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Decoupling elasticity and electrical conductivity of carbon-black gels filled with
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A unique bistable transition has been identified in granular-colloidal gel composites, resulting from
shear-induced phase separation of the gel phase into dense blobs. In energy applications, it is critical to
understand how this transition influences electrical performance. Mixing conductive colloids with con-
ductive inclusions, we find that the conductivity and elasticity move in concert, both decreasing in the
collapsed phase-separated state. Surprisingly, with insulating inclusions, these properties can become
decoupled, with the conductivity instead increasing despite the collapse of the gel structure.
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I. INTRODUCTION

Attractive colloidal particles are subject to Brownian
motion, which leads to the formation of a space-spanning
network with a yield stress. These colloidal gels are used
across various industries, from cosmetic and personal-care
products [1] to energy materials [2–4]. The microstructure
and rheology of gels are closely connected [5], allowing
control over these properties by means of shear deforma-
tion [6]. Thus, a thorough understanding of their rheology
is vital.

Carbon-black (CB) gels are well studied [7] and exhibit
intriguing properties such as strong flow-history depen-
dence of their microstructure [8,9] and mechanical [10–13]
and electrical [14–16] properties. Adding polymers to CB
gels modifies their rheo-electric behavior [17], while the
impact of solid filler particles on the composite rheology
is nontrivial [18] and conflicts with the assumption of an
additive effect of each constituent, which is otherwise not
uncommon to assume [19].

Recently, the mixing of gels with large non-Brownian
fillers has led to the discovery of a bistable regime
[20] where flow acts as a “switch” between solidlike
and liquidlike states. Such a transition has subsequently
also been demonstrated in oil-based CB-graphite mixtures
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[21], where a low-yield-stress (“liquidlike”) composite
has exhibited poorer conductivity compared to a high-
yield-stress (“solidlike”) one. The bistability phenomenon
appears generic to such binary composites, yet the contri-
bution of the individual constituents to the total composite
properties remains elusive [21–24].

In this work, we primarily study the influence of insu-
lating non-Brownian hollow glass spheres (HGSs) on the
rheo-electric properties of a mineral oil-based CB gel.
Similar to graphite [25], the HGSs form an adhesive sus-
pension when dispersed in mineral oil (see Ref. [26]; see
also the Supplemental Material [27]). However, the cur-
rent model system rectifies a shortcoming of these previous
studies [21]: it allows us to isolate the effect of conductivity
changes to the gel.

II. MATERIALS AND METHODS

A. Materials

Heavy mineral oil (Merck 330760, viscosity 0.20 Pa s at
20 ◦C) was used as the suspending medium. Carbon black
(Ensaco 250G) with an oil adsorption number (OAN) of
190 ml per 100 g (measured by the manufacturer) and syn-
thetic graphite (Timrex KS150) were kindly provided by
Imerys Graphite & Carbon (Bodio, Switzerland). Hollow
glass spheres (Sigma-Aldrich 440345) with a mean parti-
cle size of 9–13 µm were chosen as the insulating large
fillers.
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To prepare the composites, the CB and oil were vor-
tex mixed before bath sonicating the mixture for at least
90 min to achieve a visibly homogeneous mixture. The
resulting gel was left to rest for 24 h. To prepare the com-
posite, HGSs were vacuum dried at 60 ◦C for a minimum
of 5 h prior to vortex mixing with the CB gel. The resulting
binary composite was left to rest overnight before any test-
ing. The final samples were stored at room temperature in a
desiccator. Before loading into the rheometer, the samples
were vortex mixed and stirred vigorously. Graphite-based
composites were prepared and treated similarly.

To obtain the dry volume fraction of CB, φCB,dry, we
used ρCB = 1.9 g cm−3 as the density. The OAN was
used to account for the porosity of CB aggregates, with
more porous structures possessing a larger OAN [7]. Fol-
lowing Refs. [28,29], we used the OAN to estimate the
maximum volume fraction of CB in the suspending liquid
�CB,pagg = 0.22. Then, the effective CB volume fraction
was calculated as φ′

eff,CB = φCB,dry/�CB,pagg [30]. Due to
the volume occupied by the large fillers in the binary com-
posites, we determined a modified effective CB volume
fraction by subtracting the large filler volume fraction φf
from the total composite volume fraction:

φeff,CB = φ′
eff,CB

1 − φf
. (1)

We calculated φf based on the densities ρHGS =
1.1 g cm−3 and ρgraphite = 2.22 g cm−3 of the glass spheres
and graphite, respectively, as measured by the manufactur-
ers.

B. Rheometry

Steady shear rheometry was performed on a stress-
controlled HR-20 rheometer (TA Instruments), with the
temperature kept at 20 ◦C using a Peltier plate. A cross-
hatched parallel-plate geometry (diameter 40 mm, gap
height 800 μm) was used to minimize wall slip. To erase
memory of the loading history, the CB gel and binary com-
posites were sheared at γ̇ = 500 s−1 for 600 s, followed by
600 s rest. Sample-edge fracture was absent at all probed
shear rates, as confirmed by visual inspection. The shear
rates are reported at the rim.

Flow curves were obtained by rejuvenating the sample at
γ̇ = 500 s−1 for 300 s, after which the shear rate was either
ramped down or stepped down in discrete steps to the
lowest shear rate probed, γ̇ = 0.01 s−1. The ramp-down
protocol consisted in progressively lowering the shear rate
using a fixed time at each γ̇ and the last data point was used
for analysis. The step-down protocol consisted in rejuve-
nating (γ̇ = 500 s−1 for 300 s) the sample before stepping
directly down to a lower γ̇ . At low γ̇ , the transient stress
response exhibited an overshoot in both the gel and com-
posites and so, for the step-down protocol, we used the
maximum transient τ for data analysis.

Oscillatory shear strain amplitude sweeps were per-
formed to determine the moduli in the linear viscoelastic
range and the yield strain (where G′ = G′′). During the
strain amplitude up-sweep (starting at γ0 = 0.0001), the
angular frequency was ω = 10 rad s−1. Each data point
was acquired by first conditioning the sample with eight
oscillation cycles, followed by eight cycles over which
data were averaged.

C. Dielectric measurements

A TRIOS-controlled Keysight E4980A LCR meter was
used with the HR-20 rheometer for the dielectric spec-
troscopy measurements, which were all performed on
samples at rest. Smooth parallel plates (diameter 25 mm,
gap height 800 μm) were used as electrodes. Short- and
open-circuit measurements were conducted to correct the
measured data, obtained by performing logarithmically
spaced frequency sweeps from 20 Hz to 1 MHz at a voltage
amplitude of 100 mV, which ensured an Ohmic behavior of
the samples. Before collecting the dielectric data, samples
were allowed to rest for 600 s following their deformation.

The ac conductivity was calculated as σac = ωε0ε
′′
r ,

where ε0 � 8.854 × 10−12 F m−1 is the permittivity of free
space, ω = 2π f is the angular frequency of the applied
field, and ε′′

r is the imaginary part of the complex permit-
tivity Im

(
ε∗

r

) = ε′′
r [31]. On its own, the heavy mineral

oil exhibited a storage permittivity ε′
r � 2 and negligible

conductivity. The ac conductivities are reported at f =
126.2 Hz and referred to as the low-frequency conductiv-
ity σ ; this was the lowest frequency at which reproducible
data could be collected on all samples.

D. Cryogenic scanning electron microscopy

The scanning electron microscope (SEM) was a Zeiss
Crossbeam 550 focused-ion-beam (FIB) SEM, with a Quo-
rum Technologies Ltd PP3010T cryogenic attachment.
After shearing the samples on the rheometer, the upper
geometry was lifted and, carefully, a small amount of
sample was transferred and placed between two rivets.
The rivets were plunge frozen into slush nitrogen before
being loaded into the Quorum chamber. The samples were
freeze fractured inside the Quorum chamber at −140 ◦C.
The uncoated samples were imaged with a 1 kV acceler-
ation voltage, acquiring micrographs using both the Zeiss
“InLens” secondary electron detector, located in the elec-
tron column, along with the secondary-electron secondary-
ion (SESI) detector to differentiate topographic features
and compositional changes.

III. RESULTS AND DISCUSSION

The salient rheological features of a composite with vol-
ume fractions φHGS = 0.20 and φeff,CB = 0.17 of HGSs and
CB, respectively, are demonstrated in Fig. 1. A series of
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FIG. 1. Flow curves, obtained by ramping down the shear rate
γ̇ of a composite with φHGS = 0.20 and φeff,CB = 0.17 in heavy
mineral oil. The horizontal dashed line indicates the yield stress
of a rejuvenated composite τH

y = 98 Pa. It is used to define the
inverse Bingham number Bi−1 = τ/τH

y . Here, τ is the measured
shear stress. The open squares show the maximum and minimum
stress measured over 1800 s at γ̇ = 1 s−1. The inset shows the
transient stress response after stepping down to γ̇ = 1 s−1, with
the open squares showing the values plotted in the main figure.
The horizontal line indicates τH

y .

shear rate ramp-downs at increasingly slower rates results
in weaker composites, with the resulting flow curves
departing below the yield stress of the homogeneous
state τH

y = 98 Pa; a characteristic of bistable composites
[20,21]. To demonstrate that the rheology becomes heav-
ily strain dependent below τH

y (or, equivalently, when the
inverse Bingham number [12] Bi−1 = τ/τH

y ≈ 1, with τ

being the shear stress), we quench the composite from a
high-shear state to a shear rate γ̇ = 1 s−1 and accumulate
up to γacc = γ̇ t = 1800 strain units. The transient response
(Fig. 1 inset) shows a strong recovery-then-decay response
similar to that of oil-based CB gels [11], where it is asso-
ciated with a transition from small fractal agglomerates to
large nonfractal ones [12].

We therefore use cryogenic SEM to image a compos-
ite with φHGS = 0.20 and φeff,CB = 0.17 at various stages
during shear at γ̇ = 1 s−1. Rejuvenation results in a homo-
geneous microstructure [Fig. 2(a)], whereas accumulat-
ing γacc = 300 leads to incipient phase separation of CB
into blobs [Fig. 2(b)]. Reaching γacc = 1800 produces a
severely phase-separated microstructure [Fig. 2(c)]. The
microstructural transition produced by the ramp-down pro-
tocol (Fig. 1) is analogous (see the Supplemental Material
[27]). We find that blobs in the phase-separated state
have diameters dblob = 16 ± 4 µm and 20 ± 11 µm in
composites with φHGS = 0.20 and either φeff,CB = 0.056
or φeff,CB = 0.17, respectively. These sizes are remark-
ably consistent with the observed blob diameters in the
silica-based binary composites [20], where dblob ≈ 20 µm.
Similar to the gel-phase blobs in Refs. [20,21], they appear

HGS

CB

10 μm

Indent

Indent

(a)

(b)

(c)

CB

CB blobs

Indent
HGS

HGS

10 μm

10 μm

FIG. 2. Scanning electron microscopy (SEM) images of com-
posites with φHGS = 0.20 and φeff,CB = 0.17 after (a) rejuvena-
tion and steady shear at γ̇ = 1 s−1 for (b) 300 s and (c) 1800 s.
The highlighted regions in (b) show developing blobs of carbon
black (CB). The boxed regions in (a) and (c) have been bina-
rized for image analysis, with the results shown at the bottom
(for additional images, see the Supplemental Material [27]). The
area fraction of CB in (a) was found to be 0.16 ± 0.02, while in
(c) it was 0.30 ± 0.02 specifically inside blobs.

notably denser compared to the gel in rejuvenated com-
posites, which is confirmed by image analysis; the local
area density of CB in blobs is approximately 30% in com-
posites with φeff,CB = 0.056 and φeff,CB = 0.17 (see the
Supplemental Material [27]).
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FIG. 3. The (a),(c),(e) storage modulus G′ and (b),(d),(f) low-frequency electrical conductivity σ for composites with effective
carbon-black volume fractions φeff,CB in the legend and glass sphere volume fractions (a),(b) φHGS = 0.20 and (c),(d) φHGS = 0.11, and
(e),(f) graphite volume fraction φgraphite = 0.11. All composites were exposed to the same shear history, specifically by preshearing at
γ̇ = 500 s−1 (rejuvenation) before stepping down to γ̇ = 1 s−1 for a time t to accumulate γacc = γ̇ t strain units. The dashed horizontal
lines show data from rejuvenated pure large filler suspensions (φeff,CB = 0).

We expect the microstructural transition to be reflected
in the rheo-electric properties of the composites, so follow-
ing an accumulated strain γacc at γ̇ = 1 s−1, the storage
modulus G′ in the linear viscoelastic region and the low-
frequency conductivity σ are measured. In composites
with φHGS = 0.20, a notable weakening of the storage
modulus results from the accumulation of strain [Fig. 3(a)],
as may be expected from the severely phase-separated
microstructure. At φeff,CB = 0.056, G′ is almost constant
but of lower magnitude than the pure HGS suspension
(G′ � 4.5 kPa), which may be related to gel disturbance
by large fillers as reported in Ref. [22], yet the exact
mechanism is currently unclear.

Surprisingly, when φeff,CB ≥ 0.11, a significant increase
in σ , and thus delayed weakening compared with G′, is
observed [Fig. 3(b)]. Such decoupling is highly concentra-
tion dependent and is a general feature of our HGS-based
composites, since the same aspects recur when φHGS is
lowered to 0.11 [Figs. 3(c) and 3(d)]. Previous work has
either assumed that the mechanical and electrical net-
work properties in binary composites would follow each
other [20] or revealed their mutual coupling in a narrow
parameter space [21,32]. Although we demonstrate for
graphite-based composites that both G′ and σ exhibit a
modest maximum at γacc = 30 before subsiding [Figs. 3(e)
and 3(f)], indicating their mutual coupling, such behavior
is clearly not universal.

Our results reveal that at large φeff,CB in the binary
HGS-based composites, conductivity benefits from phase
separation only up to a point before subsiding. Simulations
[33–35] and experiments on networks of carbon nanotubes

[36–39] and CB [40,41] have shown that agglomeration
of the conductive phase into dense electrically connected
clusters can be beneficial to the composite conductivity
due to the formation of intimate contacts between the

(  
   

   
   

   
   )

(    )

FIG. 4. The low-frequency electrical conductivity σ for com-
posites with various effective carbon-black volume fractions
φeff,CB and glass sphere volume fraction φHGS = 0.20. The con-
ductivities were measured at rest 1000 s after rejuvenating and
shearing at γ̇ = 1 s−1 for t = 0 s or 1800 s (γacc = γ̇ t). The
dotted vertical lines are estimates of the gel-phase electrical
percolation thresholds, while the horizontal dashed line at σ �
1.1 × 10−2 µS m−1 is the conductivity of a pure φHGS = 0.20
suspension. The inset shows σ of pure gels as a function of
φeff,CB, with a power-law fit (solid line) predicting an electrical
percolation threshold φcrit,gel = 0.014. The accumulated strain in
the pure gel was γacc = 0 after preshearing.
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conductors [42]. Considering that the local CB concen-
tration in blobs is substantially above the bulk concentra-
tion [Figs. 2(a) and 2(c)], the resulting intimate CB-CB
contacts may increase the total composite conductivity
provided that an electrically percolated network exists.

A consequence of the localization of CB in dense
blobs should be a modified electrical percolation threshold.
For φeff,CB � 0.11, rejuvenating the composite produces
inferior conductivities compared to microstructures after
γacc = 1800 (Fig. 4). However, at lower φeff,CB, the reju-
venated microstructure yields higher conductivities due
to the large separation between CB blobs at low φeff,CB.
Thus, blob formation leads to a larger electrical percola-
tion threshold (approximately 0.03) compared to rejuvena-
tion (approximately 0.01), the latter producing a threshold
comparable to rejuvenated pure gels (Fig. 4, inset). Sim-
ilarly, we find a lower electrical percolation threshold
in composites with φHGS = 0.11 and φgraphite = 0.11 after
rejuvenation (see the Supplemental Material [27]).

The above considerations suggest the following
microstructural explanation of the conductivity increase–
elasticity decrease at large φeff,CB in the binary HGS-
based composites. Rejuvenation homogeneously disperses
the fractal CB aggregates among the large fillers, form-
ing a space-spanning network [Fig. 5(a)]. Some aggregates
terminate at the surface of large fillers (dead ends) or
form dangling ends, while others are separated by rel-
atively large gaps, all of which increase the electrical
resistance [42,43]. Nevertheless, the large fillers serve as
additional load-bearing pathways, so that the modulus ben-
efits from dead ends [44]. Accumulating several hundred
strain units produces dense blobs of CB. Stringlike bonds
between blobs, or small CB agglomerates in the intersti-
tial space between blobs (see Sec. VI in the Supplemental
Material [27]), may establish electrical connections but
provides limited rigidity to the network [30,45]. While
network rigidity in colloidal suspensions requires a coor-
dination number of 2.4 [46], it is only 2 for electrical

(a) (b) (c)

Dead end
Large gap

Dangling end

(d) (e) (f)

FIG. 5. (a)–(c) An illustration of the microstructural evolution of a composite with a high content (φeff,CB) of conductive carbon
black (black aggregates). After rejuvenation (a), dangling ends (blue circles), dead ends (crossed-over lightning bolt) between gel and
glass spheres (filled gray circles), and large gaps (red circles) between CB aggregates limit the conductivity σ . However, the dead
ends provide load-transfer pathways beneficial to the elasticity G′. As the accumulated strain γacc increases under low-intensity shear,
the colloidal gel phase separates into sparsely connected dense blobs (b). The blobs provide little rigidity, causing a decrease in G′.
However, their dense nature leads to short hopping distances between intrablob CB aggregates, which, in combination with electrical
percolation, increases σ . Upon further strain accumulation (c), the interblob gaps eventually become large enough that σ decreases
along with G′. (d)–(f) At low φeff,CB, the gel and glass spheres are well dispersed after rejuvenation (d). Increasing γacc under low-
intensity shear leads to phase separation of the gel into blobs (e) but with fewer interblob connections, causing a decrease in σ . Upon
further increasing γacc, σ decays due to continued phase separation (f). The effect on G′ depends on φHGS since a high content would
render G′ relatively unchanged (dashed lines), whereas a low φHGS would weaken the composite (full lines).
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percolation, so that some of the bonds that impart elasticity
to the network do not contribute to network conductiv-
ity [30]. As the (electrically) connected blobs are densely
packed, their internal resistance is low [15,42] and the
composite conductivity increases [Fig. 5(b)]. Further strain
accumulation results in increasingly separated blobs and a
concomitant decline in rheo-electric properties [Fig. 5(c)].
Lowering φeff,CB produces a tenuous gel network after
rejuvenation [Fig. 5(d)], which upon phase separation con-
sists of mostly disconnected blobs [Fig. 5(e)]. The blobs
eventually become isolated [Fig. 5(f)], causing a contin-
uous decrease in conductivity, whereas the impact on G′
is dependent on φHGS; at high φHGS, the HGS network
still provides some rigidity, so that G′ remains relatively
unchanged, but this becomes unattainable at low φHGS, so
G′ diminishes.

If the insulating glass spheres in Fig. 5 are substituted
for conductive graphite, the dead ends become electrically
“active” and provide pathways for fast charge transport.
Therefore, a large density of CB-graphite contacts is ben-
eficial to both G′ and the conductivity. However, as strain
accumulates under low-intensity shear, the joint graphite-
CB blobs become sparsely connected [21], which opposes
the conductivity enhancement due to dead ends turning
“active.” As a result, both G′ and the conductivity are
reduced, which, contrary to the HGS-based composites,
leads to the coupling of these properties.

IV. CONCLUSIONS AND OUTLOOK

We have revealed a nontrivial structure-property rela-
tionship in binary composites of colloidal gel with non-
Brownian fillers. When composites with insulating glass
spheres are sheared, where Bi−1 ≈ 1, phase separation
is induced and the elasticity and conductivity become
decoupled. Under identical shearing conditions with the
insulating fillers substituted for conductive graphite, the
elasticity and conductivity become coupled. At sufficiently
high φeff,CB, the dense blobs formed during phase sep-
aration degrade the elasticity of the composite but may
enhance the gel-network conductivity, provided that they
form an electrically percolated network. A key factor to
understanding this decoupling is the different coordination
numbers required for network rigidity and electrical perco-
lation. In contrast to previous works [20,21], which have
been largely observational, our findings therefore present a
significant advancement in elucidating the physics govern-
ing binary composite behavior.

Beyond establishing means to optimize mixing and pro-
cessing of industrial slurries, our findings point toward
potential applications for these mixtures where writing
(microstructure) and reading (electrical conductivity) of
memory is required. This, however, requires mapping the
flow-history dependence of the microstructure [47] and a

deeper mechanistic understanding of the microstructural
transitions.

The data in this paper are available online at Ref. [48].
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