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©ÛÚÿÁ
 �>ØN�� PZT5/Terfenol-D/PZT8 �Ü�U(�^>5U.JÑ
�«^�� /Ø>�Ü
^>�U(������ªÇ���{. ÏLUCØ>°Ä���6>Øé^>�Ü(��ýAC?1UC, l

N���ªÇ. ©Û �>Ø!AC!�5�þ!��ªÇÚ��^>>ØXê�m'X. ©ÛL²: 3��A
C�¹e, ��>ØA��±�5N!��ªÇ, 
�Ü(���^>>ØXêA�� �>ØÃ'. ¢�ïÄ�
y: nØ�¢�(J�Ð¬Ü. 3 −170 V—+170 V � �>Ø�, ��ªÇ�±A��5N�. ��ªÇN�þ�
� 1 kHz,  �>Øé��p�ªÇ���Ç��: 2.94 Hz/V. 3 �^|� 0—225 Oe �, ��ªÇN�þ� �
^|Ã'.  �^|¬UC��^>>ØXê, 3�u 178 Oe ·�^| ��, ^>>ØXê��, �� 1.65 V/Oe.

'�c: Ø���ªÇ, ^�� /Ø>�Ü(�, ýAC, ^>�A

PACS: 75.80.+q, 75.85.+t, 77.65.−j

1 Ú ó

U � E Ü ^ > á � ´ ò ^ � �   Ú Ø >
á � E Ü 3 � å, / ¤ � ^ > ¯ a á �. 2001
c, Ryu � < ò Terfenol-D Ú Ø >>b Pb(Zr,
Ti) O3 U�EÜ, ��^>Xê� 4.68 V/cm·Oe
(1 Oe = 79.5775 A/m) �^>EÜá� [1], '�â
EÜ^>á�^>=�Xê� 36 �. ïÄL²
�GEÜ(��^>=�Uå��pu�âEÜ
(� [2]. IS	¯õÆö�é�GEÜ(��á
�A5!(�Úó���?1
�\ïÄ. Dong
� [3−5] ^�E Fe-Ga/PZT �Üá�, 3$ª��
^>>|Xê�� 345 mV/cm·Oe. Li � [6,7] ò^
�� á�ÚØ>á�EÜu�5Ä�þ, ¦^
>EÜá�3Uþ=�L§¥AC����½U
þ��à8, l
Jpì���G�e�^>�A
A5. ¦�ò PZT8H � FeNi Ü7�E¤�Ñ�(
�, �� 10 V/Oe(100 V/cm·Oe) ±þ�^>=zX

ê [8,9]. 
�� [10] í�
 GMM/�5�/PZT �G
EÜ(��$Ä�§, 3í�¥�Ä
�m���
�^. Chen[11] ïÄ
O\c^��é^>�Ü(
�5U�K�. Or[12] ò Cymbal �Ü(��Ø>á
��uü�^�� á��m, |^ Cymbal (�
�AC��õUk�Jp
^>�Ü(��^>
�A. Wang[13] ^[^N NdFeB � PMN-PT Ø>ü
¬î�EÜ, 3$ª? (0.1–30 kHz) ^>>|Xê
��
 32.7 mV/cm·Oe. Srinivasana � [14,15] |^
���GEÜEâ��
qc�N/PZT U�EÜ
á�, V��õ��EÜ(��^>=�Xê©O
� 460 mV/cm·Oe Ú 1500 mV/cm·Oe. U�^>E
Üá���{ü, ^>=�5Up, ¤�CAc�
ïÄ9:.

du�Ü(�^>>ØXê3���'��
��� 1—2 �êþ? [16,17], Ïd, �Ü(��^
>�UìÏ~ó�3��ªÇNCU
���r
�^|&ÿUå. 8c, ÏL*Ð^>�Üá�ª
Ç�A�°, U
*ÐÙA^. ~X, Yu ^GéÚ
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¿éØ>���{*Ð
^>�Üá���ªÇ
��° [18], ��°*Ð, Ù^>>ØXêKü$.
�
3�\°2�ªÇ��Jp^>�Ü�Uì
�^>(¯Ý, ïÄ�«�é^>�Ü(����
ªÇ���{, U
Jp^>á�3^Daì+�
�A^��. á�º�!/GÚNÈ©êþ¬K�
�^>�Üá����ªÇ [19,20]. �
��I�
���ªÇ, �±4á�UìQ½�º�!/GÚ
NÈ©ê��, ,
, ��EÜá����¤, ù

Ï�ÒéJ2UC, é��ªÇ����^é�.
du^�� /Ø>�Üá����ªÇ��X§
Ý�Cz [5], �ù«Cz��, ��¬K��^>
�Ç, Ø´��. Dong �, ��°� [21,22] ©OïÄ

 �^|é^�� /Ø>�Üá����ªÇ
Ú��^>>Ø=�Xê�K�. Jiles � [23] ïÄ

^�5SÑ� �^|�'X.  �^|é^>
5U�K�'��ªÇ�K��, �
4^>>Ø
Xê���p, o´�{¦^>EÜá�ó�3�
Z �^| [5,20,24], Ïd, �Ø¨æ^�� �^
|��{5?1��ªÇ���.

�©©ÛÚÿÁ
 �>Øéu^�� /Ø
>�Ü^>á��5UK�,JÑ
�«��ªÇ
���Ø>/^�/Ø>�Ü(�. 0�
��ªÇ
���^�� /Ø>EÜ^>�Uì�n. ©Û

Ø>°Ä��6>Ø�^>�Ü(��AC'
X. ��
^�� /Ø>EÜ^>�Uì. nØÚ
¢��Ð���. ÏL �>ØUC, N��\�
^>EÜá��ýAå/AC, ¢y
é��ªÇ�
��. ù«�{(�{ü, ´u¢y, ¦^>�Ü(
��ó�3�°�ªÇ��, Jp^&ÿUå, é
u^>EÜá����°ª�^Daì�ïÄk
­�¿Â.

2 Ø���ªÇ�^�� /Ø>�Ü
�U(�nØ©Û

2.1 >>>ØØØ������������ªªªÇÇÇ���^̂̂>>>���UUU(((���

du Terfenol-D 3Øå�^�� A5ò¬
UC [25], æ^Ø>á���^�� á�, �±¢
yØ�^>�Uì. ��ªÇ�Ü^>�UìÄ�
(�´ò Terfenol-D � PZT8, PZT5 EÜ, �� “n
²£” /G�­U(� PMP (�, Xã 1 ¤«. ^
|e�½¥m!:, =Å!:?, U
JpEÜ(

�¬�Ïê, ~��Ñ. PZT5 äkp0>~êÚ�
p�Ø>~ê, aqØ>V¬¡, �±ÏL�\>
Ø�)��AåÚAC, Ïd PZT5 ��EÜ(�
�AC°Ä�. PZT8 � Q ��p, 3EÜ(�¥�
�>&ÒÑÑ�U
���p��AA5.

�Ü^>(����ªÇ���n´ÏLU
C PZT5 þ�>Ø, l
UC^>(��ýAå
5¢y�. � PZT5 3�6>Ø��^e, ò�
)Aå½AC, d/C²Ê(�D4� Terfenol-
D Ú PZT8, ¦���Ü(�/¤��ýAC. Ï
LN!�6>Ø�±éýAC���?1��.
Terfenol-D Ú PZT8 ��Ü(�´�«��~��
^>(�, �	5^|Úå Terfenol-D /C½Å
��Ä, d/C½Å��ÄÏL��D4� PZT8,
3 PZT8 þ�)>ØÑÑ. Terfenol-D Ú PZT8 ©O
÷�ÝÚþÝ��4z, �Ü(�ó�3 L-T �ª.
PZT5 þ��6>ØUC, UC Terfenol-D ýAC
½Aå, ýAC½AåòUC�Üá���5�þ,
l
UC^>�Uì�^>=zA5,AO´UC
�Ü(����ªÇ, ¦��UìU�âI�ÏL
�\3 PZT5 þ��6>Ø?1��ªÇ��.� � � � � � � � � �	 
 � � � 
 �� � � ��� � � � � 电极

电极

电极� �� �	 
 � �
ã 1 >Ø����ªÇ��Ü^>�U(�

2.2 >>>ØØØ���ýýýAAACCC'''XXX

3ã 1 ��Ü(�¥, b�Ø>>b��^�
� á��m�n�ÍÜ. PZT5 ��>Ø��A
C��, Ø>�|r3þÝ���~ê. ÙL�_
Ø>�A�Ø>�§Xe [26]:

S1p = sE
11p5T1p + d31p5E3, (1)

Ù¥ S1p, T1p ©O´÷�Ý���ACÚAå,
sE
11p5, d31p5 ©O� PZT5 >|rÝ E3 �" (½~

ê) ��5R^XêÚØ>AC~ê.

�Ø>°Ä� PZT5 ?ugd.�G�, =à
Ü¤É�Aå�". �âª (1), � PZT5 4z�
�þ�\�6>Ø VDC �, PZT5 àÜ�p�ýA
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C ε �:

ε = d31,p5VDC/hp5, (2)

Ù¥ d31,p5, hp5 ©OL« PZT5 �Ø>AC~ê�
þÝ. �±w�, duØ>~ê�K, ¤±�\�>
Ø�, �Üá��)Â ; 
�\K>Ø�, �Üá
�ò�.�.

þã©Û´Äu�Ü(��Ýº���uÙ
þÝº�, �?Ø÷�Ý��þ�AC���. 

¢S�õ�(�´òØ>°Ä� PZT5 �Å�A
C,ÏL���ë�, D4� Tefenol-D Ú PZT8 ¡
þ. duù« “n²£” (��Øé¡5, ¬3�
Ý� �Ó��¬�)�­/C. 3gdà =þ
� [27]:

δc =
3d31l

2

4h2
VDC, (3)

Ù¥, l ��Ü(���Ý, h ��Ü(�þÝ. �
�, �­/C�á�A5!�Ý!þÝ±9 PZT5
þ�\>Ø�'. lª (2) Ú (3) ��, 3 PZT5 þ
�\>Ø, Ø=3�Ý���)AC, 
�¬�)
�­/C, �­Úp�/C�>Ø'X���5'
X. Ïd,ÏLN� PZT5 üà>Ø�±UC�Ü(
�p�Ú����ªÇ.

2.3 ������ªªªÇÇÇ������555���þþþ'''XXX

�â$ÄÆ�§!Úî1�½nÚØ>!^
�� á�����§��:

ρ̄
∂2u

∂t2
=

n1

sE
11p5

∂2u

∂z2
+

n2

sE
11p8

∂2u

∂z2

+
1 − n1 − n2

sH
33

∂2u

∂z2
, (4)

ª¥ ρ̄ = (ρ1A1 + ρ2A2 + ρ3A3)/A �á��²þ
�Ý, ρ1, ρ2, ρ3 ©O� PZT5, PZT8, Terfenol-D �
�Ý. A ��Ü(�3R�u�Ý���oî�¡
È. Ù¥ n1 = A1/A = hp5/h, n2 = A2/A = hp8/h

©O´ PZT5, PZT8 �NÈ©ê!1 − n1 − n2 =
A3/A = hm/h ´ Terfenol-D �NÈ©ê. hp5, hp8

Ú h ©O� PZT5, PZT8, Terfenol-D ±9�Ü(
��oþÝ. sE

11p5, sE
11p8, sH

33 ©O´ PZT5, PZT8,
Terfenol-D �R^Xê.

d{�$Ä�§ [28]:

∂2u

∂t2
= υ2 ∂2u

∂z2
. (5)

'�ª (4) Ú (5), �±¦Ñ�Ü(�3����(
� υ:

υ2 =
1
ρ̄

(
n1

sE
11p5

+
n2

sE
11p8

+
1 − n1 − n2

sH
33

)
. (6)

n«á��°Ý w Ú�Ý l þ��, Ïd n1,
n2, 1−n1−n2 ��L« PZT5, PZT8, Terfenol-D �
þÝ'/NÈ'. du�Ü(�?u¥mY±, �Ä
Å!: u¥m, òª (6) �\©z [29], �¦��
�p�ªÇ fs �:

fs =
υ

2l

=
1
2l

√
1
ρ̄

(
n1

sE
11p5

+
n2

sE
11p8

+
1 − n1 − n2

sH
33

)
. (7)

d�Üá�¥�Ø>� PZT5 �Ø>� PZT8
�þÝØ�, ´Øé¡(�, ¤±�3�­�Ä, ò
ª (6) �\©z [29], �¦�¦�����ªÇ fB:

fB =
πhυβ2

1

2
√

12l2

=
πhβ2

1

2
√

12l2

√
1
ρ̄

(
n1

sE
11p5

+
n2

sE
11p8

+
1 − n1 − n2

sH
33

)
.

(8)

^>�Üá�����5�þ Ē � [22]:

Ē =
n1

sE
11p5

+
n2

sE
11p8

+
1 − n1 − n2

sH
33

. (9)

��p�ªÇª (7) Ú (8) �{z�:

fs =
1
2l

√
Ē

ρ̄
, (10)

fB =
πhβ2

1

2
√

12l2

√
Ē

ρ̄
. (11)

Ù¥, β1 ≈ (1−n1 −n2)+1/2. dª (10), (11) �±
uy, ��5�þ Ē O�, ��ªÇ�O�, ���
�ªÇ~�. �âª (7) � (8), �¦���p��
�ªÇ fs �������ªÇ fB ©O� 109 kHz
Ú 46 kHz. ��6>Ø VDC 3 −170 V—170 V C
z�, �Üá��ACþ� 10−6 þ?, ¤±é�Ü
á��NÈ!�Ý!�Ýù
ëþ�UC�~�
f, ù
þÄ�Øé��ªÇ�)K�.

2.4 ������^̂̂>>>>>>ØØØXXXêêê������555���þþþ'''XXX

3 �^| Hbias ð½, �6^| Hac ÷�Ü
(��Ý��U\�, ^>�Ü(���ÑÌ�
5guÅ��Ñ, ^�Ñ�é�� [17], �±Cq
� 0. du PZT5 	Ü¿é�>N���u PZT8
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Ú PZT5 �·�¿é>N, � ωp ��Ü(��¿é
��ªÇ, �±����^>>ØXê V reson

ME
[30]

V reson
ME =

∣∣∣∣ dV0

dHac

∣∣∣∣
=

∣∣∣∣ ϕp8ϕm

ωpC08Rmech

∣∣∣∣ , (12)

Ù¥, Rmech éAÅ��Ñ, C08 ´ PZT8 �·�
¿é>N, ϕp8, ϕm ©O� PZT8 ÚÑ\�>�Í
ÜXê, Vo L« PZT8 >4üàaA���6>
Ø, Qmech ´^>�Ü(��Å�k�¬�Ïê.
Qmech �L«� [17]:

1
Qmech

=
n1

Qpiezo5
+

n2

Qpiezo8

+
1 − n1 − n2

Qmag
. (13)

Å � � Ñ 5 g u Ø > á � Ú ^ � �   á
� � Ä � Ñ. ò ϕp8 = (wd31,p8)/sE

11p8, ϕm =
(A3d33,m)/sH

33, C08 = [lwε33(1− k2
31)]/hp, Rmech =

(πρυwh)/8Qmech, ωp ≈ ωs = πυ/l Úª (13) �\
ª (12). Ù¥ ε33 L«Ø>á� PZT8 �gd0>
~ê, d33,m ´�^�� á��Ä�^�� X
ê, d31,p8 Ú d31,p5 ©O´ PZT8 Ú PZT5 �Ø>A
C~ê, ωs ´Gé���ªÇ (Å���ªÇ) , k31

´ PZT8 �Å>ÍÜXê, z{�¦�:

V reson
ME =

[
8Qmechd31,p8d33,mhn2(1 − n1 − n2)

]
×

{
ε33π

2(1 − k2
31)[n1s

H
33s

E
11p8/sE

11p5

+ n2s
H
33 + (1 − n1 − n2)sE

11p8]
}−1

. (14)

òª (9) �\, �±��:

V reson
ME =

8Qmechd31,p8d33,mhn2(1 − n1 − n2)
ε33π

2(1 − k2
31)s

E
11p8s

H
33Ē

.

(15)
dª (7), (8) Ú (14) ��, ��p�ªÇ!���
�ªÇÚ��^>>ØXêþ�n«á��R^
Xê sE

11p8, sE
11p5, sH

33 ���', 
��±*	�X
JR^XêO�, ��ªÇ~�!��>ØÌÝ~
�. dª (10), (11) ��, ��p�ªÇ!����
ªÇ����5�þ Ē ���', �5�þ��,
��p�ªÇ!����ªÇ���. lª (15) �
�, �,��^>>ØXê����5�þ Ē �
', �´�âª (9) ��, ���5�þ Ē ´dR
^Xê sE

11p8, sH
33 �ëê��ê¦Ñ, 3ª (15) ¥,

Ē � sE
11p8, sH

33 �Cz¬�p-�, ¤±�5�þ
�Czé��^>>ØXêK���. 
3ª (15)

¥, ¬�Ï�, Ø^Xê!Ø>~ê!Å>ÍÜX
ê�^|��½	Ü�¸u)UC, ò¬é��^
>>ØXê�)²wK�. �ó�, UC PZT5 þ�
\>ØUC��ªÇ, �´, éu^>>ØXêK
�Ø�.

2.5 ���555���þþþ���AAAååå/AAACCC'''XXX

�âc^á�� ∆E �A, Terfenol-D É�A
å�^�, ò��^Æ^zG�u)Cz, =Úå
Æ9£ÄÚ^Ý=Ä, 
�´K��Æ9£ÄÚ^
Ý=Ä�Ï�Ñ¬K��5�þ [31]. ^�� á
���5���§¥��5�þ´b�Aå�ð
½, ØU�NAå��5�þ�m�¼ê'X, ^
�� á��Aå - AC�m¿Ø´{ü��5'
X, á�SÜAåCz¬Úå^zG��Cz, 

^zG��Czq¬K�ACþ, ¤±�5�þ�
±�XAå�Cz
u)Cz,ã 2 B�N
ù«
Cz. dã���5�þ�Aå¥��5'X, 3
 �^| Hbias �� (�u 500 Oe) ��¹e, �Ø
Aå�L�½��, �5�þ�XØAå�O\

üN4O. nþ¤ã, �|^ ∆E �Aé�^��
 á�|¤�^>EÜá��Å���ªÇ (��
ªÇ) ?1N!.� ��� � �� � �� �� �� �� � 

	
�� 
 � � � � � � � � � � � �� � � � � �� � � � � � � � � � � � � � �  � � � � � � � � � � � � �  ! � � � � � � � � � � � �  
ã 2 �^�� á� Tefenol-D ��5�þ�ØAå'X­
� [32]

ò�Ü(�����5�þ Ē �úª (9) U
��:

Ē = n1E
E
11P5 + n2E

E
11P8 + (1−n1 −n2)EH

33, (16)

ª ¥ EE
11p5 Ú EE

11p8 © O L « Ø > á � PZT5
Ú PZT8 3ð>|e��5�þ. =�Ü(��
�5�þ�Ø^/Ø>n�Ü©��5�þ��5
|Ü�'. dã 2 �, ^�� á���5�þ EH

33

´Aå (½öAC) ���5¼ê, Ïd, �Ü(�

137504-4



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 13 (2012) 137504

����5�þ Ē �´Aå (½öAC) ���5
¼ê. �
©Û�B, b��Ü(����AC�
Ó. du�^�� á� Tefenol-D ��5�þ�
Aå/ACm�3��5'X, �â��5�5n
Ø [33], ���5�þ�AC ε �m�3'X�:

EE
11P5 = EE0

11P5(1 + βp5 × ε) (17)

EE
11P8 = EE0

11P8(1 + βp8 × ε) (18)

EH
33 = EH0

33 (1 + βH × ε), (19)

ª¥, EE0
11p5, EE0

11p8 Ú EH0
33 ©´AC ε � 0 � PZT5,

PZT8 Ú Tefenol-D �� 5 � þ. βp5, βp8 Ú βH

´ PZT5, PZT8 Ú Tefenol-D ��AC��éA�
�5ëê. 3��AC�, βp5, βp8 Ú βH �±Ø
C [33]. ª (17)—(19) L«
 PZT5, PZT8 Ú Tefenol-
D ���5�þ�AC (½Aå) �O\'X. ò
ª (17), (18), (19) �\ª (16), �±���5�þ�
AC�'X�:

Ē =n1E
E0
11P5 + n2E

E0
11P8 + (1 − n1 − n2)EH0

33

+ [n1E
E0
11P5βP5 + n2E

E0
11P8βP8

+ (1 − n1 − n2)EH0
33 βH ] × ε

=Ē0 + [n1E
E0
11P5βP5 + n2E

E0
11P8βP8

+ (1 − n1 − n2)EH0
33 βH ] × ε, (20)

Ù¥, Ē0 ��Ü(�AC� 0 ���5�þ. l
ª (20) ��, 3ACé��, ACéu(���5
�þK��; �XACO\, �5�þ�UCþØ
=���á�þÝ!Ð©�5�þk', ����
á��5�þ - AC��5éAëê�'. Ïd, �
�á��5�þ�AC´��5'X.

2.6 ������ªªªÇÇÇ���������>>>ØØØ���'''XXX

dª (10) Ú (11) ��, ��p�Ú����ª
Ç (fs Ú fB) ��Üá��5�þ Ē �'. 
�Ü
(�����5�þ Ē �AC�m÷vª (20). A
C� PZT5 þ�\>Ø÷vª (2). Ïd, òª (2)
Ú (20) �\ª (10) Ú (11), �±����p�Ú�
���ªÇ���>Ø�m'X:

fs =
1
2l

{
1
ρ̄

{
Ē0 +

d31p5VDC

hp5

[
n1E

E0
11P5βP5

+ n2E
E0
11P8βP8

+ (1 − n1 − n2)EH0
33 βH

]}}1/2

, (21)

fB =
πhβ2

1

2
√

12l2

{
1
ρ̄

{
Ē0 +

d31p5VDC

hp5

[
n1E

E0
11P5βP5

+ n2E
E0
11P8βP8

+ (1 − n1 − n2)EH0
33 βH

]}}1/2

. (22)

ª (21) Ú (22) L², �X���>ØO\, ��p
�Ú�­��ªÇ¬O\; ��, ��K>ØK�
O\, ��p�Ú�­��ªÇK¬~�. T�Ü
(�3 PZT5 þ�\>Ø¬¦ PZT5 Ú�Ü(��
)p� (�­) ACÚAå, ÏLUCAå/AC¦
�Ü(���5�þu)Cz, ¦��p�Ú�­
��ªÇUC, l
¢y>Ø����p�Ú�­
��ªÇN!. �Xc¡©Û, 3��AC�, βp5,
βp8 Ú βH Ä��±ØC. -

λ =
d31p5VDC

Ē0hp5

[
n1E

E0
11P5βP5 + n2E

E0
11P8βP8

+ (1 − n1 − n2)EH0
33 βH

]
. (23)

òª (23) �\ª (21) Ú (22), ¿|^�V?êÐ
m:

fs =
1
2l

√
Ē0

ρ̄

[
1 +

1
2
λ − 1

8
λ2 +

1
16

λ3 − · · ·
]

,

(24)

fB =
πhβ2

1

2
√

12l2

√
Ē0

ρ̄

[
1 +

1
2
λ − 1

8
λ2 +

1
16

λ3 − · · ·
]

.

(25)

��\>Ø��� (200 V �m), dª (23) �
�, λ < 1. ª (24) Ú (25) ¥pg��±�Ñ. ��
p�Ú����ªÇ���>Ø�m�±Cq�:

fs =
1
2l

√
Ē0

ρ̄

{
1 +

1
2

d31p5VDC

Ē0hp5

[
n1E

E0
11P5βP5

+ n2E
E0
11P8βP8

+ (1 − n1 − n2)EH0
33 βH

]}
, (26)

fB =
πhβ2

1

2
√

12l2

√
Ē0

ρ̄

{
1 +

1
2

d31p5VDC

Ē0hp5

[
n1E

E0
11P5βP5

+ n2E
E0
11P8βP8

+ (1 − n1 − n2)EH0
33 βH

]}
. (27)

lª (26) Ú (27) ��, 3��>Ø���, �
�p�Ú����ªÇ���>Ø�mCq¤�
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5'X. ù�´æ^>Ø�� PZT5, U
�~�B
��^>�Ü(����p�Ú��ªÇ.

3 ¢��?Ø

� Ü ( � � � � L § ´ ò ¡ G Ø >>
b PZT5!PZT8 Ú�^�� á� Terfenol-D �
W�, ^��ä��?1ÊÜ, �u 80 ◦C ��¥
²���ð§�z, ^|e�½¥m!:, ��X
ã 1 ��Ü(�. �^�� á� Terfenol-D(�²
þ1úiJø) �º�� 12 mm × 6 mm × 1 mm
÷p� 〈110〉 ¬¶��§Ø
äk��^�� X
ê, Ù¯���A�mÚpÅ>ÍÜ5U�(�

^U�Å�U�mk�=�, �^�á� Terfenol-
D ?u¥m�, ÷�Ý��^z, Ø=äk��
�^�� Xê�U¯��A!p�?1^Å>
Uþ=� PZT5(12 mm × 7 mm × 0.7 mm) Ú PZT8
(12 mm× 6 mm × 0.8 mm) (¥>8ì1 26 ïÄ¤
Jø) þ÷þÝ��4z. �á��ëê�N¹.� � � � � �� � � � �	 
 � 	 �
 � � � � � � � � � � � � �

ã 3 ¢�ÿÁXÚ

¢�ÿÁXÚXã 3 ¤«. �
¦�^��
 á�ó�3�(¯«�, I��\�½� �^
|. ¢�ÿÁXÚ^ü¬[^NJø¤I� �^
| Hbias, �Ü(� uü[^N�¥%�þ,  �
^| Hbias ���©ª÷�Ü(��Ý��. ^p
dOÿþÑü[^N�m�ål�Ù¥% �?
^|�'X,ÏLN!ü[^N�m�ål5��
¤I� �^|��. &Ò
 (1) (Aglient33250A)
-y���)�6^| Hac, T�6^| Hac ��
÷�Ý��, ��^�� á�Jø�6-y. O
�Å��&Ò
 (2) ��6ÑÑ>Ø²p>Øõ
�ì (MODEL603) ���Ñ\� PZT5 �, N!&
Ò
 (2) (Aglient33250A) �ÑÑÌÝ�¼��C�
�6>Ø VDC. duõ�Ï~ó�3�°ª��
�, Ñ\ÑÑ{|�p, N´�)�6D(, Z6�

Ü(��gd�Ä. �d, 3õ��ÑÑ¿é�>
N, ÈØpª�6D(. ^>�Ü(��>&ÒÑ
Ñ5
u PZT8, duóªÚpªD(�Z6, Äk
ò PZT8 ÑÑ>Ø Vo ÈÅØD(�, 2x\êâ
æ8kÚO�Å� GPIB ��?1�ê=�, �ª
òæ8êâ���O�Å¥. O�Åæ8¿��&
Ò
 (1) Úêâæ8k, �¤éuØÓ�6-yª
Ç9ÌÝ�^|gÄ�)Ú�A^>&Òæ8,Ï
L?§¢yé�Ü(�^>A5�gÄÿþ. �¢
�O�ÅÏL Labview §S?�Ú�½, ��&Ò

 (1) Ñ\>Ø�ªÇÚÌ�, �y���)��
6^| Hac Ì�� 0.5 Oe. òO�Å¥æ8��ê
â�, �A��ÄØ>>b°Ä� PZT5 �)UC
y�. �
��­½ÑÑ, zgÿþA�m��ã
�m, �æ^õg²þÚGØo�Z6����y
æ8êâ�­½Ú��.� � �� � �� � �� � �� � �� � �	 
��
��� �� � � � � � �

� �� � � � � � � � � � � � � � � �
频率� � � �

ã 4 ^>>ØXê��6^|ªÇ'X

3 � 6   � ^ | Hbias = 178 Oe,   � >
Ø VDC = 0 V �, 3 20—150 kHz ªÇ��S�
Ü(�^>>ØXê��6^|ªÇ�Cz­�
�3ü���ªÇ:, ©O����� (45 kHz N
C) Ú��p� (115 kHz NC) ��ªÇ, Xã 4.
ò3 PZT5 þ�\>Ø VDC ©O��� −170 V,
0 V Ú 170 V, ÿ�3����Ú��p���ª
ÇNC�^>>ØXê�^|ªÇ�'XXã 5
¤«. dã 5 ��, �X�6��>Ø3��O
\ (VDC l 0 V � +170 V), ����Úp���ª
Çþ��Jp; 
K�O\��>Ø (VDC l 0 V
� −170 V), ����Úp���ªÇK~�, �
6��>Øéü��^>>ØXê�K�þØ�.
ù�ª (21) Ú (22) ©Û��. lã 5(a) Ú (b) �
�, ±170 V �6>Øep�ªÇ���ªÇ��
� 1 kHz, 
�������ªÇ��� 0.6 kHz.
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��, �\�6>Øép�ªÇÚ��ªÇþU�
)K�, �Äp��^>>ØXê'���� 7 �
õ, �� 1.65 V/Oe. Ïd, �e5Ì��é��p
�^>�AA5?1ÿÁÚ?Ø.� � � �� � � �� � � �� �	
��

 �� � � � � � � � � �� � � � � � � �� � � � � �

� �� � � � � � � � �
频率� � � �

� � �
� � � � � � � � �� � � � � � � �� � � � � �	 
 �� 
 �� 
 �� 
 	� 
 
� 
 �� 
 �� ������� �� � � � � � � � � � � � � � � 


频率� � � �
� � �

ã 5 ��:NC^>>ØXê��6^|ªÇ'X (a) ��
��NC^>>ØXê�ªÇ'X; (b) ��p�NC^>>Ø
Xê�ªÇ'X

^>�Ü(�éu^| �¯a, ò>Ø VDC

�½� −170 V, 0 V Ú 170 V, ����p�ªÇ fs

� �^| Hbias �'XXã 6 ¤«. dã��
� Hbias �u 178 Oe �, fs �X Hbias �O�

O�; � Hbias �L 178 Oe �, fs Ø2�X Hbias

Cz. ã 6 ¥^|UC�)���ªÇ £�
u 700 Hz. ,
, ^| �UCò�ÌÝK�^>
(¯Ý, ��p�^>>ØXê V reson

ME � �^
| Hbias �'XXã 7 ¤«. dã 7 ��, Hbias ?
u 0—178 Oe �, V reson

ME �X Hbias �O�
O�,
3 Hbias = 178 Oe � V reson

ME ����, UC^|,
Ã{¦^>�Uìó�3�Z^>�A� �?.
dã 7 ���, �6>Ø VDC Úå�ýAå/AC
Czé�Ü(����^>>ØXêK�Ø�. 


UC PZT5 þ�>Ø, ÃØ3�« �^|?, ��
ÌÝþ� 1 kHz �m (ã 5), ù�Ny>Ø���
�ªÇ�`�5. lã 6 Ú 7 ��, 178 Oe �T^
>�Ü(���` �^|�.

VDC=-170V
VDC=170V
VDC=0V115.9

115.3

114.7

114.1

f
s/
k
H
z

0 50 100 150 200 250

Hbias/Oe

ã 6 ��p�ªÇ� �^|'X

VDC=-170V
VDC=170V
VDC=0V

Hbias/Oe

1.8

1.2

0.6

0

V
M
E
/
(V
/
O
e
)

0 50 100 150 200 250

ã 7 ��^>>ØXê� �^|'X

� Hbias ©O� 178 Oe Ú 75 Oe �, fs � PZT5
þ �>Ø VDC �Cz'XXã 8 ¤«. ÙÿþL
§´N! VDC �, l 0 V m©, O�� 170 V 2~
�� −170 V, ,�2£� 0 V. lã 8 ��, VDC �
�O����:O�, � VDC ~�� fs �~�, fs

� VDC Cq¥�5'XCz. �6>Ø VDC é�
�ªÇ�N�´duÐ©ACé��ªÇ��^,
éun�Êë, �òØ>°Ä� PZT5 àÜ�AC
�Óu���Üá�3àÜ�AC, ����p�
ªÇ��Üá�àÜAC'XXã 9 ¤«. ã 8 �
ã 9 ¥�­�¥¶é¡. �ACl −58 × 10−6 C
z� 58× 10−6,  �^|� 178 Oe �, ����ª
Çl 115.7 eü� 114.7 kHz;  �^|� 75 Oe �,
����ªÇl 115.3 kHz eü� 114.3 kHz. ã 8
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Ú 9 ¥­��Cq�5´du3 −170—170 V �
�SAC��, �ª (26) �(Ø�¬Ü. �,, XJ
?�Ú\���>Ø, �)�rACò¬����
5'X. �©æ^� PZT5 FØ�k 300 V �m, Ï
d, ¢�À½ 170 V >ØJø �, ��Cq�5'
X. lã 8 ��, � VDC 3 −170—170 V ��SC
z�, VDC é fs ���ÌÝ� 1 kHz.  �>Ø VDC

é��p�ªÇ fs ���Ç��: 2.94 Hz/V. ¤±
�ÏLCz VDC �±é��ªÇ?1��. ØL,
duØ>>b�´¢�AÚ^�� �^¢�A,
fs � VDC �Cz�3¢�y�, 3p°�ªÇ��
�A�\±�Ä.

Hbias=75Oe

Hbias=178Oe

VDC/V

116.0

115.6

115.2

114.8

114.4

114.0

f
s/
k
H
z

-200 -100 1000 200

ã 8 ��p�ªÇ� PZT5  �>Ø'X

HDC=75Oe

HDC=178Oe

ε/10-6

115.6

114.8

114.0

f
s/
k
H
z

-70 -30 5010

ã 9 ��p�ªÇ��Üá�àÜAC'X

ò �^|©O��� 178 Oe Ú 75 Oe, ©O
ÿÁ§����^>>ØXê��6>Ø'XX
ã 10 ¤«. dã��, � �^|ØC, ù���
�^>>ØXê���6>Ø'XØ�, ¤±�6
>Ø VDC é��^>>ØXê�K�é�, ^N!
�6>Ø��{5���Üá��ýAC�, ��
^>>ØXê�Cz�±�Ñ, Ø¬K���^>

>Ø=�. ù�ª (15) ¤©Û���^>>ØXê
A�ØÉ (Aå!AC¤Úå�) �5�þK��
(Ø��.

Hbias=178 Oe

Hbias=75 Oe

VDC/V

1.8

1.4

0.6

1.0

V
M

E
  
 /

V

-180 -80 12020

re
so

n

ã 10 ��^>>ØXê V reson
ME ��6>Ø VDC 'X

4 ( Ø

�©JÑ
�«�é^>�Ü(����ª
Ç���{. ÏLUCØ>°Ä���6>Øé^
>�Ü(��ýAC?1N!, l
UC�Ü(�
��ªÇ. ©ÛÚÿÁ
 PZT5 ��>Ø�AC'
X, ©Û
��p�Ú����ªÇ!��^>>
ØXê��5�þ'X, ©Û
�5�þ�Aå/A
C'X, 3dÄ:þ©Û¿ÿÁ
��p���
ªÇ!��^>>ØXê���>Ø�'X, uy

>Ø���Ü(���ªÇ�Ån. ïÄL²:
nØ�¢�(J�¬Ü. T�n�±��°�½
ªÇ�N^>Daì©Û�O�Ä:. 3 −170—
+170 V ���>Ø�, ��ªÇ�±A��5N
�, N�þ�� 1 kHz,  �>Øé��p�ªÇ�
��Ç��: 2.94 Hz/V. 
��>ØUCéu^>
>ØXêA�vkK�. Ïd, O\��>ØÚJ
p�Ü(�ACþ, k"3�°�ª���S¢y
��ªÇN�. duæ^>&Òé��ªÇ?1�
�, �{{ü, N�þ��. éÐ°^>�Ü(��
�°, *Ð^>EÜá�3^Da+��A^, ä
k­�¿Â.

N¹ �©¥^��á�ëê

Terfenol-D �ëê: d33,m = 11 nm/A, sH
33 = 40 ×

10−12 m2/N, k31 = 0.7, ρ = 9200 kg/m3, Qm = 10

PZT8H �ëê: d31p8 = −93 pC/N, sE
11p8 = 11.1 ×

10−12 m2/N, ε33 = 1000, k31 = 0.3, ρ = 7600 kg/m3,
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Qm = 1000

PZT5 �ëê: d31p5 = −280 pC/N, sE
11p5 = 16.5 ×

10−12 m2/N, ε33 = 3800, k=
310.39, ρ = 7500 kg/m3, Qm =

65
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Effect of adjustable bias voltage on magnetoelectric
properties of magnetostrictive/piezoelectric laminated

transducer structure ∗

Li Ping† Huang Xian Wen Yu Mei

( Research Center of Sensors and Instruments, College of Optoelectronic Engineering, Chongqing University, Chongqing 400044, China )

( Received 31 August 2011; revised manuscript received 28 November 2011 )

Abstract

The magnetoelectric properties of PZT5/Terfenol-D/PZT8 laminated transducer structure are analyzed and detected for adjusting

the bias voltage across PZT5. A control method of one-order resonant frequency for a magnetostrictive/piezoelectric laminated magne-

toelectric transducer structure is proposed. The resonant frequency and the prestrain of the magnetoelectric laminated structure can be

adjusted by changing the bias voltage across PZT5. The relationships between the control voltage, the strain, the Young’s modulus, the

resonant frequencies and the resonant magnetoelectric coefficient are analyzed. Theoretical analyses show that the resonant frequency

of the laminated structure is almost a linear function of the applied dc bias voltage at a small strain. The magnetoelectric coefficient

is hardly related to the control voltage. The experimental results verify the theoretical analyses. For a control voltage of −170 V to

+170 V, the resonant frequency can be linearly adjusted. The adjusted maximum of the resonant frequency is 1 kHz. The ratio of

the adjusted value to the bias control voltage is 2.94 Hz/V. For a bias magnetic field from 0 Oe to 225 Oe, the resonant frequency is

almost unrelated to the bias magnetic field. The magnetoelectric voltage coefficient changes with the bias magnetic field. A maximum

magnetoelectric voltage coefficient of 1.65 V/Oe is obtained at a bias magnetic field of > 178 Oe.

Keywords: voltage-controlled resonance frequency, magnetostrictive/piezoelectric laminated structure, prestrain,
magnetoelectric effect
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