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Physical age of soft-jammed systems
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We study experimentally the liquid-solid transition in a soft-jammed system and focus on its aging in the

solid regime. We investigate the impact of temperature, density, and load changes on the material behavior. We
show that all elastic modulus versus time curves fall on a single master curve when rescaled by an appropriate
factor function of the density, the temperature, the load, and the time elapsed since preshear. This allows us to
distinguish the effect of temperature and density on the mechanical properties and their effect on aging. Since
the time evolutions of the elastic modulus under various conditions are similar within a factor, we suggest that

the rescaled time reflects the physical age of the material; i.e., it describes the degree of progress of the
structural organization relative to a state of reference of the system in the solid regime and constitutes a means

for characterizing the effective state of such systems.
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I. INTRODUCTION

Various systems such as foams, emulsions, or colloidal
suspensions exhibit a transition from a liquid state (they
flow) to a solid state (they are jammed) when submitted to an
insufficient stress (i.e., below the yield stress). This ability to
undergo a liquid-solid transition has found a wide range of
applications in industry and has aroused the interest of physi-
cists as it appears typical of a fourth state of matter with
some analogy with glass behavior. The generality of the jam-
ming transition led to the proposal of a unifying description
based on a jamming phase diagram in temperature, density,
and stress coordinates with a critical surface limiting the
solid and liquid states [1,2]. Moreover, in the solid state,
soft-jammed systems (or pastes) form an out-of-equilibrium
system with a structure continuously evolving in time; they
are said to age. It was shown [3] that, when the stress is
lowered below the yield stress, this aging bears some anal-
ogy with that observed in glasses or amorphous polymers
when the temperature is lowered below the glass transition
temperature [4]. Aging is also at the origin of the apparent
gelification of various systems at rest, which results in an
increase of mechanical strength [5-7] with the time of rest,
another feature of practical importance. Although it was
shown that jamming and aging are intimately linked proper-
ties [8], there is still lacking a clear view of this link and of
its interplay with the different variables of the systems; in
particular, it is of fundamental interest to see if the apparent
equivalence of temperature, density, and stress in driving the
liquid-solid transition holds for driving the out-of-
equilibrium dynamics in the solid state. In other words, is
there any link between the jammed (solid) states attained by
different routes to jamming in the phase diagram? Or more
precisely, how do the solid-state properties depend on tem-
perature, density, and stress?

In order to address these questions we study experimen-
tally the influence of aging on the viscoelastic properties of
various soft-jammed systems after a flow (preshear) at a high
velocity (equivalent to a quench for glasses) and focus on the
impact of temperature, density, and load changes on the ma-
terials behavior. We first show that the liquid-solid transition
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occurs after a certain time which can be properly identified
from the evolution of material characteristics. Then we show
that the G’ vs 1,, curves for different temperatures, solid frac-
tions, and shear stresses fall on a single master curve when
rescaled by appropriate factors. This allows us to distinguish
the effect of temperature and density on the mechanical
properties and their effect on aging. This also suggests that a
physical age, describing the degree of progress of the struc-
tural organization relative to a state of reference, can be de-
fined as a function of the density, the temperature, the load,
and the time elapsed since preshear.

II. MATERIAL AND PROCEDURES

Here we focus on reversible aging—i.e., variations of the
internal state which can be reversed by a strong agitation of
the material (rejuvenation). Such effects induce variations of
the material viscosity, which are referred to as thixotropy in
mechanics. We used a typical thixotropic material—i.e., a
Na-bentonite suspension. Bentonite is a naturally swelling
clay with slightly flexible, large-aspect-ratio particles inside
which water tends to penetrates [9], but which can somewhat
aggregate via edge-to-face links, so that the suspension may
be seen as a colloidal gel [7]. In this context the aging at rest
may take its origin in a progress of either the swelling or
aggregation process or an evolution of the particle configu-
ration. Each sample was prepared by a strong mixing of the
solid phase with water, then left at rest for 3 months before
any test, which avoids further irreversible (chemical) aging
over the duration of the experiments.

The reproducibility and relevance of long-duration, rheo-
logical tests with such jammed systems is challenging be-
cause various perturbating effects can occur such as wall
slip, drying, edge effects, phase separation, etc. [10]. In order
to avoid these problems we used a controlled-stress Bohlin
C-VOR200 rheometer equipped with a thin-gap Couette ge-
ometry (inner radius r;=17.5 mm, outer cylinder radius r,
=18.5 mm; height #=45 mm) with rough surfaces (rough-
ness 0.1 mm). The geometry was topped with a lid which left
a very small path towards ambient air and thus strongly lim-
ited drying. We checked the absence of drying effects from
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the reproducibility of successive similar tests.

A straightforward measurement of the mechanical proper-
ties of solid-liquid systems consists in determining their stor-
age (G’) and loss (G”) moduli (see below) in the solid re-
gime. Here we follow such characteristics of different
materials for different solid-volume fractions (¢), tempera-
tures (7), and loads (i.e., the stationary applied stress o) as a
function of the time of rest (¢,,). The value of the elastic
modulus and its time variations are expected to reflect both
some basic strength of the network of interactions between
the soft elements (say, in complete disorder) and the evolu-
tion of this structure in time as a result of rearrangements
leading to material aging.

In order to identify properly the liquid-solid transition we
used a powerful technique which consists in applying a con-
stant stress in order to induce a macroscopic flow and super-
imposing small oscillations in order to probe the actual ma-
terial strength. A comparison of the time evolutions of the
apparent flow resistance and the response to oscillations al-
lows us to identify the liquid and solid states (see below).
After its preparation each sample was set up in the geometry
and presheared at a large apparent shear rate (7,=200 s7h
and under a given temperature (7) during a sufficient time
for temperature stabilization. Then the material was submit-
ted to a shear stress including a constant component and an
oscillating component: o+ oy sin 27Ft, in which F=1 Hz
and o< o, (0, the material yield stress, will be defined be-
low). oy is chosen so as to ensure that we test the materials in
their linear regime: the resulting deformation is well repre-
sented as y() + v, sin(27Ft+ ¢) and v, is smaller than 0.1%.
The storage and loss moduli are then computed from G'(z)
=75 c0s @/, and G"(t)=7,sin ¢/y,. With this procedure
relevant values for G’ and G” can be determined only when
the characteristic time of the oscillations (1/F=1s) is
smaller than the characteristic time for significant changes of
material properties. The latter was generally much larger
than 1 s except during about 5 s (10 s for ¢=3%) after the
liquid-solid transition. Note that such oscillations do not af-
fect the mechanical properties of the material as shown from
the very good correspondence between G'(z,,) and the elastic
modulus estimated from creep tests after the same time (z,,)
at rest without oscillations [7]. From such tests we get both
information on the apparent structure [via the apparent vis-
cosity (i.e., =0/, in which y=d+y/dr)] and information on
the actual structure [via G'(¢) and G"(¢)]. If the material is in
a liquid state, we expect the evolutions of G” and # with
time to be similar; if the material is in its solid state, these
evolutions are not necessarily similar but the response to
oscillations should be mainly elastic.

III. RESULTS AND DISCUSSION
A. Liquid-solid transition

For a typical test as described above in a first stage the
material undergoes a large deformation: it flows, and the
flow is continuously decelerating. During this stage, G” is
larger than G’ and increases in time, and G” is proportional
to 7 times 277F (see Fig. 1); this indicates that the material is
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FIG. 1. (Color online) Storage and loss moduli of a bentonite
suspension (¢$=5%) as a function of the time 7,, after preshear for
0/0,=87%. The third solid (green) line is the apparent viscosity
divided by a factor 3.5. ¢ is the critical time for the liquid-solid
transition, and the dotted line defines the boundary between the
liquid and solid regimes. The inset shows the deformation as a
function of time.

in a liquid state (although not simply Newtonian), as pointed
out in Sec. II. Afterwards, G” reaches a peak and starts to
decrease (see Fig. 1), while 7 tends to infinity around the
peak, indicating that the material stops flowing. In parallel
the materials develops some elasticity: G’ abruptly increases
and crosses over the G” curve at the peak. This indicates that
the material is now in a solid state. This transition from the
liquid to the solid regime also corresponds to the beginning
of a plateau of deformation (see inset of Fig. 1).

Finally, these observations allow us to identify precisely
and unambiguously the liquid and solid regimes of the ma-
terial, which are thus associated with the regions, respec-
tively, before and after the G” peak and G'-G” crossover. A
percolation phenomenon well explains this effect: the initial
G" increase results from the progressive formation of solid
aggregates in the fluid; when they reach a critical concentra-
tion, the aggregates form a continuous, solid network; this
structure is reinforced in time (resulting in a sharp increase
of G') as the material goes on aging while G”, which is now
related to the viscous behavior of this structure, decreases.

The transition occurs after a time i, increasing with o,
and which tends to infinity when o— o, (see Fig. 10, be-
low); i.e., the material remains indefinitely in a liquid state
for 0> o,. This technique thus provides a precise means for
observing the liquid-solid transition and for defining the
yield stress o, of such pastes. Experiments at different tem-
peratures 7" and concentrations ¢ show that o, depends on T
and ¢, but remarkably, the transition time ¢ solely depends
on the ratio o/ 0.

The age of the material in its solid state is thus ¢,
—i{olo,). The curves G'(t,,— o/ o,)) then describe the ef-
fect of aging on the structure strength. These curves are sim-
ply similar by a factor Jy(o) (see Fig. 2), which means that
the applied stress (o) strengthens the material [by a factor
Jo(o)] and delays the liquid-solid transition [of a time
o/ o,.)], but does not affect the dynamics of the aging pro-
cess in the solid regime since, whatever the stress value, the
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FIG. 2. G'(t,,—¥)/J, curves (in the solid state) for the bentonite
suspension (¢p=5%) for t,,> i [see values of (o) and J, in Figs.
10 and 11].

relative evolution of the elastic modulus is solely a function
of the absolute time spent in the solid state only; it would
thus simply change the state of reference of this aging (see
below). Note that we will not study here the influence of the
oscillation frequency and its possible interplay with aging in
the solid regime.

B. Effect of the temperature

Let us now examine the effects of temperature on the
aging curves [i.e., the elastic modulus as a function of the
age in the solid state, G'(t,,— {a/a.))] for a constant o/ c,.
Typical results are presented in Fig. 3. The main apparent
change is the increase of the elastic modulus with tempera-
ture, which is likely due to the dependence of particle inter-
actions with 7. In this context we can expect some superpo-
sition of the curves along a single curve by scaling G’ by a
factor Hy(T). As an example we used a scaling factor such as
to get a crossover of the curves at 7,,=30 s and we see in Fig.
4 that the curves do not superimpose. This is so because not
only the level but the shape of the G’ vs ¢,, changes with T.
In particular the extent of the range of variation of G’ over a
given range of ¢,, decreases when T decreases. This is some-

G'(Pa) o -
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FIG. 3. (Color online) Elastic modulus as a function of time for
a bentonite suspension (¢=3%, o=0) at different temperatures:
(from bottom to top) 5 °C (black), 25 °C (red), 40 °C (dark blue),
55 °C (magenta), 70 °C (light blue), and 80 °C (green). Qualita-
tively similar results were obtained for the bentonite suspension for
other ¢ and o.
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FIG. 4. (Color online) Elastic modulus as a function of time
(data of Fig. 3 with the same colors) scaled by a factor H;(T) SO as
to have a crossover of the curves for #,=30 s.

what expected since aging results from exploration of the
energy landscape: as this exploration is driven by thermally
activated processes, aging should then be faster when the
temperature is larger. We can thus suggest that as the tem-
perature is decreased, the dynamics is slowed down, say, by
a simple scaling factor of time, 6(T), while there is in parallel
a variation of the elastic modulus of the initial structure,
which leads to the introduction of a scaling factor of G,
H,(T). Remarkably such a scaling effectively makes it pos-
sible to get a single master curve (see Fig. 5). To sum up,
Hy(T) represents the strengthening of the material by a
change in temperature, while 6(7) is a characteristic time of
structuration at a given temperature. Even if at this stage we
cannot provide straightforward physical explanations (see
Sec. III D for a sketch) of the variations of the scaling factors
with T, as far as we know, this result provides the first (phe-
nomenological) quantification of the effect of temperature on
aging dynamics in pastes.

C. Effect of the solid fraction

Since for the liquid-solid transition of jammed systems an
equivalence of the effects of temperature and density was
suggested [1], it is interesting to see whether such an equiva-
lence holds for the aging dynamics. More precisely, with
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FIG. 5. (Color online) Elastic modulus as a function of time

(data of Fig. 3 with the same colors) scaling G’ by Hy(7) and t,, by
6(T) (see the values of these parameters in Figs. 10 and 11).
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FIG. 6. (Color online) Elastic modulus as a function of time for
the bentonite suspension at different solid fractions: (from bottom to
top) 3% (light blue), 4% (dark blue), 5% (red), 6% (green), and 7%
(black).

regards to the above results for temperature, we could expect
some slowing down or acceleration of the structure rear-
rangement relatively to a structure of reference, for different
solid fractions ¢. Effectively the G’ vs t,, curves for different
¢ (for the bentonite suspension) look similar (see Fig. 6)
with a dependence in time which depends on the concentra-
tion. As a consequence, as for the temperature there is no
superimposition of the curves along a single curve when just
scaling G' by a factor Ij(¢) (see Fig. 7) in order to get a
crossover of the curves at 7,,=30 s. A master curve is never-
theless obtained (see Fig. 8) when both G’ is scaled by a
factor Ij(¢) and 1,, by a characteristic time a(¢). The factor
a decreases with ¢ (see Fig. 8), which means that aging is
accelerated by an increase of ¢; it may be explained by the
fact that for a larger ¢ the electrostatic forces are larger so
that the particles are more rapidly pulled towards local, pro-
visional, equilibrium positions. Here the factor I, accounts
for the dependence of particle interactions with the distance
(which decreases with the solid fraction). It is worth empha-
sizing that with the aim of characterizing the variations of
particle interactions with the solid fraction we here have a
parameter (I;) which is more relevant than that of most pre-
vious works which simply used the elastic modulus or the
apparent yield stress after a given flow history (see Sec. IV).

10°
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FIG. 7. (Color online) Elastic modulus as a function of time

(data of Fig. 6 with the same colors) scaled by a factor I;((ﬁ) SO as
to have a crossover of the curves for 7,,=30 s.
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FIG. 8. (Color online) Elastic modulus as a function of time
(data of Fig. 6 with the same colors) scaling G’ by Iy(¢) and 7,, by
a(@) (see the values of these parameters in Figs. 10 and 11).

D. General master curve

It is worth noting that the impact of one of the variables
(T, d,0) is independent of the other variables; i.e., 6 does
not depend on ¢ and o, a does not depend on 7 and o, and
i does not depend on T and ¢. In other words, for example,
the effect of a density increase on the aging dynamics is the
same whatever the temperature and the stress. As a conse-
quence a single master curve (see Fig. 9) can be obtained for
all the data by plotting G’ scaled by Hy(T)Iy($)Jy(0o) as a
function of 7,,— ¢/ o,) scaled by &(T)a(p). We emphasize
that this result is not fortuitous as we cannot expect to find
such a full consistency of a set of curves over two-decade
ranges and obtained under different conditions except if
these curves effectively reflect a physical consistency.

As a consequence G’ may be written as G’ =Gyf(x), in
which Gy=HylyJy, x=(t,,—¥)/ O, and f is a function inde-
pendent of T, ¢, and o (the values of «, 6, and ¢ are shown
in Fig. 10). Remarkably this shows that the value of the
elastic modulus is a function of two independent factors: one
solely depending on 7, ¢, and o; the other depending on a
single variable involving, among others, ¢,. Thus G is the
elastic modulus of some state of reference of the material,

G/G,

FIG. 9. (Color online) Master curve of the elastic modulus
scaled by the factor G as a function of the physical age x for the
bentonite suspension at different solid fractions (in the range
3-7 %), temperatures (in the range 5-80 °C) and applied shear
stresses (below o). For the sake of clarity solid lines of different
colors and thicknesses were drawn for the different solid fractions
(light blue, 3%; dark blue, 4%; red, 5%; green, 6%; black, 7%).
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FIG. 10. Time factors—i.e., 6(T) (open squares), a(¢) (solid
squares), and (o/a,) (stars) for the bentonite suspension.

while f(x) is a characteristic of its actual aging state relative
to this state of reference. In this context we can refer to x as
the physical age of the material: namely, the degree of ad-
vancement of physical aging relative to the state of reference.
The physical age—i.e., the time elapsed in the solid regime
and written in a temperature- and volume-fraction-dependent
time unit—is the time which is relevant for effectively de-
scribing the structuration. This equivalence of the effect of
time of rest, concentration, temperature, and stress on the
physical age of the material explains, for example, the evo-
lution of the microscopic aging observed from dynamic light
scattering as f,, or ¢ increases [11].

The values of the parameters H,, I,, and J, are presented
in Fig. 11. Their variations are consistent with some basic
physical analysis. H, increases with ¢ and [, increases with
T as expected from the fact that the structure strength in-
creases with the number of particle interactions per unit vol-
ume (related to ¢) and their strength which, according to the
usual double-layer theory [12], increases with the Debye
length (which is proportional to vT). The proportionality of
I, with ¢? is consistent with a fractal approach of the elastic
modulus of colloidal gels [6,13].

In order to test the generality of the validity of this result
we carried out similar tests with two other materials: a Ti-O,
suspension and a mustard. The Ti-O, suspensions were pre-
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FIG. 11. Strength factors—i.e., Hy(T) (open squares), Iy(¢)
(solid squares), and Jy(o) (stars) for the bentonite suspension.
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FIG. 12. (Color online) Elastic modulus as a function of time for
the Ti-O, suspensions (o=0) for different temperatures (at ¢
=26.5%) and different solid fractions (at T=25 °C): (from bottom
to top) 23% (dark yellow), 5 °C (light blue), 10 °C (dark blue),
25 °C (red), 40 °C (green), 55 °C (black), 65 °C (magenta), 33.6%
(purple), and 29.8% (wine).

pared with Ti-O, particles (Tronox CR-826 from Kerr-
McGee Chemical LLC) of 0.2 um average diameter. The
particles were suspended at various concentrations ranging
from 23% to 33.6% in a 0.01M KCI aqueous solution. The
suspension was stirred during 1 h and its pH was adjusted to
7. The mustard (Maille, France) is a mixture of water, vin-
egar, mustard seeds particles, mustard oil, and various acids.
We may see it as a suspension in an oil-in-water emulsion
with a large concentration of elements (droplets and par-
ticles). The temperature could be varied for both materials
(see the results in Figs. 12 and 14) and for the Ti-O, suspen-
sion it was also possible to vary the concentration (see Fig.
12). We see that it is again possible to scale all the data along
a master curve when using appropriate factors (see Figs. 13
and 14).

IV. DISCUSSION AND CONCLUSION

The present observations have several implications. Pre-
vious works discussed the evolution of the strength of a ma-

10° 10" 10° 10°

FIG. 13. (Color online) G’ scaled by G, and t,, by x for the data

of Fig. 12 (with the same colors), in which 6
=1,0.95,0.68,0.56,0.36,0.17 and Hy=1,1.1,1.23,1.3,1.48,1.5,
respectively, for increasing temperatures and o

=0.57,0.68,0.8,0.86 and [,=0.91,1.27,2.14,2.77 for increasing
solid fractions.
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FIG. 14. (Color online) Elastic modulus as a function of time for
the mustard (o=0) for different temperatures: (from to bottom)
5 °C (light blue), 25 °C (dark blue), 40 °C (red), 70 °C (black),
and 55 °C (green). The insets show the same data scaling G’ by
Ho(T) and 1, by 6(T), where 6=1,1.9,45,8,20 and H,
=1,0.69,0.6,0.43,0.45, respectively, for this series of increasing
temperatures.

terial (elastic modulus or yield stress), measured after a given
time of rest, as a function of ¢ or T, but our results show that
such data cannot be consistently compared for a significantly
aging material. Here we provide a relevant way (via time
scaling) for estimating an absolute strength (G,) of a jammed
material in its solid regime as a function of temperature and
density independently of its physical age (which does not
solely depend on £,,). In this context G, corresponds to the
elastic modulus of the material when its elements are put in
complete disorder in a given volume—i.e., before any of
their mutual interactions had time to affect their configura-
tion. More precisely this is the elastic modulus of the mate-
rial in its most “destructured” state. Most previous works in
the literature concerning flocculated suspensions or colloidal
gels studied the variations of the elastic modulus with the
solid fraction by using the value measured at a given time
following a given procedure [14—17]. Here we demonstrate
that as soon as the solid fraction, the temperature, or the load
is varied, a relevant study of the effect of one specific pa-
rameter requires a comparison of the data at the same physi-
cal age. For example, the evolution of I; at a given time,
following the usual method, can strongly differ from the evo-
lution of the relevant parameter for describing the variation
of the effect of solid fraction on the elastic modulus: namely,
I, (see Fig. 15).

Our results with other soft-jammed systems of very dif-
ferent internal structures (mustard, Ti-O, suspension) sug-
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FIG. 15. Values of I, (solid squares) and 7, (open squares) for
the bentonite suspension as a function of the solid fraction.

gest that the conclusions of this paper for a bentonite suspen-
sion are applicable to other soft-jammed systems. As a
consequence our approach provides a parameter—i.e., the
physical age—which might constitute a general means of
characterization of the effective state of a soft-jammed sys-
tem in physics and mechanics. For example, as the physical
age of a material not only involves #,, but also ¢ and T and o,
this would open the way to a precise control of the mechani-
cal evolution of the material at least in the solid state, which
is useful for the preparation of industrial materials with spe-
cific properties (foodstuffs, drilling fluids, cosmetics, con-
crete, etc.). For example, isostates in the solid regime of our
material are associated with constant-physical-age surfaces
ina (T,¢,t,-o/o,)) diagram. Usually the mechanical ef-
fects of aging (i.e., thixotropy) are modeled with the help of
a purely phenomenological structure parameter [10]. Our re-
sults suggest that more physically based rheological models
can be develop with x as structure parameter.

Our experiments finally provide a quantitative description
of the state of the material in a four-dimensional phase dia-
gram (T, ¢, 0,1,,) when the initial time is taken at the end of
preshear (quench). The liquid-solid transition corresponds to
a physical age equal to zero [i.e., f,=¢{c/o,)] and, since
o.=a.(T, ), this effectively defines a surface in a (T, ¢, o)
diagram as predicted by Liu and Nagel [1] and modified by
Trappe et al. [2]. However, now the critical surface for the
liquid-solid transition is a function not only of 7, ¢, and o,
but also on ¢,,. Finally this allows us to find the temperature
T,,(¢) to which the density is equivalent in driving the out-
of-equilibrium dynamics of soft-jammed systems: we have
indeed shown that increasing the density may have the same
effect on the physical age as increasing the temperature.
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