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Mechanics and structure of carbon black gels under high-power ultrasound
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YUniv Lyon, Fns de Lyon, Univ Claude Bernard,
CNRS, Laboratoire de Physique, F-69342 Lyon, France
2Univ Grenoble Alpes, CNRS, LRP, F-38000 Grenoble, France
(Dated: March 4, 2021)

Colloidal gels made of carbon black particles dispersed in light mineral oil are “rheo-acoustic”
materials, i.e., their mechanical and structural properties can be tuned using high-power ultrasound,
sound waves with submicron amplitude and frequency larger than 20 kHz . The effects of high-power
ultrasound on the carbon black gel are demonstrated using two experiments: rheology coupled
to ultrasound to test for the gel mechanical response and a timeresolved ultra small-angle X-ray
scattering experiment (TRUSAXS) coupled to ultrasound to test for structural changes within the
gel. We show that high-power ultrasound above a critical amplitude leads to a complex viscoelastic
transient response of the gels within a few seconds: a softening of its storage modulus accompanied by
a strong overshoot in its loss modulus. Under high-power ultrasound, the gel displays a viscoelastic
spectrum with glass-like features and a significant decrease in its yield strain. Those effects are
attributed to the formation of intermittent micro-cracks in the bulk of the gel as evidenced by
TRUSAXS. Provided that the shear rate is not large enough to fully fluidize the sample, high-power
ultrasound also facilitates the flow of the gel, reducing its yield stress as well as increasing the
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shear-thinning index, thanks again to the formation of micro-cracks.

I. INTRODUCTION

A colloidal gel forms as attractive colloidal particles
dispersed in a fluid aggregate into a space-spanning net-
work [TH3] leading to peculiar properties. Indeed, gels be-
have like soft elastic solids at rest and easily flow upon ap-
plication of mild external stresses including shear, com-
pression, gravity or vibrations. Those properties are of
prime importance for applications to material design and
industrial processes [4 [5] in construction materials like
cement [6, [7], in food science [, [9], as well as in ink-jet
printing [T0HI2] or flow-cell batteries [I3HI16].

In practice, however, applying a mechanical strain or
stress in order to disrupt the gel at will is far from ideal
as it involves stirring devices such as pumps, motors or
other rotating tools that may not be compatible with
applications. In particular, in industrial lines dedicated
to particle fabrication, gels may form in the process and
clog the production pipe. In such a case, the production
must be stopped and the pipe cleaned. Using high-power
ultrasound could be very useful to fluidize the gels ex-
situ, without dismounting the line. That is why we turn
our attention to high-power ultrasound as a means to
externally trigger mechanical changes in the gels.

This possibility has recently been demonstrated on
“rheo-acoustic” colloidal gels, gels sensitive to high-power
ultrasound, a sound wave with submicron amplitude and
frequency 20-500 kHz [I7]. In our previous study [17],
“rheo-acoustic” effects were demonstrated on three dif-
ferent gel systems including carbon black, silica and cal-
cite gels. We showed that ultrasound of high power, but
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below the intensity that induces acoustic cavitation, sig-
nificantly alters the gel structure and mechanics when the
amplitude of the high-frequency oscillatory strain gener-
ated by acoustic vibrations yygs becomes comparable to
the strain vy above which the gel experiences nonlin-
ear viscoelastic response under low-frequency oscillatory
shear. Moreover, structural measurements showed that
high-power ultrasound induces the formation of micro-
cracks within the gels that softens gels at rest and facil-
itates their flow when a shear stress or rate is applied.
The goal of the present paper is to further explore the
effects of high-power ultrasound on the structure and rhe-
ology of colloidal gels by focusing on carbon black gels.
In particular, we aim at answering the following ques-
tions: What is the typical response time of the gel me-
chanical properties to high-power ultrasound? Beside a
softening of the gel storage modulus G’, how does ultra-
sound affect the loss modulus G” and, more generally,
the gel viscoelastic spectrum and its nonlinear viscoelas-
ticity? Can we quantify the dynamics of the micro-cracks
identified in the previous study and their dependence on
the ultrasound amplitude? How does flow compete with
high-power ultrasound when both are combined?

In the following, we first describe the properties of car-
bon black gels at rest as well as the two setups used to
impose ultrasound, namely a rheology experiment cou-
pled to ultrasound to test the gel mechanical response
and a Time-Resolved Ultra Small Angle X-ray Scatter-
ing experiment (TRUSAXS) coupled to ultrasound to
test for structural changes in the gel. Second, we con-
firm that carbon black gels are only sensitive to ultra-
sound above a threshold ultrasonic pressure. Within a
few seconds, high-power ultrasound leads to a decrease
of the storage modulus while it enhances the loss modu-
lus of the gel. We further show that, once a steady state
is reached in the presence of ultrasound, the viscoelastic
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FIG. 1. Viscoelastic properties of a 6% w/w carbon black gel. Storage modulus G’ (full squares) and loss modulus G”
(empty circles) as a function of (a) frequency f in a small-amplitude oscillatory shear at a fixed strain amplitude v = 0.1% and (b)
strain amplitude v at a fixed frequency of f = 1 Hz with a waiting time of 17 s per point. Both G’ and G” remain approximately
independent of the oscillatory strain amplitude 7 in the linear domain up to ynrz = 0.8% when G’(ynr) = 0.85G’(y < 0.1%).
The yield point is reached at v, = 5% when G’ = G”. (c) Aging: G’ and G”' in the linear regime (v = 0.1% and f = 1 Hz) as
a function of time t after the preshear protocol. The red lines are logarithmic fits of the aging process. These experiments are

performed in the parallel-plate geometry.

spectrum shows an upturn of the loss modulus at low fre-
quencies that suggests that the microstructure becomes
“glass-like.” This change goes along with a sharp de-
crease in the yield strain of the material. Thanks to
complementary TRUSAXS experiments, we also deepen
our understanding of the formation dynamics of inter-
mittent micro-cracks within the bulk of the gel due to
ultrasound: we show that the occurrence frequency of
intermittent micro-cracks strongly increases with the ul-
trasound amplitude and that, for large amplitudes, struc-
tural effects of ultrasound may persist long after vibra-
tions are turned off. Finally, we focus on the effect of
ultrasound on the flow properties of the gel by applying
a constant shear rate on top of ultrasound. We show that
the flow is facilitated, in the sense that the yield stress
is lowered and that the shear-thinning index increases,
concomitantly with an increase in the occurrence of mi-
crocracks. This mechanism is dominant under flow at
low shear rates but it gets less significant at the highest
shear rates where the effects of ultrasonic vibrations are
overcome by the flow-induced fluidization of the gel.

II. MATERIALS AND METHODS

A. Carbon black gels, preparation, rheology and
structure

Carbon black gels are composed of colloidal car-
bon black particles (Cabot Vulcan XCT72R, density of
1800 kgm—?) dispersed in a mineral oil (density 838 kg
m~3, viscosity 20 mPas, Sigma Aldrich) [I8, 19]. To
disperse the carbon black in oil homogeneously, we mix
a total mass of 50 g of oil and carbon black in a glass
bottle of 100 mL. We first shake the bottle vigorously
by hand and then place the bottle in a sonication bath
(DK Sonic model DK-3000S with frequency 33.4 kHz and
power 120 W) for one hour at maximum power. In a min-

eral oil, the carbon black particles aggregate via van der
Waals attraction [20] and form a space-spanning network,
a gel. Here, we focus on a dispersion of carbon black
particles at a weight concentration ¢,, = 6% w/w, which
amounts to a volume fraction of 3%. Due to the fractal
nature of the particles, this corresponds to an effective
volume fraction of about 20% [19]. Carbon black gels
are known to be very sensitive to the preshear history,
which can be used to tune the initial microstructure of
carbon black gels [15], 21H23]. To ensure a reproducible
initial state, we always use the same preshear protocol
in our rheological experiments. The preshear protocol is
made of two successive steps of 200 s each, a first step at
—1000 s~ ! in the “reverse” direction followed by one step
at +1000 s~! in the “positive” direction, i.e., the direc-
tion of positive strains and stresses, in which shear will be
applied during flow curve measurements in section [[VA]
After preshear, the dispersion recovers an elastic modu-
lus within a few seconds. At low frequency f < 10 Hz,
such a gel has a typical storage modulus G’ ~ 10% Pa
and a loss modulus G” ~ 102 Pa and shows little ag-
ing, see Fig. Its viscoelastic response departs from
linearity above a strain vy =~ 0.8% and the gel yields
above a strain 7, ~ 5%. In addition to viscoelasticity,
carbon black gels display peculiar mechanical and flow
properties due to strong time-dependence under shear,
including rheopexy [15] 22| 24], delayed yielding [I8], 23]
and fatigue [26], 27].

The microstructural properties of the carbon black dis-
persion are investigated using TRUSAXS measurements
carried out on the ID02 High Brilliance beamline at the
European Synchrotron Radiation Facility (ESRF, Greno-
ble, France) [28]. The incident X-ray beam of wave-
length 0.1 nm is collimated to a vertical size of 80 um
and a horizontal size of 150 um. A sample-to-detector
distance of 31 m is used and provides access to scat-
tering magnitudes ¢ of the scattering wave vector from
0.001 to 0.155 nm~'. This corresponds to length scales
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FIG. 2. Scattering intensity from carbon black at dif-
ferent concentrations c¢,, dispersed in mineral oil. (a)
SAXS intensity I as a function of the magnitude ¢ of the
scattering wave vector at ¢, = 6 (red), 1 (black), 0.1 (grey)
and 0.01% w/w (light grey) from top to bottom. The blue
line is a mass fractal fit of the form factor using a Schulz
particle radius distribution centered on a radius of gyration
rg = 60 nm with a polydispersity of 20% as shown in the inset.
(b) Kratky-like representation for ¢, = 6% w/w highlighting
the cut-off of the fractal structure at low ¢. (c) Kratky-like
representation for ¢, = 6% w/w highlighting the cut-off in
the particle form factor at high q.

27 /q ranging from about 40 nm to 6.3 um. A flow cell is
used to measure the intensity scattered by the mineral oil
background and the carbon black dispersion at concen-
tration ¢,,. The background scattering from the mineral
oil is systematically subtracted to the two-dimensional
scattering patterns of the carbon black gel. As shown in
Fig.[15]in the Appendix, the resulting scattering intensity
always remains isotropic in the range of flow and ultra-
sound intensities tested. Therefore, only radially-average
spectra I(q) are presented in the following.

Carbon black particles are fractal aggregates made
of fused primary particles of typical diameter 20 nm
[23] 29]. Using TRUSAXS, we measure I(g) in carbon
black dispersions at different weight concentrations c,,,
see Fig. . At the lowest concentration ¢,, = 0.01% w/w,

the particles are isolated and the scattered intensity is
proportional to the form factor. This form factor is com-
posed of a plateau at low g, a cut-off frequency around
0.04 nm~! followed by a power-law decay of exponent
—2.9, which is typical of carbon black particles [23]. Fol-
lowing Richards et al. [23], I is fitted using a mass fractal
model [30] with a Schulz probability distribution of the
particle radius as shown in the inset of Fig. 2. This fit
yields that a carbon black particle is fractal with a frac-
tal dimension of 2.2 and an average radius of gyration
of 60 nm with a 20% polydispersity. The polydisper-
sity smears out the 2.2 fractal dimension and leads to a
power-law decay with exponent —2.9. At higher concen-
trations, carbon black particles aggregate, which leads to
an increase of the forward scattering. At ¢, = 6% w/w,
the dispersion is a gel as shown by rheological measure-
ments in Fig[ll We may distinguish three regimes in the
corresponding scattering spectrum I(q) plotted in red in
Fig. . For ¢ > 0.04 nm™!, I is due to the particle scat-
tering, i.e., it corresponds to the form factor with the
characteristic power-law exponent of —2.9 as checked in
Fig. . For ¢ < 0.0025 nm™!, the structure corresponds
to a fractal assembly of clusters of carbon black particles
down to about 2.4 ym with a fractal dimension dy, = 2.75
as inferred from the power-law behavior I(q) ~ ¢~ % at
low ¢ (see also Fig. ) At intermediate ¢, the spectrum
I is described in detail in Ref. [17,[23] and corresponds to
the overlap and interference from the two limiting struc-
tures at low and high q.

B. Rheology coupled to high-power ultrasound

The mechanical effects of ultrasound on colloidal gels
are investigated thanks to a rotational rheometer (Anton
Paar MCR 301) equipped with an upper rotating geome-
try which is either a plate of diameter D = 50 mm made
of sandblasted Plexiglas or a cone of diameter 25 mm
made of steel, Fig. [Bh. The bottom plate is consti-
tuted of a piezoelectric transducer working at frequency
fus = 45 kHz (Sofranel, radius R = 14.5 mm). The
piezoelectric transducer is fed with an oscillating voltage
of amplitude up to 90 V through a broadband power am-
plifier (Amplifier Research 75A250A) driven by a func-
tion generator (Agilent 33522A). A thermocouple (Na-
tional Instruments USB-TCO01) monitors the tempera-
ture at the surface of the transducer. The gap width
is set to h = 1 mm for all experiments. The displace-
ment amplitude ayg of the transducer surface along the
vertical direction is calibrated using a laser vibrometer
(Polytec OVF-505). The highest achievable amplitude
is ays ~ 0.33 pm, much smaller than the gap width
h. This amplitude corresponds to an acoustic pressure
P = 2mpc fusays ~ 110 kPa and to an acoustic power
P = P?/pc ~ 1 Wem™2, where p = 838 kgm ™3 is the
mineral oil density and ¢ = 1.42 - 10 m.s~! is the speed
of sound in the mineral oil.

The vertical oscillatory displacement of the piezo-
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FIG. 3. Rheology and TRUSAXS coupled to high-power ultrasound. (a) Rheology coupled to high-power ultrasound:
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FIG. 4. Temporal response of the piezoelectric trans-
ducer used in the rheo-ultrasonic setup. Velocity vy s of
the transducer surface measured with a laser vibrometer as a
function of time ¢ as ultrasound is (a) turned on at ¢t = 0 with
an input voltage of frequency fuys = 45 kHz and amplitude
75 V, and (b) turned off at ¢ = 0.

electric transducer surface with amplitude a; s generates
a squeeze flow across the parallel-plate geometry charac-
terized by a strain amplitude vys = Rays/2h?. At the
largest ultrasound amplitudes, vy s reaches about 0.24 %,
not far from vy ~ 0.8%, so that significant effects are
expected on the structure and rheology of the present
carbon black gel, as reported in Ref. [I7]. We measured
that, after one minute under ultrasound, the tempera-
ture of the transducer surface (and thus of the sample)
increases by less than AT = 0.1°C for P < 60 kPa, by
about 0.2 to 1°C for 60 < P < 100 kPa and by up to
4°C for P > 100 kPa. As checked in Ref. [I7], this in-
crease in temperature cannot account for the softening of
the gel observed when ultrasound is turned on, especially
because an increase of temperature leads to an increase of
the carbon black elastic modulus [31]. Finally, as shown
in Fig. [4 the amplitude of the piezoelectric transducer
displacement reaches a steady state within a few hun-
dreds of microseconds, which allows us to safely probe
the gel response to high-power ultrasound on time scales
larger than 1 ms, i.e., seconds.

C. TRUSAXS coupled to high-power ultrasound

The effects of ultrasound on the structure of the
6% w/w carbon black gel structure are investigated
thanks to the TRUSAXS setup under ultrasound de-
scribed in full details in Ref. [32] and sketched in Fig. [3p.
Briefly, a vertical titanium vibrating blade of width
2 mm connected to a piezoelectric transducer working
at fus = 20 kHz (SODEVA TDS, France) is immersed
in a channel of width d = 4 mm, depth [ = 8 mm and
length 100 mm. Using a syringe pump (Harvard Ap-
paratus PHD 4400), the gel is made to flow at a flow
rate @ in the TRUSAXS-ultrasound cell. Assuming a
Poiseuille flow, the mean shear rate is given by 4 = f’d—%
and can be tuned from 0 to 10 s~!. Note that this mean
shear rate is simply indicative as wall slip and pluglike
flows are likely for such low values, as discussed below
in Section [[V] A pair of pressure sensors measures the
pressure difference AIl between the inlet and the out-
let of the TRUSAXS-ultrasound flow cell. Ultrasound
is transmitted to the gel via the blade vibrating with
an amplitude up to ays = 1.6 pm corresponding to an
acoustic pressure P ~ 240 kPa and an acoustic power
P ~ 4.7 Wem™2 at the blade surface [32]. TRUSAXS
measurements are performed on the carbon black gel at
a distance of 1 mm from the vibrating blade through a
small window of thickness 0.3 mm machined in the poly-
carbonate channel wall in the middle of the length of the
channel.

Note that the levels of acoustic power involved in this
setup, and a fortiori in the previous, less powerful rheo-
ultrasonic setup, are not high enough to trigger acous-
tic cavitation of the suspending mineral oil considered
here, i.e., to generate bubbles of oil vapor. It is also very
unlikely that “cavitation” occurs in the looser sense of
bubble formation from gas dissolved in the mineral oil (if
any), as this should have a clear signature in the SAXS
scattering signal characterized by a tremendous increase
of the contrast and therefore of the scattering intensity.
Furthermore, previous studies using the same setup on
various other systems did not report any significant cavi-



tation activity from the scattering spectra either [32H34].

III. CARBON BLACK GELS AT REST UNDER
HIGH-POWER ULTRASOUND

A. Effect of high-power ultrasound on the
mechanical properties

1. Transient evolution of the viscoelastic moduli

As already reported in Ref. [I7], carbon black gels
are highly sensitive to high-power ultrasound. Such
sensitivity is further investigated here thanks to the
rheo-ultrasonic setup. After the preshear protocol, the
rheometer monitors the gel viscoelastic properties at
rest through small-amplitude oscillatory strain (SAOS)
of amplitude 0.06% and frequency 1 Hz. During the
first 300 s, the gels builds up and reaches a value of
G} ~ 1200 Pa and G} ~ 100 Pa which we will consider
as a reference when measuring the effects of ultrasound.
Ultrasound is then applied for 30 s and turned off for the
rest of the experiment. As shown in Fig. [5] when ultra-
sound is turned on at t = 0 s with sufficient power, we
observe a softening effect: the elastic modulus G’ starts
to decrease from a value G, ~ G} at t ~ 1 s down to a
minimum value G} at t = 30 s. Meanwhile, the viscous
modulus G shows a strong overshoot and peaks at a
value Gy, for t ~ 3 s before decreasing down to a steady-
state value G’]{ under ultrasound. After ultrasound is
turned off, a recovery process takes place within the gel
and both moduli G’ and G” relax to new steady-state
values defined by G and G/ at ¢ = 700 s.

The same preshear and rheo-ultrasonic protocol is re-
peated in Fig. [5| for various acoustic pressures P (from
blue corresponding to low pressure levels to yellow for
large pressure levels). Qualitatively, it is clear that the
decrease of the elastic modulus and the overshoot in the
loss modulus are both strongly amplified when P is in-
creased (see also inset in Fig. [5). Moreover, above some
critical pressure, it appears that the storage modulus
does not fully recover its initial value, i.e., G’ does not
increase back from its steady-state value G} under ul-
trasound to its initial value G/ at least on time scales of
700 s. However, the loss modulus always relaxes rapidly
from G'; down to its initial value G7, = G7. Note that in
order to correctly interpret G’ and G’ measurements, it
should be checked that the amplitude v = 0.06% of the
oscillatory strain remains in the linear viscoelastic regime
of the gel even when ultrasound is turned on. This is
confirmed below in Fig. [0} which reports strain sweep
measurements performed once a steady state is reached
under ultrasound.

Let us now quantify more precisely the effects of ul-
trasound on the gel viscoelastic moduli as a function
of P, first by focusing on the transient toward steady-
state under ultrasound. In order to distinguish be-
tween the effects of ultrasound and the weak yet no-

ticeable spontaneous aging of the gel, we first remove
aging from G’ and G” by fitting G and G” with
logarithmic behaviors for —250 s < t < 0 (see red
lines in Fig. ) and by hereafter working on the cor-
rected moduli G/(t) = G'(t)G}/(a’ log(t + 300) + ') and
G"(t) = G"(t)GY /(—a" log(t + 300) + V"), where (a’,a”)
and (b',b") are respectively the slopes and intercepts of
the logarithmic fits of G’ and G”. As seen in Fig. [6]
we can identify two regimes depending on P. Below a
critical pressure P* ~ 65 kPa, ultrasound has almost
no effect on the viscoelastic moduli of the gel. Above
P*, however, the influence of P on G’ and G” can be
mapped onto a single, exponential master curve as shown
in Fig. [oh-b: g}, = (G' = G})/(G) — GY) = exp(—t/7},)
and g2, = (G" — G) /(G — G) = exp(—t/rl4,). The
characteristic times 7/, and 7./ of this exponential de-
cay during the softening effect are close to each other
and decrease with increasing P by a factor of about 2,
see Fig. [k. Moreover, the effect of ultrasound on the
elastic modulus with respect to G} can be quantified by
Agl, = (G — G1)/Gl. As shown in Fig.d@d with full
squares, increasing the acoustic pressure leads to a larger
drop in the gel elasticity, reaching about 35% at the high-
est pressure achievable with our setup. The long-term
effect of ultrasound on the loss modulus with respect to
G can be similarly quantified by Agp,, = (G —GY)/GY,
which disregards the transient overshoot in G”. As shown
by the open circles in Fig. [6{d, increasing P leads to an
increase of the gel loss modulus by about 130% at the
highest ultrasonic pressure.

We now focus on quantifying the gel recovery once ul-
trasound with acoustic pressure P is turned off. We de-
fine qgantities Gosfs Goffs Ag;ff and Ag; similar to
those introduced for the previous phase but based on
the age-corrected steady-state values G and G/ of the
viscoelastic moduli after exposure to ultrasound. Here
again, when properly rescaled, the recovery of both G’
and G"_can be mapped onto a master curve, as shown
in Fig. Ela—b. Within a duration of about 4 s, G’ and G”
respectively follow symmetric increasing and decreasing
trends before both moduli reach a plateau. This char-
acteristic relaxation time of about 4 s does not depend
significantly on P, as seen in Fig. [7c. Remarkably, the re-
covery process is always complete for G”, i.e., Ag” =0
for all values of P, while it is only partial for G’ when-
ever ultrasound has a significant effect on the viscoelastic
moduli: as P increases above P*, the recovery of G’ is all
the more incomplete, see Fig. [7Hl. To sum up, increasing
the acoustic pressure does not affect the recovery time
but leads to incomplete recovery above P*, where the gel
remains less elastic than prior to sonication.
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FIG. 5. Effect of high-power ultrasound on the viscoelastic properties of the carbon black gel. After preshear
is stopped at t = —300 s, G’ is measured as a function of time in the linear regime with a strain amplitude v = 0.06% and
frequency f = 1Hz. After 300 s, the gel reaches a value of G} ~ 1200 Pa and G} ~ 100 Pa which we consider as a reference

before ultrasound is turned on. Ultrasound is turned on at ¢ = 0 s and turned off at ¢t = 30 s. The color codes for the
acoustic pressure P from 0 (blue) to 110 kPa (yellow) using a linear scale as indicated by the color bar. Inset: zoom during
the time ultrasound is applied. We take the following notations: Gy = G'(t = 1s), G} = G'(t = 30 s), G = G'(t = 700 s),

Gy = G'(t = 3 s),
geometry. As checked in Fig.
turned on.

2. Steady-state viscoelastic properties under ultrasound

In order to investigate the viscoelastic spectrum of
the gel under high-power ultrasound, we carry out a
frequency sweep 20 s after ultrasound is turned on,
i.e., once the gel viscoelastic moduli have reached a
steady state under ultrasound. Figure [Bp shows that
the frequency-dependence of G’ and G are deeply mod-
ified by high-power ultrasound: while both moduli only
increase weakly with frequency f in the absence of ul-
trasound, G’ increases more steeply with f while G”
decreases at low frequencies and goes through a mini-
mum under ultrasound. This peculiar behavior is best
illustrated in Fig. which displays the evolution of
tand = G” /G’ as function of f for different values of the
acoustic pressure P. As P increases, dissipation strongly
increases at low frequencies and tand passes through a
minimum at a characteristic frequency f,i,. This trend
is characterized in Fig. Bk through the exponent « in-
ferred from power-law fits of tand vs f at low frequencies
and in Fig. with the evolution of f,,;, as a function
of P. As shown in Fig. B, « is negative and decreases
with increasing P. As shown in Fig. [8d, the minimum in
G” shifts towards a larger frequency fiin as P increases.
Note that frequency sweeps could be reliably measured
only for P < 73 kPa due to too strong heating of the
sample under larger acoustic pressures applied for a long
period of time (~ 400 s).

Next, in order to further quantify the viscoelastic re-
sponse under ultrasound in the nonlinear regime, we per-
form strain sweeps experiments at f = 1 Hz, starting

Y =G"(t =30s) and G5, = G"(t = 700 s). These experiments are performed in the parallel-plate
measurements of G’ and G” remain in the linear viscoelastic regime even when ultrasound is

20 s after ultrasound is turned on. Figure [Dh reveals that
the evolution of G’ and G” as the function of the strain
amplitude v is similar to one observed at rest in Fig. [Ib.
Indeed, the linear regime extends up to v = vy, then G’
decreases and crosses G” at the yield strain v = ,, while
G" goes through a broad maximum around ~,. Above
vy, G” > G’ and the gel is fluidized. However, under the
effect of high-power ultrasound, we note that vy, and -,
are shifted towards lower values as compared to the situ-
ation without ultrasound. As shown in Fig.[Op, those val-
ues decreases monotonically by about one order of mag-
nitude with the acoustic pressure P, from vy ~ 0.9%
and v, ~ 2.4% in the absence of ultrasound down to
ynr =~ 0.11% and 7, ~ 0.5% at the highest acoustic pres-
sure. Finally, we emphasize that the strain amplitude of
0.06% chosen to perform all viscoelastic measurements in
the previous sections remains always below v so that
G’ and G” reported are indeed recorded within the linear
regime.

To sum up, for P < P* ~ 65 kPa, ultrasound has a
very limited effect on the value of G’ and G” measured at
f =1 Hz. However, it significantly changes both the gel
viscoelastic spectrum at low frequencies and the extent
of its linear regime. For P > P*, increasing the acoustic
pressure leads to a complex viscoelastic transient regime
of a few seconds characterized by a strong peak in G”,
and by exponential decays of G’ and G”. The gel does not
fully recover its initial elasticity at the largest acoustic
pressures.
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FIG. 6. Softening of the carbon black gel during ex-
posure to high-power ultrasound. (a) Normalized value
of G, gbn = (G' — é})/(éé) - é'f)7 as a function of the
normalized time t/7,,, where 7,, is the characteristic ex-
ponential decay time of g,,. (b) Normalized value of G”,
g’ = (G" — é}’)/(é{; - é’f’), as a function of the normal-
ized time t/7.,, where 7., is the characteristic exponential
decay time of gl,. The red curves show the exponential func-
tion y = exp(—z) and the color scale from P = 0 (blue)
to 110 kPa (yellow) is the same as in Fig. (c) Charac-
teristic decay times 7., (full squares) and 7, (empty cir-
cles) as a function of the acoustic pressure P. (d) Rel-
ative variations Ag,, = (N’f — G})/G} (full squares) and
Agl, = (é’f’ — GY)/G} (empty circles) as a function of P.
P* indicates the pressure value for which ultrasound starts to
have a significant effect on the viscoelastic moduli.

B. Effect of high-power ultrasound on the structure

In order to interpret the above rheological measure-
ments, it is necessary to investigate how high-power ul-
trasound affects the bulk structure of the carbon black
gel. To this aim, we turn to TRUSAXS experiments
coupled to high-power ultrasound. The feed channel of
the flow cell is filled with the carbon black gel at 6%
wt. thanks to a syringe pump. The gel is then pres-
heared by pumping a volume of 10 mL at a flow rate
Q@ = 20 mL min~! in both directions, which corresponds
to a mean shear rate ¥ ~ +8 s~! applied for 30 s in
each direction. Since this preshear rate lies significantly
below that used in rheological experiments, the initial
microstructure of the gel in the TRUSAXS experiments
may differ from that in the rheo-ultrasonic setup [15, 22].

s \
\ﬂ'\,:wha, o
Ole N
10t 10° 10' 107 10t 10° 10! 107
(t —tors)/Tops (t —tors) /7oy
61© i J
z gm
~ 4r 5 -aa 00
5 T
: 2 P
¥ o0 L
(d) i
1O
= " g an Qq-eoooo%c@ ]
[ ; | ] -
< ! ™
2 -0.05] : - 1
“— | ]
= l .-I
<1 o1t | -

FIG. 7. Recovery of the carbon black gel after expo-
sure to high-power ultrasound. (a) Normalized value of
G, Gorf = (G — @})/(@} —G%.), as a function of the normal-
ized time t/7); ¢, where 7, is the characteristic time of g;ff'
(b) Normalized value of G, g,;; = (G" — G%)/(G} — Gw),
as a function of the normalized time t/7,;;, where 7.} is the
characteristic time of g,,,. 7,;; and 7, respectively corre-
spond to times at which g,;; = 0.5 and g,;; = 0.5. The
color scale for P is the same as in Fig. [5| (c) Characteristic
times 7, ; (full squares) and 7, ; (empty circles) as a function
of the acoustic pressure P. (d) Relative variations Ag,;; =
(Gl — G%)/G. (full squares) and Agrp = (GL, — GG
(empty circles) as a function of P. P* indicates the pressure
value for which ultrasound starts to have a significant effect
on the viscoelastic moduli.

After a rest time of 180 s, ultrasound is applied for
30 s with a pressure amplitude ranging from P = 20 to
240 kPa. TRUSAXS spectra are recorded every second
during 100 s starting 20 s prior to application of ultra-
sound. Thus, these measurements provide insight into
the microstructure under ultrasound for acoustic pres-
sures similar to and up to twice those of previous rheo-
ultrasonic experiments.

Based on this TRUSAXS-ultrasound setup, we re-
cently demonstrated in Ref. [I7] that ultrasonic vibra-
tions strongly affect the microstructure of carbon black
gels. Figure summarizes our previous findings by
displaying three intensity spectra I(g) recorded at rest
(red), under high-power ultrasound (blue) and after ul-
trasound is turned off (green), together with sketches of
the corresponding microstructure that can be inferred
from I(g). For scattering wave vector magnitudes ¢ 2
21072 nm~!, the scattering intensity I(g) remains un-
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FIG. 8. Influence of high-power ultrasound on the viscoelastic spectrum. (a) Storage modulus G’ (full symbols) and
loss modulus G” (empty symbols) of the carbon black gel as function of frequency f in the absence of ultrasound, i.e. for P =0
(O) and in the presence of ultrasound with acoustic pressure P = 73 kPa (¢) measured in the parallel-plate geometry with a
strain amplitude v = 0.06% at a rate of 2 cycles per point, leading to a total duration of 381 s for the whole frequency sweep.
(b) Loss tangent tand = G”' /G’ as a function of f for P =0 (O), 25 (V), 60 (A) and 73 kPa (¢). Red lines are power-law fits
between for f = 0.1-1 Hz such that tand ~ f. (c) Power-law exponent « as a function of P. Above P = 73 kPa, ultrasound
strongly heats the gel (AT > 10°C over the 381 s duration of the frequency sweep) and the corresponding data were therefore
discarded. (d) Evolution of fin as a function of P. fmn corresponds to the frequency at which tan ¢ is minimum.
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FIG. 9. Strain sweep experiments under high-power
ultrasound. (a) Storage modulus G’ (solid lines) and loss
modulus G” (dotted lines) measured at f = 1 Hz with a
waiting time of 2 s per point as a function of the strain am-
plitude y for different values of the acoustic pressure: P =0
(blue), P = 30 kPa (cyan) and P = 110 kPa (yellow). The
total duration of the strain sweep experiment is 96 s. As in
Fig. [Ib, v~z is the lower limit of the non-linear regime and
vy is the yield strain. (b) Characteristic strains ynz (o) and
vy (M) as a function of P. The diamond and cross symbols
at P = 1 kPa correspond respectively to ynz and , actu-
ally measured at P = 0 kPa. The color scale for P is the
same as in Fig. These experiments are performed in the
parallel-plate geometry.

changed: ultrasound does not affect the gel structure at
length scales smaller than about 300 nm. However for
g < 4-1072 nm~!', TRUSAXS measurements indicate
that the gel may form cracks. As discussed in Ref. [I7],
such cracks would be filled with oil and the crack inter-
faces between the gel and the pure oil phase would ac-
count for the change of slope p in the scattering intensity
I(q) ~ q7P, for ¢ < 4-1073 nm~!. Indeed, at rest, the
gel forms a mass fractal structure [30] and p corresponds
to the bulk fractal dimension of the gel, ds, = p = 2.75,
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FIG. 10. Structural measurements under ultrasound.
TRUSAXS intensity spectra I(gq) recorded in a 6% w/w car-
bon black gel at rest and exposed to ultrasound with fre-
quency 20 kHz for an acoustic pressure P = 240 kPa. Ul-
trasound is turned on at t = 0 and switched off at ¢ = 30 s.
Comparison between the scattered intensity I obtained from
TRUSAXS as a function of the wave number ¢ of the gel
at rest (red, ¢ < 0 s), under ultrasonic vibrations (blue,
0 s< t < 30 s) and during recovery (green, ¢ > 30 s). The
black dash-dotted curve is the form factor reported in blue in
Fig. . p is the power law exponent defined by I(q) ~ ¢~ *
at low q. (b) Sketches of the gel microstructure inferred from
TRUSAXS measurements: before (top), during (middle) and
after application of high-power ultrasound (bottom) as in-
ferred from TRUSAXS data. The yellow circle highlights a
primary aggregate of diameter 2r, = 120 nm.
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FIG. 11. Influence of the acoustic pressure P on

TRUSAXS spectra. (a) Exponent p of the best power-
law fit I(g) ~ ¢~? at low ¢ as a function of time. Ultrasound
with frequency 20 kHz is turned on at time ¢ = 0 and switched
off at ¢ = 30 s. Each curve corresponds to a given acoustic
pressure P = 64 (green), 160 (blue-green) and 240 kPa (blue).
(b) Intermittency index 4; as a function of P. (c) Micro-cracks
average interfacial fractal dimension (dy;) as a function of P.
(d) Bulk fractal dimension of the gel dfp,oo measured 40 s
after ultrasound are turned off as a function of P.

as already reported in Fig.[2] Under high-power ultra-
sound, p may become higher than 3, as shown in Fig. [TTj.
In this case, the mass fractal model is no longer valid as
p must remains smaller than 3. Such a high value of p
is however compatible with scattering from interfaces of
fractal dimension dy; = 6 —p = 2.5 [35]. Such rough
interfaces are likely to be due to oil-filled micro-cracks
that nucleate under high-power ultrasound, although a
direct visualization of the local microstructure under ul-
trasound would be necessary to fully confirm this picture.
Those oil-gel interfaces have a higher contrast than the
bulk gel and therefore dominate the scattering intensity
at low q.

To go beyond the analysis proposed in our previous
work [I7], we report in Fig. [11] a systematic study of
the impact of the acoustic pressure P on the TRUSAXS
spectra during and after application of ultrasound. We
first focus on the temporal evolution of the power-law
exponent p(t) of I(q) at low ¢ in Fig. . At rest, the
gel displays a constant value of p equal to dg, = 2.75.
When ultrasound is turned on, we observe intermittent
dynamics where p shows bursts that reach values up
to 3.7. The effect of ultrasound can be quantified by
three parameters: 7; in Fig. , (dy;) in Fig. and
dfp,00 in Fig. . 1; is the intermittency index defined

as i; = Atys3/Atys where Aty~3 is the total duration
over which the spectrum shows an exponent p greater
than 3 and Atys = 30 s is the duration of exposure
to ultrasound. (dy;) is defined as the time average of
the interfacial fractal dimension during the bursts, i.e.,
(dsiy = (6 — p(t)) for p > 3. djp.oo is the mass fractal
dimension of the gel 40 s after ultrasound is turned off.

As shown in Fig. [Tk, the fractal dimension of the
micro-crack interface remains roughly constant over the
entire range of acoustic pressure P covered by our ex-
periments. Its value (dg;) ~ 2.65 + 0.24 is intermediate
between a sharp interface in the Porod limit (d;; = 2)
and a spongy interface (dy; = 3). However, looking at
i; in Fig. [[Ib, two regimes can be distinguished below
and above P* ~ 150 kPa: below P*, the occurrence of
micro-cracks remains rare, i; ~ 0.05, while above P*,
i; increases sharply, i.e., the occurrence of micro-cracks
strongly increases with P. Although experimental scat-
ter is rather larger in Fig. [T, the data for the final bulk
fractal dimension dyp o are consistent with a full recov-
ery of the initial structure below P* (dp 00 = 2.75) and
an incomplete recovery above P*, where dfp o shows a
decreasing trend from 2.75 down to about 2.1, i.e., the
gel structure loosens.

C. Discussion

A first observation from the above results is that high-
power ultrasound significantly affects the gel properties
only above a critical ultrasonic pressure P*. Such a
threshold pressure is most likely linked to the fact that
the present material is a soft solid that presents a yield
stress. In particular, the strain associated with the acous-
tic pressure P* is 7{;¢ = 0.13%, which is comparable to
vnr =~ 0.8%, so that significant effects are expected as
reported in Ref. [I7]. We note that the value of P* is
higher in the TRUSAXS setup as compared to the rheol-
ogy setup. This can be attributed to fact that the shear-
ing geometries, the preshear protocols and the ultrasonic
frequencies differ in the two experimental setups. In par-
ticular, the vibration field generated 1 mm below the vi-
brating blade in the TRUSAXS setup most likely differs
strongly from the one generated by the vibrating piezo-
electric disk in the more confined parallel-plate geometry.
Since the values of ayg and P reported in our measure-
ments correspond to those at the vibrating surfaces, it is
not surprising to find that P* is larger for the TRUSAXS
setup where the blade geometry and the larger sample
volume are expected to reduce the efficiency of the vi-
brations on the colloidal gel.

Focusing on the rheology alone, we observe that both
the storage modulus G’ and the loss modulus G” are
affected by high-power ultrasound for P > P*. Upon
turning on ultrasound, a transient regime of a few sec-
onds is observed, where the gel always behaves as a soft
solid, i.e., G’ remains larger than G”. Still, G'(¢) displays
a monotonic decrease while G”(t) strongly peaks before



decreasing in a manner similar to G’(t). This overshoot
is reminiscent of the increase of G” by a factor of about
3 observed prior to the yielding transition between vy
and iyb and followed by a decrease of G for v > v, (see

Fig. [1p).

Combining the results from rheo-ultrasonic experi-
ments with structural measurements under high-power
ultrasound allows us to further interpret the evolution
of the viscoelastic moduli in light of the formation of
micro-cracks revealed by TRUSAXS. Such micro-cracks
may be seen as rupture precursors, in the sense of struc-
tural rearrangements that locally damage the mechanical
properties of the gel but that do not grow large enough
to percolate and to fully fluidize the sample [3] [36]. The
intermittency inferred from the scattering by the micro-
crack interfaces supports the fact that such micro-cracks
open and close in time. The nucleation and proliferation
of these micro-cracks for P > P* may explain the very
strong transient overshoot in G”, by a factor of about
10, upon turning on ultrasound. In steady state, micro-
cracks would then lead to an enhanced dissipative contri-
bution, with G;ﬁ ~ 2G! for large acoustic pressures (see
Fig. @1) This hypothesis is supported by the viscoelastic
spectrum measurements performed once the system has
reached a steady state under ultrasound (Fig. [§). Even
below P*, we observe a clear evolution of the viscoelastic
spectrum, where tand = G” /G’ displays a minimum at
a frequency [, that is all the more pronounced that
the acoustic pressure is large. The increase of f,;, with
P implies that dissipation mechanisms become prepon-
derant at long time scales. Viscoelastic spectra with a
similar minimum in tand are classically reported in soft
“glassy” systems [37H40] and attributed to collective rear-
rangements associated with the a-relaxation. In our case,
the gel structure is maintained locally. We believe that
large length-scale rearrangements are to be attributed
to the micro-crack dynamics. Indeed, as P increases,
the micro-crack intermittency increases, consistent with
more large-scale rearrangements, leading to the observed
enhancement of dissipation at low frequencies and thus
to glass-like viscoelastic features.

Finally, after ultrasound is turned off, the gel recovery
takes a few seconds, consistently with the time scale for
gel reformation after a strong preshear (see Fig. ) The
fact that the elastic modulus does not fully recover its ini-
tial value for P > P* may be attributed to ultrasound-
induced changes in the colloidal flocs whose structure is
looser and that can only be reformed as in the initial
gel by applying strong enough shear. Finally, the fact
that the viscous modulus always recovers its initial value
strongly suggests that micro-cracks fully heal once ultra-
sound is turned off.
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IV. CARBON BLACK GELS FLOWING UNDER
HIGH-POWER ULTRASOUND

A. Effect of high-power ultrasound on the flow
curves

Our next important result is that the flow of carbon
black gels is promoted by high-power ultrasound. To evi-
dence this effect, we use the rheology experiment coupled
to high-power ultrasound. After the preshear protocol,
we perform flow curve measurements: the shear rate % is
logarithmically swept down from 1000 to 0.01 s~! within
60 s while the rheometer measures the stress response o.
Ultrasound is applied during the entire flow curve mea-
surements. This experiment is repeated under different
acoustic pressures P.

As shown in Fig. [[2h, the flow curve can be decom-
posed into two branches depending on the shear rate
value with respect to ¥* ~ 2.5 s~!. This decomposi-
tion is motivated by previous studies showing that such
flow curves are typically dominated by wall slip and plug-
like flows below 4* [25] 41], [42]. Such a competition be-
tween bulk flow and wall slip is also confirmed in Fig.
in the Appendix by investigating the dependence of the
flow curves at low shear rates on the gap width in the
parallel-plate geometry. As for the flow curves of Fig.
measured in the cone-and-plate geometry, both the high-
shear and low-shear regimes can be well fitted by a Her-
schel Bulkley model,[43] ¢ = o, + K4™, where o, is the
yield stress, K is the consistency index, and n is the flow
index with n = 1 for a Newtonian fluid and n < 1 for
shear-thinning fluids. As shown in Fig. with black
hollow symbols, ultrasound only mildly affects the high
shear branch: the yield stress o, slightly decreases from
15 to 12 Pa and the flow index slightly increases from 0.51
to 0.62. In contrast, ultrasound has a much stronger ef-
fect on the low shear branch. Indeed, as shown in Fig.[I2p
with full red symbols, as P increases, o, decreases by
more than a decade while n almost doubles from 0.45 up
to 0.85. In this regime, high-power ultrasound effectively
turns the gel from a yield stress solid into a more and
more Newtonian fluid: oy, — 0 and n — 1. To sum up,
high power-ultrasound strongly facilitates the flow of the
carbon black gel at low shear rates below 4* while it af-
fects the flow under high shear rates much more mildly.

B. Effect of high-power ultrasound on the
structure under flow

Using the TRUSAXS experiment coupled to high-
power ultrasound, we now investigate the bulk structure
of the gel during flow combined with exposure to ultra-
sound. We find that, at least for the relatively small
shear rates accessible to the flow cell of our TRUSAXS
experiment, the high-power ultrasound mechanism that
leads to the softening of the gel at rest is the same that
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FIG. 12. Effect of high-power ultrasound on the flow
properties of the carbon black gel. (a) Flow curves,
shear stress o vs shear rate 4, for different acoustic pressures
P. The color scale from P = 0 (blue) to 110 kPa (yellow) is
the same as in Fig.[5| Lines are fits with the Herschel-Bulkley
models performed at low shear rates (for 4 < 1 s7! red lines)
and at high shear rates (for ¥ > 5 s™', black lines). The
vertical dashed line at 4* ~ 2.5 s™' indicates the separation
between the low and high shear rate branches of the flow
curve. (b) Herschel-Bulkley parameters as a function of the
acoustic pressure P (full red symbols for 4 < 1 s~ ! and hollow
black symbols for ¥ > 5 s™*): yield stress o,, consistency
index K and flow index n from top to bottom. Experiments
performed in the cone-and-plate geometry.

facilitates the flow of the gel: micro-cracks form in the
bulk of the gel.

Thanks to the syringe pump, a constant mean shear
rate 4 across the flow cell is applied during the whole
experiment. Ultrasound with pressure P is turned on at
t = 0 s and switched off at ¢ = 30 s. TRUSAXS spectra
are recorded every second during the entire experiment.
As shown in the inset of Fig. for P = 240 kPa and
4 = 0.4 s~ ultrasound facilitates the flow: we observe
a strong drop of the pressure difference AIl by about
500 Pa as soon as ultrasound is turned on. For such a low
mean shear rate, TRUSAXS spectra are very similar to
the ones presented in section [[IT B where the gel is left at
rest. Indeed, the scattering intensity I(q) strongly varies
upon application of ultrasound only for ¢ < 4-1073 nm~1.
As shown in Fig. [[dh, the power-law exponent p starts
from p = dy, ~ 2.75 in the presence of flow but in the
absence of ultrasound. Such a value is similar to the one
measured for a gel at rest (see Fig. ) As ultrasound
is turned on while the gel flows, p displays values that
can be as large as p = 3.5, which accounts for interfaces
of fractal dimension dy; = 6 —p ~ 2.5. When ultra-
sound is turned off while the mean shear rate is kept to
4 = 0.4 s7!, the intensity spectrum does not fully re-
cover its initial shape and tends to that of a mass fractal
with dfy 0 = p ~ 2. As explained in section [[ITB} such
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FIG. 13.  Structural measurements under flow and
ultrasound. TRUSAXS intensity spectra I(q) recorded in a
flowing 6% w/w carbon black gel exposed to ultrasound with
frequency 20 kHz for an acoustic pressure P = 240 kPa. A
mean shear rate 4 = 0.4 s7* across the flow cell is applied dur-
ing the whole experiment. Ultrasound is turned on at t = 0
and switched off at ¢ = 30 s. Three families of spectra can be
distinguished as a function of time before (red), during (blue)
and after application of high-power ultrasound (green). The
times at which the spectra are shown correspond to the vari-
ous colored symbols in the inset. The black dash-dotted curve
is the form factor reported in blue in Fig. Ph. Inset: Pres-
sure difference AIl between the upstream and downstream
pressure selnsors as a function of time for P = 240 kPa and
4=04s"".

a variation of p(t) is compatible with the formation of
transient micro-cracks when ultrasound is turned on and
with an incomplete structural recovery after ultrasound
is turned off.

Fig. [I4b-d shows the evolution of the various indica-
tors defined in section namely i;, (dg;) and dp oo,
as a function of the mean shear rate 4 under an acoustic
pressure P = 240 kPa. We may identify two regimes sep-
arated by a critical shear rate 3* ~ 2 s~'. With increas-
ing 7, 4; decreases and plateaus above 4*: larger shear
rates reduce the micro-cracks occurrence formed by high-
power ultrasound (Fig. ) In spite of a large exper-
imental uncertainty, (dy;) is consistent with a weak de-
creasing trend above 4*, which may indicate that micro-
cracks interfaces become sharper for larger shear rates.
Finally, focusing on the recovery process, a clear in-
crease in the steady-state bulk fractal dimension dy o
is seen from about 2.1 at low shear rates up to a plateau
at dfpoo ~ 2.7 for ¥ > 4*. Therefore, highest shear
rates make the recovery process complete even after ex-
posure to the highest acoustic pressure achievable with
the present TRUSAXS-ultrasound flow cell. To sum up,
the scenario depicted at rest remains valid under flow but
the effects of high-power ultrasound get smeared out at

flow rates larger than 4*.
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FIG. 14. Influence of the shear rate on the TRUSAXS
spectra of gels exposed to high-power ultrasound.
(a) Exponent p of the best power-law fit I(q) ~ ¢” 7 at low
q as a function of time. Ultrasound with frequency 20 kHz
and pressure P = 240 kPa is turned on at time ¢ = 0 and
switched off at ¢ = 30 s. A mean shear rate ¥ across the
flow cell is applied during the whole experiment. The green
and blue curves correspond to 4 = 0.4 and 2 s™! respectively.
(b) Intermittency index i; as a function of 7. (c¢) Micro-cracks
average interfacial fractal dimension (ds;) as a function of 5.
(d) Bulk fractal dimension of the gel d oo measured 20 s af-
ter ultrasound are turned off as a function of 4. For 4 = 4
and 8 s7!, due to the large flow rate imposed by the syringe
pump, the gel that passes across the X-ray beam has no longer
received any ultrasound at ¢t >~ 50 s, i.e., 20 s after ultrasound
are turned off. We therefore measure dsy o on the longest
possible time after ultrasound is turned off while the gel has
receilved ultrasound, respectively 4.5 s and 1.5 s for ¥ = 4 and
8s .

C. Discussion

The experiments performed in this section show that
high-power ultrasound affects the flow properties of car-
bon black gels and their microstructure under shear.
For shear rates below the characteristic shear rate ¥* ~
2.5 571 that corresponds to a sharp kink in the flow curve,
the effect of ultrasound is much stronger than for v > 4*.
The most widely accepted interpretation of such a kink in
the flow curve is that, upon decreasing the shear rate, ¥*
corresponds to a transition from a fully fluidized state to
a regime dominated by partially arrested flows and slip-
page at the walls of the shear cell [41]. The yield stress in-
ferred from a Herschel-Bulkley fit of the low shear branch
of the flow curve is generally referred to as a “pseudo-
yield stress” as it relates to the material properties close
to the walls and is dominated by the rheology of the lu-
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bricating films at the walls [44] [45]. In the specific case
of carbon black gels, it was shown that shear banding
and massive wall slip occurs below 4* so that the low
shear branch mostly corresponds to a pluglike flow regime
while the material is homogeneously sheared along the
high shear branch of the flow curve [42] [46]. Moreover,
for such rheopectic materials as carbon black gels, the
flow curve is not only highly dependent on the surface
properties of the shearing geometry [25] but also on the
protocol followed to construct the flow curve [I5], 22]. Al-
though complementary local measurements are needed
to investigate the flow field, it can be hypothesized from
the present results that ultrasound promotes wall slip, at
least along the low shear branch, and tends to lower both
the bulk yield and the “pseudo-yield stress.”

Furthermore, TRUSAXS experiments reveal that be-
low 4* ~ 2 57!, the microstructural effects of high-power
ultrasound are essentially the same as those observed on
the gel at rest. This is consistent with the fact that low
shear rates correspond to pluglike flows. Thus, under low
shear rates, the gel structure is very similar to the gel
structure at rest and micro-cracks occur in the bulk ma-
terial as well as close to the walls, which is likely to pro-
mote wall slip. The fact that 4* ~ 4* further strengthens
this conclusion, although such a quantitative agreement
between the two shear rates might be fortuitous in view
of the differences in materials, geometries and protocols.
For the largest shear rates, the gel structure is partly re-
juvenated by the shear rate and is therefore less sensitive
to ultrasound.

V. CONCLUSION AND OUTLOOK

Thanks to rheological and X-ray scattering measure-
ments performed simultaneously with the application of
high-power ultrasound, we have shown that carbon black
gels belong to the class of “rheo-acoustic” materials, i.e.,
materials whose mechanical and flow properties can be
tuned by ultrasound. More precisely, for acoustic pres-
sures larger than some critical value P*, high-power ul-
trasound transiently softens and facilitates the flow of
carbon black gels through the formation of micro-cracks
in the bulk of the gel. The viscoelastic spectrum at low
frequency and the extension of the linear regime are mod-
ified even below P*, pointing to “glass-like” and more
“fragile” features. When shear is applied above a char-
acteristic shear rate 4*, the effects of ultrasound on flow
properties are mitigated due to shear rejuvenation. Such
effects could be further used to fine tune the structure
and mechanics of colloidal gels through ultrasonic vibra-
tions in applications where other means of interacting
with the microstructure are not possible. Moreover, it
is now well established that shear history can be used
to tune both linear and nonlinear viscoelastic properties
of colloidal gels [I5, 22l [47] and thus to imprint some
memory of previous deformations into the material mi-
crostructure [48] 49]. Combining these memory effects to



the above competition between the effects of shear and
of high-power ultrasound will undoubtedly lead to new
interesting ways of playing with the microstructure of
colloidal gels in search of “smart” responses to external
stresses.

From a more general point of view, our results still
leave some fundamental issues open. A first question
concerns the precise microscopic origin of the softening
and flow facilitation. We believe that the very large over-
shoot in the viscous modulus G” upon application of ul-
trasound and its subsequent relaxation towards a steady-
state value about twice larger than the viscous modulus
at rest deserve more attention, as it most likely carries
key information on the physics underlying ultrasound-
induced softening. In particular, strain recovery experi-
ments performed at various stages of the application of
high-power ultrasound may help to disentangle the var-
ious microscopic contributions to energy dissipation, in-
cluding viscous drag of the solvent along the gel network,
plastic rearrangements and viscoplastic flow of colloidal
clusters, and micro-crack formation, in line with the ap-
proach proposed recently in Refs. [0, 1] in the context
of yielding under large-amplitude oscillatory shear.

Furthermore, simultaneous mechanical measurements
and microscopic structural characterization under ultra-
sound are required to provide a full understanding of
the effects revealed in the present work. Indeed, at this
stage, a joint, quantitative interpretation of both rheo-
logical and TRUSAXS experiments is hindered by the
differences in setups, protocols and ultrasonic frequen-
cies. Future experiments will include rheo-SAXS mea-
surements under ultrasound to record I(q) spectra si-
multaneously to rheological data. Moreover, preliminary
optical microscopy experiments under ultrasound indi-
cate that micro-cracks may be visualized in carbon black
gels, at least once they have grown large enough to lead
to detectable contrast variations. Such direct measure-
ments should yield crucial insight into micro-cracks dy-
namics and into the time scales involved in the transient
mechanical response. Finally, coupling small-angle light
scattering (SALS) to ultrasound in translucent colloidal
gels such as silica gels is also considered in order to test
for the generality of the presence of micro-cracks and of
their intermittent behaviour in other colloidal gels. Once
coupled to both rheometry and ultrasound, time-resolved
SALS measurements should provide structural informa-
tion in quasi-transparent gels on both local and global dy-
namical processes, similar to TRUSAXS but with much
more versatility.

APPENDIX

Two-dimensional TRUSAXS spectra (¢, qy) —
Figure [I5] shows the evolution of the 2D spectra asso-
ciated with the experiments presented in Figs. and
All spectra display radial symmetry, which indicates

13

Log, (1)
W S w (=) ~

FIG. 15. Two-dimensional TRUSAXS spectra I(gz, gy) of the
carbon black gel: (a-b) before, (c-d) during, and (e-f) after
application of high-power ultrasound with P = 240 kPa. Left
panels: in the absence of flow 4 = 0 s™*. Right panels: under
an average shear rate of ¥ =2 s 1.

that the carbon black gel keeps an isotropic microstruc-
ture during the whole experiments.

Flow curves at different gaps — Figure [16| shows the
flow curves measured for four different gaps h in the
parallel-plate geometry with a diameter of 35 mm. As
in Fig.[I2] the shear rate 4 is logarithmically swept down
from 1000 to 0.01 s~! within 60 s while the rheometer
records the stress response 0. The flow curves are affected
by the gap width below a shear rate 4* that strongly de-
pends on h, decreasing from about 2 to 0.1 s~! as the
gap width is increased. Therefore, instead of observing a
plateau indicative of the dynamical yield stress, we ob-
serve that, for ¥ < 4*, o decreases all the more with ¥
when the gap is small. This behavior is typical of a yield
stress material that slips at the walls at shear rates below
4* [25] [41], 42]. Note that the fact that the flow curves
of Fig. [12|lead to a value 4* ~ 2.5 s that lies in the
upper range of the values found here by varying the gap
of the parallel-plate geometry can be ascribed to the dif-
ference in the surfaces of the shearing tools. While the
tool used for Fig.[12]is a smooth cone made out of steel,
the upper plate used for the parallel-plate geometry is
made out of sandblasted Plexiglas. The former is likely
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FIG. 16. Flow curves, shear stress o vs shear rate %, of the

carbon black gel measured in the absence of ultrasound and in
a parallel-plate geometry for different gap widths h = 0.3, 0.5,
1 and 2 mm from bottom (orange) to top (black). The vertical
dashed line shows the characteristic shear rate 4* ~ 2.5 s~1
inferred from Fig.

to show stronger wall slip than the latter.
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