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The electrocaloric effect of ferroelectric ceramics has been studied extensively for solid-state caloric cooling. Gen-
erally, most ferroelectric ceramics are poor thermal conductors. In this work, the possibility of enhancing the thermal
conduction of ferroelectric ceramics through the electrocaloric effect is studied. A multilayer ceramic structure is proposed
and the proper sequential electric field is applied to each ceramic layer. The result shows that the thermal conduction of the
multilayer structure is significantly enhanced because of the electrocaloric effect of the ferroelectric ceramics. As a result,
the work finds an alternatively way of applying the electrocaloric effect, prompting thermal conduction.
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1. Introduction

Electrocaloric (EC) effect refers to the isothermal entropy
change AS or adiabatic temperature change AT of a dielec-
tric material when an electric field is applied or removed.[!=!
After a giant EC effect was found in PbZrg 5Tig 0503, it
gets a renaissance. Various strategies have been studied to en-
hance EC effect, e.g., preparing ferroelectric thin film bilay-
ers and novel layered ferroelectric, utilizing phase transitions
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and phase-boundary, and ezc.!
shows an interesting negative EC effect.[!!"'?] Some practical
devices using EC effect for cooling.['3-!71 and electrical en-
ergy generation''®! have been developed.

For ferroelectric ceramics, a high electric field has to be
applied to induce a large EC effect.l®) Thus, ceramics have
to be fabricated very thin to increase the electrical breakdown
field.["”] The compromise is that the overall quantity of cool-
ing is small due to reduced size. In the field of electronic
ceramics, it is known that industrially manufactured multi-
layer ceramic capacitors (MLCC) are an innovative result of
increasing the value of capacitance while reducing the size.
These mature products find also novel properties like magne-
toelectric effects?*-?1 and EC effect!?’!. The EC effect of
MLCC has also studied extensively.[?*=3! The dielectric ma-
terials used in MLCC commonly are BaTiO3-based ceramics,
which have poor thermal conduction. It is then interesting to
ask if the thermal conduction of these ceramics can be en-
hanced through the EC effect. Thus, in this work, a simple
MLCC is designed and the proper sequential electric field is
applied. The result indicates that the EC effect can enhance
the thermal conduction of the structure significantly.
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2. Theory

The one-dimensional (1D) heat flow equation can be ex-
pressed as

Qcond = —kAdT /dX = —dT/R, (D

in which Q is the rate of heat flow; k is the thermal conduc-
tivity; A is the cross-sectional area perpendicular to the path
of heat flow; T is the temperature; X is the length of the ma-
terial measured on a path parallel to the heat flow; R is the
heat resistance. The total transferred heat Q during time 7 is
Q-t. The temperature variation AT of a material because of
the absorption of heat Q is

Q =mcAT = pVcAT = CAT, )

in which m is the mass of material; c is the specific thermal ca-
pacity; p is density; V is volume; C is the thermal capacitance.

A simple MLCC structure is designed as shown in Fig. 1,
which consists of two layers dielectric ceramics in between
three layers electrodes. Thus, there are two EC cooling units
ECI and EC2. During the calculation, EC1 connects with a
cooling load while EC2 connects with a heat sink.

The thermal behavior of the electrode layer can be mod-
eled as the series of one thermal resistance R, = L. /k.A. and
one thermal capacitance C, = pec.Ve.!?* Here L, is the length
of an electrode measured on a path parallel to the heat flow;
ke is the thermal conductivity of the electrode; A, is the cross-
sectional area perpendicular to the path of heat flow; p. is the
density; c. is the specific thermal capacity; V. is the volume.
The thermal capacitance of the EC layer is Cgc = prccecVec-
Here pgc, cgc, and Ve are the density, the specific thermal
capacity, and the volume of the EC layer.
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By assuming that the cooling load temperature is 7jo,g and
the temperature of EC1 is Tgci, the 1D heat transfer Eq. (1)
can be further expressed as

O(t) = (Tioaa — Tec1 /R) e ~/R¢, 3)

where R is the overall thermal resistance and equal to R.; C is
the overall thermal capacitance and equal to (C; L4 Cgcl)’l.
Similar equations can also be built for describing the heat
transfer between EC1 and EC2, EC2 and heat sink respec-
tively. By combining Egs. (1)—(3), the heat transfer problem
of the proposed structure can be solved.

load sink

Fig. 1. The designed multi-layer structure. From left to right, there
are cooling load, electrode, ferroelectric ceramic layer EC1, electrode,
ferroelectric ceramic layer EC2, electrode, and heat sink.

3. Results and discussion

For commercialized MLCC, the terminal electrodes con-
nect with the electrical circuit. Thus, each ceramic layer has
the same applied electric field. The additional components
have been included to transport heat. For the proposed MLCC
as shown in Fig. 1, the different sequential electric field is ap-
plied for each EC unit as shown in Fig. 2. An EC cooling cycle
is achieved by two adiabatic and two heat transfer processes.
In one period, there are four steps for each EC unit. For in-
stance, in step 1, there is a positive AT for EC2 unit because
of the increase of the electric field; in step 2 it experiences
heat transfer with constant electric field; in step 3 there is a
negative AT for EC2 unit because the decreasing of the elec-
tric field; in step 4 it conducts heat transfer. The EC1 unit has
the converse process in one cycle. In a period, EC1 unit ab-
sorbs heat from the cooling load while EC2 unit release heat
to heat sink. In a stable state, the balance arrives when the ab-
sorbed, transferred, and released heats are equal. By solving
this heat transfer problem, the EC effect on heat transfer of the
proposed structure is revealed.

The geometrical and physical parameters of a commercial
BaTiOs-based Y5V MLCC were applied during the calcula-
tion. Since ppc = 5840 kg-m ™3, cgc =434 J K 1 kg™!, L =
3.3 mm, the effective width W = 2.56 mm, the thickness d =
6.5 um, the thermal capacitance Cgc is 1.391x1074 J K.
Since p. = 8907 kgm3, c. = 429 J K 'kg7!, k. =
94 W-K~'-m~!, the thickness d = 2.0 pwm, the thermal ca-
pacitance C. is 6.46x 1073 J-K~!, and the thermal resistance
Re is 2.52x1073 K-W~1.
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Fig. 2. The sequential electric fields applied to each EC units.

By assuming that the EC temperature change of the EC
unit is 0.5 K.[?3 The transferred heat during one cycle is cal-
culated, which is the case 1 in Fig. 3. After calculating the
overall thermal resistance of the proposed structure and the
time constant, the heat transfer of the structure without the EC
effect is gotten and plotted in Fig. 3 also, which is case 2. Fi-
nally, if the EC units are replaced by Ni metals, the heat trans-
fer is plotted as the case III in Fig. 3. Obviously, although the
heat transfer is less effective in comparison with the metal Ni,
the EC effect prompts heat transfer significantly.

From the simulated result, the effective thermal conduc-
tivity of the proposed structure is 53.35 W-m~!-K~!, which is
20 times larger than that of the BaTiO3-based ceramics. 3!
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Fig. 3. The transferred heat Q as a function of the temperature difference
between load and heat sink (7joad — Tsink). Here, case 1 is the transferred
heat of the proposed MLCC with EC effect, case 2 is the transferred heat of
the same structure without EC effect, and case 3 is the transferred heat of
the same structure replacing EC layers with Ni metal.

4. Conclusion and perspectives

In conclusion, after designing a simple MLCC structure
and applying the proper sequential electric field, the result
shows that the EC effect can fast heat transfer significantly.
The effective thermal conductivity is 20 times larger than that
of BaTiOsz-based Y5V ceramic.
novel strategy of applying the EC effect, prompting heat trans-

Our result demonstrates a

fer.
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