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The magneto-induced stress and relative microstructure in a colloidal
suspension of paramagnetic and superparamagnetic particles
dispersed in a ferrofluid medium is studied using particle-level
dynamics simulation. It shows that the stress perpendicular to the
direction of an external uniaxial magnetic field can be strongly
enhanced by increasing the ratio of paramagnetic particles to
approaching that of superparamagnetic particles. The magnetic field-
induced net-like or embedded chain-like microstructures formed by
paramagnetic and superparamagnetic particles contribute to this
stress enhancing effect.

The colloidal suspension of paramagnetic and super-
paramagnetic particles (SPSP) in a ferrofluid medium is a novel
smart magneto-controllable particulate composite," which is
usually prepared by dispersing micro-sized paramagnetic (or
diamagnetic) and superparamagnetic particles into a ferrofluid
matrix. As the physical or mechanical properties of this
suspension can be controlled by an external magnetic field,
more and more researchers are devoted to studying the mech-
anism and to exploiting the applications of this suspension. The
sketch of the colloidal suspension is illustrated in Fig. 1. In the
suspension, the permeability of the ferrofluid matrix can be
tuned by adjusting the concentration of internal nano-sized
magnetic particles. The permeability of dispersed micro-sized
paramagnetic particles is usually smaller than that of the fer-
rofluid matrix, while the permeability of dispersed micro-sized
superparamagnetic particles is larger than that of the ferrofluid
matrix. So in the presence of an external magnetic field, the
paramagnetic particle will be magnetized and obtain an anti-
parallel magnetic moment to the external magnetic field,
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behaving as a diamagnetic particle. Given this and corre-
sponding to Byrom and Biswal's work," in the following content
of this communication, we denote the paramagnetic particles as
“diamagnetic” particles and no longer distinguish whether the
particles are paramagnetic or diamagnetic under the usual
conditions. Here, we use a characterization of the particle
relative to the ferrofluid matrix. The superparamagnetic parti-
cles will be magnetized parallel to the external magnetic field
and we denote the particles as “paramagnetic” particles in the
suspension.

For magneto-controllable colloidal suspensions, it is widely
recognized that their macroscopic physical and/or mechanical
properties directly depend on their interior microstructures.
Generally, chain-like or column-like microstructures will form
when the homogeneous magnetic or magnetized particle colloidal
suspension is subjected to an external uniaxial magnetic field.>*
These microstructures are simple and they reduce the variety of
structures that can be formed. This limits the applicability of the
suspension to study other phenomena, such as magneto-gela-
tion,* magneto-seals,” and magneto-valves.*” To increase the
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Fig. 1 The sketch of the colloidal suspension of paramagnetic (or
diamagnetic) and superparamagnetic particles. x4, xr, and x,, are the
susceptibilities of paramagnetic (or diamagnetic) particles, ferrofluid
matrix, and superparamagnetic particles, respectively, and have the
magnitude relationship of x4 < xr < xp in the presence of an external
vertical magnetic field.
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diversity of magneto-induced structures and to study the struc-
ture-based properties, one way is to configure a diverse non-
uniform external magnetic field. But this way is usually too
complex or difficult to get or control an anticipatory structure in
experiment. Another way is to mix various particles with different
magnetic properties and/or sizes. Sedlacik et al®*® studied the
synthesis and characterization of different kinds of particles.
From an experimental study, Ulicny et al.** found an enhance-
ment in the magnetic field-induced yield stress of magneto-
rheological fluids caused by the presence of non-magnetizable
particles. Recently, an experimental study on the colloidal system
of paramagnetic particles (Dynabeads® M-270 streptavidin,
produced by Invitrogen, Grand Island, NY) and diamagnetic
particles (melamine resin beads, provided by Sigma-Aldrich, St.
Louis, MO) in a ferrofluid medium (fluidMAG-PAS, produced by
Chemicell-GmbH, Berlin) was carried out by Byrom and Biswal,"
observing two-dimensional fractal aggregates which grew in both
the directions parallel and perpendicular to the external magnetic
field. Liang et al.”* presented an enhanced separation experiment
of magnetic and diamagnetic particles in a dilute ferrofluid,
demonstrating that altering the susceptibility of the matrix can
significantly change the properties of the colloidal suspension of
magnetic and diamagnetic particles. Besides, colloidal suspen-
sions of dielectric particles with oppositely oriented induced
dipole moments were studied by Gangwal et al.** and Schmidle
et al,** demonstrating that unusual two-dimensional colloidal
networks will form under a high frequency alternating current
(AC) electric field. Furthermore, magnetic self-assembly was
found to be capable of organizing a diverse set of colloidal parti-
cles into highly reproducible, rotationally symmetric arrange-
ments."”® The aforementioned studies bring us inspiring
experimental results, as well as some relative qualitative
explanations.

However, as is pointed out by Faraudo et al.,"” it is clear that
theoretical concepts and methods progress at a slow pace
compared to the impressive development of experiments. We
lack a full understanding of the formation mechanism of the
particulate microstructure in the suspensions of different kinds
of particles with different magnetic properties and/or sizes, and
the microstructure-based macroscopic physical or mechanical
properties. In this communication, particle-level dynamics
simulation is employed to analyse the magneto-induced stress
state and stress-relevant microstructure of the SPSP with
different particle concentrations and different ratios of
diamagnetic particles to paramagnetic particles. The key point
of this work is to study how the ratio of diamagnetic particles to
paramagnetic particles dispersed in the ferrofluid matrix affects
the magneto-induced microstructure and the microstructure-
based macroscopic properties of the SPSP.

For the colloidal suspension of paramagnetic particles in a
ferrofluid, the susceptibility of the ferrofluid can be easily tuned
by adjusting the volume fraction of magnetic nanoparticles in
the deionized water solution:*

_ /‘LOM52¢m vV
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In the expression, u, is the permeability of vacuum, M is the
saturation magnetization of the magnetic nanoparticles, ¢, is
the volume fraction of magnetic nanoparticles in the ferrofluid,
V is the volume of a single magnetic nanoparticle, kg is the
Boltzmann constant, and T is the colloidal absolute tempera-
ture. When placing a micro-sized paramagnetic particle into the
ferrofluid and applying an external magnetic field to the system,
the particle will acquire a dipole magnetic moment:

4 3
m=VM = 7;“ 3KH = 4md’ KH. )
_ Xp — Xt
Xp + 2% +3

where a is the radius of the particle, K is the Clausius-Mossotti
factor relating the magnetic susceptibility of the particle to that
of the ferrofluid, x,, is the susceptibility of the particle, and H is
the applied external magnetic field. Here, as the placed micro-
sized particle is two orders of magnitudes larger than the
magnetic nanoparticle in dilute ferrofluid (¢, < 5.0%), to
simplify the modelling and analysis, the ferrofluid is considered
as a continuum medium either in the presence of or in the
absence of an external magnetic field. Eqn (2) shows, as well as
Fig. 1 illustrates, that the particle can exhibit a dipole either
parallel (paramagnetic) or antiparallel (diamagnetic) to the
external magnetic field, depending on its susceptibility being
either larger or smaller than that of the ferrofluid. Increasing
the ferrofluid concentration has an effect of increasing the
moment of the diamagnetic dipole and decreasing the moment
of the paramagnetic dipole simultaneously. After the dispersed
particles acquire paramagnetic or diamagnetic dipole moments
under an external magnetic field, they will form some certain
magneto-induced aggregates through particle-particle and
particle-matrix interactions.

When a particle, marked as particle 7, is magnetized as a
dipole, it will produce an induced magnetic field in its
surroundings:

m;  3(m;-r)r
= amr ©)

where m; is the magnetic dipole moment of particle i, r is the
spatial vector from particle i to a spatial field point and r is the
norm of r. The other magnetized particle j will induce a
magnetic field applied on particle 7 as:

m; 3(”’./"’i/)"i/
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y

(4)

in which m; is the magnetic dipole moment of particle j, r;; is the
positional vector from particle j to particle 7 and ry; is the norm
of r;. Then the magnetic dipole moment of particle i will be
updated as:

N
m; = 4‘rw[3K <H + Z H@/) ) (5)

j=1j#i

in which N is the total number of the particles in the considered
system. With the magnetized particle i and particle j, the
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interparticle magnetic force between them can be described
using the classical dipole approximation:
m 3:“‘0

31
7= Gy (my — Sy, )y + pr (mjem; + mm;), (6

with m; = m;-mj, m;, = m;-ry/ry, and m; = m;-r;/r;. Hereto, the
magnetic interaction between magnetized particles is modelled
on matter whether the particle is paramagnetic or diamagnetic.
The ground states of magnetic interactions among para-
magnetic and/or diamagnetic particles under an external
magnetic field are illustrated in Fig. 2.

The interparticle van der Waals force is also taken into
account when modelling the particle-particle interaction. This
force can be expressed as:*

164 r;

F' = =
D (L4 2L +4L) T

/

)

where A is the Hamaker constant, and L, = 2(r;; — d;;)/d;; and d;;
= (a; + aj). a; and g; are the radius of the particle i and particle j,
respectively. To avoid the interparticle overlap, the excluded-
volume force is introduced as:*
F;Y:é";o—::;’exp[— 10(ry/dy —1)] -1y (8)
The force can balance the interparticle magnetic force when
the particles are in contact with each other.
When the particle i moves in the ferrofluid matrix with a low
Reynolds number, the hydrodynamics drag force applied on it
can be characterized by the Stokes force as:

F'= —£,-U. )

Here, £, = 677, is the translational drag coefficient, U is the
moving velocity of the particle relative to its surrounding fer-
rofluid matrix. 7; is the viscosity of the ferrofluid matrix and a; is
the radius of the particle i. Besides, the stochastic Brownian
force F applied on particle 7 arising from the thermal fluctua-
tions in the ferrofluid can be characterized by:*
(F?y = 0 and (FP(0)FP(1)) = 2kgTREyd(f) (10)
where Rgy is the configuration-dependent resistance matrix that
gives the hydrodynamic force on the particles due to its motion
relative to the fluid, and 4(¢) is the Dirac-delta function. To the
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Fig. 2 The ground states of magnetic interactions among para-
magnetic and/or diamagnetic particles. Paramagnetic (or diamagnetic)
particles will approach each other with head to tail arrangement along
the direction of an external magnetic field, while paramagnetic and
diamagnetic particles will approach with side by side arrangement
perpendicular to the external magnetic field.
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translational motion of particle i, the resistance matrix can be
simplified to a resistance coefficient £.. The resultant force of
gravity and buoyancy applied on particle i is:

4ra®
W; (bp — )8

ob
F? = (11)
in which, p,, and p; are the densities of particle and ferrofluid,
respectively. g is the gravitational acceleration. The values of
main physical parameters in the computation are based on
what they are in the experiment of Byrom and Biswal' and are
listed in Table 1.

With the aforementioned forces, the motion of particle i can
be governed by the kinematic equation:

4malp, dr

v = L F T FY) + F B P

Vel

(12)

where r is the position vector of particle i. As the particle is
paramagnetic or diamagnetic, the magnetic torque applied on
the particle is so small that the magneto-induced rotational
motion of the particle can be neglected. In eqn (12), |Flgb| =
0(1077) uN is constant to particle i.
(FB) ~ /TFRO)FF(D) = /2kaTRey3(¢) = 0(1077) pN. |FP| =
0 ~ 0(1077) uN, which is relevant to the velocity of particle i. To
estimate the interparticle forces Fy' Ffjdw and F, the situation
of two contact particles with equal diameter of 1.5 um and the
orientations of the magnetic moments parallel to the positional

vector is discussed. Then we can have
- A di

[FP| = 3ugm?/ (32ma*) = 0(10%) N, |Fy| = 2T —
min

0(107%) uN, and |F§'| = O(10°) pN. It can be seen that
the interparticle magnetic force Fjj' and excluded-volume force
Fj" are the dominant forces in the colloidal suspension in the
presence of an external magnetic field. In the absence of an
external magnetic field, FF, F#® and F;vdw will drive particles to
move, while F will hinder the particle motion. The numerical
solution of eqn (12) can be obtained using the velocity-Verlet
integral scheme.?

In the simulation, a cubic cell with edge length 50 pm and a
quadrate cell with edge length 150 pm are considered for three-
dimensional and two-dimensional cases, respectively. Periodic
boundary conditions are applied to all sides for the two cases.
The integral time step is set as 5.0 pus and the number of total
time steps is 1.0 x 10°. When the colloidal suspension gets a
quasi-stable state under an external magnetic field, the internal
forces will achieve a self-balancing state, and the interparticle
magnetic force behaves as the governing active force. Therefore,
to quantitatively characterize the state of the magneto-induced
particulate aggregates, we introduce the microstructure-based
magneto-induced stress tensor:

1 N
§ m
I’UFU .
j=i+1

Here, Vis the volume of the considered cubic cell. N is the total
number of particles. r; is the relative positional vector from
particle i to particle j. Fjj" is the interparticle magnetic force of
particle 7 and particlej. The axial stress along the direction of an

=

(13)
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Table 1 The values of main parameters in the computation (ref. 1)°
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Parameter Physical meaning Value
Pp Density of paramagnetic particles 1.60 g cm™?
Density of diamagnetic particles 1.51gem™?
a Average radius of paramagnetic particles 1.4 pm
Average radius of diamagnetic particles 1.5 um
Xp Susceptibility of paramagnetic particles 0.96
Susceptibility of diamagnetic particles 0.00
Xf Susceptibility of the ferrofluid 0.00-0.96
Pt Density of the ferrofluid 1.00 g cm ®
N¢ Viscosity of the ferrofluid 0.01 Pa s
|H| Magnetic strength 11.2kAm™*
lg] Gravitational acceleration 9.80 m s~
T Colloidal absolute temperature 298.0 K
A Hamaker constant 5.0 x 1077
o Permeability of vacuum 127 x 10N A2
kg Boltzmann constant 138 x 100 ¥ NmK*!

4 ‘N’ in the ‘Value’ column is the unit of force: kg m s~ 2.

external magnetic field is denoted as ¢, and the other two
orthogonal axial stresses are denoted as o, and g, respectively.
The strength of axial stresses perpendicular to the direction of
the external magnetic field is taken as (o, + 0,)/2, which is the
mean value of max and min stress strength:

Omax | _ Ox 0y 1 (ax — ay>2 o2
= Xy
O min 2 i

- (14)
in which, T, is the strength of the shear stress between x and y
axes.

To the SPSP, the volume fraction of total particles (para-
magnetic and diamagnetic particles) is denoted as ¢, the ratio
of diamagnetic particles to total particles is denoted as A (that is
the ratio of diamagnetic to paramagnetic particles is A : (1 — 1)),
and the ratio of the magnitude of the magnetization of
diamagnetic particles Mg to that of paramagnetic particles M, is
denoted as y (namely, v = Mgy/M,). The alteration of other
parameters (such as the susceptibility of ferrofluid xy, the
quantity of particles, and the external magnetic strength H)
finally results in the change of the magnitude of paramagnetic
dipole moment M, and the values of the three parameters: ¢, 4,
and v. The size distribution of the paramagnetic and diamag-
netic particles can be characterized using a log-normal distri-
bution density function:

(15)

202

_mw-#}

where d is the diameter of particle, u and ¢ are the expectation
and standard deviation of In(d), respectively. In the computa-
tion, 4 = 1.03 and 1.10 for the paramagnetic and diamagnetic
particles, respectively. ¢ = 0.30 for both the particles.

The magneto-induced stress states of SPSP with different
ratios of diamagnetic particles are presented in Fig. 3. Firstly, it
can be found that all the stress-ratio curves are symmetrical at
A = 0.50 on the whole. This is because y = 1.0, that is the
paramagnetic and diamagnetic particles have the same
magnitude of magnetization but with opposite orientations. In
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other words, for example, the particulate system of A = 0.20 is
equivalent in mechanics to the particulate system of A = 0.80,
and 4 = 0.20 will transfer to be A = 0.80 if we oppositely change
the orientations of both the paramagnetic and diamagnetic
particles in the system of A = 0.20. The subsequent discussions
of the stress states will only concern the particulate systems
from A = 0.00 to A = 0.50. The axial stresses ¢, along the
direction of an external magnetic field with different ¢ and A are
shown in the left subfigure of Fig. 3. When the volume fraction
of total particles is small, ¢ = 5.0% for an example, o, will
decrease slightly with the increase of A, and the drop of ¢, is
29.2% from A = 0.00 to 0.50. The same trend occurs in the
systems of ¢ = 10.0%, but the drop of ¢, is 7.3%. For the
condition of ¢ = 12.5%, the fluctuation of stress o, is less than
5.0%. When ¢ reaches 15.0%, o, shows a magneto-induced
enhancing effect with the increase of A on the whole, and the
enhancement of ¢, is 14.2% though a small drop also exists in
the case of 2 < 0.05. When ¢ increases to 20.0%, ¢, shows a
magneto-induced enhancing effect with the increase of A and
the enhancement of ¢, reaches 31.2%. Compared to o, the
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Fig. 3 The magneto-induced axial stress of particulate systems with
different volume fractions ¢ and ratios of diamagnetic particles A. The
left subfigure shows the stress o, along the direction of an external
magnetic field. The right subfigure shows the mean value of the two
orthogonal axial stresses g, and g, (both perpendicular to the direction
of the external magnetic field).
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transverse stress (o, + 0,)/2 shows a strong magneto-induced
enhancing effect for all ¢ values with the increase of A. The
enhancements reach 365.6%, 104.5%, 58.3%, 107.1% and
96.9% for ¢ = 5.0%, 10.0%, 12.5%, 15.0% and 20.0%, respec-
tively, from A = 0.00 to A = 0.50. It is worth noting that both the
axial stress along the direction of an external magnetic field and
the transverse stress perpendicular to the field direction are
strongly enhanced with the increase of the ratio of diamagnetic
particles for the volume fraction of total particles being larger
than 12.5%.

To understand the microstructure-based mechanism of the
magneto-induced stress enhancing effect, the microstructure in
a two-dimensional (2D) case is studied firstly. The 2D case is
actually a special three-dimensional (3D) case with all the
particles being coplanar. The external magnetic field H is set as
11.2 kA m™ . ¢ is set as 20.0%. v is set as 1.0. The magneto-
induced microstructures with 2 = 0.00 and A = 0.50 are illus-
trated in Fig. 4, in which the edge length is 150.0 pm. The left
subfigures of Fig. 4 show the initial random dispersion of
particles in the colloidal suspensions and the right subfigures
show the relative final microstructures after applying a steady
uniaxial external magnetic field. For the condition of 2 = 0.00,
namely there are no diamagnetic particles in the colloidal
suspension, the paramagnetic particles in the suspension will
form chain-like microstructures along the direction of an
external magnetic field. For the condition of A = 0.50, the
number of diamagnetic particles in the suspension is the same
as that of the paramagnetic particles, the aggregates of all the
particles will grow in both the directions parallel and perpen-
dicular to the external magnetic field. The perpendicular growth
of the particle aggregates results from the interaction of para-
magnetic and diamagnetic particles (as the ground state of
“para/dia-magnetic” shown in Fig. 2). This is an interesting
phenomenon that the SPSP will swell not only in the direction of
the uniaxial external magnetic field but also in the direction

5”‘?5“ m«,;{ 3 Sgg

O

R R R A (P

RS M
PRt

§°: %’:, 25 000 5 B "9t
P .,."'?3:'.'9; [ 1=0.50

Fig.4 The magneto-induced 2D microstructures with (¢ =20.0%, A, v
=1.0)and H = 11.2 kA m~L. The left subfigures show the initial random
dispersion of particles in the colloidal suspensions with 2 = 0.00 and
0.50, respectively. The right subfigures show the final microstructure
relative to their origins after applying a steady uniaxial external
magnetic field.
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perpendicular to the field (more illustrations can be found in
the ESIt).

The 3D magneto-induced microstructures of the colloidal
suspension with different ratios of the diamagnetic particles are
illustrated in Fig. 5, in which the edge length of the considered
cubic cell is 50 pum. When 4 = 0.00, the particles will form
column-like structures along the direction of an external
magnetic field. These structures formed by paramagnetic
particles are similar to the structures formed by soft magnetic
particulate composite in our previous studies.**** For the
condition of 2 = 0.10, namely there is a small number of
diamagnetic particles in the total particles, the main micro-
structures are also the column-like structures formed by para-
magnetic particles. Simultaneously, the diamagnetic particles
adhere to the column-like structures. The diamagnetic particles
are mainly separate from each other and fill the space among
the column-like structures formed by paramagnetic particles.
When 1 increases to 0.25, the diamagnetic particles will form
some short chain-like structures filling the space among the
chain-like or column-like structures formed by paramagnetic
particles. The diamagnetic particles are no longer separate from
each other and form chains contributing to the whole structure.
Increasing A to 0.50, as shown in the bottom-right subfigure of
Fig. 5, the diamagnetic and paramagnetic particles play a
coequal role contributing to the whole microstructure. The
particles aggregate to form chain-like or column-like structures
with other particles having the same magnetic properties. The
diamagnetic particle chains blend with the paramagnetic
chains and both kinds of the chains adhere to each other side by
side (as shown in the central inset of Fig. 5). This results in
the dispersal uniformity of all the particles and the

Fig.5 The magneto-induced 3D microstructures with (¢ = 20.0%, A, v
=1.0)and H = 11.2 kA m™L. All the subfigures show the final magneto-
induced microstructures with relative A. The central inset is the
axonometric view of A = 0.50 and the others are the top views of 1 =
0.00, 0.10, 0.25, and 0.50, respectively. The lilac balls denote the
paramagnetic particles and the dark green balls denote the diamag-
netic particles.
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magneto-induced stress in both the directions of longitudinal
and transverse to the external steady uniaxial magnetic field.

The magneto-induced stress enhancing effect results from
the fact that both the paramagnetic and diamagnetic particles
can form chain-like structures, and the paramagnetic and
diamagnetic chains attract each other side by side (as shown in
the central subfigure of Fig. 5). An enhanced magneto-
rheological effect using non-magnetizable particles was repor-
ted by Klingenberg et al.***” and they explained the effect in part
to be resulting from the fact that the non-magnetizable particles
enhance the non-magnetic repulsive force of magnetizable
particles. Here, for the SPSP, we demonstrate that the magneto-
induced enhancing effect results from the magnetic interaction
between the paramagnetic and diamagnetic particles.

In conclusion, the magneto-induced stress and stress-rele-
vant microstructure of the SPSP was studied using particle-level
dynamics simulation. It shows that the magneto-induced
transverse stress (perpendicular to the direction of an external
magnetic field) can be greatly enhanced by increasing the ratio
of diamagnetic particles to approaching that of paramagnetic
particles. The simulation reveals that the magneto-induced
transverse stretched net-like structures or embedded chain-like
structures formed by paramagnetic particles and diamagnetic
particles contribute to the transverse stress enhancing effect.
When the magnitude of the diamagnetic dipole moment is
equal to that of the paramagnetic dipole moment and the
volume fraction of total particles is larger than 12.5 v/v%,
increasing the ratio of diamagnetic particles will also enhance
the axial stress strength along the direction of an external
magnetic field, while there is a small reduction in this stress
when the volume fraction is below 12.5 v/v%. The enhancing
effect of the axial stress results from the fact that both the
paramagnetic and diamagnetic particles can form chain-like
structures, as well as the paramagnetic chains and diamagnetic
chains tightly attracting each other side by side.
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