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It has been observed that a ring-type magnetoelectric laminate composite of circumferentially
magnetized magnetostrictive ThDy,Fe, and circumferentially polarized piezoelectric
Pb(Zr,Ti)O;, layers has a large magnetoelectric voltage gain effect, offering potential in high-power
miniature transformer applications. @004 American Institute of Physics.
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The magnetoelectriME) effect in materials which are the radial symmetric mode, producing a voltage output from
simultaneously ferromagnetic and ferroelectric has been aach of the four segments of the ring.
research topic in recent years, due to the potential energy Suppose that the input ac voltage applied to the coils is
transduction between magnetic and electrical forms. ME maV;, and that its frequency is Then, a vortext ,. of the same
terials of single phase, multiple phases, and laminate confrequency will be excited along the circumference of the
posites have been reported® Recently, we have developed laminated ring. When the frequency b, is equal to the
laminate composite designs that have significantly higheresonance frequencyw(=2=fs) of the ring, the ME cou-
ME coupling effects®>~®However, to date, investigations of pling effect will be sufficiently strong that the output ME
ME composites have focused on the ME effect for applicavoltage {,,) induced in the piezoelectric layer is much
tions only in magnetic field sensiffig?* higher thanV,,. Thus, under resonant drive, our ME lami-

Magnetostrictive Th_,Dy,Fe, (Terfenol-D and piezo- nate will exhibit a large voltage gain, due to the ME effect.
electric Pb(Zr, Ti)Q (PZT) exhibit high magneto- and elec- We designated this ME voltage gain as MEVG: It is a com-
tromechanical energy densities, respectivéRf. Accord-  binatory effect of electromagnetic, magnetostrictive, and pi-
ingly, ME laminates can be operated under high-power driveezoelectric ones. The excited magnetic field fluxes in the ME
producing much stronger ME effects at resonance conditionsing will be continuous vortex fields, and thus tHg. out of
as recently showt™*" In this letter, we report a ring-type the ring will be localized. This will maximize the voltage and
piezoelectric/magnetostrictive laminate composite. Our ringpower outputs.
type ME laminate was designed based upon the piezoelectric At the radial symmetric mode, the ME voltages induced
and piezomagnetic equations of state, in a radial symmetric-
mode vibration. Analysis revealed the possibility of a high

. : . L. Coil tum mumber H: 100
ME voltage gain, suitable for high-power miniature trans- Tesfenol-D

former applications. b T O
Figure Xa) illustrates the laminate geometry chosen for PZT o e e
this investigation. It is a ring-type piezoelectric/magneto- sing _}_::‘:;#:: %
strictive composite design, in which a circumferential-poled 0.\ = | [*E34-F N
piezoelectric ring layer(consisting ofm=4 segmentsis fing | v
sandwiched between two magnetostrictive ring ones that art ! l’"
circumferentially magnetized. The conductive magnetostric- Voltage Gt w V4V
tive layers are separated by an insulating piezoelectric one
and thus eddy currents are effectively eliminated if the thick- o a am
ness of the magnetostrictive layers is sufficiently thin. Our Mugnstic seckon Elastic section Electeic section
ME laminate design differs from previous ones, favoring the  j—s I el P il - )
circumferential strains along which fields are applied circum- 5 25 25 l i
ferentially. ¥a '3 5¢ P oty
The working principle is as follows. A harmonic vortex é jE ey }__-jt
ac magnetic fieldH ., excited with a toroidal coil oN turns =

carrying a current;, around the ring, is applied along the
circumference of the ring-type laminate, as illustrated in Fig.FIG. 1. Magnetoelectric ring-type laminate composite transforntay:

1(a). This causes the two magnetostrictive ring layers toSchematic illustration of our ring-type ME laminate composite for trans-
. . . . . . ormer applications, where the voltage gain is define¥gs/V;,; and(b)
shrink/expand in their radial symmetric mode in response t(iquivalent circuit for the MEVG effect, wher®,=27Z/Qn, Ly

Hac- The magnetOStriqtive strain then acts upon the piezo=5 ;A and Cm=1/L,w? are the motional mechanical impedance, in-
electric ring layer that is bonded between the two magnetoductance, and capacitance, respectively:=2m\33/j wN is the magneto-

strictive ring ones, causing the piezoelectric ring to strain irelastic coupling factor,=mA;dss, /as;; is the elastoelectric coupling
factor; andCO:(lfk§3p)wtpa§3/27ra/m, is the clamped capacitance of
each segment in the piezoelectric layer; abo¥=A,u3,N?7a is the
¥Electronic mail: sdong@vt.edu clamped inductance of the coils around Terfenol-D ring layers.
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. . FIG. 3. Measured MEVG as a function of drive frequency.
FIG. 2. Calculated MEVG as a function of drive frequency.

h in the i lectric rina | an input source to the coils, and an oscilloscope was used for
across each segment in the piezoelectric ring layer ar?nonitoring both the input and output voltages. Figure 3

equivalent. A magnetoelastoelectric equivalent circuit can b%hows the measured voltage galg,/V;, of our prototype
derived by using the piezoelectric and piezomagnetic consti v

. . . ) .~"as a function of the drive frequendy A maximum voltage
tutive equations, by applying Newton’s second law of motion

to the laminated ring and by subsequently finding analogou ain of ~25 was found at a resonance frequency of 53.3
. L Hz. This measured value coincided with our predicted one.
electrical parameters;?°as shown in Fig. (b). The MEVG P

. ; ; e . In addition, at the resonance state, the maximum voltage gain
was determined by analysis of the equivalent circuit of th'%as strongly dependent on an applied dc magneticiias

figure. Assuming th"’?t the circuit is un!oaded and by applyiNgy e to the fact that Terfenol-D has a large effective piezo-
Ohm’s law, the maximum voltage gain can be estimated asmagnetic coefficient only under a suitalie,.. In our ex-

periment, the dc magnetic bids,. applied to the ring was
(1)  about 500 Oe.
In transformer application, our ME laminate will not re-

whereQ,necnis the mechanical quality factor of the laminate guire secondary coils with a high-turns ratio in order to ob-
layers, ¢; is the elastoelectric coupling factog, is the t@in a step-up voltage output, which is needed in conven-
clamped capacitance of the piezoelectric laggris the me- tional electromagnetic transformers. In addition, compared
chanical impedance of the laminate, anglis the series reso- with piezoelectric transformefs,it has a notably wider op-
nance frequencywhere w= o, + <P§/|-mCo, w,=7la, and erational frequency bandwidth. The combination of these ad-
a and7 are the mean radial and acoustic velocities of thevantages o_ffers potential for applications in solid-state trans-
laminated ring. From Eq.(1), it can be seen that the maxi- former devices. _
mum voltage gain ab is mainly related to the piezoelectric N summary, a large MEVG effect has been found in a
segment of the equivalent circuit in Fig(kl, which is be-  fing-type _Iammate composites of piezoelectric PZT and mag-
causeV,,, is generated by this segment. The voltage gain idetostrictive .'I.'erf(_anoI-D. We pelleve th(_ese resu!ts have im-
directly proportional t0Q,nec, and g0’2J in the piezoelectric pprtant ram|f|gat|ons, potentially offering applications in
layer. The purpose of the magnetic section of the equivalerftigh-power solid-state transformers.

circuit is to transduce the magnetic energy into a mechanical The authors gratefully acknowledge the support of the
vibration. The piezoelectric one subsequently transduces th@ffice of Naval Research under Grant Nos. N000140210340,

vibration to an electrical output. _ N000140210126, and MURI N000140110761.
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