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Gelation under stress: impact of shear flow on the
formation and mechanical properties of
methylcellulose hydrogels†

Arif Z. Nelson, a Yilin Wang, a Yushi Wang,a Anthony S. Margotta,a

Robert L. Sammler,b Aslin Izmitli,c Joshua S. Katz, d Jaime Curtis-Fisk,b Yongfu Lie

and Randy H. Ewoldt *a

We demonstrate that small unidirectional applied-stresses during temperature-induced gelation

dramatically change the gel temperature and the resulting mechanical properties and structure of

aqueous methylcellulose (MC), a material that forms a brittle gel with a fibrillar microstructure at

elevated temperatures. Applied stress makes gelation more difficult, evidenced by an increased gelation

temperature, and weakens mechanical properties of the hot gel, evidenced by a decreased elastic

modulus and decreased apparent failure stress. In extreme cases, formation of a fully percolated

polymer network is inhibited and a soft granular yield-stress fluid is formed. We quantify the effects of

the applied stress using a filament-based mechanical model to relate the measured properties to the

structural features of the fibril network. The dramatic changes in the gel temperature and hot gel

properties give more design freedom to processing-dependent rheology, but could be detrimental to

coating applications where gravitational stress during gelation is unavoidable.

1. Introduction

The industrial, consumer, and scholarly importance of methyl-
cellulose (MC) is immense. The hydrophobic modification of
cellulose—the most abundant material in nature—yields MC
which has been utilized to considerable effect in pharmaceuticals
research,1–4 food products,5–7 building materials,8,9 packaging
films,10,11 solar cells,12 fuel cells,13,14 nano-particle synthesis,15,16

and research on cell culturing.17–19 The most immediately intri-
guing aspect of aqueous MC is its uncommon ability to form a
turbid, thermoreversible gel at elevated temperatures as shown in
Fig. 1a. There has been much progress made in studying the
structure and rheological properties of MC solution and gel,20–32

as well as the dependence of gelation on degree of substitution,33

concentration,21,34 ion concentration,35 and heating rate.26

Almost the entire rich body of work that exists on gelling
aqueous MC focuses on gels that form in a completely- or quasi-

undisturbed state, such as oscillatory shear at small forcing
amplitude. Although this characterization method is not
strictly quiescent, here we refer to quasi-undisturbed oscillatory
deformation (with zero time-averaged forcing) as ‘‘quiescent’’
to contrast with unidirectional applied stress which we refer to
as ‘‘dynamic’’. Under quiescent conditions, MC has been
observed to form a fibrillar gel network.27,28 This network
results from a conformational change of MC polymers in
solution from coils to rings and self-assembly into fibrils.36,37

The material shown in Fig. 1a was gelled in this quiescent

Fig. 1 Images of gels resulting from heating aqueous MC solutions. (a) Gel
formed while undisturbed during heating. (b) Gel formed while exposed to
a constant rotational velocity from an overhead stirrer.
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manner, and the ultimate mode of failure is fracture at a critical
shear stress, rather than ductile yielding and flowing. However,
for many of the applications mentioned above and others, MC
is not gelled in a quiescent condition but rather under dynamic
conditions, such as a coating applied to a vertical surface with
gravity inducing a shear stress. In this case, the properties
of quiescently gelled MC studied previously may be totally unre-
presentative of how the material will actually behave under finite
stress conditions; under appropriate processing conditions (e.g.
strong shear while heating), dramatically different properties
result. Shown in Fig. 1b, heating while continuously mixing
results in a soft granular yield-stress fluid (also known as false
body) that flows at high stress and nevertheless behaves as a solid
at low stress.38 Gel point determination from shear rheology is
typically performed with a small imposed stress or strain, and any
effect on the gel point is assumed to be negligible.39–42 Yet the
finite stresses imposed (either oscillatory or unidirectional) during
gelation43 may affect the network formation, changing the
gelling process, the corresponding gel point, and the mechanical
properties of the gel formed. Therefore, the effect of dynamic
conditions on gelation needs to be considered for meaningful
characterization.

The importance of investigating the effect of deformation
and flow conditions on structure formation has been identified
for many material systems with network microstructures.
Though most studies use controlled deformation rate
conditions,44–50 comparatively few investigate the effect of
controlled stress51,52 which may be more relevant to application
flow conditions.53,54 The effect of controlled shear rate conditions
and inhomogeneous stresses imposed by extrusion during
temperature-ramp gelation of aqueous MC was investigated by
Knarr and Bayer,55 who found that forcing a constant deformation
rate will destroy the gel network that forms on heating, and cause
gelation to occur at higher temperatures. However, the resulting
rheological properties after gelation were not studied and a fully-
formed gel under loaded conditions could not be observed
due to fixed shear rate rather than fixed stress conditions.
Applied unidirectional stress—rather than rate—is common in
applications, such as coating applied to a vertical surface subject
to gravitational loading. The effect of controlled-stress conditions
is highly relevant to gelation during processes such as film
formation, surface coating through impact, particle settling, and
pressure-driven extrusion. In contrast to controlled shear rate
conditions that have been found to always break down a
network,51 applying a moderate stress may allow the formation
of a fully-percolated gel network strong enough to bear the applied
load but that has properties different from the quiescently gelled
material. This is because stresses could lead to a preferential
orientation of the gel structure and rupture at the most tenuous
connections of the network. A gelation temperature can still be
defined with unidirectional controlled-stress conditions using the
fundamental definition of the temperature at which the viscosity,
Z, diverges to infinity.

A fibrillar gel network structure has been reported for MC
polymers of molecular weights 150 kg mol�1 and higher,36,56

but currently the precise microstructure of the material used in

our study here (Mw approximately 50 kg mol�1, details given
below) is still unknown. The material used in this study
becomes optically turbid (Fig. 1) as temperature increases
and gel forms, similar to the MC with higher molecular
weights,26 indicating the presence of large scale heterogeneities
in the microstructure. The change in turbidity has been char-
acterized in previous studies.29 Microstructure characterization
under shear flow has not been reported for this material, and is
complicated due to the high temperatures involved. This could
be possible with orthogonal superposition rheometry,57 or
experimental setups that combine rheometry and structure
characterization (scattering58,59 or confocal60,61), but this is
outside the scope of the work here.

In this work, we systematically apply constant unidirectional
shear stresses while heating to probe the rheology of aqueous
MC in both liquid and gel states for a range of concentrations.
These rheological properties are compared to those obtained
from quiescent gelation using a common heating rate of 1 1C
min�1. We will refer to gelation under constant unidirectional
non-zero shear stress as dynamic gelation, in contrast with
quiescent gelation. For all applications mentioned above and
others, the processing-to-property space that we generate here
reveals the possible catastrophic inaccuracy in gel temperature
and hot gel properties for MC gels when not taking processing/
application conditions into account. The molecular features of
the gel are inferred from measured gel properties by using a
filament-based mechanical model29,62,63 which we adapt to
rationalize the effect of applied stresses on gelation.

2. Material and methods
2.1. Material and specimen preparation

Methylcellulose used in this study was provided by Inter-
national Flavors & Fragrances under the trade name METHOCELt
A15. The MC material was characterized by size-exclusion chroma-
tography to obtain the absolute molecular weight distribution
and differential solution viscosity by the method of Li et al.64

The molecular weight distribution was unimodal with number-
and weight-average molecular weights of 22 and 47 kg mol�1,
respectively. The differential solution viscosity data (28 1C, 0.02–
0.2 wt% MC) relative to that for solvent were converted into
intrinsic viscosity, [Z], (167 mL g�1), which was used to compute
the overlap concentration (c* E [Z]�1 = 0.0059 g mL�1). The degree
of methyl ether substitution (DS = 1.9 mol –OCH3 per mole AGU)
was measured by an approach reported elsewhere.65

Prior to use, MC was dried under vacuum at 60 1C for a
minimum of 12 h. Solutions were prepared by adding MC
powder to half of the required amount of deionized water at
70 1C with constant stirring for 10 min without additional
heating, creating an opaque dispersion. The remaining water
(B21 1C) was then added gradually over 1 min, and the solution
was stirred for an additional 10 min. Then it was stirred in an
ice bath for 10 min and stored at 4 1C for a minimum of 12 h to
fully hydrate the polymer before use. Prior to testing, solutions
were degassed to minimize bubble formation when warming.
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The resulting solutions went from transparent at low concen-
trations to translucent at higher concentrations. The density of
MC is 1.39 g mL�1, and the concentration was calculated
assuming volume additivity as used in other MC studies.26,29

MC solutions were prepared over the range of 1 to 8 wt% which
nominally is the range of 1.75c* to 13c*.

2.2. Rheology

Fig. 2 schematically shows the applied thermal and stress
protocols. All tests were performed on TA Instruments DHR-3
and AR-G2 rotational rheometers (combined motor/transducer
instruments) using a DIN concentric cylinder cup (30.4 mm
diameter) and sandblasted bob (28 mm diameter, 42 mm
immersed length) geometry with Peltier temperature control.
To inhibit dehydration, a thin layer of mineral oil (obtained
from Sigma-Aldrich) with a density of 0.838 g mL�1 was floated
over the surface of the MC solution. For all experiments, the
sample was equilibrated at 20 1C and zero applied stress
for 10 min. All experiments were repeated thrice to obtain
error bars; error bars smaller than data points are not shown.

The sample was warmed from 20 to 80 1C at a rate of 1 1C min�1,
and different stress protocols were applied simultaneously.

For quiescent gelation, small-amplitude oscillatory shear
(SAOS) measurements were performed at a frequency of
0.1 rad s�1 and stress amplitude of 0.1 Pa, which is within
the linear regime for all the concentrations tested. This pro-
vided the elastic and viscous moduli, G0 and G00, respectively, as
a function of temperature. For dynamic gelation, constant
unidirectional stress, sc, was applied and the instantaneous
shear rate, _g(t), was measured, providing the apparent viscosity,
Z = sc/ _g(t), as a function of temperature (see ESI† for Video S1
that demonstrates the arrested motion due to gelation at
elevated temperature). The range of stress investigated here is
from 0.1 to 100 Pa, as this is sufficient to inhibit gel formation
for the range of concentrations studied, and more importantly,
it covers several relevant application stress conditions.53 Fig. 2b
shows the applied stress range compared to benchmark values
(see Section I for calculation details, ESI†). Important reference
values include gravity-induced shear stress in a 1 mm thick
layer on a vertical surface (10 Pa), a 1 mm particle settling
(or not) due to gravity (10 Pa), and droplet impact at 0.3 m s�1

(100 Pa), for example in spray coating applications.
After the temperature was raised to 80 1C and the gel

formed, a stress-controlled large-amplitude oscillatory shear
(LAOS) was applied with increasing amplitude at a frequency
of 3 rad s�1 until the apparent failure stress, s�Y; was observed.
A special case of the constant-stress gelation is sc = 0, to which
we refer as ‘‘true quiescent’’ gelation (no SAOS applied during
gelation). All hot gel properties (elastic modulus G0 and failure
stress s�Y) labeled ‘‘0 Pa’’ are from true quiescent tests. For
some high concentrations in the concentric cylinder geometry,
the apparent failure stress exceeded what could be applied by
the maximum instrument torque. For these materials, the
hot gel properties were obtained by performing the dynamic
gelation tests using a 40 mm sandblasted parallel plate on the
previously specified rheometers with a Peltier flat plate and
an applied mineral oil barrier. Due to maximum allowable
rheometer rotation speeds, lower concentration (lower viscosity)
samples were limited in the maximum stresses that could be
applied during gelation.

2.3. Gel point

The gelation of MC of higher molecular weights than the one
studied here has been shown to satisfy the Winter and Chambon
criteria66,67 and the frequency-independent gel temperature has
been determined in a wide range of concentrations.26 In this study,
we did not determine the quiescent critical gel temperature using
multiple frequencies, but pragmatically report a crossover tempera-
ture T(G0 = G00) at a single frequency of 0.1 rad s�1 for quiescently
gelled samples, at which the viscoelastic storage and loss moduli
are equal.68 Although this is not a true, frequency-independent
critical gel point, it is a practical reference given that we are limited
to lower frequencies by instrument inertia,69 which is a significant
issue at low MC concentrations. This crossover temperature is used
as a reference for comparison to the unidirectional stress dynamic
gelation. The crossover temperature is plotted as the reference
temperature for ‘‘0 Pa’’ gelation for all concentrations.

Fig. 2 Thermorheological test protocols. (a) Temperature ramp and
(b) simultaneously applied stress history, two options shown: small
amplitude oscillatory shear (SAOS) to probe gelation under (nearly) quiescent
conditions, or a constant unidirectional stress to study dynamic gelation as a
function of applied stress. After dynamic gelation, at 80 1C, an increasing
oscillatory stress amplitude is applied until failure, characterizing the hot gel
moduli and apparent failure stress. The axis at the bottom shows the range of
shear stress applied during gelation compared to application-relevant values
(calculations in Section I, ESI†). (See Video S1 for a time lapse of the dynamic
gelation experiment with arrested motion due to heating and gelation, ESI.†)
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For dynamic gelation tests, in which a constant unidirec-
tional stress is applied, we use the fundamental definition of
the gel temperature as the temperature at which the viscosity, Z,
diverges to infinity.70 When using this definition, the ability to
measure very small rates of deformation is a factor, and thus
practically we determine the dynamic gel temperature using the

first maximum of
dZ
dT

X when the instantaneous apparent

viscosity becomes immeasurably large (solidification). A similar
protocol has been used to determine the gel temperature of a
triblock copolymer system, but only for stresses small enough
to not significantly affect the properties of the material.71

Fig. 3 overlays the viscosity growth and viscoelastic moduli for
the same MC concentration (8 wt%) with the same magnitude of
applied stress (0.1 Pa). The dynamic gelation temperature (viscosity
divergence) deviates by approximately 3 1C from the oscillatory
deformation crossover temperature. We again emphasize that
neither metric is the frequency-independent critical gel point
because the crossover temperature may be frequency dependent
and is limited by the instrument inertia effects, and the dynamic
gelation temperature is the gel point under unidirectional applied
stress.

3. Results and discussion
3.1. Gel point and liquid properties

Fig. 4a and b show dynamic gelation experiments for the two
extreme compositions: 8 wt% and 1.04 wt%. In both cases,
applied stress delays and disrupts the gelation process. In

Fig. 4a, for 8 wt% MC, it is shown that
dZ
dT

����
max

occurs at higher

temperatures with increasing applied stress, meaning that
gelation occurs later, i.e. the material is more difficult to gel.
Compared to an applied stress of 0.1 Pa, applying a stress of
100 Pa delays gelation by approximately 20 1C for these condi-
tions of warming at 1 1C min�1. This is a significant shift

Fig. 3 Gel point from viscosity divergence. (a) Schematic of the gel point
defined by diverging viscosity Z and asymptotic emergence of solid elastic
modulus G0. (b) Example measurement of viscosity growth of aqueous
MC (8 wt%) at 0.1 Pa applied unidirectional stress compared to SAOS
measurement of G0 and G00 at oscillation frequency 0.1 rad s�1 and stress
amplitude 0.1 Pa, all while warming from 20 to 80 1C at 1 1C min�1. The
temperature at maximum measurable slope of Z is compared to the
crossover in G0 and G00; the difference DT is an estimate of the expected
variance of the methods.

Fig. 4 Delay and disruption of gelation for aqueous MC at (a) 8 wt%, (b) 1.04 wt% and (c) all concentrations while warming from 20 to 80 1C at
1 1C min�1 at different unidirectional shear stress. Apparent gelation temperatures are marked with down-pointing arrows labeled with the
applied shear stress. For reference, the SAOS-measured crossover temperatures at 0.1 rad s�1 are shown (blue arrows, labeled ‘‘0 Pa’’). Full details of
underlying time- and frequency-sweeps in Section II (ESI†). Color and shape of symbols for a given sample are consistent across all dynamic gelation
figures.
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compared to the expected variance of the different gelation
methods (Fig. 3). Fig. 4b shows that at lower concentrations the
gelation may be completely inhibited above a critical stress.
Even at 0.3 Pa (which is very low, cf. Fig. 2b), the viscosity of this
low concentration MC material never diverges, indicating that
the imposed stress does not allow a fully-percolated gel network
to form. Results for the other four concentrations are shown in
Fig. S7–S10 (ESI†). At low stress, viscosity will diverge
with temperature. For higher stresses the viscosity evolution
is more complex, sometimes changing concavity as if gelation
is interrupted, delayed, or inhibited. Materials that do not show
a diverging viscosity can be considered to not gel while a
sufficiently high stress is being applied. However, once the
stress is removed, it is apparent from viscoelastic measurements
that a soft viscoelastic solid exists (i.e. G04 G00). We interpret this
structuration to be akin to rapid thixotropic recovery of a
flowable yield-stress fluid rather than gelation kinetics as the
gelation timescale due to a sudden temperature rise for MC gels
reportedly may exceed 150 seconds depending on the
concentration.72 The amount of time between the stress removal
and the oscillatory flow measurement may affect the measured
properties since it gives more time for a network to form.
However, here we begin oscillatory measurements immediately
after the cessation of flow, and a study of the effect of network
formation time is outside the scope of this work.

Fig. 4c summarizes the dynamic gel temperature results,
obtained from viscosity divergence, for all studied concentrations
and applied stresses. Complete data sets are reported in Section II
(ESI†). The dynamic gel temperatures decrease with MC
concentration at a given applied stress, sc, which is consistent
with quiescent gelation temperature trends reported in
literature.21,26,34 Higher applied stress results in a significant
increase (delay) in gel temperature for all concentrations. For all
but the highest concentration, we observe a sufficiently large
shear stress where dynamic gelation does not occur (labeled
‘‘No Gel’’ in Fig. 4c); we refer to this as the critical stress, scrit.
By performing a more gradual increase in the applied stress, it
would be possible to more precisely determine this critical stress
to inhibit gelation if this were desired. In general, we observe that
the critical stress increases with concentration as one might
expect; since the macroscopic stress is determined by both the
microscopic deformation of fibrils and the density of the network
fibrils, at higher concentrations the applied stress to destroy the
network needs to be larger for the more numerous fibrils to
experience the same degree of deformation. The SAOS crossover
temperatures at 1 rad s�1 (in blue) are shown for reference;
these also decrease with concentration. At sc = 0.1 Pa for each
concentration, the dynamic gel temperature agrees within a few
degrees of the SAOS crossover temperature, as anticipated from
Fig. 3.

For the highest concentration tested, 8 wt%, there is a
narrow range of applied stress sc where the apparent gel
temperature is unchanged, indicated by a plateau at low sc.
For lower concentrations, no plateau is observed within the
range of stresses tested, suggesting that the true quiescent
gelation temperature may be even lower and require stresses

smaller than 0.1 Pa. This is already an incredibly low stress
(cf. Fig. 2b), revealing the need to consider the gel temperature
as a function of applied stress for any rheological measurement
protocol. For a truly quiescent rheological probe of gelation
temperature where no additional stress or strain is imposed, it
is likely that one would have to perform passive bead
microrheology73 or a similar technique.

For the MC material investigated here, we attribute the
inhibition of gelation to either the destruction or prevention
of fibril network connections due to flow stress, which is
counteracted by the propensity to form fibrils and a percolated
network at elevated temperature. When gelation is completely
inhibited (‘No Gel’ location in Fig. 4c), it is likely that network
formation is still occurring, but on length scales that do not
span the full sample size until after the dynamic gelation stress
is removed (and flow ceases). Evidence for this is visual
(e.g. Fig. 1b with the soft granular yield-stress material) and
with measured rheology: when the stress is removed, a soft
solid forms with an apparent failure stress below the applied
stress during gel formation, as discussed in the next section.

Fig. 4c can be interpreted as a regime map for dynamic
gelation as a function of (T, sc) at a given concentration, c. For a
given concentration, gelation occurs above the lines connecting
the symbols, and does not occur for conditions below the lines.
Of course, this regime map in Fig. 4c is only for a particular MC
material and heating rate, and only for unidirectional stress.
However, we anticipate that the trend of increased gel temperature
and inhibited gelation under dynamic flow conditions is general to
other thermally-gelling materials and heating rates, and that the
effect of other dynamic conditions, such as oscillatory stress or
strain rate, would disrupt the gelation similarly.

3.2. Hot gel properties

We hypothesized that gels formed under dynamic applied
stress would be softer (lower storage modulus) and weaker
(lower failure stress) than if formed in quiescent conditions.
To assess this, hot gels were subjected to oscillatory shear stress at
successively higher stress amplitudes until apparent failure was
observed (see the protocol schematic in Fig. 2). The viscoelastic
moduli were found to be insensitive to the oscillation frequency
for all materials at 80 1C within our experimental window (0.1 to
100 rad s�1). For all tests at 80 1C, the value of tan(d) = G00/G0 in the
linear plateau region was between 0.02 and 0.1 and G00 is omitted
from plots for clarity. From this LAOS test, the first-harmonic

storage modulus G
0
1

74 was fit to a constant value in the small
amplitude plateau region to obtain the linear viscoelastic storage

modulus G
0
LVE (referred to as the hot gel elastic storage modulus);

any higher harmonic responses are neglected. Apparent failure
manifested as extreme non-linearity; we emphasize the apparent
nature of this failure stress, s�Y; and that it may not be a true
material property since the failure may include both the cohesive
failure (due to sample yield) and the adhesive failure (due to
boundary slip). Despite the approximate nature of the failure
stress, we report it here as it indicates the limits of the available
data and is still representative of the observed mechanical failure.
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Fig. 5 shows the elastic storage modulus, G
0
1; for MC at

8 wt% and 2.08 wt% gelled under increasing stresses (similar
data for all other compositions in Fig. S11–S14, ESI.†). The MC
material in this study does not display strain stiffening behavior
in LAOS, in contrast to other types of MC.29,36 For 8 wt%, across
two-and-a-half decades of applied flow stress sc, the resulting hot
gel storage modulus decreases by an order of magnitude (the gel
is much less stiff), and the apparent failure stress decreases by
over an order of magnitude (the gel breaks much more easily).
For 2.08 wt%, the change of storage modulus and apparent
failure stress with the applied stress is not monotonic. Both the
modulus and failure stress continue to decrease with the applied
stress until sc = 1 Pa, when the applied stress is large enough to
break the network entirely. No gel forms while this stress is
applied (see Fig. 4c), and a soft viscoelastic solid forms after the
stress is removed. For such viscoelastic solids, when the applied
stress is further increased, the modulus and failure stress
increase unexpectedly, though they remain much lower than
the quiescent hot gel values.

The results of Fig. 5 and similar results in Fig. S11–S14
(ESI†) for other concentrations are summarized in Fig. 6 (linear

storage modulus, G
0
LVE) and Fig. 7 (failure stress, s�Y;). All

measured MC concentrations less than 8 wt% show a non-

monotonic trend where the sharp decrease in G
0
LVE is followed

by a gradual increase as the dynamic gelation stress increases.

At very low gelation stresses (0.1 Pa), G
0
LVE is within experimental

variation of the true quiescent values, and at higher stresses,

G
0
LVE decreases below the true quiescent modulus. At even

higher applied stresses, gelation is entirely prohibited and solid

gel behavior is only apparent after stress removal. In this stress
range, increasing the applied stress causes a comparatively stiffer
and stronger gel to ultimately form. In a peculiar observation which
may be coincidental, this gradual increase follows approximately

along the line of G
0
LVE ¼ sc; suggesting the hot gel moduli in this

regime have become insensitive to MC concentration and instead
depends more on the applied dynamic gelation stress. A conse-

quence of G
0
LVE scaling with sc is that it indicates a constraint on

the processing–structure–properties design space of the hot gel; the

minimum achievable G
0
LVE is approximately equal to the applied

stress when gelation is just inhibited.

Fig. 5 Softer and weaker gels result when formed under applied
unidirectional shear stress. Oscillatory shear-stress amplitude sweeps at
3 rad s�1 of formed hot gels at 80 1C for (a) 8 wt% and (b) 2.08 wt%, for a
range of applied stress during gelation (0–30 Pa, as labeled). Data sets
truncated at apparent failure stress indicated by � symbols. In regions of
overlapping data, point density is decreased for readability. Error bars are
from repeat experiments. The sub-dominant G001 data are omitted for
clarity. Color and shape of symbols for a given sample are consistent
across all dynamic gelation figures.

Fig. 6 Summary of hot gel storage modulus at 80 1C as a function of
concentration and stress applied during gelation: (c, sc). Blue data shown
at 0 Pa from true quiescent gelation (not SAOS). Dashed line shows G

0
LVE ¼

sc; as a comparative reference for a peculiar observation with data at the
highest dynamic gelation stresses. Color and shape of symbols for a given
sample are consistent across all dynamic gelation figures.

Fig. 7 Apparent failure stress s�Y; for all concentrations at 80 1C as a
function of the applied stress during gelation. Dashed line shows s�Y ¼
0:1sc; another peculiar observation with data at the highest dynamic
gelation stresses. Color and shape of symbols for a given sample are
consistent across all dynamic gelation figures.
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The trends for s�Y; in Fig. 7 are not as clear as for G
0
LVE, yet the

same overall trends are observed. We observe a decrease followed
by a concentration-insensitive increase for samples below 8 wt%.
Above the concentration-dependent critical stress, materials
appear to approximately follow the line of s�Y ¼ 0:1sc. Similar to

the storage modulus, G
0
LVE, the scaling of s�Y with sc constrains

the minimum s�Y; obtainable through dynamic gelation with an
applied stress where gelation is just inhibited.

There are major practical implications for this huge range of
resulting mechanical properties. In the example of a gelling
film on a vertical surface, a 1 mm thick layer results in a stress
at the substrate of approximately 10 Pa (see ESI,† Section I and
Fig. 2b). For a concentration such as 2.08 wt%, this means that
rather than being able to support a load of 600 Pa (true
quiescent failure stress able to affix the gel on the surface),
the film coating might be expected to fail at a loading of less
than 1 Pa and slump down, leaving only a thin layer behind.

3.3. Inferring microstructure from rheology

The dramatic changes in mechanical properties suggest significant
microstructural differences among materials gelled quiescently and
those gelled under unidirectional applied stress conditions.
We conjecture that the difference is caused by fewer crosslinks
and thus an increased distance between crosslinks in the MC gel,
as the applied stress suppresses the crosslink formation during the
gelation and the average distance between crosslinks is increased.
This results in an overall sparser connectivity and consequently, a
softer and weaker material compared to the quiescent gelation
case. To quantify such structural features of the MC gel, in this
section we examine the validity of a semi-solid filament-based
model for our data and estimate the distance between crosslinks,
lc, using our rheological measurements of the linear elastic

modulus, G
0
LVE, and the apparent failure stress, s�Y.

For the quiescently formed gels, their linear viscoelastic
moduli increase with concentration, as expected. Fig. 8a shows
the linear elastic modulus of the quiescent gels versus

concentration, and the solid line indicates a power law fit of
2.4 � 0.2. The concentration, c, is calculated from the weight
fraction, assuming a density of 1.39 g mL�1 for the polymer and
additive volume. This scaling is consistent with the semiflexible
polymer filament-based network model, developed by McKin-
tosh et al.,62 which predicts the scaling of G0Bc5/2. Here, we

assume G
0
LVE ¼ G0; since G00 is negligible. This model was

originally developed to describe the elasticity of semiflexible
polymer networks and has been applied to large molecular
weight MC gels recently.29 The semi-flexibility assumption of
the model requires that the mesh size, x, and the crosslink
distance, lc, are smaller than the persistence length, lp, of the
fibril. According to the model, the elastic modulus, G0, is
related to the persistence length, lp, and the distance between
crosslinks, lc, as63

G0 ¼ 6rkBT
lp
2

lc3
; (1)

where kB is the Boltzmann constant; T is temperature. r is the
fibril density (length per volume), which is related to the
volume fraction of polymer, fP, and the fibril radius, r, by r =
fP/xpr2; where x is the volume fraction of polymer within the
fibril. The elastic stress comes from the bending and stretching
of polymer strands between crosslinks. Compared with the

modulus for rubber-like polymer networks,75,76 G0 � nkBT �
r
lc
kBT ; where the polymer strands are flexible and act as

random coils, the elasticity of semiflexible polymer networks

is multiplied by a factor of
lp

lc

� �2

; which is larger than one to be

self-consistent with modeling assumptions. MC fibrils are
reported to have a persistence length of approximately 30 nm
and contain 40% polymer by volume; the fibril radius is 7.5 nm,
which is constant regardless of MC concentration and molecular
weight within a certain range.29 Using these quantities and
eqn (1), the distance between crosslinks, lc, for the quiescent

Fig. 8 The validity of the semiflexible chain network theory for METHOCELTM A15 MC gel across the concentrations studied: (a) linear storage modulus,

G
0
LVE, at 3 rad s�1, 80 1C, versus polymer concentration, c. The solid line is the power law fit to the data, which gives the scaling of 2.4 � 0.2. (b) The

distance between crosslinks, lc, for quiescent gels, is smaller than the persistence length, lp, for most concentrations. lc is calculated from G
0
LVE by

assuming the radius of fibril, r, being 7.5 nm and lp being 30 nm.29 The dashed line represents the persistence length, lp, which is higher than lc except for
the lowest concentration.
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gels is calculated from the measured elastic modulus, G
0
LVE, as

shown in Fig. 8b. With the increase of polymer concentration, a
more densely crosslinked gel is formed and the distance between
crosslinks decreases. For all concentrations except the lowest
one (1.04 wt%), lc is lower than lp, suggesting this METHOCELTM

A15 MC forms a semiflexible polymer network62 and the model
by McKintosh is applicable for studied concentrations higher
than 1.04 wt%. The lc for the gel with the lowest concentration
(1.04 wt%) is slightly larger than lp, suggesting a gel network with
sparser crosslinking and more flexible polymer strands between
crosslinks that gives rise to a softer gel. This is consistent with
the modulus at 1.04 wt% being lower than the fit line in in
Fig. 8a. It should be noted that the values of persistence length,
fibril radius, and other quantities mentioned above have only
been validated for the specific MC gels studied by McAllister
et al.29,36 (larger molecular weight than is studied here), so the
calculated lc in Fig. 8b may only be qualitatively correct. For any
other calculations in this paper, we have not used those values.

For inferring the structure of the dynamically formed gels,
we assume that applying stress during gelation increases the
distance between crosslinks, changing the crosslink density of
the gel by disrupting their formation, but the fibril persistence
length and dimensions are unaffected. Within this strict
assumption, the effect on the structure can be quantified by
calculating the relative average crosslink distance, lcd/lc,
defined as the ratio of the average distance between crosslinks
of the dynamic gel divided by the crosslink distance of the
quiescent gel of the same concentration. From eqn (1) we can
see that for each concentration, the relative average crosslink

distance can be determined by
lcd scð Þ

lc
¼ G

0
LVE

G
0
LVE scð Þ

� �1=3

; and the

results are shown in Fig. 9. For each concentration, the relative
average crosslink distance initially increases with the applied
stress as crosslink formation during gelation is disrupted. Above

the concentration-dependent critical applied stresses, when the
gels are unable to fully form until the stress is removed, the
relative distance decreases, but remains larger than one;
this suggests that the crosslink density is always less than the
quiescent gel. A possible caveat to this is that as the distance
between crosslinks increases, the semiflexible condition is no
longer satisfied and the model loses accuracy. In this case, a softer
and more flexible gel network may be formed.

The semiflexible polymer network model also predicts a
critical stiffening stress, scs, above which a gel stiffens,77,78

scs ¼ rkBT
lp

lc2
: (2)

In principle, the bending rigidity, k = kBTlp, is a constant for
different networks composed of the same type of fibril and at
the same temperature. This has been applied to successfully
predict the critical stress at which some MC gels undergo strain
stiffening in LAOS.29 Although we do not observe strain stiffening
for our MC gels, we hypothesize that this same critical stress is
associated with nonlinearity and a rapid change of the
mechanical response which may cause mechanical failure of the
network. By combining eqn (1) and (2), we obtain

scs ¼
1

6

� �2=3
kBT

lp

� �1=3 ffiffiffi
r
p

G0

� �2=3
. The fibril density, r, is propor-

tional to the concentration, c, if we assume a constant fibril radius,

r. Therefore, the model predicts a critical stress scaling scs �ffiffiffi
c
p

G0ð Þ2=3 for a constant persistence length, lp.63 Fig. 10 shows

the apparent failure stress, s�Y; as a function of
ffiffiffi
c
p

G
0
LVE to assess

the prediction of scs �
ffiffiffi
c
p

G0ð Þ2=3. For quiescently formed gels,

which are shown in blue, the power law scaling of s�Y; to
ffiffiffi
c
p

G
0
LVE is

0.7 � 0.2, shown as a solid blue line. This range is consistent with

Fig. 9 The effect of applied stress, sc, on the apparent crosslink distance
inferred from the model of eqn (1): the average distance between crosslinks of
dynamic gel, lcd, normalized by that of the quiescent gel, lc, of the same
concentration as a function of applied stress. Symbols indicate different material
concentrations and are consistent with the representation in Fig. 8 and 10.

Fig. 10 The dependence of s�Y on
ffiffiffi
c
p

G
0
LVE for both quiescent and

dynamic gels, which is more sensitive for the dynamic gel than the
quiescent gel. The gel fails before stiffening can be observed. The solid
blue line is the best fit for the quiescent gel, which gives the scaling of 0.7
� 0.2, consistent with the model prediction. The failure stresses of
dynamic gels are lower than the quiescent gel fit. Symbols indicate
concentration, colors indicate applied stress (same meaning as in prior
figures).
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the critical stiffening stress scaling predicted by the model. This
suggests that the critical stiffening stress prediction is meaningful
for failure behavior, even if stiffening is not observed. For dynamic
gels, the scaling of critical stiffening stress predicted by the model
is no longer applicable, and the failure stress is lower than the
quiescent gel fit, suggesting a different structure is being formed
than assumed by the model. The lower failure stress also suggests
that by applying stress during gelation, the ultimate mode of failure
of MC gels changes from fracture to yielding and the failure stress
is greatly reduced. In this case, the failure stress is lower than the
critical stiffening stress, and the MC gel fails before it stiffens.
Although the failure stress is lower, there is still a proportionality

between s�Y; and
ffiffiffi
c
p

G
0
LVE. The scaling appears close to 2/3 for lower

values of G
0
LVE at a given concentration, but is much more sensitive

at higher values of G
0
LVE.

By comparing both linear (elastic modulus, G
0
LVE) and non-

linear (apparent failure stress, s�Y;) rheology with the filament-
based network model, we have shown that this model is
applicable for the quiescently formed MC gels at this molecular
weight, even though no strain stiffening is observed in LAOS.
However, for gels formed under unidirectional stress, the
crosslink formation is disrupted and the model is less credible,
suggesting that a fundamentally different structure is formed.

4. Conclusions

We applied constant unidirectional shear stresses during
the gelation of aqueous methylcellulose to obtain rheological
properties in both the liquid and hot gel states across a wide
range of MC concentrations and dynamic stresses. Applying
stress was found to make gelation more difficult (i.e. gel tem-
perature increased) or inhibit gelation entirely until removal of
the applied load. Significantly softer and weaker gels were
formed under dynamic conditions, with lower concentrations
showing non-monotonic dependence of properties on sc. For low
concentration solutions, gelation appears to be inhibited entirely
above a critical stress, and the gel forms only after the stress is
removed. Given the sensitivity of gel temperatures of some
concentrations to a relatively small unidirectional stress (e.g.

for 2.08 wt%, G
0
LVE decreasing by over two orders of magnitude

at sc = 1 Pa), the stress-dependent gel temperature raises
questions for any gelation test performed at finite stress
magnitude, including SAOS. Clearly, if one’s application
relies on gelation occurring at a particular temperature, an
unaccounted-for delay or inhibition of this process could have
unfavorable implications. Yet this phenomenon could also allow
for more design freedom in the available material properties and
rheology. For example, if one does not want a material to form a
rigid gel in a hot environment, applying a flow stress could
inhibit gelation or significantly change the resulting properties.
This is not limited to materials that exhibit a ‘‘gel temperature’’
and can also be applied to materials where flow may affect
structure formation including the restructuring of thixotropic
materials.

Additionally, we infer the effect of the applied stress on the
structural features of the MC fibrillar network by using a
filament-based mechanical model. By comparing the linear
elasticity scaling and the inferred crosslink distances, we show
that the semiflexible filament-based mechanical model is
applicable to our quiescently formed gels, even though they
are lower molecular weight than prior studies and do not show
strain stiffening in LAOS. For dynamically formed gels, the
distance between crosslinks appears to increase with applied
stress, leading to a softer and easier to break hot gel.
The dynamically formed gels undergo apparent yielding rather
than the strain stiffening predicted by the mechanical model.

Here we only characterize hot gel properties in the same
direction as the applied stress (i.e. the rotational direction). It is
possible that MC fibrils may form an anisotropic aligned
structure under the unidirectional applied stress. If so, it is
likely that properties such as stiffness, failure stress, diffusivity, etc.,
may be anisotropic and characterization of such anisotropic
properties would serve as interesting future studies, including
rheological, structural, and transport properties through MC
networks. Outside the scope of this paper is the direct
characterization of the molecular-level structures of the gel under
shear flows, which would require the development of microscopy
protocols that combine controlled stress conditions and high
temperatures.

The results presented here demonstrate that small stresses
applied during gelation can have a significant effect on the gel
temperature, the structure, and consequently, the mechanical
properties of the hot gel, such as the linear viscoelasticity and
the failure stress. The results are important for MC materials
but also have implications for the vast array of gelling soft
materials which—whether acknowledged or not—often
undergo gelation at small non-zero stress conditions that may
suppress structure formation and change the resulting gel
point and gelled properties. This may be catastrophic for some
applications, but also opens possibilities for engineering material
structure and properties by using low-stress-amplitude processing
in non-equilibrium conditions.
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Alvarado, M. A. Charó-Alonso, A. D. L. Peña-Gil and

J. F. Toro-Vazquez, The effect of shearing in the thermo-
mechanical properties of candelilla wax and candelilla wax-
tripalmitin organogels, Food Biophys., 2011, 6, 359–376.

46 F. M. Alvarez-Mitre, J. A. Morales-Rueda, E. Dibildox-
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