evi-
dence for a time-composition superposition principle underlying
the kinetics of the storage modulus: for any salt content, the time
evolution of G'(t) after shear rejuvenation can be mapped onto a
segment of the master curve by simply rescaling the time by a factor
that strongly decreases with the salt concentration. Thus, increasing
the salt content corresponds to an increase in the effective age of
the sample. In practice, our results imply that, provided one waits
for 3.2x 10" s, a 3.2 wt.% CNC gel containing 5 mM of NaCl
should reach the same storage modulus as a 3.2 wt. % CNC gel with
240 mM of NaCl after 1200 s of rest. This suggests that the salt con-
centration only controls the kinetics of the formation of a unique
microstructure. Finally, the shift factor 7, reported as an inset in
Fig. 2(b), decreases as a power law of the salt concentration with
exponent —8.7 + 0.2 until a plateau is reached for salt concentrations
above 50-100 mM. This plateau suggests that all the negative sur-
face charges of the CNCs have been screened beyond 50-100 mM
and that any supplemental addition of salt only weakly affects the
viscoelastic properties of the CNC gel. However, the most salted
samples still undergo significant aging since no saturation is reached
in G'(t) at the longest accessible times.

3. Robustness of the master curve

In order to probe the robustness of the above-described rescal-
ing, we now vary both the CNC concentration and the nature of the
salt. In particular, the same preshear and rest protocol is used on
4.8 wt. % CNC gels with different concentrations of NaCl and on
3.2 wt.% CNC gels containing various concentrations of KCl
or MgCl,. For all samples, using the same procedure as in
Sec. III A 2, the temporal evolution of the elastic modulus can be
rescaled onto a master curve similar to the one presented above in
Fig. 2(b), as shown in the supplementary material, Fig. S4(a). Note
that, for each series of gels, we take the gel with the lowest salt con-
centration as the reference for the time shift factor 7 = 1 s [see the
supplementary material, Fig. S4(b)]. Further normalizing each G’ ()
dataset based on the coordinates of the inflexion point (#*,G™*)
leads to the general master curve reported in Fig. 3(a) (see also the
supplementary material, Fig. S5 for the G” data). The four series
of different CNC gels fall onto a unique master curve, which shape
depends neither on the nature of the salt cation nor on the CNC con-
centration. This demonstrates the robustness of time-composition
superposition in the recovery and aging of CNC gels.

The coordinates of the inflexion point used to normalize the
various master curves are gathered in Table I. The values of G'*
are all within the same order of magnitude and do not show any
systematic variation with the nature of the cation or with the CNC
concentration. The values of *, however, vary over three orders of
magnitude, showing that both the nature of the cation and the CNC
concentration strongly impact the time shift factor and thus the
recovery and aging dynamics of CNC gels. In order to quantitatively
compare the different series of gels, we consider the (dimensional)
time t* = 7 x £* as a function of the ionic strength in Fig. 3(b). Here,
the ionic strength I is defined considering only the charges brought
into solution by the introduction of salt, i.e., I = C x Z2, where C is
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FIG. 3. Time—composition superposition in CNC gels. (a) Normalized elastic modulus G’/G’* vs normalized time f‘/? * during recovery and aging following a 20 s preshear
at j = 500 s~". Experiments performed on four different series of samples containing either 3.2 or 4.8 wt. % CNC, and different types of salt, namely, NaCl, KCI, or MgCly,
at concentrations ranging from 5 to 240 mM. The values of G’* and £ * for each series of samples are reported in Table I. (b) Inflexion time t* = 7 x * vs the ionic strength
| [same symbols as in (a)]. Dashed lines correspond to power laws of exponent —8.7. Horizontal dashed lines highlight the plateaus reached beyond / ~ 50-100 mM.

the salt concentration, and z is the salt valency. Multiplying 7 by ¢ *
allows us to remove the possible influence of the different references
used in the rescaling from one series to another. Actually, t* = 7 x *
corresponds to the time it would take for each gel to reach the inflex-
ion point in its G'(t) curve. Therefore, we shall refer to t* as the
“inflexion time” in the following. Strikingly, Fig. 3(b) shows that the
inflexion times all evolve in a similar manner with I: whatever the
CNC concentration and the cation type, * decreases as a power
law of I with an exponent of about —8.7, until it reaches a plateau
beyond a critical ionic strength I. ~ 50-100 mM, most likely when
all negative CNC surface charges have been screened by the cations
of the salt. For the sake of completeness, the parameters of the best
power-law fits t* = AI® below 100 mM are listed in Table 1, although
only power laws of exponent —8.7 are shown in Figs. 2(b) and 3(b)
for clarity. The mere difference between the various series is thus a
vertical translation. We note that the kinetics become slower as one
goes from K* to Na* and Mg®*, which follows the Hofmeister series
(K* > Na* > Mg®").”” Finally, increasing the CNC concentration
from 3.2 to 4.8 wt. % accelerates the dynamics by almost two orders
of magnitude.

TABLE 1. Coordinates (G"*, *) of the inflexion point of each master curve [see the
supplementary material, Fig. S4 and normalized master curves in Fig. 3(a)] and para-
meters B and §8 of the best power-law fits t* = B//f of the inflexion time t* = 7 x {*
vs ionic strength / for / < 100 mM.

CNC (wt.%)  Salt  G'* (Pa) B B B

3.2 NaCl 17.0+05 63+2x10* 13.1 89
4.8 NaCl 220+10 14+1x10® 112 85
3.2 KCl 17.0+10 16+1x10° 121 87
3.2 MgCl, 245+10 19+2x10*> 146 8.8

B. Scaling of the linear viscoelastic spectra based
on time-composition superposition

The time-composition superposition principle illustrated in
Fig. 3(a) suggests that, within the range of samples investigated here,
the gel properties should be the same for a given position along the
master curve G'(t)/G'™ vs t/t* = t/t*, whatever the CNC concen-
tration, the ionic force, and the type of salt. In order to test this
hypothesis, we investigate the viscoelastic spectra [G'(f),G"(f)]
measured after the 1200 s rest period following the cessation of
preshear [step (iii) in the protocol of Sec. II B]. As mentioned in
Sec. 111 A 1, both G'(f) and G”(f) are well accounted for by sim-
ilar power laws over the frequency range [0.1-10 Hz] (see inset in
Fig. 1 for the case of 12 mM NaCl). Figure 4(a) shows additional vis-
coelastic spectra for NaCl concentrations ranging from 5 to 100 mM
and confirms that G'(f) ~ f%, yet with an exponent « that strongly
depends on the salt content. We also note that, at large salt con-
centrations, the loss modulus G”(f) does not follow such a clear
power-law behavior as the storage modulus, and even seems to go
through a minimum, a feature typical of soft glassy materials.”’
However, as already emphasized above, the time-dependence and
aging of the gel may affect the measurements of the viscoelastic
spectra, especially at low frequencies, which take longer to record.
Therefore, here, we only focus on the exponent « inferred from
& (f).

Figures 4(b) and 4(c), respectively, display the exponent & and
the value of the loss tangent tan § = G /G’ at f = 1 Hz measured for
the various series of gels as a function of the normalized time t,,/t",
where t,, is the waiting time (or aging time) at rest after preshear
cessation, here t,, = 1200 s. Note that t,,/t* = #,,/t* corresponds to
the location of the start of the frequency sweep, namely, to the end
of the 1200 s rest period, along the master curve of Fig. 3(a) relative
to the inflexion point. In other words, t,,/t* measures the “effective
age” of the sample relative to the inflexion time. Remarkably, both
observables « and tan §( 1 Hz) follow a universal dependence on
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FIG. 4. (a) Storage modulus G (filled symbols) and loss modulus G’* (open symbols) vs frequency f measured following 1200 s of rest after a 20 s preshear at j = 500 s~
[step (iii) of the rheological protocol detailed in Sec. || B]. Experiments performed on 3.2 wt. % CNC gels with 5, 15, 25, and 100 mM NaCl. (b) Exponent « extracted from
power-law fits of the storage modulus, G’ (f) ~ f*, over the whole frequency range, and (c) loss tangent tan & at f = 1 Hz vs the effective age t,,/t* at the beginning of
the frequency sweep test. Experiments were performed on four different series of samples containing various CNC concentrations or types of salt as in Fig. 3.

tw/t*, which provides very strong support for the time-composition
superposition revealed in Sec. IIT A 3. More precisely, the exponent
a strongly decreases from about 0.9 at the early stages of the effective
dynamics, down to about 0.02 for #,, ~ 10¢" [see Fig. 4(b)].

Concomitantly with the decrease in a, the loss tangent at
f =1 Hz drops with #,/t" by more than one order of magni-
tude, from values slightly above 1 indicative of a viscoelastic liquid,
down to about 0.04 signaling clear solidlike behavior [see Fig. 4(c)].
Here again, the data for all series of samples nicely collapse onto a
single curve, which confirms the time-composition superposition
principle for linear viscoelastic properties. Finally, both observables
saturate rather abruptly to a constant value at t,, > 10t* and seem
to increase for t,, > t*, although the data are somewhat more scat-
tered for large effective ages. Such a saturation does not imply that
the sample microstructure no longer evolves, as G' () is seen to keep
increasing even at the longest times. It rather means that consolida-
tion further takes place with a constant balance between elasticity
and dissipation.

C. Scaling of nonlinear viscoelastic parameters based
on time-composition superposition

In order to go beyond linear viscoelasticity, we now turn to the
gel response to large-amplitude oscillatory shear (LAOS) and ask
whether the time-composition superposition principle also holds
for nonlinear viscoelastic parameters. To address this question, after
arest period of 1470 s (which includes the previous frequency sweep
test), the sample is submitted to an oscillatory strain at f = 1 Hz, in
which the amplitude y is increased from 0.02% to 500% [step (iv) in
the protocol of Sec. 11 B].

An example of the evolution of the storage modulus G" and
loss modulus G” as a function of the strain amplitude y during the
LAOS test is shown in Fig. 5(a) for a 3.2 wt. % CNC gel with 15 mM

NaCl. At small strains, in the linear regime, G’ > G” and the sample
behaves as a soft solid (see also the supplementary material, Fig. S6,
for more examples). The moderate increase in G’ is due to the aging
of the sample while the strain is being ramped up over 790 s. Such
an increase is in agreement with the master curve of Fig. 2(b). When
the strain reaches about 20%, the storage modulus drops abruptly,
while the loss modulus goes through a maximum, hence following
a so-called “type III” yielding scenario.””*" This yielding response
under LAOS is consistent with recent observations on CNC gels
prepared in a similar concentration range.® In practice, the charac-
teristic strain yy; for which the loss modulus has increased by 10%
compared to its plateau value at low strain, is taken as the onset of
nonlinear viscoelasticity. Finally, for even higher strain amplitudes,
the point at which the storage and loss moduli cross defines the yield
strain y_, beyond which the sample behaves as a viscoelastic liquid,
with G’ > G'.

Figures 5(b) and 5(c), respectively, test the time-composition
superposition on the two characteristic strains yy; and y_ displayed
as a function of the effective age f,/t* at the beginning of the
LAOS test, i.e., with t,, = 1470 s. Whatever the nature of the cation
or the CNC concentration, the strain amplitude y,; at the onset
of the nonlinear regime shows the same decreasing trend when
moving along the master curve of Fig. 3 [see Fig. 5(b)]. The yield
strain y_ follows a similar evolution, although the data are more
dispersed [see Fig. 5(c)]. The latter observation suggests that both
the nature of the counterion and the exact CNC content may have
some non-negligible impact on the scaling of the yield point. Yet,
the yielding transition around yp_ is a highly dynamic process, and
the fluidization scenario is likely to involve spatially heterogeneous
dynamics, such as shear bands or fractures.”” ** Therefore, a com-
plex interplay between the sweep rate of the strain amplitude, the
total duration of 790 s of the test, and the yielding dynamics under
LAOS most probably accounts for the dispersion around a single
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FIG. 5. (a) Storage modulus G’ and loss modulus G vs strain amplitude y following 1470 s of rest after a 20 s preshear at j = 500 s~ [step (iv) of the rheological protocol
detailed in Sec. || B]. The green dashed line defines the characteristic strain at onset of nonlinear response, corresponding to G (yn) = 1.1Gy/, where Gy is the plateau
value of the loss modulus at small strain amplitude. The red dashed line defines the yield strain y, at which G’ = G'. An experiment performed on a 3.2 wt. % CNC gel with
15 mM NaCl. Inset: Dimensionless amplitude of the loss modulus overshoot AG” /Gy’ vs NaCl concentration. Experiments performed on 3.2 wt. % CNC gels with various
NaCl concentrations. (b) Characteristic strain y,, and (c) yield strain y, vs the effective age t, /t* at the beginning of the LAOS test. Experiments were performed on four

different series of samples containing various CNC concentrations or types of salt as in Fig. 3.

curve in Fig. 5(c). We conclude that the superposition principle also
holds for nonlinear viscoelastic properties and that the present CNC
gels become more and more sensitive to strain as their effective age
increases.

Finally, we note that for y > y_, both G’ and G” display a

decrease that is well fitted by power laws G’ ~y™"" and G” ~ y™",
withv' = 1.6 £ 0.2 and v"/ = 0.8 + 0.1 in the case of Fig. 5(a). Remark-
ably, both these exponents are insensitive to the type of counterion
and to their concentration (see the supplementary material,
Fig. S7), while their ratio remains roughly constant to v'/v" = 2.
This value is consistent with that reported for a broad range of
soft glassy materials such as dense suspensions of hard spheres®
and soft particles.”””" In sharp contrast with v/ and v", the
amplitude of the peak in G” at the yield point strongly depends
on the salt content. The inset in Fig. 5(a) shows the relative
amplitude of the overshoot in the loss modulus, AG"/ Gy, where
AG" = G"(y.) - G"(yy) and Gy is the plateau value at low strain
amplitude, as a function of the NaCl concentration for 3.2 wt. %
CNC gels. At low NaCl concentration, there is no overshoot
in G” and the sample is barely solidlike when the LAOS test is
performed [see also the supplementary material, Fig. S6(a)]. The
maximum only appears beyond a salt content of 12 mM. Upon
increasing the salt concentration, AG” /Gy reaches a maximum for a
concentration of about 20 mM [see also the supplementary material,
Fig. S6(b)], before decreasing and leveling off to a constant value
of about 1.4 [see also the supplementary material, Fig. S6(c)].
When plotted as a function of ,,/t* in the supplementary material,
Fig. S8, the overshoot in G" is shown to follow a universal,
non-monotonic behavior for all samples investigated here.

Therefore, the nonlinear observable AG” / Gy is also consistent with

time-composition superposition.

IV. DISCUSSION AND CONCLUSION
A. Summary of the main results

We have studied the recovery and slow aging dynamics of
CNC gels following the cessation of a strong shear that rejuvenates
their microstructure. We have shown that the dynamics strongly
depend on the salt concentration: the storage modulus evolves much
faster to higher values for increasing salt concentrations. However,
by shifting the storage modulus along the time axis, G'(t) can be
rescaled over a wide range of salt concentrations into a master
curve with a remarkable sigmoidal shape in logarithmic scales. Such
time-concentration superposition is robust to changes in the nature
of the salt cation and the CNC concentration. This points toward
some universality in the recovery of the microstructure of CNC gels.

Overall, the salt content sets the rate at which a robust
microstructure is formed, whose long-term elastic properties are
controlled by the CNC concentration and, to a lesser extent, by the
nature of the counterion. Time-composition superposition further
suggests that, for a given position along the universal master curve,
i.e., for a given effective age, the interparticle interactions and the
topology of the gel network should be very similar, independent
of the CNC concentration or salt nature. We have confirmed this
hypothesis by showing that both linear and nonlinear observables
extracted from the viscoelastic spectra and LAOS tests all follow the
same behavior when plotted against the effective sample age t,,/t*,
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where t,, is the waiting time at rest and ¢* is the time at which G ()
reaches the inflexion point. The universality revealed in the present
work opens up the following questions.

B. Open questions

1. What is the functional form of the universal
master curve?

Master curves for the evolution of the storage modulus dur-
ing gelation have been obtained in other colloidal systems with
shapes similar to those of Figs. 2(b) and 3(a). For instance, in some
thermoreversible gels of sterically stabilized silica particles, it has
been deduced from time-temperature superposition that the stor-
age modulus at an infinite time is independent of the temperature.*°
Here, we may deduce from time-composition superposition that the
final storage modulus G’ (¢ = c0) of CNC gels is independent of the
salt concentration.

Moreover, master curves for G’ (t) are often fitted to exponen-
tial functional forms, G'(t) = G, (1 — exp[-A(t/t; — 1)7]), where A
quantifies the rate of increase of connectivity of the gel, and ¢, is
the “gelation time,” defined as the time when a critical gel is first
observed™ or sometimes more pragmatically as the time when the
sample becomes solidlike, i.e., when G' > G”, for a given frequency*®
(see Fig. 1). Note that this expression implies that G'(tg) = 0, which
is a priori not compatible with the definition of t,, but still leads to
realistic fits of the data, since the storage modulus at the gel point
takes very small values. The exponent g = 1, i.e., a simple exponential
function, was reported to fit the evolution of G'(t) in the above-
mentioned thermoreversible silica gels,”””*”* while salt-induced gels
of Ludox silica particles yielded values of g = 1.6-2.1, i.e., compressed
exponentials, depending on the colloid volume fraction.’® In the
case of CNC gels, we have shown that a stretched exponential with
q = 0.16 accounts well for the G'(¥) master curve, although with
a slightly different form, G'(¥) = Goo (1 — A exp[-((F —#*)/T4)?])
involving an additional fitting parameter A, and provided the char-
acteristic time is taken as 7* rather than the much smaller relative
gelation time f./7 [see red line in Fig. 2(b)].

However, a single exponential form only captures the later
stages of the aging dynamics for > * and cannot reproduce the
sigmoidal shape of the master curve as observed in logarithmic
scales in Figs. 2(b) and 3(a). Although we could fit the initial recov-
ery and aging regime for # S £* by a stretched exponential growth
with an exponent p = 0.28 [see blue line in Fig. 2(b)], a single
functional form fitting the whole dynamics is still lacking. In par-
ticular, the fact that G'(¢) does not tend to 0 at short times is
indicative of some non-negligible initial elasticity immediately after
preshear. This small level of elasticity could be due to the incomplete
disaggregation of the CNC clusters by shear or to some intrinsic
viscoelasticity of the fully dispersed CNC suspension that could
result from partial liquid-crystalline order. More experiments are
needed to clarify the origin of the initial elastic modulus upon
flow cessation, e.g., by systematically varying the preshear value.”*
The physicochemical parameters that control the amplitude and
the steepness of the sigmoid in the master curve also remain to be
uncovered.

Finally, the above discussion raises the question of the inter-
pretation of the stretching exponents observed here, p ~ 0.28 and
q ~0.16, which contrast with the compressed exponentials of

)
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Ref. 38. Stretched exponentials are typically reported from the relax-
ation of correlation functions measured in glassy systems where
particles escape from the cages formed by their neighbors due to
thermal fluctuations.””> On the other hand, systems where ther-
mal fluctuations are weak rather display dynamics governed by
compressed exponentials due to the local elastic relaxation of frozen-
in stress heterogeneities.”‘m 78 In our case, whether or not the
stretched exponentials reported here in G'(t) result from the glassy-
like dynamics of clusters of CNCs remains to be investigated, e.g.,
through correlation spectroscopy.

2. How may one interpret the inflexion time?

The remarkable master curve followed by G'(t) during recov-
ery is based on the scaling of the “inflexion time” t*, which so far
essentially appears a phenomenological parameter. Therefore, an
important open question concerns the physical interpretation of this
time scale, which spans more than ten orders of magnitude. Since t*
provides a characteristic time for the gel recovery dynamics follow-
ing preshear, it seems natural to compare it to the “gelation time” ¢,
classically reported in the literature. Among the various indicators
of gelation,” the “crossover time” f., at which G’ becomes larger
than G”, is often assumed to be of the order of the gelation time.
Table TI, thus, gathers the values of t. available from the present
dataset and shows that the ratio t*/f. remains of the order of 25,
which may imply that . follows the same scaling as ¢*, at least for
NaCl. However, as shown in the supplementary material, Fig. S1(a),
through time-resolved viscoelastic measurements performed suc-
cessively at various frequencies, t. strongly depends on the fre-
quency and, as such, cannot be taken as a proxy for the gelation
time.

Asrecalled in Sec. ITT A 1, at the gelation point, the loss tangent
should become independent of the frequency.”” The supplemen-
tary material, Figs. S1(a) and S2, shows that this may occur in our
CNC gels on a time scale much longer than #.. This time scale turns
out to be comparable to the inflexion time ¢*, which is thus likely
more similar in magnitude to the true gelation time ¢, long after the
crossover between G’ and G” measured at 1 Hz. Clearly, a detailed
time-resolved study of the viscoelastic spectra using faster measure-
ments over a wider range of frequencies is required, e.g., thanks to an
optimally windowed chirp sequence,’ in order to check that t* ~ ¢,
holds across a wide range of CNC concentrations and for various
types of salts. With this future work in mind, which will aim at
fully uncovering the gelation mechanism of CNC gels, we proceed
in Sec. IV B 3 to compare the scaling of t* with those reported for ¢,
in the literature.

TABLE L. Inflexion time t*, crossover time tc, and ratio t*/t; for gels where tc is
measurable within the 1200 s period of rest.

CNC (wt. %) Salt I (mM) t* (s) te(s) T/t
3.2 NaCl 12 2.5 x 10° 90 28.0
458 NaCl 5 14x10* 609 23.3
458 NaCl 8 1.3 x 10° 49 26.3
3.2 MgCl, 5 1.9 x 10° 32 594
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3. How may one rationalize the influence of salt
on the dynamics?

We have shown that, for an ionic strength below I, ~ 50
-100 mM, the inflexion time ¢* decays as a power law of the ionic
strength I with an exponent 8 = 8.7 + 0.2 independent of the nature
of the cation and the CNC concentration. Interestingly, a simi-
lar, very steep exponent of about —10 has been found in gels of
cotton CNC for the dependence upon the salt concentration of
the gelation time ¢, inferred from the intensity of light scatter-
ing.”” Moreover, visual estimations of the sol-gel transition time in
Ludox silica gels have reported power laws tg ~ I “ with p = 5.9-8.4
depending on the type of salt and the colloid volume fraction.*’
Power-law behaviors with exponents in the range § = 6-11 for the
stability ratio W, or equivalently for the inverse of the coagulation
rate, as a function of salt concentration, have been predicted the-
oretically for monodisperse spherical particles and indeed found
in pioneering experiments on Agl colloids through turbidity mea-
surements.®! Since the gelation time is directly proportional to the
stability ratio,””"” similar exponents are expected for t, vs I. The
theory, however, predicts that the exponent should depend on the
salt, in particular, on the valency z of the counterion,””*" whereas
we do not observe any significant variation in 8 with the type
of salt. This discrepancy could be ascribed to the non-spherical
nature and/or to the polydispersity of CNCs. To the best of our
knowledge, a complete theory that would account for the specific
characteristics of CNCs, both in terms of geometry and of surface
charges, and for their interactions in the presence of salt is yet to be
devised.

Another striking observation of the effect of salt is the plateau
observed in t* above I, ~ 50-100 mM. Such a critical ionic strength
may be accounted for through the following rough charge bal-
ance between the negative charges borne by the CNCs and the
positive charges brought by counterions. The latter is easily com-
puted per unit volume as gion = A al, where /4 is the Avogadro
number and the ionic strength I is expressed in mM. Assimilating
CNCs to cylinders of large aspect ratio p = L/D > 1 and bear-
ing a surface charge o, the former charge per unit volume simply
reads g = 40¢/D, where ¢ is the CNC volume fraction, given
by the ratio of the CNC weight fraction to the density d ~ 1.5
of CNCs relative to water for a dilute dispersion. Equating qq\
and g, then leads to I ~ 40¢/(/#'aD) (in mM). With ¢ = 2%-3%,
D =2-8 nm, and o = 0.2-0.8 charge nm™> as the typical range of
charge surface density reported in the literature for CNCs,” ™
one gets I. ~ 4-90 mM, slightly below the experimentally observed
I. ~ 50-100 mM. Although the above estimate of I. is subject to
strong approximations, it suggests that the plateau in ¢* indeed
results from full screening of the charges at the CNC surface for
I>1I..

Furthermore, in the high ionic strength regime, the gelation
process is likely to be dominated by the self-diffusion of the CNC
nanorods. For a sharp-ended cylinder in a Newtonian solvent of
viscosity 7, the rotational and translational diffusion coefficients
are, respectively, given by "’ D, ~ 3k T(Inp - 0.49)/(ny,L*) and
D, ~kgT(Inp +0.38)/(3nn,L), up to corrective terms of order
p~Y2. Considering the average length and diameter of the present
CNC nanorods and 7, = 1 mPa.s, we estimate the corresponding dif-

fusion times 7, = 1/D, ~ 0.27 ms and 7; = LZ/Dt ~0.13 ms. These
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time scales are consistent with the plateau values reached by t*
for I > I in the more dilute 3.2 wt. % CNC dispersions. The much
lower plateau value reported in Fig. 3 for the 4.8 wt. % CNC disper-
sions suggests that rods only need to diffuse over angles or distances
about ten times smaller than for 3.2 wt. % CNC for aggregation to
occur. Although a more complete model would be needed to fully
account for gelation kinetics in the presence of crowding effects,”””’
this simplified approach supports the idea that aggregation becomes
diffusion-limited for I > I..

Finally, while the exponent 8 seems to remain constant, we have
reported in Sec. III A 3 a significant dependence of the prefactor B
in t* = B/IP, with the type of counterion. In particular, for a fixed
CNC content, B increases when going from K* to Na* and then to
Mg". Thus, the kinetics become slower as one follows the Hofmeis-
ter series from more chaotropic (or “structure-breaking”) ions, such
as K", to more kosmotropic (or “structure-forming”) ions, such as
Mg**, which surround themselves with a greater number of water
molecules.””" To explain such a dependence, one must complement
the classical Derjaguin-Landau-Verwey-Overbeek (DLVO) poten-
tial with an additional ion-specific repulsive potential’” due to the
hydration shell that surrounds ions adsorbed on the CNC surfaces,
as proposed for silica particles not only for the gelation times™ but
also for the rheological properties of the resulting gels.”””* Kos-
motropic ions have a greater hydration diameter, which makes their
adsorption on the colloid surface more difficult, leading to a larger
effective hydration repulsion. This scenario qualitatively explains
the slowing down of the gelation and aging kinetics for more kos-
motropic ions, although a full quantitative interpretation for highly
charged rodlike particles, such as CNCs, still remains out of reach.

4. How does the microstructure evolve under aging?

Besides the influence of salt, the volume fraction of CNCs plays
a crucial role in the recovery and aging dynamics, since an increase
of 50% in the CNC content from 3.2 to 4.8 wt. % accelerates the
kinetics by a factor of about 100 (see Sec. III A 3). Such an accel-
eration when increasing the CNC volume fraction has also been
reported from turbidity measurements, although these were limited
to the recovery phase.”’ This suggests that the more particles, the
more interactions, and the sooner the equilibrium configuration is
reached. This also questions the role of interactions at the molecular
scale between CNC clusters, including hydrogen bonds as recently
emphasized in Refs. 37 and 95.

From the mechanical measurements presented in Sec. I1I B, we
may further elaborate on the potential gel structure reached along
the G'(t) master curve. In particular, in the framework of critical
gels, originally developed for branched polymer gels’*”*”” and later
extended to silica polymers,” protein gels,””'"" fibrin-thrombin
gels,'"! thermoreversible gels of silica nanoparticles,'’” or alumino-
silicate gels,”” the exponent a that characterizes the frequency-
dependence of the viscoelastic spectrum has been linked to the
fractal dimension d of the particulate network through « =3
(5 - 2ds)/2(5 - dy), under the assumption that hydrodynamic and
excluded-volume interactions are fully screened. In our case, this
relationship leads to a fractal dimension that increases from dy = 1.4
to about 2.5 with the salt content, or, equivalently, with the effec-
tive sample age. These estimates are fully consistent with previous
results on similar gels of charged cotton CNC rods in the presence
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of salt, which report fractal dimensions dy ~ 1.6 for a moderate salt
concentration (70 mM NaCl) using light scattering” and df ~ 2.1
at high ionic strength (200 mM NaCl) through small-angle neutron
scattering.*®

The nonlinear viscoelastic measurements of Sec. III C provide
additional insight into the structural evolution of CNC gels under
aging. When moving along the master curve, i.e., when equivalently
considering longer waiting times or larger salt concentrations, both
characteristic strains y,; and y_ decrease dramatically, suggesting
that the gel becomes more and more “brittle” when aging. A similar
drop in yy; and y_has been reported in cellulose gels for increasing
salt concentration.”” It was attributed to the formation of a much
stronger network due to denser clusters, which is consistent with the
possible increase of the fractal dimension df discussed above. Still,
structural measurements along the master curve are required to con-
firm the fractal nature of the present CNC gels and the evolution
of dy with the effective sample age. Ideally, time-resolved structural
measurements coupled to LAOS tests will provide a full picture of
the microstructure of CNC gels during yielding as a function of
sample age.

5. How do dissipative processes scale during
the aging dynamics?

Although we mostly focused our analyses on the storage mod-
ulus G', the loss modulus G” and the loss tangent tand also
carry important information on the aging dynamics, and more
particularly on the way dissipation occurs throughout the aging
process. One direction for a deeper investigation of dissipative pro-
cesses concerns the evolution of the G overshoot during yielding.
The specific “type III” fluidization scenario reported in Fig. 5(a)
is reminiscent of the yielding transition reported in soft glasses
made of hard-sphere colloids or jammed emulsions,”'"'%* or weak
polymer gels involving stiff or charged molecules.”” The over-
shoot in G”, known as the Payne effect in the context of rubber,
has been associated with the increased dissipation due to irre-
versible, plastic deformation'”'"” and recently quantified through
time-resolved decomposition of recoverable and unrecoverable
strains.'%°

Here, we have shown that the relative amplitude of the G”
overshoot, AG” /Gy, depends on the sample age (or on the salt con-
centration) in a non-monotonic fashion. Although a decrease of
AG" |Gy for increasing salt concentration has been reported in a
dense assembly of microgels,'”” this is, to our knowledge, the first
time that a non-monotonic dependence is reported. In particular,
the salt concentrations at which we observe the largest overshoots
in G coincide with the compositions for which G'(t) goes through
the inflexion point of the master curve [see Fig. 2(a)]. This suggests
that the fast aging of the sample contributes to enhancing the viscous
dissipation at the yield point.

Finally, note that a microscopic interpretation of the G over-
shoot in CNC gels has been proposed recently based on the intra-
cycle analysis of LAOS measurements:”’ the increase in strain
amplitude would reduce the interparticle distance, thus allowing
the formation of “shear-induced networks” that increase the vis-
cous dissipation when dragged along by shear. There again, time-
resolved structural measurements under LAOS would be necessary
to confirm such an interpretation.
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C. Concluding remarks and perspectives

The results presented in this study clearly highlight some uni-
versality in the recovery and aging dynamics of CNC gels. As illus-
trated by the above open questions, our mechanical measurements
pave the way for future investigations, including a time-resolved
characterization of the microstructure, e.g., through imaging under
polarized light or small-angle light scattering, in order to iden-
tify the microscopic mechanisms at play in such slow dynamics.
More generally, we expect that experimental results combining
mechanical and microstructural characterization will feed numerical
simulations and theoretical modeling, in order to fully understand
the physics of time-composition superposition in charged rodlike
colloids.

SUPPLEMENTARY MATERIAL

See the supplementary material for time-resolved viscoelastic
measurements at multiple frequencies f and for detailed informa-
tion about the temporal evolution of the loss modulus G” and the
influence of the type of salt on both the inflexion time ¢* and the
nonlinear viscoelastic response.
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