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ABSTRACT

Carbon black is a filler frequently used in conductive suspensions or nanocomposites, in which it forms networks supporting electric con-
ductivity. Although carbon black aggregates originate from a presumably isotropic aggregation process, the resulting particles are inherently
anisotropic. Therefore, they can be expected to interact with shear flow, which significantly influences material properties. In this study, we
investigate sheared suspensions of carbon black aggregates to elucidate the impact of aggregate anisotropy on the rheological properties. We
aim at concentrations below and above the conductivity percolation threshold and comprehensively characterize particle behavior under flow
conditions. Aggregates assembled by a diffusion-limited aggregation process are simulated with Langevin dynamics in simple shear flow. The
simulations reveal a clear alignment of the aggregates’ long axis with the flow direction, an increase in tumbling frequency with higher shear
rates, and a shear-thinning response. This behavior closely parallels that of rod-like particles and underlines the significance of the anisotropic
nature of carbon black aggregates. These findings will facilitate the optimization of nanocomposite precursor processing and the tailoring of
carbon black-based conductive suspensions.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0316979
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I. INTRODUCTION

Suspensions of electrically conductive particles dispersed in
insulating fluids are central to a variety of technologies, from print-
able inks' ' and flowable sensors™” to flow electrodes’” and liquid
precursors of conductive nanocomposites.'’”"” These applications
exploit the fact that the embedded colloidal particles form transient
networks that span the fluid, rendering the suspension conductive
while maintaining the mechanical and rheological properties of a
liquid or soft solid. Shear flows frequently occur for these appli-
cations and can be expected to drive the dynamical behavior of
suspended elongated particles and influence material properties like
conductivity, mechanical response, or electromagnetic shielding'*
of the suspensions. It is thus imperative to develop a thorough
understanding of the filler behavior under shear flow to optimize

the material, ultimately facilitating the design and fabrication of
flowable electronics.

Many studies have analyzed suspensions featuring conductive
particles with a variety of regular and well-controlled geometries,
such as spherical metal particles, cylindrical carbon nanotubes, or
planar graphene layers.”"'"” In this study, we scrutinize the flow
properties of carbon black aggregates, i.e., industrially produced
soot particles.'® Carbon black aggregates consist of globules of tur-
bostratic graphene layers, so-called primary particles, rigidly fused
together during the incomplete combustion of fuel in industrial fur-
naces at very high temperatures. As a consequence, the arrangement
of primary particles is highly disordered and self-similar on inter-
mediate length scales. The process of aggregation itself is difficult
to model dynamically due to the abundance of uncontrolled para-
meters in the combustion process. Instead, the resulting aggregates
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are analyzed statistically, and the relevant aggregation mechanism
is inferred from the aggregate characteristics. Although the most
frequently deployed aggregation schemes, such as diffusion-limited,
reaction-limited, or cluster-cluster aggregation, are isotropic, small
aggregates in particular are far from spherical simply due to ran-
dom fluctuations in the generation process. Therefore, aggregates
may exhibit individual and complex flow behavior, which could
have a substantial impact on the macroscopic material properties.
At the same time, carbon black is cheap in production compared to
more elaborate carbon varieties such as carbon nanotubes while still
becoming conductive at relatively low volume fractions.'”'* Accord-
ingly, it is very attractive for industrial applications ranging from
mechanical reinforcement in rubbers to providing electrical conduc-
tivity in printable inks. All these applications subject carbon black
suspensions to flow, either during the fabrication of precursor mate-
rials or in the product itself. In this article, we therefore examine the
impact of the fractal microscopic morphology and effectively elon-
gated shape of carbon black aggregates on the rheological properties
of the corresponding suspension.

Prior studies resolving aggregate morphology have explored
the dynamics of isolated aggregates, commenting on tumbling
behavior,”” ' fracture of unstable aggregates,”””’ oscillatory shear
in viscoelastic media,** sedimentation,”” and Viscosit‘y.m‘:l However,
to the best of our knowledge, a comprehensive, ensemble-level study
of how the anisotropy of fractal aggregates affects particle align-
ment and rheology at finite concentrations under steady shear is
lacking. Motivated by this open question, we generate carbon black-
like aggregates by diffusion-limited aggregation to reproduce fractal,
anisotropic morphologies. Using Langevin dynamics simulations,
we probe their non-equilibrium steady states in simple shear. We
do not study the effect of hydrodynamic interactions and attractions
between aggregates on the rheology.

This approach allows us to quantify orientation statistics and
alignment, tumbling dynamics, and viscosity trends for suspensions
of interacting aggregates. To address the context of conductive sus-
pensions and nanocomposites, we focus on volume fractions near
the conductivity percolation threshold of carbon black.'

Particles produced by diffusion-limited aggregation embedded
in a solvent do not only serve as a model for carbon black. They have,
for example, also been studied in the context of colloidal aggregates
in general,”® thermal conductivity of nanofluids,” contrast agents
for medical imaging,”® ocean sediments,”’ and interstellar dust.”’
Consequently, the results we present here apply generally to fractal
aggregates across various domains.

1. METHODS
A. Carbon black model

Carbon black has been studied extensively in experiments, and
the structure of its constituent particles can be controlled during the
industrial production process, leading to primary particles that are
all roughly of the same size. Collisions cause them to fuse into rigid
aggregates, the second layer in the hierarchical structure of carbon
black and the subject of our investigation. This aggregation process
is intrinsically random and leads to mass fractal particles, meaning
that the number of primary particles within a given radius measured
from the center of mass of the aggregate scales as a power law with
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exponent Dy called the fractal dimension. For carbon black aggre-

gates, the fractal dimension D has been reported’””" to be between
2.2 and 2.8. Diffusion limited aggregation is one of the simplest and
most studied aggregation models, which happens to generate aggre-
gates with a fractal dimension of roughly 2.5, making it an excellent
model for common carbon black varieties.” Aggregates can cluster
on larger length scales due to van der Waals forces to form agglom-
erates, the third and final hierarchical layer. In this paper, we focus
on the steric ramifications of the fractal morphology, i.e., purely
repulsive aggregates, so that agglomerates will not be addressed here.

Recently, we developed a particle-based model for carbon black
aggregates.'””” We follow a two-step approach similar to the pro-
tocols employed in previous studies”*”’* where many aggregates
are first generated with an aggregation method and subsequently
subjected to dynamic simulations. Our model is based on diffusion-
limited aggregation, in which primary particles diffuse indepen-
dently and sequentially until they encounter and stick to the growing
structure, which originates from a seed particle at the origin. In this
first step, we generate many aggregates independently. Next, sys-
tems of the resulting aggregates are equilibrated with Metropolis
Monte Carlo simulations, in which they are treated as rigid bod-
ies composed of hard spheres. In Fig. 1, we visualize two exemplary
aggregates, and in the supplementary material, a movie of a sheared
system is provided.

To adapt the model to molecular dynamics, the primary par-
ticles are treated as purely repulsive Weeks—Chandler-Andersen
spheres™ that interact via the potential

U (r) = 46[((:)12 - (‘:)6] +e r< 21/6 g, 1)

0, r>2"%g,

where € = 10kgT is chosen for the energy parameter. The interac-
tion is applied only between primary particles belonging to different
aggregates. We use the thermal energy ky T, the size parameter o, and
the mass of primary particles m as units such that the unit of time

can be expressed as 7 =\/0’m/(kpT). Aggregates are restrained

using harmonic bond, angle, and dihedral potentials of the form
U(r) = ky(r — ro)* for the bonds, analogously for the angular poten-
tials. We infer angles and dihedrals from the bond topology.’

>

Gradient

FIG. 1. Two example aggregates in a flow geometry. Each aggregate is character-
ized by its principal axes, the long (arrows), intermediate, and short (tubes) axes,
respectively. The shear flow is described by the flow (x), velocity gradient (y),
and vorticity (z) axes.
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FIG. 2. Shape characterization of the aggregates via the probability distributions
of their radius of gyration Rg (a), axis lengths A; (a), and aspect ratio & (b). The
dotted vertical lines mark the mean radius of gyration (Rg), ~ 2.11 o and mean
anisotropy (&), ~ 2.81 in the quiescent state. The aggregates exhibit a range of
shapes and a clear deviation from the spherical limit. The distributions presented
with dashed, lighter lines show that even for strong shear flow at Pe = 100, the
flexible aggregates retain their shape.

The equilibrium distance of the bonds is ry = lo; equilibrium
angles result from the diffusion-limited aggregation process. As
spring constants, we employ k;, = 450kpT/o” for bonds and k, = kg
= 100k T/rad? for angles and dihedrals.

We study one system containing N = 1000 aggregates, each
consisting of N, = 20 primary particles, which corresponds to a frac-
tal dimension’” of Dp(N,) ~ 2.8. A realistic batch of carbon black
would naturally contain a broader distribution of primary parti-
cles per aggregate. However, N, is in itself an artificial quantity and
experimentally typically only inferred from other observables. By
contrast, the distribution of R can readily be juxtaposed with the
distribution of hydrodynamic diameters, and a “monodisperse” sys-
tem with N, = 20 already corresponds to a unimodal right-tailed
distribution of the radius of gyration R, as Fig. 2 illustrates. Carbon
black exists in many varieties, and the typical number of primary
particles can vary drastically from only a few for thermal blacks to
hundreds for acetylene blacks.”® We are particularly interested in
furnace blacks due to their excessive usage in electronic applications,
which tend to have tens of primary particles. As we are trying to
resolve the effect of aggregate anisotropy, we choose smaller aggre-
gates, as their relative anisotropy is more pronounced while also
being computationally less expensive. Nonetheless, Rg’s between
two and three primary particle diameters are representative for
many real aggregates.

Volume fractions are defined as ¢ = N,Nm/(6V), the ratio of
the sum of primary particle volumes to the system volume V. By
changing the box size, we obtain volume fractions of ¢ = 5.96%,
8.90%, and 12.23%, which are close to the percolation threshold
for our system.'® In the following, we round the values to the next
integer for brevity.

B. Molecular dynamics

To study the dynamics of carbon black aggregates under shear
flow, we use molecular dynamics simulations. The integrator is a
velocity Verlet algorithm with time step At = 10”*7 as implemented
in LAMMPS.” We first set up the studied system of aggregates with
the Metropolis Monte Carlo method described in the prior study.'*
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Then, we adapted the box size to correspond to the desired volume
fraction and equilibrated the systems again in the molecular dynam-
ics simulations in the absence, then presence, of shear flow until a
steady state was reached.

In order to investigate shear, we utilize Lees-Edwards bound-
ary conditions to generate a linear shear flow profile. This defines the
three laboratory frame axes: flow, (velocity) gradient, and vorticity
axis, which we associate with the Cartesian axes x, y, z, respectively.
For the temperature control, we employ a Langevin thermostat
with time constant 7y = 0.17. This introduces a viscous drag force
—mv/7y acting on primary particles, along with stochastic forces.

The magnitude of these isotropic kicks is \/ks Tm/(Atz), scaled by
uniformly distributed random numbers in the interval [0,1]. 1041 we
enforce a vanishing total random force to suppress drift. To account
for the shear flow, the thermostat acts on the peculiar velocity
v=(vx— ryj/,vy,vZ)T, where the velocity component in the flow
direction is relative to the expected linear shear profile at a position
in the gradient direction r, for an imposed shear rate y. Mea-
surements were carried out over 1.6 x 10*r for the alignment and
viscosity study as well as over 10*7 for the tumbling analysis.

Illl. RESULTS
A. Aggregate shape and diffusion

In the simulations, we use one ensemble of aggregates at vary-
ing volume fractions. We begin its characterization with the shape of
the aggregates and define the gyration tensor for each aggregate as

Ny

Z (Vi,oc - 7'cm,ot)(ri,ﬁ - rcm,ﬂ)) (2)

i

1

Gaﬁ:ﬁp

where Nj, = 20 is the number of primary particles, r; is the position
of primary particle i, rcm is the aggregate center of mass, and a, § €
{x,y,z}. Diagonalization yields three orthonormal aggregate axes,
i.e., the eigenvectors of the gyration tensor which, in descending
order of associated eigenvalue A?, correspond to the long, intermedi-
ate, and short axes, respectively, of the aggregate. Figure 1 illustrates
these principal axes for two aggregates. To describe the characteristic
size of an aggregate, we calculate its radius of gyration

Ro=\/ A +13+A3, 3)

which is, for example, the relevant measure in the interpretation
of orientation-averaging experimental techniques such as scattering.
As Fig. 2 shows, the aggregates have a mean radius of gyration of
(Ra) § ® 2.11 0, which defines the characteristic size of the ensem-
ble. To quantify the extent of the three aggregate axes, we present
distributions of the roots A; of the eigenvalues of the gyration ten-
sor. Even though their distributions have some overlap, the axes are
likely to be distinct from each other for individual aggregates.

Using the lengths of the long and short aggregate axes, 11,13,
we define an effective aspect ratio,

A5
In the investigated set of aggregates, this parameter is, on aver-

age, (&), ~ 2.81 but even exceeds & = 4 for 8.4% of the aggregates.
Overall, the aggregates are distinctly non-spherical.

¢ 4
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Even under strong flow conditions, the flexible aggregates
retain their shapes and remain rather stiff. Compared to the results
in the quiescent state, no discernible differences in the distributions
of the aspect ratios can be observed in Fig. 2. The same applies to the
axes’ lengths.

For direct comparisons of shear flow simulations, whether
between different computational approaches or experimental mea-
surements, it is often not useful to characterize the shear flow
strength using the shear rate, y. The reason lies in differing diffusion
behaviors and associated time scales. To provide a dimensionless
measure, we employ the Péclet number,

. 2
Pe = V(RD(3)N’ (5)

where D denotes a diffusion coefficient. The Péclet number quan-
tifies the ratio of advective and diffusive transport rates, thereby
weighing the influence of the imposed shear flow. For many prac-
tical applications, it is justified to assume that advection dominates
the transport. For example, a typical blade-coated nanocomposite
precursor‘u‘lz possesses a viscosity exceeding # ~ 10 kPa s. Using
the Stokes—Einstein relation and an aggregate radius of gyration of
order Rg = 100 nm as a proxy for the hydrodynamic radius, the dif-

fusion coefficient in the dilute limit at room temperature is D = 67’3‘1}2

~ 10719'“72. The corresponding Péclet number is Pe = % ~710%s,
meaning that any shear rate larger than y ~ 105" already satisfies
Pe > 1.

In order to provide a meaningful value of D for the Péclet num-
ber in our simulations, we measure the mean squared displacement
of the centers of mass of aggregates and determine the diffusion
constants D = (3.00,2.29,1.54) x 107%¢* /7 for the different volume
fractions (6,9,12) % of carbon black. As expected, the diffusion
constant decays with volume fraction.

B. Alignment in shear flow

Having established that carbon black aggregates can be signif-
icantly nonspherical, which hints at potentially interesting behavior
in flow,*> we set out to study their properties under shear in detail.
As a first step, we assess the time and ensemble averaged compo-
nents of the gyration tensor (Gal; ) Nt for varying strengths of shear
in Fig. 3. For low shear rates, the off-diagonal entries vanish and the
diagonal entries are equal. This marks the regime where diffusive
transport dominates over advection from shear and where aggre-
gate orientations are isotropic. For Pe 2 1, this behavior changes,
and we observe that the xx-component increases with increasing
Pe, whereas the yy-component decreases. This signifies that the
mean extent of aggregates becomes larger in the flow and smaller
in the gradient direction. As the aggregates are stiff, this is not an
effect of deformation but solely of the orientation of the anisotropic
aggregates. Interestingly, the measured values are almost identi-
cal for all studied volume fractions. In addition, the xy-component
increases, indicating a growing correlation between aggregates’ pri-
mary particle positions along the flow and gradient directions and
the emergence of a preferred orientation and alignment.

The alignment of aggregates can be analyzed explicitly using
the nematic order parameter. For each of the aggregate axes, i.e.,
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FIG. 3. Time and ensemble averaged components of the gyration tensor (Gaﬁ) -

plotted against the Péclet number Pe for three volume fractions. As the shear rate
grows, the xx and yy-components increase, denoting an increased extent of the
aggregates in the flow direction and a decreased extent in the gradient direction,
respectively. The off-diagonal xy-component also indicates an emerging preferred
orientation. The lines are guides to the eye.

long, intermediate, and short, we define a tensor of orientational
order via

Qus(1) = %<3ea(t)eﬁ(t) ~Su) s ©6)

where e, denotes a component of a normalized principal axis e of
an aggregate and we average over all N aggregates, o4 is the Kro-
necker delta. The nematic tensor can be diagonalized, yielding its
time-averaged largest eigenvalue S as a measure for the alignment
and the corresponding eigenvector n as the preferred direction of
orientation, denoted the director. The value of S can express per-
fect alignment (S =1), the absence of alignment and preferential
direction (S = 0), or orthogonality with the director (S = -0.5).

We measure the time-averaged nematic order parameter S for
each aggregate axis and plot it against the Péclet number in Fig. 4.
At low Pe, finite-size effects lead to a small but nonzero apparent
alignment. Beyond Pe = 1, the long and short axes show notable
alignment effects. In the intermediary regime of Pe € [1,32], the
long axis is more aligned than the short axis. At higher shear, how-
ever, the short axis aligns to a similar degree. Interestingly, no
effects of volume fraction can be discerned, as the corresponding
data points practically coincide. The observed collapse of curves can
be attributed to the volume-fraction dependence of the diffusion
constant entering the definition of the Péclet number in Eq. (5).
Apparently, the shear field rather than steric effects dominates the
alignment. However, it should be noted that the values of the order
parameter are lower than those typically found for nematic liquid
crystals or rods in shear flow, where S > 0.5 is common.'""” There-
fore, the observed effect must be considered a tendency of alignment.
After all, carbon black aggregates are not simple cylindrical or ellip-
soidal particles and exhibit a range of aspect ratios. On top, they
perform tumbling motions in shear flow as shown further below and
are subject to collisions and diffusion.

J. Chem. Phys. 164, 134901 (2026); doi: 10.1063/5.0316979
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FIG. 4. (a) Nematic order parameters S of the three aggregate axes reveal increas-
ing alignment of the long and short axes with increasing Péclet number Pe, as well
as a less pronounced effect for the intermediate axis. Uncertainties of S from a
block bootstrapping scheme would be smaller than the symbols. (b) Probability
distributions of S at ¢ = 6% for Pe = 0, 100 show that the degree of alignment
varies notably across aggregates. The kernel density estimates use a Gaussian
kernel and Silverman’s rule for the bandwidth determination.

To quantify the degree of alignment of individual aggregates,
we calculate the relative alignment of each of their principal axes e
with respect to the time-resolved director n(t) via

Seel = %(3(e(t) ‘n(1)* - 1), @)

The distributions of S, across aggregates are broad, as depicted in
Fig. 4. The long axis has the widest distribution, which is matched
by the short axis at high shear rates. Overall, S, reflects the
range of axis lengths and aspect ratios that our aggregate ensemble
exhibits.

In Fig. 4, the intermediate axis shows a much lower sig-
nal. Alignment effects seem to be weak. To study how this fits
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the overall picture, we visualize the orientations of the aggregates.
We unfold the three-dimensional unit sphere on which the axes
reside using Mollweide projections, in analogy to globes and world
maps. The flow direction is in the center of the projection at
polar and azimuthal angles (0°,0°), and its negative direction is at
(0°,+180°), which will be relevant due to head-tail-symmetry of the
aggregate axes. The gradient direction is at the poles, and the vortic-
ity direction is at (0°,+90°). Bin populations are adjusted for the
varying solid angle in the polar direction.

Figure 5 shows the distributions of the three axes for all aggre-
gates and times for ¢ = 6%, Pe = 100. For the long axis, we see a
distinct maximum approximately in the flow direction. This means
that the long axis has a tendency to be parallel to the flow direction.
Along the flow-vorticity plane, the probability is also increased. For
the short axis, the characteristics are similar: it most often points
in the gradient direction or lies in the gradient-vorticity plane. The
behavior of these two axes can be interpreted in the following way:
an alignment effect from the shear field, as known from other elon-
gated particles like rods,””* influences the long axis. Therefore,
there is a mechanism that explicitly isolates and characterizes this
axis. Regarding the short axis, particles are less prone to interac-
tions and, thus, stabilized if their extent in the gradient direction is
minimized. To this end, the short axis needs to be parallel to the
gradient direction. For the intermediate axis, there is no mechanism
that would distinguish it and single it out. Its maximum along the
vorticity direction is the consequence of simultaneous alignment of
the long and short axes with their respective directors.

Complementarily, the time-averaged diagonal entries of the
Q-tensors introduced in Eq. (6) can be interpreted. They encode
the alignment of an aggregate axis with respect to the laboratory
frame, i.e., the flow, gradient, and vorticity axes, and provide a more
quantitative picture than the Mollweide plots. In Fig. 5, we present
the components for varying Péclet numbers. Each aggregate axis is
presented in a separate panel. For high shear rates, the long axis
exhibits a positive xx-component, which implies a tendency to be
parallel with the flow direction. Its negative yy-component denotes
orthogonality with the gradient direction. This behavior, together
with the analogous interpretation of the results for the intermediate
and short axes, is consistent with the distributions of the axes shown
as Mollweide plots.
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b
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FIG. 5. (a) Distribution of the long, intermediate, and short axes e of aggregates in shear flow with Pe = 100, ¢ = 6%. The long and short axes show pronounced alignment
close to the flow and vorticity directions, respectively. The fourth panel illustrates the shear flow axes within the Mollweide projection. Full symbols correspond to positive,
empty symbols to negative directions. (b) Components of the Q-tensors of the three aggregate axes quantify the alignment with respect to the shear flow axes for varying

Péclet numbers.
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FIG. 6. The orientation angle y decreases with increasing Péclet number Pe.
It is in agreement with data on isolated rods from Ref. 48 that we extracted
from the article. The error bars denote one-sigma intervals from bootstrapping on
aggregates.

Upon close inspection of the population maxima of the long
and short axes in the Mollweide projections in Fig. 5, it stands out
that they are slightly shifted away from the shear flow axes. The long
axis, for example, does not have its maximum at a polar angle of
0°. Instead, it is found at an angle y > 0° (for an azimuthal angle
of ~0°). We denote this characteristic angle between the long aggre-
gate axis and the flow-vorticity plane as the orientation angle**"” and
calculate it via

tan (2x) = < 2{Goy i (8)

Gxx)N,t - (ny>N,t '

For the lowest shear rates, Fig. 6 shows that y is around 40°,
approaching the 45° expected for rods.””"® For even lower shear
rates with Pe < 1, the computation becomes numerically unstable, as
both the numerator and denominator in Eq. (8) vanish (see Fig. 3).
Together with the weak alignment measured by the nematic order
parameter (Fig. 4), this means that the concept of the orientation
angle is no longer meaningful. With increasing Péclet number, the
orientation angle decreases. At the highest observed shear rates,
small effects of volume fraction can be recognized, where higher
volume fractions mean higher orientation angles. We compare our
results to simulations of isolated rods with an aspect ratio of 15 in
a hydrodynamic solvent."”** The orientation angles y of these rods
are included in Fig. 6, assuming that the reduced shear rate coin-
cides with our Péclet number. Our data on aggregates are in excellent
agreement with the simulations of rods over a wide range of shear
rates.

C. Tumbling

Elongated ellipsoids and bodies of revolution rotate contin-
uously in dilute, sheared suspensions, following Jeffery orbits.””*’
Because certain orientations are dynamically more stable, the pre-
viously reported alignment and the orientation angle occur. This
tumbling motion can also be expected for carbon black aggregates
due to their anisotropy, even though the behavior is in general more
complex in the absence of axial symmetry.”””""'

To measure the relevant time scale of this tumbling motion, we
start out with the time traces AGuy(t) = Gua(t) — (Gaa)s, which are

ARTICLE pubs.aip.org/aipl/jcp

related to the extent of a single aggregate in the flow (xx) or gradi-
ent (yy) direction. A time shift At for which AG,. and AG,, become
most similar to each other corresponds to the duration of a 90° rota-
tion of a tumbling aggregate. To extract this time shift, we calculate
the cross-correlation function of the flow and gradient components
of the gyration tensor

(AL = (AGyy (£)AGye(t + AL))¢

x , 9
T G, (0)(aGk (1))

for each aggregate individually and for each Péclet number. To
define one effective tumbling time scale per Pe, Cy, is averaged over
all N aggregates, i.e., Cy, (At) = (Cy, (At))N.

For several high Péclet numbers, the cross-correlation func-
tions Cxy(At) shown in Fig. 7 exhibit prominent maxima at positive
lag times Afmax. As these correspond to the aforementioned 90°
rotation, we define the tumbling time as 4Atnax = 7;. Higher-order
maxima exist for the strongest observed shear rates. From purely
monofrequent tumbling, one would expect a periodic correlation
function. However, due to the range of aspect ratios of the aggre-
gates, thermal noise, and interactions, the aggregate-wise correlation
functions Cy, (At) dephase and decrease in magnitude. It stands out
that the correlation functions are almost symmetrical in lag time,
which is not the case for flexible polymers. Asymmetry appears to
be a signature of polymer flexibility and tank-treading.”” " For star
polymers, reducing the number of arms deforms the curve toward
lag time symmetry.”™

101 100 10t 102
Pe w
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FIG. 7. (a) The cross-correlation function of the flow and gradient components of
the gyration tensor, Cy, (At), captures the tumbling behavior for varying Pe. The
first maxima at positive lag times relate to the characteristic tumbling times. The lag
time is shown on a symmetric logarithmic scale, linear for At/z € [-10, 10]. (b):
The tumbling time 7; decreases for increasing Péclet number Pe beyond Pe > 1.
At about Pe < 1, diffusion dominates, and no tumbling can be seen. To resolve the
tumbling of single aggregates, violin plots of the distributions of tumbling times of
individual aggregates ;" are added for ¢ = 6%.
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Figure 7 also presents the characteristic tumbling time 7; plot-
ted against the Péclet number. The tumbling frequency is approx-
imately constant until Pe~ 1, as the motion is dominated by
diffusion. Beyond that, 7; decreases strongly and appears to follow
a power law. While the two decades shown do not warrant a reliable
fit of an exponent, other authors have observed similar behavior for
semiflexible rods,”*”” helices,” polymers, and polymer rings”"”" **
with various exponents, and Jeffery orbits** expect 7; oc 7.

For Pe > 1, higher volume fractions are consistently associated
with slower tumbling. The tumbling periods at ¢ = 9%(12%) are
on average 23%(90%) longer than at ¢ = 6%, which we attribute to
excluded volume interactions. Overall, the tumbling time appears to
be especially sensitive to density effects.

As 14 is derived from the ensemble-averaged cross-correlation
Cyy(1), it reflects a characteristic time scale of the entire system
depending on the shear rate. To resolve the motion of individual
aggregates, we derive tumbling times 7;° from their correlation func-
tions Cy,(¢) in an analogous manner. This comes at the cost of a
worse signal-to-noise ratio. The distributions are included in Fig. 7
as violin plots, whose widths reflect kernel density estimates of the
tumbling-time distributions. At low shear rates, 7; exhibits a large
variance. In this regime, there is no strong alignment effect, and
since we rely on the cross-correlation function of the flow and gra-
dient components of the gyration tensor, this renders the approach
less effective for both 7; and ;. At higher shear rates, the distribu-
tions of 7/ become narrower, which signifies that most aggregates
tumble with similar frequencies.

The rotation dynamics of aggregates are therefore initially
dominated by diffusion and do not depend on the shear rate. Then,
the minimal Péclet number for which shear leads to a change in
behavior is similar for tumbling and for alignment. The tumbling
speeds up with increasing shear strength, likely following a power
law.

56,5

D. Viscosity

Next, we will analyze whether the observed alignment effects
reveal themselves in the viscosity. To this end, we measure the stress
via

1 NN
Oxy = _V Z (ri,xFi,y + m'Ui,in,y): (10)

1

where r;, denotes the x-component of the position of primary par-
ticle i, Fiy is the y-component of the force acting on it, and vy is
the x-component of the velocity. The sum runs over all primary
particles. Then, the viscosity # acts as the proportionality constant
relating the time-averaged stress to the applied shear rate

1= (o), /> an

under steady shear. Alternatively, in the quiescent state, we can make
use of the Green-Kubo formalism®’ via

V oo
r]: m-([d5<axy(t)axy(t+s))t' (12)

The viscosity results are shown in Fig. 8. If plotted against the vol-
ume fraction, it becomes evident that higher densities lead to higher
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FIG. 8. (a) The normalized viscosity #/#, decreases with increasing Péclet num-
ber Pe. (b) Higher volume fractions ¢ lead to higher viscosity. We combine results
from the Green-Kubo relation for Pe = 0 and from simulations under shear for
Pe = 1,100. The error bars denote the standard error but are smaller than the
symbols for Pe = 1,100 and are thus omitted.

viscosities. The Green-Kubo results with Pe = 0 agree well with the
viscosity measured under shear flow for Pe = 1. We know the lat-
ter with much higher precision (maximal relative uncertainty of 2%
for Pe = 1 vs. 16% for Pe = 0). Therefore, we normalize the viscosity
under shear flow with #(Pe = 1) = , to capture relative changes.

With increasing Péclet number, this normalized viscosity
decreases notably, reducing by approximately 50% for the highest
shear rates. Therefore, there is a clear shear-thinning effect. We
explain this behavior with the alignment of the carbon black aggre-
gates, concerning both the long and short axes. This argument is
in agreement with prior studies on other elongated particles or
polymers.””° For most Pe, the normalization leads to coinciding
data points for the different volume fractions. Only for the highest
Péclet numbers does the shear thinning become stronger for higher
volume fractions. Thus, density effects do not only show up in the
absolute viscosity but also in the strength of shear thinning.

In general, the viscosity of carbon black suspensions can be
more complex if attractions” " are considered, which leads to clus-
ters of aggregates, the agglomerates. In addition, hydrodynamic
interactions could be included, which have been observed to possibly
change the rheological response of spherical colloids to shear.””"’

IV. CONCLUSION

We have investigated the non-equilibrium steady states of sus-
pensions of fractal carbon black aggregates in simple shear flow for
a purely repulsive particle model without hydrodynamics interac-
tions. Addressing the context of conductive suspensions, we focused
on volume fractions around the connectivity percolation threshold.
Although the aggregates are assembled in an intrinsically isotropic
aggregation process, which we emulated with diffusion-limited
aggregation, their structure is markedly anisotropic. Accordingly,
the aggregates behave similarly to ellipsoidal or rod-like particles
under shear flow. At Péclet numbers of about Pe = 1, the aggregates’
longest and shortest axes start to align with the flow and gradient
directions, respectively. The particles undergo a tumbling motion
that speeds up with applied shear rate, and the suspensions exhibit
shear-thinning rheology. Effects of density are observed for the
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viscosity, the orientation angle, and the tumbling times, whereas the
degree of alignment is unaffected.

Future extensive simulations are expected to elucidate how
shear flow influences transient particle networks that support electri-
cal conductivity. Especially, it remains unclear whether anisotropic
cluster formation under shear or aggregate-level alignment domi-
nates conductivity characteristics.

The findings presented here have direct relevance for electri-
cally conductive suspensions, nanocomposite precursors, and other
applications in which carbon black aggregates are used. When shear
flows are involved, the anisotropic nature of the aggregates likely
cannot be neglected. Instead, it can be exploited to induce and tune
directionally dependent material properties and functional behavior.

SUPPLEMENTARY MATERIAL

The supplementary material movie of the sheared carbon black
suspension at ¢ = 6% and Pe = 10 shows a 20007 segment of a tra-
jectory, smoothed with a window of 2007 to suppress fast thermal
motion.”
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