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1. Introduction

The electrocaloric effect (ECE) is the change in temperature and/or entropy of a dielectric
material due to the electric field induced change of dipolar states. Electrocaloric effect in
dielectrics is directly related to the polarization changes under electric field.36] Hence a
large polarization change is highly desirable in order to achieve a large ECE which renders
the ferroelectric materials the primary candidates for developing materials with large ECE.
Figure 1 illustrates schematically the ECE in a dipolar material. Application of an electric
field to the material causes partial alignment of dipoles and consequently a reduction of
entropy of the dipolar system. In an isothermal condition, the dipolar material rejects heat
Q=TAS to the surrounding, where T is the temperature and AS is the isothermal entropy
change. Or in an adiabatic process, to keep the total entropy of the material constant, the
temperature of the dielectric is increased by AT, the adiabatic temperature change which is
related to the Q = CAT where C is specific heat capacity of the dielectric. In a reverse
process, as the applied electric field is reduced to zero and the dipoles return to the less
ordered state (or disordered state), an increase in the entropy of dipolar system occurs and
under an isothermal condition, the dielectric will absorb heat Q from the surrounding.

Fig. 1. Schematic drawing of the ECE process in a dipolar material. When E=0, the dipoles
orient randomly. When E>0, especially larger than the coercive electric field, the dipoles
orient along the electric field direction.
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100 Ferroelectrics

The ECE may provide an effective means of realizing solid-state cooling devices for a broad
range of applications such as on-chip cooling and temperature regulation for sensors or
other electronic devices. Refrigerations based on ECE have the potential of reaching high
efficiency relative to vapor-compression cycle systems, and no green house emission.
Solid-state electric-cooling devices based on the thermoelectric effect (Peltier effect) have
been used for many decades (Spanner, 1951; Nolas, Sharp, and Goldsmid, 2001). However,
these cooling devices require a large DC current which results in large amount of waste heat
through Joule heating. For example, using the typical coefficient of performance (COP) for
these devices, e.g. 0.4 to 0.7, 2.4 to 3.5 watts of heat will be generated at the hot end of the
system when pumping 1 watt heat from the cold end. Hence, the thermoelectric effect based
cooling devices will not meet the requirement of high energy efficiency.

A counterpart of ECE is the MCE, which has been extensively studied for many years due to
the findings of giant magnetocaloric effect in several magnetic materials near room
temperature (Gschneidner Jr., Pecharsky and Tsokol, 2005; Pecharsky, Holm, Gschneidner
Jr. and Rink, 2003). Both ECE and MCE devices exploit the change of order parameter
brought about by an external electric or magnetic field. However, the difficulty of
generating high magnetic field for MCE devices to reach giant MCE, severely limits their
wide applications. This makes the MCE devices difficult to be used widely, especially for
miniaturized microelectronic devices, and to achieve high efficiency. In contrast, high
electric field can be easily generated and manipulated, which makes ECE based cooling
devices attractive and more practical for a broad range of applications.

This chapter will introduce the basic concept of ECE, the thermodynamic considerations on
materials with large ECE, and review previous investigations on the ECE in polar crystals,
ceramics, and thin films. A newly discovered large ECE in ferroelectric polymers will be
presented. Besides, we will also discuss different characterization techniques of ECE such as
the direct measurements and that deduced from Maxwell relations, as well as
phenomenological theory on ECEs.

2. Thermodynamic considerations on materials with large ECE

2.1 Maxwell relations

In general the Gibbs free energy G for a dielectric material could be expressed as a function
of temperature T, entropy S, stress X, strain x, electric field E and electric displacement D in
the form

GZU—TS_Xixi_EiDi, (1)

where U is the internal energy of the system, the stress and field terms are written using
Einstein notation. The differential form of Eq. (1) could be written as

Entropy S, strain x; and electric displacement D; can be easily expressed when the other two
variables are assumed to be constant,

www.intechopen.com



Electrocaloric Effect (ECE) in Ferroelectric Polymer Films 101

The Maxwell relation can be derived for (S, T) and (D, E) two pairs of parameters (Line and

Glass, 1977),
(ﬁj (@J @
OE; T.X oT Je x

(2) L[] In 5
OE )s cp\ 0T Jp ¢~

where cg is the heat capacity, pg the pyroelectric coefficient. Eqs. (4) and (5) indicate the
mutually inverse relationships of ECE and the pyroelectric coefficient. Hence, for the ECE

materials with a constant stress X imparted, the isothermal entropy change AS and adiabatic
temperature change AT can be expressed as (Line and Glass, 1977)

As=—[" (@J dE, 6)
El aT E
aT=-L Ezl(@j dE. %

Equations (4) through (7) indicate that in order to achieve large AS and AT, the dielectric
materials should posses a large pyroelectric coefficient over a relatively broad electric field
and temperature range. For ferroelectric materials, a large pyroelectric effect exists near the
ferroelectric (F) - paraelectric (P) phase transition temperature and this large effect may be
shifted to temperatures above the transition temperature when an external electric field is
applied. It is also noted that a large AT may be achieved even if AS is small when the cg of a
dielectric material is small. However, as will be pointed out in the following paragraph, this
is not desirable for practical refrigeration applications where a large AS is required.

It is noted that in the temperature region including a first-order FE-PE transition, Eq. (6)
should be modified to take into account of the discontinuous change of the polarization AD
at the transition, i.e.,

AS:-jE(d—Dj dE+AD(a—Ej. (8)
o dT ), oT

Although a few studies on the ECE were conducted in which direct measurement of AT was
made (Sinyavsky, Pashkov, Gorovoy, Lugansky, and Shebanov, 1989; Xiao, Wang, Zhang,
Peng, Zhu and Yang, 1998), most experimental studies were based on the Maxwell relations
where the electric displacement D versus temperature T under different electric fields was
characterized. AS and AT were deduced from Egs. (6) and (7) (see below for details). For
dielectric materials with low hysteresis loss and the measurement is in an ideal situation,
results obtained from the two methods should be consistent with each other. However, as
will be shown later that for the relaxor ferroelectric polymers, the ECE deduced from the
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102 Ferroelectrics

Maxwell relations can be very different from that measured directly and hence the Maxwell
relations cannot be used for these materials in deducing ECE. In general, the Maxwell
relations are valid only for thermodynamically equilibrium and ergodic systems.

In an ideal refrigeration cycle the working material (refrigerant) must absorb entropy (or heat)
from the cooling load while in thermal contact with the load (isothermal entropy change AS).
The material is then isolated from the load while the temperature is increased due to the
application of external field (adiabatic temperature change AT). The material is then in thermal
contact with the heat sink and entropy that was absorbed from the cooling load is rejected to
the heat sink. The working material is then isolated from the heat sink and the temperature is
reduced back as the field is reduced. The temperature of the refrigerant will be the same as the
temperature of the cooling load when they are contacted. The whole process is repeated to
further reduce the temperature of the load. Therefore, both the isothermal entropy change AS
and the adiabatic temperature change AT are the key parameters for the ECE of a dielectric
material for refrigeration (Wood and Potter, 1985; Kar-Narayan and Mathur, 2009).

2.2 Phenomenological theory of ECE

Phenomenological theory has been widely utilized to illustrate the macroscopic phenomena
that occur in the polar materials, e.g. ferroelectric or ferromagnetic materials near their
phase transition temperatures. The general form of the Gibbs free energy associated with the
polarization can be expressed as a series expansion in terms of the electric displacement
(Line and Glass, 1977)

1 - 1,4 1 ¢
G=—aD"+=¢&D" +=¢D>, 8
SaD? +ED* ¢ ®)
where a=B(T-To), and B, & and { are assumed to be temperature-independent
phenomenological coefficients. From (ﬁj =-AS, one can obtain,
D
1,5

Then the adiabatic temperature change AT (=TAS/cg) can be obtained, i.e.

AT =<1 BID? (10)
2c

Based on Egs. (9) and (10), the entropy will be reduced when the material changes to a polar
state from a non-polar state when an external action, e.g. temperature, electric field or stress,
is applied. The entropy change and temperature change are associated with the
phenomenological coefficient § and electric displacement D, viz. proportional to f and D2
Both parameters will affect the ECE values of the materials. A material with large B and
large D will generate large ECE entropy change and temperature change near the
ferroelectric (F) - paraelectric (P) phase transition temperature.

2.3 ECE in several ferroelectric materials
Based on the literature reported values of § and D, the ECE values of various ferroelectric
materials could be estimated. For instance, for BaTiOs;, B=6.7x105(JmC2K-1) and D=0.26
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Electrocaloric Effect (ECE) in Ferroelectric Polymer Films 103

C/m? (Jona and Shirane, 1993; Furukawa, 1984), AS will be approximately 3 J/(kgK). Using
the specific heat cg = 4.07x102]/ (kgK) and T. = 107 °C (Jona and Shirane, 1993; Akay, Alpay
Mantese, and Rossetti Jr, 2007), results in a AT = 2.8 °C. Similarly, for Pb(Zr«Tiix)O3
(0.0<x<0.6), B = 1.88x105 and D = 0.39 C/m?2 (Amin, Cross, and Newnham, 1981, Amin,
Newnham, and Cross, 1981), one will obtain AS = 1.8 J/(kgK). Taking T. = 250 °C, and cg =
3.4 x102]/(kgK) (PI Ceramic website, 2009), will result in AT = 2.7 °C.

For ferroelectric polymers, e.g. P(VDF-TrFE), phenomenological theory predicts large ECE
values. For example, P(VDF-TrFE) 65/35 mol% copolymer, with f= 3.5 x 107 JmC-2K-! and D
= 0.08 C/m?2 (Furukawa, 1984), will exhibit a AS = 62 J/ (kgK). Making use of its specific heat
capacity cg = 1.4 x 103 J/(kgK) (Furukawa, Nakajima, and Takahashi, 2006) and Curie
temperature T.=102 °C (Furukawa T, 1984), yields AT = 16.6°C. The large AS and AT values
suggest that a large ECE may be achieved in ferroelectric P(VDF-TrFE) copolymers.
Furthermore, relaxor ferroelectric polymers based on P(VDEF-TrFE), such as P(VDF-TrFE-
CFE) 59.2/33.6/7.2 mol% (CFE-chlorofluoroethylene) relaxor ferroelectric terpolymers also
have potential to reach a large ECE because the § and D are still large.

It was found that B of ferroelectric ceramics (~ 105) is about two orders of magnitude smaller
than that of P(VDF-TrFE) (~ 107). D however is only several times higher for ceramics, since
AS ~ BD2, AS is still about one order of magnitude smaller than that of the P(VDF-TrFE)
based polymers.

In addition, the heat of F-P phase transition can also be used to assess the ECE (Q=TAS) in a
ferroelectric material at temperatures above the F-P transition. For a very strong order-
disorder ceramic system (an example of which is the ferroelectric ceramic triglycine
sulphate, TGS), the heat of F-P phase transition is 2.0 x 103 J/kg (corresponding to an
entropy change of AS ~ 6.1 ] /(kgK)). For BaTiOs, F-P heat is smaller 9.3 x 102 J/kg (AS ~ 2.3
J/ (kgK)) (Jona and Shirane, 1993). In other words, although ceramic materials may exhibit a
higher adiabatic temperature change, their isothermal entropy change may not be very high.
In contrast, ferroelectric polymers offer higher heat of transition in a F-P transition. For
instance, P(VDF-TrFE) 68/32 mol% copolymer shows a heat of F-P transition of more than
2.1 x 104 J/kg (or AS ~ 56.0 J/ (kgK)) (Neese, Chu, Lu, Wang, Furman and Zhang, 2008). This
is approximately 10 times larger than its inorganic counterparts.

3. Investigations on ECE in polar materials

3.1 ECE studies in ferroelectric ceramics and single crystals

The history of ECE study may be traced back to as early as 1930s. In 1930, Kobeko and
Kurtschatov did a first investigation on ECE in Rochelle salt (Kobeko and Kurtschatov,
1930), however they did not report any numerical values. In 1963, Wiseman and Kuebler
redid their measurements (Wiseman and Kuebler, 1963), obtaining AT=0.0036 °C in an
electric field of 1.4 kV/cm at 22.2°C. In their study, the Maxwell relation was used to derive
AT(ATz—%Z—%DAD) , where a=1/¢ as defined in Eq. (8) and ¢ is the permittivity). The
isothermal entropy change was 28.0 J/m3K (1.56 x 102/ (kgK)).

Other studies on inorganic materials used KH>POj crystal, and SrTiOs, Pb(ScosTaos)O3, and
Pbo.9sNbo 02(Zr0.755n0.20Ti0.05)0.9805 ceramics. For KHoPOy crystal, Maxwell relation was used
in the form of AT =—(T / cE)(aD/ aT)dD to obtain AT =1 °C for a 11 kV/cm electric field and

oD /E
an entropy change of 2.31 x 103 J/m3K (or 0.99 J/ (kgK)) (Baumgartner, 1950). For SrTiOs, AT
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=1 °C and AS=34.63 J/m3K (6.75 x 103 J/ (kgK)) under 5.42 kV/cm electric field at 4 K from
Eq. (7) (Lawless and Morrow, 1977). For Pb(Scos5Taos5)O3, a AT =1.5 °C and AS of 1.55 x 104
J/m3K (1.76 J/(kgK)) were measured directly for a sample under 25 kV/cm field at 25 °C
(Sinyavsky and Brodyansky, 1992). For Pbg.9sNbo.02(Zro.755n0.20Ti0.05)0.9803, AT =2.5 °C and
AS=1.73 x 104 J/m3K (2.88 ]/ (kgK)) at 30 kV/cm and 161 °C deduced from Eq. (7) (Tuttle and
Payne, 1981).

A direct ECE measurement was carried out for (1-x)Pb(Mg1,3Nb2,3)O3-xPbTiO3 (x=0.08, 0.10,
0.25) ceramics near room temperature using a thermocouple when a dc electric field was
applied (Xiao, Wang, Zhang, Peng, Zhu and Yang, 1998). A temperature change of 1.4 °C
was observed for x=0.08 although at high temperatures (as x increased), this change was
reduced. This high ECE can be accounted for by considering the electric field-induced first-
order phase transition from the mean cubic phase to 3m phase.

These results indicate that the ECE in ceramic and single crystal materials are relatively
small, viz. AT<2.5 °C, and AS<2.9 J/(kgK), mainly because the breakdown field is low, using
applied electric fields that are less than 3 MV /m. Defects existing in bulk materials cause
early breakdown and empirically the breakdown electric field was inversely proportional to
the material’s thickness. For piezoelectric ceramics, the breakdown field (in kV/cm) is
related to the thickness (in cm) via the relationship, E,=27.2t-03, indicating that thin films
are more appropriate for an ECE study. Additionally, the breakdown field of dielectric
polymers can be several orders of magnitude higher than ceramics, suggesting polar-
polymers are good candidates for ECE investigations.

3.2 ECE in ferroelectric and antiferroelectric thin films

In 2006, Mischenko et al. investigated ECE in sol-gel derived antiferroelectric PbZrg 51100503
thin films near the F - P transition temperature. In their study, films with 350 nm thickness
were used to allow for electric fields as high as 48 MV /m. An adiabatic temperature change
of 12 °C was obtained (as deduced from Eq. (7)) at 226 °C, slightly above the phase transition
temperature (222°C) (Mischenko, Zhang, Scott, Whatmore and Mathur, 2006). Both the high
electric field and the high operation temperature near phase transition contribute to the
large AT (=TAS/cg). On the other hand, its isothermal entropy change is estimated to be 8
J/ (kgK), which is not high compared with magnetic alloys exhibiting giant magnetocaloric
effect (MCE) near room temperature, where AS >30 J/(kgK) was observed (Provenzano,
Shapiro and Shull, 2004). As stated previously, for high performance refrigerants, a large AS
is necessary (Wood and Potter, 1985).

To reduce the operational temperature for large ECE in ceramic thin films, Correia et al.
successfully fabricated PbMg;,3Nb2/303-PbTiO3 thin films with perovskite structure using
PbZrogTip205 seed layer on Pt/Ti/TiO,/SiO,/Si substrates (Correia, Young, Whatmore,
Scott, Mathur and Zhang, 2009). A temperature change of AT=9 K was achieved at 25 °C.
An entropy change of 9.7 ]/ (kgK) can be deduced. A significant difference for ferroelectric
thin films is that the largest AT occurs at 25 °C, near the depolarization temperature (18 °C),
not above the permittivity peak temperature. The large ECE only happens at field heating.
Transitions for stable and metastable polar nanoregions (PNR) to nonpolar regions are
accounted for by observed phenomena. Interactions of PNRs are similar to that between the
dipoles in a glass. The field-induced phase transition has been observed in PMN-PT single
crystals (Lu, Xu and Chen, 2005; Ye and Schmid, 1993). Thermal history has a critical impact
on the field- induced phase transition. Relaxor ferroelectrics are of great interest due to their
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Electrocaloric Effect (ECE) in Ferroelectric Polymer Films 105

phase transition temperatures being near or at room temperature. The field induced phase
transition may produce larger polarization, e.g. induced polarization, <P4>, which can lead
to larger dP/dT as well as large AS and AT.

For thin film, the substrate must be taken into account as it may exert stresses on the thin
film due to the misfit of the lattices and electromechanical coupling from the strain changes
under electric field. The free energy of thin film is subject to lateral clamping and may be
expressed as (Akay, Alpay Mantese, and Rossetti Jr, 2007)

G i = Go +@D? +ED* + LP° —EP + Gy, (11)
where
d=a-2u,Q,,C (12)
and
B=p+QhHC (13)

are the modified phenomenological coefficients, G,,,,;, = u>C is the polarization-free strain

strain
energy, C=Cy; +Cyy —2C3, / Cyy, Cjj are the elastic constants at constant polarization, Q; are

the cubic electrostrictive coefficients, and um is the in-plane misfit strain. The phase
transition temperature varies linearly with the lattice misfit strain via Eq. (12) while the two-

dimensional clamping is illustrated by Eq. (13). The excess entropy SX° and specific heat

ACg of the ferroelectric phase transition follow the form (Akay, Alpay Mantese, and Rossetti
Jr, 2007),

S?S(T,E)z—T(%SFD)j , (14)
E
2
ACH(T,E) = —T[a;(?)] . (15)
E

It was found that for BaTiO; (BTO) thin film deposited on substrate, perfect lateral clamping
of BTO will transform the discontinuous phase transition (1st order phase transition) into a
continuous one. Accordingly the polarization and the specific heat capacity will be reduced
near the phase transition temperature. On the other hand, based on Egs. (12) and (13),
adjustment of misfit strain in epitaxial ferroelectric thin films may vary the magnitude and
temperature dependencies of their ECE properties.

4. Large ECE in ferroelectric polymer films

4.1 Direct method to measure ECE

Although most of the ECE studies rely on Maxwell relation (indirect method) to deduce the
ECE of a material, it is always desirable to directly measure ECE in a dielectrics as
refrigerants in cooling devices, i.e., to directly measure the isothermal entropy change AS
and adiabatic temperature change AT induced by a change in the applied field (direct

www.intechopen.com
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method). In our study, both the indirect method and direct method were employed to
characterize the ECE in polymer films. The direct comparison of the results from two
methods can also shed light on how reliable the indirect method is in deducing the ECE
from a ferroelectric material.

There are several methods that have been used in measuring the magnetocaloric effect
(MCE) in terms of measuring the isothermal entropy change and adiabatic temperature
change, such as thermocouple (Dinesen, Linderoth and Morup, 2002; Lin, Xu and Zhang,
2004; Spichkin, Derkachb, Tishin, Kuz'min, Chernyshov, Gschneidner Jr, and Pecharsky,
2007), thermometer (Gopal, Chahine and Bose, 1997), and calorimeter (Tocado, Palacios and
Burriel, 2005; Pecharsky, Moorman and Gschneidner, Jr, 1997).

Here, a high resolution calorimeter was used to measure the sample temperature variation
due to ECE when an external electric field was applied (Yao, Ema and Garland, 1998). The
temperature signal was measured by a small bead thermistor. A step-like pulse was
generated by a functional generator to change the applied electric field in the film, and the
width of the pulse was chosen so that the sample can reach thermal equilibrium with
surrounding bath. Due to the fast electric as well as thermal response (ECE) of the polymer
films (in the order of tens of milliseconds (Furukawa, 1989), a simple zero-dimensional
model to describe the thermal process can be applied with sufficient accuracy. In a
relaxation mode, the temperature T(t) of the whole sample system can be measured, which
has an exponential relationship with time, i.e.

T(t) =Ty, + ATe /7, (16)

where Tpa is the initial temperature of the film, AT the temperature change of the polymer
film. The total temperature change ATgc of the whole sample system was measured, which

can be expressed as ATy = ATZ C; / C}EC . Here, CL represents the heat capacity of each

subsystem, C}EC is the heat capacity of the polymer film covered with electrode. ATgc was

measured as a function of temperature at constant electric field and as a function of electric
field at constant temperature. AS can be determined from TAS= C; AT.

4.2 ECE in the normal ferroelectric P(VDF-TrFE) 55/45 mol% copolymer

4.2.1 Experimental results of ECE

As indicated in Section 2, the ferroelectric copolymer may produce large ECE near its phase
transition temperature. P(VDF-TrFE) 55/45 mol% was chosen because its F-P phase
transition is of second-order (continuous), thus avoiding the thermal hysteresis effect
associated with the first-order phase transition. In addition, among all available P(VDF-
TrFE) copolymers, this composition exhibits the lowest F-P phase transition temperature (~
70 °C), which is favorable for refrigeration near room temperature.

Polymer films used for the indirect ECE measurement were prepared using a spin-casting
method on metalized glass substrates. The film thickness for this study was in the range of
0.4 pm to 1 um. The free-standing films for the direct ECE measurement were fabricated
using a solution cast method and the film thickness is in the range of 4 pm to 6 um. Figure 2
shows the permittivity as a function of temperature for P(VDF-TrFE) 55/45 mol%
copolymers measured at 1 kHz. It can be seen that the thermal hysteresis between the
heating and cooling runs is pretty small (~ 1 °C). The remanent polarization as a function of
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temperature shown in Fig. 3 further indicates a second-order phase transition occurred in
the material. The phase transition temperature is about 70 °C, and the glass transition
temperature is about -20 °C. At temperature higher than 100 °C, the loss tangent rises
sharply, which is associated with the thermally activated conduction.
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Fig. 2. Permittivity as a function of temperature for P(VDF-TrFE) 55/45 mol% copolymers.
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Fig. 3. Remanent polarization as a function of temperature for P(VDF-TrFE) 55/45 mol%
copolymers.

Figure 4 shows the electric displacement as a function of electric field measured at various
temperatures. At temperatures below the transition temperature, the polymer film is in a
ferroelectric state, the normal hysteresis loop is observed while at higher temperatures, the
loop becomes slimed, remanent polarization diminishes, and saturation polarization still
exists. Hence the electric displacement as a function of electric field at different temperatures
can be procured, which is presented in Fig. 5 (Neese, 2009). One can see that the electric
displacement monotonically decreases with temperature above the phase transition. The
Maxwell relations were used to calculate the isothermal entropy change and adiabatic
temperature change as a function of ambient temperature. The results deduced are
presented in Figs. 6 and 7.
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electric fields.

Present in Fig. 8 is the directly measured AS and AT as a function of temperature measured
under several electric fields for the unstretched P(VDF-TrFE) 55/45 mol% copolymer. As
can be seen, the ECE effect reaches maximum at the temperature of FE-PE transition. A
comparison between the directly measured and deduced ECE indicates that within the
experimental error, the ECE deduced from the Maxwell relation is consistent with that
directly measured. Therefore, for a ferroelectric material at temperatures above F-P
transition, Maxwell relation can be used to deduce ECE.

4.2.2 Phenomenological calculations on ECE

It is well established by many studies (see Fig. 2) that the F-P phase transition of P(VDEF-
TrFE) 55/45 copolymer is of second-order. For the copolymer with 2nd order phase
transition, free energy associated with polarization can be written as

G=G0+%[3(T—TC)P2+i§P4—EP (17)
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where Gy is the free energy of the material not associated with polarization, § and & are
phenomenological coefficients, that are assumed temperature independent. T. is the Curie
temperature, E the electric field, and P the polarization.

Differentiating G with respect to P yields the relationship between E and P,

E=f(T-T.)P+&P°. (18)
When E=0 and at T<T,,
=p(T-T.) /& (19)
Further differentiating the Eq. (18) yields the reciprocal permittivity,
—=p(T-T,)+3EP> (I<Tc). (20)
1 _gr-1) (T2T0). (21)
e

Using Eqgs. (19) and (21), the permittivity versus temperature (Fig. 2), and the polarization
versus temperature relationships (Fig. 3), p and & can be obtained. Their values are,
B=2.4x107 (JmC2K-1), and £=3.9x1011 (Jm>C-4).

Now Eq. (18) can be used to derive the polarization as a function of temperature under
different DC bias fields. Before doing the calculation, it should be noted that the F-P
transition temperature is a function of DC bias field. This relationship was obtained by
directly measuring the permittivity as a function of temperature in different DC bias fields.
The results are shown in Fig. 9.

However, the dielectric measurement becomes extremely difficult when Epc>100 MV/m.
Hence, the relationship of AT. - E2/3 (Lines and Glass, 1977) was fitted and extrapolated to
obtain T at E > 100 MV /m.

The calculated polarization versus temperature relationships under different DC biases are
shown in Fig. 10. Based on the D-T data, the AS and AT can be calculated via Egs. (6) and (7).
Results are shown in Figs. 11 and 12.
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Fig. 8. Directly measured AS (a) and AT (b) as a function of temperature under several
electric fields for unstretched P(VDF-TrFE) 55/45 mol% copolymers.
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Fig. 11. ECE entropy changes versus temperature for 55/45 copolymer.
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Fig. 12. ECE temperature changes versus temperature for 55/45 copolymer.

Phenomenological calculation indicates that, there is a giant ECE exhibited by P(VDF-TrFE)
55/45 copolymers. The AS and AT can reach 70 J/(kgK) and 15 °C respectively near the
phase transition temperature ~ 70 °C. It can also be seen that AS has a linear relationship
with D2 (or P2), the slope is 1/2f.

4.3 ECE in the relaxor ferroelectric P(VDF-TrFE-CFE) terpolymers

Both the pure relaxor ferroelectric P(VDE-TrFE-CFE) 59.2/33.6/7.2 mol% terpolymer and
blends with 5% and 10% of P(VDF-CTFE) copolymer were studied. For the P(VDF-TrFE-
CFE) relaxor terpolymer, it was observed that blending it with a small amount of P(VDEF-
CTFE) 91/9 mol% copolymer [CTFE: chlorotrifluoroethylene] can result in a large increase
in the elastic modulus, especially at temperatures above the room temperature, which does
not affect the polarization level very much. Such an increase in the elastic modulus
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Fig. 13. Permittivity as a function of temperature at 1, 10 and 100 kHz for 59.2/33.6/7.2
mol% terpolymer.
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Fig. 15. ECE entropy changes (a) and temperature change (b) versus temperature deduced
from Maxwell relation for 59.2/33.6/7.2 mol% terpolymer.
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improves the dielectric strength of the blend polymer films and allows the direct
measurement of ECE to be carried out to higher fields (>100 MV /m).

Present in Fig. 13 is the dielectric constant data for the terpolymer. The D-E loops for the
P(VDEF-TrFE-CFE) 59.2/33.6/7.2 mol% terpolymer are presented in Fig. 14, from which AS
and AT are deduced from the Maxwell relatoin as shown in Fig. 15 (a) and 15 (b),
respectively. The results show that the terpolymer has a weak ECE at room temperature
and increases with temperature. At 55 oC which is the highest temperature measured, a
AS=55 ] /(kgK) and AT=12 °C under the field of 307 MV /m are deduced from the Maxwell
relation.

The ECE from the direct measurement is presented in Fig. 16, which is for the 59.2/33.6/7.2
mol% terpolymer. The data show quite different behavior compared with Fig. 15. First of
all, the directly measured ECE from the relaxor terpolymer is much larger than that deduced
from the Maxwell relation. Moreover, the directly measured ECE shows much weak
temperature dependence at E <70 MV /m.

20 —m—10.5 MV/m (@)
- ——49.8
X 5 —A—70.0

290 300 S‘i 0 320 330 340

T (K)

Fig. 16. Directly measured entropy changes (a) and temperature change (b) versus
temperature for 59.2/33.6/7.2 mol% terpolymer .

The results indicate that the Maxwell relation is not suitable for ECE characterization for the
relaxor ferroelectric polymers even at temperatures above the broad dielectric constant
maximum. This is likely caused by the non-ergodic behaviour of relaxor ferroelectric
polymers even at temperatures above the dielectric constant maximum while the Maxwell
relations are valid only for thermodynamically equilibrium systems (ergodic systems)

We also note that a recent report of ECE deduced from the Maxwell relation on a P(VDF-
TrFE-CFE) relaxor ferroelectric terpolymer by Liu et al. (Liu et al. 2010) shows very irregular
field dependence of ECE measured at temperatures below 320 K where ECE in fact
decreases with field, which is apparently not correct. These results all indicate that the
Maxwell relation cannot be used to deduce ECE for the relaxor ferroelectric polymers, or
even the relaxor ferroelectric materials in general, even at temperatures far above the
freezing transition and the broad dielectric constant peak temperature.

5. Conclusions

General considerations for polar materials to achieve larger ECE were presented based on
the phenomenological theory analysis. It is shown that in order to realize large ECE, a
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dielectric material with a large polarization P as well as large phenomenological coefficient
B is required. It is further shown that both the phenomenological consideration and
experimental data on heat of ferroelectric-paraelectric transition suggest that ferroelectric
P(VDE-TrFE) based polymers have potential to achieve giant ECE. Indeed, experimental
results show that the normal ferroelectric P(VDE-TrFE) 55/45 mol% copolymers exhibit a
large ECE, i.e., an adiabatic temperature change over 12 °C and an isothermal entropy
change over 50 J/(kgK) were obtained. The experimental results also indicate that for the
normal ferroelectric materials, the ECE deduced from the Maxwell relation is consistent
with that directly measured.

The experimental results on ECE in the relaxor ferroelectric P(VDF-TrFE-CFE) terpolymer
were also presented which reveal a very large ECE at ambient condition in the relaxor
terpolymers. In contrast to the normal ferroelectric polymers, the ECE deduced from the
Maxwell relation for the relaxor terpolymers significantly deviates from that directly
measured. The results indicate that the Maxwell relation is not suitable for ECE
characterization for the relaxor ferroelectric polymers even at temperatures above the broad
dielectric constant maximum. This is likely caused by the non-ergodic behaviour of relaxor
ferroelectric polymers even at temperatures above the dielectric constant maximum while
the Maxwell relations are valid only for thermodynamically equilibrium systems (ergodic
systems) .

As a final point, one interesting question to ask when searching for electrocaloric materials
to achieve giant ECE at ambient temperature is how to design dielectric materials to
significantly enhance the entropy in the polar-disordered state since ECE is directly related
to the entropy difference between the polar-disordered and ordered states in a dielectric
material, in other words, how to design a ferroelectric material to increase B while
maintaining large D in Egs. (9) and (10). This is certainly an interesting area of research. The
successful outcome will have significant impact on the society, in terms of efficient energy
use for refrigeration, new and compact cooling devices which are more environmentally
friendly.
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