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Local heat source in electronic device is likely to produce hot spot which can degrade the reliability and
performance of the device. Various materials have been attempted to enhance the heat dissipation of
local heat source. Many theoretical studies have demonstrated that the heterogeneous composite ma-
terials with fillers concentrated at the preferential paths of heat flux are effective in cooling the local heat
source. However, this unique control of microstructure and property for polymer-based composites has
less been achieved in practice due to the technical difficulties in controlling the fillers positions. In this
paper, a locally reinforced heterogeneous composite with conductive particles concentrated at the
preferential path of heat flux was fabricated to cool the local heat source. The local reinforcement was
achieved by using magnetically responsive particles as reinforcing elements and a specific magnetic field
to organize the elements into the predefined structure. To evaluate the thermal performance of the
proposed material, we performed the comparative thermal tests. The results show that compared to the
homogeneous composites, the present composites with local reinforcement can significantly enhance
the heat dissipation of local heat source. When heat flux is 5840 W m~2, the locally reinforced com-
posites with a fillers volume fraction of 5% reduced the average and maximum temperature of heater
7.7 °C and 8.7 °C, respectively.
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1. Introduction

Over the past few decades, the revolution in electronics has
resulted in the packaging of multiple functional units on the same
chip [1,2]. These units create a non-uniform distribution of heat
source throughout the chip. The local heat source with high power
is likely to produce hot spots. These hot spots can lead to excessive
stresses on the chip, which degrade the reliability and performance
of electronic devices [1—4]. Thermal management of local heat
source is a big challenge. Various materials [5—7] have been
attempted to enhance the heat dissipation. Thermally conductive
polymer-based composites, fabricated by incorporation of highly
conductive fillers, are potential for the thermal management ma-
terials [8—11]. However, applying the conventional composites that
possess uniform thermal properties for the local heat source cool-
ing is still insufficient and not cost-effective [12].
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Many theoretical studies [13—17] have demonstrated that the
heterogeneous composite materials with fillers concentrated at the
preferential paths of heat flux are effective in cooling the local heat
source. For instance, some topology designs [13—15] have been
applied to the composite material which is loaded with local heat
source, to minimize the heat source temperature. These designs are
accomplished by locating the fillers in matrix with optimal distri-
bution using the optimization algorithm. The designed results
show that concentrating the fillers at the position with large tem-
perature gradient is most efficient to decrease the heat source
temperature. In addition, the percolation theory [16,17] can further
illustrate the benefit of fillers local concentration. Percolation
happens when the high conductivity particles form at least one
continuous chain in composites from heat source to sink. At that
time, there is a sudden increase in thermal performance [17].
Fig. 1(a) schematically shows a homogenous composite with low
fillers loading assembled with local heat sources. Percolation hardly
takes place in this composite since all particles are well separated.
While, as seen in Fig. 1(b), concentrating the fillers makes it more
probable to form the continuous chains resulting in a local rein-
forcement at the region with local heat source.
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Nomenclature

D diameter of platelet, um

dq width of body 1, mm

f filler volume fraction, %

he heat transfer coefficient in simulation, W m 2 K~!

k thermal conductivity of composite, W m~! K~

k1 thermal conductivity of body 1, W m~! K~!

L geometrical factor

l width of composite, mm

qo heat flux of heater in simulation, W m~2

g1 g2 and g3 heat flux through body 1, 2 and 3, W m 2

Rp thermal boundary resistance at the filler—matrix
interface, m?> W K1

Tave average temperature of heat source, °C

Tmax maximum temperature of heat source, °C

To temperature of heat source in simulation, °C

T: temperature of upper surface of heat sink in
simulation, °C

t thickness of platelet, nm

t thickness of composite layer, mm

Greek symbols

o inverse of filler aspect ratio

AT temperature difference between the heat source and

the upper surface of heat sink, °C

ATaye reduction of average temperature, °C
AT reduction of maximum temperature, °C
Subscripts

11 in-plane direction

33 through-plane direction

m matrix

p particles

The theoretical studies above well illustrate the benefit of fillers
local concentration. However, this unique control of microstructure
and property for polymer-based composites has less been achieved
in practice due to the technical difficulties in controlling the fillers
positions. Squeezing [18—20] is a process which can make fillers
entrapped and compacted in matrix. The heterogeneity of com-
posites occurs when the rate of matrix flow through the fillers is
greater than that of composites deformation [19,20]. However, this
method is limited to the thin films and demands highly accurate
control of the squeeze rate [19,20]. Electric field [21] is another
approach to achieve the unique microstructure, in which the
localization of fillers is induced by electric field concentration. But
this approach requires ultrahigh DC electric field (1 kV) [21] and
multiple processing steps. Recently, an attractive strategy is pro-
posed to control the distribution of fillers in matrix [22,23]. The
approach relies on coating the non-magnetic reinforcing particles
with superparamagnetic nanoparticles. These coated particles
exhibit an ultrahigh magnetic response (UHMR) [23]| which enables
remote control over their distribution under low external magnetic
fields in low-viscosity suspending fluids. Such fluids can be then
consolidated to fix the magnetically-imposed distribution and thus
produce the composites with deliberately tuned properties. With
this strategy, the former investigations [23,24] have shown the
possibility in fabricating the polymeric substrate with locally tuned
mechanical properties. A careful review of literature indicates that
this strategy has not been applied for tailoring the composites
thermal properties. In addition, although the reports [20,21] have
fabricated the composite with deliberately controlled microstruc-
ture, experiments have not been conducted to evaluate its thermal
performance.

In this research, we report that the polymer-based composites
applied for heat dissipation from local heat source can be reinforced
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by concentrating the thermally conducting fillers at the preferential
paths of heat flux. The locally reinforced composite is fabricated by
using the magnetically responsive thermally conducting particles
as reinforcing elements and a specific magnetic field to control the
elements distribution. Then, a thermal testing system is built to
evaluate the composites thermal performance. Finally, we conduct
a simulation on the constructed composite to thoroughly investi-
gate its thermal property.

2. Experiments
2.1. Synthesis of locally reinforced polymer-based composites

Polymer-based composite is composed of polymer matrix and
reinforcing particles. In this report, we employed the silicone gel
(OE-6550, Dow Corning), with a viscosity of 4 Pa s and a relatively
low thermal conductivity (0.16 W m~! K~1) [25], as the soft matrix.
Hexagonal boron nitride (hBN) platelets (AC-6041, Momentive),
with an average diameter of 5 um and a much high in-plane ther-
mal conductivity (600 W m~' K~') [26,27], were chosen as the
reinforcing elements. To gain magnetic control of the re-
inforcements, the platelets were coated with 2 wt% super-
paramagnetic iron oxide nanoparticles via a previously reported
procedure [26,27]. hBN platelets (4 g) were first stirred in deionized
water (200 ml) at pH = 7. Then, EMG-605 ferrofluid (Ferrotec, U.S.A)
(400 pL) diluted with deionized water (5 ml) was added dropwise
to the suspension under vigorous stirring. The pH of suspension
was held at 7 to keep a negative charge on the surface of hBN
platelets. The EMG-605 ferrofluid is an aqueous suspension con-
taining iron oxide nanoparticles coated with a cationic surfactant,
which enables electrostatic adsorption of the positively charged
magnetic nanoparticles onto the platelets surface. The suspension
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Fig. 1. Schematic of (a) homogenous composite and (b) heterogeneous composite with local reinforcement.
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was incubated for 1 h to allow the bonding between the platelets
and iron oxide nanoparticles. After that, the coated platelets were
filtered and dried for 12 h at 90 °C in vacuum.

Reinforced composites were produced by adding the magneti-
cally responsive platelets to the fluidic silicone gel followed by
mold casting and curing through polymerization. Magnetically
responsive platelets in powder form were first added to the silicone
gel and stirred for 30 min to be fully dispersed. Bubbles introduced
during the stirring process were removed by applying alternating
cycles of vacuum. The resulting suspension was then poured into a
26 mm x 26 mm x 2 mm (length x width x height) Teflon mold.
During the mold casting, a magnetic field should be applied on the
cast sample to concentrate the platelets to the specific region of
interest. Fig. 2(a) gives the diagram which schematically shows the
approach of locally concentrating the platelets. Two
45 mm x 3 mm x 3 mm rare earth magnets are placed symmet-
rically below and above the sample. The distance between the
magnet and sample was 6 mm. These magnets can create a mag-
netic field gradient on the sample: the strength of magnetic field
between the magnets is largest and decreases gradually towards
the sides of sample. The largest strength of magnetic field is 26 mT
measured by a Gaussmeter. According to Ref. [24], the magnetically
responsive platelets can be attracted to the place with maximum
magnetic field. In this work, after 1 h incubation, the magnetically
responsive platelets were highly concentrated between the mag-
nets. Samples with a field were heated at 60 °C for pre-cure. An
annealing step at 150 °C for 6 h was conducted to ensure the good
adhesion between the hBN platelets and silicone matrix.

Fig. 2(b) shows a fabricated locally reinforced composite with a
filler volume fraction of 5%. A 6.8 mm-wide linear stripe with a high
local concentration of platelets is observed at the composite. For
the comparative purpose, Fig. 2(c) presents the homogeneous
composites with the same volume fraction prepared without
magnetic field. According to the figure, there is no sign of platelets
concentration.

2.2. Evaluation of locally reinforced composites thermal
performance

When a specific region of composite is applied with local heat
source, the accumulation of platelets in that region is expected to
improve the heat dissipation and hence decrease the temperature
of heat source. To demonstrate such potential, we performed
comparative thermal tests on the homogeneous and locally struc-
tured samples, which were applied with the same local heat source.
In the tests, the temperature response of heat source to the two
samples was compared.

Fig. 3 schematically illustrates the testing system and the
experimental processes. The system consists of six components:
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heater, samples, heat sink, supporting plates, rare earth magnets,
and infrared radiation (IR) thermometer. To create local heat
source, a small polyimide film heater with dimensions of
26 mm x 8 mm x 0.2 mm was attached on the samples with di-
mensions of 26 mm x 26 mm x 2 mm and energized with certain
power. Since it was difficult to mount the heater on the solid state
composites, we employed the uncured composites as the testing
samples. Good contact between the heater and samples was ach-
ieved by the adhesive force from fluidic samples. Another advan-
tage of using fluidic samples was that the comparative tests could
be conducted at the same base material, ensuring the same testing
conditions. As seen in Fig. 3, a block (aluminum-6061 T4) with a
square groove on surface was applied to hold the samples. And the
lower part of block acted as the heat sink. The overall dimension of
the block is 29 mm x 29 mm x 7 mm, and the dimension of groove
is 26 mm x 26 mm x 2 mm. Two plates made of aluminum were
used to support the block. The rare earth magnets were placed
below and above the sample when necessary. Temperature field
was measured by the IR thermometer (SC620, FLIR) fixed on top of
heat source with a height 30 cm. The temperature resolution of this
instrument is +0.1 °C and the emissivity of heat source (polyimide)
was calibrated and equal to 0.95. All the experiments were con-
ducted at the environmental temperature of 15 °C.
The experiment processes can be generalized as three steps:

(1) A constant heat flux is applied on the fluidic homogeneous
composites. It takes about 10 min to reach steady state. After
that, measure the steady-state temperature field of heater.

(2) Place the rare earth magnets above and below the sample.
After about 10 min, the local concentration of platelets is
formed.

(3) Take away the magnets and measure the steady-state tem-
perature field of heater with the same input power.

Generally, the silicone will cure when heated. It is possible that
thermal properties change after silicone curing and some addi-
tional heat is released to sample due to the exothermic polymeri-
zation. However, in our experiments, the silicone is hard to cure
since its temperature is relative low (<60 °C) and the heating time
is less than 30 min. Normally, it will take 48 h for silicone
completely curing at 60 °C. Therefore, the probable effect resulting
from silicone curing can be neglected. Platelets settlement is a
potential effect on platelet distribution and the resulting thermal
performance of sample. The density of hBN platelet and silicone is
2270 and 1140 kg m3, respectively. The platelets will settle in
silicone matrix in the case of no magnetic force (at step 1). Referring
to the researches [28,29], we estimate the time for the platelets
settling to bottom based on density difference, viscosity of silicone
and dimensions of platelet. The result is about 17 h. Thus, the
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Fig. 2. (a) Schematic diagram showing the approach of locally concentrating the platelets; Photographs of prepared (b) locally structured and (c) homogeneous composites.
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Fig. 3. Descriptions of the testing system and experimental processes.

probable effect resulting from settlement can also be neglected
since step 1 spends only 10 min. The small settlement velocity is
due to the small density difference and platelet dimensions.

3. Results and discussion
3.1. Thermal performance of locally reinforced composites

Figs. 4(a)—(b) give the steady-state temperature fields of the
testing system before and after applying the magnetic field on the 5
vol% composite, respectively. In this case, the heat flux given by the
heater is 3200 W m~2. Regions where the contours are white and
red indicate the high temperature, while the blue contours repre-
sent the low value. The rectangular area indicated in the figures is
regarded as the approximate region of heat source. Average tem-
perature of heat source (T,ye) is then calculated. T,y for the ho-
mogeneous and locally reinforced samples are 36.8 °C and 34.0 °C,
respectively. So the reinforced sample reduces T,y with 2.8 °C. The
lower T,y indicates that the local reinforcement brings in a sub-
stantial promotion for the heat conduction from heat source to
sink. To further characterize the impact of local reinforcement, we
study the variations of temperature on the heater at the horizontal
direction. Hot spots in the temperature contours have been indi-
cated by the blue points. Line A lies along the heater which is
attached on the homogeneous sample, and Line B is along the
heater with locally reinforced sample. The variations of tempera-
ture along these two lines are plotted and shown in Fig. 4(g). It can
be found that the temperature varies along the two lines with a
similar trend. The temperature at the left of the lines (edge of
heater) is very close and low, and increases gradually until reaching
a maximum temperature (Tmax), and then decreases towards the
right edge of heater. Although the temperature variations of the
two lines show similar trend, Tmax and temperature gradients
across the heater are much different. T, of heat source attached
on the reinforced sample is 38.3 °C. There is 3.8 °C reduction
compared to that (42.1 °C) of the homogeneous case. Furthermore,
there is a smoother change of temperature on the heater assembled
with the reinforced composites. Therefore, the locally reinforced
composite shows greater ability for the heat dissipation from local
heat source.

We further conducted the comparative experiments at the heat
flux of 4560 and 5840 W m~2 Fig. 4(c)—(f) show the temperature
contours of those experiments. Similar results can be found. At the
heat flux of 4560 W m~2, the reduction of Tyye and Tmax (ATave and
ATmax) are 5.9 °C and 6.3 °C, respectively. Furthermore, AT,y and
ATy increase to 7.7 °C and 8.7 °C when the heat flux is set to be
5840 W m~2 Fig. 4(g) also compares the temperature variations

along the lines through the hot spots. Lower temperature gradients
are also found at the heater assembled with the locally reinforced
composites.

3.2. Finite element analysis of composites loaded with local heat
source

To analyze the experimental results, we simulated the heat
propagation in the testing system using the finite-element-analysis
(FEA) (for details, see the Appendix A). Fig. 5(a)—(b) show the
representative heat source-composite layer-heat sink models. The
composite layer is divided into three bodies and the width of body 1
(dq) is equal to that of linear stripe. There are two cases to be
simulated according to the comparative experiments. The first case
is that particles homogeneously disperse in matrix at the composite
layer (Fig. 5(a)). This is corresponding to the homogeneous case of
experiments. For this case, body 1, 2 and 3 have the same particle
volume faction (5%). The second is heterogeneous case (Fig. 5(b)).
Body 1 is assumed to homogeneously contain all the platelets.
Correspondingly, bodies 2 and 3 are regarded as the pure matrix
without any reinforcing elements. Since the width of composite is [
(26 mm), body 1 has the volume fraction of 5% x I/dq (19%). Thermal
conductivities (k) of those bodies are the key parameters for the
simulation. In this work, we used a modified effective medium
approximation (EMA) [30] to predict k of the bodies according to
their volume fraction (for details, see the Appendix B). With EMA, k
of homogeneous composites is estimated to be 0.29 Wm~! K~; for
the heterogeneous case, k of body 1 is calculated to be
0.70 W m~! K, while k of body 2 and 3 are equal to that of silicone
gel (016 W m~! K1), In this simulation, the heat flux of heater (qq)
is fixed to be 5840 W m 2.

Fig. 5(c)—(d) show the simulated temperature fields of the two
cases, respectively. It is found that heat source attached on the
locally reinforced composites exhibits lower Taye and Tpax. The re-
sults accords with the experimental results. With the simulated
temperature fields, AT,ye and ATyax are calculated to be 14.5 °C and
16.4 °C, respectively. It is interesting to note that the values of AT,y
and AT,y estimated by simulation are larger than those derived
from experimental results. There could be two reasons lead to the
overprediction of simulation. The first one is due to the assumption
that at heterogeneous case, all particles are concentrated at the
space of body 1. However, as shown in Fig. 2(b), the magnetic field
gradient cannot attract all particles to body 1. This assumption
leads to the overprediction of filler volume fraction of body 1 and
hence overprediction of thermal conductivity. The overprediction
of thermal conductivity leads to overprediction of AT,ye and ATmax
in the end. Second, the boundary conditions of simulation are not
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Fig. 4. Steady-state temperature fields of testing system with homogenous composites at the heat flux of (a) 3200 W m ™2, (c) 4560 W m 2 and (e) 5840 W m?; Steady-state
temperature fields of testing system with the locally reinforced composites at the heat flux of (b) 3200 W m~2, (d) 4560 W m~2 and (f) 5840 W m~2. (g) Temperature
variations along the lines through the hot spots.
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the same with the experiments. For example, Heat transfer from
the heater to ambient is neglected in simulation resulting in a larger
qo compared to the experiments. And the larger go will leads to the
increase of AT,ye and ATmax.

Furthermore, Fig. 5(e)—(f) present the simulated vectors of heat
flux inside the whole material domain. Through the vectors, we can
observe the direction of heat propagation in the composite layer.
The vectors reveal that heat generated from heat source inclines to
pass through the body 1 to heat sink and goes to ambient ulti-
mately. However, the vectors near the edges of body 1 for the two
cases show some difference. Fig. 5(e)—(f) also give the partial
enlarged drawings of the vectors near the edges of body 1. It is
observed that in the homogeneous composites, the heat flux at the
regions tends to propagate in horizontal direction. Whereas, in the
locally reinforced composites, the orientation of heat flux at the
regions is still normal to the plane of composite layer. The results

illustrate that the locally reinforced composites can make most of
heat pass through the shortest path to reach the heat sink.

With the simulation results, we conduct a qualitative analysis to
explain why heat source attached on the locally reinforced com-
posites exhibits lower temperature. Heat flux (q;, g2 and g3) at the
three bodies are calculated from the simulation results, respec-
tively. Since heat transfer from the heater and composites to
ambient are neglected in the model (see the Appendix A), heat flux
of the source qg is the total of g1, g2 and ¢s. q1/qo is calculated as
71.7% and 86.5% for homogeneous and heterogeneous cases,
respectively. It is found that g; takes the most proportion of qg in
the two cases. Thus, we assume a 1D heat conduction of body 1.
According to Fourier's law,

q1 = kAT /t (1)
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where k is the thermal conductivity of body 1; t; is the thickness of
composite layer; neglecting the heat conduction at the thickness of
heat source, AT is defined as temperature difference between the
heat source (Tp) and the upper surface of heat sink (T;) and
expressed as:

AT=Ty— Ty (2)

Thus Ty can be expressed as:
To=aqiti/k1 + T 3)

here, t; is a constant; According to the simulation results, T; keep
constant for the two cases, too. Now, Ty is decided by the value of
q1/k;. For the heterogeneous and homogeneous cases, (q1/qo)/k1 is
equal to 1.24 and 2.47, respectively. Therefore, the lower value of g4/
ki1 can explain the lower Ty of heat source attached on the locally
structured composites.

4. Conclusions

In summary, this work shows that it is possible to fabricate the
locally reinforced composites applied for efficient heat dissipation of
local heat source. The local reinforcement was achieved by using the
magnetically responsive hBN platelets as reinforcing elements and a
magnetic field gradient to concentrate the elements below the heat
source. To evaluate the thermal performance of the locally rein-
forced composites, we performed the comparative thermal tests on
the homogeneous and locally reinforced samples. The results show
that the locally reinforced composites can greatly reduce the average
and maximum temperatures of heat source. Finally, we conducted a
simulation study on the composites applied with local heat source.
The simulation results show that the temperature of heat source is
primarily dependent on the heat conduction below the heat source.
Thus, concentrating the platelets at that place can enhance the heat
conduction and hence decrease the temperature of heat source.
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Appendix

A. Finite element analysis (FEA) of composites loaded with local
heat source

FEA has been used to study the heat diffusion in the heat source-
composite layer-heat sink structure. Based on the experiments, we
constructed a 3D stationary heat transfer model with three
assumptions:

(1) Heat conduction at the aluminum surrounding the com-
posites material is neglected;

(2) The upside of heater and composite and the sides of com-
posites and aluminum block are kept adiabatic;

(3) Heat at the bottom of heat sink is dissipated to environment
through the convection with an equivalent heat transfer
coefficient he.

According to the assumptions, Fig. 5(a)—(b) show the model
geometry and boundary conditions. Tables A. 1 and A. 2 provide the

parameters of geometry and material properties. Heat flux qo
(5840 W m~2) is applied on the upper surface of the heater. The
environmental temperature is set to be 15 °C. h. is evaluated to be
230 W m~2 K~ ! by inverse analysis with the help of the experi-
ments results. In fact, this parameter has little impact on the
simulation results of AT, and ATpax. To prove it, we keep trying
the simulations through changing hc around 230 W m~2 K™/, the
results of AT,ye and ATy« present little variance. Heat diffusion was
simulated by numerically solving the Fourier's equation with the
given boundary conditions.

Table A. 1
Structure dimensions for FEA
Parameters Values/mm
1 26
w 8
ts 0.2
te 2
th 5
dq 6.8
d; 9.6
ds 9.6
Table A. 2
Material properties for FEA
Thermal conductivity/ Density/ Heat capacity/
Wm ! K! kg m~3 Jkg ' K!
Heater 0.15 1300 1100
(Polyimide)
Silicone gel 0.16 1140 1428
5 vol % 0.29 1197 1361
Composites
19 vol % 0.70 1355 1205
Composites
Heat sink 156 - -
(Aluminum-
6061 T4)

B. Efective medium approximation for prediction of thermal
conductivity of composite

B.1 General framework

According to the effective medium approximation (EMA) theory
[30], the effective thermal conductivity of the isotropic composites
can be given by

3+ f12611(1 = L11) + 633(1 — L33)]

k=k B.1
" 3 — f[2611L11 + B33L33] (B.1)
with
Ke — km
fo i m B.2
i km + Lii (K — km) (B2)

where kn, and kj are the thermal conductivities of the matrix and
fillers, respectively; fis filler volume fraction; 11 and 33 represent
in-plane and through-plane direction, respectively; Lj is the
geometrical factor dependent on the filler shape and given by:
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062 0%
Ly = + cos ! (B4)
I PAPTT R
L33 =1—2Ly; (B.5)
a=t/D (B.6)

where « is the inverse of filler aspect ratio, t and D are the thickness
and diameter of filler, respectively. For the platelets, v can be given
by:

y = (1 + 2a)Rykm/t (B.7)

where Ry, is thermal boundary resistance.

B. 2 Prediction of body 1 thermal conductivity in heterogeneous
case

For prediction of body 1 thermal conductivity, the theoretical in-
plane thermal conductivity of hBN [26,27] and the measured
thermal conductivity of neat silicone gel [25] are input as known
parameters:

kp =600Wm ' K1, ky=016Wm 1K

D of hBN platelets is 5 um, which is obtained from the material
vendor; t is approximately equal to 250 nm; f of body 1 is equal to
19%. In addition, Ry has been extracted to be 300 x 10~ ° m* WK™ !
according to Ref. [27]. With these known parameters, k of body 1 is
calculated using Eq. (B.1) and equal to 0.70 Wm~! K.

B.3 Prediction of homogeneous composites thermal
conductivity

kp, km, t, D and R, of homogeneous composites are the same with
those of body 1. But f of homogeneous composites is 5%. Thus, k of
homogeneous composites can be also calculated using Eq. (B.1) and
equal to 029 Wm 1 K.
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