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Energy conversion with Zr-rich lead zirconate/titanate ceramics

Ning Duan,® Noé Cereceda, Beatriz Noheda, José Rall Fernandez-del-Castillo, and

Julio A. Gonzalo” )
Departamento de Bica de Materiales, Universidad Automa de Madrid, 28049 Madrid, Spain

(Received 5 June 1997; accepted for publication 24 July 1997

The conversion efficiency and power output to convert thermal energy to electrical energy by means
of a ferroelectric—ferroelectric phase transition has been investigated. The material used was the
ceramic mixed system lead zirconate/titan@d®ZT) with a very Zr-enriched compositiofZr/
Ti=97/3%. We have studied the performance dependence on sample thickness and working
frequency, the main relevant parameters for a given PZT composition. The observed optimum
values of efficiency and power output are analyzed in terms of the two main characteristic relaxation
times of the process, the thermal tirfsample thickness dependgand the electric timéthickness
independent Possible ways of improving the overall performance are discussed199%
American Institute of Physic§S0003-695(97)00239-§

Direct thermal to electric energy conversion using Zr-temperaturesT (X;) <T (X)) <:+-<T_n(X,), could be
rich lead zirconate/titanat®ZT) ferroelectric ceramic plates uysed. First, however, a better understanding of the process
by thermal cycling at the phase transition between the twatself taking place during conversion in our systéPZT
rhombohedral ferroelectric phaseBg, (low-temperature plate + experiment setupis necessary.
phase and Fgy, (high-temperature phasehas been investi- In the present work, we have investigated the depen-
gated by several authots? In these works, the advantages dence with the sample thickness and the frequency of the
of using these kinds of phase transitions for energy convergutput power and the efficiency of plates with a single Zr-
sion applications have been already pointed out, in comparkich PZT composition.
son with other better known ferroelectric transitién8. The experimental apparatus used is the same as in Ref.
Ferroelectric energy conversion with poled PZT, through theq, but several improvements were made and the dynamic
Fr—Frn first-order transition occurs between two phasesange was extended to lower frequencies. The heating source
with nonzero polarization, and is the only demonstrated cas@as an IR lamp and the temperature oscillations were created
in which no external fields are needed, unlike cases in whiclby a chopper. The center and the width of the temperature
the ferroelectric—paraelectric—P’ or the ferroelectric— window could be reliably controlled by changing the lamp
antiferroelectric(F—AF)® transitions are used, requiring ex- intensity as well as the frequency of the chopper, driven by a
ternal fields for cyclic operation. In these investigations, alow-speed motofrange from 3 mHz to 0.11 Hz
polarized sample subject to thermal cycling is connected to  The composition of the thin plates used in the present
an external load. By heating and cooling the sample aroundiork was PZT 97/3-3.9 mol % of NOs, which has a tran-
the Fr —Fgry phase transition temperatut@ ), positive  sition temperaturd ,,~49 °C, with a polarization change of
and negative free charges are produced at the electrodes afoutA P~ 2. Clcnt.
the ceramic plate, due to the temperature induced change in  The specific output power is given by
spontaneous polarization, which is measured as a voltage —
signal through the load resistance. _energy/cycle, IV 1)

It is well known that not all thermal energy transmitted °ut volume v’
to the ferroelectric plat(_a is_ c_onyerted into electricity, apartwhere energy/cycle is the total output energy per cytlis,
from the thermodynamic limitationpy=< 7,=AT/T . bE- the frequency, and is the sample volume.

cause some of the thermal energy is wasted in mechanical The efficiency of the conversion process can be obtained
expansion/contraction of the material, heating metallic plate?nrough

in contact with the ceramic, and other processgke actual
efficiency and the power output could be, however, consid- Eout fétIth fétIth
erably improved in several ways, including the design of 77 "~ [Tmax, 0 C a7 vp,C,AT’
materials especially adequate for this purpose, combining a Trin ™ P

small dielectric constant and a large polarization change agherep, is the densityC, the average specific heat per unit
the transition, and the so-called “multistage” operati‘Brit mass over the working temperature window.T =T .,
consists in using a set of plates with changing composition-T_... andAt=1/f is the time for one cycle.

and profiting from the wasted energy from one sample for  For a given lamp intensity, the temperature interdl,
heating the next sample with a slightly lower transition tem-can be decreased by increasing the chopping frequency in
perature. In this way, a set of PZT plates with graduallysuch a way as to fix it to the place where the maximum
changing compositionsx{<x,<---<X,), having transition change of polarization occurs, increasing, in this way, the
efficiency[see Eq(2)], which must be low enough to allow

@

30n leave from Shanghai Institute of Ceramics, CAS. most of the charge to be, first, liberated at the electrodes after
PElectronic mail: julio.gonzalo@uam.es the heating/cooling period and, then, released through the
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FIG. 1. Total optimum characteristic time observed vs. sample thickness. " . .
The full line represents the best fif,= 6.4+ 250 ( 7, in Seconds and FIG. 2. Specific power output vs frequency for three different thicknesses.

in mm) to the data. The dotted line marks the level of all other contributions
to th(_e gharacteristic timéndependent ofl), including the electrical char- Figure 2 gives thq)out as a function of frequency for
acteristic tlme,Te. . . .

three different thicknes.1, 0.2, and 0.4 minin the range

of 3<f<110 mHz. It is shown that the optimum,, and
load resistance. Here, the two characteristic times of thefficiency correspond to a frequency of 0.04 Hz and a thick-
proces¥ are the electrical relaxation timere=pee=RC,  ness 0f(0.2+0.1) mm. Under these conditions, we have ob-
whereR is the optimized load resistance, equal to the sampléained a peak voltage af83 V, an energy density per cycle
resistance, an@ is the sample capacitancelepending only  of 7.5 mJ/cri, a specific output power of 0.75 mW/érand
on the material resistivityp, and its dielectric constant,  an efficiency given byn= 7/ 7.=0.01, being 7. the Carnot
and the thermal relaxation tin(em=pVde2/kth), which de-  efficiency. From the fit in Fig. 1, we have obtainedg=25
pends on the density,, the average specific he@t, over d?, which gives ar,=1 s for a 0.2 mm thickness, of the
the working temperature window, the thermal conductivitysame order as,, as can be expected near optimum condi-
ki, and the thickness of the sampie Then, for a given tions.
material, the optimum working frequency can be tuned to the  There exists room for further improvement of the output
sample thickness. In principle, the lower thg, the higher power and the efficiency through a synchronized discharge
the working frequency and the efficiency. However, weoperation. In it, charge is accumulated up to the maximum
know thatV,,=Q/C=APd/e, whereQ is the charge lib- (in an open circujt then the circuit is closed, and the charge
erated at the surface of the samplethe capacitance of the is released through a proper load resistance, just before the
sample, AP, the change in spontaneous polarizatidnthe  chopper changes to another half cycle. Preliminary results
thickness, ande the dielectric constant. Note that PZT show a maximum output voltage 1.6 times that of the value
aroundT,y has a conveniently very low(T) value in com- obtained by means of a spontaneous discharge operation.
parison withe(T) near the Curie point, contributing to a This figure can be improved varying the ratio open circuit
higher output voltage. We can expect, as it was found, thatjme/short circuit time.
for the same compositior,; increases linearly with the In conclusion, it is perhaps somewhat premature to make
sample thickness. a final evaluation of ferroelectric materials as an energy con-

The total characteristic time of the process can be estiverter, in view of the as yet relatively low efficiencies found.

mated from the full width at half-height of the voltage peak We note, however, that a better knowledge about the conver-
versus time obtained with a frequency low enough to observeion process in Zr-rich PZT samples has improved by a fac-
the full peak real shape. These values are represented vergos of 10 the efficiency of the specific power output. This fact
thickness in Fig. 1. The only expected thickness dependenasay be indicative that further improvements are possible by
comes through the contribution of the thermal characteristienodifying the operation modémultistage/multicomposition
time, proportional to the squared thicknesg,€d?). Then, operation, synchronized discharge operatiand, perhaps
we can easily extract from Fig. 1 the observed valuegf  more important, by identifying materials with a largkP;,
— 14, fitting the experimental data ta,=Ad>+B ( A=25  accompanied by moderateT and lowe(T).
s/mn?, B=6.4 9, where the first term representg and the The authors are grateful to ‘B8 Rodrguez and the
second term represents the contributions of the other charaGpanish CICyT(Grant No. PB93-1253and IBERDROLA.
teristic times of the proceséndependent ofl). This value
(6.4 9 is much higher than the expected electrical firtie,
=pe~0.8 9. We call residual times,, to the additional  1J.Y. Lian, Master thesis, Shanghai Insitute of Ceramics, Shanghai, China,
contributions to the total relaxation time, after discounting ,1985.
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