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Characterization of magnetoelectric laminate composites operated
in longitudinal-transverse and transverse—transverse modes
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Magnetostrictive and piezoelectric laminate composites of terfenol-D and Ph{Zy) O; have

been studied. The magnetoelectfME) coefficients have been characterized for the different
operational modesi(i) a longitudinally magnetized and transversely polarized longitudinal
transversgLT) mode, and(ii) a transversely magnetized and transversely polarized transverse—
transverséTT) mode. The results demonstrate that ¢HE) magnetoelectric mode has dramatically
higher ME coefficients than the TT one. The LT magnetoelectric coefficient is up to 5—7 times larger
than the TT one, when operated in low magnetic bias ranges20@ American Institute of
Physics. [DOI: 10.1063/1.1644027

I. INTRODUCTION when operated in low magnetic bias ranges. We believe that
the approach is important for magnetic field sensor applica-
The magnetoelectric effect is a polarizatiBnresponse tions and future laminate designs.
to an applied magnetic fieldi, or conversely a magnetiza-
tion M response to an applied electric field" Magnetoelec-
tric (ME) single-phase materials have been studiédnost |l OPERATIONAL MODES AND ME COUPLING OF
are ferroelectromagnetic. To date, a single phase materi&AMINATE COMPOSITES
with a high inherent coupling between magnetization anda. Magnetostrictive (L-mode ) and (T-mode)
polarization has not been found. of terfenol-D
Magnetoelectric behavior also exists as a composite ef-
fect in multiphase systems of piezoelectric and magnetostric-
tive material>~1* Piezoelectric/magnetostrictive composites
have been investigated experimentally and analyticall
Ceramic—ceramic particle composites of two phases! of
three phasés (i.e., Terfenol-D/piezoelectric ceramic
particles/polymer compositesave been studied. Investiga-
tions have shown that the ME coupling of particulate com-
posites is low.

Terfenol-D materials have a superior magnetostrictive
strain (,,) and magnetoelastic coupling factdt,{). How-
ever, the magnetostrictive strain is anisotropic, depending
yS|gn|f|cantly upon the direction along which the magnetic

field H is applied. Consequently, terfenol-D can have large
magnetostrictive effects only when operated in particular
modes.

Figure 1 shows thes,-H response for a long-type

Magnetostrictive-piezoelectric laminate composites hav(%en‘enol -D plate that is grain-oriented in the thickness direc-
ion (i.e., (211)). Data are shown for both a longitudinal

much higher ME coefficients, than that of single-phase ma-
terials or particulate compositést* This has been shown strain whereH is applied along the Iength of the Terfenol-D
both by experiment and by phenomenological analysis. Predlate, and a transverse strain whéteis applied along the
vious investigations of ME laminates have focused on piezothickness of the Terfenol-D plate. Much larger induced
electric and magnetostrictive layers that were, respectivehstrains were found when the magnetic field is applied along
poled/magnetized along their thickness directibiist#  the longitudinal direction, relative to the transverse direction
For previous laminate designs, experimental and analyticdthough the grain orientation is in the transverse or thickness
investigations have shown relatively large ME coefficients direction. The longitudinal magnetostrictive strain of a
but only under high dc magnetic bias, and where the transterfenol-D plate was-8 times greater than that of the trans-
verse coefficientsperpendicular to thicknessare signifi-  Verse strain. The inserts of Fig. 1 iIIustratq the induced shape
cantly larger than the longitudinglparallel to thicknegs changes of rectangular shaped plates byHaapplied along
ones>10:12.13 the longitudinal and transverse directions. Foapplied lon-

In this article, the working modes and induced magnetogitudinally, the length of the rectangular plate expands and
electric voltage behavior of a long-type laminate, respecits thickness contracts; whereas fdrapplied transversely,
tively, magnetized in the longitudinalength direction and  the length of the plate contracts and its thickness expands.
poled in the transversighickness direction, are investigated. Because the principle straiexpanding or contractingf the
We will show that our laminate design has much larger lon-Terfenol-D plate is along the longitudinal direction, we de-
gitudinal ME voltage coefficients, relative to transverse onesfine the magnetostrictive modes relative to the principle
strain direction in terms of the piezoelectric modegi)

dElectronic mail: sdong@vt.edu when the applied magnetic fiel is parallel to the principle
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oo | . cantly different than previous report§;*"**where both the
/l"?", magnetostrictive and piezoelectric layers were magnetized/
n Longitudinal . . . . . . .

polarized in their thickness directions. Our design was cho-
sen so that the laminate could be efficiently operated in the
L-mode. Because of the significantly larger, in the
L-mode, the ME effect will be pronouncedly larger relative
to the conventional T-mode one.

WhenH is applied along the longitudinal axis of the
laminate[see Fig. 2b)], both longitudinal(33) and trans-
verse(31) piezomagnetic or magnetostrictive modes will be
excited. However, because the laminates length is signifi-
cantly larger than its other physical dimensions, the longitu-
dinal (33) vibration mode will be intensified as the principle
vibrational mode, and the transver&l) mode can be ne-

H, (Oe) glected. WherH is applied along the thickness direction of
L ) the laminate[see Fig. 2c)], again both longitudinal and
FIG. 1. L-mode and T-mode magnetostrictive strains of Terfenol-D plate tostricti d il b ited. H
that is grain oriented in thickness direction. Insets illustrate the induce&ransverse magnetos r'cl've mo _es will be exm_e - FIOwWever,
shape change of rectangular shaped specimens. The strains of the Terfenol@cause of the geometrical design of the laminate (3tig
plate were obtained with a strain gauge method. vibration mode(longitudinal direction will be intensified as
the principle vibrational mode, and tH83) mode can be
neglected.

Because the layers of the bimaterial are stress coupled,
46- and(ii) when th lied ic fiold i when the magnetostrictive plates are strained umtlethe
moda; and(ii) when the applied magnetic field is perpen- piezoelectric plateéwhich are poled in their thickness direc-

dicular to the prmcple strain(thickness d'",aCt,'on’ the tion) will undergo forced oscillation. Consequently, an elec-
Terfenol-D plate is designated to be operated in its transverst?ic field E (or voltage is induced across the thickness of the
magnetostrictive modéTl-mode. 9

piezoelectric plate due to piezoelectric effect. This mechani-
cally coupled response from applied magnetic field to in-
duced electric field is called as the magnetoeledtilE)
Figure 2 illustrates our three-laydterfenol-D//PZT//  effect of the laminate.
terfenol-D] laminate composite. The magnetostrictive plates  Relative to the principle vibrational mode, when the ap-
were magnetized along the longitudinal or length direction plied magnetic fielH is parallel to and the induced electric
which is the direction of largesty,. The piezoelectric plates field E from piezoelectric plate is perpendicular to principle
were polarized in their thickness direction. This long-typeyipration mode, the magnetoelectric laminate is designated
configuration intensifies the principle strain/vibration alongig pe operated in its longitudinal-transvereT) mode.
the Iongitudingl axis. Correspondingly, this.favprs the t?n?‘O’When both the applietﬁ and induceE are perpendicular to
property matrix for Terfenol-D, as its longitudinal strain iS e principle vibration mode, the magneto-electric laminated
much higher than its transverse. Our configuration is signifi;g designated to be operated in its transverse—trans(ETe

500 |-

Magnetostrictive Strain (ppm)

-500

strain(length direction, the Terfenol-D plate is designated to
be operated in its longitudinal magnetostrictive made

B. Magnetoelectric (L-T) and (T-T) modes

mode.
e ! >
T-D plat\eL A, C. Magnetoelastoelectric coupling
f — — 21 Based on the magnetoelastoelectric equivalent circuit
PZT plate/‘lf == — : method?® the longitudinal |dV/dHs|y, and transverse
r > |dV/dH3|(tr) ME voltage coefficients can be derived as
0 T-D plate
a) Structure dv N(1—n)Adazmd3,, (3
dH 1S nsh(1—k3, )+ (1—n)sy
]__i :; thl TTT 3t‘2 TTT } ’2 3 LT:ﬁ833511[ 11 31p) H( )Sa3l
— = L dv (1— 1) Adgy ;02
§34 N(L—=N)Adz m03p
b H E : ;. (1b
(b) © (d) dHg| 17— 4o 3Sti NSt 1~ K3pp) + (1 —n)si]

FIG. 2. (a) lllustration of the ME laminate compositéh) local coordinate
system in magnetostrictive terfenol-D plates when it is applied along thewhereV is the induced ME voltage ; (subscript “3” indi-

length direction of the plater) local coordinate system in magnetostrictive cates the magnetization direction in piezomagnetic constitute

plates wherH is applied along the thickness direction of the plate; &f)d Lo " PP .
local coordinate system in the piezoelectric ceramic plates. The dimension%quatloﬂ is the exciting ac magnetic field ., B is a factor

of the terfenol-D plates were 125.0x 1.0 mn?, and the dimensions of relat_ed to applied magEnetiC ﬁeHld bibigc and a_t the opti_mum
PZT plate was 12.86.0x0.5 mn?. Hqc its value equals 1s;; andS;; are the elastic compliances
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TABLE I. Electromechanical and magnetoelastic materials parameters for Terfenol-D and PZT.

Density Elastic constants Piezoelectric/magnetic Coupling
(kg/mP) (X102 m?/N) Constants factorky, elfeq
(s (5 (dwp (d1)
PZT-5 7600 14.8 16.7 58QpC/N) 280 (pC/N) 0.38 1477
(i) (5 (dwam (d1.0)
T-D° 9230 125 40 1.210 8 wB/N 5.8x10"° wB/N

&Cited from Sunnytec Company, Suzhou, China.
bMeasured value after assemble.
‘Cited from Reference 16.

of the piezoelectric and magnetostrictive layéts, ande3;  the dimensions of PZT plate was 1%.6.0<0.5 mnt. The

are the longitudinal piezomagnetic and transverse piezoele®zT plate was laminated between terfenol-D plates using a
tric coefficients,n is a geometric thickness ratio of the conductive epoxy resiE-soldey, and cured at 80 °C for
Terfenol-D layer to the total thickness of the laminate, &nd 3—4 h under load. Figure 3 shows a photo of the prototype
is the cross area of the laminate layers. Table I lists the rellaminates. The prototypes were operated in botH(itfi¢ and
evant materials parameters needed to predict the values gfT) modes. The mode of operation is determined by the
the :\AEEvoIti\gg coefﬁgents for :]erfehr.‘OED_a”d PZT. ddirection of the applied dc magnetic biak,. and ac mag-

!N Ea. ( ). it can be seen t.at Igh piezomagnetic an netic fieldH ., as shown in Figs. (®) and Zc).
piezoelectric coefficients result in a large ME voltage coef- For comparisons, a conventional disc type three-layer

ficient. In particular, the ME voltage coefficient is very sen- laminate of terfenol-D and PZTsample No. B was

S'zt"’e to the piezoelectric constar?t,. as .'t 'S pmpor.t'onal.toassemblea, in which the magnetization and polarization
d3,,- Detrimental to the ME coefficient is a high dielectric

tant and a hiah elasti i Using th eri Iwere both oriented in their thickness directions, i.e.,(fiE)
constant and a high elastic compliance. Using the materalg, o the terfenol-D discs were 12.7 mm in diameter and

parameters in Table | and the laminate geometry shown iri 0 mm in thickness; and the PZT disgsPC840 were 12.7
Fig. 2, the(L-T) mode ME voltage coefficierfd V/dHj| s mm in diameter and 0.5 mm in thickness. Again, the three

can be prgdmted o beS times greatef than_that of tl@@T)_ layers were laminated together using a conductive egBxy

one. This is due to the larger magnetically induced stegin solde)

for tEe qugltuj(-jlna# dlrecthn, as shovt\:n n F_|g.|1. | for th Figure 4 illustrates the measurement system used for the
quation(1) offers an important theoretical tool for the characterization of the ME effect. An electromagnet was

design and optimization of the laminate composite of L
terfenol-D and PZT. According to E¢l), the maximum ME used to apply a dc magnetic bieig, of 70 to 4000 Oe. Small

voltage coefficients of the ME laminate operatedlif) or ~ Helmoltz coils were used to excite an ac magnetic field
(TT) mode can be estimated &3 the maximum value for ©of 0.4 to 1.2 Oe, which was superimposedtbg.. The ME
|dV/dH3]rr) atn~0.76 is~11 (mV/Oe), and the maximum  voltage induced on the laminate bl was detected using a
value for|dV/dHy| 1) atn~0.64 is~54 (mV/Oe). We will  lock-in amplifier. The laminates were placed in the center of
see that this estimation is close to our measured values. small Helmholtz coils. If the laminates longitudinal axis is
parallel toH ., it is operated in théLT) mode. Whereas, if
the sample’s longitudinal axis and main face are perpendicu-
lar to ﬁac, it is operated in th€éTT) mode.

A long rectangular-shaped laminate of terfenol-D and
PZT (samples No. #was fabricated. The terfenol-D plates
were grain oriented in their thickness direction, and the PZT
plates were poled in their thickness direction. The dimen-
sions of the terfenol-D plates were 1X.6.0x 1.0 mn?#, and Lockin ?{,f,,ﬁ?f;v: Gauss Meter

Amplifier |
| v Bias 7
y

A.C Power
Amplifier ‘ ‘

4t -
/’. Ei¥e bt ' N i
- M el r Magnetoclectric
e 3 Oscilloscope Helmholtz coils sample
1 for a.c magnetic

Ch2 ficld

Ill. EXPERIMENTAL PROCEDURE

Sinout | [ Sigmlin )
D.C magnetic

Current probe

FIG. 3. Photo of a ME laminate prototype. FIG. 4. Measurement setup for the magnetoelectric voltage.
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FIG. 5. TT mode ME characteristics as a functiontbf., taken at various
dc magnetic biases(a) Hy.=700Oe, (b) Hy =500 0e, and(c) Hg
=1000 Oe. The operational frequencylef, is f=1 kHz.

IV. RESULTS AND DISCUSSION
A. (TT) Magnetoelectric mode

The two laminate prototypg®o. 3 and No. dwere first

Dong, Li, and Viehland

80 ]
—_
0} o
-—
Q 60} -
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~» / ./'/
I e
B i g
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o -
~ | i —m—No.3
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FIG. 6. Magnetoelectric voltage coefficients of the TT mode as a function of
Hgc. This data was taken usingth,=1.0 Oe(peak and a measurement
frequencyf =1 kHz.

vary linearly Withl:|ac, increasing in magnitude with increas-
ing Hye. For Hye=70 Oe, the value o¥/ was ~1.0-1.2
mV under an ac magnetic field of 1.0 Qpeak [see Fig.
5(a)]; however for Hdc= 500 Oe, Vi1 was increased to
~9-11 mV[see Fig. B)]. An even higheV/;; of 17-22

mV was obtained fon:|dc= 1000 Oe[see Fig. bc)]. These
results clearly demonstrate a linear coupling between the

measured voltage aﬂéac, at various magnetic biases be-

tween 0 and 1000 Oe.
Figure 6 shows the magnetoelectric voltage coefficient

|dV/dHs|+r as a function ofHg. for f=1kHz andH,,
=1.0 Oe(peak. The value of|dV/dHs|tt can be seen to
increase in a near linear manner with increa&hg over the
range of 0<H 4.<1000 Oe. With increasingi 4. above this

range, a maximum ifdV/dHs|+t was gradually approached.
The maximum observed value was|dV/dH;|r

=55-65V/Oe, which was obtained fdt =3000 Oe. In
the range ofH4>3000 Oe,|dV/dH;|r tended to its satu-
ration value.

1. (LT) Magnetoelectric mode

The two laminate prototype&No. 3 and No. 4 were
next operated in 4LT) mode. Figures (&)-7(c) show the
longitudinal induced magnetoelectric voltayer as a func-

tion of H, at variousHy.. For a constanH, the value of

V,7 was linearly proportional td,.. Under constant drive
and bias conditions/,+ was dramatically higher for th@.T)

mode, relative to th€TT) one. ForH 4= 70 Oe, the value of

operated in aTT) mode. Characterization was performedV ; for sample No. 4 was~9 mV (H,=1.0 Oe, andf
using a small ac magnetic signbl,. and a measurement =1 kHz), as shown in Fig. (@. This is ~7 times higher

frequency off =1 kHz under different magnetic bias.
Figures %a)—5(c) show the transverse induced ME vol

age, V7, of the laminate as a function cHiac at various
Hge

than that of the(TT) mode. Although, under these opera-
t. tional conditions, the conventional disc-type same. 3,

operated in its LT mode, had a very low induced ME voltage.

When the bias was increased to 500 Oe, the valué pfor

. For a givenHy, the value ofVyy can be seen to be sample No. 4 was increased te55 mV [see Fig. )],
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FIG. 8. Magnetoelectric voltage coefficients of the LT mode as a function of
Hgc. This data was taken using,.= 1.0 Oe and a measurement frequency
f=1kHz.

be seen to increase in a near-linear manner Wigh. For
sample No. 4, a maximum value ofdV/dH;| .t
=56 mV/Oe was reached for 5@1]:|dc<700 Oe. ForHAdC
>10% Oe, |dV/dHg|,r decreased gradually with increase of

Hg.. The maximum value ofdV/dHs|,+ corresponds to the
maximum of the slope in the,,—H response, shown in Fig.
1. Above this point, saturation af,, is approached.

V. SUMMARY

Laminates of magnetostrictive terfenol-D and piezoelec-
tric PZT have been characterized. The ME laminates were
operated in both a longitudinal magnetized/transverse polar-
ized (LT) mode, and a transverse magnetized/transverse po-
larized (TT) mode. Clearly, th€LT) magnetoelectric mode
has significantly higher ME effects than the conventional
(TT) one. In particular, under moderate magnetic biases, the
(LT) ME effect is dramatically higher. The results have
shown a maximum value 9ti\V/dHs|,+=56 mV/Oe at a dc
magnetic bias of 600 Oe, which was 5 times higher than that
of the (TT) mode, when operated in low magnetic bias
ranges. These results coincide with our analytical predic-
tions. In addition, a linear coupling between the measured
voltage and:|ac for (LT) laminate was observed for various
magnetic biases between 0 and 400 Oe. Accordingly, mag-
netoelectrigLT) laminates have much promise for magnetic
field and electric current sensors.
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