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Abstract. We study gelation under shear of aqueous gelatin by measuring the evolution of the apparent vis-
cosity, thus extending the previous study by de Carvalho and Djabourov (W. de Carvalho, M. Djabourov,
Rheol. Acta 36, 591 (1997)). From a set of experiments under constant stress, we deduce that the mi-
crostructure evolves through the following succession of regimes: i) nucleation and growth until crowding
of a microgel suspension; ii) coalescence into strata parallel to the flow; iii) gradual thickening of these
strata via transverse cross-linking until the flow finally localizes into two interfacial sliding bands which
close sequentially. The transition between these regimes occurs at characteristic viscosity values. This sce-
nario is fully confirmed by experiments performed at constant shear rates. We expect it to be relevant for

all materials forming thermoreversible gels.

1 Introduction

Gelation under shear has repeatedly been proposed as a
method for tailoring microstructured fluids or pastes [1-
5]. However, the relation between the shear history during
gelation and the final gel rheological properties is still
far from being fully unraveled. Studies in this field were
pioneered by de Carvalho and Djabourov [6] who have
characterized in detail, along the course of the gelation
process, the dynamic evolution of the rheological response
of gelatin —a widely studied self-assembling biopolymer
which forms thermoreversible hydrogels cross-linked by
triple-helix segments reminiscent of the native collagen
structure [7]. They interpreted their results in terms of
the formation of a suspension of microgel particles whose
size grows up to a j-dependent limit. They concluded to
the existence of a threshold shear rate 4* below which this
limiting value would be large enough for percolation to
occur and result in the formation of a weak particulate gel.

Later studies have concentrated on comparing systems
once they have been formed under either quiescent or flow-
ing conditions. In particular, Norton and coworkers [2,3]
have proved the feasibility of controlled “fluid gels” (stable
suspensions of microgel particles). They obtained them via
gelation under shear of solutions of biopolymers (agar [2],
k-carrageenan [3]) undergoing spinodal decomposition.
Altmann et al. [1] and Caggioni et al. [5] have shown that
applying shear during gelation may result in substantial
modifications of the mechanical response. From this, they
infer that, even when shearing does not impede full gela-
tion, it certainly affects the gel microstructure.
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These results suggest the following remark: a gelling
solution close to percolation can be viewed as a concen-
trated suspension of microgel clusters (the size distribu-
tion of which depends on the shearing rate, if any). On the
other hand, a number of works have shown, in the last two
decades, that concentrated suspensions frequently exhibit
shear banding [8]. The question then naturally arises of
whether flow localization could be relevant to gelation un-
der shear —an issue of importance in terms of microstruc-
ture formation. Indeed, if so, the resulting gels could be
expected to exhibit specific anisotropies, possibly depen-
dent upon the flow history.

With this question in mind, we revisit here the gelation
dynamics of sheared gelatin, paying special attention to
the dense microgel regime, which was overlooked in ref. [6].
We extend the results of de Carvalho and Djabourov by
closely analyzing, in experiments performed under con-
stant stress o (sect. 3), the later stages of the dynamics,
as characterized by the evolution of the apparent viscos-
ity n,(t), which increases by about six orders of magni-
tude up to full gelation of the system. We find that the
log n, vs. t curves (see fig. 2) exhibit a three-step structure,
whose breaks of slope occur at values of 7, independent
of the imposed shear stress, which strongly suggests that
they signal transitions between well-defined microstruc-
tural regimes.

This leads us to propose that, after initial nucleation
and growth of a homogeneous microgel system (stage I),
gelling proceeds via coalescence into strata parallel to the
flow (stage II), which gradually thicken via transverse
cross-linking while the flow becomes increasingly local-
ized (stage III), until gel percolation is complete, but for
two sliding bands along the rheometer plates. The final
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Fig. 1. Storage modulus G’, measured at 1 Hz and strain am-
plitude 1073, versus time t after quench at 7' = 20 and 26 °C,
for a 5 wt% gelatin solution in water.
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evolution towards full gelation consists of the sequential
closure of these two bands.

We then show (sect. 4) that this qualitative scenario is
fully consistent with the time evolution of 7 (¢), measured
in experiments performed over a wide range of imposed
shear rates. This suggests, in particular, that gels formed
under moderate or low shear rates should present a lay-
ered texture resulting in an anisotropic fracture energy
(toughness).

2 Experimental
2.1 Sample preparation

When cooled below Ty >~ 29 °C, aqueous gelatin solutions
form thermoreversible gels, whose mechanical properties
depend on their thermal history. Under quiescent condi-
tions, following a rapid quench down to T' < Ty, after a
latency time 7, the low-frequency (v = 0.1-100 Hz) stor-
age modulus G’ builds up rapidly, then reaches a logarith-
mic, apparently unbounded, growth regime [7] associated
with the slow growth and rearrangements of the cross-
linking segments. As illustrated in fig. 1, the lower T is,
the faster the kinetics —i.e. the smaller 7 and the larger
the log-slope of the storage modulus.

We prepare 5 wt% solutions of gelatin (Sigma, type A
from porcine skin, 300 Bloom) stirred at 65 °C in deionized
water. The pre-gel solution is then poured into the cone-
plate cell (diameter 50mm, angle 2°, sandblasted) of a
stress-controlled rheometer (Anton Paar, MCR 501) ther-
malized to within 0.1°C. The sample is protected against
water evaporation by a dodecane rim.

A reference state of the sol is obtained by pre-shearing
at T = 45°C, ¥ = 1s7! for 200s. For ¥ < 100s~!, we
measure its viscosity to be 3 - 1073 Pa s. We then estab-
lish the prescribed stress, or strain rate, and subsequently
quench to the working temperature T' = 26 °C. This tem-
perature is chosen close below Tg, so that the gelling
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Fig. 2. Apparent viscosity 1, = o /% measured during gelation
of a 5 wt% sample under imposed stress versus time t after
quenching at T'= 26 °C. From left to right o = 1, 2, 3, 4, 5, 8,
10, 12, 15Pa. The characteristic viscosities 7 ...n4 label the
limits separating regimes I to IV (see text).

kinetics (see fig. 1) be slow enough for the quenching time
(80s) to be negligible. That is, the whole gelation process
occurs under isothermal conditions.

After each run, the cell is cleaned and a new sample
is prepared from the same pre-gel stock solution. We have
checked that this protocol ensures reproducibility of the
characteristic viscosities (see sect. 3) on the 7,(t) curves
to within 10%.

2.2 Shearing protocol

Experiments under controlled strain rate are performed
for 4 ranging from 1072 to 10?2 s~ !, shear being applied at
its prescribed value prior to quenching.

We perform stress-controlled experiments for values of
o ranging from 0.5 to 15Pa. Under the initial shear rate
of 50005~ ! corresponding to ¢ = 15 Pa, the sol is found to
be expelled out of the cell. This leads us to adopt the fol-
lowing protocol. Before quenching, we apply a low stress
0o = 1 Pa (initial 4 of 300s~!) which protects the system
against centrifugation, then quench and wait under o for
a time tg = 250s after quench before switching to the
prescribed higher stress level. The duration of the associ-
ated stress transient [9] is ~ 30s. We have checked that
the further evolution of 7 is insensitive to i) reductions of
to within the range accessible at each o-level and ii) the
value of the pre-shear stress o in the range from 0.5 to
2 Pa.

3 Gelation under constant stress

Figure 2 shows the time evolution of the apparent vis-
cosity 1, = o/% measured during gelation under various
stress levels, ranging from 1 to 15Pa. Clearly, increasing
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Fig. 3. Viscosity 1, measured during gelation under low stress
levels o = 0.5, 1,2 Pa versus time t after quench. Circles: stor-
age modulus G’ (at 1Hz, strain amplitude 10™3) of the same
gelatin solution gelling under quiescent conditions. n; ~ 3Pa s
is the viscosity at the end of regime I (see text).

o results in a substantial slowing down of the gelling ki-
netics. However, we find that this effect only shows up for
o > 1Pa, while (see fig. 3) up to this value, the viscosity
curves are indistinguishable within experimentally accu-
racy and can thus be considered as probing gelation under
quiescent conditions. In this quasi-quiescent limit logn,
exhibits a sigmoidal shape ending in an ultra-slow regime
(noisier part of the curves!') where it measures the creep
viscosity of bulk gel undergoing the above-mentioned slow
aging process [10,11].

As o increases up to about 5Pa, the sigmoidal shape
(see fig. 2) is essentially preserved while gradually stretch-
ing along the time axis. At higher stress levels, a stepped
substructure becomes increasingly conspicuous. One is
naturally tempted to associate the marked breaks of the
slope d(logn,)/dt with structural transitions in the flow-

ing system. This is further supported by the observa-
tion (see fig. 2) that, strikingly enough, each of the four
slope breaks (i: 1,...,4) occurs at a characteristic (quasi
o-independent) viscosity level 7;.

In order to test the robustness of these features, we
have performed a similar set of experiments on a 4%
gelatin solution. This concentration difference results in
a substantial increase, by a factor ~ 1.6, of the quiescent
gelation time. As shown in fig. 4, while the dynamics is
globally slowed down, all the above-described qualitative
features of the viscosity response are preserved.

This leads us to hypothesize the existence of a well-
defined sequence of regimes. The earliest stage (1, < m1),
which we label I, certainly corresponds to the one analyzed
in [6], in which cross-links nucleate [12], thereby generat-
ing microgel clusters which grow at a rate limited by the
flow, but whose volume fraction remains below the crowd-

! The high noise level in this regime originates from the in-
strumental 4 resolution, of order 107*s™!.
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Fig. 4. Apparent viscosity 1, = o/% measured during gelation
of a 4 wt% sample under imposed stress versus time t after
quenching at T' = 26 °C. From left to right ¢ = 1,5,6,7, 8 Pa.
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ing threshold, the flow being homogeneous on the meso-
scopic scale. This regime terminates when the viscosity of
this thickening suspension reaches the threshold value 7;
which we find to be stress-independent. According to [6],
termination should occur when the microgel suspension
reaches the percolation threshold. If such is actually the
case, the time at which 7, is reached under quasi-quiescent
conditions should therefore coincide with the emergence of
a finite storage modulus in the non-flowing system. This
is very nicely confirmed by the data shown in fig. 3.

Furthermore, it appears (see figs. 2 and 4) that the
value of 7 is the same, ~ 3 Pa s, for both the 5 and 4 wt%
systems at the same temperature T' = 26 °C, although this
level is reached at markedly different times for a given ap-
plied stress. This observation is consistent with 77 marking
the percolation threshold of rigid particles, which occurs
at a fixed microgel packing fraction. This suggests that, at
this stage, the shear modulus of the microgels is already
much larger than the imposed stresses (< 15Pa).

At low stress levels (o < 5Pa), increasing the applied
stress clearly slows down the growth of the microgel sus-
pension. However, crowding does not results in any clearly
identifiable feature on the 7, (t) curves.

In contradistinction, under applied stresses o = 5Pa,
crowding is followed by a sudden rise of 7,: most likely,
in this regime, the resulting sparse percolating network is
too weak to sustain the build-up of elastic stresses in the
rotating cell, and the system enters a regime where mi-
crogel cross-linking competes with “breaking” by H-bond
dissociation under the flow-induced stresses. In our sim-
ple shear configuration, clearly, breaking occurs preferen-
tially between layers parallel to the mean flow. We thus
expect the system to develop an anisotropic structure of
more strongly cross-linked cluster strata sliding viscously
on each other.

This second stage (phase II), characterized by a very
steep increase of 7, over about two orders of magnitude,
we observe to switch, for n, = 172 ~ 220Pa s, to a third
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stage (III) with a substantially smaller viscosity growth
rate. Most likely, this slope break signals the transition
to a regime where elementary strata gradually thicken
via permanent (or long-lived intermittent) cross-linking,
the flow becoming increasingly localized into a random
fracture-like structure akin to that seen in sheared tran-
sient network systems [13,14]. As this evolution proceeds,
the thickness of cohesive layered blocks increases until the
gel fills the whole cell gap, except for a last sliding band,
the closure of which corresponds to the abrupt jump of 7,
to its creep value.

However, one observes (see fig. 2) that this final jump
is preceded by a much smaller step. Moreover, strikingly
enough, the two associated apparent viscosity values verify

N4
— 92, 1
13 ()

Now, assume that there are, in a cell of thickness e,
two flow bands, each of thickness h, with the same rheol-
ogy 0 = f(%oc), where the local and external shear rates

are related by 4 = 410c(2h/e). When one of them closes
at fixed o, Yi0c is preserved while, now, ¥ = Aoc(h/e),

so that the apparent viscosity doubles. Relation (1) thus
clearly indicates that, at the end of stage III, the flow has
localized into two bands of equal thicknesses, which close
sequentially. Their symmetry strongly suggests that these
two bands are located along the cell walls, 7.e. that, here,
adhesion to the plates is weaker than gel cohesion. We
have been able to check that relation (1) holds, not only
for the ¢ > 10Pa data of fig. 2, but, as well, with the
4 wt% samples of fig. 4, for o > 7Pa.

The distinction between stages IT and III in the above
scenario remains, at this stage, quite speculative. In order
to gain further insight into the nature of the microstruc-
tures, we performed, on 4 wt% gels at T' = 23°C, the fol-
lowing set of experiments. We let gelation proceed under
o = 15Pa up to a predefined 7, level. The correspond-
ing 7, (t) curve is displayed in fig. 5a. When this state is
reached, at time t,, after the end of the quench, we ramp
the stress down to zero within 2 seconds, then commute
to a strain ramp at rate 1 s_l7 and measure the stress re-
sponse. We separately measure, at the same 7§ value, the
response o (7) of a quiescent gel of the same age t,,.

The evolution of ¢(?) () with t,, is shown in fig. 5b. As

analyzed by Bot et al. [15], it presents an initial elastic,
strain hardening part. This elastic regime, ending at a
quasi age-independent strain . ~ 350%, is followed by
a fast drop, after which the system reaches a steady flow
regime. We have checked, by raising the cone, that this
flow is localized at the upper cell boundary. So, the gel
fails by interfacial fracture. As its age t,, increases, the gel
becomes gradually stiffer.

Comparison between the sheared and quiescent sys-
tems was performed for the states labeled (A) to (D) in
fig. ba, chosen to belong to different stages (I to III) of our
scenario and to the fully gelled final state. The results are
displayed in figs. 5A to 5D.

Consider first panel D, picturing the response of the
sheared system just after full gelation. Up to a strain
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~v =~ 200%, the initial o rise, as well as the final steady
level, are indistinguishable from those of the isochronous
quiescent gel. That is, the age-induced stiffening of the
shear modulus of the fully formed gel is basically unaf-
fected by previous shearing. However, the failure stress is
considerably smaller than the quiescent one. This is clearly
attributable to the relative weakness of the adhesive in-
terface resulting from the recent closure of the last sliding
band —which reappears in the post-failure steadily flow-
ing state.

Let us now turn to panel C, pertaining to the earlier
stage III. Here again, the initial elastic response is essen-
tially that of the isochronous quiescent gel, but, now, only
up to a strain ~ 80%. However, no well-defined failure
threshold can be identified, and the late o-level lies sig-
nificantly below the quiescent one. These features appear
consistent with our interpretation of stage III in terms of
a set of gel layers separated by thin fracture-like sliding
bands, bridged by short-lived transient cross-links whose
lifetime increases as the stress level is ramped down. Upon
reloading, their age is much smaller than that of the al-
ready gelled, stiffer, layers. The fact that the small strain
modulus is practically equal to the quiescent one thus
proves that, in state C, the flow was localized on an over-
all thickness much smaller than the gap size. Finally, the
lower late o-level is consistent with the presence of several
non-interfacial bands.

In contradistinction with the C response, in state B,
belonging to stage II, the slope of the initial stress rise
is distinctly smaller than its quiescent counterpart. Elas-
ticity in the unloaded state is no longer completely con-
trolled by that of the stiffer regions. This indicates that,
in stage II, a sizable fraction of the system is liquid-like,
a statement supported by the fact that the late o-level is
significantly smaller than in C.

These features are even more marked in state A, which
corresponds to a quasi-crowded microgel suspension. The
initial rise is sublinear, but extends over a time (~ 2s)
much too large to correspond to a viscous transient of
the initial (A) suspension. This low-frequency viscoelas-
tic behavior has been characterized by de Carvalho and
Djabourov [6] who found that, after unloading from a state
close to crowding, at v = 1Hz, G'/G” ~ 2: most proba-
bly, during unloading, full percolation has already taken
place, leading to a weak gel which behaves as a yield stress
fluid [16].

The information emerging from this set of unloading-
reloading experiments, though indirect, is consistent with
our qualitative scenario. We will now look for further con-
firmation by investigating the dynamical evolution under
various levels of imposed external shear rates.

4 Gelation at imposed strain rate

We perform these experiments at a set of strain rate val-
ues 4; (i = 1,...,6), chosen to span the various regimes
defined above. They are indicated in fig. 6, which displays
the same data as fig. 2, now plotted as 5, (t). The dashed
curves in fig. 6 indicate the loci of the viscosity values char-
acteristic of transitions between the stages defined above.
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Fig. 5. (a) Viscosity vs. time for gelation under stress o = 15Pa. (b) Stress o'

9 yersus strain 7 start-up responses of gels

formed under quiescent conditions. Loading at strain rate 1s~ ! is started at gels ages t, = 700, 740,910s after quench, chosen
to correspond to points A, B and D on panel (a). Panels (A) to (D): stress responses after unloading at A to D (panel (a)) and
immediate reloading (see text). Thin lines: responses of the corresponding isochronous quiescent gels. Inserts: log-log plots of
same data, the dashed lines have slope 1. All data are for 4 wt% gelatin in water solutions at T = 23°C.

They exhibit a marked curvature. That is, contrary to the
claim made in [6], interstage transitions, in particular the
crowding one, corresponding to n = 7; do not correspond
to constant shear rate thresholds.

Figure 7 shows the stress responses o4(t) (panel (a))
and the associated apparent viscosities 7 (t) (panel (b)).
Note that, while the stress curves for increasing ¥ do not
exhibit any systematic trend, viscosities are clearly or-
dered: at a given time, the higher 4, the lower 7. We now
concentrate on the structure of these curves.

In regime I (curve 1), after an initial fast rise, the
smooth growth of 7; slows down without showing any
trend toward saturation, and we find that higher shear

rates (data not shown) result in lower viscosity levels.
This agrees with the conclusions of ref. [6] that, in this
fast-shearing regime, the flowing system consists of a non-
crowded suspension of microgel particles whose size is a
decreasing function of 4. The late thickening indicates that
this structure is not truly stationary, but exhibits very
slow coarsening via either chain accretion or inter-particle
aggregation.

As % is decreased to 45 = 0.5s~ !, the previous smooth
response exhibits a spectacular change: a considerable
ruggedness develops on top of the overall viscosity in-
crease. This low-frequency, broad-band noise is precisely
what can be expected from the structure we have proposed
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for stage I, made of coalescing strata intermittently bridg-
ing and breaking under shear. Note (fig. 7) that, for
¥ = “2, n remains smaller than the value 72 = 220Pa s
which signals the end of stage II over the full experimen-

tal time window (¢ < 3-10%s). This contrasts with the
data obtained at 43 = 0.3s71, for which 7 becomes larger
than 75 for ¢ > 16600 (see arrow in fig. 7). As can be seen

most easily on panel (a), as long as the system is in regime
II, the same type of ruggedness as in the previous case is
observed. However, as dynamic thickening brings it gradu-
ally deeper into stage III, the amplitude of the broad-band
fluctuations decreases while spike-noise becomes increas-
ingly prevalent. These spikes we believe to be the signature
of the localized, transient, closure/fracture events between
the thickening strata evoked in the previous section.

Curves 4 and 5, which correspond to smaller 4 values,
present two strong new qualitative features: i) a viscosity
overshoot, the amplitude of which increases as % decreases,
develops at the end of the initial fast rise; ii) the subse-
quent slower thickening is interrupted by a clearly marked
step. The latter is absent for our smallest strain rate value
A6 = 0.01s7 L.

Let us first concentrate on curve 6. We note that the
viscosity level just after the overshoot n ~ 1500 Pa s lies
in the vicinity of the characteristic value ny which marks
the closure of one of the two terminal interfacial sliding
bands. We thus conclude that the system reaches a fully
percolated, though weak, gel state, then fails —hence the
overshoot— via a single interfacial fracture. Once this
state is reached, as the gel ages it stiffens, i.e. its mesh size
& decreases, and so does the thickness of the sliding band,
resulting in the gradual increase of the apparent viscosity.
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Fig. 7. (a) Stress o5 versus time during gelation at imposed
strain rate of a 5 wt% sample. Curves 1 to 6 correspond to
values of 10; 0.5; 0.3; 0.06; 0.025; 0.01s~ . The arrow indicates
the time at which the sample gelling under 43 = 0.3s~! crosses
the boundary between regime II and III. (b) Same data as in
(a), plotted as apparent viscosity 7+ versus time.

We propose that, at the slightly larger shear rates jq4,
45, after the failure signaled by the overshoot, the system
reaches a state corresponding to stage III, and that the
1 step marks the transition from two to one sliding in-
terfacial bands. However, now, this closure occurs at im-
posed apparent strain rate, and the amplitude of the n
jump depends on the functional form of the band rheol-
ogy 0 = f(Y10c). In a previous study [17] we have shown
that, for a gelatin gel sliding upon glass, the frictional
stress o results from viscous dissipation in an interfacial
shear band, with

a~0.4. (2)
Let us assume that such a power law rheology also holds in
the present case, and that the two bands have equal thick-
nesses. Then, since closing one among the two bands re-

sults in a twofold increase of 7)o in the remaining last one,
one immediately finds that the ratio of apparent viscosities

g
T ™~ MNoc>
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across the step should read
nlband/n2bands — 9a. (3)

The data of curve 4 (respectively, 5) yield for this ratio
a value of 1.48 (respectively, 1.42), that is, from eq. (3),
an exponent o =~ 0.5, in reasonable agreement with the
above-mentioned value, a result nicely consistent with our
sequential interfacial band closure scenario.

5 Conclusion

The set of experiments presented here confirms the quali-
tative result of [6], namely: when gelling under fast enough
shear rates, gelatin does not reach a fully percolating net-
work state but, rather, forms a slowly aging microgel sus-
pension.

However, we do not confirm the existence of their pro-
posed critical strain rate value 4*. Rather, our results lead
us to conclude that the end of the microgel suspension
regime corresponds to a critical viscosity 1; hence the de-
parture from horizontality of the dashed curves of fig. 6,
which mark the inter-regime boundaries. Of course, the
larger , the more extended in time the suspension regime
will be. This extension might even diverge at some finite
large strain rate threshold, beyond which a microgel sus-
pension would be fully stabilized.

One step beyond, we have shown here that under lower
shearing rates, gels form via a complex dynamical pro-
cess resulting from competition between the trend to chain
aggregation and the disrupting effect of shear. That this
latter effect is important in the case of gelatin is clearly
due to the relative weakness of the H-bonds involved in
the formation of the triple helix cross-link segments. More
generally, it should also come into play in gelation under
shear for all materials forming reversible gels.

Moreover, the analysis of the detailed evolution of the
rheological responses of such a physically cross-linked sys-
tem enables us to conclude to anisotropic, stratified gela-
tion, associated with increasing flow localization. However
the aging dynamics characteristic of gelatin necessarily
leads to a rather fast evolution of such structures upon
cessation of shear. So, in order to test the shear-induced
anisotropic structuration suggested by our analysis, it will
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be necessary to try and stabilize these structures, which
should give rise to toughness anisotropy, by using gel-
forming materials presenting much slower aging —such
as, possibly, agar [1,18].

We are grateful to A.N. Morozov for fruitful discussions on this
and related subjects.
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