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ïÄ
 Tb0.3Dy0.7Fe2 Ü73Ø^Ú^�5�A¥�^Æ =Ú^�ÇA5. Äu Stoner-Wolhfarth �.Uþ
4��n, ±�
gdU�^Æ =�Ý�'X�, ïÄ
ØAåÚ^|1Ö�^e^Æ�Ý� =A5, O�
©Û
ØÓ1Ö�^e^Æ =�^�ÇA5, ¿�¢�êâ?1'�Øy. ïÄL², AåÚ^|��^Ñò¦
^Æ�� [111] Ú [1̄1̄1̄] u)�Ý�[, �*k�/)º
á�ã^�� �A�Ån; AåÚ^|�^e^Æ� 
=ò¦á�^�Ç¥~�ª³, Ù¥^|Ué^�Ç�K��uAåU, ù�y�3�1Ö�^ec�²w. ¢�
(JL², ^�Ç�O�êâ�¢�êâÎÜ��Ð, �y
O��{��(5. nØ©Ûé Terfenol-D ^Æ =
�.��õÚ^zL§¥^¢£��±��~k¿Â.

'�c: Terfenol-D, ��É5, ^Æ =, ^�Ç

PACS: 75.80.+q, 75.60.−d, 75.60.Ej, 75.30.Gw

1 Ú ó

8c, �^�� á� (giant magnetostrictive
material, GMM)!Ø>>b!/GPÁÜ7!^
6CN�®¤�IS	õUá�9Ùì�A^
ïÄ�9:. ���«#.^�á�, �^��
 á�äk��^�� Xê!�A�Ý¯!
^ - ÅÍÜXêp�A: [1−3], Ùû¬zA^�2
�k TbDyFe Ü7 (Tb0.3Dy0.7Fe2, q¡ Terfenol-D)
Ú FeGa Ü7. Ø^Ú^�5�A´ Terfenol-D á
�äk�ÐA^�'��A [4−6]. du�^�� 
á�äk�~��^¬��É5, AåÚ^|1Ö
�^eá��^Æ =Ú^zL§�~E, [7], 1
Ö�^e^ëê�£ãÚ^Æ =�.�ïá´
á�¢yA^ÿÐ�'�.

3�^�� á�^zL§¥, ·�ØAå�
�\¬¦á�äk��Å�A5ÑÑ, ù�y�®
²3�þ�©z¥��y¢. 8cédy��nØ
)º�{ü, Ì�æ^üÆ =�.ïÄá��^
�5Ån [8−13]. Ù¥ Jiles Ú Thoelke[14] ÄuüÆ

�.�Ñ 90◦ ^Æ =´�^�� �A�'�,
�Ùé^Æ =�Ý9^z¥��É5�£ã�
�{ü. ©z [15—17] ÏL¦)��5�§|�4
�¯K, é'©Û
 TbDyFe Ú FeGa Ü7SÜ�
^¬��É5ÚAå��É5, �´�§�¦)L
§�~E,, é^�5L§¥^Æ =Ú^A5�
£ã{ü, �¦)�U�é4�¯K, éá�^z
L§Ú^¢A5�?�ÚïÄ�(J. ��^¬�
�É5~ê (Kê) Ú´^z��´�^�� á
�«OuÙ¦c^á����, ¤±^Æ� =´
ïÄá�^�� �A�'�. J�^Æ =�Ý
´�©ïÄ�Ì�SN, ÏL¦)	1Ö�^eá
�SÜgdU�4�, ïÄØ^Ú^�5L§¥A
åÚ^|1Öé^Æ�Ý =�K�, ^^Æ =
�VgÚ^�ÇA55)º²( Terfenol-D �^
�� Ån.

�©Äu Stoner-Wohlfarth (S-W) �.Uþ4
��n, ÏL¦) Terfenol-D á�üÆgdU�^
Æ =�Ým�4�¯K, ïÄ
Ø^Ú^�5�
A¥�^Æ =Ú^zL§, ±)º�^�� á
��^�� Ån. ÏL¢�ÿÁÚ�.O�ü«
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�{, '�Ø^Ú^�5�A¥^�Ç�1Öm�
'X, ��^�� á�Ø^Ú^�5�A�A^
ÿÐJønØ�â.

2 ^Æ =�ê��.

��^�� á�S,�üÆ�â�� S-W
�. [18] �ïÄé�, Aå σ Ú^|rÝ H 1Ö�
^e�^Æ =�ÏL¦)�âSÜgdU�4
�¯K5ïÄ. Terfenol-D á��â¥gdUþ�
��É5 [19], Ì��)^¬��É5U Ek, Aå
��É5U Eσ Ú^zU EH , Xeª¤«:

Ek = K1(α2
1α

2
2 + α2

2α
2
3 + α2

1α
2
3)

+ K2(α2
1α

2
2α

2
3),

Eσ = −3
2
λ100σ(α2

1β
2
1 + α2

2β
2
2 + α2

3β
2
3)

− λ111σ(α1α2β1β2 + α2α3β2β3

+ α1α3β1β3),

EH = −µ0MsHe(α1β1 + α2β2 + α3, β3)

= −µ0MsHe cos(θ0 − θ).

(1)

Ù¥ α1, α2, α3 �^zrÝ M ���{^, β1, β2,
β3 �	\Aå���{^, K1 Ú K2 �^¬��
É5~ê, λ100 Ú λ111 ©O� 〈100〉 Ú 〈111〉 ��
þ�^�� Xê, θ �^Æl´^z��¤ =
��Ý, ´�©J�^u¦)Ú©Û�'�ëþ,
αi Ú βi �L«��Ý θ �'Xª, θ0 �Ã1Ö�
^e´^z���^|rÝ�Y�, θ0-θ �^z�
��^|rÝ���Y�, �©^�Ý φ L«, H e

�á�SÜ�k�^|rÝ, µ0 �ý�^�Ç, Ms

��Ú^�Ç.

3 Terfenol-D á�¥, 	31ÖAå σ Ú^|
rÝ H �\3�� [112] þ, á�5U�Ì�ëê
ë�©z [15], �^�� á�äk�~��^¬
��É5~ê, ��K�, �� 〈111〉 þ�^�� 
Xê��u 〈100〉.

Äu S-W �.Uþ4��n, ïáAåÚ^|
1Ö�^e�â¥o�gdU. eª�±^Æ =
�Ý θ �Cþ�gdU�§:

E =K1(α2
1α

2
2 + α2

2α
2
3 + α2

1α
2
3) + K2(α2

1α
2
2α

2
3)

− 3
2
λ100σ(α2

1β
2
1 + α2

2β
2
2 + α2

3β
2
3)

− λ111σ(α1α2β1β2 + α2α3β2β3

+ α1α3β1β3) − µ0MsHe cos(θ0 − θ). (2)

æ^DÚ�4��^� ∂E/∂θ = 0 ¦)�Ý θ

�~E,(J, ¤�(J=�u©Û4�¯K, é
á�^Æ =!^zÚ^¢A5?�Ú£ã�
(J, 3d±�gdU� =�Ý θ �'X�,
æ^O�Å?§?1ê�%C¦), d�{��
*k�/£ã^Æ� =Ú4��¦), �k|
u Terfenol-D á�^zÚ^¢A5�?�ÚïÄ.

3 Ã A å Ú ^ | 1 Ö � ^ �, á � ¥ � �
3 ^ ¬ � � É 5 U, � â U þ 4 � ^ � � �
) α2

1 = α2
2 = α2

3, �á��´^z�� 〈111〉, �
) [111], [1̄11], [1̄11̄], [1̄1̄1], [111̄], [11̄1̄], [11̄1] Ú [1̄1̄1̄]
8 ���, �á�´^zA5�£ã���� [20].
�Ä´^z��äké¡5, À^ φ 6 90◦ �^Æ
��ïÄé�. á��^zrÝ M Ú^�Ç µ �
ÏL^Æ =�ÝO� ((3) ª):

Mi = Ms · cos(θ0 − θi),

Mtotal =
4∑
i

Mi · Vi,

µ = 1 +
Mtotal

He
,

(3)

Ù¥ Vi �,���^Æ�NÈ©ê, ©z [21,22]
²(£ã
^�� Xê λ �^zrÝ M �'X,
�©æ^^zrÝ M Ú^�Ç µ ��á�^Æ 
=�	3L�ëþ, ±?�ÚïÄAåÚ^|1Ö
éá�^Æ =Ú^A5�K�. l (3) ª��,  
=�Ý θ �Cz��K�á�^zrÝÚ^�Ç,
l¦á�ÐyØÓ�^�� A5.

� © æ ^ ^ Æ   = � Ý � V g 5 ï Ä
Terfenol-D á�^�� Ån, ïáØ^Ú^�
5�A¥^Æ =�ê��., ò^�Ç��á�
^Æ =�	3L�, ÏL^�Çëþ�ÿÁéê
��.Ú©Û�{?1�y.

3 ©Û�?Ø

3.1 ØØØ^̂̂���AAA¥¥¥���^̂̂ÆÆÆ   ===

ØAå��^ò¦á�^Æu) =, Aå�
�É5¦á����gdUCzØ�. b�\1]
m^Æ�u) =, d (1) ª¥Aå��É5úª
��, [111] ���^ÆgdUòO\, Ù¦��
�gdU¬~�. gdU�Cz¬¦^Æ =��
½�4�:, ã 1 �O���� [111], [1̄1̄1], [1̄11]
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σ=-5 MPa

σ=-10 MPa

σ=-15 MPa

σ=-20 MPa

σ=0 MPa
σ=-5 MPa
σ=-10 MPa
σ=-15 MPa
σ=-20 MPa

ã 1 ØÓØAåe�gdU E �^Æ =�Ý θ 'X
(a) [111] ��; (b) [1̄1̄1] ��; (c) [1̄11], [1̄11̄] ��

Ú [1̄11̄] ��þgdU E � =�Ý θ �'X
�. éu [111] ��ó, �ØAå σ = 0 MPa �,
gdU�¥�3õ�4�:, duÃ	31Ö
Uþ��^, ^ÆØu) = (θ = 0◦); �O�Ø
Aå�, [111] ��þ�gdUO�, ± −5 MPa �
~, gdU3 θ = −2.34◦ Ú θ = −73.45◦ ?þä
k4��, �3 θ = −73.45◦ ?4���, �´d

u =�Ýd θ = −2.34◦ � θ = −73.45◦ �[
�, I�v
��Uþ±ª�ü��Ým�Uþ
³^âU¢y^z�Ý��[, ¤± −5 MPa �
�U�4�: θ = −2.34◦; �XýØå�O�, g
dUØäO\, �Ý�[m�³^�é~�, �Ø
Aå�� −8—−9 MPa �, 4��À�òu)�
[, a��Uþ���½�4�:; �ØAå�
u −9 MPa �,  =�Ý�XØAå�O�O
�. éu [1̄1̄1] Ú [1̄11][1̄11̄] � =�é'�{ü,
ØAå�O\¦� [1̄1̄1] ��^Æ����O�,
[1̄11][1̄11̄] �^Æ�K��O�, 3 [1̄11] Ú [1̄11̄] �
�þ, �ØAå�u −13 MPa �, ¬Ñy��4�
��!Uþ�½�4�:, �´du4��Ý�
[m�Uþ³^�~�, Ø÷v4��[�^�,
^z��éJ¢y4��Ý��[, ¤±æ^Uþ
'Xã�¦)�{U
�*k�/(½4��).

ã 2 �ØAåé^Æ�Ý φ �K�, �� [111]
3ØAå�� (0—−8 MPa) �,  =�Ý θ �Ø
A å � O \ O � Ì Ý � �, 3 −8—−9 MPa �
m�,  =�Ý θ u)���[, �[�Ý��
� 60.09◦, �[���Ý φ � [1̄1̄1] Ü (du´
^z��é¡5, æ^�u 90◦ �Ý?1©Û); �
� [1̄1̄1], [1̄11] Ú [1̄11̄] �ØAå�O�Cz��,
�ØAå σ = −80 MPa �, o�����Ý φ ª
Cu 78.5◦ �.

� � � ������ 	 
 � 	 � 
 � 	� 	 	
 	� 	� 	 ���
ã 2 ØAå�^Æ�Ý φ 'X� a � [111] ��; b
� [1̄1̄1] ��; c � [1̄11][1̄11̄] ��

ã 1 Ú 2 £ã
Ø^�A¥ØAåé^Æ =
�Ý�K�, Ù¥ [111] ��^Æ3Aå�^eò
u)�Ý�[�A, ¦��þ�^Æ�[� [112]
R���, ¢y 90◦ ^Æ�;�. ^ (3) ª�O��
�á��^zrÝÚ^�ÇÅì~�, �ÏL^�
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Ç�¢�ÿÁ?�ÚïÄØAåéá�^Æ =
Ú^A5�K�.

^Æ =ò¦á�^A5u)UC, é	3^
A5�uÿ�?�ÚïÄÚ�y^Æ� =, ã 3
� Terfenol-D �^ëêÿÁC�, Ù¥æ^ü�u
ÿ��^uÿþá�SÜ^Ï�Ý B Ú	L¡^
|rÝ H , l��ØÓ1Öe�^�ÇA5, y
^��^uJøÿÁ^|, ØAå σ ÏL	3\1
Å�Jø. ØAåe^�Ç�ÿÁIÀ^�~��
^|rÝ, ±üØ^|é^�Ç�K�. ��yÿ
Á�°ÝÚO(5, ¢�¥À^ 17.2 kA/m ^|r
Ý��ÿÁ^|. � � � � � � � � ��

ã 3 Terfenol-D á�^ëêÿÁC�

3�Cu"1Ö�^�, ��AåÚ^|1
Öé^Æ�Ý =�K���, ¤±À^ 0 MPa
��ÿþêâ��O�^�Çêâ�Ð©�, Ï
L =�ÝO�ÑØÓØAåe�^�Ç�, (
JXã 4 ¤«. lã 4 ��, ØAå�^e�^
�Ç�Ð/£ã
^Æ =��[�A, �1Ö
�� (> −9 MPa) �, O�êâ�¢�ÎÜ�Ð,
�´3�Aå1Ö�����, ��XØAå�
O\, �åÅìO�. dy�¿�O�½¢�Ø�
¤�, Ì�Ï�^�Ç�¢�êâ´^|U (EH )
ÚAåU (Eσ) �Ó�^�(J. 3�1Ö�^e,
17.2 kA/m �^|U (KH = µ0MsH e ) é^Æ =
��z��uAå��É5U (Ks = 3λ111σ), �
�X��·�Aå�O\, ^|Ué^�Ç�K�
�J¬k¤O�, ��^�Ç�eü�~²w, �
©z [23] ¥J��·�ýØå¬O�á��^�
� �A���. �©�éù�y�k?�Ú�ï
Ä. �ØAå���, Aå��É5U¤�K�^
�Ç�'�, l�AåeêâÎÜ�Ð.

ÏL±þïÄ��, �^�� á�3ØAå

�^e [111] ���^Æäk�[�A, ¦á��
^zrÝÚ^�Ç²w~�; 3�1ÖAåÚ^|
�^e, ^|Uéá�^�Ç�K��uAåU�
^, �·�O\Aå¬O�^|é^�Ç�K�.

� � � �� � � � � � � �� �� �� 	� �� 

ã 4 ØÓØAåe�^�Çêâ

3.2 ^̂̂���555���AAA¥¥¥���^̂̂ÆÆÆ   ===

ØAå��\¦��þ^Æ =�R� [112]
��, Ù¥ [111] ��^Æäk�[�A, 3^�5
L§¥, ^|U¬¦ù
R�u [112] ���^Æ
#©Ù,  =�� [112] ²1���. æ^±�g
dU -  =�Ý�¦4���{, ïÄ^�5L
§¥^|Ué^Æ =�Ý�K�.

� � � � � � � � � � � � �� � � �� � � ��� � �� � � � � 	 
 �� � � � � 	 
 �� � � � � 	 
 � � � � � 	 
 �� � � � � 	 
 �� � � 	 
 �� � � � � � 	 
 �� 
 � � ������ � ����
ã 5 ØÓ^|rÝ�, ØAå −10.22 MPa e [111] ��
�Uþ'X�

ã 5 ´ [111] ��^Æ3 −10.22 MPa ØåØ
Ó^|rÝe�Uþ'X�, ã 6 �o�^Æ�
�� =�Ý. lã 5 Úã 6 ��, [111] ��^Æ
3�^|egdU²wO�, �^|� 17.2 kA/m
�BÑy#�4�:, �4�:m³^�é��.
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�d�^U�O\Øv±Jøª�³^�Uþ, �
^|�� 17.2 kA/m—25.58 kA/m �, [111] ��^
Æu)��Ý��[, d 87.87◦ �[� 10.29◦, d
L§¥Ù¦��^Æ =�Ý�é��.

� � � � � � � � �	
�� � � � � � � � � �� � ��� �� �� �� �� � � ���
ã 6 ØAå� −10.22 MPa �, ^|�^Æ�Ý φ �'X
� a � [111] ��; b � [1̄1̄1] ��; c � [1̄11][1̄11̄] ��

ÏLØ^Ú^�5L§¥�^Æ =�Ý�
�, Terfenol-D Ü73\1L§¥, ØAå�\¦�
�þ [111] ��^Æ�[�R�u [112] ��, �^
zL§;� 90◦ ^Æ, ^zL§¥^|�^¦�ù

^Æ�[�²1u [112] ��, L§¥ [1̄1̄1] ��
^Æ�Ý φ ¬Åì~�, [1̄11] Ú [1̄11̄] ��^Æ�
Ý φ kO\�~�. ^|�^e^Æ�½� =
¦á�^A5u)UC. ã 7 � −10.22 MPa ØA
åe^�5L§¥^�Ç�'X�, lã 7 ��,
3^�5L§¥, ^�Ç�^z�?1¥y4~�
ª³, du [111] ��^Æ3 25.58 kA/m ?u)�
Ý�[, ��d�Ñy����Å¸�.

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

ã 7 ^�5L§¥�^�ÇA5

Ø^Ú^�5�A¥^Æ�Ý� =)º


 Terfenol-D �^�� Ån, �ØAåÚ^|�
O\Ñ¬¦^�Ç²w~�. 3ã 4 ¥J�, �1
Ö�^e^|é^Æ =�K��uØAå��
^. L 1 � 17.2 kA/m ^|rÝ�^e�^�Çê
â, �y
ã 4 ¥ÿÁêâÚ�.©Û�{�O(
5. ã 8 �O���� −5 MPa, −10MPa ØAå�
^eá��^z�, Aå1Ö�Czé^zrÝ
�K���, �^|�^¬¦^zrÝ�)��
Cz. �y
ã 4 ¥J���1Ö�^e^|é^
Æ =�K�ò�uAå��^.

L 1 ØÓØAåe�é^�Ç�O�ÚÿÁêâ

0 MPa −4.6 MPa −9.45 MPa −15.58 MPa −20.38 MPa

O�� 25.40 15.07 13.29 12.04 11.87

ÿÁ� 26.09 18.91 14.74 13.22 11.94

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

ã 8 ØAåÚ^|�^e�^zrÝ

�Ø^�A¥�^Æ =�q, 3^zL§¥,
[111] ��^Æ�[ò´ Terfenol-D á�äk�^
�� �A�'�, ù?�ÚØy
�1Ö�^e
^|Ué^z�K��uAå��É5U.

4 ( Ø

ÏLïÄ Tb0.3Dy0.7Fe2 Ü7üÆgdU�^
Æ =�Ý�'X, ²(
Ø^�AÚ^�5�A
¥^Æ� =�.. nØ(JL², ^Æ�� [111]
Ú [1̄1̄1̄] 3Ø^Ú^�5L§¥��Ý�[´á�
äkã^�� �A�'�, Ù¥Ø^�A¥��
Ý�[k|u;� 90◦ ^Æ, ^�5L§¥��
Ý�[òº�^Æ, l�)ã^�� �A; Ø
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AåÚ^|1Ö�O\¦^�Ç¥~�ª³, ^�
Ç�O�(J�¢�(JÎÜ�Ð, Øy
©Û�
{�O(5; �1Ö�^e, ØAåÚ^|�ÓK
�Ü7�^z, �^|U��zò�uAåU. O

��{��k�/ïÄ
 Terfenol-D á�S^Æ
� =Ú^�� Ån, éÓaá�ÚÙ¦c^á
�^Å�ÍÜÅn�£ãÚê��.�ïá�~
k¿Â.

[1] Eason G, Noble B, Sneddon I N 2000 Sensor. Actuat. A 81 275
[2] Bottauscio O, Roccato P E, Zucca M 2010 IEEE Trans. Magn. 46

3022
[3] Zucca M, Roccato P E, Bottauscio O, Beatrice C 2010 IEEE Trans.

Magn. 46 183
[4] Grunwald A, Olabi A G 2008 Sensor. Actuat. A 144 161
[5] Karunanidhi S, Singaperumal M 2010 Sensor. Actuat. A 157 185
[6] Davino D, Giustiniani A, Visone C 2010 IEEE Trans. Magn. 46

646
[7] Cullity B D, Graham C D 2009 Introduction to Magnetic Materials

(New Jersey: Wiley) p258
[8] Clark A E, Yoo J H, Cullen J R, Fogle M W, Petculescu G, Flatau

A 2009 J. Appl. Phys. 105 07A913
[9] Yan J C, Xie X Q, Yang S Q, He S Y 2001 J. Magn. Magn. Mater.

223 27
[10] Mei W, Umeda T, Zhou S, Wang R 1997 J. Alloys Compd. 248

151
[11] Liu J H, Wang Z B, Jiang C B, Xu H B 2010 J. Appl. Phys. 108

033913

[12] Chen Y H, Jiles D C 2001 IEEE Trans. Magn. 37 3069

[13] Clark A E, Savege H T, Spano M L 1984 IEEE Trans. Magn. 20
1443

[14] Jiles D C, Thoelke J B 1994 J. Magn. Mater. 134 143

[15] Zhang H, Zeng D C 2010 Atca Phys. Sin. 59 2808 (in Chinese)
[Ü�, Q�� 2010 ÔnÆ� 59 2808]

[16] Zhang H, Zeng D C, Liu Z W 2011 Atca Phys. Sin. 60 067503 (in
Chinese) [Ü�, Q��, 4®É 2011 ÔnÆ� 60 067503]

[17] Zhang H, Zeng D C 2010 J. Appl. Phys. 107 123918

[18] Stoner E C, Wohifarth E P 1948 Philos. Trans. Roy. Soc. London
A 240 599

[19] Mei W, Okane T, Umeda T 1998 J. Appl. Phys. 84 6208

[20] Jiles D C, Hariharan S 1990 J. Appl. Phys. 67 5013

[21] Marcelo J D, Ralph C S, Alison B F 1999 SPIE 3668 405

[22] Calkins F T, Smith R C, Flatau A B 2000 IEEE Trans. Magn. 36
429

[23] Wang Z B, Liu J H, Jiang C B, Xu H B 2010 J. Appl. Phys. 108
063908

167506-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 16 (2012) 167506

Study on magnetic domain deflection in Tb0.3Dy0.7Fe2

alloy∗

Li Li-Yi Yan Bai-Ping† Zhang Cheng-Ming Cao Ji-Wei

( Institute of Electromagnetic and Electronic Technology, Harbin Institute of Technology, Harbin 150001, China )

( Received 3 January 2012; revised manuscript received 8 February 2012 )

Abstract

The characteristics of magnetic domain deflection and permeability under piezomagnetic and magnetoelastic effects in

Tb0.3Dy0.7Fe2 alloy are studied in this paper. Based on the minimal value principle of Stoner-Wolhfarth model, the curve of free

energy versus domain deflection angle is analyzed, and the angle deflections of magnetic domain under differ compressive stresses

and magnetic fields are discussed. The calculational and experimental results of permeability under stress and magnetic field loads are

used to confirm the analysis of domain deflection in ally. These results indicate that the magnetic domains [111] and [1̄1̄1̄] each have a

transition effect of angle deflection with the increase of stress and magnetic field, which can be used to explain the huge magneticostric-

tive mechanism of Terfenol-D. Also, permeability has a negative relation with stress and magnetic field, and the influence of magnetic

energy on permeability is greater than the stress energy effect, especially under small loads. The experimental results of permeability

are in a good agreement with the calculations confirming the validity of calculation and analyzsis. The above computations have a

significant guidance for analyzing and studying the magnetic domain deflection model and hysteresis in Terfenol-D.
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