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Abstract: Thermally conductive composites have emerged as a promising lead towards a more suitable and efficient
alternative for thermal management. Their advantage lies in the coupling of different but complementary properties
such as thermal conductivity for heat dissipation and flexibility for fitting surface irregularities. However, such
materials consisting of ceramic fillers dispersed in a polymeric matrix generally suffer from particle sedimentation that
ultimately affects their performance. Therefore, the overall properties of these composites can be further enhanced
through structural improvements. Dielectrophoretic alignment has proven to be an effective and practical method to
reach better structures that eventually improve the composites’ properties. This paper focuses on the enhancement of
thermal and dielectric properties of Al,O3/PDMS composites through dielectrophoretic alignment. A novel method for
measuring sedimentation effects is presented with a particular emphasis on the role of dielectrophoresis in
counteracting those undesired effects. The influence of the relevant parameters such as the amplitude and frequency of
the applied electric field is analyzed in order to draw the best structuring conditions. The thermal conductivity as well
as the dielectric response are then compared between structured and unstructured composites. This comparison
revealed a significant structural improvement that led to enhanced thermal conductivities while keeping the insulating
properties unchanged.

1 Introduction

The last decades have witnessed a drastic development of the field of electronics. This gave rise to several challenges
that must be met in order to perpetuate this evolution [1,2]. Indeed, as predicted by Moore’s law, the number of
integrated electronic components have not ceased to increase [3]. For instance, today’s most elaborate
microprocessors commercially available contain more than thirty billion transistors. However, the pursue of
performance through miniaturization and complexity has led to a significant power-dissipation that affects not only the
reliability and lifespan of the operating components but also the performance that is sought to be improved [4]. It is
therefore crucial to develop innovative and increasingly efficient materials for thermal management [5].

Temperature increase and heat flux within electronic devices can be managed through several approaches. Heat sinks,
typically made of metallic materials are the traditional way to dissipate heat within electronic devices. However, this
method alone is no longer considered to be the most efficient one. Because of the abundance of free electrons, metallic
materials usually exhibit high thermal conductivities [6]. Nonetheless, their stiffness and surface roughness inevitably
lead to a poor thermal contact between the mating surfaces which tends to reduce significantly the heat transfer [7].
Moreover, most of metallic materials suffer from a high coefficient of thermal expansion resulting in thermal stress
with temperature variations [6,8]. Thus, a new approach regarding heat dissipation is needed to address this matter.

Polymeric composites with high thermal conductivity have attracted a strong interest over the last years in both
industrial and research fields [9—15]. Their versatility, ease of processing, light weight and low cost make them a more
promising and attractive alternative. By choosing an adequate coupling of the matrix and fillers, the properties of the
developed composite can be easily shaped to match its dedicated application. For instance, aerospace and automotive
industry, energy storage and conversion systems would require high thermal stability, good mechanical flexibility, low
dielectric permittivity along with electrical insulation [6,12,16,17]. Thus, given these requirements, ceramic fillers
such as AIN, BN or Al,Os would be the most suitable alternative to the conventional materials [11], [18]. Carbon-
based fillers for instance are widely used for their excellent thermal conductivity [19]. However, their electrical
conductivity limits significantly their field of application, particularly regarding thermal management in
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microelectronics [20,21]. Since flexibility is a necessary element for the intended application, the use of elastomeric
polymers for the fabrication of composites is indispensable [22]. Among commercially available elastomers,
Polydimethylsiloxane (PDMS), is one of the most widely used due to its interesting properties with respect to its
counterparts. Indeed, PDMS offers good mechanical behavior [23] and high thermal stability [24], low dielectric
constant and thermal expansion coefficient, as well as excellent dielectric strength. Furthermore, this elastomer is
extremely flexible, cost effective and adaptable to additive manufacturing. These features make PDMS one of the
most appropriate candidates for the development of stretchable smart materials in various applications (medical
instrumentation, structural health monitoring and so on) [25-28].

In an isotropic structure, the thermal conductivity of a polymeric composite is strongly dependent on the filler loading
level. At a low volume content, the fillers are isolated from each other, separated by polymer that acts as a thermal
barrier [29,30]. As the loading level increases, the fillers tend to form thermally conductive pathways which, beyond a
certain filler content, grow into a single three-dimensional interconnected network. The overall thermal conductivity
then exhibits a significant leap due to a more efficient heat transfer [29]. Thus, highly thermally conductive
composites can be obtained through very high filler concentrations [31-33]. However, filler overloading leads to a
significant degradation of the mechanical properties as well as a poor processability and high cost [10,32,33].
Therefore, achieving high thermal conductivities while simultaneously maintaining good mechanical properties
remains a daunting challenge.

In this context, electric field induced particle alignment represents an efficient and promising way to increase the
connectivity between the fillers within a composite material [31,34,35]. Indeed, this process known as
dielectrophoresis, utilizes induced dipole-dipole interactions between electrically insulating particles to align a random
dispersion into a chain-like structure [31,36,37], [38]. This results in a field-structured anisotropic composite
exhibiting unidirectional thermally conductive pathways which minimize the thermal resistance along the field
direction. In general, dielectrophoresis presents the advantage of being able to structure, along the electric field’s
direction, any dielectric filler within a polymeric matrix as long as the two phases have a dielectric contrast with one
another. This statement is hardly true for other methods of structuring without a special filler surface modification or
coating. Among them, acoustophoresis, based on ultrasonic standing waves, has been used for noncontact particle
manipulation. However, an intense acoustic field may cause the composite blend to heat which can modify its
viscosity. Thermophoresis needs a temperature gradient across the sample, while electrophoresis requires an electric
field with direct electrode contact that induces Joule heating [39]. The process is fundamentally different in the case of
dielectrophoresis, where direct electrode contact is not necessary to drive particle’s movement. Magnetophoresis
might be an effective alternative to dielectrophoresis, in which the alignment occurs under magnetic field instead of
electric field. However, this method commonly entails the presence of a magnetic coating layer. For instance, Kim et
al. successfully aligned AIN@Fes0; fillers in an epoxy matrix through a magnetic field [40]. Similarly, Xiang et al.
developed magnetically structured composites where no coating layer is needed [41]. However, this method is only
applicable to materials with strong ferromagnetic properties (like bulk Fe;O4 or Nickel), not to dielectric fillers like
AIN or ALOs. Nonetheless, the thermal conductivity of ferromagnetic materials is intrinsically lower than that of
alumina, which limits the potential enhancement of the effective thermal conductivity of the composite.

This paper deals with dielectrophoretic alignment of spherical alumina particles embedded into a silicone matrix,
which is considered to be the most suitable choice for manipulating dielectric fillers. A novel method is proposed, for
the first time, to assess sedimentation effects through the thermal properties of the composites. To date, measuring the
thermal conductivity of the sedimented composites, regardless of the sample’s configuration (0-3 or 1-3 connectivity),
has been rarely reported. The developed approach, with a particular focus on the role of dielectrophoresis, allows to
demonstrate how the gravitational force can be compensated to limit the particle’s sedimentation within the polymeric
blend. The success of the process is considerably affected by several key parameters comprising the electric field’s
amplitude and frequency as well as the loading level of the composite. The structural dependence of those parameters
is therefore correlated to thermal and dielectric properties as well as the sedimentation state of the composites. The
most appropriate parameters to structure Al,O3/PDMS composites are chosen with the aim of comparing the random
0-3 samples and their aligned 1-3 counterparts. The enhancement of thermal properties and dielectric behavior through
dielectrophoretic alignment is then thoroughly discussed.



2 Theoretical Background

Dielectrophoresis (DEP), a term first introduced by Pohl [42], denotes the motion of dielectric polarized suspensoid
particles resulting from interactions between their dipoles and the applied nonuniform electric field. The acting force
underlain by those interactions is known as the dielectrophoretic force. It is dependent on the amplitude and frequency
of the external electric field as well as the dielectric properties of the particles relative to their medium. For spherical
particles, this dependence can be expressed mathematically as follows [43][44]:

Fpgp = 4m.R3.&y. 5. Re[CM(w)]. (E - V)E Eq. 1

where R is the particles’ radius, € and €, are the dielectric constants of the vacuum and the medium respectively, E
is the electric field and Re[CM(w)] is the real part of the Clausius-Mossotti factor which indicates the dielectric
properties of the particles in contrast with their medium. The Re[CM (w)] term is driven by the frequency, the relative
permittivity as well as the electrical conductivity of the phases involved. Re[CM (w)] is given by [43] :

w?(ep—em)(ep+26m)+(0p—0m)(0p+20m)
w?(ep+2em)*+(op+20m)?

Re[CM(w)] = Eq. 2

where 0, and gy, are the electrical conductivities of the particles and the medium, respectively. When the polarization
of the particles is different from the one of the surrounding medium, the electric field is locally distorted and each
particle is then subjected to a non-uniform electric field from its neighboring particles [45]. This gives rise to

attraction/repulsion forces among the particles, moving them into columnar-like structures. The energy of those
interactions is expressed as:
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where r is the inter-particle distance, O is the angle between the vector parallel to r and the electric field’s direction, u
is the induced dipole moment, &, is the dielectric constant of the medium, and a is the radius of the particles.

According to Eq. 3, the interaction between particles would be attractive for @ below 54.7 ° and repulsive otherwise.

The above equations give a physical understanding of relevant parameters that play a significant role in the process
and show how they impact the resulting structure. Eq. 1 describes the role of the dielectrophoretic force on the electric
field’s amplitude while Eq. 3 indirectly highlights the frequency dependence of the dipole-dipole interactions. On one
hand, the energy of those interactions is proportional to the square of the induced dipole moment, i.e., relating to the
particle’s polarizability. On the other hand, the real part of the polarizability (often noted a’) is inversely proportional
to the square of the angular frequency. Therefore, an increase in the frequency induces a decrease in the polarizability
that might weaken the dipole interactions between particles. Observations obtained from microscopic imaging
techniques together with experimental results through the dielectric and thermal measurements (cf. Section 4) allow to
confirm the structuration behavior of the predicted model.

Following the nomenclature introduced by Newnham [46], the connectivity of a diphasic composite can be described
through the number of dimensions in which each phase is self-connected. For instance, a 0-3 connectivity pattern
denotes isolated fillers surrounded by a three-dimensionally connected matrix. On the other hand, a 1-3 structure
refers to one-dimensionally connected fillers in a three-dimensional matrix [46].

It is worth noting that randomly dispersed particles within a continuous matrix do not necessarily imply a 0-3
connectivity, e.g., in case of percolated and randomly dispersed fillers. Similarly, spherical aligned particles within a
matrix are usually separated by thin layers of polymer, which in this case, cannot be considered as a 1-3 structure. In
this paper, for the sake of clarity, composites with randomly dispersed particles will be noted as 0-3 structures whereas
the ones with aligned fillers will be referred to as 1-3 structures.



3 Material Preparation and Characterization Method

3.1 Material preparation

Alumina particles, available at Showa Denko America, Inc., were used as thermally conductive fillers. These spherical
particles, shown in Figure 1(A), have a density of 3.79 g/cm?, a specific surface area of 0.14 m*/g and a median size
of 208 um. Figure 1(B) shows their cumulative and  differential size  distribution.
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Figure 1 : (A) Scanning Electron Microscopy (SEM) of 20 um spherical alumina particles, (B) Cumulative and differential
distribution as function of particle size

The silicone elastomer (Polydimethylsiloxane), available in Sigma-Aldrich®, was used as polymeric matrix. It is a
two-part liquid including a base and a curing agent mixed at a 10:1 ratio. The polymerization begins when curing
agent is added to the base. As the curing progresses, the viscosity increases until the material becomes a “cured”
flexible elastomer.

The Al,O3/PDMS composites are prepared by adding the desired volume fraction of alumina particles to the PDMS
base to avoid local polymerization due to the sonication process. The blend is mechanically mixed for 5 min until it is
visually homogenous, then sonicated for 5 min via an ultrasonic probe (Hielscher Ultrasound Technology, UP400S).
Next, the curing agent is added and the blend is further mixed for 5 min using an overhead stirrer. Subsequently, the
resulting homogenous compound is poured into the bottom part of two identical molds shown in Figure 2. The whole
system is subjected to a 5-mbar vacuum for 30 min to remove air bubbles entrapped during the mixing process. The
first mold, used to obtain the 1-3 composites, is connected to a high-voltage power amplifier (Trek Model 20/20C) and
placed inside a Votsch VITM 7004 climate chamber. An AC sinusoidal electric field is applied at 25°C for 20 min after
which the temperature is gradually increased to 120°C. The structured sample is cured under dielectrophoresis for one
hour at 120°C. The second mold, intended for elaborating 0-3 samples, follows the same protocol (i.e., 120°C during 1
hour) but without applying the electric field. After the curing process, both the 0-3 and 1-3 composites are cooled
down at room temperature, carefully unmolded and prepared for characterization.

It is interesting to note that in the dielectrophoresis process described above, the electric field is applied first at room
temperature to trigger the alignment of the fillers while the matrix is still not cured. The electric field is then
maintained during polymerization to conserve the structure in its aligned state. Therefore, as soon as the curing starts,
the columns have already been in the final stages of their aligned configuration. In this situation, adjusting the curing
time will not have an impact on the resulting structure. On the contrary, if the electric field was applied after the
polymerization has started, the curing time would have an impact on the structure but probably not in a way that will
directly change the width of the columns. It will result instead in “incomplete” structures as the curing time decreases.
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Figure 2 : Schematic of the mold used to structure the composites along the “z” direction. (1) represents the bottom part where
the non-cured composite is poured. (2) represents the top electrode used a mass keeping the sample under compression stress.
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3.2 Characterization method

The filler alignment in uncured PDMS is monitored by an optical digital microscope (Dino-Lite AM7915MZT). The
ALO3/PDMS blend is placed between two electrodes inside a transparent mold made of Polycarbonate. The mold was
designed such that the electrodes would be orthogonal to the vertical “z” axis. Consequently, gravitational effects were
considered in the parameters’ analysis as described in the next section.

An alternative method to observe the particle alignment for higher filler content is through Scanning Electron
Microscopy (SEM) Analysis. The samples’ cross-sectional morphology was characterized using an SEM (HITACHI
FlexSEM 10001I), with a magnification of X70.

The dielectric spectroscopy of the Al,O3/PDMS composites was carried out using a Solartron Analytical Dielectric
Interface System (model 1296A), coupled with a high frequency response analyzer. The dielectric spectra of the 0-3
and 1-3 composites were acquired at ambient temperature via a sample holder (AMETEK, 12962A), on which was
applied an AC electric field with an amplitude of 1 Vs and a frequency range of 0.1 Hz to 1 MHz.

The thermal conductivity of the samples was measured along the “z” direction at room temperature using the modified
transient plane Source (MTPS) method (TCI analyzer, C-THERM). It consists in using a unilateral interfacial thermal
reflectance sensor that generates a constant heat flow through the sample. The measurement of temperature variations
ensures a detailed overview of the thermal properties of the samples [47].

4 Results and Discussion

In order to better understand the physics behind the dielectrophoretic alignment, it is crucially important to identify the
relationship between the major forces acting towards and against chain-like structures. As discussed in section 2, the
field-induced dipolar interactions resulting from the dielectric contrast between the two phases is at the foundation of
particle alignment [48]. Acting against those interactions stand the “misaligning” forces which are dominated to a
large part by drag force and gravity. On one hand, the drag force is related to the viscosity of the uncured silicone
matrix in addition to the fillers’ form factor and loading level. However, as the drag force increases along with the
filler content, it is counterbalanced by the particle proximity that enhances the dipolar interactions as well. On the
other hand, the gravitational forces are constantly moving the particles downwards, thus leading to sedimented
structures and significantly decreasing the overall properties of the composite (e.g., thermal, electrical, dielectric
behavior). These often-overlooked aspects of dielectrophoresis will be reviewed through this discussion, since
favorable structures can arise only when aligning interactions overbalance the magnitude of the misaligning forces.
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It is worth noting that higher loading level of the composite can lead to better thermal performance. However, in
microscopic imaging study, composites with low filler content makes observation easier. It has been pointed out in
Zhang et al. that the formation of particle in aligned chains via SEM image is not evident with a loading level above
10 vol% [26]. As the loading level increases, the movement resistance does indeed increase along with it. However,
the space barrier between fillers decreases as more particles occupy the same volume within the matrix. In that case,
the dipole interactions between fillers, which are inversely proportional to the cube of the inter-particle distance (cf.
Eq. 3), are enhanced with respect to an increase in the volume content. As a matter of fact, the microscopic
observations on low-filler-content composites could not entirely represent the complexity of their behavior at a higher
content under an applied electric field, as the magnitude of many physical forces changes with the increasing loading
level. However, the principal goal of microscopic observations involved in this study is aimed to figure out how the
relevant parameters (electric field’s magnitude and frequency) could affect the structuration of material when being
subjected to dielectrophoretic treatment. Although the magnitude of the applied field might change as the filler content
increases, it should theoretically stay consistent with higher loading level. In this context, both high and low
frequencies induce the fillers to align themselves into a chain-like structure. However, the width of the individual
columns is highly dependent on the frequency of the applied electric field.

4.1 Parameter Dependence Analysis

It has been established that the strength of the dielectrophoretic force depends strongly on the medium, the nature and
morphology of the particles. The frequency and amplitude of the applied electric field matter as well. Through
different characterization tests (i.e., imaging, dielectric, thermal), this section aims at determining the best set
parameters of the input voltage. Moreover, it will be demonstrated that an appropriate tuning of those parameters
compensates for the undesired effects of gravity.

According to Eq. 1, the higher the electric field’s amplitude, the higher the dielectrophoretic force as well as the dipole
interactions that enables the creation of anisotropic structures. From a practical point of view, however, high
amplitudes also lead to a high breakdown probability. This is due to the fact that the local electric field is enhanced at
the interfaces between the particles and the matrix, and the mobility of particles favored within the uncured matrix
during dielectrophoretic process. The electric field’s amplitude is thus limited by the polymer’s dielectric strength and
its optimal value can be determined based on the best compromise between the structuration efficiency and the
breakdown strength. In the following experiment, electric fields greater than 4kV.mm™ will be not considered to
prevent any sample damage.

In addition, frequencies lower than 1 Hz are not considered neither as they would lead to inefficient structuration.
Indeed, at very low frequencies, the ionic species have enough time to redistribute themselves into charge layers near
the electrodes, provoking a voltage drop and inhibiting chain formation as a consequence [49]. Moreover, low enough
frequencies would allow particle accumulation near the electrodes. As the amplitude of the particle oscillations
increases with the decreasing frequency, the dielectrophoretic force becomes higher than the dipole interactions when
the particle approaches the electrodes. This result in trapping the particle near the electrodes and as a result, the
disruption of the columns formation.

4.1.1 Real-time Optical Microscopy (OM) Monitoring

With the aim of better understanding the dependence of the dielectrophoretic force on the frequency and amplitude of
the applied electric field, the kinetics of particle movement were monitored in real-time through transmission optical
microscopy (OM). Various frequencies (i.e., 1 Hz, 10 Hz, 100 Hz) and electric field’s amplitudes (i.e., 1, 2, 3 and
4kV.mm™") were analyzed at low filler content of 2.5 vol% so that light could travel through a 2 mm blend thickness.
Images with a magnification of X38 were recorded and clearly show the formation of aligned particle chains along the
field direction.

The first relevant parameter considered for the dielectrophoretic experiment is the frequency. A practical test is carried
out on 2.5 vol% Al,Os/PDMS composites under the same electric field of 4 kV.mm™ amplitude but with different
frequencies. As indicated in Figure 3(A), at a low frequency of 1 Hz, a favorable structure with coarse continuous
columns is observed. As the frequency increases, thinner structures start to emerge, and sedimentation effects become
more and more pronounced.

As discussed in Eq. 1, the dielectrophoretic force is proportional to the amplitude of the applied electric field.
Figure 3(B) highlights the electric field dependence of 1-3 structured samples. Under low-voltage excitation of



1 kV.mm™, the particles align themselves in a non-percolated chain like structure suggesting that the dielectrophoretic
force is not strong enough to counterbalance the particles’ weight. In other words, particle sedimentation occurs
nonetheless. Under 2 kV.mm™, the chains bridge the electrodes with a higher particle concentration at the bottom
electrode. Although the electric field is sufficient to obtain a percolated structure, it is not high enough to suppress all
signs of sedimentation. A further increase in the electric field (i.e., 3 and 4 kV.mm™) leads to coarser structures and
more homogenous columns, where sedimentation is completely compensated.

Therefore, it can be deduced that the frequency and the amplitude of the applied electric field affect not only the size
of particle columns but also the degree of sedimentation caused by the gravitational force. To provide a more
convincing conclusion, sedimentation effects were further investigated through other characterization tests including
SEM analysis, thermal conductivity, and dielectric spectroscopy measurements.

4.1.2 Scanning Electron Microscopic (SEM) Observations

To further investigate the conclusions of the previous OM analysis, SEM observations were performed on
AlLO3/PDMS composites subjected to the same conditions of dielectrophoretic structuring. The filler content was
fixed at 10 vol%, which stands between the real-time microscopy conditions and the loading levels typically used for
thermally conductive composites. Figure 4 shows the cross-sectional SEM micrographs of the frequency dependence
analysis at a fixed electric field of 4 kV.mm™'.

Figure 4 : SEM cross-sectional micrographs of Al,O3/PDMS composites at 10 vol% loading level: (A) 0-3 unstructured sample.
(B) Structured sample at a frequency of 100Hz, (C) 10Hz and (D) 1Hz. The electric field used is 4kV.mm™. (g denotes the
gravitational acceleration vector, which is along the right-side direction).

As illustrated on Figure 4(A), the 0-3 unstructured sample exhibits an entirely sedimented structure where high
particle concentrations are found in the sample’s bottom interface. It is quite evident that such a structure is thermally
unfavorable (cf. Section 4.2.2.). Figures 4(B), (C) and (D) show the cross-sectional observations of 1-3 Al,O3/PDMS
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composites structured under 4 kV.mm™ at 100 Hz, 10 Hz and 1 Hz, respectively. Both real-time OM and SEM
analysis confirmed that fine structural columns coarsen as the frequency decreases. Here, the micrographs indicate the
presence of many columns that seem non-percolated. Those discontinuities appear to be more present towards high
frequencies. This tendency could highlight another inherent structural influence of the frequency that would not
manifest in the transmission OM analysis because of column overlaps. However, given the present data, it can be
assumed that the apparent discontinuities are related to the columns not being perfectly in-plane. The cross-sectional
observations would therefore capture only the particles located in the same observable plane. Regardless, it can be
affirmed that the frequency plays a significant role from a structural perspective, where high frequencies lead to fine
thermally conductive pathways as opposed to lower frequencies leading to coarser structures.

Figure 5(A), (B), (C) and (D) show the cross-sectional SEM observations of the electric field dependence analysis at
a fixed frequency of 1 Hz. In accordance with the OM observations, the increasing electric field gives rise to stronger
dielectrophoretic force, which tends to reduce the sedimentation effects. Furthermore, the electric field has also an
influence over the structure where higher amplitudes lead to larger aligned columns. Because heat transfer by
conduction in ceramics is phonon based, phonon/interface scattering is an ever-present phenomenon. In composite
materials, more scattering will be present the more fillers-matrix interfaces there are [50]. Hence, a coarser structure
with less matrix-filler interfaces ultimately leads to higher conductivities.

Figure 5 : SEM cross-sectional micrographs of structured 10vol% Al,O3/PDMS composites at a frequency of 1 Hz and an electric
field of: (A) I kV.mm™!. (B) 2 kV.mm™. (C) 3 kV.mm™ and (D) 4 kV.mm™". (g denotes the gravitational acceleration vector, which
is along the right-side direction).

To some extent, observations-based OM and SEM images appear slightly different, particularly at 100 Hz. Two main
reasons can be outlined as following:



» different technologies of OM and SEM: OM is light transmission based, leading to observation of wide range of
columns (around 2mm of thickness). SEM, however, is scanning electron based where only the cross-section
interface is observed.

» different loading levels of the tested samples: The sample observed in OM is very low concentration (2,5 vol% of
fillers) for light to travel through. Low loading level is more sensible to sedimentation effects due to low viscosity
of the blend. The sample observed under SEM contains 10 vol% (i.e., 4 times higher). As the loading level
increases, the viscosity increases as well, limiting the sedimentation of the particles.

In spite of different appearances obtained from OM an SEM image, these two techniques allow to achieve the same
conclusion: The frequency and the amplitude of the input field significantly affect the structuration as well as the
sedimentation effect of the composite. It has been revealed that the best tuning parameters are found equal to 4
kV/mm amplitude and 1 Hz frequency.

4.1.3 Broadband Dielectric Spectroscopy

In order to evaluate the impact of the structuring parameters on dielectric properties of the composites, a broadband
dielectric spectroscopy analysis is carried out. Figure 6(A) and (B) display respectively the real part of the dielectric
permittivity as well as the tangent losses of different samples loaded at 10 vol%. The 1-3 composites are structured at
a fixed frequency of 1 Hz while the field amplitude varies from 1 to 4 kV.mm'.

As illustrated in Figure 6(A), no matter what the operating frequency is, the real part of permittivity increases with the
increasing level of the electric field. Such an enhancement confirms a successful dielectrophoretic alignment under an
adequate applied electric field, allowing the formation of columnar pathways with less matrix shielding effects. The 1-
3 composite subjected to 4 kV.mm™" displays a 10% increase in permittivity compared to the one randomly dispersed.
As a result, dielectrophoretic structuring clearly favors dielectric anisotropy along a preferential direction (i.e., z-axis).

Indeed, as the particles form better columnar pathways, due to less matrix shielding effects, the overall permittivity of
the composite increases along the considered direction. Although the real permittivity has been improved through
dielectrophoretic alignment, the measured tangent dielectric losses of all samples depicted by Figure 6(B) exhibits
similar behavior, i.e., close to the value of the pure PDMS. It can therefore be deduced that the proposed approach
does not alter the insulating nature of the composites, which is ever so relevant for the intrinsic dielectric strength of
those materials.
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Figure 6 : Broadband dielectric spectroscopy of 0-3 and 1-3 AL O/PDMS composites elaborated with 10 vol%
concentration along with pure PDMS: (A) Real part of the permittivity; and (B) Dielectric losses. Dielectrophoresis
was performed at a 1 Hz frequency and at different field levels ranging from 1 kV.mm™ to 4 kV.mm™'.

To complete the analysis of Figure 6, Figure 7(A) and (B) illustrate the frequency dependence of the dielectric
properties including the relative permittivity and the tangent losses, respectively. The analysis is based on the same
composites elaborated with 10 vol% of alumina, subjected to an electric field of 4kV.mm™'.
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Permittivity Real

The results show once again an improvement in the real permittivity as the structuring frequency decreases. This is
probably due to the fact that lower frequencies of dielectrophoresis allow a better counterbalance of sedimentation
effects (cf., Figure 5), as well as coarser and more efficient structures. Finally, the results displayed in Figure 7(B)
reveals that the broadband dielectric losses remain relatively low and rather close to the values of pure PDMS,
regardless of the frequency and amplitude of the electric field used during dielectrophoresis. Accordingly, the
structured materials behave as good electric insulators with somewhat enhanced dielectric permittivity.
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Figure 7 : Broadband dielectric spectroscopy of 0-3 and 1-3 Al,O3/PDMS composites elaborated with 10 vol% concentration
along with pure PDMS: (A) Real part of the permittivity. (B) Dielectric losses. Dielectrophoresis was performed at an electric
field of 4kV/mm under different frequencies of 1 Hz, 10 Hz and 100 Hz.

4.1.4 Thermal conductivity

From a fundamental point of view, thermal conduction can be related to two distinguished mechanisms: the movement
of charge carriers (electrons or holes) and the oscillation of atoms around their equilibrium point [51], [52]. Thermal
conductivity is therefore linked to electrical conductivity (movement of charge carriers) and to the structure of the
material (vibrations of atoms). Indeed, in a solid state, the vibrations of atoms are not random and independent of each
other, but have proper modes of vibration called “phonons”[53]. These eigenmodes of vibration correspond to waves
that can propagate in the material in the case where its structure is periodic and organized. This contribution will
therefore be more important in a crystal (ordered), than in a glass (disordered). Mathematically, the thermal
conductivity can be expressed as the sum of the contributions of the charge carriers and the vibrations of the atoms in
the crystal lattice.

Before addressing the results of this sections, it is relevant to discuss the modified transient plane source (MTPS)
method on which the measurement is built. This technique utilizes a one-sided spiral-shaped interfacial heat sensor. A
constant electric current is driven through the sensor’s spiral that results in a temperature rise at the sample/sensor
interface [54]. Given that the electrical resistance of the sensor is dependent on its temperature, by measuring the
voltage, the rate at which heat propagates through the tested material can be determined, so can its thermophysical
properties.

Any composite material made of two (or more) phases exhibits properties that are dependent on several factors. The
intrinsic properties of the present phases and the geometry are undoubtedly the most relevant contributing factors. For
homogenously dispersed composites, the effective thermal conductivity (k) measured through the MTPS method
would be equal for both measurable interfaces (i.e., upper and bottom sides). In the case of a sedimented composite
however, the two interfaces conduct heat differently, inevitably leading to uneven thermal conductivities. This
unbalanced thermal behavior is clearly shown in Figure 8 where experimental measurements of k are performed on
each interface of the 10 vol% Al,Os/PDMS samples (green and red lines). It was expected in Figure 8(A) that the
bottom-side’s thermal conductivity would be higher than the one of the upper-side, especially for the random 0-3
composite (i.e., corresponding to 0 kV.mm™') where the gravitational forces were not compensated by the
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dielectrophoretic force. Consequently, a 4-fold difference in the thermal conductivity was recorded between the two
interfaces of the 0-3 composite due to higher particle concentrations at the bottom side. This result is perfectly
coherent with the SEM analysis described in Subsection 4.1.2. As the electric field increases, the thermal conductivity
of both interfaces converges toward the average value with much smaller gaps. For instance, at 4 kV.mm™', only a
17% variation was recorded between the top and the bottom-side, confirming the consistence of the thermal
conductivity along the sample’s thickness (i.e., z-direction). Figure 8(B) illustrates the structuring frequency effect on
the thermal conductivity at a fixed electric field of 4 kV.mm™', suggesting that the higher the frequency, the more
apparent will be the sedimentation effects. In this case, the gap of k between the two interfaces drastically increases,
reaching 1.7-fold and 2.1-fold difference at 10 Hz and 100 Hz, respectively. From a structural standpoint, it is thus
pointed out that for a given electric field, a lower frequency (e.g., 1 Hz) is considered more suitable for successfully
achieving a better particle structures within the polymer matrix.

As can be predicted by the previous results, the average thermal conductivity (blue lines in Figure 8) exhibits a
significant improvement (~30%) with the increasing amplitude of the electric field. On the other hand, the average
value of « is quite regular as a function of the frequency, with less than 4% enhancement. In conclusion, the creation
of more efficient thermally conductive pathways is carried out under dielectrophoresis at low frequencies and high
electric fields (i.e., limited by saturation effects of particle alignment).
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Figure 8 : Thermal conductivity of 10 vol% AlO3/PDMS as a fuction of different set parameters of the electric field : (A) varying
amplitude at a fixed frequency of 1 Hz. (B) varying frequency at a fixed amplitude of 4 kV.mm™".

4.2 Dielectrophoresis based performance enhancement

Following the conclusions drawn from the results presented in section 4.1, the chosen parameters for dielectrophoretic
structuring process are an electric field of 4 kV.mm™ amplitude and 1 Hz frequency. In order to highlight the
alignment effect of Al,O3/PDMS composites, different loading levels ranging from 0 vol% to 40 vol% are considered.
The dielectric and thermal properties together with the breakdown strength are compared between the 0-3 and the 1-3
structures.

4.2.1 Dielectric property

Figure 9(A) presents the real part of the permittivity for the structured and unstructured samples as a function of the
Al,Os3 volume fraction. It can be observed that whatever is the structural configuration (0-3 or 1-3), the relative
permittivity of the AlO3/PDMS composites is almost frequency-independent and increases along with the loading
level. As the dielectric permittivity of the Al,Os particles is higher than the one of the PDMS, increasing the particle
content will ultimately enhance the overall relative permittivity of the composite, regardless of its structural geometry.
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The results also indicate a rather increased relative permittivity of the structured 1-3 samples in comparison with the
0-3 ones particularly under low frequencies. The reason behind the subtle increasing trend is related to the low
intrinsic permittivity of Al,Os [55].
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Figure 9 : Dielectric properties versus the volume fraction of 0-3 and 1-3 Al;O3/PDMS composites: (A) Relative permittivity real,
(B) Dielectric loss (tand).

Figure 9(B) describes the evolution of the dielectric loss (i.e., tand) as a function of Al,Os volume fraction of
structured and unstructured samples. Regardless of the volume fraction, the results showed a subtle increase in
dielectric losses of the 1-3 composites in comparison with their 0-3 counterparts. The values of tand remain however
relatively low for all analyzed samples, suggesting that the dielectrophoretic structuring does not alter their dielectric
behavior.

The dielectric permittivity of both structured and unstructured composites is compared to the prediction values of
theoretical models. For the 0-3 samples, the Maxwell-Garnet model provides a more accurate fit for spherically
shaped fillers. This model is given by [56]:

26 + & + 200, (5p — sm)> Eq. 4

Soff = €
eff m( 2em + & — @p(ep — &)

where &5 is the effective permittivity of the composite, ¢, is the volume fraction of the particles, &y, and &, are the
permittivities of the matrix and the fillers, respectively.

Regarding the 1-3 composites, the parallel dielectric mixing model was used which is based on the General
Lichterecker mixing rule. The parallel mixing model is given by [57]:

Eefr = Ppep + (1 — @p)em Eq. 5

The experimental data used for the analysis were measured at a dynamic frequency of 1 MHz. The permittivity of the
matrix was fixed at the measured value of 3.13, while the permittivity of particle was varied to better fit the
experimental results. As can be seen from Figure 10(A) and (B), the experimental measurements of both 0-3 and 1-3
composites compare favorably with their corresponding analytical model. Based on Eq. 4 and 5, predicted permittivity
values of Al,O3 particles are found within an interval of [9.87, 9.96] which is in agreement with those reported in the
literature (i.e., 55 = 9.42) [55].
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4.2.2 Thermal property

Figure 11(A) and (B) depict the measured thermal conductivity (k) as a function of the particle content for both
structured and unstructured samples respectively. The (k) values of both sample interfaces (noted upper and bottom
side) are displayed, which act as an indicator to how sedimented each sample is. A numerical index (Thermal
conductivity difference) is also provided to better describe the thermal conductivity gap between each sample
interfaces.
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Figure 11 : Thermal conductivity of ALOs/PDMS in function of the loading level: (A) Samples structured under 4kV.mm™" at 1 Hz
and (B) Unstructured samples.

As clearly illustrated in Figure 11, the 1-3 composites exhibit improved thermal properties in contrast with the 0-3
ones, especially at high loading levels. Such an enhancement stems from structured thermally conductive pathways
shaped through dielectrophoretic alignment. Similar effects has been observed where a highly anisotropic structure
favors thermal conduction along the considered direction [41]. Indeed, not only do the 1-3 structures give rise to a
60% average increase in thermal conductivity, they also overcome the sedimentation consequences that would
otherwise be inevitable. The sedimentation effect can be assessed according to the thermal conductivity difference (cf.
Figure 11), which is twice to five-fold as low in the aligned samples than in the 0-3 ones. This result captures best the
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relevance of the dielectrophoretic alignment towards the development of more efficient materials for thermal
management.

4.2.3 Dielectric strength

In order to investigate the influence of dielectrophoretic alignment on the materials’ dielectric strength, electrical
breakdown failures are performed on the ALOs;/PDMS composites elaborated with different loading levels. All
samples, with the same thickness of 1 mm, are subjected to an increasing voltage rate of 500 V.s™! until the breakdown
occurs. The experimental test is replicated 20 times on each sample to ensure enough statistical power. The breakdown
probability is then determined through the exponential Weibull function expressed as follows [58], [59], [60]:

P(E)=1—exp[—(§)k] Eq. 6

where P(E) is the breakdown probability, E is the electric field, A4 is the scale parameter characterizing the electric
field at 63.2% breakdown probability, and k is the data distribution or the standard deviation of the experiment.

Figure 12(A) and (B) display the empirical breakdown probability versus the electric field for structured and
unstructured samples, respectively.

For both 0-3 and 1-3 structural connectivity, the breakdown probability increases with the applied electric field,
reflecting its coherence with the Weibull model of Eq. 6. Regardless of the loading level, the results show a similar
breakdown behavior between 0-3 and 1-3 samples. Indeed, as the dielectric losses of the structured samples are
relatively close to the unstructured ones (cf. Figure 9(B)), no major shifts in the dielectric strength have been
observed. The fact is that both the PDMS matrix and the alumina ceramic particles have good insulating properties.
Therefore, their sedimentation state did not prove to be as relevant to the dielectric strength as it was to thermal
properties. In essence, the developed materials are considered to be excellent insulators that can support a higher input
electric field than 40 kV.mm™!, under which 63.2% breakdown probability would occur. Since the gap in dielectric
permittivity between the alumina particles and the PDMS polymer is not substantial (only 3-fold difference), the
distributed electric field across the two phases (filler and matrix) is not highly unbalanced [43], [59]. According to the
conservation of the electric charge displacement (i.e., D = €E), the electric field’s level is more concentrated in phase
presenting a lower permittivity (i.e., polymer matrix). As the fillers’ permittivity increases, the electric field’s
amplitude grows bigger in the polymer matrix until reaching its dielectric strength where the electrical breakdown
occurs. The breakdown probability is also revealed to increase with the sample’s thickness. In the considered
application where a significant thickness is necessary for thermal management (high thermal inertia), choosing an
adequate coupling of fillers and matrix (alumina and silicone) allows to achieve composites with a satisfactory
breakdown strength, even at high sample thickness (e.g., 1 mm). Furthermore, dielectrophoresis applied to
Al,O3/PDMS composites leads to higher material performance in term of dielectric and thermal properties, without
changing its dielectric strength.
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Figure 12 : Breakdown probability versus the electric field applied to ALO/PDMS composites at different loading levels:
(A) 1-3 Structured samples; and (B) 0-3 Unstructured samples.

5 Conclusion

This work focused on the effect of dielectrophoretic alignment on thermo-composites with a particular attention to the
relationship between relevant parameters and the sedimentation state of the fillers. This often-overlooked aspect of
composite fabrication has proven to be an efficient and simple approach to substantially improve the material
properties. The effect of structuring parameters including amplitude and frequency of the applied electric field was
investigated to determine the best configuration for dielectrophoretic process. Through microscopic observations
(SEM, OM), particle alignment along the field direction was proven to be successfully achieved in a non-cured state
of the composites. These results clearly show major consequences of sedimentation on the random 0-3 samples, as
opposed to the aligned ones, where the dielectrophoretic force allows to counterbalance the effect of gravity. Based on
several characterization tests, experimental results pointed out that a low frequency (1 Hz) and high amplitude (4
kV.mm™) of the input electric field were the most efficient conditions. These parameters were utilized to structure a
various range of filler content (i.e., 10 to 40 vol%) for a comparison between 1-3 and 0-3 connectivity patterns. The
thermal conductivity, dielectric properties together with the structural sedimentation were successfully improved
through dielectrophoretic alignment while keeping the dielectric losses and dielectric strength unchanged. Such
structuring process has therefore the potential to lead to cheaper, lighter and more efficient thermally conductive
composites.
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