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Abstract The material attenuation coefficients under the action of fundamental and second harmonic wave are mea-

sured by the finite amplitude method. Based on the quasilinear theory of KZK equation, the nonlinear sound fields are

derived and these beam correction terms are extracted. The measured nonlinear sound pressures using tone-burst are

adjusted using these extracted diffraction corrections in order to reduce the impact on the measurement of attenuation

coefficients from diffractions. The attenuation coefficients of fundamental and second harmonic are calculated precisely

from the linear fitting lines of experiment data. Take water for experiment, the frequency-dependent performance of

attenuations is researched and it is found that the attenuation coefficients grows linearly with the frequency in nonlinear

experiment, which is different from the case in linear condition that attenuation coefficients show a quadratic correla-

tion with frequency. The research gives a useful method to measure nonlinear acoustic attenuation coefficients and will

provide a theoretical basis for the effective application of nonlinear ultrasonic test.

ÓÕÔ
ÖØ×ÚÙÜÛÜÝÜÞÜßÜàÜáÜâÜãÜäÜåÜæèçÜÞÜßÜàÜáÜéÜê

ëíìíî Ýíïíðíñíòíóíôíõíöí÷íøíùíßíúíûíöýüíþíÝ

ÿ��������������ÜÝ���	
[1−2] 
 ì î Ý ï���� [3−4] 

�������
[5]
÷��ÒßÒõ��

[6] ��������� ìÒî çÒÞÒß��
Ð Ý����íæ��� �!�"�#íâýã ìýî çíÞýß�� Ð Ýíõýö$�% ìíî Ýíßíúíõíö 
�&(' ã() ìíî ÝíçýÞýß�� Ð* çíÞíßíàýáíâíãíÝ�+�, 
 �ýàýá�-(. ìíî0/ Ý(1

* :32547638n/393:3;5< (61271356, 51575541) = +n,n.n/3>@?3AB4DC3E@F3G@H@;5< (2016zzts330) I3J3K3L547638n/393:3;B<
(LY15E050012) MON

† 1OPOQOROS7TOUOVOW lixb ex@163.com



224
á ù ù �

2017 �
� ����� ã�)���� ×�������	�
íæ��(����ýçýÞíß
� Ð Ý����íæ���� ë âíã���������1 �����������ã�)����

[7−8] 
 ����� &�' Ý�1 � � Ð *���� 1 ���� Ý�� � æ��� íê� �!�"�#�$(-�%�&�'�((-(1 �
� Ð ÝÒã�)���	 
àýá(-ýÝ(1 ��) !�*�+�,�-(1 � �. -(1 � %/�0 1 � æ � / ìíî ��� Ýíà á�-(1 ��) !�132 .-4% /40

[9−10] 
6547 .ÒÞÒß48494:4;4<4=4>4?4@4AB àýá�C�Díæ�E�"�# ìíî / Ù�F�G�H�I�JíÝýá(-�K
L �4�4M�N4O4P4: ìÒî Ý�1 � � Ð [9] 
RQ ����	�Sã )UTWV

[11] X SZYZV [7]
ìÜî ÝÜçÜÞÜß � ÐZ[ æ � $\4] ÞÒß48494�4��1 �4�4�4^ 
_ Þíß�8�9�:�&�`�$�-�O�P [ Ý�1 � � Ð�a &'b( - Ý 1 � � Ð *bc �bd æ Q �bebf ê � 	gH�

[11] 
ihkjml ù4S ë çÒÞÒß48494:�1 � � Ð ã�)ÒÝ��	 Ö ë�n�o æ
Wu[12]

;�<�=�>�?�@�K L ���íçíÞ
ß ��p æ�q ��r�s�t '�((-ý÷íú()�u�v ��� t Oíá
-ÜÝ 1 � � ÐZwZx æ Chen[13] � ;Z<ZyZ>ZK L �Z� �p æ�q � ìíî Ý�1 � � Ð s�z�{�| á�}ýÝ�~��(��~� æ

Verma[14] � ��	�y4>4�4���4K L  t4{4| á4}8�9�:�$�-�% t '�(�-ýÝ�1 ��� ßýæ��(�����(1 �
� ÐZ� � ~ � ÝZ� � 
��Z� � 	ÒóZ�Z�k�Úæ çÜÞÒßZ89�: ìíî Ý�1 � � Ð�a Þíß [�� .(�(�íæ��( ýê� !�.íçíÞíß�8�9 [ ã�) ìíî Ý�$�-�%�&�'�((-�1 �� Ð æ _ Q ��e�f���&�'�((-�1 � � Ð Ý��������Ý4�4� 


ë  Üæ�� � 	4;Z<Z�Z�4�ZK L A B àÜáZCZDÒæ��
��$�-�%�&�'�(�-íÝ�K L ���íæ�E 5�� ,�- ������ á���� . ë 1 � � Ð âíãíó���>�1íÝ�M�;���íæ����������� &�' Ý�1 � � Ð 
 "�# ��p ã()��ýÝ1 � � Ð æ�E a ÞÜßZ8Z9Z:ÜâÜãÜóZ�4�Z�Ø× n æ ëZ��4�4 4!ÒÝ4�4�4%4�4� 


1  ¢¡¢£¢¤
1.1 ¥4¦4§4¨4©4ª4«

& ' �b� ç Þ ß áb�¬�b * ã ) ì î / ç Þß á - 1 � � Ð Ý®� � 
 s®z ë KZK (Khokhlov-

Zabolotskaya-Kuznetsov)
�4¯

[15]
%4°4± t4² á4³4´

µ
[16]
Ý4M4¶4·4¸���	Òæ &�'4¹4º Ý4�4�ÒçÒÞÒßÒá4�»4¼ !Òú 
 KZK

�4¯4½4¾4,4-  1 � ÷ÒçÒÞÒß�� Ðë á4�ÒÝ44�Òæ�¿�.
z
�kÀ � Ù4FÒÝÒá4³4�4Á ¼ Ñ

∂2p

∂z∂t
=

c0

2
∇2

⊥p +
δ

2c3
0

∂3p

∂τ3
+

β

2ρ0c3
0

∂2p2

∂τ2
, (1)

Â / æ
τ = t−z/c0

¼ZÃZÄ [ZÅ æ ∇2
⊥

=∂2/∂x2+∂2/∂y2¼ZÆ ÀWÇZÈZÇ ² �ZÉÜæ
β =1+B/2A

¼ YZV ìÜî ÝÜç
ÞÒß�� Ð æ δ, c0

%
ρ0

�4Ê4�4ÁÒá4³4� . � Ð  á º%4Ë4Ì4Í4� 

. & ÞÜßZ�Z� ë �Z¯Z�Z�ZÎZÏÜæ�¿ZÂ (1)

�ZÁ ¼
Ð -�%�&�'�(�-���¯íæ�E�;�<�Ñ�Ò�Ó Ð ��� ë�� ��4Î4ÏÒæ����Òá4�Òá4}4�4Ô4Â ¼ Ñ

|

p1(r, z) = 2π

∫
∞

0

p1(r
′, 0)G1(r, z|r

′, 0)r′dr′, (2)

p2(r, z) =
πβk

ρc2

∫ z

0

∫
∞

0

p2
1(r

′, z′)G2(r, z|r
′, z′)r′dr′dz′, (3)Ñ4Ò4Ó Ð �4Á ¼ Ñ

Gn(r, z|r′, z′) =
ink

2π(z − z′)
J0

(
nkrr′

z − z′

)
exp

[
−αn (z − z′) −

ink
(
r2 + r′2

)

2 (z − z′)

]
, (4)

|� /
J0

¼
0 ÕZÖZ×ZØ Ó Ð æÙÂ / αn

�ZÁ .ZOZP
nω:ÒÝ�1 � � Ð æmÚ4Û Np/m, k = ω/c0

�4Á4Ë4Ì / -
Ð æ (z − z′)

�4Á QÝÜ4Þ4ß á4àÒÝ4I4J 

.�C�D���áíá�àíá�}ãâ�äíÝ�å�æ�:�!�Î�Ï(���

Ð -Z�Z¯ZÂ
(2)
ÝZÏÜæ�çZèZ&Z'Z( -ZéZêkë Ð - .Üç

ÞÜß ìÜî / ÙZF [ZìZí æ�¿ Ð -ZÏ4îZ¸ZÂ (3) ï � �&�'�(�-íÝ�Ï 
�ð <�°�± t�² á�³ ë á�� Ý���� �¯�����ñíöíæ�"�# t�² á�³�ò������(!�¿ Ð -�%�&
'4(�-ÒÝÒá4�4�4Á ¼ Ñ

|

p1(r, z) = p0 exp(ikz)exp(−α1z)

N∑

n=1

An

1 − iBnz/DR

exp

[
−

Bn (r/a)
2

1 − iBnz/DR

]
, (5)



2 � �������ÒÑ ìÒî çÒÞÒß�1 � � Ð Ý4&4'4(�-Òã�)4�4����	 225

p2(r, z) =
βkp2

0z

2ρc2
exp(2ikz)

exp(−2α1z) − exp(−α2z)

(α2 − 2α1)z

1

z

∫ z

0

N∑

m=1

N∑

n=1

−2AmAnBb

(2z + Ba)z′ + Baz − 2Bb

exp

[
−2ikr2 (z′2 + Baz′ − Bb)/(z − z′)

(2z + Ba)z′ + Baz − 2Bb

]
dz′,

(6)

|Â / æ
a
¼ q4-4C4D����Òæ

DR =ka2/2
�4Á��4;4I

Jýæ
Ba = iDR/Bm +iDR/Bn, Bb = D2

R/BmBn, Am%
Bm

¼
25
ñ t�² ÿíö�� Ð [17] 
 Ö × n Â (2)

%
Â

(3), ð <�°�± t�² á�³�´ µ ���íá���M
	íéíê
�t ÝZ�Z� d PÜæ N [ éÒê��4����ÒÝZ�4Ô��ZÂ Ñ�� 1^�¼ �
�
��á�-���Â�Ïíæ � 2
^�¼ 1 ��^

[18],
Â /

α2 6=2α1, � 3
^4¼ ,4- ^ 
��4ð <Òê������4C�D��¼
� 0 à [ æ ë C�D � 0 ��áíá�}
�����
�����
��� �!�"�#�$�%�& ï�'

p̃n(0, z) =
1

πb2

∫ b

0

p̃n(r, z)2πrdr, (7)

(*) &
n=1, 2 + Ê�,�- Ð�.�/�0�1�2�.�& b 3 �� ����465789:�;<= &6>�? ����� � 

#
!
"
$
%
@
ACBD!
EF#
G
H�I
J�&�K , G
H�L 5
M�� +�N $�% 4DO�P���Q�R�( (5)

/ (
(6), S ( (7)T�U 3�'

p̃n(0, z) = pn(0, z)Mn(z)Dn(z), (8)(V) &
pn

,-(
(5)
/ (

(6)
#WX.Y&

Mn 3Z[\]L& ,-^V) # Z [L�& Dn (z) 3_` � + �a #GH\]L& ,-(V) #GH�L 46b�c� a�de
R
f
g
h
i
�
�
j H
/
�
 
k
l
m
!
En!
"
#
o
p
T�q (�4
1.2 r�s�t�u�v�w�x�y�z

_�`�{�|�} (���~ &�����������/ ����������� &6GH\]L � _`��N � & c ���� � a #!"@AVB ���� !"� Z [��/��klm��IJ& ^V)��� !"/��klm��IJ �� !"
%
#
�
�
&�� Z [
�
� S I�J
>n? ���
�����
�� !�"�# Z [���� 4�Q�R ��� � a #�!�" _�` ( (8)� ����  .�/�0�1�2�.�¡�����# Z [�����&�K '
M1(z) = exp(−α1z) =

p̃1(0, z)

p0D1(z)
, (9)

M2(z) =
exp(−2α1z) − exp(−α2z)

(α2 − 2α1)z
=

2ρc2p̃2(0, z)

βkp2
0zD2(z)

,

(10)

(C)D¢
£ d
¤
¥ L 4�¦
§ {�{
|�¨ (�P�, ��� #
!"
% 5
M G
H
\
]
©
o
&�ª
«�!
EFG�H , Z [��
���� #�¬� 4

B (
(9)
�~ &   .# Z [ �QR®¯ #°�±� 5�M T�U�&��*B (

(10)
j�² &�0�1�2�.�# Z [�³²
´
µ
¶ #
·
m
& ^ ? ��¸
a   . Z [
/º¹�» Z [#
¬

&�¼ c
½
f �
� =   .�# Z [��
��¾�¿ � a0
1
2
.
# Z [
�
� 4�À�¦
² Z [
���
# ���
Á�Â� a �
� !
"
/
�
�
#�k
l�m
��� 4 � �����
��Ã

Ä
Å
Æ Z [
�
� ´ � � &   .�/�0
1�2
.�!�"
$�T²
= l
m Z [
#
�
�
&�¼ c 3 Y�I
Ç ;
È�É �
� �� !
"
/
�
�
k
l
m
���
#�Ê
Ë�& ��,
Ì G�H
\�]
Í #   .
/
0
1
2
.
!�"
Î�% 5�M�Ï
7�Ð ©
o�&�Ñ,ÒÓ5M lmÔÕ& QRÖ× � N � Z [����& ÖØ�Ù�� T�U 3�'

Mn(z2) − Mn(z1)

∆z
= s, (11)

(C) &
s
T
U ,
Ï
7
Ð Í !
"
Î
%
#
l
m
Ô
Õ
# ×��&

z1

/
z2

$�T�U ����¥�Ú�Û j H ��� # ��� 4ÝÜ
Þ
ß _
`
  .
!
"
% ���
  .
# Z [
����& Q
R�Ö
Z [
�
� 5 � �
� � a 0
1�2
.�# Z [����
&�à�á¦�²   .�/�0�1�2�. Z [�����# ��� 4
2 âäãäåäæ

ç
1 3
  .
/
0
1
2
. Z [
�
� �
� #
k
l
m¦èé Ú Uê ç & ^V) ¨ëìíî ! ��7j7  &ï i $ 3 9.525 mm,

)ñð ��� 3 5 MHz
4�Q�R .�ò

jóôõó
30 ëö÷ )�ð �� 3 3.5 MHz

# Äø�ùú
û
& Ì ` 50 dB ü
ý #
þ
� ô l
m
þ
� Í
ÿ�� î! ��46¦è `�� )�Ü Þ����Ñ���J j H ��� &	� Í��
�� �� &� ¨ ����f���� #?�����& ;�� �

�
1 ����������� �



226
! � � �

2017 �
[���� ô������ ��	�

# ������ 4 >��� � �
 
��� & � ¨ ��� ����# ��� B 5 mm

b
200 mm,

�
�

5 mm
5M7 1 e�� ¦è4 ì ) # î !úû�� ��� Í & Ì����������� 3 � úû����U�. ô &6úû

_
` U
. ô��� 
b�!�"#
5�M ��$�©�o 4 B O 0
12�.�Î�% _�%'&ñ  .�Î�%�( 1∼2 ë � ��) &�¼ c ßA ´�*�+= !" ; �� � a 012�.�,.- 7Ø X& ¤
& O ��/�0�1& ì T ²=�2�3 #k�lm·�m&6¼ c�45�6�7

6
)D¦
è���� & 3 d � � � È l
m �
� ���8�9�&;:�<

100 mV
/

200 mV
# ����+ � � "�
 ÿ

� ����4
3 d�Û k�l�m �� ����� Ò�Ó�, & &>=? d lm ��� � Z [
�
�
# ��� ¦�è�4�¦
è ` � Û {�| ¤@
& e R�A�B
j
ó
ô
õ
ó # AB ú
û�ï������ î !��� & ; ��� � a�C 	 C ú�û 4

3 DFEFGFHFI
3.1 J�K�L�M�w�x�N�OÜ Þ e RAB ú�û �P ��� m�¿�&>Q Í���� l
m ��� � ì # Z [���� 4 ç 2(a)

/ ç
2(b) +�R�S Ud�e R�A�B ú�û + � � �� ��� ¡

80 mm
© e�T #

(a) UWVWXWY

(b) ZW[W\W]
�

2 ^W_W`WaWbWcWXWYWdWeWZW[W\W]

úû�f ^ ��g·m 4 B���h·m �~ &� �� # f
i 	 C�jlknm 3 3∼7 MHz,

¿ f�i�o �
 
k
l
m ¦
è*) #   .�/�0�1�2�.�ú�û 4pqr | &�l�m �� � � a >�?���� � # Z [��� ��� Ò�Ó & e R p � T�q ( ����Z [�����% '

αf =
1

z1 − z2
ln

(
p̃f (0, z2)

p̃f (0, z1)

D1,f (z1)

D1,f (z2)

)
, (12)

( )ts û �vu #
f
T U � � Å � � Ò Ó $ 3 ��g % 4Ö
( TlwDl
m ��� � Z [
�
�
# �
��x ß
A   .
#GH\]% 46QRÖ( ��Z [�� � & , >? ���
�
� Ò
Ó
5
M W
$
©
o 4 ç

3 3
ì # Z [
�
� �
� Ò�Ó & ��~ & ¡ 3∼7 MHz

��� Z [�����% ¤ ,�yJ
& e R Z [
�
� Û �
��#�z�� (
,�Ö�{| �
� �
Z [���� 5�M Ô�Õ�& Ö z�� ( 3 [12]:

αf = α0f
m, (13)

(V) �� ;
MHz � & ÔÕ ÒÓ 3 α0 =29.1, m=1.98,ÔÕ�}�l�p ç�~ l�rU& ÒÓ S U Ö ��g |�� ÔÕ�}l Û ¦�è ��� Ò�Ó�� Õ � ��4

�
3 �W]W�W�W�W�W���W���W�W�W�WdW�W�W�W�

3.2 ��J�K�L�M�w�x�N�O^ 1 +�� k
l
m ��� �
�
� ú
û�Ñ ���
  .
/0�1�2�.�# Z [���� 4 ç 4(a) S U 3 200 mV
+ �

� " �
100 mm

©
U
. ô e�T # �n� ú
û
& ç
4(b)

S U 3 Ö ú
û
#
��g
·�m 4 ú�û�#   .
/�0�1
2�.# )Dð �
� +�R
3 3.5 MHz
/

7 MHz,
f�i 	 C $

3 0.2 MHz ��� &�¼ c���� 3 e�T #   .
/
0
1
2.
#
!
" 3 ¯
7 �
� � #
!�" 4 B O�Ö��� � ���ú
û
Ñ
> � ¡ * ��8 + &�¼ c��� 3 c ©
#�0
1�2.�$*B ì #�k�l�m i�-�����4Q
R ú
û
��g {
  .
/
0
1
2
.�#
Î�%
T�U ¤,�- # ��� !�"�% 4 ç
5 S U d >�? ÿ�� !�" ����   .
/
0
1
2
.
¡
>�? �����
��� #�!�"
%�& 3d , & �� ÒÓ & , !"% 5M d Ï�7Ð ©�o&����



2 ÷ ��������' ����k�l�m Z [�����#�0�1�2�. ��� Ø�Ù���� 227

a��
	 j H �
��{ g �
� #
!
" ¸ B�� . Å !��
kl�m�#�¬��� =�²�´ ��# ��� &�:�<
40 mm

©�# �
� Ò
Ó� 3
  È
4 ç )������ d ¢
£ Z [ �� � op�� � � a #�!�"�% 4 B ç

5(a)
# Ò�Ó���~ &�o�p

�
� % Û ¦
è �
� Ò
Ó ��� � ¡ 7 J�# ��� & Ö �� @
ACB ì
Z [ ��� &�¼ c�
Q�R
Ö ��� 5�M Z [����# ��� 4Q
R � ����� Ù �
�
ì ) ���
#
!�� 3 1485±

5 m/s,
5 � N �   .
/
0
1
2
.
#
G
H
\
]
L 4 eR��
Ø
Ù
,   .
/
0
1
2
.
# Z [
�
� 5
M ��� &? � :��

0.04 m
©�#�!�"�Î�%  3�  È & G�H�\�]Í Ï
7
Ð #
!
"
·
m�p ç

6
r
U 4 B ç ) ��$�� �

;�<�= &   .�/�0�1�2�.�¡ 0.04∼0.2 m { #�!�"�%$
³
l
m +�� & , >�? ÿ�� !
" � #�!�"
% 5
M lm�Ô�Õ�&
100 mV

/
200 mV

#�à���Ô�Õ Ò�Ó f ^�×
��p ç

6
r�U 4

(a) � �WUWV !WXWY (b) XWY !WZW[W\W]
�

4 ^W_W`Wa " # $WXWYWdWeWZW[W\W]

(a) % &WXWY ' ( (b) ) * + &WXWY ' (
�

5 � ����� % & , ) * + & ' (

(a) % &W�W�W\W] (b) ) * + &W�W�W\W]
�

6 - . / 0 1 % 2 , ) * + & !W�W�W\W]



228
! � � �

2017 �
�

1 4 �WZ������ !W�W���W���W�W�W�WdW�W� (
�W�W�W� 3.0 MHz 3.5 MHz 6.0 MHz 7.0 MHz m

100 mV 0.28 0.36 0.53 0.61 0.912

200 mV 0.30 0.38 0.66 0.82 1.186

bWcWXWY 0.25 0.35 1.06 1.42 2.021

Q�R�(
(11), _�` Ö Ô�Õ�ï�l�# × � ��� = ��
#   .
/
0
1
2
.
# Z [
�
�
& �
�
`�� ) z1 =

0.1 m, z2 =0.15 m,
Ò�Ó p�T

1
r�U�&�T ) � S U dlm ��� ��� ÒÓ4 B�T

1
�~ & ¡>? ÿ�� !"

�   .
# Z [
�
����� ¤ ?�&��
	 Û l�m �� �
�� Ò
Ó ¤�	 &�TlwDl
m �� /
k�l
m �� �   . Z[�����# ��� Ò�Ó�7���4�
¡
k
l
m ��� � 0
1
2
. Z [
�
��# ��� ÒÓ�� ¡ 7 J# � � & ^��� ÿ�� !"# ü �� ü�� 4, & T ) 7 MHz
��� � # Z [�����% ��j�² & 0�12
.
# Z [
�
� �
� Ò
Ó $��
� O l
m ��� �
�
�� a ^ �
� � # Z [
���
&FB c� � l�m �� � #�
� Ò
Ó Ñ
>
� -
O k
l
m ��� � # * 1
2
. Z [��� 4

e R*)ñð ��� 3 3 MHz
# Ä�ø�ù ú�û�� µ {�|k�l�m ¦�è & ��� � a 3 MHz
���   . ; f 6 MHz����0�1�2�.�# Z [�����&�Ñ Q�R�( (13)

, >�?�!
" �
�
� r �

4 � ��$ 5
M Ô
Õ
& ; � a Z [
�
�Û ��g��#�z� 4 �� ÒÓ fÔÕ��$�pT
1
rU&

Ô
Õl}Dl�p ç
7
r
U 4 T )DÒ
Ó S U
¡
k
l
m ����   .
# Z [
�
� Û l
m ���
Ö �
� � Z [��
� �Õ
&��
0
1
2
.
# Z [
���
����� O l�m �� �
�Ò
Ó ,�? � k
l
m ��� � Z [
���  ���
³ ² l
m

ü�� #�z�� 4 ��� Ò�Ó�5�7�8���� {�| Ò p 4

�
7 �W���W� !WZ������W\W]

4 D��
(1)
QR�� 	 Äø�ù úû ÿ�� î !��� ;õó �� ¯7 #   ./012.úû& , �� � a #   ./

012. 5M GH\]Ñ ��Z [��& ÖØÙ��fi �� =   ./012.# Z [��& ¤ & O lm �� � A�B ú
û �
� � a Z [
�
� 2 � -
O k
l�m ¦è�����4
(2)
, ì #   .n/n0n1n2n.n# Z [n�n� 5nM �� &�Ñ Û l�m �� ��� Ò�Ó�5�M & ´ & Ò�Ó S U�kl
m ��� �   .
# Z [
�
� Û l
m ��� � Ö ��� ��
� Ò
Ó�� Õ � � &�� � a #�0�1
2�. Z [��
�
�Û l
m ���
Ö �
� � # Ò
Ó� ¡ ´ �
# ��� &nB c

�
~ &�l
m ��� �
�
� � a # Z [��
��Ñ�>
� R�Ok�l�m ��� � 0�1�2�.�# Z [�����# ��� 4
(3) +�� d Z [���� Û ����#�z���& Ò�Ó S U�lm ��� � ì # Z [
�
�  ���
³ ² 0
1 Ø ü�� &��¡
k
l
m ��� � & ì # Z [
��� Û ���
T ²�= l�mz�� 4

! " # $
1 % 0'&'(*)'+','-*. � ]�/�0�� ��1�2 !'3�4�5*6�7 ,�8�9�-*:;�<�=�>�? ( 2011; 47(8): 2—11

2 Jhang K Y. Nonlinear ultrasonic techniques for nondestruc-

tive assessment of micro damage in material: A review.

International Journal of Precision Engineering and Man-

ufacturing. 2009; 10(1): 123—135

3 @'A'B'(DC'E�E'(DF'G'H'- ��I�J'K�L�M Z�. �W]�N'O����'P�Q
3�4�-RO >�>�? ( 2013; 38(6): 648—655

4 S'T'U'(DV'W'X'(DY'Z'[�H'-\J�]'^�_ !'.W� ]�N�O ���Wd e�`a 1�2�-RO >�>�? ( 2010; 35(1): 9—13

5 F'G'(Db'c'd'(De'f'g'H�-DhW��i'j�k�l'm�. �W]�N'O�nW� ���
� ��3�4�-RO >�>�? ( 2011; 36(5): 527—533

6 Pantea C, Osterhoudt C F, Sinha D N. Determination of

acoustic nonlinear parameter of water using the finite am-

plitude method. Ultrasonics, 2013; 53: 1012—1019

7 Cobb W N. Finite-amplitude method for determination of

the acoustic nonlinearity parameter B/A. J. Acoust. Soc.

Am., 1983; 73(5): 1525—1531

8 Vander Meulen F, Haumesser L. Evaluation of B/A nonlin-

ear parameter using an acoustic eslf-calibrated pulse-echo

method. Appl. Phys. Lett., 2008; 92(21): 214106

9 Schmerr L W, Song S J. Ultrasonic nondestructive eval-

uation systems models measurement. America: Springer,

2007

10 Schmerr L W, Huang R, Sedov A. The simulation of ultra-

sonic beams with a Gaussian beam equivalent point source

model. Chin. J. Acoust., 2010; 29(2): 97—106

11 Best S R, Croxford A J, Neild S. Modeling harmonic gene-



2 ÷ ��������� ����k�l�m Z [�������������� ��� Ø�Ù���� 229

tation measurements in solids. Ultrasonics, 2014; 54: 442

—450
12 WU J. Effects of nonlinear interaction on measurements of

frequency-dependent attenuation coefficients. J. Acoust.

Soc. Am., 1996; 99(6): 3380—3384

13 Chen Q, Zagzebski J, Wilson T et al. Pressure-dependent

attenuation in ultrasound contrast agents. Ultrasound in

Med. & Biol., 2002; 28(8): 1041—1051

14 Verma P K, Hunphrey V F, Duck F A. Broadband at-

tenuation and nonlinear propagation in biological fluids:

an experimental facility and measurements. Ultrasound in

Med. & Biol., 2005; 31(12): 1723—1733

15 Hamilton M F, Blackstock D T. Nonlinear acoustics.

America: Academic Press, 1998

16 Wen J J, Breazeale M A. A diffraction beam field expressed

as the superposition of Gaussian beam. J. Acoust. Soc.

Am., 1988; 83(5): 1752—1756

17 Kim H J, Schmerr L W, Sedov A. Generation of the ba-

sis sets for multi-Gaussian ultrasonic beam models—An

overview. J. Acoust. Soc. Am., 2006; 119(4): 1971—1978

18 Baker A C, Ward B, Humphrey V F. The effect of receiver

size on nonlinear pressure field measurements. J. Acoust.

Soc. Am., 1996; 100(4): 2062—2069

�	�	
	�
2016 �		�	�	���������������������

“2016 ���� �!�"�#�#�$�%�& ” ' 2016 ( 12 ) 14 — 16 *,+�-�.�/�-1032�4�5�687�9�%�&1:�;3��"�#
#<%< <!<"<#<=<%<>8�<�<"<#<?<@<A<B<$<C<D<%<>E;F�< <!<G<H<I<J<K<%<L<"<M<N<O�P<Q<C<D�%<>E;F�< 
!�R�#�#�%� �!�S�T�=�%�>E;F��U<J�V<��WYX�K<%�L<"�M<N�O<P�Q<Z�J<C�D<%�[\;3�<]�^<#�%< �G<C<D�%_<`<a<b<c ;F�<R<#<d<L<"<M<N<O<e<f<g<h<i<>8�<j< <!<G<H<k<2<L<"<M<N<O<P<Q<l�m<B<$\;3n<>8o<-<k
2� �!�L�"�P�Q�l�m�B<$�p<qr;3n<>8o<-1sFt<"�#<u<v�w<x�y<z<>8{<|1;F}�~\�Fg�J<w<x�y<z�[<�<���<���� l�m�����d�w�x�y�z�"�#�=�y�z�K b��
7�9�%�&�� a���� —— ?�@���� � ��M�I�J����������
����"�#�?�@�A�B�$�C�D<% a��<�<� �<p<qYD a<� %<&��<�<5��<�<68�<���<�<M�%< <¡�68¢<£<��¤<¥¦ ����§�¨ � �
"�#�#�%�©�T�ª�«�¬����®�¯<>8 �!<S�T<=�% a<��°<± p<q<D<[1;F�� <!�G<H�I<J�K<%�L<"�M<N�O<P

Q�C�D�%�© a���²1³ ��´�µ�=�¶���· ���¸ {�¹�º�»���¼�d�?�@<A<½�¾<¿<À�6ÂÁ�Ã<Ä<Å�Æ<Ç<��?<@<È�É<�<Ê�Ë<6 �  �G<Ì<J��<w<Í�ÎYÏ�M<�
�<Ð<Ñ<?<@<�<�<G<Ò<68Ó<Á<Ì<J<Ô<Õ � �<68Ð<Ö<Ì<J<I<Ô<×<Ø<[<B<$<�<�<Ù<Ú<68�<j<?<@�A<Û<T<C�D<%<+Ü�Ý�Þ Á�Ç���?�@�A�l<ß<���<68à<Ú Þ Á<Ì�J<?<@�Ö<á �8â l�ß<�<5��<[<Q�ã<� �<ä<å�æ<ç [��<�<Ç��<?
@�68è�é�ê�%�Ç���ë�ì<5��<Ç<��?<@�A<l<ß�í<w<e�î<�<ï�ð<ñ<ò �Â��ó<ô<õ�ö ��"<#<÷�ø<ù<÷�ú<û â�ü<ý
������687�þ�%�&�ÿ��������FZ�j<#��<[<Ì�J<j���ù��<Ã�	<5<����
�� ö�� 9�ú<û<6 Þ O�<��"<#<?�@<ª
J������ � %�&�����"<?�C����������<«���� ¸ ��<"<#�?<@<��� � ��[<"<?�C<?<@�A����,R<p<Á��<6��
�1;3��R�#�d�Æ�m�l�m�p�q�� / ;3������#�% ����± p�q�D���� ¸ ?�@�A�½�¾�é�Ç���?�@�l�ß���� �
% &! !�!�  ! " # ü ý Z j 6#"%$ ' n T " # � " Ô ×%&!' > ]%( é%) ^%* Å  !%+!,%&!' ð!-%.!/%01 �32 > i4�35%6 L " P Q ï ? é x%7 � & > � Ú �32%8 L " ö 6%9%:%;%< =%= è é?> a Q%@ � GB/T32524-

2016 ��A�?�@�B�º�>�C ` "�ð�-�.�/�68ú�û�D�E�y�(�*<Å�L�"�F�G�H�I�J�A���K ¸�L�M 6�"� <!�"�# ü�ý
��N�f�> ��f�O � 6 %�&�����Z�j�6P"�k�2�)�^�*�Å�Q�R�S�T�N�U�V���T�N�W�L�X�Y�> "�Z�[�\ – ]1;3��^_�`�a�bdcfe k�2�>8��g e ]�T�N�u�R���p�����K�Z � #�$ L�M��
¿�h�� L�M �f2���i ¸ <��"<#�j�k ü<ý ��l<��p<qnm�Y<68è<"�#<?<@�A<>�)<^�*<Å�[po ;F�<à�q<R

����r ——  �!�S�T�s ( t�u�v���w�x�l�ß ) ��y�û�z�� ö�{�| S ��a�� ��}�z�~�*�� | S�6�[�\ ¸���� �
# $%�4� 6 M %%� =%� ¸  �! "�#��%l���R p�Á�� 6� ���¶ 1��  ��"�# ?�@ A�l�ß ����� 6 �%�����%��*
� " # ? @ Q%@ > Þ ���%���%m�Y�[%��h�6����%���" #�?�@ A�� � � � � *��%����6 ÿ ó%� [%��O õ ö Ì
J 1�� >,¨ � H�M�?�@�l�ß�6���?�@ õ���e�� ¼�'�ê�%�6 � Þ O����"�#�?�@�A�� ����� ��K�� Ü Ý���� �
Å<Æ<p<û�*��<68M<%< <¡<{<¢��������<68Ã<��� �� �b<¸�¡ Ú�<�< <!<"<#<�<�<�<�<�<�¢� ? c � å

7�9�%�¼�£�¤�l�ß�¥�¦ ¸ D�ã�&�'�6�§�¨�©�� 2017!

( ;3��"�#�#�%� �!�"�#�=�%�>8����"�#�?�@�A�B�$�C�D�% ª�« Ñ�¬ )


