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Soft matterintheloop

Nick Oikonomeas-Koppasis & Peter Schall

/M Check for updates

Currently, ageneral framework explaining the
fundamental dynamic transitions from solid
to fluid of mechanically probed soft materials
is lacking. Now, a unifying van der Waals-like
modelis proposed that describes the dynamic
solid-liquid transition in the rheology of these
materials.

Soft materials can be both solid and liquid; think of shaving foam
that you can gently drape on your hand like a solid but rub on your
skin like a liquid by pushing just a bit harder. The yielding transition
—whichmarkstheloss of elasticity and the onset of irreversible defor-
mation — from the solid to the liquid state is ubiquitous in soft mat-
ter and shows hallmarks of first- and second-order transitions in its
microscopic dynamics. Now writing in Nature Physics, Stefano Aime
and colleagues report that they have developed a van der Waals-like
model that captures the yielding dynamics of emulsions and suspen-
sions under oscillatory deformation and describes both first- and
second-order-like behaviour.

Theyielding transitionis central to the deformation of solid mate-
rials and is typically caused by microscopic particle rearrangements.
Below the yield strain, the material recovers its original shape when
the strain is removed, while above, it deforms irreversibly, losing the
memory of its shape. This loss of reversibility has been suggested to
be related to a fundamental transition in the material. However, no
peculiar indication is observed in the material’s rheology: the stress
developssmoothly withincreasing applied strain, lacking any signature
of a sharp transition. Yet, more recent research looking at the micro-
scopic particle dynamics has evidenced dynamic signatures similar
to those found for static variables at equilibrium phase transitions.

Squishy bubbles in emulsions and solid particles in suspensions
have all shown both sluggish dynamics and enhanced long-range cor-
related fluctuations®* characteristic of second-order phase transitions,
or rather abrupt changes of particle mobility®>” typical of first-order
transitions. In the first case, the correlated dynamics has been shown
to follow general power laws with similar slopes across wide ranges
of materials and length scales®, accurately reproduced by tensorial
models’, and not too far off from mean-field predictions, highlighting
the generality of the underlying dynamics.

However, the concomitant observation of both first- and
second-order scenarios has been puzzling, initiating debate about
the nature of theyielding transition. In classical thermodynamics, both
first-and second-order transitions occur in the condensation of gases.
The vander Waals model describes this continuous and discontinuous
evolution of gases in an intuitive way'’. It extends the ideal gas law to
account for finite molecular volume and molecular attraction. At low
temperature, the van der Waals equation describes the transition from
alow-density gas to a high-density liquid through a non-monotonic
solution in the form of a double loop, for which two stable densities
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Fig.1|Unifying van der Waals-like diagram for the yielding dynamics of soft
materials. Inverse strain amplitude of the oscillatory probing is plotted as a
function of the material’s relaxation rate. Coloured solid lines indicate model
results for three different classes of samples: a dilute sample above the dynamic
critical point (red curve) and a sample at the critical point (orange curve and
yellow star) that both show continuous dynamics at yielding, and a dense sample
below the critical point (blue curve with van der Waals loop, dashed) describing
the sudden transition from solid to fluid at yielding. The dashed van der Waals
loop separates low and high relaxation rates that coexist at equal inverse strain
amplitude: uponyielding, the sample jumps from the solid branch (blue curve,
left, low relaxation rate) to the fluid branch (blue curve, right, high relaxation
rate) along the dashed horizontal blue line (horizontal ‘tie’ line). Coloured
shadings indicate the corresponding region of samples with continuous yielding
dynamics (yellow), and those exhibiting an abrupt dynamic transition (purple).
Denser samples sit deeper in the purple region, exhibiting a sharper dynamic
transition due to a higher degree of glassiness.

exist at equal pressure. At high temperature, where the extensions
to the ideal gas law are less important, the equation describes the
rather continuous evolution of fluids above the critical point. The
great achievement of this model is its unifying character, describing
the universal behaviour of allmolecular gases and liquids when scaled
by their quantities at the critical point, by the critical volume, critical
pressure and critical temperature.

The van der Waals equationis formulated for macroscopic quan-
tities — pressure, volume and temperature. Aime and co-workers
extended it to account for microscopic dynamics in soft materials
probed by oscillatory strain. Their analogous equation describes the
yielding transition in terms of microscopic dynamic quantities, which
theauthorsaccessed through stroboscopic light-scattering measure-
ments. These measurements showed that vastly different samples
exhibit similar dynamics — slow, ballistic relaxation at small strain, and
fast, diffusive relaxation at larger strains.

The slow relaxation consisted essentially of the small spontane-
ous relaxations of the material at rest — the material behaved like a
solid. The fast component showed hallmarks of equilibrium fluids
— the material behaved like a liquid. The transition between these
two dynamic states was observed to be sudden or continuous, much
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like the condensation transition of gases described by the van der
Waals equation. To theoretically model this dynamic behaviour, the
team followed a similar idea: analogous to the reduction of volume
by the molecular volume, they reduced the relaxation rate by the
slow, spontaneous relaxation rate of the material at rest. Further-
more, analogous to the internal pressure increase by the molecular
attraction, theyincreased the shear-induced relaxation timescale by
coupling to the solid environment in the material, to account for its
spatial cooperativity.

Theresulting dynamic equation for yielding showed that the mate-
rial canswitch abruptly betweentwo dynamic states, fromthe solid to
theliquid branch (Fig.1), analogous to the transition from low-density
gas to high-density liquid described by the van der Waals equation.

Mapping the experimental data onto the model, Aime and
co-workers found that the continuous, second-order-like dynamic
behaviour was exhibited by rather dilute samples close to the criti-
cal point (red and orange curves in Fig. 1), while the first-order-like
jump from solid to liquid occurred for denser samples in the coexist-
enceregion (blue curve with van der Waals loop (dashed), and purple
regioninFig.1). Furthermore, samples deeper in the coexistenceregion
showed more abrupt dynamic transitions with stronger hysteresis,
indicatingincreased glassiness, while the more fluid-like samples closer
tothecritical point showed larger fluctuations and longer equilibration
timescales. Thisis highlighted when scaling by the critical quantities,
the critical relaxation rate and strain amplitude: after rescaling, all data
collapse onto the same diagram.

Even deepintothe coexistence regime, the samples showed some
remaining smoothnessin their dynamic transition; unlike equilibrium
systems, the amorphous samples exhibited quenched disorder typical
for out-of-equilibrium systems and different from equilibrated liquids
or gases. A spatially heterogeneous model was then able to account for
thesmoothtransitionand describe the broad range of dynamic features
exhibited by soft materials. The model thus offers aguide toaccurately
map the rheology of soft materials and connectittoits physical state,
independent of the microscopic details and particle interactions.

It will be interesting to see whether the model applies to an even
wider range of systems. Does it describe sparser systems such as gels,
whosearrestis governed by increasing attraction? Does the increasing
attraction similarly drive the system from the fluid to the coexistence

regime? What are the differences between attractive and repulsive
systems? Another outstanding issue concerns shear banding, where
the material separates spatially into bands of different shear rates. Does
the model describe the spatial coexistence of such dynamic states as
well? Although at firstglance itis consistent with the predicted dynamic
transition, Aime and co-workers mention that they have noindication
of a macroscopic separation in their samples. Maybe this is due to
the nature of the oscillatory probing, while steady increasing-strain
deformation would favour shear banding?

More generally, how does the microscopic framework devel-
oped for oscillatory probing carry over to continuous probing under
increasing applied strain? Whereas similar dynamic quantities such as
relaxationrates and times can be clearly defined, it remains tobe seen
whether a similar microscopic dynamic framework for yielding can be
developed. For now, the yielding transition of soft materials probed
in aloop can be modelled by a loop, the famous van der Waals loop,
describing the transition between two dynamic states, thus unifying
the yielding dynamics of a wide range of soft materials.
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