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5�õ�'5. �©æ^���²¡ÅÐm{Úk��{XÚ/ïÄ
EÜé¡(�(f¬N��¥�=0Å�
°Ü©B�. (JL²: éu3��ý¡é¡/i\V�Ý/�íÎ�¤�E,XÚ, $�=0ÅÜ©�Y(�4
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1 Ú ó

1993 c,Kushwaha � [1] JÑ(f¬N�Vg,

d��IÆö3(f¬N��Y�)Ån!"�
�Ú�~ÚÑ���¡�Ñ
�þïÄó� [2−5].

3@Ï(f¬NïÄ¥, <�Ì�'5�´�5Å
3Ã��(f¬N¥�DÂ, =NÅ.(f¬N.

ù«(�ÃI�Ä>.^�, nØ/ª��{ü.

3¢SA^¥, (f¬N�3>., Ïd'u�
5Å3k.(f¬N (�X=0Å.(f¬N) ¥
�DÂA5¤�#�ïÄ9: [6−19]. Chen � [6]

æ^DÚ²¡ÅÐm{, ÏLÚ\þegd>.^
�, 3nØþî�y²
$�=0Å�ª3��±
Ï.=0Å(f¬N¥DÂ�3��(B�. Gao

� [7] ïÄ
þ!�.é=0Å3��±Ï(��
�¥DÂA5�K�, uy�X�.Cþ, �M�
�.¬¦=0ÅB�¬Åì~�¿�ª��; �
��^��.¬¦=0ÅB�ÅìC�. 2008 c,

Hou � [8] Ú Vasseur � [9] ©OJÑ
���²¡
ÅÐm{. æ^ù«�{, ¦�uy3�é¡(f
¬N�¥, �3Ïé¡=0Å�ªÚ�é¡=0Å
�ª�pÍÜ�m�#�Y [10]. Zhang � [11] Ï
LïÄ3ØÓá��N�¥�\�í�Î�¤|
¤���(f¬N(�, l¢���Ýy²
=0
Å���Y��3. d	, Û���.(f¬NÏ
äk�$ªÇ�=0Å��B�áÚ
�
n
ØÚ¢��¡�ïÄ [12−16]. Ó�, =0Å3O±
Ï���DÂA5�É��
ïÄö�'5. Chen

� [17,18] y²3òäkØÓ�Y(��|©��
�¤�O±Ï��¥, =0Å��B�°Ý�é
u±Ï(�wÍO�. Gao � [19] Kê�O�
�
� Fibonacci S���(�¥�B�(�, uyO
±Ï��¥�=0Å��B��éu±Ï(�u
)
B�©�y�.
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?=0Å�rÑ�, ��=0Å�ªu)ÍÜ=
z, Ïd´L�=0ÅÜ©B�k|u=0ÅÃ
�uÿL§¥ª�À�Úòÿ. Ó�, =0ÅÜ©
B�3�5=0Åü��Ïì���O�¡�ä
k�©��¿Â. ¯¤±�, �5=0Åü��
Ïì�d�é¡Úé¡�¬�(�|¤ [20]. 3�
é¡�¬�(�¥, é¡=0ÅÚ�é¡=0Å�
ª�m�ÍÜrÝ��4�, 3A½ªãSü«�
ª��§Ý/�p=z. éué¡�¬�(�, é
¡=0ÅÚ�é¡=0Å�ª)Í, 3A½ªãS
�#Né¡�ª½�é¡�ªÏL. �ü«ªãu
)�U�, Ò�±|^�ª=zÚ�ªÀJ¢y
=0Åü��Ï. °ª��ª=z(��ÏL3�
é¡(�¥³���B��)¤5¢y, Ïd=
0Åü��Ïì��ó�ªãÌ��ûu�ªÀ
J�ª°, ==0Å�Ü©B��°. �©3þ!
7��¥Ú\V�Ý/�íÎÑ�N, �E
äk
é¡¥¡(��ý¡��(f¬N. T(�¥é¡
=0Å�ªÚ�é¡=0Å�ª�p)Í [20], �
/¤Ü©B�. nØO�L²éu�ÓÓ�'�V
��íÎ(�Úü��íÎ(�, duV�(�¥
Ó«�ª=0Åm�ÍÜ�^�r, ÙÜ©B�©
Ù'ü�(��\´L�ªÇ�$. �©|^�
��²¡ÅÐm{ïÄ
�(=0Å÷±Ïü�
��DÂ�U�(�, ¿|^k��{O�
�(
=0Å3EÜ�¬�(�¥DÂ�UþDÑÌ, y
²
ò L/H �äk��'X�±Ï.=0Å(

f¬N�é�|¤EÜ(�, �3$ª��S¼�
�°=0ÅÜ©B�, lJÑ
�«34°ªÇ
��S¢y=0ÅÃ�uÿÚ=0Åü��Ï�
�15�Y.

2 �.ÚO��{

37��¥é¡/i\V�Ý/�íÎ�¤
ý¡��=0Å(f¬NXÚ, �.(�Xã 1(a)

¤«. 8c®kõ«�{O�(f¬N�5Å�
Y, Ù¥'�¤Ù�k²¡ÅÐm{!��k��
©{!õÑ�{�. éu=0Å.(f¬N, �
æ^���²¡ÅÐm{?1O�. 3ã 1(a) ¥,

J���S������, A �ÄN7, B �i\
�íÑ�N, C�b�ý�x�. (f¬N�þÝ
� H , þeN\ü�ý���þÝ� a, �í�°
Ý� l, pÝ� h, x ���±Ï´ L, z ���±Ï
´ H +2a. ���²¡ÅÐm{´�«Cq�ê�
){, ÙØ%g�3u: d�G(f¬NÚý�b
��÷R�u����U±Ï5ü��ï��
��Ã��XÚ. T�{|©/|^±Ï5 Bloch

>.^�O�gd>.^�, ¦�ù�b���
�Ã��(f¬NXÚ�3 z ���k�þÝ�
�G(f¬Näk�Ó�>.^�, 4�/ü$

nØþ�E,5, {z
O�L§. Ïd, T�
{�±^5O�äkE,ÿÀ(��(f¬N�
U�(�.

(b)

ã 1 ��é¡(�(f¬N(�«¿ã (a) ��«¿ã: A�7, B��í, C�b�ý�x�; (b) (f¬N�:
ÄN�7, �¬�S��¹ 10 ���
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� N ¥ � ( Å Ä � § � ± � ¤ X e /
ª [21−24]:

ρ(r)üi = ∂j [Cijkl(r)∂luk], (i = 1, 2, 3), (1)

Ù¥, r = (x, z). �âÙââ½n, (f¬N� £
| u(r, t) äkXe/ª:

u(r, t) = e i(k·r−ωt)uk(r). (2)

�Ý ρ(r), �5�þ Cijkl(r) Ú uk(r) äk�Ó�
�m±Ï5, �±r§�Ðm¤Fp�?ê/ª:

f(r) =
∑
Gx

∑
Gz

fG exp[i(Gxx + Gzz)], (3)

Ù ¥, k = (kx, kz) Ú G = (Gx, Gz) © O�Ù
â â Å ¥ Ú ��� � ¥, Gx = 2nπ/L, Gz =
2nπ/(H + 2a). ò�§ (2), (3) ª�\ (1) ª¥,

Kk

ω2Au′
G = Mu′

G, (4)

Ù¥

A =


ρG−G′ 0 0

0 ρG−G′ 0

0 0 ρG−G′

 , (5)

M =


M11

G,G′ 0 M13
G,G′

0 M22
G,G′ 0

M31
G,G′ 0 M33

G,G′

 , (6)

M11
G,G′ =C11

G−G′(kx + G′
x)(kx + Gx)

+ C44
G−G′G′

zGz,

M13
G,G′ =C12

G−G′G′
z(kx + Gx)

+ C44
G−G′(kx + G′

x)Gz,

M22
G,G′ =C44

G−G′(kx + G′
x)(kx + Gx)

+ C44
G−G′G′

zGz,

M31
G,G′ =C44

G−G′G′
z(kx + Gx)

+ C12
G−G′(kx + G′

x)Gz,

M33
G,G′ =C44

G−G′(kx + G′
x)(kx + Gx)

+ C11
G−G′G′

zGz, (7)

Ù¥, �ÝÚ�5�þ�Fp�ÐmXê�L«�

fG−G′ =
1
Vc

∫∫∫
Supercell

f(r)

× exp[−i(G − G′) · R]d3r, (8)

È©«m´����, Vc����NÈ.

(4) ª ´ 2 Â � � � � § � I O . ª, ω

´ A−1M ����. d (4) ª, ÏLéÅ¥ k 3
{�Ùp�«�pé¡:?1×£, Ò�±¦)Ñ
T����§éAØÓÅ¥���ªÇ, ±Å¥ k

�î�I, ��ªÇ ω �p�I, �ª��(f¬
N�U�(�.

k��{�±éÐ/?näkE,>.^�
�õ«Ônþ�ÍÜ¯K, ¿�±��¤¦�.�
�|ê�). ã 1(b)�k��{^uO�k��Ý
=0Å.(f¬N�Uþß�Ìã�nØ�., �
¬�S�¹ 10 ���, (f¬N��(��ã 1(a)

¥�Ó. �¬�üý©Oë� 12 mm ��þ7�,

�.üà\þ�{��� (PML) ^u���, -
y:Ú&ÿ:ål�¬�þ� 6 mm � u��
þL¡.

3 O�(JÚ?Ø

3O�L§¥, 7�Ônëê�: �Ý ρ =
2332 kg/m3, �5Xê C11 = 1.657 × 1011 N/m2,

C12 = 0.639×1011 N/m2, C44 = 0.796×1011 N/m2;

� í �Ôn ë ê�: � Ý ρ = 1 × 10−4 kg/m3,

�5Xê C11 = 1 × 106 N/m2, C12 = 0 N/m2,

C44 = 1 × 106 N/m2; ý�x���ÝÚ�5�
þþ��". �þ H = 0.5 mm, �í�pÝ h =
0.1 mm, Ó�' f = SB/(SA + SB). �
(�O
�(J�°(5, �©����¥Ðm� 10 �,

= n = 0,±1,±2,±3,±4,±5,±6,±7,±8,±9,±10.

·�©O^���²¡ÅÐm{Úk��
{ [25−28] é�E���(f¬NXÚ�=0Å
�Y(�?1
ê�O�. ã 2!ã 3 � f = 0.2
�¹e, L/H �©O� 1.4 Ú 2 �^���²¡
ÅÐm{O����U�(�ãÚk��{O�
���Uþß�Ìã. ã 2(a) Ð«
 L/H = 1.4
� 0—2 MHz ��S��(f¬N¥=0Å�Ú
Ñ�, é¡=0ÅÚ�é¡=0Å�ª©O±�
%:Ú¢%:IP, ã¥¦^�ÚÒKI«
�é
¡�ªÜ©�Y� �. Xã¤«, 3 2 MHz ��
S�3���$��é¡�ª=0Å (A0) Ü©B
� u 0.934—1.585 MHz, �$�é¡�ª (S0)

3 2 MHz ��Sþ�Ï. ã 2(b) Ú (c) ©O��é
¡=0ÅÚé¡=0Å\�ek���=0Å.
(f¬N��Uþß�Ìã, ã 2(b) ¥�ÚÒKI
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«��é¡�ª=0ÅB�� ��U�(�ã
�(J¬Ü�éÐ, ã 2(c) w« S0 �ª=0Å3 2

MHz ��SÃB�, ù�ÚU�(�ã�(J�
�. ã 3(a) Ð«
 L/H = 2 �$ª��S��(

f¬N¥=0Å�ÚÑ�, ã¥Ó�^�%:Ú
¢%:©OIPé¡=0ÅÚ�é¡=0Å�ª,

�ÚÒKI«
�é¡�ªÜ©�Y� �. Xã
¤«, 3 2 MHz ��S�3ü��é¡�ª=0Å
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ã 2 ��=0Å.(f¬NU�ãÚß�Ìã (L = 0.7 mm, H = 0.5 mm, f = 0.2) (a) U�ã; (b) �é¡=0
Å\�e�Uþß�Ì; (c) é¡=0Å\�e�Uþß�Ì
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ã 3 ��=0Å.(f¬NU�ãÚß�Ìã (L = 1 mm, H = 0.5 mm, f = 0.2) (a) U�ã; (b) �é¡=0Å
\�e�Uþß�Ì; (c) é¡=0Å\�e�Uþß�Ì

Ü © B � © O u 0.506—1.056 MHz, 1.377—

1.961 MHz,  � � Ú Ò K ¤ « � 1.786—

1.829 MHz ´��Û����ªÚé¡=0Å�ª

ÍÜ�)���B�. �ã 2 �Ó, ã 3(b) Ú (c)

©O��é¡=0ÅÚé¡=0Å\�ek��
�=0Å.(f¬N��Uþß�Ìã, ã¥�Ú
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ÒK�©OI«�é¡�ªÚé¡�ª=0ÅB
�� �, ü«�ª=0ÅB��U�ªÇ��´
=0Å��B�, fÐÚU�(�ã¥���B�
Ü©��. ²Lé'©Û, uyü«�{�O�(
JÄ���, éuäké¡¥¡�=0Å.(f¬
N, é¡=0Å�ªÚ�é¡=0Å�ª�p)Í,

$ªÜ©�3´L�$�=0ÅÜ©B�, �B�
(��(f¬NºÝëê���'.

ã 4 ´ü«äkØÓ L/H ����=0Å
.(f¬N�Ü¤�EÜ(�«¿ã. ü«
(�þ�¹ 10 ���, ��(��ã 1(a) �Ó,

H � 0.5 mm, ¬ � ~ ê L1, L2 © O� 1.0 mm

Ú 0.7 mm, Ù¥���Ó�'þ� 0.2. ���
²¡ÅÐm{ØU^uT�.�O�, 3¦^k�
�{O�ß�Ì�, O��.Úã 1(b) �Ó.

L L 

H

ã 4 E Ü � ��= 0 Å . ( f ¬ N � ( � « ¿
ã (H = 0.5 mm, f = 0.2): ÄN�7, �¬� 1, 2 S
��¹ 10 ���, Ù¥ L/H �©O� 2 Ú 1.4

ã 5(a) Ú (b) ©O��é¡=0ÅÚé¡=
0Å\�eEÜ���=0Å.(f¬N��ß
�Ìã, Xã¤«, TEÜ(�3 2 MHz ��S©
O�3���é¡=0ÅB� (� 0.5—1.96 MHz)

Ú��é¡=0ÅB� (� 1.785—1.83 MHz), ü
«�ª=0ÅB��U�Ü©�=0Å��B
�, Ïd 1.785—1.83 MHz ��´��=0Å��
B�. �é¡=0ÅB�°Ý�� 1.46 MHz, �
±w�´EÜ(�ü|©�g��é¡=0ÅÜ
©B��U�\�(J, �ü���=0Å.(
f¬N�é¡=0ÅÜ©B� (ã 2 Úã 3 (J)

�'B�°ÝwÍO\. �±ý�, ?�Ú`z
EÜ(���.ÚºÝëê�±���$å©ª
ÇÚ���°�=0ÅÜ©B�. 3ã 5(a) ¥¤
«�ª� I(� 0.5—1.785 MHz)!ª� II(� 1.83—

1.96 MHz) ¥�k S0 �ª=0Å�±ÏL, ÏdT
EÜ(�3$ª°���Sé$�=0Åäkû
Ð��ªÀJõU. 33ã 5(a) ¥¤«�ª� I, II

¥?¿À�ªÇ 1.51 MHz. ã 6� 1.51 MHz =0
Åc�DÂÏLTEÜ�¬�(��� £|

ã. ÏL £|ã/Cã�±�ß/*ÿ�: 3A
½ªãS�ké¡�ª=0Å�ÏLTEÜ�¬
�(�, �ã 6 ¤ã(Ø�Î.

0 0.4 0.8 1.2
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ã 5 EÜ���=0Å.(f¬Nß�Ìã (H =

0.5 mm, f = 0.2) (a) �é¡=0Å\�e�Uþß�
Ì; (b) é¡=0Å\�e�Uþß�Ì

ã 7 £ã
ã 1 ¥��=0Å.(f¬N$
ª=0Å�Y(��ØÓ�º�ëê���üz
L§, Ù¥¢%�:Ú�%�:©OI«é¡=
0ÅÚ�é¡=0Å�ª. O�� H = 0.5 mm,

h = 0.1 mm �±ØC. ã 7(a)��Ó�' f � 0.2

�=0Å�Y(� 0—2 MHz ��S� L/H ��
Nüzã. Xã¤«, 3$ª��S�3´L��
é¡�ªÜ©B�, �X L/H �O\, �Y�°
ÝüN~�, Ó�¥%ªÇ $ª£Ä. ��, À
J L/H �äk��'X�±Ï.=0Å(f¬
N�é�|¤EÜ(�, Ï�|©=0ÅÜ©B
���U�\, 3`z�EÜ(�¥U¼� A0 �
ª�°Ü©B�. ã 7(b) £ã
� L/H � 4 �
=0Å�Y(�3 0—4 MHz ��S� f ��N
üzL§. (Jw«, � f ���, ÏÑ�N÷±
Ï���º���, Ü©B�Ì��)3 2MHz

±þ�pª� �; �X f �O\, �pªã�
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�é¡�ªÜ©B�Åì4Ü, 3 2MHz ±SØ
Óªã�g�m#��é¡�ªÜ©B�. Ó�,

3 1.65—2.25 MHz ��S�)�°�é¡�ª=
0ÅÜ©B�. d±þ©Û(J��, �â¢Só
�I�, ÀJ L/H �Ú f �Ó�äk��'X�

±Ï.=0Å(f¬N�é�|¤EÜ(�, �
±3��ª���S¼�4°=0ÅÜ©B�,

l�=0ÅÃ�uÿÚ�5=0Åü��Ïì
�3$ª��S¼�4°ó�ªãJø
�«�
15�Y.

ã 6 -yªÇ� 1.51 MHz �, =0Åc�DÂÏLEÜ�¬�(��� £|ã

1 2 3 4 5 6 7 8 
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z
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0
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S A S A

f

(a) (b)

ã 7 ��=0Å.(f¬N¥$ª Lamb Å�Y�ØÓ�º�ëê���üzã (H = 0.5 mm, h = 0.1 mm) (a)
L/H; (b) f

4 ( Ø

3��¥é¡/Ú\V�Ý/�íÎ�EÑ
ý¡��(f¬NXÚ. æ^���²¡ÅÐm{
Úk��{é=0Å3TXÚ¥�DÂA5?1

XÚ©Û. (JL²: 3äké¡¥¡(��ý
¡��(f¬N�¥, é¡=0Å�ªÚ�é¡=
0Å�ª�p)Í, �Ó«�ª=0Åm�ÍÜ�
^r�, �3$ª��S/¤´L�Ü©�Y(�.

Ó�, �Y� �Ú°Ý�d(f¬N�(�ë

êN!. ò L/H �äk��'X�=0Å(f¬
N�q�|¤EÜ(�, T(�¥=0ÅÜ©B�
°ÝÏ�|©=0ÅÜ©B��UwÍO\, �
3$ª��S¼��° A0 �ª�Y. 3TªÇ�
�S, A0 �ª=0ÅÃ{ÏL, ÏdT(�äkû
Ð��ªÀJõU, �3�°ª�SÈK&Ò¥A
½ A0 �ª=0Å. TïÄ(J�$ª�°��S
¢y=0ÅÃ�uÿÚ�5=0Åü��Ïì�
Jø
�«�15�Y.
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Abstract

During the past decade, a growing attention has been paid to the Lamb waves propagating in composite plates due to a variety of

applications for nondestructive evaluation, vibration attenuation and Lamb wave sensors. We present a revised plane wave expansion

method and a finite element method to study the large partial band-gaps of a multiple Lamb wave phononic crystal thin plate with

a symmetric mirror plane The results show that lots of partial stopbands of lower-order Lamb waves exist and can be substantially

enlarged by using multiple heterostructures which consist of several pieces of phononic crystal with different ratios of the thickness

(H) to the lattice period (L). These contribute to good mode choice for lower-order Lamb waves, which is believed to have much

significance for optimially choosing models in Lamb wave nondestructive test and the one-way Lamb wave mode transmission.
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