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Abstract

This work investigates the enhancement of thermal transport in polydimethylsiloxane (PDMS)
thin films with aligned carbonyl iron particles (CIP) embedded, also known as
magnetorheological elastomers (MREs). The flash method is used to measure the effective
thermal conductivity of PDMS /CIP thin films in the direction parallel to the magnetic field.
Under an external magnetic field, the CIPs form chain-like structures, which become effective
thermal paths inside the composites. Hence, a significant increase in the thermal conductivity of
aligned MREs has been achieved compared with the composites prepared without a magnetic
field. The effects of the volume fraction of CIP and pre-structured magnetic flux density have
also been studied. The increase in the CIP volume fraction from 5% to 20% brings about a
twofold improvement in the thermal conductivity of the aligned MREs. For 2.5 ym CIP doped
MREs with a volume fraction of 10%, when the pre-structured magnetic flux density changes
from 0 mT to 100 mT, the thermal conductivity k increases by approximately 50%. However, a
further increase in the magnetic field intensity only leads to a slight increase in k. Scanning
electron microscopy (SEM) inspections demonstrate that the chain length keeps growing with
the strength of the pre-structured magnetic field while the structure transition turns into lateral
congregation as the strength of the pre-structured magnetic field reaches 100 mT. A finite
element method (FEM) model is proposed to investigate in detail the relationship between the
MREs’ thermal conductivity and inner chains. This work provides an effective way to improve
thermal conductivity of MREs used for electromagnetic radio-absorbers and builds a connection
between the thermal properties of MREs and their inner microstructures.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetorheological elastomers (MREs), which are prepared
by dispersing micron-sized magnetic particles into a polymer
matrix, have attracted great interest as a novel smart material
in recent years, for their rheological properties can be con-
trolled by an external magnetic field [1-6]. Based on the inner
microstructures, MREs are classified into isotropic MREs and

0964-1726,/19,/025027+08$33.00

anisotropic MREs. In the former, particles are homo-
geneously dispersed, while in the latter, particles are oriented
into chain-like or columnar structures along the magnetic field
direction during the curing process [7]. Most of the previous
work merely focused on enhancing and manipulating the
mechanical properties of MREs so as to meet the require-
ments in conventional practical application, such as vibration
control, the automotive industry, absorbers, etc [8—12].

© 2019 IOP Publishing Ltd  Printed in the UK
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Figure 1. Sample preparation and thermal measurement. (a), (b) the experimental procedure for preparing MREs. (c) The experimental setup
of the thermal measurement. (d) An MRE sample for thermal measurement.

More recently, many novel applications have been pro-
posed. An MRE film with tunable wetting and adhesion
properties was used as a superhydrophobic surface [13], and a
sensitive and reversible MRE strain sensor was proposed by
Ge et al [14]. Moreover, Sedlacik et al [15] have successfully
used MREs for absorbing electromagnetic (EM) radiation in
the ultra-high frequency band through various loss mechan-
isms associated with magnetization and electric polarization
processes. Martin et al [16] further found that anisotropic
MRE-based radio-absorbers (RAs) had superior EM shielding
capabilities in the microwave frequency range compared to
their isotropic analogues. These MRE-RAs are of great
importance because, with the development of information
technology and microwave communications, a large number
of harmful EM signals have radiated into our surroundings.
MRE-RAs convert EM energy into Joule heat. Therefore, the
thermal conductivity k of the MRE materials is considered as
an important factor. Low-k materials fail to effectively dis-
sipate the generated heat, thus causing local overheating,
which may shorten the service life of these devices.

Although enhancing the thermal conductivity of materi-
als through the embedding of randomly dispersed highly
conductive fillers has been extensively studied in in recent
years [17-19], research related to the thermal properties of
MREs is very limited. Boudenne et al [20] noticed that the
thermal behavior of silicone-nickel composite had been
greatly improved by using magnetic fields during preparation.
Su et al [21] showed a thermal conductivity increase of
polydimethylsiloxane (PDMS)/Ni composites with increas-
ing filler volume fraction. Chung et al [22] concluded that the
linear alignment of thermally conductive fillers contributed to
thermal conductivity enhancement of the Al,Os-containing
composites. It is found that the microstructures of MREs have
a strong influence on their macroscopic mechanical response

[23, 24]. However, few works have been conducted to build a
relationship between the MRE microstructure and its thermal
properties. To this end, the thermal properties of MREs and
their connections with inner microstructures become the
central focus of this research.

In this work, the thermal transport performances of iso-
tropic and anisotropic PDMS/CIP MREs were both studied.
The influence of filler volume fraction, pre-structured magn-
etic field intensity on the inner microstructure and thermal
properties of the PDMS/CIP MREs were also investigated,
and the results were compared with theoretical predictions.
Furthermore, an finite element method (FEM) model was
proposed to explain the thermal behavior of the MREs under
different pre-structured magnetic fields.

2. Experimental section

2.1. Sample preparation

PDMS (Sylgard 184, Dow Corning GmbH, USA) precursor
and curing agent were selected as a matrix. Carbonyl iron
particles (CIP) were used as received as magnetic fillers,
which were spherical shaped with a density of 7.649 g cm >
(BASF GERMANY). CIPs with an average diameter of
2.5 yum and 6 um were both studied. The MRE preparation
procedure is shown in figures 1(a) and (b): first, PDMS pre-
cursor and curing agent were mixed in the proportion of 10:1
in weight at room temperature and then loaded with the CIPs.
After adding CIPs, the mixture was sonicated for 10 min to
disperse the particles homogeneously avoiding sedimentation.
Then, the mixture was put into a vacuum chamber for 30 min
to reduce air bubbles. Second, the mixture was transferred
into an aluminum mold to define the sample size as
S5cm X Scm X 1 mm. For isotropic MREs (I-MREs), the
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molded samples were directly cured for 25 min at 120 °C. For
anisotropic MREs (A-MREs), samples were moderately cured
in a homemade magneto-heat-coupled device with a preset
magnetic field in the cross plane direction at 80 °C for 10 min
to respond to the external magnetic field; then the curing
continued at 120 °C for 20 min without the presence of the
magnetic field for quick curing. The intensity of the magnetic
field varied from 0 mT to 800 mT, and MRE samples with
CIP volume fractions ranging from 5%, 10%, 15%, and 20%
were fabricated.

2.2. Characterization

The morphology of the MRE samples was inspected under
an environment scanning electron microscope (SEM). The
thermal conductivity was tested using the flash method
(NETZSCH LFA 467 hyperflash). Figures 1(c) and (d)
illustrate the measurement setup and the sample configura-
tions. The xenon source emits a pulse of light at an instant,
and evenly irradiates the lower surface of the disk-shape
sample, so that the surface layer absorbs light energy and the
temperature rises instantaneously. This surface acts as a hot
end to conduct energy in a one-dimensional heat conduction
manner to the cold end (upper surface). Thermal diffusivity
D and specific heat C were determined based on the temp-
erature response at the upper surface measured by an
infrared (IR) detector. The density of the sample p can be
calculated based on the Archimedes principle. Combining D,
C and p, the thermal conductivity k of the sample can be
determined as:

k=D xCxp (1)

3. Results and discussion

3.1. Effect of CIP volume fraction

To study the effect of CIP volume fraction on MRE thermal
conductivity, 2.5 pm CIP was chosen, and the pre-structured
magnetic field was set to be 300 mT. MRE samples with CIP
volume fractions ranging from 5%, 10%, 15%, and 20% were
both studied. The preparation details are illustrated in
section 2.1. With the given measurement setup, the measured
thermal conductivity & is in the cross plane direction, which is
aligned with the pre-structured magnetic field direction for
A-MREs. The error of k measured by NETZSCH LFA 467 is
generally defined as £5% according to LFA specification.
The results for A-MREs and I-MREs with various CIP
volume fractions are shown in figure 2. The thermal con-
ductivity for pure PDMS is measured to be 0.15 W mK™',
similar to previous reports [21, 25]. As can be seen in
figure 2(a), for both A-MREs and I-MREs, the higher the CIP
volume fraction, the larger k is. In addition, for samples with the
same CIP volume fraction, A-MREs pre-structured under an
external magnetic field achieve a considerably higher con-
ductivity compared with I-MREs. This is because when the
dipolar interaction energy becomes sufficiently strong under
magnetic field, the magnetic particles assemble chain-like

structures, which form thermal transport paths in the composites
[26]. With the number of particles per unit volume increasing,
the chance of the particles forming a chain in the presence of an
external magnetic field grows. Therefore, the relative
enhancement, namely the ratio of k of A-MREs to that of
I-MREs with the same CIP volume fraction, becomes larger
with increasing CIP volume fraction, which has been demon-
strated previously [20].

A Maxwell model and an FEM numerical model are
presented to compare with the experimental results. The
Maxwell model considers a dilute distribution of spherical
particles embedded in a continuous matrix. The effective
electrical conductivity of the composite can be derived based
on the theory of electric potential that satisfies the Laplace
equation [27-29]. Due to the analogy between the electric
potential and the temperature of steady heat conduction, it
applies equally well to the thermal conductivity. The effective
thermal conductivity can then be described as [29]:

ka + kf - 2¢(km - kf)
" Dk + ke + Plhkm — kr)

where k,, and k; denote the thermal conductivity of polymer
matrix and fillers, respectively, and ¢ denotes the filler volume
fraction. The filler (CIP) conductivity, k = 78.4 W mK'l, and
matrix (PDMS) conductivity, &, = 0.15 W mK™'. The con-
ductivities of the composites with various filler volume frac-
tions are calculated using the Maxwell model and plotted in
figure 2(a) (red solid line). As shown, the Maxwell model
provides a fairly good prediction for randomly dispersed MREs
(I-MREs). It should be noted that a previous study has shown
an underestimation of the model [21]. The possible reason is
that the samples studied in this work are lower filler volume
fraction composites (<20%). The fillers are more easily dis-
persed to avoid interactions with each other, which agrees with
the hypothesis of the Maxwell model that thermal interactions
among particles can be ignored [27]. As the CIP volume
fraction becomes higher, the chances of particles in contact
with each other gets larger and the direct thermal transport
from particle-to particle cannot be ignored [30].

For A-MREs, a numerical model implemented on a
COMSOL platform Version 5.0 was developed to carry out
thermal analysis within a representative cuboid of the com-
posite. Three-dimensional models have been used to simulate
the microstructure of composite materials for various filler
volume fractions. They consist of spheres with a diameter of
2.5 um along the magnetic field direction in a cuboid. The
PDMS interfacial layer between two particles was assumed to
be 0.002 pm [21]. The interfacial layer also exists between the
cuboid top/bottom surfaces and particles. Since continuous
chains were formed along the sample thickness direction
without breaking points, every part in the chain was the same.
Therefore, we chose four particles to conduct heat transfer
numerical analysis. The temperatures at the top and bottom
surface of the cuboid were prescribed as T} and T,. The other
surfaces parallel to the direction of the heat flow were all
assumed adiabatic, as depicted in figure 2(c). By varying the
cross-sectional area, denoted as A, of the cuboid, different
volume fractions could be achieved. The effective thermal
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Figure 2. (a) The measured thermal conductivity for A-MREs and I-MREs; the Maxwell and FEM models are shown for comparison. (b) The
relative enhancement with respect to CIP loading. (c) Boundary conditions of the finite-element model. (d) The temperature distribution

when ¢ = 0.15.

conductivity is then determined by:

__Q/A
(L—=T)/h

where Q is the total heat flow across the bottom surface of a
cuboid and 4 is the height of the unit cell. The total heat
flowing into the cuboid can be obtained by integrating the
local heat flux over the cross-sectional area:

o=["[" —km(%i;)uodxdy

where k;,, and T, denote the thermal conductivity and temp-
erature of the matrix.

As illustrated in figure 2(a), the experimental results do
not exactly fall into the predictions (black solid line). This is
because the numerical model assumes that the number of
thermal paths increase linearly with the increasing volume
fraction, leading to the linear increase in the thermal con-
ductivity. However, when in actual preparation, particles in
lower volume fraction composites find it more difficult to
form chains than in higher ones under same preparation

3

ket

“)

conditions, since the distance between the particles is much
larger for lower volume fraction samples, which means par-
ticles need to travel longer paths to join together and form
chains. Therefore, the experimental data indicates an
increasing enhancement trend as the CIP volume fraction
increases, as shown in figure 2(b).

SEM images of chain-like aggregates were demonstrated
in the microstructures of the PDMS/CIP composites, as
depicted in figure 3. Samples were cut into two halves along
the alignment direction, as shown in figure 3(a), so the cross
plane morphology could be observed. Figures 3(b)—(d) show
the images of the isotropic samples, and figures 3(e)—(g)
indicate the anisotropic samples. It should be noted that some
malposition of the particles may have been caused during the
cutting process. Nevertheless, the presented images indicate
particle-to-particle proximities to some extent. The compar-
ison of figures 3(b)—(d) and (e)—(g) confirms the formation of
chain-like structures under a magnetic field, and with the filler
concentration getting higher, the chain structure tends to be
more dense and obvious.
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Cross plane

Figure 3. SEM images of the internal microstructure of the composites prepared under 300 mT with different particle volume fractions:
(a) cutting for cross plane structures; (b) ¢ = 0.05 isotropic MRE; (¢) ¢ = 0.10 isotropic MRE; (d) ¢ = 0.20 isotropic MRE; (e) ¢ = 0.05
anisotropic MRE; (f) ¢ = 0.10 anisotropic MRE; and (g) ¢ = 0.20 anisotropic MRE. The scale bar is 50 um.
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Figure 4. The k of A-MREs with a CIP volume fraction of 10% as a
function of increasing pre-structured magnetic fields.

3.2. Effects of pre-structured magnetic field intensity

To obtain a better understanding of the effect of field-induced
chain structures on k& enhancement, we also measured the
thermal conductivity of MREs prepared under different
magnetic field H with different filler sizes: 2.5 yum CIP and
6 um CIP were both studied. CIP volume fraction was
maintained at 10% and the pre-structured magnetic field
intensity varied from O to 800 mT. Figure 4 shows the var-
iation in k to H for both particles. MREs with large sized
particles (6 um) embedded possess better thermal transfer
ability compared with small sized particles (2.5 pm), which is
similar to the reports that show a decrease in k with the
decrease in particle size in nanofluids [31, 32]. The increase in
k with particle size may originate from the kinetic growth of
small particles into fractal-like aggregates in the suspensions,
where the process can be diffusion or reaction limited [33].

Moreover, as H increases from zero to 100 mT, k enhances
sharply. But k experiences a slight increase after 100 mT.

Cross sections of samples were also examined under
SEM to further illustrate morphology differences behind the &
enhancement phenomenon, as shown in figure 5. As the
external magnetic field is slowly increased from zero to
800 mT, the MRE inner structures go through different
transitions. First, under low H (<100 mT), all the random
particles start to form short tip-to-tip structures along the field
direction. By increasing H, short chains tend to grow longer
(figure 5(c)). Then, when H reaches 100 mT, long through
chains will be formed that have equal length to sample
thickness and are parallel to the magnetic direction
(figure 5(d)). If H keeps increasing, as the chain length cannot
be increased further due to the limitation of the sample
thickness, chains begin to aggregate laterally then form
clusters. Thus the enhancement of k under low H could be
seen as the results of the growing length of the heat transfer
paths, while the small increase in k under high H indicates
that the lateral aggregation enables cross talk between the
chains and contributes mildly to thermal transport.

A kinetic model was developed to predict the chain
length for A-MREs prepared under various low H. Magnet
particle transport in the incompletely cured PDMS is gov-
erned by (a) magnetic force, (b) viscous drag, (d) gravity and
(e) thermal kinetics (Brownian motion). For 2.5 um particles,
the Brownian motion can be ignored [34]. The gravitational
force on the iron particle is about 6.3 x 107 N, while the
viscous drag force is over 107N, Therefore, it can also be
neglected [35]. The interaction between two particles leads to
the formation of pair aggregates in very short timescales after
the application of the magnetic field (less than 1 s). Then, the
aggregates follow a deterministic drift in the direction of the
magnetic field. As time goes on, we assume a tip-to-tip and
pair-to-pair collision, making longer aggregates along the
field direction until the viscosity of the PDMS limits the
particle movement. The process is shown in figure 6.
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Figure 5. SEM images of the internal microstructure of MRE samples with a CIP volume fraction of 10% prepared under different magnetic
fields: (a) 0 mT, (b) 20 mT, (c) 40 mT, (d) 100 mT, (e) 300 mT and (f) 800 mT. The scale bar is 50 pm.
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Figure 6. The illustration of tip-to-tip and pair-to-pair chain formation with the increase in the pre-structured magnetic field intensity.

The drag force is taken as Stokes drag on an elongated
aggregate made of sphere particles [35, 36].

3mnav

F= 5)

(- 3)]

where s is the number of particles in an individual aggregate,
7 is the viscosity of the matrix material and a (=2.5 pm) and
v are the diameter and velocity of the filler particles, respec-
tively. The aggregate of s particles can be considered as an
effective sphere with diameter a.; = s'3a [37]. Therefore,
the magnitude of the induced dipole moment of the aggregate
can be obtained as:

m= %(Sl/Sdf’XHo 6)

where y (107*) [38] is the effective magnetic susceptibility
of an individual particle, and H, is the magnitude of the
external magnetic field. The interaction energy between two

dipoles with magnitude m and distance r is given by

_ m’

4mr3
where jio (=47 x 1077 ) is the magnetic permeability in free
space. To simplify the calculation, only the case of maximum
attraction between the particles, that is when vector r is par-
allel to the magnetic field direction, is taken into account. The
balance between magnetic force and viscous drag sets the
timescale for aggregation [39]:

)

Umag =

37T’l’]a g _ _dUmag
3 LY | dr dr
%[ln (2s — 5)]

Initially (before applying the magnetic field), particles in
a random distribution are separated at a typical distance n 13,
where n is the number of particles per unit volume (10'¢ for
10 vol% CIP with a diameter of 2.5 pm). For aggregates with

®)

. . .. —-1/3 .
s particles, the distance is increased to d ~ (g) . The time
for two aggregates to form a longer one can then be obtained
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Figure 7. A comparison of the experimental results and the FEM

prediction for 2.5 ym CIP. The inserts are heat flux distributions.

by integrating equation (8) for the motion of the particles
from an initial distance r = d to a final distance r = a.g [39].
We obtain:

_ 36n/%[ln(2s — %)]

t
Spox*n® 3(%)2615H2

€))

The maximum s is 400 because the thickness of the
composites is 1000 ym. ¢ is taken as the total curing time
under magnetic field 600 s. The viscosity n of the PDMS
changes from 3.5 Pa-s to infinity during the curing process
(80 °C, 600 s) [40]. Assuming the correlation between PDMS
viscosity and curing time is 1(f) = 3.5 x e’/7. A previous
research showed that 7 was 65 s when the curing temperature
was 60 °C [41], it took 3 h for PDMS to be completely cured
at 60 °C [42]. And when the curing temperature is increased
to 80 °C, the time for PDMS to be completely cured is then
reduced to 2.5 h [43]. Thus, it is reasonable to assume 7 to be
55 s at 80 °C. To simplify the calculation, viscosity is taken as
the average results over a 600 s time period, which is about
3000 Pa-s . According to equation (9), the particle number s
within a chain under various intensity H of pre-structured
magnetic field can be obtained; the results are shown in
figure 7 (red solid line). At the beginning, the chain length
growth corresponds to the transmission from figure 6(a) to
figure 6(d), which then causes the thermal conductivity to
soar. When the intensity of the magnetic field is around
100 mT, chains that link the bottom and the top of the sample
are formed, as depicted in figure 6(d). The chain length can no
longer increase and thus k is saturated.

A statistical method was also used to obtain the average
lengths of the particle chains of MREs prepared under dif-
ferent magnetic fields for comparison. The composites were
cut into pieces along the direction of the CIP chains. Dozens
of SEM images were obtained at the magnification of 100.
Then, image processing was used to separate CIP chains from
the PDMS matrix. The real lengths of the CIP chains could be
simply calculated according to the scale bar. Lengths of 130
chains were counted for each sample. To minimize statistical

error, the chosen chain should be continuous and parallel. An
aberrancy of less than 5° was acceptable [44]. The results are
shown in figure 7 (red squares). The counted chain lengths are
smaller than the theoretical ones and slightly over half of the
predicted lengths. This is because malposition of the particles
has been caused during the cutting process. Some continuous
and straight chains could inevitably be broken due to particle
malposition, especially for long chains. So, statistically, the
average length for some chain pieces and some unbroken
chains would be slightly over half the predicted chain length.
Although there is underestimation, the presented results
indicate particle length growth until its saturation with the
magnetic field intensity to some extent.

With the chain particle number obtained under a certain
intensity of magnetic field, the previous numerical method
implemented on the COMSOL platform has been further
developed to predict and understand the cross plane thermal
conductivity of the A-MREs prepared under various magnetic
fields, of which the thickness is 1 mm (400 particles along the
thickness direction). After 100 mT, the chain length would
be maintained, and the chains form columns that run through the
composites. The diameter of the particles is 2.5 yum and the
volume fraction is maintained at 10%. The thermal conductivities
of the controlled cells from the simulation results are plotted in
figure 7 (blue solid line), which reveals that for the magnetically
aligned particles, there is a good agreement between the num-
erical prediction and experimental measurements during the
chain length increasing period. The underestimate for high H is
because, in the simulation, the particle chains and polymer
channels are assumed to be well separated from each other even
when columns are formed, therefore, the thermal conductivity
reaches its saturation when the chain length reaches its sample
thickness limits. In real situations, more complicated heat transfer
paths may be formed between chains that bundle together. The
inserts are the detailed heat flux distribution around the particle
contacting and gap area. Compared with continuous chains, the
gap between two short chains will interfere with the heat transfer
path and lower the thermal conduction efficiency.

4. Conclusion

Both isotropic and anisotropic PDMS/CIP MREs were pre-
pared. Thermal conductivity measured by LFA showed a
clear enhancement with increasing CIP volume fraction.
Moreover, A-MREs had a much higher thermal conductivity
than I-MREs. The morphology indicated that chain structures
formed under a magnetic field contributed to the relative high
k of A-MREs, and higher volume fractions resulted in longer
and denser chains, thus more efficient heat transfer paths. The
relationship between thermal conductivity and pre-structured
magnetic field intensity was also studied. Thermal con-
ductivity increased sharply under low H, and very slightly
when H was high. The SEM analysis of the composites
revealed that a higher magnetic field led to a longer chain
structure until it crossed through the whole thickness of the
sample. Then, the chains would gather together and form a
thicker one. A numerical model based on column structure
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was built to predict the thermal conductivity enhancement
with respect to field intensity increase, and a good agreement
with the experimental results was achieved for aligned
PDMS/CIP MREs. In conclusion, these results confirmed
that the chain structure formation is essential in the thermal
conductivity enhancement of MREs. On the other hand, the
lateral congregation of aligned particle chains only slightly
enhances thermal transport in the composites.
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