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Abstract 

Electron transport in complex fluids, biology, and soft matter is a valuable characteristic in 
processes ranging from redox reactions to electrochemical energy storage. These processes often 
employ conductor-insulator composites in which electron transport properties are fundamentally 
linked to the microstructure and dynamics of the conductive phase. While microstructure and 
dynamics are well-recognized as key determinants of the electrical properties, a unified description 
of their effect has yet to be determined, especially under flowing conditions. In this work, the 
conductivity and shear viscosity are measured for conductive colloidal suspensions to build a 
unified description by exploiting both recent quantification of the effect of flow-induced dynamics 
on electron transport and well-established relationships between electrical properties, 
microstructure, and flow. These model suspensions consist of conductive carbon black particles 
dispersed in fluids of varying viscosities and dielectric constants. In a stable, well-characterized 
shear rate regime where all suspensions undergo self-similar agglomerate breakup, competing 
relationships between conductivity and shear rate were observed. To account for the role of 
variable agglomerate size, equivalent microstructural states were identified using a dimensionless 
fluid Mason number, 𝑀𝑛𝑓, which allowed for isolation of the role of dynamics on the flow-induced 

electron transport rate. At equivalent microstructural states, shear-enhanced particle-particle 
collisions are found to dominate the electron transport rate. This work rationalizes seemingly 
contradictory experimental observations in literature concerning the shear-dependent electrical 
properties of carbon black suspensions and can be extended to other flowing composite systems. 

Significance Statement 

Electrically driven processes such as electrochemistry for energy storage devices and 
electrosorption for water desalination electrodes require the efficient transport of electrons by 
conductive additives incorporated into a non-conductive fluid matrix. Transport in these systems 
depends on the processing-dependent microstructure, but the mechanism remains unidentified. 
This work establishes a relationship between the flow-dependent microstructure and electron 
hopping rate by leveraging rheo-electric measurements of well-studied model conductive carbon 
black suspensions. The flow-dependent electrical properties are analyzed considering recent 
identification of how flow-induced dynamics play a role in determining the rate of electron transport. 
We anticipate these findings will have an impact in the definition of formulation and processing 
windows for applications including emerging electrochemical energy storage methods and water 
deionization technologies.  
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Main Text 
 
Introduction 
 

Electron transport is a fundamental attribute found in natural processes, such as 
photosynthesis and respiration, and engineered technologies including tires, batteries, and water 
deionization (1–3). Many of these systems utilize composites consisting of conductive fillers in an 
electrically insulating matrix. The use of these composites introduces flexibility by leveraging the 
properties of the individual components but also adds complexity, such as a nontrivial dependence 
of the electrical conductivity on the dispersion quality of the conductive filler phase (4–7). Of 
particular interest are suspensions of conductive particles in an electrically insulating fluid that 
demonstrate an intimate connection between electron transport and applied shear (8–10). 
Motivated to engineer a desired conductivity in these suspensions with low viscosities (11, 12), 
researchers have analogized their electrical behavior to that of static polymer composites (13, 14), 
tying electron transport to the microstructure. While this assumption, combined with flow-
microstructure and flow-property relationships, can be used to build connections between flow-
induced microstructural evolution and the electrical conductivity, a comprehensive picture has yet 
to emerge (15–17). A missing piece to fully understand the electron transport in these systems is 
the contribution from flow-induced particle dynamics, which was recently identified as a function of 
particle-particle collisions for non-Brownian suspensions (18). This presents a unique opportunity 
to establish the fundamental origins of electron transport in suspensions of conducting particles by 
evaluating the role that dynamics plays in model, well-studied conductive colloidal slurries under 
flow. 

Due to widespread use as a conductive additive, carbon black (CB) incorporated in various 
continuous phases is a model system used to understand the relationship between microstructure, 
flow behavior, and electrical conductivity. When suspended in a fluid, CB primary aggregates form 
micron-scale agglomerates due to van der Waals attractions. These agglomerates grow both in 
size and number density with increasing concentration and eventually jam and bond with one 
another to form a physical, system-spanning, stress-bearing network (19, 20). The link between 
electron transport rate and quiescent or static CB microstructure is well-established as a nonlinear 
function of agglomerate volume fraction (15, 21–25). However, electron transport for CB-filled 
suspensions does not require a network of inter-agglomerate bonds and is instead mediated by 
electron tunneling or hopping in which electrons travel over finite inter-agglomerate gaps (13, 26). 
This structure-property relationship is complemented by many rheological studies focused on 
understanding the shear-dependent rheology and microstructure of CB-filled systems.  

Under flow, the CB network yields and agglomerates transiently reorganize to a new 
steady-state structure (27). Changes in viscosity, yield stress, or elastic modulus are often 
attributed to changes in agglomerate microstructure (22, 28–30). Direct measurements of the 
shear-induced CB microstructure were performed using rheo-optical methods by Osuji and Weitz, 
who identified three structural regimes and their rheological indicators (31, 32). In an extension of 
this landmark work, simultaneous rheological and neutron scattering measurements were used to 
quantify the shear-dependent agglomerate structure as well as the transition between these 
regimes (33, 34). This combination of work concludes that a stable, predictable flow behavior can 
be measured under high shear intensities where the instantaneous stress response of the 
suspension is well above the network yield stress. Subjected to strong flow, CB agglomerates 
undergo a self-similar change in size that depends on the relative magnitudes of the density and 
strength of inter-agglomerate bonds and the strength of the flow (33, 34).  

Although such well-established relationships between flow and microstructure explain the 
rheological behavior of CB suspensions, they fail to reconcile contradicting trends in reported 
shear-dependent electrical conductivity (1, 21, 23, 25, 35, 36).  For example, suspensions of CB in 
various Newtonian fluids exhibit either an increase (1, 23, 35) or a decrease (21, 25, 36) in electrical 
conductivity with increasing shear rate. Notably, CB suspended in high dielectric constant fluids 
exhibits a shear-enhancement in conductivity while the opposite behavior is observed for 
suspensions prepared in low dielectric constant fluids. To reconcile these opposing trends, two 
competing effects of either microstructural or dynamical origins have been proposed: a decrease 
in conductivity due to break-up of agglomerates (25) and an increase due to higher frequency of 
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particle-particle collisions (21). However, no unified explanation or quantitative relationship 
between flow and electron transport in these suspensions have been established.  

To build such quantitative relationships and further understand the fundamental origins of 
electron transport in flowing CB suspensions, we measured and analyzed the shear-dependent 
electrical properties of CB suspended in fluids of various viscosities and dielectric constants. To 
account for shear-induced changes in the microstructure, the conductivity and rate of electron 
transport were measured in the strong flow regime, where the agglomerates undergo self-similar 
break up with increasing shear intensity. In this shear rate regime, similar shear-dependent 
microstructural states were identified across all suspensions, allowing for direct analysis of the 
effect of dynamics on the electrical properties. The flow-induced dynamical contribution to the 
electron transport behavior was then further isolated by comparing measurements performed in 
the quiescent and sheared states. Finally, this flow-dependent dynamic conductivity is understood 
in terms of existing frameworks based on the electrical diffusivity of non-Brownian suspensions by 
accounting for the volume fraction-dependent rate of flow-induced collisions. This combination of 
experiments and analysis provide a unified understanding of the role that shear-induced changes 
in microstructure and dynamics play in determining electron transport in CB suspensions that has 
broader application to composite systems and their technological applications more generally. 
 
Results and Discussion 
 
Viscosity Behavior in Strong Flow 
 

Using methodology developed in previous work (29, 33), the strong flow regime was 
identified for suspensions of a model, conductive CB formulated in four suspending fluids with 
broad variation in both viscosity and dielectric constant (Table S1). As an example of the measured 
rheological behavior, the stress, 𝜎, and viscosity, 𝜂, measured at 0 and 3 minutes are plotted 

against the applied shear rate, 𝛾̇, for the effective volume fraction 𝜙𝑒𝑓𝑓 = 0.12 CB suspension in 

hexadecane in Figure 1a. The strong flow regime is highlighted in grey and exhibits shear-thinning 
regardless of the duration of shear. At lower shear rates, a transient response is evident where the 
stress at 3 minutes exhibits rheopexy, a drop of 𝜎 and 𝜂 with time upon step down in shear rate. 
Prior work has established this rheopexy to originate from the heterogeneity and densification of 
agglomerates that develop in the weak flow regime. For the presented sample specifically, this 
regime resides below a transitional shear rate of ~500 s-1, defined quantitatively by comparing the 
stress response at an applied shear rate to the apparent yield stress, 𝜎𝑦, from the instantaneous 

flow curve (33). Rheological measurements on all suspensions show that this shear-thinning 
behavior is common for all 12 suspensions tested, with variability in the transitional shear rate that 
depends on the effective volume fraction and the identity of the suspending fluid (Figure S1). The 
relative viscosity, 𝜂𝑟 = 𝜂/𝜂𝑓 where 𝜂 is the measured suspension viscosity and 𝜂𝑓 is the suspending 

fluid viscosity, for all suspensions of hexadecane (HD), mineral oil (MO), propylene carbonate (PC) 
and ethylene glycol (EG) versus the applied shear rates in the strong flow regime is plotted in 
Figure 1b. The shear-dependent viscosity is characterized by a power law that scales with an 
exponent between -0.4 and -0.9. Larger values correspond to higher suspending fluid viscosities 
and larger effective volume fractions. Furthermore, 𝜂𝑟 increases with the effective volume fraction 
for suspensions in the same solvent and decreases at the same volume fraction for suspensions 
with lower suspending fluid viscosity. 

 
Defining an Equivalent Microstructural Basis 
 

Previous measurements of the shear-dependent microstructure show that the CB 
agglomerate size is larger when the viscosity of the solvent is lower (34). This relationship can be 
rationalized by the fluid Mason number, 𝑀𝑛𝑓, which is the dimensionless balance of the shear 

forces applied by the continuous phaseand the cohesive forces tying agglomerates together, 
defined as  

 𝑀𝑛𝑓 =
6𝜋𝜙𝑒𝑓𝑓

2𝜂𝑓𝛾̇

𝜎𝑦
=

𝑓𝑙𝑢𝑖𝑑 𝑠ℎ𝑒𝑎𝑟 𝑓𝑜𝑟𝑐𝑒𝑠

𝑐𝑜ℎ𝑒𝑠𝑖𝑣𝑒 𝑓𝑜𝑟𝑐𝑒𝑠
 [1] 
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where 𝜙𝑒𝑓𝑓 is the effective primary aggregate volume fraction, 𝜂𝑓 is the suspending fluid viscosity, 

𝛾̇ is the applied shear rate, and 𝜎𝑦 is the apparent yield stress, as previously described. Here, 𝜎𝑦 

was obtained from a fit of the Herschel-Bulkley model (37, 38) to the instantaneous flow curve (33) 
(Figure S2). Although the entirety of the underlying physics governing shear-induced agglomerate 
breakup is not included in the fluid Mason number, this dimensionless group enables a qualitative 
assessment of the relative extent of agglomerate breakup with increasing shear intensity at a given 
effective volume fraction (39). 

To illustrate the common structure-property relationship underlying these flow curves 
across the various suspension compositions, the relative viscosities are plotted versus 𝑀𝑛𝑓 for 

shear rates identified in the strong flow regime. As seen in the top panel of Figure 1c, this 
representation creates a master curve across all solvent types for a given effective volume fraction. 
This observation is consistent with a similar collapse of 𝜂𝑟 versus 𝑀𝑛𝑓 for CB suspensions prepared 

in solutions of n-methyl pyrrolidone and polyvinyl difluoride (15). The difference in master curves 
for different effective volume fractions is due to the difference in the number density of 
agglomerates at the same values of 𝑀𝑛𝑓. Thus, 𝑀𝑛𝑓 proves to be a valuable predictor of the 

rheological state, accounting for the differences in solvent properties and correctly describing the 
variation in 𝜂𝑟 with volume fraction and suspending fluid viscosity.  

To compare with prior measurements, the hydrodynamic agglomerate volume fraction, 
𝜙𝑎𝑔𝑔𝑙, was estimated by rearranging the Krieger-Dougherty equation such that (40) 

 𝜙𝑎𝑔𝑔𝑙 = 𝜙𝑚 (1 − 𝜂𝑟

−
1

2.5𝜙𝑚) [2] 

with 𝜙𝑚 as the maximum packing fraction of 0.64. Building upon 𝜙𝑒𝑓𝑓, which accounts for the 

porosity of primary aggregates, 𝜙𝑎𝑔𝑔𝑙 describes the relative volume occupied by carbon black 

agglomerates by accounting for the immobile fluid trapped within the agglomerate structure in 
addition to the solid carbon black particles. Subsequently, the agglomerate size, 𝑅𝑔,𝑎𝑔𝑔𝑙, relative to 

the primary aggregate size, 𝑎, was determined as (41) 

 𝑅𝑔,𝑎𝑔𝑔𝑙 𝑎⁄ = (𝜙𝑎𝑔𝑔𝑙 𝜙𝑒𝑓𝑓⁄ )
1

3−𝑑𝑓 [3] 

assuming a constant fractal dimension, 𝑑𝑓, of 2.5 based on previous scattering measurements (34, 

39). The bottom panel of Figure 1c shows master curves of 𝑅𝑔,𝑎𝑔𝑔𝑙 𝑎⁄  that decreases with 𝑀𝑛𝑓 as 

higher shear forces act to break up the CB microstructure. This effect becomes less prominent as 
𝜙𝑒𝑓𝑓 increases due to the denser packing and overall smaller size of the agglomerates. This 

analysis agrees with previous results from direct structural measurements via scattering of the 
shear-dependent agglomerate size (34). While the calculation of 𝑅𝑔,𝑎𝑔𝑔𝑙 𝑎⁄  stems directly from 𝜂𝑟, 

this representation confirms that 𝑀𝑛𝑓 sets an equivalent microstructural basis for comparison of 

the electrical properties across all suspending fluids at a fixed CB loading. 
  
Analysis of the Frequency-dependent Conductivity 
 

Impedance spectroscopy measurements were obtained simultaneously with the 
rheological measurements under steady flow at shear rates in the strong flow regime. The 
conductivity spectra, 𝜅, as a function of frequency, 𝜔, of unsheared 𝜙𝑒𝑓𝑓 = 0.12 CB in HD and PC 

are shown in Figure 2a. Two distinctive features can be observed in both samples: an alternating 
current (AC) upturn at high frequencies and a direct current (DC) asymptote regime at lower 
frequencies. In an ideal semiconducting material, the low frequency regime plateaus to a constant 
DC conductivity such that 𝜅𝐷𝐶 = 𝜅(𝜔 → 0) (42). While this relationship is observed in the non-polar 
suspending fluids of MO and HD, it is not observed in the polar suspending fluids of PC and EG 
(Figure S3). Instead, the conductivity decreases further with decreasing frequency. This 
phenomenon is well-understood as electrode polarization (19), where ions dissolved in the polar 
fluids accumulate at the electrode and CB surfaces and develop a non-uniform electric field.  

The transition between the AC upturn and the DC asymptote divides the high-frequency 
polarization of a conductive cluster from the delocalization of electrons responsible for the pseudo-
DC behavior (42). The characteristic frequency that marks the convergence of the features then 
describes the time-scale of electron transport through the suspension. To extract this frequency, 



   6 

the AC upturn was fit to a power law dependence given as 𝜅 = 𝐴𝜔𝑠, where A is a constant and s 
is the characteristic exponent of the AC conductivity. Similarly, the DC asymptote prior to the effects 
of electrode polarization was fit to the same power law dependence to isolate the electrical 
response from the ionic effects. These fits intersect at the characteristic frequency, 𝜔𝑐 that defines 
the electron transport time, 𝜏. Instead of reporting the conductivity at an arbitrary frequency in the 
DC asymptote, we report the conductivity at 𝜔𝑐 from the power law conjunction, referred to as the 

characteristic conductivity, 𝜅𝑐. In doing so, we avoid the effects of electrode polarization while 
remaining in the high frequency limit of the DC conductivity. This model-independent framework 
was used to obtain tthese parameters for all samples at rest and sheared in the strong flow regime 
regardless of the polarity of the suspending fluid. Note that the data quality of the 𝜙𝑒𝑓𝑓 = 0.27 PC 

suspension was insufficient to determine 𝜏 with certainty and is subsequently excluded (Figure 
S4). 

 
Dielectric Trends in Strong Flow 
 

As shown in Figure 2b-c, interesting trends emerge in both 𝜏 and 𝜅𝑐 as functions of CB 
loading, suspending fluid properties, and applied shear rate. All suspensions exhibit a step increase 
in 𝜏 when sheared from the quiescent state, indicating a fundamental change in the dominant 
pathway for electron transport. In the quiescent state, the system-spanning inter-agglomerate 
bonds are continuous and provide a pathway for electron transport. Under flow, these inter-
agglomerate bonds are broken and electrons must hop across finite inter-agglomerate gaps. In the 
latter case, electron transport is constrained by the distance of the inter-agglomerate gap and the 
number of gaps to overcome. This in turn relates to the agglomerate microstructure that has been 
shown to depend on the suspending fluid properties and the applied shear rate. The dependence 
on these factors can be observed in Figure 2b, where 𝜏 increases as a function of 𝛾̇ due to an 
increase in size and number of inter-agglomerate gaps as the agglomerate size decreases. The 
weakening dependence of 𝜏 on 𝛾̇ with increasing 𝜙𝑒𝑓𝑓 suggests a concurrent enhancement of 

electron transport time that occurs with increasing 𝛾̇. This indicates a complex relationship between 
electron transport time, shear-dependent agglomerate size, and agglomerate dynamics. 𝜅𝑐 shows 
a different, similarly complex dependence on the shear rate even though the microstructural and 
rheological behaviors are the same in the strong flow regime. For the PC suspensions, 𝜅𝑐 steadily 
increases above the quiescent state value with 𝛾̇. The opposite trend is observed for MO and HD 
where instead 𝜅𝑐 decreases from the quiescent state value with 𝛾̇ across all effective volume 

fractions. Surprisingly, a combination of behaviors is seen for suspensions in EG, where 𝜅𝑐 
decreases with 𝛾̇ for the lowest effective volume fraction but increases with 𝛾̇ at higher effective 
volume fractions. 

In addition to these shear-dependent trends, as 𝜙𝑒𝑓𝑓 increases, a decrease in 𝜏 and an 

increase in 𝜅𝑐 are observed across all suspensions. The volume fraction dependence is consistent 
with both an increase in the bulk conductivity and electron transport rate as additional CB particles 
decrease the inter-agglomerate distance and increase the number of conductive pathways through 
the fluid (23, 25, 36). When comparing across solvents, the dielectric constant of the suspending 
fluid, 𝜀𝑓,  displays a significant role in the relative magnitude of 𝜅𝑐.  PC (𝜀𝑓 = 64) and EG (𝜀𝑓 = 37) 

have significantly higher 𝜅𝑐 than HD (𝜀𝑓 = 2) and MO (𝜀𝑓 = 2). This is consistent with our 

understanding of electron transport in these systems where the hopping probability depends on the 
relative polarizability of the continuous phase (43–45). The dielectric constant cannot explain all 
trends in 𝜅𝑐, however, as suspensions formed with HD are universally more conductive than those 
prepared in MO. This difference in 𝜅𝑐, between the two nonpolar solvents shows an inverse 

relationship with viscosity, as MO (𝜂𝑓 = 26 mPa · s) is more viscous than HD (𝜂𝑓 = 3 mPa · s). This 

dependence on viscosity can be attributed to the effect of shear stress on the average agglomerate 
size, as depicted in Figure 1c, where higher stresses lead to smaller agglomerates and therefore, 
lower conductivities due to limitations by inter-agglomerate transport (21, 25). In addition, 
suspensions formed in EG show higher conductivity than suspensions in PC. We attribute this to 
the protic nature of the solvents, where it has been shown that protic solvents  facilitate electron 
tunneling relative to aprotic solvents (44). This further demonstrates the convoluted response of 𝜅𝑐 
with the suspending fluid properties. 
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In a similar fashion, 𝜏 rises with increasing 𝜂𝑓, further suggesting that smaller agglomerates 

lead to slower electron transport rates. Aside from this trend, the dependence of 𝜏 on the 
suspending fluid properties does not follow the same behavior of 𝜅𝑐. For example, suspensions in 

polar liquids in general have smaller magnitudes of 𝜏 than those in nonpolar liquids, indicating that 
the inter-agglomerate electron transport rate is directly related to 𝜀𝑚. Prior work has shown that 𝜏 

and 𝜅𝑐 are linked through the dielectric strength Δ𝜀 via the relation 𝜅𝑐 = 𝑝𝜀0Δ𝜀 𝜏⁄ , where 𝑝 is a 
phenomenological constant and 𝜀0 is the permittivity of free space (46). While our frequency-
dependent dielectric data is not sufficiently broadband to estimate Δ𝜀 in all cases, we are able to 

identify the static permittivity, 𝜀𝑠,  by identifying the plateau in the real component of the complex 
permittivity. A comparison of 𝜅𝑐 versus 𝜀0Δ𝜀 𝜏⁄  shows a strong correlation with a prefactor 𝑝 
determined by the polarity of the solvent (46) (Figure S5). This confirms that the high frequency 
polarization responsible for the upturn in the AC conductivity is influenced by the low-frequency DC 
conduction. These observations of 𝜏 and 𝜅𝑐 demonstrate that electron transport in CB suspensions 
cannot be understood by only considering the suspending fluid properties and further points to the 
nontrivial role of the changing microstructure due to the applied shear. 
 
Independent Scaling of Networks 
 

A commonly held view for quiescent CB gels is that physical connections within the 
agglomerate network is not the primary pathway available for electron transport (14, 19). A previous 
study of CB suspended in MO showed that the same conductivity can be achieved in gels with 
different elasticity, indicating discrete networks of stress-bearing bonds and percolated electrical 
pathways (25). To probe the relationship between the elasticity and quiescent conductivity, we 
performed small amplitude oscillatory shear experiments on all suspensions after flow cessation 
from 𝛾 ̇ = 2500 s-1 (Figure S6). All suspensions exhibit a gel-like response with a frequency 
independent storage modulus that far exceeds the loss modulus, commonly observed for 
viscoelastic materials with a yield stress (20, 47). The plateau modulus, 𝐺0, was determined by 
averaging the storage modulus across the probed frequency domain from Figure S6 and plotted 
against the quiescent characteristic conductivity, 𝜅𝑐,𝛾=0̇ , from Figure 2C in Figure 3a. As expected, 

as the effective volume fraction increases, 𝐺0 and 𝜅𝑐,𝛾=0̇  rises, which can be attributed to an 

increase in the number of mechanical contacts and decrease in interagglomerate distances (20). 
Despite similar network architectures and elasticities at equivalent effective volume fractions, 
however, CB suspended in polar solvents display higher conductivites than that of nonpolar 
solvents by a factor of 100. These differences follow the dependence of electron transport on the 
dielectric nature of the fluid. In general, higher conductivities are achieved when moving from 
nonpolar to polar aprotic and finally to polar protic solvents (43–45). These results provide evidence 
for two independent network pathways: one that determines the electrical conductivity and one that 
determines the elasticity.  

 
Comparison to a Static Conductivity Model 
 

An observation from Figure 2c is that upon shearing, 𝜅𝑐 remains finite after the system-
spanning agglomerate microstructure yields and continues to evolve. To compare the sheared and 
quiescent case, we normalize the characteristic conductivity of the suspensions under flow to the 
quiescent value such that 𝜅̂ = 𝜅𝑐 𝜅𝑐,𝛾=0̇⁄  and plot it against the agglomerate volume fraction, 𝜙𝑎𝑔𝑔, 

derived from Equation 4. As these suspensions undergo reversible, self-similar microstructural 
evolution with decreasing shear rate (33), one would expect the conductivity at rest to be identical 
to the conductivity in flow approaching maximum packing. However, Figure 3b shows that 𝜅̂ does 

not approach 1 in the limit of 𝜙𝑎𝑔𝑔𝑙 → 0.64 for the 𝜙𝑒𝑓𝑓 = 0.12 CB samples. As the quiescent 

conductivities after flow cessation do not vary significantly with each step down in shear rate, we 
believe that this trend in 𝜅̂ is not due to changes in the anisotropy of the arrested CB network or 
sedimentation (Figure S7). This leads to the hypothesis that the electrical properties and 
mechanism of electron transport under flow are distinct from those in the quiescent state regardless 
of the solvent choice. 
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The electrical conductivity of nanocomposites is often assumed to originate from electrons 
hopping between conductive carbon fillers in a non-conductive matrix. One prevalent framework is 
the critical path model (13) that describes an enhancement in the conductivity with smaller filler 
sizes, higher volume fractions, and shorter average separation distances. As shear flow changes 
𝑅𝑔,𝑎𝑔𝑔𝑙 𝑎⁄  and 𝜙𝑎𝑔𝑔𝑙, it is possible to directly compare the results in Figure 3b with the predicted 

conductivity from the critical path model. Several estimates of the conductivity normalized to that 
at 𝜙𝑎𝑔𝑔𝑙 = 0.64 are shown by the dashed curves for a series of dimensionless hopping distances, 

𝜉 = 𝜉/𝑎. For our range of parameters, the predicted normalized conductivity is more dependent on 

𝜙𝑎𝑔𝑔𝑙 than 𝑅𝑔,𝑎𝑔𝑔𝑙 𝑎⁄ . It is particularly sensitive at a 𝜉 value of 0.01 that is within the hopping distance 

length scale predicted by Ambrosetti et al. for spherical carbon nanoparticles (13, 48, 49). While 
the shapes of the curves qualitatively share some features with the nonpolar CB suspensions, the 
model fails to capture the normalized conductivites of the polar CB suspensions,  which remarkably 
increase as 𝜙𝑎𝑔𝑔𝑙 decreases. Additionally, the model cannot predict the discontinuity in the 

conductivity from the quiescent state to that under flow near maximum packing, even for the higher 
𝜙𝑒𝑓𝑓 suspensions (Figure S8). Combining these two key factors suggests that some relevant 

dependence on the CB microstructure, solvent, or flow is missing.  
 
Consideration for Particle Interactions 
 

One consequence of translating the critical path model directly to flowing suspensions is 
the exclusion of the particle dynamics that are not present in static nanocomposites. The role of 
shear-induced dynamics has recently been isolated for non-Brownian suspensions of conducting 
spheres at concentrations where no critical path exists for electron transport in the quiescent state 
(18). For these non-Brownian particles, the conductivity is only finite under shear and is proportional 
to the electron diffusivity between particles given as 𝑎2 𝜏⁄  where 𝑎 is the characteristic particle size. 
For CB suspensions, however, 𝜏 remains finite in the absence of shear as electron transport is still 

permitted through the continuous agglomerate network. In this state, 𝜏 represents the fast intra-
agglomerate transport time, 𝜏𝑖𝑛𝑡𝑟𝑎, across carbon-carbon bonds and small hopping distances. 
Under flow, however, 𝜏 becomes a convolution of 𝜏𝑖𝑛𝑡𝑟𝑎 and the slower inter-agglomerate transport 

time, 𝜏𝑖𝑛𝑡𝑒𝑟, that arises due to larger gaps that form between particles. To isolate 𝜏𝑖𝑛𝑡𝑒𝑟, the shear-
independent contribution, 𝜏𝑖𝑛𝑡𝑟𝑎, measured in the quiescent state was removed from 𝜏 obtained at 

each shear rate such that Δ𝜏 = 𝜏𝑖𝑛𝑡𝑒𝑟 = 𝜏 − 𝜏𝑖𝑛𝑡𝑟𝑎. Consequently, the particle diffusivity increases 

with applied shear rate and particle loading according to a modified collision rate,  𝑎2𝜙𝛾̇𝑔(𝜙), where 
𝑔(𝜙) is the inverse of the zero-wavevector hard sphere structure factor and describes the enhanced 
likelihood of interactions at finite volume fraction. For the non-Brownian suspensions, it was found 
that the time scale for electron diffusivity collapses with this modified collision rate, showing a 
dependence of the conductivity on particle interactions. The use of this analysis to describe the 
frequency of shear-induced collisions can be reapplied to the CB suspensions studied here as the 
strong flow regime corresponds to a Peclet number exceeding 100 for all cases, indicating 
Brownian diffusion is negligible when describing the particle dynamics. Following this approach, we 
combined the the particle and electron diffusivity expressions to include contributions of 
agglomerate collisions to the electron transport time to yield: 

 𝑔(𝜙𝑒𝑓𝑓) = 1 𝜙𝑒𝑓𝑓𝛾̇Δ𝜏⁄  [4] 

 The calculated values of 𝑔(𝜙𝑒𝑓𝑓) were plotted against 𝑀𝑛𝑓 and shown in Figure 4a. 

𝑔(𝜙𝑒𝑓𝑓) decreases with increasing 𝑀𝑛𝑓 across all suspensions, suggesting that agglomerate-

agglomerate collisions are less probable as the agglomerate size and volume fraction decreases. 

At the same 𝑀𝑛𝑓, 𝑔(𝜙𝑒𝑓𝑓) shows a weak dependence with 𝜙𝑒𝑓𝑓 and is seemingly more sensitive 

to the identity of the suspending fluid. Albeit for PC suspensions, values of 𝑔(𝜙𝑒𝑓𝑓) for a given 

solvent almost entirely collapse on top of each other, which cannot be explained with this 

framework. While the exact nature of the solvent contribution to 𝑔(𝜙𝑒𝑓𝑓) is unknown, the change in 

solvent can be accounted for by rescaling the data sets with an empirical shift factor, 𝛼. We chose 

to rescale all suspensions against the 𝜙𝑒𝑓𝑓 = 0.12 CB suspension in MO as it represents the 

slowest electron transport rate when under flow. Using this empricial shift factor of order unity, all 
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the data lie on one master curve when plotted against 𝑀𝑛𝑓 with a fit to a power law scaling with -

1.6, as shown in Figure 4b. The tight correlation and quantitative agreement of 𝑔(𝜙𝑒𝑓𝑓) with 𝑀𝑛𝑓 

presents strong evidence that hydrodynamics modify the electron transport rate. Therefore, the 
electrical diffusivity can theoretically be tuned by shifting the magnitude and expected range of 𝑀𝑛𝑓 

for a given CB suspension. 
Inspection of the results presented in Figure 4c reveals that the variation of the empirical 

shift factor 𝛼 with respect to 𝜙𝑒𝑓𝑓 for all suspensions is a factor of order 1. In addition, 𝛼 decreases 

with 𝜙𝑒𝑓𝑓 for CB suspensions in MO, HD, and EG while 𝛼 increases in PC. As previously discussed, 

𝛼 acts to modify 𝑔(𝜙𝑒𝑓𝑓) for the difference in the solvent types, whereas the original 𝑔(𝜙) 

corresponds to that of hard spheres. Following this line of reasoning, we approximate 𝛼 using the 

𝑔(𝜙)−1 function derived from the Carnahan-Starling approximation used in dense hard-sphere 
suspensions (50, 51). The decline in predicted values of 𝛼 with increasing 𝜙𝑒𝑓𝑓 aligns remarkably 

well with the responses observed in MO and HD, albeit with a constant offset required for 
quantitative agreement. Increasing the solvent dielectric constant to that of EG deviates from the 
prediction in that the decrease in 𝛼 with 𝜙𝑒𝑓𝑓 becomes less prominent, until finally at PC where the 

response no longer agrees with the Carnahan-Starling expression.  
These observations in 𝛼 imply that predicting the electron transport rate for model CB 

suspensions requires accounting for the agglomerate hydrodynamics and formulation chemistry. 
Both aspects would alter the zero-wavevector structure factor and deviate the specific pair potential 
from hard-sphere behavior. Additional consideration must thus be taken when modifying the 
suspending fluid properties with surfactants, electrolytes, and active materials that would further 

augment the interaction between agglomerates. Nevertheless, our empirical collapse of 𝑔(𝜙𝑒𝑓𝑓) 

with 𝑀𝑛𝑓 provide value in formulating suspensions and designing processes for applications where 

predictable and controllable electron transport rates are required. How our findings map to other 
carbonaceous additives, such as carbon nanotubes and graphene, as well as broader electrically 
conductive colloidal systems is left for further study. 
 
Conclusions 
 

The electronic transport timescale in sheared carbon black suspensions was determined 
from the ac conductivity extracted from rheo-electric measurements of Vulcan XC72R carbon black 
suspended in Newtonian fluids spanning a broad range of viscosity and polarity. Comparisons of 
the macroscopic properties of these suspensions in the quiescent state as a function of carbon 
black loading revealed an increase in elasticity correlated to an increase in conductivity, consistent 
with prior literature. However, gels prepared in solvents of different polarity with the same elastic 
modulus exhibited conductivity that depended sensitively on the solvent polarity and dielectric 
constant, implicating the important role of the suspending fluid in mediating electrical transport 
between and within carbon black agglomerates. In the strong flow regime, the electrical behavior 
of all suspensions were compared on an equivalent microstructural basis using the agglomerate 
volume fraction, calculated from the relative viscosity measured for each suspension. This 
structure-conductivity relationship could not be rationalized by existing tunneling-based models 
used to predict the conductivity in polymer composites even when accounting for changing 
agglomerate size on the conductivity.   

Instead, accounting for shear-induced particle dynamics on the electron transport 
timescale (recently developed to describe the electron transport rate in non-Brownian suspensions) 
showed empirical collapse across all suspensions tested with the fluid Mason number. As the fluid 
Mason number represents an equivalent microstructural basis at a given carbon black volume 
fraction, this collapse confirmed that the transport timescale is strongly influenced by the shear 
induced dynamics in the strong flow regime. As the conductivity is directly influenced by the 
transport timescale, these findings show that dynamics are a critical contribution to the conduction 
process in flowing suspensions of carbon black. Finally, the strong dependence of the conductivity 
on the polarity of the solvent motivates future work to developed quantitative models that incoporate 
the suspending fluid dielectric properties.  
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Materials and Methods 
 

The high-structured carbon black studied was Vulcan XC72R from Cabot Corporation 
(Boston, MA, USA). Hexadecane (HD) and light mineral oil (MO) were bought from MilliporeSigma 
(St. Louis, MO, USA). Propylene carbonate (PC) and ethylene glycol (EG) were obtained from 
Thermo Fisher Scientific (Waltham, MA, USA). These four solvents were selected for their wide 
span of dielectric strength (𝜀𝑓), viscosities (𝜂𝑓), and densities (ρ) as outlined in Table S1. 

Preparation of the carbon black suspensions followed previously established procedures that 
utilized high shear intensities to break down and fully disperse the carbon black primary aggregates 
(11, 34). Carbon black was dispersed in each of the four solvents at three different weight fractions 
(𝑤) based on their dry mass. The range of 𝑤 lies above the mechanical and electrical percolation 

threshold and were chosen such that the dry carbon black volume fraction (𝜙𝑑𝑟𝑦) is identical across 

all solvents. 𝑤 was converted to 𝜙𝑑𝑟𝑦 using a dry mass density of 1.8 g/mL for Vulcan XC72R. 

Furthermore, 𝜙𝑑𝑟𝑦 was rescaled to the shear-independent effective carbon black volume fraction 

(𝜙𝑒𝑓𝑓) with the porosity of the primary particle and aggregate (Φ𝑝,𝑎𝑔𝑔) following 𝜙𝑒𝑓𝑓 = 𝜙𝑑𝑟𝑦 Φ𝑝,𝑎𝑔𝑔⁄ . 

Φ𝑝,𝑎𝑔𝑔 was found to be 0.2 in previous literature through small-angle neutron scattering 

experiments (19). 
Rheological measurements were taken on a TA Instruments ARES G2 strain-controlled 

rheometer equipped with a custom-built Couette geometry (titanium, ID = 26 mm, OD = 27 mm, 
base gap = 0.5 mm, see Fig S9) maintained at a temperature of 25°C using a forced convection 
oven connected to a liquid nitrogen source. Mechanical percolation of the carbon black 
microstructure was confirmed through small amplitude oscillatory shear measurements with a 0.1% 
strain amplitude over a frequency of 10 to 0.1 rad/s. Flow curves were constructed using an 
established protocol that allows for the inspection of sedimentation in the suspensions (33, 34). 

Shortly after loading, samples were presheared at a shear rate of 2500 s-1 until a steady-state 
stress was achieved (at least 10 min). Then, constant shear was applied to the suspensions in a 

descending stepwise fashion from 2500 to 10 s-1 for at least 3 min at each shear rate of interest. A 

0 s-1 resting period was applied after each shear step, followed by a short preshear to erase any 
mechanical history before the next shear step. 

The shear-dependent dielectric properties were measured simultaneously with the steady 
shear rheology experiments. For the propylene carbonate suspensions, the dielectric response was 
probed using an Agilent 4980A LCR meter at the NIST Center for Neutron Research over a 
frequency range (𝑓) of 20 Hz to 2 MHz (52, 53). For all other suspensions, the dielectric response 
was probed using a Keysight E4990A Impedance Analyzer at Northwestern University over a 
frequency range of 20 Hz to 50 MHz. In all cases, the sample impedance was taken across the 
shear gap of the Couette as described in Fig S9, in the direction of the shear gradient (1-2 plane), 
at a temperature of 25°C. The raw data was corrected for the residual impedance of the short circuit 
and stray admittance of the open circuit using standard reductions (52). The complex permittivity 
(𝜀∗) and conductivity (𝜅) were calculated from the corrected complex impedance (𝑍∗) following 𝜀∗ =
𝐶 𝑍∗𝑖𝜔𝜀0⁄  and 𝜅 = 𝑅𝑒(𝐶 𝑍∗⁄ ) where 𝐶 is the Couette cell constant, 𝑖 is the imaginary unit, 𝜀0 is the 
vacuum permittivity, and 𝜔 is the angular frequency given as 𝜔 = 2𝜋𝑓, with 𝑅𝑒 signifying the real 
component of a complex number. 
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Figures and Tables 

 

Figure 1. (a) The shear stress, 𝜎, and viscosity, 𝜂, of 𝜙𝑒𝑓𝑓 = 0.12 carbon black suspended in 

hexadecane at various shear rates, 𝛾̇. The time dependency of the measured response is 
compared at 0 and 3 minutes. The shaded region highlights the regime of strong flow. (b) The 
relative viscosity, 𝜂𝑟, of all formulated carbon black suspensions for shear rates that fall within their 
respective strong flow regimes. (c) 𝜂𝑟 and the relative agglomerate size, 𝑅𝑔,𝑎𝑔𝑔𝑙 𝑎⁄ , as a function of 

the fluid Mason number, 𝑀𝑛𝑓, for all formulated carbon black suspensions. 𝜂𝑟 is scaled for each 

given set of 𝜙𝑒𝑓𝑓 to better visualize the collapse of the data. 
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Figure 2. (a) An example of the conductivity spectra and model-independent fits on 𝜙𝑒𝑓𝑓 = 0.12 

CB in hexadecane, HD, and propylene carbonate, PC, in the quiescent state. Two power laws 
converge at a given frequency that defines the electron transport time, 𝜏, and characteristic 
conductivity, 𝜅𝑐, of the CB electron carriers. (b-c) 𝜏 and 𝜅𝑐 plotted against the applied shear rate, 𝛾̇, 
for the given suspensions. Error bars represent a 20% departure from the measured values. The 
x-axis includes 𝛾̇ = 0 s-1 and is scaled logarithmically for 𝛾̇ ≥ 100 s-1. 
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Figure 3. (a) Scaling relationship between the characteristic conductivity at the quiescent state, 
𝜅𝑐,𝛾̇=0, and the plateau modulus, 𝐺0, for all formulated CB suspensions. Error bars represent a 20% 

departure from the measured values. The horizontal, dotted lines are meant to guide the eyes when 
comparing data at fixed effective volume fraction, 𝜙𝑒𝑓𝑓. (b) The relative conductivity, 𝜅̂ = 𝜅𝑐/𝜅𝑐,𝛾=̇0 

for 𝜙𝑒𝑓𝑓 = 0.12 CB suspensions versus their estimated agglomerate volume fraction, 𝜙𝑎𝑔𝑔𝑙. The 

horizontal, solid line demarks a 𝜅𝑐/𝜅𝑐,𝛾̇=0 value of 1. The dashed curves demark the predicted 

normalized conductivity based on the critical path framework described in the main text for several 
dimensionless hopping distances, 𝜉. The conductivity predictions are truncated at 𝜙𝑎𝑔𝑔𝑙 = 0.12 as 

𝜙𝑎𝑔𝑔𝑙 cannot fall below 𝜙𝑒𝑓𝑓. 
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Figure 4. (a) 𝑔(𝜙) = 1 𝜙𝑒𝑓𝑓⁄ 𝛾̇Δ𝜏 versus the fluid Mason number, 𝑀𝑛𝑓, for each formulated 

suspension. The physical representation of 𝑔(𝜙) is described in the main text. (b) 𝑔(𝜙) rescaled to 

an empirical parameter, 𝛼, once more plotted against 𝑀𝑛𝑓. A fit to the data reveals a power law 

scaling of -1.6. (c) 𝛼 as a function of the effective volume fraction, 𝜙𝑒𝑓𝑓, for each formulated 

suspension. The solid lines between subsequent points for a given suspending fluid are meant to 
guide the eyes. The black, dashed curve is the Carnahan-Starling expression that represents the 
zero wave-vector limit of the hard spheres structure factor.
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Time-dependent stress and viscosity response: 
 The stress, 𝜎, and viscosity, 𝜂, measured at 0 and 3 minutes against the applied shear 
rate, 𝛾̇, for each suspension are shown in Figure S1. The strong flow regime encompasses shear 
rates above a critical shear rate where the rheological response does not vary significantly with 
time (25, 28, 31, 33). In these conditions, CB agglomerates undergo self-similar structural change 
by decreasing in size with increasing shear intensity while maintaining a constant fractal dimension 
(33, 34). This results in a steady increase in 𝜎 with shear rate is observed accompanied by a shear-

thinning response in 𝜂 due to the breakdown of the agglomerates (30). Below the critical shear 
condition, various heterogeneities in the suspensions emerge due to the densification and 
sedimentation of the carbon black agglomerates. This leads to a drop in 𝜎 over time and an 
apparent shear-thickening behavior in 𝜂, with lower shear rates enhancing this rheopectic 
response. This stark transition marked by a critical shear rate is often called a stress-response 
bifurcation and has been observed frequently in prior literature (28, 32, 33). 
 
Herschel-Bulkley fits of the flow curves: 
 The instantaneous, 0 min response in the stress, 𝜎𝑡=0, at each shear rate is plotted in 

Figure S2. Each flow curve was fit to the Herschel-Bulkley model given as 𝜎𝑡=0 = 𝜎𝑦(1 + (𝛾̇ 𝛾̇𝑐⁄ )𝑛) 

to obtain the Herschel-Bulkley yield stress, 𝜎𝑦, critical shear rate, 𝛾̇𝑐, and the power law index, 𝛾̇𝑐, 

as shown on the subplots. The fits were performed such that the 𝛸2 values are minimized. The use 
of the instantaneous flow curve to fit the model above follows previously established work on carbon 
black suspensions (34). Comparison of the obtained parameters with that from previous work 
shows good agreement. Note that 𝛾̇𝑐 represents that shear rate corresponding to a shear stress 

that is twice the value of 𝜎𝑦 and should not be confused with the critical shear condition that 

designates the weak and strong flow regime. 
 
Analysis of the frequency-dependent dielectric permittivity: 

The frequency-dependent dielectric response of the neat solvents in the quiescent state 
taken at 25°C is presented in Figure S3. HD and MO are nonpolar, non-ionogenic fluids and did 
not exhibit a relaxation process along the real component of the permittivity, 𝜀′, in the frequency 

domain, 𝜔 probed. The absence of dipolar fluctuations makes the solvents electrically insulating 
with non-observable conductivities, 𝜅.  On the other hand, PC and EG are polar fluids with high 
dielectric strengths and values of 𝜀′ orders of magnitude greater. In the presence of an electric 
field, charge separation occurs in that a layer of counterions form along the walls of the Couette 
geometry. This electrode polarization effect can be discerned as the steep decrease in 𝜀′ at low 
frequencies (42). Furthermore, migration of charges leads to ionic conduction through the fluid of 
about 2 x 10-4 S/m that is frequency independent. 

The addition of 12 vol% carbon black to the solvents further augments the dielectric 
response. The conductivities for the filled suspensions far exceed those of the neat fluids across 
all frequencies and for all suspensions. Under an oscillating electric field, the carbon black 
agglomerates polarize, and 𝜀′ rises significantly across the entire frequency domain. The low 
frequency relaxation in 𝜀′ from electrode polarization for carbon black in PC and EG is also 
heightened. This stems from additional double layers that form on the solid-liquid interface between 
the particles and the solvent (11). The Debye relaxation process is observed with the onset of a 
stepwise decrease in 𝜀′ with increasing frequency. Before this decrease is a plateau that in essence 

represents the static permittivity, 𝜀𝑠. It is in this location where we extracted 𝜀𝑠 at a given frequency 
for each suspension for the calculation seen in Figure S5. 
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Table S1. Mechanical and dielectric properties of the suspending fluids used to formulate carbon 
black suspensions of specified carbon content. 
 

Suspending Fluid Type 𝜀𝑓  𝜂𝑓 (mPa·s) 𝜌𝑓 (g/cm3) w×100% 𝜙𝑒𝑓𝑓×100% 

Hexadecane 
(HD) 

Nonpolar 2.1 3.03 0.77 5.4, 8.8, 11.7 12, 20, 27 

Light Mineral Oil 
(MO) 

Nonpolar 2.4 26.0 0.84 5.0, 8.2, 11.0 12, 20, 27 

Ethylene Glycol 
(EG) 

Polar 
Protic 

37 18.4 1.11 3.8, 6.3, 8.5 12, 20, 27 

Propylene 
Carbonate (PC) 

Polar 
Aprotic 

64 2.50 1.20 3.6, 5.9, 7.9 12, 20, 27 
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Fig. S1. The shear stress, 𝜎, and viscosity, 𝜂, of carbon black suspensions in hexadecane [𝜙𝑒𝑓𝑓 = 

(a) 0.12, (b) 0.20, (c) 0.27], ethylene glycol [𝜙𝑒𝑓𝑓 = (d) 0.12, (e) 0.20, (f) 0.27], mineral oil [𝜙𝑒𝑓𝑓 = 

(g) 0.12, (h) 0.20, (i) 0.27], and propylene carbonate [𝜙𝑒𝑓𝑓 = (j) 0.12, (k) 0.20, (l) 0.27] at various 

shear rates, 𝛾̇. The time dependency of the measured response is compared at 0 and 3 minutes. 
The shaded region highlights shear rates that fall into the regime of strong flow.  
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Fig. S2. The shear stress, 𝝈, of carbon black suspensions in hexadecane [𝝓𝒆𝒇𝒇 = (a) 0.12, (b) 0.20, 

(c) 0.27], ethylene glycol [𝝓𝒆𝒇𝒇 = (d) 0.12, (e) 0.20, (f) 0.27], mineral oil [𝝓𝒆𝒇𝒇 = (g) 0.12, (h) 0.20, 

(i) 0.27], and propylene carbonate [𝝓𝒆𝒇𝒇 = (j) 0.12, (k) 0.20, (l) 0.27] at various shear rates, 𝜸̇. The 

solid, yellow curve fits the stress response to the Herschel Bulkley equation, with parameters shown 
on each subplot. 
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Fig. S3. Frequency sweep, 𝝎, of (a) the real component of the permittivity, 𝜺′, and (b) the 

conductivity, 𝜿, of 𝝓𝒆𝒇𝒇 = 𝟎. 𝟏𝟐 CB suspensions (filled markers) and 𝝓𝒆𝒇𝒇 = 𝟎. 𝟎𝟎 neat solvents 

(hollow markers) in the absence of shear flow. The conductivity of neat MO and HD is non-
observable in (b) due to the electrically-insulative nature of the fluids. 
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Fig. S4. Master curves of the shear rate-dependent normalized conductivity, 𝜿 𝜿𝒄⁄ , versus the 

normalized frequency, 𝝎 ∙ 𝝉, for carbon black suspensions in hexadecane [𝝓𝒆𝒇𝒇 = (a) 0.12, (b) 0.20, 

(c) 0.27], ethylene glycol [𝝓𝒆𝒇𝒇 = (d) 0.12, (e) 0.20, (f) 0.27], mineral oil [𝝓𝒆𝒇𝒇 = (g) 0.12, (h) 0.20, 

(i) 0.27], and propylene carbonate [𝝓𝒆𝒇𝒇 = (j) 0.12, (k) 0.20, (l) 0.27]. Not all shear rates tested are 

shown. Selected shear rates are given by the legend of each subplot. The process of acquiring 𝜿𝒄 

and 𝝉 is described in the main text.  
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Fig. S5. The characteristic conductivity, 𝜿𝒄, versus 𝜺𝟎𝜺𝒔 𝝉⁄  where 𝜺𝟎 is the permittivity of free space, 

𝜺𝒔 is the static permittivity, and 𝝉 is the charge transport time. The dashed, black line shows a 𝜿𝒄 =
𝒑𝜺𝟎𝜺𝒔 𝝉⁄  relation with 𝒑 representing a phenomenological constant, here plotted as 0.3. Acquiring 
𝜿𝒄 and 𝝉 is described in the main text. The processing of acquiring 𝜺𝒔 is described in the supporting 
information text.  
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Fig. S6. Small amplitude oscillatory shear measurements of the storage, 𝑮′, and loss, 𝑮′′, modulus 

in the frequency range, 𝝎, of 1 to 100 rad/s for 𝝓𝒆𝒇𝒇 = 0.12, 0.20, 0.27 CB suspensions in (a) 

hexadecane, (b) mineral oil, (c) propylene carbonate, and (d) ethylene glycol. Filled and hollow 
markers denote 𝑮′ and 𝑮′′, respectively, as indicated in the legend. 
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Fig. S7. The applied shear rate, 𝜸̇, versus the post shear step quiescent conductivity, 𝜿𝒄,𝒑𝒐𝒔𝒕, 

relative to the post shear step quiescent conductivity at 𝜸̇ = 2500 1/s for 𝝓𝒆𝒇𝒇 = 0.12, 0.20, 0.27 CB 

suspensions in (a) hexadecane, (b) mineral oil, (c) propylene carbonate, and (d) ethylene glycol. 
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Fig. S8. The relative conductivity, 𝜿̂, for (a) 𝝓𝒆𝒇𝒇 = 𝟎. 𝟐𝟎 and (b) 𝝓𝒆𝒇𝒇 = 𝟎. 𝟐𝟕 CB suspensions 

versus the agglomerate volume fraction, 𝝓𝒂𝒈𝒈𝒍. The horizontal, solid line demarks a 𝜿̂ value of 1. 

The dashed curves demark the predicted relative conductivity based on the critical path framework 

for several dimensionless hopping distances, 𝝃̂. The process of acquiring 𝜿̂, 𝝓𝒂𝒈𝒈𝒍, and the critical 

path prediction is described in the main text. 
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Fig. S9. CAD section view of the custom-built dielectric Couette geometry for the ARES-G2 
rheometer. The cup rotates or oscillates to apply a strain on the sample, while the bob remains 
stationary and measures the resulting torque. The walls of the cup and bob are electrically 
connected to an impedance analyzer. The impedance of the sample is measured simultaneously 
as the sample is deformed.  
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