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Fig. 1. (a) Schematic of the L-T mode plate-type ME
laminate composite in the Cartesian coordinate; (b) lo-
cal coordinate in the magnetostrictive layer, in which
3 denotes the magnetization direction; (c) local coor-
dinate in the piezoelectric layer, in which 3 denotes

the polarization direction.
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Fig. 2. Equivalent circuit of the Terfenol-D layer.
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3 ZREHES

WK FE 7 1) B Ak 1) Bk B 4 A K} Terfenol-
D (AR 7 e BEde it ) B U0 %1 5 30 mm K .8 mm
TR A TR AR R RS R A 2 8
KR, HIAE A E A, W7 R & B
BB PZT-5(B 7 H ) # V) E 7S 2 AN 7] )2 B 1
RF. W2 SRR AR 44 2.8 mm. BT
Terfenol-D Al PZT-5 FIAH R S5k 1 5.

%1 Terfenol-D f1 PZT-5 2%}
Table 1. Parameters of Terfenol-D and PZT-5.

g d31,m B g31,p st 3ish pr k31

Terfenol-D 2 x 10710 Wb/N 125 x 10712 m?/N 5

PZT-5 10 x 1073 Vm/N 13.5 x 1072 m2/N 1 0.36

6 5 J1 Terfenol-D Al — J PZT-5 3 S i
52 (#5 Eccoband 45BLK, Emerson & Cuming 22
")) BRI = WA S5, RN T BT 85 °C
HETHHEE 6 h, LIS R REERCR, 45 BOFE
A A 7 () BT, SRR & R B R B AR A%
BR3P AN JT BRE . IR A [ A R
100 g #1500 g PR ZHAS [F] B 2R T8 AE B AT AH R 2
& LRI R SRR, BUR A R S 3 A
NRFLE. NI EHER, BT A5 IR R F A RERE i 2
bR, BARRIALA R B IR 2 F13% 3 A,

#2500 g RERD U RO AL JE A APRRE AL
Table 2. Configuration of ME laminate sample under

500 g weight mechanical load.

FEf RS 1 2 3 4 5 6

Terfenol-D JEJ¥ 2ty /mm 1.1 1.0 0.9 0.8 0.7 0.6

PZT-5 JE[Z tp/mm
B&n

IE AL B 57280

06 08 1.0 12 14 1.6
0.79 0.71 0.64 0.57 0.50 0.43

500 g HERD

Wh R R RN B R AR B &
BB 7 (b) Frox. — X B ¥ H I8 3% 1) 16 o 1
B (M5 EMb5, K7 R 5) M T2 #0—5000 Oe
(1 Oe = 79.5775 A/m) HIR] % EL i B Wi Hyas.-
55 KA (SP 1212B) IO (A5 HVP-
1070B, f# BeFH) Jy Z M EE 24 4k Bl S R 35 5,
FF 72 4 B INAE Hyjas FHI0—10 Oe AT 4555 T

WAE Witk ) Hoe, I7H—A w1t (35 905, g
E2 SR el I v N =R v S o A TR R TS €3
BRI A (A5 TPS 2014, Tektronix), F T W52
I A L

#3100 g RERD GO RO AL R S APRRE A G
Table 3. Configuration of ME laminate sample under

100 g weight mechanical load.

FEM G5 7 8 9 10 11 12

Terfenol-D JE¥ 2t /mm 1.1 1.0 0.9 0.8 0.7 0.6

PZT-5 JEZ tp /mm
BEn

IF A B LA 57K

06 08 1.0 12 14 1.6
0.79 0.71 0.64 0.57 0.50 0.43

100 g FEi4

TR
Rk
M

K7 (a) BHEZEFEFERSEYIE, (b) BRlE RS E
Fig. 7. (a) Fabricated ME laminate sample; (b) the ex-

perimental setup for ME measurement system.
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B A IEAE DO . AP 8 Fhmg DL R 42 31 78
0—5000 Oe FLI M B 76 A, 17 1 E50feh 41
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£ soof {so0 &
o =
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& 600} 600
2 e QBRI A =
= aof —e— BRI A 400 5
: =
E T
= 200f 1200 #

0 1.0 2.0 I 310 I 410 I 5.0
BB Hyias/kOe

8 =T Terfenol-D Y\ [AI HEEUH 4 \gs - A [ i B A

4 X315 B BRI G R4

Fig. 8.

transverse magnetostriction A3; of Terfenol-D as a

The longitudinal magnetostriction Az3 and

function of the DC bias magnetic field Hyp;j,s at room

temperature, respectively.

YORIE 900 ppm, 1A% e BE B 4 2R BOWRRSE BT
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I, % A LR I R ER B D e R e R R A, BRI
ay = 0.104 V/Oe. ILAk, T FEZLERNIE TR
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T3 5| S, B AN 22 G 2% 2 Pl (1) .37 7 A6 i ik 37
T8, FEAT eh BE M it T B

- 225 2.25 _ 600 i
Z z °
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2 050 0.50 H F 200y T B2, B = 0.71,
E - e S o 500 g kT,
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. N 0 1 1 1 1
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K9 Terfenol-D #h [l R ) s il 22 80 5 ELIAU W EL G 1Y)
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Fig. 9.

d33,m and transverse piezomagnetic coefficient d31,m

The longitudinal piezomagnetic coefficient

of Terfenol-D as a function of the DC bias magnetic
field Hpjas-

10 I L S S5 A8 Hae IR 2 (R R B
W% Hypsas = 241 Oe, ZZMBIIANZE f = 50 Hz)

Fig. 10. The induced longitudinal ME voltage as a
function of the AC magnetic field Hac for No. 2 sam-
ple at Hpjas = 241 Oe and f = 50 Hz.
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120

100
Fesh2, J2Atn = 0.71,
500 g LTI,

80 HiES f= 50 Hz

60

40

ARG B E R ay/mV-Oe~!

20

0 400 800 1200 1600 2000
Hii W E#Y) Hyias/ Oe
BI11 Sm g i R30S B BRI 158 &
Fig. 11. The induced longitudinal ME voltage coeffi-

cient as a function of the DC bias magnetic field for
No. 2 sample at f = 50 Hz.
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TH TS/ R B RE#y. mE 153
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XML FAEY] T O AL R o IEEE T dag i,
MAE (31) A B HAR S, F5 52 = A Hon NS
MG RH ke I IRFFAAE.
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KA W R R oy R E dsg m
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B FAS B BB k.. BHFE a2 1 S50 B s P 451
ke tnR AT 3. 5 20 BOR BB G 37 TR X M
IEUE, T RAR I ER B RS RN
0.13—0.16. #RT, —ANFEM S50 45 I A —E e
SR AR S P I . R T RSRAE G B A FE
PSS R, 34T LR PP EAE: 1) 7E Hpjas,
n Mo, HRH) ZGEARFR F R, 2 tH A S50 A5 6
R 2) MR B /N7 R 2 4 i, AEE 0.13-—0.16
() 5 1 #E A 2 BT A R ) BE Ve 1 P FR R R At T
FAUA BT INES, B fe/N 7 % 2 1l R R
AERI IS R FE S 16 1 S8 B
PR =4l & a5 R 12 o, A i Ak
RS AT, e R AR S RO 0.15.
A BT A R, YW k. = 0.15 1 1E
Mk, AEBE T (28) NG M AR & RECE LK)
GEAME. AN, ] [E AR BIRE S 712 B SR
& 24045 0.10.

R4 RS 2 SRR B TS TS SR S R ke
Table 4. The calculated interface coupling factor k. of No. 2 sample.

Hyias/Oe 61 116 150 199 241 290 341 395 526 613 817 1035 1346 1533 1905

d33,m/107°A-m~! 246 5.26 12.9 16.8 20.3 20.6 15.6 11.5 8.56 7.75 564 3.99 2.69 2.33 1.58

oy /mV-Oe~ !
TR TS ke

11.9 25.8 65.6 83.4 103.8 105.1 80.6 56.5 41.5 41.0 26.4 17.7 13.6 14.1 7.3
0.142 0.145 0.155 0.148 0.157 0.156 0.159 0.146 0.142 0.165 0.135 0.124 0.152 0.210 0.132

(=)

R R /YO
&
]

500 g B2,

2000
500 1000 .
E‘]ﬁﬁ%ﬁﬁ% Huios/

K12 FEdh 1—6 BB pril ol A i o R 80N 0.15 19 =2k il 74521

Fig. 12. The measured data and surface fitting result in Hy;,5-n-a three dimensional space for No. 1-6 samples.
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Fig. 13. The theoretical and measured longitudinal ME voltage coefficient as a function of the thickness

ratio under 290 Oe DC bias magnetic field.
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Abstract

We describe the modeling of magnetoelectric (ME) effect in the plate-type Terfenol-D/ PZT laminate composite by
introducing a newly proposed interface coupling factor into the equivalent circuit model, aiming at providing a guidance
for designing, fabricating and using the ME laminate composite based devices, such as current sensor, magnetic sensor,
energy harvester, and wireless energy transfer system. Considering that the strains of the magnetostrictive and piezo-
electric layers are not equal in actual operation due to the epoxy resin adhesive bonding condition, the equivalent circuit
models of magnetostrictive and piezoelectric layers are created based on the constitutive equation and the equation of
motion, respectively. An interface coupling factor k. is introduced which physically reflects the strain transfer condition
between the magnetostrictive and piezoelectric phases. Specifically, the respective equivalent circuit models of magne-
tostrictive and piezoelectric layers are combined with an ideal transformer whose turn-ratio is just the interface coupling
factor. Furthermore, the theoretical expressions containing k. for the longitudinal ME voltage coefficient a, and the
optimum thickness ratio neptim to which the maximum ME voltage coefficient corresponds are derived from the modified
equivalent circuit model of ME laminate, where the interface coupling factor acts as an ideal transformer. To explore the
influence of mechanical load on the interface coupling factor k., two sets of weights, i.e., 100 g and 500 g, are placed on
the top of the ME laminates, each with the same thickness ratio n in the sample fabrication for comparison. A total of 12
L-T mode plate-type ME laminate samples with different-thickness configurations are fabricated. The interface coupling
factors determined from the measured a, and the DC bias magnetic field Hpias are 0.15 for 500 g pre-mechanical load
and 0.10 for 100 g pre-mechanical load, respectively. Furthermore, the measured optimum thickness ratios are 0.57 for
ke = 0.15 and 0.50 for k. = 0.10, respectively. Both the measured ME voltage coefficient o, and optimum thickness ratio
containing k. agree well with the corresponding theoretical predictions. The relationship between the optimum thickness
ratios under two different mechanical loads remains unchanged, i.e., the measured optimum thickness ratio for k; = 0.15
is larger than for k. = 0.10. The experimental results verify the reasonability and correctness of the introduction of k. in
the modified equivalent circuit model. The possible reasons for different interface coupling factors under different loads

are also qualitatively discussed in this paper.

Keywords: magnetoelectric laminate composite, equivalent circuit model, interface coupling factor,

magnetoelectric laminate based sensors
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