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We introduce a novel apparatus designed for stress-controlled rheometers to perform simultane-
ous rheological and electrical measurements on strongly conductive complex fluids under shear. By
means of a non-toxic liquid metal at room temperature, the electrical connection to the rotating
shaft is closed with minimal additional mechanical friction, allowing for simultaneous stress mea-
surements as low as 1 Pa. We use the capabilities of this design to perform an extensive set of
rheo-electric experiments on gels made of attractive carbon black particles, at concentrations rang-
ing from 4 to 15% wt., motivated by applications such as flow batteries. First, experiments on gels
at rest prepared with different shear history show a robust power-law scaling between the elastic
modulus G′0 and the conductivity σ0 of the gels, i.e. G′0 ∼ σα0 , with α = 1.65±0.04 independently of
the gel concentration. Second, we report conductivity measurements performed simultaneously to
creep experiments. Changes in conductivity in the early stage of the experiments, also known as the
Andrade creep regime, reveal for the first time that plastic events take place in bulk while the shear
rate γ̇ decreases as a weak power law. The subsequent evolution of the conductivity and shear rate
allows us to propose a local yielding scenario that is in agreement with previous velocimetry mea-
surements. Finally, following a benchmark approach, we determine the constitutive rheological and
electrical behavior of carbon black gels. Corrections first introduced for mechanical measurements
regarding shear inhomogeneity and wall slip are carefully extended to electrical measurements to
accurately dissociate the bulk from the surface contributions to the conductivity. As a case in point,
we examine the constitutive rheo-electric properties of five carbon black gels of different grades, and
illustrate the relevance of the novel rheo-electric apparatus as a versatile characterization tool for
strongly conductive complex fluids and their applications.

PACS numbers: 83.80.Kn,47.57.Qk,77.84.Nh,81.05.U-

I. INTRODUCTION

From wormlike micellar fluids to colloidal glasses, com-
plex fluids encompass a wide array of soft materials that
all display a microstructure, which gives rise to inter-
mediate mechanical properties between that of liquids
and solids [1–3]. Under shear, the microstructure can re-
arrange and interact with the flow, which may in turn
feed back on the flow itself triggering instabilities [4]. As
such, complex fluids can exhibit a host of non-linear ef-
fects such as shear banding instabilities [5, 6] and shear
localization [7], wall slip [8–11], macroscopic fractures
[12, 13], shear-induced structuration [14–18], etc. The
use of complementary local measurements such as X-ray
scattering [19] and Neutron spectroscopy [20] to extract
structural information on the one hand, or NMR [21, 22],
particle tracking [23], dynamic light scattering and ultra-
sound imaging [24, 25] to extract velocity profiles on the
other hand, has provided valuable insights about com-
plex fluid rheology through time-resolved measurements
of the microstructure evolution under shear.

Another microstructural probe, yet less frequently
used, is the measurement of the electrical properties of
the fluid (e.g. conductivity σ, permittivity ε), which
coupled with standard rheological measurements also
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provides additional information on the evolution of the
fluid microstructure under flow [26–32]. Previous rheo-
electric studies have focused mostly on dielectric complex
fluids such as polymeric materials [33–35], liquid crys-
tals [28], colloidal suspensions [32] and electrorheological
fluids [36], as well as weakly conductive materials (σ � 1
mS/cm) such as CNT nanocomposites [29, 30, 37–41] and
weakly conductive carbon black gels [26, 27, 42–45]. Typ-
ical commercial rheo-electric platforms involve the use of
a rheometer coupled with an electrical measuring system
such as an LCR meter that measures electric or dielec-
tric constants simultaneously. In some studies, electrical
measurements are performed using Alternating Current
(AC) to extract the complex permittivity of the mate-
rial [27, 28, 42, 43] while other studies have focused on the
use of Direct Current (DC) measurements to character-
ize the conductivity of weakly conductive materials under
flow [26, 29, 30, 38, 40]. However, rheo-electric studies of
complex fluids are rare as they typically require the use of
less common and expensive strain-controlled rheometers
in which the rotary drive and stationary torque sensor
are separate. Furthermore, most previous studies assume
homogeneous flows and neglect non-linear kinematic phe-
nomena discussed above such as slip and shear banding
that regularly occur in conductive complex fluids [46, 47],
and often lead to misinterpreting of rheological data [43–
45].

Characterizing the electrical properties of strongly
conductive complex fluids (σ � 1 mS/cm) under
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FIG. 1. Schematic of the rheo-electric test fixture. The sam-
ple is sandwiched between two parallel plates (R = 20 mm)
that form a two-electrode closed electrical circuit. The rotat-
ing upper plate is driven by a stress-controlled rheometer that
applies stress and measures strain. Liquid metal (EGaIn) in
the solvent trap provides a low-friction electrical contact to
the rotating shaft. The plates are sputter-coated in gold to
reduce contact resistance.

flow is of practical relevance for numerous applications
among which the large-scale manufacturing of conduc-
tive nanocomposites [29, 30, 40, 48] and the design of
semi-solid flow battery electrodes [44, 49–51] are partic-
ularly noteworthy. For instance, the use of an embedded
dispersed nanoconductor, such as carbon black, as an ad-
ditive in semi-solid flow cells has been shown to increase
the electrochemical activity throughout the volume of the
cell, leading to higher rate performance and higher energy
densities at lower cost [44, 49, 52]. As such, characteriz-
ing the evolution of the conductivity of battery slurries
under imposed shear is crucial to optimize the design and
operation of semi-solid flow cell [53].

In the present work, we use a new custom-made rheo-
electric apparatus to investigate the effect of shear on
the conductivity of strongly conductive complex fluids.
The goal of this paper is twofold. First, in section II,
we describe a novel rheo-electric test fixture developed
for stress-controlled rheometers, that is characterized by
a low mechanical friction, continuous electrical contact
under rotation and low contact resistance. Second, in
section III, we aim at illustrating the relevance of this
apparatus on a model strongly conductive complex fluid,
namely carbon black gels. In section III A, we measure si-
multaneously the electrical and mechanical properties of
carbon black gels at rest, which leads to a generic power-
law scaling between the gels elastic modulus and con-
ductivity. We then tackle the stress-induced yielding sce-
nario of these gels in section III B, revealing the existence
of bulk rearrangements associated with minute macro-
scopic strains during the primary creep regime. Finally,

section III C is devoted to steady-state flow and to the
accurate determination of the electrical and mechanical
constitutive behavior of carbon black gels. We show that
the corrections first introduced for mechanical measure-
ments extend to electrical measurements and allows for
accurate conductivity measurements under shear. Sec-
tion IV serves as a discussion and includes a compari-
son of the rheo-electric properties of CB gels of different
grades. This comparison illustrates how the structure
of carbon black particles greatly affects the rheo-electric
properties of the gels, and serves as a guideline for appli-
cations requiring complex fluids with high conductivities.

II. RHEO-ELECTRIC TEST FIXTURE

A. Description of the test fixture

Rheo-electric platforms typically involve coupling an
electrical measuring system to a conventional torsional
rheometer that is used to measure the rheological prop-
erties of the materials studied. In previous work, a
number of different two-electrode geometries have been
used including cylindrical Couette [26, 27, 31], plate-
plate [28, 39, 43, 45], ring geometries [29, 30, 37, 38]
and pipe flow [32]. The difficulty inherent in performing
simultaneous rheo-electric measurements lies in the addi-
tional friction caused by the electrical connection to the
rotating electrode (typically through a slip ring), which
can induce large errors in the measurement of the torque,
when measured at the same electrode. Controlled-rate
rheometers are therefore generally preferred for this class
of measurements as they allow the user to measure torque
on the stationary electrode, thus decoupling the electrical
and rheological measurements. However, rate-controlled
rheometers are more expensive and less common than
stress-controlled rheometers and less well-suited for mea-
suring yielding transitions that are common in highly
filled conductive materials. These limitations motivate
the development of a new apparatus.

A schematic of the experimental test fixture, later re-
ferred to as the rheo-electric test fixture, and used to
perform the simultaneous rheo-electric measurements is
shown in Fig. 1 [See also Fig. S1 in the Supplemental
Material for a picture]. The apparatus is built around
two parallel plates (of radius R = 20 mm, and surface
roughness Ra = 0.1 µm, as determined by a Mitutoyo
surface profilometer) that form a two-electrode cell sepa-
rated by a distance H with the conductive sample sand-
wiched between them. The upper rotating plate is con-
nected to a stress-controlled torsional rheometer (TA in-
struments, AR-G2) that applies a torque and measures
the resulting shear strain. The plate-plate geometry is
chosen here as it allows for a homogeneous electric field
and can be used to correct for wall slip effects through
measurements at multiple gap settings [54]. However, the
shear rate γ̇ is not homogeneous in the parallel plate ge-
ometry and depends on the radial position r, as follows:
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FIG. 2. (a) Total measured torque M due to the friction of the electrical connection to the rotating shaft as a function of the
angular velocity ωrot of the upper plate. Measurements are conducted in the absence of a sample and for different electrical
contacts: a gold leaf spring, liquid metal (EGaIn) and a salt solution. (b) Setup DC resistance R0 measured in the absence of
a sample as a function of ωrot for two electrical conductors: either a gold leaf spring or a liquid metal (EGaIn). Error bars are
determined by calculating the standard deviation of the temporal signal over 180s. The use of a salt solution as a conductor
does not allow for DC measurements as the ionic species will only polarize under DC current. (c) Measured flow curves showing
shear stress τ vs shear rate γ̇ for a N1000 Newtonian calibration oil and illustrating the friction correction due to EGaIn. Red
circles represent the friction calibration performed with EGaIn in the absence of a sample prior to the flow curve measurement.
Green triangles and black squares represent respectively the flow curves measured with and without the liquid metal. Open
black squares stand for the corrected flow curve.

γ̇(r) = rωrot/H, where ωrot denotes the angular velocity
of the upper plate. The impact of such inhomogeneity
on the rheological measurements is taken into account
and discussed in section III C. The geometry forms a
closed electrical circuit that incorporates (i) the conduc-
tive sample, (ii) the plates, (iii) the electrical measuring
system formed by a potentiostat (Solartron SI1287) with
an Impedance Analyzer (SI1266) and (iv) the solvent
trap (constructed from a machined annulus of SS316)
filled with eutectic gallium-indium liquid metal (EGaIn,
from GalliumSource). EGaIn is a liquid metal at room
temperature which provides a safe non-hazardous alter-
native to other liquid metals such as mercury [34] and is
used to create a low-friction continuous electrical connec-
tion to the rotating shaft. Finally, to reduce the contact
resistance, the plates are sputter-coated with gold using a
Pelco SC-7 sputterer for 10 min. Unless otherwise noted,
all rheo-electric tests were performed at a temperature
T = (23.0± 0.3)◦C, with a gap H = 750 µm.

Under static conditions, two types of electrical conduc-
tivity measurements are of interest: DC and AC tests. In
a DC test, a constant potential φ0 = 100 mV is applied
and the corresponding current I is measured. The ap-
parent DC conductivity σa is then given by

σa =
H

πR2

I

φ0
(1)

where H is the sample gap imposed by the rheometer. In
an AC test, a sinusoidal potential φ = φ0 sin(ωt) is ap-
plied and the corresponding alternating current is mea-
sured. The complex impedance is defined as

Z∗(ω) =
φ

I
= Z ′ − iZ ′′ (2)

where Z ′ and Z ′′ are, respectively, the real and imagi-
nary contributions to the impedance. Note that Z ′ and
Z ′′ are the electrical analog of the real and imaginary
viscosities η′ and η′′ in rheology, which will be of interest
in section III [55, 56]. Finally, the complex impedance
is related to the complex dielectric permittivity through
the following expression [57]:

ε∗ =
H

Z∗iωε0πR2
(3)

In both AC and DC measurements, it is important to
note that the measured resistances and impedances cor-
respond to a sum of two contributions: a bulk resistance
due to the sample resistance, and an interfacial contact
resistance representing how readily the electrons can flow
through the interface between the sample and the plates
so that:

Rmeasured ≡
φ0
I

= Rcontact +
H

σbulkπR2
(4)

Traditionally, by conducting measurements at different
gaps, the contribution of the contact resistance can be
calculated in conjunction with Eq. (4) and corrected
for [57]. For strongly conductive fluids, the relative con-
tribution of the contact resistance becomes increasingly
important as the bulk conductivity increases and cannot
be neglected if accurate measurements are desired. Un-
less stated otherwise, the conductivity and impedance
discussed hereafter correspond to the apparent quantity
defined respectively in Eq. (1) and (2).
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FIG. 3. Nyquist plots of complex impedance for three different classes of conductive complex fluids and their corresponding
equivalent circuits: (a) Electronic conductor: suspension of attractive soot particles (carbon Black, VXC72R) dispersed in
mineral oil at 8% wt.. The conductivity is measured at different shear rates coded in color: γ̇ = 0, 10, 30, 50, 100 and 200
s−1 from black to light skin color; (b) Ionic conductor (Oakton 2764 µS/cm KCl solution) measured under static conditions
for H = 750 µm. The linear fit corresponds to the model blocking circuit shown in inset. (c) Mixed conductor: Lithium
polysulfide suspension containing 2.5M Li2S8, 0.5M LiTFSI and 1M LiNO3 with 1.5vol% Ketjenblack carbon measured under
static conditions. AC tests were performed for 102 ≤ ω ≤ 104 Hz.

B. Mechanical and electrical Calibration

We first discuss the mechanical calibration of the rheo-
electric test fixture, and justify the preferential use of liq-
uid metal in the electrical circuit compared to two other
techniques, namely a gold spring and a salt solution that
are commonly used in other existing rheo-electric config-
urations. On stress-controlled rheometers, friction act-
ing on the rotating shaft and associated with electrical
measurements can impede simultaneous rheological mea-
surements. To quantify such friction, we have performed
measurements of the torque M associated with the fric-
tion inherent to different electrical couplings: EGaIn, a
gold leaf spring, and a salt solution. Results are reported
as a function of the angular velocity ωrot of the upper
plate in Fig. 2(a). The friction due to the liquid metal
lies two orders of magnitude below that of the gold spring,
and is constant over four decades of angular velocity, thus
leading to a straightforward correction for mechanical
friction. This constant friction is caused, for the most
part, by the thin oxide layer that forms on top of the
liquid metal when in contact with air [58]. Furthermore,
the temporal fluctuations of the friction contribution to
the stress can be neglected during simultaneous measure-
ments in general, when operating at stresses larger than
the background friction level (see Fig. S2 in the Supple-
mental Materials).

Regarding the electrical calibration, the DC resistance
R0 of the test fixture in the absence of any sample is mea-
sured as a function of angular velocity ωrot for a closed
electrical circuit using either EGaIn or a gold spring
[Fig. 2(b)]. The liquid metal is associated with a low
resistance R0 = 0.3 Ω that is independent of angular
velocity, which makes the contribution to the electrical
resistance from the test cell easy to take into account.
On the contrary, the configuration involving the gold leaf

spring shows a larger and much noisier resistance that in-
creases with the plate rotation speed. Let us emphasize
that the use of a salt solution only allows for AC mea-
surements at low potentials (φ0 ≤ 10 V) and tends to
have a complex electrical signature due to ion mobility
that can complicate electrical corrections [57].

From both a mechanical and electrical standpoint, the
test configuration using EGaIn is the most suitable for
rheo-electric measurements on stress-controlled rheome-
ters. As a result of the low friction, we are able to per-
form simultaneous measurements of rheology and con-
ductivity, an example of which is shown in Fig. 2(c) on
a calibration oil (N1000, Cannon Instrument Company).
The additional friction due to the EGaIn is constant at
about 1.5 Pa. By subtracting the latter value from the
flow curve measured using the same experimental fixture,
one recovers with high accuracy the true flow curve of the
calibration oil measured in the absence of the electrical
connections, at least for shear stresses τ ≥ 1.5 Pa. For
shear stresses τ < 1.5 Pa, the corrected data departs
appreciably from the constitutive equation showing that
although conductivity measurements may still be per-
formed, stress measurements should be conducted sep-
arately in this low stress range, i.e. without the upper
electrode immersed in the liquid metal (EGaIn).

C. Benchmark electrical measurements

To illustrate the ability of the EGaIn rheo-electric
fixture to perform accurate conductivity measurements,
we conducted a series of benchmark AC measurements
(φ0 = 100 mV, 102 ≤ ω ≤ 104 Hz) on different classes of
conductive complex fluids, namely electronic, ionic and
mixed conductors. The AC response of these fluids are
reported in Fig. 3, where the imaginary part Z ′′ of the
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complex impedance is plotted vs the real part Z ′ of the
complex impedance. Such a representation, also known
as the Nyquist plot [57], is analogous to a Cole-Cole plot
for rheological measurements. First, we report the re-
sponse of an electronic conductor, here a suspension of
attractive soot particles (carbon black VXC72R, Cabot)
dispersed in mineral oil at 8% wt. that is measured un-
der shear, in steady state. The electrical resistance of
this suspension is well represented by a pure ohmic re-
sistor and corresponds to a series of points that sit on
the horizontal axis of the Nyquist plot [Fig. 3(a)]. As the
shear rate is increased, the resistance increases approxi-
mately three-fold due to the disruption of the floculated
carbon black network under shear. Second, we report an
example of an ionic conductor (Oakton 2764 µS/cm KCl
solution, Cole-Parmer) measured under static conditions
for H = 750 µm and at T = 25.0◦C [Fig. 3(b)]. This
suspension is represented by an ohmic resistor in parallel
with an imperfect capacitor [Z∗(ω) = Ri + 1/(iωCi)

α],
represented by a constant phase element of phase α. In
the Nyquist plot, it appears as a line of slope tan(απ/2)
that intercepts with the horizontal axis at Z ′ = Ri, which
represents the ionic resistance of the solution. The ex-
perimental data are indeed well described by a blocking
circuit [black fit in Fig. 3(b)]. Supplemental measure-
ments at various gaps and Eq. (4) allow us to correct
for the contact resistance (see Fig. S3 in the Supplemen-
tal Materials) and thus infer the bulk conductivity of
the ionic solution. The contact resistance and bulk con-
ductivity are found to be respectively Rc = 0.94 Ω and
σb = (2.76 ± 0.01) mS/cm at T = 25.0◦C, in excellent
agreement with the value provided by the manufacturer
(σ = 2.764 mS/cm). Finally, we consider a third sam-
ple which is an example of a semi-solid battery mate-
rial that consists of a mixed conductor (Lithium polysul-
fide suspension containing 2.5M Li2S8, 0.5M LiTFSI and
1M LiNO3 with 1.5vol% Ketjenblack EC600JD carbon
black). Its equivalent circuit, which is the mechanical
analog of the Jeffreys model in rheology [59], corresponds
to a depressed semi-circle that intersects the horizontal
axis at Z ′ = ReRi/(Re + Ri) and Z ′ = Re respec-
tively. The Nyquist plot of this slurry, determined under
static conditions using the rheo-electric fixture is shown
in Fig. 3(c). The ionic and electronic conductivities are
estimated to be σi = 2.6 mS/cm and σe = 3.7 mS/cm
respectively, in agreement with measurements previously
reported on the same material [49].

To conclude, the use of gold-sputtered plates and
EGaIn to close the electrical circuit allow for accurate
electrical measurements on a wide variety of strongly con-
ductive complex fluids, which demonstrate the versatility
of the EGaIn rheo-electric test fixture. In the rest of the
paper, we employ the rheo-electric fixture to investigate
in detail one of the model afore-mentioned system, that
are carbon black gels.

III. RHEO-ELECTRIC STUDY OF CARBON
BLACK GELS

We focus on carbon black dispersions as a case study
of a strongly conductive complex fluid to illustrate the
additional insight that can be gained from the afore-
mentioned rheo-electric apparatus. Carbon black (CB)
which refers generically to colloidal soot particles pro-
duced from the incomplete combustion of fossil fuels,
is involved in a wide variety of industrial applications
including batteries, paints, coatings as well as rubbers
and tires. CB serves as an additive to convey pro-
tection from ultra-violet light, increase toughness, im-
prove processability and to enhance electrical conductiv-
ity [60, 61]. Composed of permanently fused “primary”
particles whose diameter is about 30 nm [62], CB parti-
cles are of typical size 200-500 µm and display short range
attractive interactions of typical strength 30 kBT [63].
When dispersed in a liquid hydrocarbon, carbon black
particles form a space-spanning network, even at small
volume fractions (typically 1 to 5%) [64, 65]. The latter
gel is reversible, as it is destroyed by large shear and re-
forms once the flow is stopped. Its elastic modulus and
yield stress depend on the flow history which can be used
to tune the solid-like properties of the gel at rest [16, 66].
Finally, shear-induced changes in gels microstructure are
known to strongly affect the electrical properties of car-
bon black gels as the percolated network ruptures under
shear [26, 31, 48]. Depending on the choice of the carbon
black, the conductivity of the gel either decreases by sev-
eral orders of magnitude as the material is sheared and
undergoes a conductor to insulator transition [31], or, in
the case of less conductive samples, the conductivity only
decreases by a small factor under shear [26].

In this work, a number of CB dispersions are prepared
in the absence of any additional dispersant by mixing CB
particles of different grades [VXC72R, Monarch 120 and
Elftex 8 from Cabot chemicals (Billerica, MA), and Ket-
jenBlack EC600 from Akzo Nobel (USA)] into a light
mineral oil (Sigma, density 0.838 g/cm3, viscosity 20
mPa.s) as described in ref. [46] at weight concentrations
C ranging from 4 to 15% wt. The samples are sonicated
for 4 hours and mixed thoroughly prior to any use. In
the following sections, we mainly report data obtained
with a 8% wt. carbon black gel (VXC72R) which has
been extensively studied in the literature [16, 18, 47, 67].
Such a gel is used here as a model conductive complex
fluids as it shows neither chemical aging nor any evapora-
tion, and allows for reproducible measurements over long
durations. Furthermore, the VXC72R carbon black has
been specifically developed for high conductivity applica-
tions and is an ideal system to explore the rheo-electric
properties of strongly conductive complex fluids. Using
the rheo-electric test fixture characterized in section II,
we first determine the electrical and mechanical solid-like
properties of the CB gel at rest, which is brought to rest
through different flow cessation protocols (section III A).
We then focus on transient flows and perform creep ex-



6

periments to study the yielding behavior of the CB gel
from an electrical perspective (section III B). Finally, we
report an extensive study of steady-shear flows of CB
gel, and show how electrical measurements allow us to
detect flow heterogeneities and wall slip (section III C).
To conclude, a discussion section including a quantitative
comparison of the rheo-electric properties of CB gels, pre-
pared with different grades of CB, shows how the nature
of CB particles greatly affects the rheo-electric proper-
ties of the gels. Such analysis, made possible with the
rheo-electric fixture introduced here, is key for numerous
applications where the selection of an appropriate con-
ductive sample should obey specific constrains on both
the mechanical and electrical properties (section IV).

A. Tuning rheo-electric properties of carbon black
gels using shear history

Recent studies have shown that the mechanical proper-
ties of weak attractive gels can be tuned by shear history
[61, 66, 68]: abrupt flow cessation leads to highly elas-
tic gels, whereas slow cessation of shear leads to weak
solids characterized by a vanishingly small yield stress
for decreasing flow cessation rate. In this subsection, we
investigate the evolution of the electrical properties con-
comitantly to the elastic properties of the gel prepared
by flow cessation experiments at various cessation rates.
Ramps of decreasing stress from τ = 100 Pa to τ = 0 Pa
bringing the sample at complete rest are performed in
N = 100 successive steps. The upper stress value is ap-
plied for 5 min before the start of each decreasing ramp,
and is chosen to be large enough to ensure the sample
is fully fluidized and that any previous flow history is
erased. The flow cessation rate is controlled through the
duration of each step δt, that is varied in each test from
1 s to 120 s. The resulting flow and conductivity curves
are plotted in Fig. 4. As the stress is ramped down, the
shear rate decreases and the conductivity concomitantly
increases. Such results coincide with the fact that the gel
transitions from a fully fluidized state at high shear rates
to a solid-like state at rest. The gels structure builds
up forming a percolated network which accounts for the
solid-like behavior and the conductivity increase. For
γ̇a > 30 s−1, the flow and conductivity curves obtained
at different cessation rate collapse, indicating that in this
region the gel is fully fluidized, and not sensitive to the
flow history. At lower shear rates, both the flow and con-
ductivity curves are sensitive to the flow cessation rate:
slower ramps (or increasing δt) lead to lower yield stress
(defined as the stress extrapolation for vanishing shear
rates) and lower apparent conductivity. These results
are associated with the growth of a solid-like structure
as the gel comes to a stop, whose formation kinetics are
strongly affected by δt.

To characterize the final state of the gel once the stress
ramp is over, we record both the terminal value of the
conductivity σ0, and the linear elastic moduli G′0 deter-
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FIG. 4. (a) Stress τ vs apparent shear rate γ̇a (b) Apparent
conductivitiy σa vs the apparent shear rate γ̇a measured in a
8% wt. VXC72R carbon black gel during decreasing ramps of
stress from τ = 100 Pa to τ = 0 Pa. Each test was performed
in N = 100 steps of 1 Pa each and different duration per
point δt was used for each experiment. From top to bottom:
δt = 1, 6, 15, 21, 30 and 120 s.

mined by oscillations of small amplitude (γ = 0.2%) at
f = 1 Hz. These measurements are performed 90 min
after the end of the stress ramp to ensure that mechan-
ical and electrical equilibrium is reached [see Fig. S4 in
the Supplemental Material]. Repeating the experiment
for various step durations δt allows us to extract a series
of pairs {G′0, σ0} that are plotted in Fig. 5. The elas-

tic modulus G
′

0 displays a power-law increase with the
apparent conductivity at rest σ0 showing that there is a
correlation between the mechanical and electrical prop-
erties of the gel at rest: slower ramps lead to softer and
less conductive gels, a signature of lower connectivity in
the sample-spanning network of CB aggregates. The lat-
ter results hold true at lower concentrations of carbon
black particles. Data obtained following the same proto-
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FIG. 5. Elastic modulus G′0 of carbon black gels vs con-
ductivity σ0 measured at rest, 90 min after the end of a de-
creasing stress ramp from 100 Pa to 0 Pa and composed of
100 steps. Each point corresponds to different step durations
δt during the ramp, from δt = 1 s to 120 s, while symbols
stand for different concentrations of carbon black (VXC72R):
C =4% wt. (N), 6% wt. (•) and 8% wt. (�). Open
symbols stand for an instantaneous quench from τ = 100
Pa to τ = 0 Pa. Data for the 8% wt. gel corresponds
to the experiment reported in Fig. 4. Oscillatory measure-
ments were performed at a strain γ0 = 0.2% and a frequency
f = 1 Hz. The dashed line corresponds to the best power-law
fit of the data for σ0 ≥ 0.1 mS/cm, i.e. G′0 = G̃′0σ

α
0 , with

G̃′0 =400 Pa.(cm/mS)α and α = 1.65± 0.04.

col with 4% wt. and 6% wt. carbon black gels [respec-
tively (N) and (•) in Fig. 5] show the same result and
collapse on a master curve for σ0 ≥ 0.1 mS/cm, where
G′0 ∝ σα0 , with α = 1.65 ± 0.04. The latter result hints
at a unique gelation scenario kinetically driven by shear
and not sensitive to the particle concentration, at least
for strong enough gels G′0 & 10 Pa.

Finally, we have also performed sudden quenches, that
is the CB gel is brought from τ = 100 Pa to τ = 0
Pa within 1 s. In that case, the conductivity is compa-
rable to that obtained with the fastest ramp previously
explored (of total duration 100 s), but the elastic modu-
lus is much larger so that the rheo-electric properties at
rest [open symbols in Fig. 5] do not fall onto the same
master curve as the ramp tests of longer duration. Yet,
we shall emphasize that terminal elastic modulus still
appears to grow as a power-law function of the conduc-
tivity, and that the exponent is compatible within error
bars with the value determined for softer flow cessations.
For the three concentrations examined, abruptly stop-
ping the shear flow leads to a gel of enhanced elasticity
which hints at a specific gel microstructure that is well
adapted to sustain shear and yet not more conductive
(hence percolated) than gels formed in a fast ramp of
100 s. These results show that the electrical properties

of carbon black gels can be tuned through the shear his-
tory in parallel to the mechanical properties.

B. Stress-induced yielding

In this section, we turn to the transient behavior of car-
bon black gels and investigate the evolution of the rheo-
electric properties of the 8% wt. CB gel (VXC72R) dur-
ing its stress-induced yielding transition. Prior to each
creep experiment, the CB gel is presheared at γ̇ = 200 s−1

for 5 min to erase previous flow history, and left to re-
build for 20 min at τ = 0 Pa. A constant stress is then
applied from t = 0 and the resulting shear-rate response
γ̇(t) and apparent conductivity response σa(t) are moni-
tored simultaneously. Results for different applied shear
stresses are reported in Fig. S5 of the Supplemental Ma-
terial.

All the creep experiments display three characteris-
tic regimes that we illustrate in Fig. 6(a) for the case
of an experiment conducted at τ = 22 Pa. (i) First,
for t < 3800 s the shear rate decreases as a power law:
γ̇(t) ∼ t−0.9 while the apparent conductivity increases
as a power law: σa(t) ∼ t0.035 [See Fig. S6 in the Sup-
plemental Material for a logarithmic plot of the same
data]. (ii) Second, for 3800 s ≤ t ≤ 4600 s, a jump in
the shear rate is observed and the apparent conductivity
drops concomitantly by half and fluctuates. (iii) Third,
for t > 4600 s, the shear rate undergoes a second steep in-
crease while the apparent conductivity drops, before both
observables tend towards a final steady-state value. The
mechanical response alone of this “delayed yielding” has
been previously reported in a Couette geometry [46, 47].
Coupled with time-resolved velocimetry, the latter stud-
ies have shown that the three regimes can be interpreted
as a succession of (i) homogeneous deformation above
the micron scale followed by (ii) a total wall slip regime
associated with the first rapid increase of γ̇(t), and the
growth of a transient shear band [second increase of γ̇(t)]
to finally reach (iii) a homogeneous flow.

The unique signature of these regimes also appears in
the apparent conductivity response which provides fur-
ther insights into the yielding behavior. Indeed, in the
first regime, the increase in apparent conductivity clearly
demonstrates that either the bulk microstructure of the
sample or the number of contacts between the sample
and the wall is evolving. The latter result highlights the
high sensitivity of the rheo-electric test fixture in the first
regime where the sample deformation remains extremely
low [γ . 4% for t <3800 s] and where other techniques,
including ultrasonic velocimetry [47], fail to provide time-
resolved data due to a lack of resolution. In the interme-
diate regime, the decrease in the apparent conductivity is
compatible with the onset of slip which is expected to in-
crease the electrical resistance at the interface. Moreover,
the oscillations observed in the apparent conductivity are
strongly reminiscent of the stick-slip like motion of the
carbon black gel reported in ref. [47], where alternating
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FIG. 6. Creep experiment in a 8% wt. carbon black gel (VXC72R) at τ = 22 Pa. (a) Shear rate response γ̇(t) and apparent
conductivity response σa(t). The shear rate was derived numerically from the strain measured by the rheometer to increase
the precision. The jump observed in the curves at t = 3800 s marks the onset of a total wall slip regime followed by the growth
of a transient shear band [47] before the sample reaches a homogeneous steady state. (b) Apparent conductivity σa vs strain γ
for the same data set. In both (a) and (b) the vertical dashed line marks the three different flow regimes discussed in the text:
primary creep, heterogeneous flow and steady-state flow.

plug and shear flows have been observed. Finally, in the
third regime, the conductivity reaches its lower constant
value which is in agreement with a fully fluidized sam-
ple, which makes uniform electrical contact with the wall,
flowing homogeneously in steady state .

A cross-plot of the apparent conductivity σa vs strain γ
is shown in Fig. 6(b). In this representation, the delayed
yielding and the three regimes discussed above are read-
ily observed. In the primary creep regime, we observe a
linear increase of apparent conductivity with strain, a sig-
nature of the increase of connectivity within the carbon
black network in bulk or at the interface. In the inter-
mediate regime, wall slip and shear banding result in the
sudden decrease of apparent conductivity with strain as
the sample fails at the interface, increasing the contact
resistance. Finally, in the third regime, the apparent con-
ductivity reaches a constant value as the strain increases,
an indication that the system is fully fluidized and has
reached steady state.

Finally, to discriminate whether the increase of the
conductivity during the primary creep regime is associ-
ated with bulk rearrangements, or with the evolution of
the sample in the vicinity of the plates, we have per-
formed supplemental creep experiments at τ = 30 Pa
for gaps of different height H = 660, 500 and 330 µm.
The corresponding shear rate and apparent conductiv-
ity responses are shown in Fig. 7. For the three gaps
studied, the shear-rate responses display a similar evo-
lution indicating that the material is subjected to the
same delayed yielding scenario in time [Fig. 7(a)]. How-
ever, the various apparent conductivity responses exhibit
significant differences: in the early stage of the exper-
iment, all the apparent conductivity responses start at

the same value, but the one for larger gaps increase more
rapidly [Fig. 7(b)]. To determine the bulk contribution,
we estimate the contact resistance by extrapolating the
apparent conductivity in the limit t = 0 s. Then, using
Eq. (4), we compute the bulk conductivity σb for each
experiment, that is further normalized by the gap height
H [inset in Fig. 7(b)]. In the entire primary creep regime
(t . 50 s), we observe that σb/H is independent of the
gap height, which demonstrate that the increase in ap-
parent conductivity during the primary creep regime is
due to a change in bulk of the sample properties. The
deformation of the sample microstructure under external
stress appears sufficient to trigger the pairing of attrac-
tive CB particles leading to an enhanced connectivity and
thus a larger conductivity. In that framework, the faster
increase of the conductivity at a larger gap can be in-
terpreted as an increasing rate of plastic rearrangements
per unit volume for larger gaps.

To conclude this section, simultaneous time-resolved
rheo-electric measurements provide a more precise pic-
ture of the yielding scenario in agreement with previous
velocimetry measurements [46, 47]. As a key novel
result, time-resolved measurements of the conductivity
during the primary creep regime allow us to reveal the
existence of stress-induced bulk rearrangements in the
sample microstructure, which correspond to minute
values of the macroscopic strain.
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FIG. 7. Creep experiment in a carbon black VXC72R sus-
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Apparent conductivity response σa(t). The inset shows the
estimated bulk conductivity σb(t) normalized by the gap H.
The contribution of the contact resistance was estimated us-
ing Eq. (4) and the measurements at multiple gaps for t = 0 s.

C. Steady-state measurements

After studying the transient rheo-electric behavior of
CB gels, we now focus on steady-state shear measure-
ments. The determination of the true constitutive equa-
tion is crucial for numerous applications, where the true
bulk behavior must be accurately modeled [29, 30, 40, 44,
49–51], whereas numerous studies in the literature report
only approximative or apparent flow curves [43–45]. In
this last section, we take advantage of the rheo-electric
test fixture to characterize accurately the constitutive
rheological behavior together with the conductivity of CB
gels under flow by taking into account the inhomogene-
ity inherent to the parallel plate geometry, the slip of the
sample at the wall and the contact resistance. A stress
ramp of decreasing values from τ =100 Pa to 0 Pa and
composed of N = 100 steps, each of duration δt = 30 s
is performed on a 8% wt. CB gel (VXC72R). The choice

of ramping the stress downwards and at a slow enough
pace is made to insure that the rheological and electri-
cal properties are close to steady state at all shear rates
explored. The resulting flow and conductivity curves,
as well as the effects of the different corrections detailed
below, are shown in Fig. 8(a).

We first discuss the mechanical corrections. The shear
rate γ̇ is not homogeneous across the parallel plate, but
depends on the radial position r as γ̇(r) = rωrot/H,
where ωrot is the angular velocity of the upper plate. The
corrected flow curve can be obtained using the apparent
shear rate at the rim γ̇a,R = Rωrot/H and by comput-
ing the stress at the rim τR by means of the following
expression [59]:

τR(γ̇a,R) =
M

2πR3

[
3 +

d lnM/2πR3

d ln γ̇a,R

]
(5)

whereM denotes the torque applied on the upper plate.
The corrected flow curve, pictured as filled triangles (N)
in Fig. 8(a) appears shifted towards lower stresses for
γ̇ ≤ 7 s−1. Alternatively, single-point determination
methods can also be used to correct for shear inhomo-
geneity to avoid additional noise associated with numeri-
cal calculation of the derivative in Eq. (5) [69, 70]. These
methods rely on calculating the apparent Newtonian vis-
cosity at the rim ηN = 2MH/πR4ωrot which is then as-
sociated with a lower shear rate, equal to approximately
three quarters of the rim shear rate. For Bingham plastic
and power-law materials, the error associated with per-
forming this single-point correction is typically less than
2% [69, 70]. Indeed, the result of the latter method is
barely distinguishable from that of the derivative method
[(H) in Fig. 8(a)]. Finally, correction for slip can be
performed by conducting rheological measurements at
different gaps [54, 71, 72]. If the flow curves obtained
at various gaps superimpose, the material does not slip,
whereas a gap-dependent rheology is the signature of wall
slip. Assuming symmetric slip at both walls, the follow-
ing kinematic relationship can be derived for a given im-
posed stress τ [54]:

γ̇a(τ) = γ̇t(τ) +
2Vs(τ)

H
(6)

where γ̇a is the apparent shear rate, γ̇t the true shear
rate and Vs the slip velocity. Experiments conducted at
different gaps [see Fig. S7 in the Supplemental Material]
together with Eq. (6) allow us to compute the true flow
curve of the carbon-black gel [(�) in Fig. 8(a)]. The
corrections reveal that the gel exhibits a critical shear
rate of about 1 s−1 below which no homogeneous flow
is possible (see discussion below about the formation of
log-rolling flocks) and that, for shear rates larger than
10 s−1 the stress was overestimated prior to the shear
inhomogeneity correction.

We now turn to the electric measurements, and dis-
cuss the corrections of the apparent conductivity defined
in Eq. (1) which is observed to decrease for increasing
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FIG. 8. Steady-state flow and conductivity curves in a 8% wt.
carbon black gel (VXC72R). (a) Flow curves showing the ef-
fects of the shear inhomogeneity correction (derivative and
single point methods) as well as the slip correction. The
“corrected” flow curves are obtained after correcting for shear
inhomogeneity alone, while the true flow curve is obtained af-
ter correcting for both shear inhomogeneity and slip effects.
(b) Conductivity curves showing the effects of the shear in-
homogeneity correction as well as the contact resistance cor-
rection. The “corrected” conductivity curves are obtained
after correcting for shear inhomogeneity alone, while the bulk
conductivity curve is obtained after correcting for both shear
inhomogeneity and contact resistance effects.

shear rate [Fig. 8(b)]. First, following a calculation anal-
ogous to the one that leads to Eq. (5), a correction for
shear inhomogeneity can be derived for the conductivity
[see details in section II A of the Supplemental Material]
which reads for the apparent conductivity σa,R at the
rim:

σa,R(γ̇a,R) =
H

2πR2

I

φ0

[
2 +

d ln IH/φ02πR2

d ln γ̇a,R

]
(7)

where I denotes the measured current and φ0 the ap-
plied potential. Corrected data appears as simply shifted
along the shear-rate axis [(M) in Fig. 8(b)]. Moreover, an

analogous calculation to the single-point determination
method described in [69, 70], leads to a similar expres-
sion for the conductivity (see details in section II B of
the Supplemental Material). The apparent conductivity
as defined in Eq. (1) is associated with a lower shear rate,
equal to approximately two thirds of the shear rate at the
rim. Here again, similarly to the rheological correction,
the result of this method is barely distinguishable from
that of the derivative method [(O) in Fig. 8(b)]. Finally,
the expression of the contact resistance shown in Eq. (4),
which is the electrical equivalent to the correction for
slip [Eq. (6)] can be extended to a sample under flow [see
section II C in the Supplemental Material]. For a given
stress at the rim τR, one can write:

1

σa,R(τR)
=

1

σb,R(τR)
+
ρc,R(τR)

H
(8)

where σa,R denotes the measured apparent conductivity
derived in Eq. (6) and σb,R(τR) is the bulk conductivity
at the level of imposed stress τR. Finally, ρc,R is the spe-
cific contact resistance at the rim expressed in Ω.cm2 and
defined as ρc,R(τR) = (∂Rc/∂j)R(τR) where Rc is the
contact resistance and j is the current density. By intro-
ducing the specific contact resistance, Eq. (8) takes into
account the potential variation of the contact resistance
with the radius r and hence its dependence on both the
shear rate and shear stress. At last, the fully corrected
conductivity curve shows the same trend as the raw data
but is quantitatively shifted towards larger conductivities
[(�) in Fig. 8(b)].

Experiments conducted at different gaps [see Fig. S8 in
the Supplemental Material] together with Eq. (8) allow
us to compute the bulk conductivity of the carbon-black
gel [(�) in Fig. 8(b)]. Let us now discuss the quantities
extracted from both the mechanical and electrical cor-
rections of the flow curve, i.e. the slip velocity Vs, the
bulk conductivity σb and the specific contact resistance
ρc. These quantities are reported as a function of the
applied stress τ in Fig. 9 during the flow cessation of a
8% wt. CB gel (VXC72R). In consequence, the graphs in
Fig. 9 should be read from right to left. At large stresses,
i.e. τ ≥ 75 Pa, the slip velocity is negligible, and the
bulk resistance and specific contact resistance are con-
stant, in agreement with a fully fluidized sample that is
sheared homogeneously. As the stress is ramped down to
τ ' 55 Pa, the bulk conductivity slowly increases and the
slip velocity becomes positive while the specific contact
resistance decreases. These evolutions reflect the aggre-
gation of the CB particles into larger flocks which better
conduct the current and display an increasing amount of
slip at the wall. Such aggregates experience more contact
with the wall than individual CB particles, hence the de-
crease in ρc. From τ ' 55 Pa to 20 Pa, both σb and
Vs are roughly constant while ρc slowly increases as the
stress is ramped down. These results strongly suggest
the appearance of thin lubrication layers at both walls,
mainly composed of oil, and isolating a bulk percolated
structure of CB particles, that is only weakly sheared.
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sistance corrections performed on the steady state flow curves
in a 8% wt. carbon black gel (VXC72R). The vertical dashed
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conductivity σb(τ) (c) Specific contact resistance ρc(τ).

Moreover, assuming a slip layer of thickness δ and vis-
cosity ηs that is equal to the value for the matrix phase,
the stress at the wall reads [8]: τw = ηsVs/δ, where Vs/δ
denotes the shear rate inside the slip layer. As both Vs
and δ remain constant while decreasing the stress, one
should expect the thickness δ of the slip layer to progres-
sively increase from δ ' 400 nm to 1 µm. And indeed, the
specific contact resistance increases concomitantly with
the stress decrease. Finally, for τ ≤ 20 Pa, both the bulk
conductivity and the contact resistance show a dramatic
increase which is the signature of strong changes in the
sample microstructure that we interpret as the formation
of vorticity-aligned flocs [17, 18, 73]. Indeed, the forma-
tion of log rolling flocks have been reported in confined
geometries for shear rates lower than a critical value γ̇c
that scales for VXC72R CB gels as γ̇c = 3650/H1.4 with
H given in µm, independently of the CB concentration
[18]. For H = 750 µm, one has γ̇c ' 1.2 s−1 which
according to the true flow curve of the gel [Fig. 8(a)]

corresponds to τc ' 25 Pa, in good agreement with the
transition observed in Fig. 9, at τ ' 20 Pa. Therefore at
low shear rates, the rheo-electric measurements reflects
the growth of a shear-induced structure which is other-
wise hard to visualize at such large concentrations of CB
[18].

The above analysis shows that rheo-electric measure-
ments should be considered with caution by highlighting
the importance of corrections for shear inhomogeneity in
parallel plate geometry, wall slip and contact resistance,
which are often overlooked in the study of strongly
conductive complex fluids. Application of these correc-
tions also provides quantitative values for important
quantities, namely slip velocity, bulk conductivity and
specific contact resistance which, once combined, provide
a picture of the flow profile at steady state over a large
range of stress values.

IV. DISCUSSION

The rheo-electric apparatus described in section II pro-
vides robust measurements for highly conductive materi-
als at rest, during transient flows and under steady-state
shear.

Flow cessation experiments on carbon black gels re-
ported in section III A have revealed that shear history
tunes concomitantly the elastic and the electric prop-
erties of these attractive gels. Progressive stress de-
crease down to τ = 0 Pa leads to a solid-like gel whose
elastic modulus G′0 depends as a power-law function of
the conductivity σ0 for increasing quenching speed: i.e.
G′0 ∝ σα0 , with α = 1.65± 0.04. Previous measurements
on the exact same CB gels from Cabot at various vol-
ume fractions φ have shown that: G′0 ∝ (φ − φc)ν , with
ν = 4.0 ± 0.1, where the exponent ν is consistent with
the percolation theory [65]. Assuming that the electrical
and elastic percolation occurs at the same volume frac-
tion φc, one can expect from the measurements reported
here that: σ0 ∝ (φ−φc)t, with t = α/ν = 2.4±0.1. Inter-
estingly, this value is quantitatively outside the range of
values predicted by percolation theories 1.5 ≤ t ≤ 2 [74–
76], and larger than values recently reported for other
carbon black gels: Ketjen Black (t = 1.9) and Super
C-45 (t = 1.7) dispersed in an organic solvent [44]. Our
measurements strongly suggest that the VXC72R carbon
black gel exhibit an anomalous conductivity dependence.
Such conclusions are strikingly similar to that obtained in
Cabot carbon-black polymer composite, where CB par-
ticles are embedded in an insulating plastic [77]. Indeed,
composites loaded with the Cabot black show an expo-
nent larger than 2, (t = 2.8 ± 0.2 for CB particles em-
bedded in polyvinylchloride) which has been interpreted
as the consequence of a more compact network, due to
the less tortuous shape of Cabot particles [78, 79]. Our
result shows here that such an exceptional behavior of
the VXC72R actually extends to carbon-black networks
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embedded in a non-aqueous solvent.

Moreover, we have shown in section III B that the rheo-
electric apparatus is well adapted to probe the evolution
of the gel structure under weak deformations and pro-
vides much higher sensitivity for monitoring the evolu-
tion of the microstructure compared to other techniques
such as velocimetry [47]. Indeed, applied to creep experi-
ments, rheoelectric measurements reveal that the power-
law response of the carbon black gel during the primary
creep regime is associated with an increase in the net-
work connectivity and conductivity of the gel. Power-
law responses to creep tests have been reported already
for numerous other soft materials such as microgels [80],
polycrystalline surfactant hexagonal phases [81], core-
shell colloidal particles [82], protein gels [83, 84], and yet
the present measurements are among the first to illus-
trate the existence of simultaneous rearrangements of the
sample in bulk. At the strand level, such rearrangements
may likely correspond to the net creation of new bonds
due to the presence of Van der Waals forces between the
soot particles. Indeed, recent numerical simulations on
model colloidal gels have revealed that a macroscopic de-
formation leads to the formation of new bonds even at
low strain [85], which may account for the increase of
conductivity reported in Fig. 7. More simulations un-
der applied shear stress conditions are needed to clarify
the evolution of the sample network connectivity during
primary creep.

In steady shear, we have shown in section III C
that corrections for shear inhomogeneity, wall slip and
contact resistance are crucial to correctly determine the
electrical and mechanical constitutive behavior of CB
gels under flow. As a result, we can now safely compare
the rheo-electric properties of CB gels made from differ-
ent grades of carbon black. We examine 8% wt. CB gels
made of respectively: VXC72R, Monarch 120, Elftex 8
(Cabot) and KetjenBlack EC600JD (Akzo Nobel, and
a 15% wt. made of Monarch 120 (Cabot). Similarly to
the experiments reported in Fig. 4, ramps of decreasing
stress from τ = τmax down to τ = 0 Pa and composed
of N = 100 steps each of duration δt = 15 s are applied
to each gel. The value of τmax, which ranges between
15 Pa and 300 Pa depending on the type of CB gels, is
chosen such as the corresponding shear rate is 300 s−1

(Fig. 10). The rheo-electric properties of the different
8% wt. CB gels span over several orders of magnitude
both in conductivity and stress. On the one hand, CB
gels made with KetjenBlack EC600JD and VXC72R
show a high conductivity larger than 1 mS/cm that is
poorly sensitive to shear, which is why these CB were
initially designed. Such properties are intimately linked
to their large specific surface area of about 200 m2/g
for the VXC72R sample [86, 87] and 1400 m2/g for the
Ketjenblack EC600JD [49, 50, 86]. On the other hand,
CB gels made with Elftex 8 and Monarch 120 display
a much lower conductivity that is strongly sensitive to
shear. Correspondingly, these CB have a lower specific
surface area of about 75 m2/g [88] and 29 m2/g [89]
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FIG. 10. Sets of corrected (a) flow curves and (b) conductivity
curves for carbon black gels made with carbon black particles
of different grades: KetjenBlack EC600JD, VXC72R, Elftex
8 at weight concentration C = 8% wt., and Monarch 120 at
C = 8% wt. and 15% wt.

respectively. Such CB are used for color as pigments
where CB conductive properties are less crucial. Finally,
we note that the electrical properties of CB sample are
strongly related to the individual properties of the CB
particles. In particular, increasing the concentration in
CB does not compensate for low conductivity values or
shear sensitivity, as illustrated on a gel made of 15%
wt. of Monarch 120. These measurements illustrate how
the rheo-electric fixture can be used to compare, sort
and select the adequate properties of highly conductive
complex fluids.

V. CONCLUSION

In this work, we have introduced a new rheo-electric
apparatus designed for conventional stress-controlled
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rheometers. This apparatus can be used to accurately
measure the conductivity of strongly conductive mate-
rials under flow simultaneously to the rheology. Bench-
mark tests on CB gels have allowed us to illustrate the
high sensitivity of the apparatus even at low strains, and
to determine the transient and steady-state behavior of
CB gels by comparing the simultaneous electrical and
mechanical response. Furthermore, by taking into ac-
count shear inhomogeneity, wall slip and the existence of
a contact resistance, we have shown that the correction
methods first introduced to extract bulk mechanical mea-
surements can be formally extended to process electrical
data. The latter analysis should be used as a reference for
future electrical characterization of conductive complex
fluids such as conductive silver pastes, carbon nanotube
nanocomposites, conductive inks, etc. More generally,
the present low friction rheo-electric apparatus designed
for stress-controlled rheometers paves the way for a wider
use of rheo-electrical measurements in the soft matter
community at large. In particular, the present appara-

tus enables any two-electrode electrochemical tests to be
performed under flow, which is of primary importance for
flow batteries, where the systematic characterization of
cell performance under flow in a controlled environment
is crucial for cell design and optimization.
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