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ABSTRACT

Composites can be tailored to specific applications by adjusting
process variables. These variables include those related to
composition, such as volume fraction of the constituents and
those associated with processing methods, methods that can
affect composite topology. In the case of particle matrix
composites, orientation of the inclusions affects the resulting
composite properties, particularly so in instances where the
particles can be oriented and arranged into structures. In this
work, we study the effects of coupled electric and magnetic field
processing with externally applied fields on those structures, and
consequently on the resulting material properties that arise. The
ability to vary these processing conditions with the goal of
generating microstructures that yield target material properties
adds an additional level of control to the design of composite
material properties. Moreover, while analytical models allow for
the prediction of resulting composite properties from
constituents and composite topology, these models do not build
upward from process variables to make these predictions.

This work couples simulation of the formation of microscale
architectures, which result from coupled electric and magnetic
field processing of particulate filled polymer matrix composites,
with finite element analysis of those structures to provide a direct
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NOMENCLATURE
Re|K]: degree of polarization.
o : AC field frequency.
TMW: Maxwell-Wagner charge relaxation time.
v: Poisson’s Ratio.
D: Compliance Matrix
N: Number of particles.
E,: External magnetic field.

and explicit linkages between process, structure, and
properties. This work demonstrates the utility of these method
as a tool for determining composite properties from constituent
and processing parameters. Initial particle dynamics simulation
incorporating electromagnetic responses between particles and
between the particles and the
applied fields, including dielectrophoresis, are  used to
stochastically generate representative volume elements for a
given set of process variables. Next, these RVEs are analyzed as
periodic structures using FEA yielding bulk material properties.
The results are shown to converge for simulation size and
discretization, validating the RVE as an appropriate
representation of the composite volume. Calculated material
properties are compared to traditional effective medium theory
models. Simulations allow for mapping of composite properties
with respect to not only composition, but also fundamentally
from processing simulations that yield varying particle
configurations, a step not present in traditional or more modern
effective medium theories such as the Halpin Tsai or double-
inclusion theories.

x: Position vector.

d: Orientation of semi-minor axis unit vector.
M: Particle magnetization strength.

R: Particle radius.

V: Particle volume.

F,: k-type force acting on a particle.

Ty: k-type torque acting on a particle.

€, : Permittivity of free space
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€p : Permittivity of a particle

€ : Permittivity of the matrix.

1;: Vector pointing from particles i to n.
f;: Unit vector of 1;.

Q: Scaling parameter for repulsive force
D: Drag coefficient.

7n: Dynamic viscosity.

w: Angular velocity.

m: Particle mass.

J: Particle moment of inertia.

A: side length of unit cube RVE

€;,;: the 1,j component of small strain
0;j: 1,j component of the nominal stress

1. INTRODUCTION

Exploration of processing — structure- property is a key area of
study in material science. Traditional effective medium theory
is a powerful tool for determining the material properties of
various composites from those underlying structures . Several
theories have been developed over time, such as the Halpin-
Tsai model and the Mori-Tanaka model, both of which are
widely used with various composites [1]-[3]. However, as
these models use only parameters pertaining to composition, or
nominal metrics of structure, they do not directly take into
account the effects of processing parameters, specifically how
the structures are formed by the processing. Precisely
controlling microstructures during processing is a crucial
mechanism for manipulating the properties of composite
materials. Material systems consisting of filler material
embedded in a matrix can be structurally modified to change
several bulk properties, including those related to mechanical,
magnetic, and electric responses[4]-[7].

In this work, initial particle dynamics simulations,
ultimately coupled with finite element methods, are used to
bridge the complex predictive gap between processing and
properties in an electro-magnetically processed polymer matrix
composite. The work is motivated by the wuse of
electromagnetic field processing by researchers and those
industry. For example, it is known that application of a static
magnetic field on a ferrofluid, which is a colloidal suspension
of ferromagnetic particles in a carrier fluid, will result in a
change in the internal structure [8]. These particle-particle
interactions manifest in observable surface instabilities, such as
the Rosensweig effect [9], or a change in viscosity, known as
the magnetoviscous effect [10], [11]. Studies have also reported
that colloids embedded in a polymeric matrix can be
manipulated to form chains with electric and magnetic fields
[12]. Furthermore, recent studies have reported that a
combination of magnetic and electric fields during the curing
process of composites can arrange particles in multiple
dimensions [13], and potentially create a hierarchy of structure
where chains can contain smaller-scale structures whose
primary axes do not align with the chain’s axis [14].
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These latter works involving coupled fields utilize
dielectrophoresis. Dielectrophoresis describes the translation
that is caused by an electric field due to induced dipoles,
leading to unidirectional alignment of the particles within the
colloid [13]. Although colloidal suspensions will respond
readily to an AC or DC field, a DC field will result

in electrophoresis, where charged particles move toward the
oppositely charged electrode [12]. An AC electric field
however can result in a net electrostatic force, due to
dielectrophoresis, which causes particle motion [15]. The
benefit of using an AC field is the potential for precise motion
control via manipulation of parameters such as field strength
and frequency [12]. The frequency of an applied field,
conductance of the particles and the medium; particle size,
particle shape, and particle number ratio can be used to tune
structures formed in a biparticle colloidal system [16]. The
dielectrophoretic mechanism that directs particle micro
architecture formation results directly from the particles’
electric dipole vectors whose direction lies along their
polarization axis. and whose polarization strength can be
described using the Clausius-Mossotti function [17].
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where Re|K| shows the degree of polarization, €; and o;are the
dielectric permittivity and conductivity of the media, €, and o,
are the dielectric permittivity and conductivity of the particles,

o is the AC field frequency, and tMW is the Maxwell-Wagner
charge relaxation time defined by

or+ 2G| (2)

Dipoles induced in particles in a proximity of one another
interact and align to form chains, driven by the field strength
squared and the radius of the particle squared. Particles of the
same type always align along field lines regardless of the media
of the colloid [17]. Simultaneously, external magnetic and AC
electric fields acting on particles can be tuned to control the
structures and networks formed. Particles can be coerced into
forming directional chains or 2D networks with various field
configurations. The resulting properties of the composite, such
as mechanical, thermal, and dielectric, containing such particle
structures depend on the configuration of the particles [13].

In the work herein, the simulations are meant to model the
response of barium hexaferrite, and ferromagnetic particle with
a hexagonal plate-like geometry. From SEM studies, we have
observed that the particles have thickness of ~1 um, and
median hydraulic diameter of ~7pum. Consequently, Brownian
motion is not considered dominant. This argument for particles
of this size is supported by other researchers [8].
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Additionally, while the polymer fluid at first fully liquid, the
fluid is cured with addition of heat while still under the
influence of the external fields. Consequently, structures
produced are fixed in place during curing. This process is
meant to model the curing behavior of Dow Corning Sylgard
elastomer compound.

Finite element analysis of these particle structures’ resulting
material properties have been found to correlate well to
effective medium theory, such as the Mori-Tanaka model [18],
[19]. Finite element analysis estimation of material properties
is most efficiently done through the use of a representative
volume element (RVE) due to the computational cost of large
simulations. Of particular concern with such simulations is the
size of the volume used. If the simulation is overly simplified
the results will be inaccurate, while larger models use
significant resources to solve. A convergence study on physical
properties can be used to determine the appropriate size of a
model, such as was done by Pahlavanpour et al. [20], where
the effective modulus was used to determine convergence. It
was determined that for large discrepancies in modulus
between the matrix and the particles, that larger RVE’s were
required for accurate results. In [20] it was shown that the
minimum RVE size required for convergence is 5% larger
when the modulus discrepancy between particle and matrix
modulus is increased from approximately 9.5 to 13 times
greater.

The overarching goal of this work is to predict effective
properties of polymer matrix composites whose micro
architectures result from electromagnetic processing. The work
uses existing simulation software, developed by the authors, to
predict those architectures for proscribed processing conditions
on a proscribed constituent set. Next, this work develops new
software tools that take tabulated data from processing
simulations, generates solid (CAD) models, and subsequently
analyzes those models using COMSOL Multiphysics, a
commercial finite element software package. Consequently,
this document reports results of simulations and property
estimations undertaken to assess the method’s ability to
converge to a representative volume element and subsequently
to accurately predict effective moduli. Accuracy of predicted
moduli is made by comparison to existing validated effective
medium theories.

2. MATERIALS AND METHODS

In this work, N ellipsoidal particles are assumed distributed in a
polymer matrix of volume V and subjected to an applied
electric field vector E. Particle positions, x, and orientations,
d, are determined for a selected set of processing parameters
following the simulation of particle dynamics driven by
classical electromechanics.

Governing forces

V001T02A008-3

The dynamics of colloidal suspensions of
electromagnetically susceptible particles are governed by several
types of interactions including thermal, diffusive,
electromagnetic and hydrodynamic. For micrometer sized
particles, diffusion and thermal motion can be safely neglected
[21]-[24] . The governing forces under this assumption are then
electromagnetic, hydrodynamic and contact forces; gravity is
neglected due to the colloidal assumption.

Hydrodynamic forces and torques

As observed in the literature, the Reynolds number
associated with the motion of a particle acted on by external
fields in similar suspensions is on the order of 107° [24]-[26].
We can, therefore, model hydrodynamic forces as Stoke’s Drag.
The force that the fluid exerts on particle n as it tries to translate
is then given by:

(Fdrag)i = —Dx; 3)

where D is the drag coefficient. Assuming a spherical particle of
hydraulic radius R in a fluid with dynamic viscosity 1, drag is
given by D = 6mnR.

Particles also experience resistance to rotational
motion. This hydrodynamic torque can be modeled by:

(Tdrag)i = 87T77R3(‘)i “4)

where w,, is the angular velocity of particle n, which can be
defined in terms of the particle orientation d; by: w; = d; X d;.

Repulsive forces

Traditional models for hard sphere interactions are
employed in numeric simulations to produce repulsive forces
[251-27]

_gm_qy .
(Frep)i = 7=1Q e PGr )rj %)
where Q is a variable scaling factor adjusted to ensure stability
of the simulations, and r; is the position vector between particles
iandj.

Electromagnetic forces and torques

The particles are also assumed to have a dielectric
response, which yields dielectric forces and torques. The
dielectrophoretic force experienced by particle i is

(Fdep)l- = (pi : V)Eir (6)

where Ej, is the sum of the external field and all field
contributions of other particles, computed at the i"
particle’s location.
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The dielectrophoretic torque on the it" particle is
given by

(Taep), = pi X E; (7)

where the polarization of particle i, p;, is computed from
Eoel 1 Eo-e} o

i =Vle — € = e; + = P+
Pe= (& = en) <1+(—5’L,§'”)L1 A=

Eo8] 3
— e €] 8
) ®

where V, is the particle volume €, and €, are the
permittivities of a particle and the matrix, respectively.
Note also that L; are the depolarization factors of an
elliptical particle with respect to an orthonormal basis &; —
é, —ées;.

The particles are also assumed to be acted on by magnetic
forces and torques. The magnetic force is given by

(Fnag), = —HoMV,V(H, - d) ©)
and the torque by
(Tmag), = oMV, (d; X H)) (10)

where H; is the sum, at the location of the it" particle, of the
stray fields given off by all particles.

Equations of motions

The forces acting on particle i determine the evolution
of its state variables X; and d; by Newton’s second Law. The
equations of motion for the i" particle are then:

mX; = (Fmag)l- + (Fdep)l- + (Fdrag)l- + (Frep)l- (11)
and
]i(di X dl) = (Tmag)l- + (Tdep)i + (Tdrag)l_ (12)

where m; and J; are the mass and moment of inertia of particle i.

The particles are assumed to exist in a representative cubic
volume element with side length A that is computed to yield to
appropriate volume fraction f,

1

A= (47::;1\1)5 (13)

Processing Simulation Boundary conditions
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We defined a representative volume element (RVE)
containing a finite number of particles to represent the behavior
of the system away from the fluid surface. Also, we used three
dimensional nearest neighbor periodic boundaries on the RVE,
e.g. a particle that exits the boundary returns on its mirrored
boundary at the corresponding exit point with the same velocity,
x. Details of methods of temporal discretization, specific
numerical schemes employed, and error estimation may be found
in [24].

3. RESULTS OF SIMULATIONS AND ANALYSES

We can translated the numerical scheme developed in
the previous chapter into a computational algorithm using
Matlab®. To produce useful predictions from this simulation we
need to select appropriate values for our governing constants,
define quantitative parameters that characterize the observed
structures, and determine the sensitivity of our code to the
boundary and initial conditions.

Simulation parameters

Our objective was to predict the micro-structure of MAE
samples fabricated under two conditions, with and without an
aligning electric field. We focus specifically on MAEs made of
a polydimethylsiloxane (PDMS) matrix reinforced with barium
hexaferrite particles. With this in mind we select fluid and
particle characteristics that closely match the fabrication process
of this material used by the authors in experiments [14].

Particle volume fraction: f = 0.1
Dynamic viscosity : 3.5 Pa - s
Particle radius R: 0.5 x 107°m
Particle magnetization M: 380 kA/m

For electric-field aligned cases, these simulations were
performed under an excessively high unidirectional electric
field, with amplitude of |||Ey||| = 100 MV /m, to simulate an
electric field dominated system. For cases with no electric field
alignment, E, = 0 V/m. The external magnetic field in all cases
was set to Hy = 50 kA/m in simulations. This magnetic field
strength is nominally low, equivalent to a refrigerator magnet,
and is used because it reduces computational time without
affecting chain alignment (See Figure la). The details of the
reduction in computational time stem from the time integration
scheme chosen as well as the determination of the repulsive force
scaling factor, Q. The details can be found in Ref. [24]. This low
magnetic field does not affect alignment because it is only 13.1%
of the magnetization of the particles and is therefore
energetically dominated by particle magnetization. Additionally,
the electric field magnitude is assumed static, e.g. producing DC
field. The attractive nature and subsequent chaining seen in
results follows from the sign of the Classius - Mosatti factor.

This particular example was used to highlight orthogonal

chaining, where chains are not formed in the traditional North-
South-North-South stacking sequence of particles strongly
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magnetized by an external field (or aligning due to remnant
magnetization), but instead along an induced electrically
polarized axis where charge distribution develops along the
particles’ semi-major axes. Electrics Fields of similar strength
and electric and magnetic field coupling have been used
experimentally by the authors to produce varying micro-
architectures systems of barium hexaferrite particles in a heat
curing Down Corning Sylgard polymer fluid. Details may be
found in [14].

The size of the individual particles, volume fraction of particles
in the composite, magnetic field strength, and electric field
strength are used in a particle dynamic simulation developed in
[28]. Details of the simulation methods are given in Section 2
and can be found in more detail in [24]. Results of simulations
show that processing can influence micro-architecture, see
Figure 1. With no external field, Figure la, particles form
chains by stacking particles along their remnant magnetic axes,
which is normal to the hexagonal plate of the actual particle and
therefore lie along the semi-minor axes in simulations. In this
instance there is no external field to macroscopically align the
particles, therefore there is no long-range order observed. In
Figure 1b, with external only an electric field applied, the
particles align long their induced electrically polarized axes,
which lie along a semi-major axes. Also note that the magnetic
axes now show no long range order.

. : - e 4 . ..n-
A l ;- !
(a) (b)

Figure 1: Representative simulation results of (a) no external
field applied and (b) electric field only. The zero field case
shows chaining due to particle remanence but no long range
order while electric field case shows alignment with the
external field. Blue arrows denote magnetic easy axis and red
arrows induced electric dipole axis.

In the dynamics simulation, particles were modeled as barium
hexaferrite, a magnetically orthotropic material with a plate like
shape. The particles are 0.5 um along 2 of the semi axes and
have an aspect ratio of 3.33 with a modulus of 152 GPa and

permittivity of 10€,. The matrix material used has a modulus

of 72kPa and a permittivity of 2€.The fluid is assumed to have
relative permeability of one and a viscosity of 3.5 Pas.

Due to the applied field, particle-particle interactions,
and dielectrophoresis, the particles begin to align in chains as
shown in Figure 1. The direction and orientation of each of
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these particles can then be used to generate a solid model
geometry for a finite element analysis (FEA).

x10°% m

Figure 2. Solid model of simulations of microscale architecture
of particles aligning in an electric field oriented vertically.

The centers of the particles and their orientation, generated by
the processing simulations, are used in COMSOL to create a
representative volume element (RVE), for which various
material properties and test cases can be applied. In this work
the mechanical properties of a composite were tested and
compared to classical effective medium theory, specifically the
Mori-Tanaka and Halpin-Tsai models. In order to populate an
elasticity matrix, three normal stress and three shear stress
cases were applied individually to produce a total of 6 load
cases, which assumes an orthotropic symmetry to the
composite.

Proscribed displacements on cubic RVE boundaries were used to
generate desired macroscopic strains €; ;. To prevent rigid body
translation and rotation, appropriate boundary conditions were
selected for each specific load case, an example of which is
shown in Figure 3. In Figure 3, a positive z-displacement on the
positive z-face is shown. This z-face, z-displacement
combination would produce €,,. The limited restrictions on
motion of the negative z-face to remain the x — y plane allows
free expansion in this plane, while the limits on motion along the
y and z axes in the x and y planes, respectively, prevent
translation in the x — y plane and rotation about any axis. Similar
boundary conditions representing a cube with free faces allowed
to expand freely while constraining rigid body rotation and
translation were applied for all six load cases.

A surface averaged stress is calculated from the finite element
analysis of the loading — boundary condition combinations,
which with the known applied strain, can be used to calculate
the diagonal components of the compliance matrix. Each load
case isolates a given stress and strain pair, such that the
diagonal entry corresponding to the given set can be expressed
as

€ii

Dy; = 3)

i
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where D is the component of the compliance matrix, i is the
load case number, ¢ is the strain, and o is the stress component.

Constrained in Constrained in

Z direction

Constrained in
v X direction Y direction

Figure 3. Boundary condition example for fixed
displacement €3 3 where the red highlighted edges\faces had a
prescribed displacement of Om and the green highlighted face

had a non-zero prescribed displacement in the indicated
direction.

The full compliance matrix for an orthotropic material is

1 V12 Vi3
. Ey Ep E3 -
11 Vi 1 Vag 11
€22 - = 022
£33 Ey E; Es 033
gz | T (Y3 _Ya3 1 012
€13 Ey E;, Ej 1 . 013
€23 261, 023
2G;; 1

where E is Young’s modulus, G is the shear modulus and

v is Poisson’s ratio. These calculations are repeated for each
load case to populate the diagonals. Poisson’s ratio is calculated
using the relationship between the known strain and one of the
remaining directions’ calculated values

Eii

In order to determine the appropriate size of the RVE,
convergence was studied for the given volume fraction as
particle count is increased. Similar to Pahlavanpour et al. [20],
the difference of a physical property from simulation to the
expected value found using effective medium theory was
considered when determining if the model is sufficiently large.
In this work the compliance entries were used to determine
convergence.

4. RESULTS AND DISCUSSION

A representative finite element solution of a solid model of a
composite system is shown in Figure 4. The particles are
aligned in chains as a result of the applied electric field
processing. The field used in the simulations was set arbitrarily
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high to induce a high degree of alignment. Due to
dielectrophoresis, interaction between particles as wellas the
external field, the particles themselves align edge to edge
across their semi-major axes. This alignment of the particles is
an artifact of the external field polarizing particles along their
semi-major axis.

The representative volume shown, as well as those of other
simulations conducted for this work, were subjected to the six
load cases described previously. Figure four’s color coding
shows monotonic increase in elastic strain across the RVE with
respect to the direction of the applied strain in the vertical
direction as expected.

In order to determine the convergence of the system, 10%
volume fraction was used and simulated for several model
sizes, indicated by the particle count of the system. For this
study particles formed chains in the Z(vertical) direction as a
result of an applied electric field. The results for Young’s
modulus in the X, Y, and Z directions are shown in Figure 5,
along with values for traditional effective medium

models. Results are shown for a single case.

%x107% m

Figure 4. Displacement of a solved particle composite model
with 10% volume fraction particle content under electric field
alignment

It can be argued from Figure 5, that the modulus in the z
direction, in which the particles have aligned to form chains,
converges around 550 particles, with a good fit to the Mori-
Tanaka model. Similarly, the x and y directions which are
transverse to the chains, converge well to the Halpin-Tsai
model bounds. The difference in values between x and y
directions seen in the graph, is possibly a result of the aspect
ratio of the ellipsoidal particles as they align in the same
orientation, which can be seen in Figure 2.

The difference in modulus between the 3 directions shows the
impact that not only the structures formed but the alignment

within the structures which is further demonstrated in Figure 6
where a comparison of an aligned and a unaligned sample can
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be seen. The compliances D;4, D,,, and D35 are relatively
uniform for the unaligned case, while D55 is reduced for the
aligned case. Reduction in D35 with alignment is expected
given the reinforcement in that direction. Though a reasonable
fit to a given effective medium theory was found for each
direction, no one model matched all three directions.

1A0E-06

B0 7

50 50 150 250 350 450 550

Particle Count.

® Xxdiredion @ Ydirecion @ Z-direction Mori-Tanaka Model  =====Halpin-Tsai-Upper ====-Halpin-Tsai-Lower

Figure 5. Results for simulations of modulus for various
particle counts at 10% volume fraction in the 3 normal
directions, x, y, and z plotted with reference lines for the Mori-
Tanaka model and the Halpin-Tsai model in the upper and
lower bounds. (data is shown for 5 runs at each point except
200,500, and 550 that were solved for 1 or 2 runs only)

It is important to note that simulations utilizing too few
particles are inaccurate and unstable, as can be seen in the 10-
50 particle range of Figure 5, demonstrating the need to solve
larger models.

Similar to the study conducted by Pahlavanpour et al. [20] this
simulation covered a large disparity between the modulus of the
matrix (720kPa) and that of the particles (152 GPa). Moreover,
the Poisson’s ratio of the two materials are equally dissimilar,
with that of the particles at 0.3 and that of the matrix
approximated at 0.49

5. CONCLUSION

The microscale structures formed by particles of a colloidal
suspension of ferromagnetic particles as a result of applied
electric and/or magnetic fields alter the effective material
properties of the composite. It was shown that the orientation
and alignment of the particles impact the compliances of the
composite given the shift from isotropic to anisotropic results
with the application of a field in Figure 6. Moreover, each
direction agrees well with appropriate effective medium
theories, supporting validation of the model and validation of
the minimum size of the RVE. In future work, this modeling

V001T02A008-7

framework can be used to explore not only increasing volume
fractions but also various processing parameters, which result
in microstructures that extends past the assumptions of
effective medium theory. Future experimental validation is also
an important next step.

Not Aligned Aligned

1.30E-06

1.25E-06

1.20E-06

1.15E-06

1.10E-06

1.05E-06

1.00E-06

9.50E-07

Ex @y @z

Figure 6. Comparison of compliance of aligned particles as a

result of an applied field and non-aligned particles not subject

to an applied field for 100 particles with 10% volume fraction,

error bars showing standard deviation of 5 runs for the aligned
case.
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