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Abstract A theoretical model which is used to describe the propagating properties of surface acoustic wave (SAW)

excited by a pulse laser in functional gradient materials (FGMs) has been proposed by means of the finite element

method (FEM). In the theoretical model, the pump laser is focused as the linear and grating source to excite SAWs in

the surface of FGMs, the traveling properties of SAWs caused by gradual variation of physical parameters of FGMs have

been analyzed. The numerical results of theoretical models indicate that the wide-band SAW induced by a line-source

laser will obviously disperse when traveling in FGMs; while the frequency of the single-frequency SAW generated by a

laser induced thermal grating method will shift accordingly due to the gradual change of different parameters of material.

The numerical results provide a theoretical basis for non-contact characterization of FGMs.
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 � 8 ÐãÑãÓãÔãÕãÖãÜ

GlorieuxC[9]
s����

i�� â���� ÕãÖ � *�[��ãúãû 1�� Ü B�C=Q�i � *� â k������ãûãÕãÖêé ä�[��Òû��ÒÜ���������i �*����ãÔãä����ãúãûãÜ��� ÒÐãÑÒÓãÔÒÕÒÖ��Òû�� Êâ�! Ô�U#" � äãòãõ� ����ãØ 9�$ ÔÒä�e�f�h�i�`
a&%�\ÌÜ

RuizA[10]
sÌò&'�Q â&(&)&*&+ 1 ä � *&,�ãÕãÖãä�i����ãúãû�YãÕãÖ�- � * ��.�/ +�-�0 ýäãÛ�1�2�%ãÜ�3�# )�*�+ 1�4 äÒÕãÖ � *�5�6ÒÔ�/, + 1&7&8 � ÕÌÖÌäÌúÌû&9&:� <;&=ÌÜ<>

[11]
s&���Ú � ÕãÖãä�i�[���?�AãÜ B�C=QÒÐãÑÒÓãÔÒÕãÖÒä�@

A ?ÌôÌìÌí����&B&C&DÌä � *&�&�&�� E ����F�G�e�f â ÕãÖ � *�e�g�i � *���HãÜu�e�gãä�i � *���#ãÝ�[��ãúãû�I�J 8 ÕãÖãä � */�- � *ãä�,�.�/��ãûÒû��� �K�L�e�f�h i�e�g�bcÌä�,&� 1&� Ü�M&N&����W 7�� U�V
[5,13]

 &O�Q�e
f â ÐãÑãÓãÔãÕãÖ � *Òä�i�e�g�?�AÒÜ����ÒçÒÞ ÿP��&� Ê äÌò&'�U�VÌÜ Ê&Q ?&R�QºÐÌÑÌÓÌÔÌÕÌÖ (

3
S�T ä�,�.�/��öû�� Ê�U ��V )

éDu üöý�W å U�X�Y/�Z Y ä�F�G�e�f [12]
â ÐöÑöÓöÔöÕöÖ � *�B�e�göä[�\ : Ô�]�/�,���]öÜ #öÝ�B�^�_öä�i � *���[��öúûöÜ��öò�'�Q�P��öä�-�.�#�,�.�� Ê � B�e�göä�i �*&�ÌúÌû&3�#�[&�ÌúÌûÌä&9&:� 

1 `babcbd
1.1 e&f&g&h&iE Ø�j�F�G�e�f�V�k â�l�m � *�HÒÜ l�m�n�of���p�� U ,� â�q�r�s�t�u % é Ü�,�[&v�Uöè&w�3
�&x&U [2,4]:

−ρC
∂T (x, y, t)

∂t
+

∂

∂x

[

kx
∂T (x, y, t)

∂x

]

+

∂

∂y

[

ky
∂T (x, y, t)

∂y

]

= −Q (x, y, t) ,

(1)

4 é Ü
T (x, y, t) �&x&U t

H&yÌä : ÔÌòÌõÌÜ
ρ, C

/
k
ò�z ��x�{ ÔöÜ ,�|öô�/�,�[&v�% Ê  , Y&� ��4
U w �&x&UÌË

Q (x, y, t) =
Q0β

2πr2
0

exp (−βy) f (x) g (t) , (2)

ÝêéëÜ
Q0 U Ø�}�F�Gêé l�m�n�o ä�~ãÑãôãÜ β UÕöÖöäöÑöô n�o % Ê Ü r0 U e�f�j����öÜ t0 U F�Ge�f ��� ä�H ý Ü

f1(x), f2(x)
/

g(t)
ò�zö×�F�G�e

f�n f�Z W åãä�F�G�e�fÒä üãý òãõ�3�#���JÒä�Hý òÌõÌÜ�w �&x&UÌË

f1 (x) = exp

(

−
x2

r2
0

)

, (3)

f2 (x) = exp

(

−
x2

r2
0

)

cos (2πx/d) , (4)

g (t) =
t

t20
exp

(

−
t2

t20

)

. (5)

1.2 e&�&h&i�D,�����UöèöÜ l�m�n�o F�G�e�föäöÑöô�0 4 ÜÝ 6��&� ,�������^�_ [�\öþ�� ]� ,���Uöè�B����ä þ&�
U(x, y, t) U [2,4]:

(λ + 2µ)∇ (∇ · U ) − µ∆ ×∇× U−

α (3λ + 2µ)∇T (x, y, t) = ρ
∂2

U

∂t2
,

(6)

4 é
λ
/

µ U ÕÌÖÌä&�&�&� Ê Ü ρ U ÕÌÖ { ÔÌÜ α

U ÕöÖöä�,�����% Ê Ü ÕöÖöä ��� � *�� 
���� ���)&� � Ë
n [σ − (3λ + 2µ) αT (x, y, t) I ] = 0, (7)4 é

n U&� *Ìä�V�"��ÌôÌÜ I U&� þ&� ôÌÜ σ U +- � ôÌÜ�:�+Ìä þ&� /&�ÌÔÌä&�&�&� � UÌË
U (x, y, t)|t=0 =

∂U (x, y, t)

∂t

∣

∣

∣

∣

t=0

= 0. (8)

1.3 �&�&�&�&�& &¡&¢���êé¤£�¥ãò�V�¦���,�[�v�Uãè
(1),
 �O�?�A

[&\ ,�[&v�W 7�� UÌè
[2,5,13] § � Ë

[C]
{

Φ̇
}

+ [K]
{

Φ̇
}

= {H} , (9)

4 é
[C] U ,�|�¨�©öÜ [K] U ,�[�v�¨�©öÜ [H ] U�ª,&¨&©ÌÜ

[Φ] U : Ô&�Ìô� ,&��UÌè (6)
¦&� 4 ä�W

7�� UÌè&w �&x&U [2,5,13]:

[M ]
{

Ü
}

+ [L] {U} = {P} , (10)

4êé
[M ] U �ãô�¨�©ãÜ [L] U�« Ô�¨�©ãÜ [U ] U�¬t&­ÌØ&¨&©ÌÜ ª&® ¨&© {P}

w&�Ìç â B�WÌä � � �¯ ò���/&°��ÌÜ�± Ë {P} =
∑

∫

[B]′[D]{εth}ds,
Ý é

[B]
/

[D]
ò�z U�� � ä�+���¨�©�/öÕöÖ�� Ê ¨&©öÜ,�+��&©
{εth} = α{Φ}, α U ,&�&�&% Ê  K�L������ � Ü � ����)�3�#���)öä�²�,�� � Ü��� é�£�¥öò�V�³�´�µ�¶���· � *�¸�}�UöèöÜ�wöò�z

°�� l�m � *öä : Ô�]�/�+�-�+���]öÜº¹ 	 °���i �*&��#ÌÝ&» l&m � *Ìä�[&�ÌúÌû� 
2 ¼b½b¾b¿bÀÂÁÂÃÅÄÂÆ

Ç�È�É�Ê�Ë�Ì�Í�Î�Ï�Ð�Ñ�Ò�Ó�Ô�Õ�ÖØ×¤Ù�Î�Ú
Û�Ü�ÝßÞ�à�á�â�ã�ä�å�æ�ç�è�éØ×¤ê�ë�ì�Ç�è�é�í
î åïà�ð�ñ�Ç

20 mm×3.5 mm,
à�ò�ó�ô�õ�ö�÷�Ç

[2] :



2 � � ��������� Î&Ï�	&Ü�
��&Ñ&Ò&Ó&Ô&Õ&Ö�×�Ü���
��&Û&á&â&ã&ä 147

��� è��
7 × 1010 Pa, ����� 0.34, ������� õ

23 × 10−6 K−1, � Ô 2700 kg·m−3, � á�� � õ
240 W·(m·K)−1, ������ 880 J·(kg·K)−1, ��!�"��õ

1.1×107 m−1 # è&é�×�Ù�$ � Û&Î&Ï&Ç�%�&�Ì&ÍÎ&Ï&å<à&Ì&Í�'�(�)�*&Ç
3 ns, + Ì&Í&Î&Ï�,�-�.&ÔÇ

50 µm
Û�/�0&å�Ð�1�2&Û&ë&ì�'�Î�Ú&Ü3�&å54&Ü

��Ç767879�Ì�Í�å à7:7;�Ç
2.42∼200.3 MHz,

×=<7:
> Ç

10 MHz #�?�@�A ë&Õ&Û���
��&Ü�B 2902 m/s,à ?�C Û���D�EGF�Ç � 1.2 ∼ 0.014 mm, H ì�IGJLK
3 M A Ù�Î�Ú�Û7N7:�Ü7�7�7D�å à ?7C Û���õ�O�Õ�ÖI�Ô3P3Q3R�Ç

20, S K3T3U�Ç�Ù�Î�Ú�Û�Ü3��ÇV�3
�
[14−15] #XWYA Ñ�Ò�Ó�Ô�Õ�Ö3Z3Z�Ð3[�Ô3\^]Y'�åà�ò�ó�ô�õ3_3` ?3C ÛVa3b�å�cVK3�V
Vb3d �fe^gh å H�i�j�k�l�m å�n�o�p�b�q&õ �

f (y) = 0.5e−y2/(1.3×10−4)2

+ 0.5. (11)

q�õ3b3d3r3s
1
Ù3t�å �3� 43q�õ�ö�÷3u3v�ÕÖ�ô�õ3w�ö3x�Ð3yVz3{3*�ö3|�Û�Ì�Í�Ï303}�Ù�Î�Ú

Û&Ü��&Þ&à&á&â&ã&ä #

~
1 �����������

2.1 ���������������ö�÷ + í î Û ��� èV�V� �V��� O � ÔV�V�V-r7s
1
Ù7t7p7b7q�õ�å�w�ö7x�í î Û ��� è��7� �7�

� O � Ô�Û3b3d @ Ù�Î�Ú�Û�Ü3�V
3��á�â�ã�ä�Û3�� # $ � Ì�Í7/70�Ð�í î �7
�Î�Ú&Ü7�7
���åïÐ&í î�3
3��Î�Ï#×Y<3�
1 mm, 3 mm, 5 mm � ö�÷3�3�w�� ?�C �&Û&Ü����&å�r�s 2 � s 4

Ù�t #
�=e s 2

��s
3
O7s

4 S7� å��7��Î�Ú�Û�Ü7��Ð�^� è3�3 3[�Ô3¡3¢3£3¤3p3¥�ñ�Û�Ñ�Ò�Ó�Ô�Õ�Ö#×
á�â�) å�r7s

2
Ù7t�å���Î�Ú�Û�Ü7�7
7��Ð7¦7§7�7¨

'3_3`3©3ª�å�c3«V¬3:�Û�ÜV�3
V��ÜVB�ð A «VN3:Û�Ü7�7
7�7�7B #­W Ü7�7
7��Û�á&â�ã�ä S7� åïÜ7�
3��Ð�Õ�Ö#×¤Û3®3¯3[�Ô3°�ÇV63±V�VD�å�²V£�Ü3�

3��Û�á�â�ã�ä3³3�3´ A Ó�Ô�Õ�Ö363±3�3DV[�Ô3EF3µ¤Û�Õ�Ö�ä3¶�å�·�Ü3�V
V�#×f¬3:�öV��ÛV�VB3°
°3¸3¹393K3�3º�Û�ä3¶�Û3�V��å�£3NV:�ö3��Û�Ü3�

B�Ô H �3´ A e [3�3º � Û�ä3¶ # æ�è�éØ× �^� è��Û3b3d�ã�ä3»3¤3p3¼V¥�ÛVb3dV½V¾�å ?VC Û�ÜVBb3d�Ð3[�Ô3\^]Y'3»3¤Vp3¼V¥�ÛVbVd�å�è�éV¿3ÀVÁ
É3Â3Ã3Ä W �^� è3�3bVd�ÙV�3Å�Û�Ü3©Vª�ã�ä�å�·«V¬3:�ö3��Û�Ü3��å�à�á�â3B�Ô3Æ A «VN3:�Ü3��ÛÜ7B #ÈÇ7É ��� è7�7y7b�åÈÊ�Ù7$ � Û�Ó�Ô�q�õ&ö�÷a7b�Õ�Ö�Û � Ô7O �7��� åïÐ ? z�Û�Ë7§7��¨�µ�åïà©7ª�ã�ä7b7d7y g h #­W=A � á7�7Ì � ?7@�Í�Î å �á7� � õ7� �7 b7d @ Ù�Î�Ú�Û�Ü7�7
7�7�7��y�ð #

~
2 Ï�Ð�Ñ�Ò�����Ó�Ô�Õ�Ö�×�Ø�Ù�Ú�Û�Ü�Ý ~

~
3 Þ�ßáàâ����Ó�Ô�Õ�Ö�×�Ø�Ù�Ú�Û�Ü�Ý ~

~
4 ã�������Ó�Ô�Õ�Ö�×�Ø�Ù�Ú�Û�Ü�Ý ~

2.2 ��ä�å�æ�ç������������
Ð ? z�Û�Õ�Ö�ô�õVèVéV}�å�ê � Ì�ÍVëV0�Î�ÚÜ���
��&å=�&Ï�ë�*��&Ç

0.28 mm, H Ð ?�C Û&Ð��§�Õ�ÖV�V
�Ù�Î�Ú�Û�ÜV�V�VD�Ç
λ = 0.28 mm, WA 43�3D3ì�ñ A ì3I�å S K3T�Ç�Ü3�3
3� # s 5

Ç
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{3*3u3v�Û�Ì�Í3ë30�Î�Ï�Ù�Î�Ú�Û�ÜV�3
V��å à#×
<�: > Ç

10.30 MHz,
à�:�;&ã&ä�r�s

6
×�������/

Ù�t #$ � r3s 1
Ù3t�Û�Ó�Ô3q�õ�å�ö�÷3a3b�í î Û

��� èV�V� �V��� O � Ô�å�w �V� ? z�ÛVëV0�Ð�ÓÔ�Õ�ÖV��
�Î�Ú�ÜV�V
V��å�à�è�é�Ù��V�V��ÛV:V;
r�s

6
Ù�t&å�¦�§����&Î&Ú�0

(
ë�	 � 0 )

×L<�� ?�
2 mm,

��°�a�b&Õ&Ö&Û �G� è���)&å
�&Ð��
�&Õ
Ö3�3
�Ù�Î�Ú�Û�Ü3�3
3�VyVz�å5��Î�Ú�Û�Ü3�V
3�
:3;�Ú3`3Ä3}
��å�r3s

6
×��3/�Ù3t�å�à#×Y<3: >

Ç
8.57 MHz;

£3��Õ�Ö�Û � Ô�Ó�Ô3b3d3)�å���Î�ÚÛ3:3;�Ú3`3Ä3'
��å�r3s
6
×Y�
�X/�Ù3t�å�à#×Y<

: > Ç
11.00 MHz;

�&Õ&Ö&Û ���G� b�d�)&å��&Î&ÚÛ7:7;7b7d���ñ�å�r7s
6
×��7/�Ù7t�å à ×=<7: > Ç

10.40 MHz #

~
5 ����������������Õ�Ö�×�Ø�Ù�Ú�Û�Ü�Ý ~

~
6 Ï�Ð�Ñ�Ò�� Þ�ßáà�� ã�������Ó�Ô���� ����!�"�#�Ö�×�Ø�Ù�$�% ~

WYA Ü3�3
3��Û�á�â�ã�ä3°3�3´ A 4V[�ÔVE^Fµ�Ó�Ô�Õ�Ö�Û�ò�ó�ô�õ�åÈ·7¸�Õ�Ö&Û ��� è7��� � ÔO �7��� Û7b7d7�7��åÈ��Ü7�7
7���7D76�&7)&å H ÜB7O7: > -7/�ä�' � # r�Õ�Ö�Û ��� è7�7»�Ó�Ô7}�()�å ?7C Û�)7�7
7¹7K7�7
�å Ü��7
7��B�Ô W ¬�¹7N¤7p7¥�ñ�åÈ¸�à7®7¯7[�Ô�µ�Õ�Ö�ä�¶�Û�*�+7����åÈ�
ë30�Î�Ú�Û
,36�Ü3�3
V��ÜVB�ñ A �V
�Û�Ü3B�å�²
k à3:3;
-3}
�
.�£�Õ�Ö�Û � Ô���ÜV�V
3�VB�Ô3»
cs ∝

√

1/ρ
' � [16], / Õ�Ö � Ô ρ

»�Ó�Ô3¥�ñ3)�å

:7;�-7'���.Èr7a7b�Õ�Ö�Û �7��� å���0 S�� � �7�
� ¥�ñ 50%

)�å�Ü3�3
3�3B�Ô
)
2902 m/s

,3u3¡
¢3¹

3105 m/s,
b3d�ñ A 4%, S ê
1
23yV��å�à3:;
�
�
��Õ�Ö3'�Ù�Î�Ú�Û�Ü3�3
3�3:3;
3�æ36VÅ #

k ¿�À���/�0&Î&Ú&Û&Ü���
���4�©�ª�5�6�Å&Û #
3 ÀbÆ

æ ç �767879 \7: 
 � Ä Î Ï Ð Ñ Ò Ó Ô ÕÖ#×¤Î�Ú�Û�Ü3�3
3��á�â
;�< # w32VÌ3��=�Õ�ÖVpb�ô�õ�Û�\�:�å�è�é�Ñ�Ò�Ó�Ô�Õ�ÖØ×?>�@���Þ � �ô3� � Ó�Ô3b3d�å
A
B3Ä �3� Û�ö3ºVK3T�Ù�C
D�ÛE�F #ö�÷�Ê�Ë3Ä3/30�Ì�Í�Î�Ï3O�Ï3ëVu3v�Î�Ï�Î�Ú
}�Û�Ü3�3
3��å�³3·3.3:VO
,V:�Ü3�V
3��Ð�Ñ�Ò�Ó
Ô�Õ�Ö ×�Û�á�â�ã�ä # ¿7À7� g åÈ/�0�Ì�Í&Î�Ï&Î�ÚÛ�Ü7�7
7��Ð�á�â7Ì � ×�-�Ú7` g h Û7©7ª�G�H�å�à× ��� è7��Û�Ó�Ô7b7d�Ù�C�D�Û7©7ª
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