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Compact multilayer capacitors (MLCs) have attracted strong interest as the most promising elements

for the design of electrocaloric prototypes. Recent theoretical simulations have predicted that MLCs

could permit a sustained cooling power. However, direct experimental evidence is still lacking. Here,

we use an infra-red camera to characterize the cooling power of commercial MLCs by combining both

spatially and temporally resolved measurements. We also compare the experimental data with theoreti-

cal models in order to highlight the routes for developing and optimizing the future MLC-based devices

as well as the measurement conditions and modeling tools. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4968581]

There has been a recent upsurge in research on the elec-

trocaloric (EC) effect to seek for alternative solutions to

replace the current vapor-compression cooling devices.1–6

The EC effect refers to an isothermal entropy change or an

adiabatic temperature change when an EC material is sub-

jected to a perturbation in the external electric field. After

almost 10 years of research on EC materials initialing from

the discovery of a giant EC effect in antiferroelectric thin

films,1 the current interest focuses on direct measurements

and the design of prototypes while this cooling technology

remains in its infancy compared to its magnetocaloric coun-

terpart.6 Recently, several thermodynamic EC refrigerations

(see one example of Brayton-like type in Fig. 1) for cooling

applications were theoretically proposed and conceptually dem-

onstrated especially using multilayer capacitors (MLCs).7–11

MLCs make a compromise between thin films with giant EC

responses and bulk with larger active volumes, which are con-

sidered as the most promising configurations for developing EC

cooling devices.3,5,6

Although the EC effect in MLCs has been known for

almost 30 years,12,13 it is only recently that the role of metallic

inner electrodes in conducting EC heat has been addressed.14,15

Moreover, depending on EC materials and electrodes, a sus-

tained cooling power of 36 kW/m2 was predicted by using a

lumped thermal model.15 Later, a value of 81.7 kW/m2 was

refined by using finite element modelling.16 Interestingly, these

values may compete favorably with the most advanced magne-

tocaloric refrigerators based on Gd for which �2.5 kW/m2 is a

typical value of cooling power.17 However, there is no experi-

mental evidence directly measuring this important parameter

of EC devices to inspire confidence for practical applications

and guide researchers towards EC prototypes with enhanced

performances.7–16,18,19 In this work, we carried out IR meas-

urements on standard operating MLCs, which gave the oppor-

tunity to extract its cooling power that we used to reveal the

parameters to play with in order to optimize MLC-based proto-

types and develop more accurate modeling tools and careful

measurement conditions.

Before showing the experimental results of the cooling

power of MLCs, let us first focus on the basic cooling mech-

anism taking into account the geometrical configurations of

MLCs (i.e., electroactive multilayers interconnected with

inner electrodes in contact with external metallic terminals).

A Brayton-like EC refrigeration cycle3,6,8 using MLCs can

be described as follows: (1–2) adiabatic application of the

external electric field (polarizing); (2–3) isofield cooling of

the MLCs accompanied by heat exchange with hot sink;

(3–4) adiabatic removal of external stimulus (depolarizing);

and (4–1) isofield heating of the MLCs associated with the

heat exchange with cold load. In this refrigeration cycle, the

metallic terminals are of great importance to extract the EC

heat flux in steps (2–3) and (4–1).20 Interestingly, our recent

experimental study allowed us to directly deduce the EC

heat flux crossing MLCs by using an infra-red camera, and it

FIG. 1. A sketch of Brayton-like EC refrigeration cycle using MLCs. The

horizontal red arrows indicate the main direction of EC heat flux.
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was found that the heat flux parallel with the terminal-

terminal direction is three times larger than the perpendicular

one.20 As a result, Fig. 1 only shows schematically the main

direction of EC heat flow through arrows between the central

ceramic regions and the two terminals. Although Brayton-

like EC cycles have been employed in previous works,3,6,8

the heat transfer as shown in Fig. 1 is not explicitly indi-

cated, which is of great importance for design of suitable EC

devices.

As illustrated in Fig. 2(a), in this study, we use a FLIR

X6580SC camera (Thermal resolution: 20 mK; spatial reso-

lution of 6.5 lm), and MLCs are purchased from Multicomp

(MC1210F476Z6R3CT). The MLCs are made of around 150

doped BaTiO3 ceramic layers with the thickness of 11 lm

separated by interdigitated Ni inner electrodes with the thick-

ness of 2.0 lm. We deposit tin onto the terminals to realize

electrical connection by thin copper wires between the

MLCs and voltage generator (KEITHLEY). 800-grit and

1200-grit abrasive papers are sequentially used to polish the

top surface of MLCs. After that, ethanol is employed to

wash and clean the MLCs. The IR camera has been cali-

brated with a black body on the same temperature range as

these experiments by the manufacturer (FLIR). Then, all

experiments presented in this paper were performed after hav-

ing reached temperature stability of the whole set-up.

Consequently, the temperature was stabilized on the MLC

prior to any voltage supply. This temperature was measured

with a Pt-100 thermometer (TE Connectivity Ref NB-PTCO-

155 class F 0.1) with the accuracy of 6100 mK, regarding the

absolute temperature. The precision of variation of tempera-

ture is much better as the temperature coefficient of resistance

is 3850 ppm/ �C and our electronic reading system can reach

the ppm, which gives approximately 1 mK as the most sensi-

tive temperature variation we can extract from the Pt-100 ther-

mometer. Similar experimental set-up can be also found in

Refs. 20 and 21.

Fig. 2(b) shows the zero-voltage thermal image of the

top surface of one MLC at room temperature. It is observed

that factitious temperature spatial variations only exist near

the interface between the metallic terminals and ceramic

layers. It is due to the surface emissivity variations on the

MLCs due to the difference in materials (high emissivity

ceramic and low emissivity metallic terminals).21 As already

mentioned in our previous work,20 we adjusted the emissiv-

ity of each point of the MLC surface in order to obtain the

same temperature on the whole MLC surface prior to apply-

ing any voltage to the MLC (see Table I). This operation can

be done with the camera software (IResearch) once the tem-

perature has been set with thermocouple [Fig. 2(a)]. Local

variations appear on the surface of the MLC, especially close

to the terminals (see Table I). It can even occur that emissiv-

ity reaches 1. Note that this happens exclusively in regions

A1-A3 and A7-A9 [Fig. 2(b)] located extremely close to the

terminal regions but not on the terminals themselves. As the

terminals are made of metal, their emissivity is low (less

than 10%), and therefore, their reflectivity is very intense.

This high reflection infers an extrinsic increase of the

FIG. 2. (a) The schematic representation

of the measurement setup. (b) The typi-

cal thermal image of the top surface of

one MLC at room temperature without

applied voltage, on which the regions

numbered from A1 to A9 (�520lm

� �200lm) have been reported. (c)

Recorded temperatures of the different

regions of (b) versus time when 200 V

have been applied or removed. (d)

Temperature difference between the dif-

ferent selected regions is extracted from

(c). The inset depicts the corresponding

locations of the selected regions and the

temperature difference. Arrows indicate

the directions of heat flow.

TABLE I. Emissivity of various regions of the top surface of MLCs before

the EC effect is activated.

Region Emissivity

A1 0.788

A2 0.947

A3 0.940

A4 0.839

A5 0.750

A6 0.743

A7 0.880

A8 0.980

A9 1.000
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effective emissivity of the ceramic regions close to the termi-

nals, even when polishing has been performed. For instance,

the average emissivity of A4-A6 areas is 0.777 whereas it is

as high as 0.923 for A1-A3 and A7-A9 regions. Thanks to

this emissivity adjustment, the final temperatures extracted

are much more accurate as IR cameras only detect photons.

This requires that the emissivity of the measured regions is

known. It is, however, true that reaching saturation with an

effective emissivity of 1 induces a slight error on the temper-

ature extraction, estimated to be less than 2%, based on the

data in Table I.

Fig. 2(c) shows the typical results for Brayton-like EC

refrigeration cycles where the surroundings play the role of

both load and sink. A significant distribution in the recorded

temperature profile is evidenced, which is consistent with

our previous work.20 Combining both spatially and tempo-

rally resolved measurements, Fig. 2(d) summarizes the

extracted temperature difference between different selected

regions when a voltage of 200 V has been removed.

Specifically, Tg1 and Tg2 indicate the difference in tempera-

ture between the average temperature corresponding to (A4,

A5, and A6) regions and the one averaged, respectively, over

the three regions (A7, A8, and A9) and (A1, A2, and A3).

Tg3 stands for the average difference between (A1, A4, and

A7) and (A3, A6, and A9) regions. The ideal temperature

difference refers to the one expected between central regions

(A4, A5, and A6) and EC inactive terminals (the temperature

is constant while operating).14 It is shown that the magnitude

of Tgi (i¼ 1, 2, 3) experiences a dramatic decrease during the

first 2 s. Moreover, the thermal time constant s defined as the

time that it takes for the MLC to reach 63.2% of its steady-

state temperature value with respect to its initial value is

about 1 s. The difference between Tg1 and Tg2 arises from

the different thermal masses due to the different amount of

SnPb deposited onto the terminals in order to ensure electri-

cal connections.20

Now, let us calculate the cooling power of MLCs using

a lumped thermal model, which is available in the field of

electrocaloric literature.14 In a lumped equivalent thermal

circuit, taking into account the heat capacity and the thermal

conductivity of BaTiO3 and Ni electrodes, the temporal cool-

ing capacity _Q follows an exponential decrease _Q ¼ _Qmax

expð�t=RtotalCtotalÞ.14 _Qmax ¼ Ti=Rtotal is the initial EC cool-

ing capacity at t ¼ 0 s. Rtotal ¼ RNi
TH=n is the total thermal

resistance in series, where RNi
TH ¼ L=2=jNiANi is the thermal

resistance of one single Ni electrode (L: effective length,

ANi: cross-sectional area) and n is the total number of Ni

electrodes (150 in our case). Ctotal is the total thermal capaci-

tance where Ctotal ¼ nðCNi
TH þ 2CEC

THÞ. CNi
TH ¼ 66 lJ/K (Ref.

14) and CEC
TH ¼ qECcECðvEC=2Þ ¼ 111.5 lJ/K are the thermal

capacitance of Ni and EC layer (BaTiO3), respectively,

where qEC ¼ 5840 kg/m3 and vEC ¼ 8:8� 10–11 m3 are the

mass density and volume of BaTiO3 layer, respectively.

Note that the expression of Ctotal used here differs from the

previous work.14 We specifically consider Ctotal as a sum of

the thermal masses of different components. In this regard,

Ctotal is enhanced by a factor of about 5 compared to that

obtained in the previous result.14 This may lead to a signifi-

cant change in the magnitude of heat flux and cooling power.

Now, we may calculate the thermal relaxation time

s ¼ RtotalCtotal. Specifically, Ctotal is calculated as 43 350 lJ/K

while Rtotal ¼ 22.7 K/W, and the thermal relaxation time s is

about 0.984 s, which is well consistent with our measured

value of 1 s [see Fig. 2(d)]. Moreover, we can calculate the

initial Qmax (Qmax ¼ Ti=Rtotal) as 10.60 mW, 7.56 mW, and

2.86 mW by using Rtotal ¼ 22.7 K/W and Ti ¼ 0.240 K,

0.172 K, and 0.0655 K for heat flux 1, 2, and 3 experimen-

tally extracted from Fig. 2(d). A large cooling power takes

place during the first 5 s, and it decays significantly after

removing the external voltage, as shown in Fig. 3(a). The

largest _Qmax for heat flow 1 is about two times smaller than

the limiting case (28.86 mW) for which Ti is set in order to

obtain the ideal temperature difference between the central

regions and terminals extracted from Fig. 2(d). The average

cooling capacity Qav ¼ _Qmax=20 is 0.53 mW, 0.38 mW, and

0.14 mW for heat fluxes 1, 2, and 3. As a result, the cooling

powers of heat fluxes 1, 2, and 3, thus, correspond to

0.21 kW/m2, 0.15 kW/m2, and 0.048 kW/m2, respectively.

These values including the limiting case (0.57 kW/m2) are

still smaller than the recent theoretical predictions of

�0.8–2.5 kW/m2 in BaTiO3-based MLCs with Ni electro-

des16 and that (�2.5 kW/m2) in magnetocaloric refrigerators

based on Gd.17 It was reported that the cooling power of

MLCs is limited by the thermal relaxation time.16 Our

FIG. 3. (a) EC cooling capacity associated with heat fluxes 1, 2, and 3 as a

function of real time when 200 V is removed. The limiting case corresponds

to the idea temperature gradient as shown in Fig. 2(d). (b) Comparison of

calculation results on the heat flux 1 between a lumped thermal model and

Fourier’s law as a function of real time when 200 V is removed.
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findings here indicate that very fast heat exchange cannot be

simply realized using our current geometry of devices (our

measured s is larger than theoretical expectations by finite

element modeling16), which may therefore prevent reaching

a larger cooling power. As a result, a strong evacuation of

the heat imposed on the terminals and/or further geometric

optimization16 and/or good thermal transfer adhesive

attached to MLCs are very desired in future works.

The lumped thermal model itself may also overestimate

the thermal relaxation time compared to that obtained by finite

element modeling.16 As a result, smaller cooling power may

be predicted compared to the results deduced from the finite

element analysis.16 In addition to finite element modeling,

other direct theoretical studies are highly desirable to under-

stand heat distribution and transfer in MLCs. For instance, by

solving the thermal equations, one can describe the side flow

and a variety of conditions on the MLC borders.9 In order to

evaluate the cooling power results [(Fig. 3(a)] obtained

through the lumped thermal model, we also make further esti-

mations based on Fourier’s law _Qh ¼ �jeffTi=l, where _Qh is

the rate of heat flux, jeff is the effective thermal conductivity

combining contributions from ceramic layers and inner elec-

trodes, l is the heat transfer length, and Ti is the average tem-

perature difference obtained from Fig. 2(d). The comparison

of the results between the lumped thermal model and

Fourier’s law for heat flux 1 is shown in Fig. 3(b). It is found

that the average cooling power for heat flux 1 is 0.030 kW/m2,

which is 6 times smaller than the one obtained from the

lumped thermal model (0.21 kW/m2). Therefore, our results

show that considering the thermal conductivity of MLCs

merely as a geometric average of the thermal conductivity of

BaTiO3 and Ni may lead to inaccurate estimations of heat

flow and cooling power.

Our previous EC results were obtained under different

voltage sequences from 25 V to 200 V,20 which is accompa-

nied with a temperature change before running the EC

experiments except for the very beginning. Here, we waited

for about 25 s before the EC effect was triggered as shown in

Fig. 2(c). Interestingly, no appreciable discrepancies in the

temperature change and thermal time constant have been

spotted between these two results, which rule out the non-

equilibrium contributions due to the temperature variation in

our previous work.20 We also note that the slight change in

the thermal relaxation time under different voltage as

implied in our previous work20 cannot be well understood by

the lumped thermal model, which assumes that MLCs are

perfectly thermally isolated from the surroundings.14 This is

not exactly the case in our experimental measurement with-

out any thermal shield. In this case, the heat exchange

between the MLC and the surroundings also make contribu-

tions especially when the voltage is not high enough. This is

also the reason why we only present the heat flux under

200 V rather than in the low voltage regime. Under high vol-

tages, the system can be safely regarded to be in nearly adia-

batic conditions.

Finally, we also carried out a thermal simulation of the

electrocaloric device based on MLCs to show the role of the

heat transfer with its environment and stress possible origins

of errors one can make during measurements. The equivalent

electrical circuit employed in this model is shown in Fig. 4(a).

Basically, the thermal model takes into account the thermal

resistance of the MLC edge and electrical supply plate Rce,

heat transfer in a dielectric fluid via forced convection Ref,

and heat transfer to the housing of the active elements Rout. It

also takes into account the thermal capacitances of the MLCs

Cc and of the fluid Cf . Qin stands for the heat created by the

EC effect into the MLC.

The thermal behavior of one MLC in contact with a fluid

is shown in Fig. 4(b). It can be seen that the temperature of

the fluid hf is not decreasing as low as that of the MLC hc.

For information, Fig. 4(b) also displays how EC heat is tem-

porally given to the system. Some clues about this behavior

can be given. First, one can introduce equivalent thermal

mass to compare temperature evolutions of both MLC and

FIG. 4. (a) Physical model of the MLC in contact with a convective fluid

canal. Heat is exchanged from the MLC core to the environment via MLC

metallic terminal, external electrical contact layer, fluid, and eventually con-

tainment housing. The equivalent electrical/thermal circuit is also repre-

sented. Heat created by the MLC is represented as a heat source Qin. This

heat is then sent to the metallic terminal of the MLC via Rce and then to the

fluid via Ref . The fluid finally releases the heat to the environment via Rout.

Heat exchanges are also modulated by the thermal capacities Cc and Cf .

This models the ability of, respectively, the MLC and the fluid to store

momentously the heat. The system is monitored by hc, hf , and hamb, which

are, respectively, the MLC, the fluid, and environment temperatures.

Environment is represented as the thermal sink of the system. (b) Temporal

evolution of hc (red curve) and hf (blue curve). Electrocaloric heat pulses

are generated, and the temperature response of the fluid is monitored.

Temperature variation of the fluid is smaller than that of the MLC. The fluid

first starts to heat up, before it reaches a temperature plateau when a new

thermal periodic steady state is reached. When MLC stops injecting heat in

the system, the temperature of the fluid then falls down exponentially to

equilibrium with environment temperature.

212902-4 Liu et al. Appl. Phys. Lett. 109, 212902 (2016)



fluid. The heat generated by the MLC can be expressed as

Q ¼ qVCpDT. In our model, the equivalent thermal mass

mT ¼ qVCp of the MLC is twice smaller than that of the

fluid. So, for a given heat pulse provided by the MLC, if we

assume that all this heat is transferred to the fluid, the fluid

undergoes a smaller DT than that of MLC. However, ther-

mal equilibrium is a trade-off between heat income, storage,

and release to the environment. This last heat transfer is

important to try to explain the difference between the models

and the measurements. Because the surroundings of the

MLC are not controlled (atmosphere, thermal conductive

contacts, radiation thermal exchanges, etc.), major differ-

ences can be obtained. Further optimizations of this model

are highly desired to understand the regenerative effect using

MLCs. Nevertheless, combining this simplistic model with

our experimental data in this work may provide a practical

solution.

In summary, we have demonstrated the useful role of an

IR camera in measuring the cooling power of MLCs, which

provides a practical route to characterize and select proper

MLCs for designing suitable devices. Moreover, our study

combines theoretical simulations and experimental measure-

ments to achieve optimizations of performances such as geo-

metrical adjustments. We hope that our results may inspire

more works on developing EC prototypes for refrigeration

applications as well as improved measurement procedures

and more accurate modeling tools.
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