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Unified theoretical and experimental view on transient shear banding.

Supplementary information

EXPERIMENTAL PARAMETERS

Symbol C (%) Geometry BC L (mm) σc (Pa) n A (Pa.sn) β τ0 (s)

H 0.5 parallel plate rough 1 21.8 0.57 9.1 2.8 2.5
N 0.7 parallel plate rough 1 32.9 0.54 12.3 3.3 2.0
• 1 cone & plate smooth - 30.0 0.50 10.6 4.2 0.25
• 1 concentric cylinders rough 1.1 27.8 0.53 11.3 4.2 0.06
• 1 concentric cylinders smooth 1 30.4 0.53 10.3 4.9 0.04
• 1 parallel plate smooth 1 40.2 0.43 20.8 4.5 0.2
• 1 parallel plate rough 1 47.4 0.50 18.7 4.5 0.4
• 1 parallel plate rough 3 47.4 0.50 18.7 5.9 0.35
� 3 parallel plate rough 1 115.5 0.30 99.7 6.2 3.3 10−3

TABLE S1: Experimental parameters for stress-induced fluidization of carbopol microgels of weight concentration C in different
shearing geometries with different boundary conditions (BC) and gap widths L. The yield stress σc, the shear-thinning exponent
n and the consistency index A are inferred from Herschel-Bulkley fits of the steady-state σ vs γ̇ data. β is the exponent of
the best power-law fit of the stress-induced fluidization time τf vs σ − σc shown in Fig. 1. τ0 is the characteristic time used to
rescale τf in Fig. 3(c). For a fixed weight concentration of 1 %, it varies by one order of magnitude depending on the batch
sample, on the geometry and on boundary conditions. This suggests a subtle dependence of τ0 on the microscopic details of
the system and its interaction with the shearing walls, standing out as an open issue. The symbols in the first column are those
used in Fig. 1 and Fig. 3(c) in the main text.

Symbol Geometry BC L (mm) α

H concentric cylinders smooth 0.5 2.6
N concentric cylinders rough 1.1 2.3
• concentric cylinders smooth 1.5 2.5
� concentric cylinders smooth 3 2.0
� cone & plate smooth - 2.3

TABLE S2: Experimental parameters for strain-induced fluidization of a 1% wt. carbopol microgel in different shearing
geometries with different boundary conditions (BC) and gap widths L. α is the exponent of the best power-law fit of the
strain-induced fluidization time τf vs γ̇ found for each individual data set. The symbols in the first column are those used in
Fig. 4 in the main text.

The experimental conditions leading to the results shown in Fig. 1, Fig. 2(c) and (d), Fig. 3(b) and Fig. 4 in the
main text are gathered in Tables S1 and S2. In all cases, carbopol microgels were prepared at a weight concentration C
following the protocol described in Ref. [? ]. As explored in Refs. [? ? ? ? ? ], the details of the preparation protocol,
especially the carbopol type, the final pH and the mixing procedure, have a strong impact on the microstructure of
the resulting microgels and on their rheological properties. In particular, carbopol microgels prepared with a similar
procedure as the present samples [? ? ] were shown to be constituted of jammed, polydisperse swollen polymer
particles of typical size 6 µm. The cooperative length ξ was estimated to be about 2 to 5 times the particle size
thanks to local rheological measurements in microchannels [? ? ].

The samples are loaded in a shearing cell attached to a standard rheometer (Anton Paar MCR301). Experiments
listed in Tables S1 and S2 performed in parallel-plate and in concentric-cylinder geometries with gaps larger than
0.5 mm have already been described at length in Refs. [? ? ? ]. The present work also includes new data sets obtained
in a smooth cone-and-plate geometry (steel cone of diameter 50 mm, angle 2◦, truncation 55 µm) and in a smooth
concentric-cylinder geometry of gap 0.5 mm (Plexiglas cylinders, outer diameter 50 mm, height 30 mm). Note that
the HB parameters σc, A and n for measurements in parallel-plate geometries were extracted from the steady-state
rheological data, which explains the differences in the yield stress (and thus in the exponent β) indicated in Table S1
and in Ref. [? ] where σc was directly extracted from the τf vs σ data.

Under an imposed shear stress, the fluidization time τf was shown to correspond to the last inflection point of the
shear rate response γ̇(t) [? ]. This allows us to measure τf(σ) in the absence of simultaneous velocity measurements,
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e.g., in cone-and-plate and in parallel plate geometries. As for experiments performed under an imposed shear rate,
the end of the transient shear-banding regime is associated with a significant drop in the stress response σ(t) [? ? ]
that is used to estimate τf(γ̇) in the cone-and-plate geometry.

In the case of concentric cylinders, rheological measurements are supplemented by time-resolved local velocity
measurements. The technique is based on the scattering of ultrasound by hollow glass microspheres (Potters, Sphericel,
mean diameter 6 µm, density 1.1) suspended at a volume fraction of 0.5 % within the carbopol microgel. It was
previously shown that such seeding of the microgel samples does not affect their fluidization dynamics [? ]. Full
details on ultrasonic velocimetry coupled to rheometry can be found in Ref. [? ]. This technique outputs the
tangential velocity v(y, t) as a function of the distance y to the fixed wall and as a function of time t. The outer fixed
cylinder is thus located at y = 0 and the inner rotating cylinder at y = L, where L is the width of the gap between
the two cylinders. Fig. 2(c) in the main text shows a few velocity profiles v(y, t)/v0(t) vs y/L where the velocity is
normalized by the current velocity v0(t) of the moving wall deduced from the shear rate response γ̇(t). Each velocity
profile is itself an average over 10 to 1000 successive velocity measurements, which corresponds typically to an average
over 8 s to 140 s. The typical standard deviation of these measurements is about the symbol size. Note that these
data, obtained in a smooth geometry, show significant wall slip, as opposed to those shown in Ref. [? ] for rough
boundary conditions. Finally, each individual velocity profile is fitted by linear functions over y-intervals extending
respectively within the solid-like region and within the fluidized band (when present). The intersection of the two fits
yields the width δ of the fluidized band as shown in Fig. 2(c) and as plotted as a function of time in Figs. 2(d) and
S1(b).

THEORETICAL CONSIDERATIONS

In this section, we examine in more details some theoretical aspects concerning the fluidity model used in the main
text in order to justify our choice of function k(f̃). We specifically address the basic differences between the general
case k(f̃) = f̃p with p > 0 [hereafter referred to as case (I)] and the particular case k(f̃) = const [hereafter referred
to as case (II)]. As already outlined in Ref. [? ], case (I) admits stationary solutions with the coexistence of two
rheological branches: the solid branch where f̃ = f̃s = 0 and a fluid branch f̃ = f̃b > 0. In other words, case (I)
admits for stationary solution a shear-banded profile whilst this cannot be for case (II). Such a difference matters
because these two fluidization mechanisms yield different time scales. Indeed, assuming that the initial condition f̃(0)
is homogeneous and neglecting the term ∆̃f̃ in Eq. (4), we obtain

∂f̃

∂t
= m5k(f̃)

[
f̃ − f̃3/2

]
. (6)

We further consider the short time behavior of the instability by neglecting the term f̃3/2 in Eq. (6). It is enough to
compare the two cases for the choice p = 1. For case (I), we obtain:

f̃(t) =
f̃(0)

1 −m5f̃(0)t
, (7)

while for case (II) we get

f̃(t) = f̃(0) exp(m5t) . (8)

Upon comparing Eqs. (7) and (8), it is clear that the characteristic time for the instability depends on the initial
condition f̃(0) for case (I), while it is independent of the initial condition for case (II). This dependence on f̃(0) for
case (I) probably explains the small yet detectable dependence of the fluidization time Tf on the initial condition as
reported in Fig. S4. There, assuming two different initial conditions, we show that

Tf,1
Tf,2

= C1 − C2 log [m(Σ)] , (9)

where Tf,i is the fluidization time computed for initial condition i and C1 and C2 are positive constants. This is not
observed for case (II), whose fluidization time is independent on the initial condition since Eq. (4) for case (II) is
essentially a reaction-diffusion equation [? ? ].
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Finally, we discuss how cases (I) and (II) differ in the decay rate of the fluidity. Indeed, for a sufficiently large
initial fluidity, the term f̃3/2 is dominant in Eq. (6) so that the fluidity decreases. The relaxation equation thus takes
the following form

∂f̃

∂t
= −m5k(f̃)f̃3/2 = −m5f̃p+3/2 , (10)

with p > 0 for case (I) and p = 0 for case (II). The solution of Eq. (10) reads

f̃(t) =
A

(1 +Bt)b
, (11)

where b = 2/(1 + 2p) and A and B are suitable constants. For p = 1, one has b = 2/3 as already discussed in the
main text. This corresponds to the scaling observed experimentally for the shear rate (or fluidity) response under a
constant stress in Ref. [? ], which motivates our choice of p = 1. Note that for case (II) we obtain an exponent b = 2
far away from any experimental finding [? ? ? ? ? ? ? ].

The above discussion around Eq. (6) leads to two interesting conclusions. First, the growth of the instability
depends on the initial conditions for case (I) but not for case (II). The weak dependence of fluidization times on initial
conditions for case (I) could also be linked to the logarithmic dependence of Tf on the waiting time spent at rest as
reported in Ref. [? ] although a thorough comparison of aging effects in theory and experiments is left for future
work. Second, the decay of the fluidity is an indication of the functional form of the mobility function k and points
to a linear behavior of k(f̃).

In summary, complex materials as the one considered in this Letter show a broad spectrum of relaxation time
scales, which cannot be reduced to a simple diffusion constant. This simple argument allows us to rule out case (II)
where k(f̃) = const would correspond to a single relaxation time. Indeed, although case (II) predicts the same scaling
behavior for the fluidization time as case (I), it fails to reproduce several key features of the experimental results on
carbopol microgels. This is the reason why we chose to use k(f̃) = f̃p with p = 1 in the main text.



4

SUPPLEMENTAL FIGURES
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FIG. S1: Width δ of the stress-induced fluidized shear band normalized by the gap width L vs time t in (a) theory for Σ = 1.015,
1.034, 1.076, 1.171, 1.384, 1.865, 2.946 and 5.379 from right to left and (b) experiments for σ = 39, 41, 42, 44, 45.5, 47 and
50 Pa from right to left. Experiments performed on a 1% wt. carbopol microgel in a smooth concentric cylinder geometry
with gap width L = 1 mm. The solid lines show a smoothed version of the raw data (colored •) using a moving average over 5
successive data points.
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FIG. S2: Theoretical predictions for the stress-induced fluidization time Tf as function of the reduced stress Σ − 1 for three
different values of the Herschel-Bulkley exponent (n = 0.3, 0.45 and 0.6). Solid lines show power laws with exponents -3.5 and
-7.5.

10-4

10-3

10-2

Γ̇

-2/3

(a)

102 103 104 105 106 107

t

0

0.2

0.4

0.6

0.8

1

δ
/
L

(b)

0 0.5 1

y/L

0

0.5

1

v
/v

0

(c)

0 0.5 1

y/L

(d)

0 0.5 1

y/L

(e)

0 0.5 1

y/L

(f)

0 0.5 1

y/L

(g)

FIG. S3: Theoretical predictions for stress-induced fluidization dynamics for Σ = 1.1 under two different initial conditions with
k(f̃) = f̃ . (a) Shear rate Γ̇ and (b) width δ of the fluidized shear band vs time t. The blue line corresponds to the data shown

in Fig. 2(a) obtained with the initial condition f̃(ỹ, 0) = f̃0 = 2.5 10−5. The red line is obtained with an initial condition where

part of the material is solid-like, f̃(ỹ, 0) = f̃0 = 2.5 10−5 for 0 < ỹ < 0.9 L̃, while the rest of the material for 0.9 ≤ ỹ ≤ L̃
is already fluidized with a fluidity that is 10 times the one predicted by the HB law. The vertical dashed lines indicate the
fluidization time. (c)–(g) Normalized velocity profiles v(r) taken at different times [symbols, time]: (•,•,1100); (H,H,1.1 104);
(�,�,1.1 105); (N,N,3.3 105); (�,5.5 106) and (�,6.6 106).
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FIG. S4: Ratio of the fluidization times Tf,1/Tf,2 (symbols) predicted theoretically for the two different initial conditions used

in Fig. S3 with k(f̃) = f̃ . Tf,1 (Tf,2 resp.) refers to a system with the initial conditions used for the red (blue resp.) line in
Fig. S3(a). Upon changing the applied stress Σ, the ratio of the two fluidization times shows a weak dependence on m(Σ) that
is well fitted by a logarithmic dependence with slope ' −0.014 (red line).
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