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%n�Or�� (CFRP) duäkp'rÝ!
p'�þ!Fp§�`ÉA5, 2�A^uÊ�Ê
U!ð��E�+�. duEÜá��EL§�E
,5!Ø�_5±9¦^L§¥�«�¸�E,
5, ¦�EÜá��U�)øÅ"� [1]. øÅ"�
�>�N´�)Aå8¥, K�(��«15U,
O\(�����U5 [2]. �øÅ¡È�L#N
�, ¬ÚåEÜá�rÝ�ü$, l
��?�Ú
»�, é����NS�5UE¤­�Û�. 8c,
ISÌ�æ^�( C ×£±9 X ��éÙ?1u
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óÀù	9ÅuÿEâ|^pUóÀ9
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y�ÿÔ, ÏL¦)_Ñ�¯K5¼�"��©Ù
&E [6]. éuóÀù	uÿ, �á��9á5Xê

®�, ÏL¼��ÿÔL¡§Ý|Cz�A��m
=�O�"��Ý. �duEÜá��SÜ¤©Ï
~��E,, Ù9á5ëêØN´(½, Ï~J±
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2.1 §§§���¸̧̧������mmmÿÿÿþþþ���ÝÝÝ���nnn

3óÀù	uÿ¥, Ã"�«�w¤d�Ã�
�á�|¤, "���u0�SÜ,�Ý?�3�
0�A5ØÓ�k�þ«�, k�þ0���Ã�
þþ�á�ÉóÀ9
��^Xã 1 ¤«.

  

 

T0↼↪t↽ Ts↼↪t↽ T0↼↪t↽

α

d

ã 1 k�þÝ��Ã�þ�.

b�k�þ0�SÜü�L¡þ�ý9>.,
|^º�{ [7] �)ûTa9D�¯K. nÜ��
9
��^, ��3 x = 0 ?L¡§Ý|��m�
Cz'X�

Ts(0, t) =
C√
4πat

[
1 + 2

∞∑
n=1

e−
(2nd)2

4at

]
, (1)

ª¥, α (m2/s) �á��9*ÑXê, C �á��9
Nþ, d �k�þ0���Ý.

du9Å30�¥�P~é¯, éu n > 1 �
pg��ÑØO [8], (1) ª���

Ts(0, t) =
C√
4πat

[
1 + 2e−

d2
at

]
. (2)

3óÀù	uÿ¥, Ã"�«���uSÜþ!�
�Ã��«�, Ã"�«��L¡§Ý��m�C
z'X�

T0(0, t) =
C√
4πat

. (3)

é (2) � (3) üª�~, ��k"�«��Ã"�«
�L¡§��

∆T =
C√
πat

e−
d2
at . (4)

é (4) ª¦4���3L¡§�������éA
�¸��m�

tp =
2d2

α
. (5)

l (5) ª�±wÑ, ��uÿÔá��½�, "
��Ý�²��ÙL¡§��¸��m¤�', Ï
L(½¸��mÒ�±½þÿþ"��Ý.

2.2 éééêêê§§§ÝÝÝ   lll���mmmÿÿÿþþþ���ÝÝÝ���nnn

Äu��9D��., d±þ©Û��, 3ó
À9
-y�^e, �ÿÔ¥Ã"�«��L¡§

Ý��m�Cz'X÷v (3) ª, ò (3) ªü>�g
,éê, ��

lnT (t) = ln(C) − 1
2

ln(4πα) − 1
2

ln(t). (6)

�â (6) ª��, 3éê�IXp, �ÿÔ¥Ã"
�«�ÉóÀ-y��L¡§Ý��m¥�Ç
� –0.5 ��5Cz.

e�uÿÔSÜ¹k"�, 9þ3Á�L¡�
"��mD��, éê§�­�U�Ç� –0.5 �5
Cz. �9þD��"�?, du9Å3"��.
¡u)�� [9], éAL¡�éê§�­� l�5
Cz. â©z�� [10], l¢�êâ¥�� l�m
�"���Ý�²�¤�', =

d2 ∝ tbreak. (7)

®��ÿÔ�9*ÑXê, �âØÓ�Ý"�
éA�A� l�m=�±¢y"���Ý½þ
ÿþ.

2.3 LLL¡¡¡§§§ÝÝÝ���éééêêê���������©©©¸̧̧������mmmÿÿÿ
þþþ���ÝÝÝ���nnn

éþÝ� d �þ�²�á�, �á�Ð©§Ý
� T (x, 0), t ��á�§Ý©Ù��� [11]

T (x, t) =
1
d

∫ d

0

T (x, 0)dx +
2
d

∞∑
n=1

exp
(
−n2π2at

d2

)
× cos

nπx

d

∫ d

0

T (x, 0) cos
nπx

d
dx. (8)

é²�á�L¡�\�]�óÀ9
, ù	9
Åuÿ�nãXã 2 ¤«.

d
l

Q

ã 2 óÀù	uÿ�n«¿ã
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��Ä9þ3þÝ��þ���D�,óÀU
þ Q 3Á�cL¡���Ý l ��S�áÂ, §Ý
©Ù�Ð©^����

T (x, 0) = Q/ρCl (0 < x < l),

T (x, 0) = 0 (l < x < d). (9)

ª¥, ρ �á���Ý.
|^Ð©^�, (8) ª��¤

T (x, t) =
Q

ρCd

[
1 + 2

∞∑
n=1

cos
nπx

d

sin(nπl/d)
nπl/d

× exp
(
−n2π2

d2
at

)]
, (10)

é u Ø ß ² á � 
 ó, l é �, d � ÷
v sin(nπl/d) = nπl/d. 3 x = 0 �, �ÿÔL
¡�§Ý©Ù��¤

T (0, t) =
Q

ρCd

[
1 + 2

∞∑
n=1

exp
(
−n2π2

d2
at

)]
.

(11)
- w = π2at/d2, 3éê�Ieé (11) ª¦)

���ê, ��

d2(lnT )
d(ln t)2

=
t

T

dT

dt
− t2

T 2

(
dT

dt

)2

+
t2

T

d2T

dt2
. (12)

é (11) ª¦)���êÚ���ê, ��

dT

dt
= − Q

ρCd

2w

t

∞∑
n=1

n2e−n2w,

d2T

dt2
=

Q

ρCd

2w2

t2

∞∑
n=1

n4e−n2w. (13)

ò (13) ª�\ (12) ª, |^ê��{¦) (12) ª
éA�¸��m� [12]

t2d =
d2

πa
. (14)

l (14) ª�±wÑ, ��uÿÔá��½�, "�
�Ý�²��ÙL¡éê§Ý����©¸��
m¤�', Ïd, ÏL(½A��mÒ�±½þÿ
þ"��Ý.

d�!nØ©Û��, |^§�¸��m!é
ê§Ý l�m!éê§Ý���©¸��mn
«A��mþ�O�"��Ý. ÏLÀ��L"�
«��Ã"�«�éA�L¡§Ý�mêâ, éü
êâ��¿¦éA�¸��m���§�¸��
m; ©Oéüêâ��éê?n, ü­�d­Ü�
m© l���=´éê§Ý l�m; 3éê�
IS¦"�êâ����ê=���"�L¡�

§Ý�m���©­�, J�Ù¸��m=�(½
éê§Ý���©¸��m.

§�¸���Úéê§Ý l���J�Ñ
IÀJÃ"�«��ë�«�, A��m�J�´
Éë�«�À��K�. �´|^���©éê�
m­��¸��mKØI�À�ë�«�, ¦�A
���J��­E5�Ð, ·Üó§zuÿI¦.
Ïd�©À^éê§Ý���©¸��m��%
n�EÜá�©��Ýÿþ�A��m.

3 Á���9¢���0�

øÅ´�«�ÅÔ�mk�ÅJ, �vkÅÜ
�m�5"�, ÙmYþÝ�u��þÝ��«"
�a.. %n��Ø�SÜøÅ"��UÑy3
����m, du%n�EÜá�)�¤�p, Ø
·^u|^y¢�¬?1¢�ïÄ, �À^��¬
¤¦^��Óá�, ÏL3Á�SÜ���[ø
Å"�5�[ý¢"�, Ùá�þÝ!��ó²�
��¢S�¬��. ÏL3%n�EÜá�¥�O
ØÓ/G!ØÓ�Ý�².É5�[ØÓ°�'
�øÅ"�. À��%n��þÝ� 6 mm, ��
� 450 mm×240 mm, 3ÙSÜ�Oüül��²
.É"�, ².É�î���� 0.5 mm—5 mm, ü
ü².É���� Φ10 mm Ú 10 mm×10 mm, �
ã 3 ¤«.

¢�À^�²¡�e.9�¤, §Ý©EÇ
� 0.02 K, ã���� 320×240 ��, ¯aÅã
� 8 µm—9 µm.

duË�þ�§Ý¤�', §Ý�pË�þ�
�, �©þ^Ë�§Ý��O§Ý�. ¢��, du
ð1�S�uñí¥, 9�¤���ó�ål�
uñí�pÝ, 3dpÝe, 9�¤üg¤�¡È
� 22 cm×27 cm, Ïd¢��ò�ÿ�©¤o�«,
¢�(JdØÓ©«©�
¤.

4 ¢�(J

|^pUð1�JøóÀ9
, 9-yUþ
� 9.6 kJ, æ8ªÇ� 60 Hz, æ8�m� 15 s. du
øÅ"�¤?�ÝØÓ, "��f, 3ù	9ã¥
wy��m�@. ã 4 � 0.3 mm ��"�wy�
��©ù	ã�.

144204-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 14 (2012) 144204

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

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

�� ���� ���� ��
ã 3 ØÓ�ÝøÅ"�Á��Oã

J��"�«�L¡�§Ý�m&Ò, �
~
�Ø�, 3"�«�À� 3×3 ��êâ�²þ��
LT«��§Ýêâ. 3éê�IS¦���ê=
���"�L¡�éê§Ý�m���©­�, �
�� Φ10 mm. �ÝØÓ�"�éA�éê§Ý�
m���©­�Xã 5 ¤«.

dã 5 �±wÑ, ØÓ�Ý"�éA�¸��

ã 4 � 0.3 mm ?"���©ù	ã�

mØÓ, �Ý��, ¸��mÑy��. �"�éA
�éê§Ý���©­��¸��m�ÙþÝ�
²�¤�', ÏL(½"�éA�éê§Ý���
©­��¸��m=�¢y"��Ý�ÿþ. �
�O"��éê§Ý���©­��¸��� (ü
 /s) �L 1.

0.5

0

-0.5

. m
m

. m
m

. m
m


.

 m
m


.
 m
m


.
 m
m


.
 m
m


.
 m
m

4 6 8 10

ã 5 ØÓ�Ý"��éê§Ý���©¸��m­�

L 1 ØÓ��!�Ý"��éê§Ý���©¸���
hhhhhhhhhhhhhhh

"���/mm "��Ý/mm 0.5 1.0 1.5 2.0 2.5 3.5 4.0 5.0

Φ10 0.183 0.633 1.217 2.269 4.037 6.523 8.075 11.428

10×10 0.200 0.684 1.368 2.285 3.820 5.355 8.775 13.246
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4.1 üüü:::{{{III½½½ÿÿÿþþþ���ÝÝÝ

�âÿþnØ, "��Ý�ÙéA�éê§Ý
���©­��¸��m¤�', '~Xê�û
uá��9*ÑXê. ��uÿÔ�9*ÑXê
a ®�, (½A��m=�O�"���Ý. 3
¢Su ÿ¥, du %n�EÜá�9��ó²
�E,5, Ù9*ÑÇØ´¼�. éuù«�¹,
�±±?�®�þÝ��ë�þÝ, �âTë�
þÝ��ÙéA�¸��m5ïá�Ý�A�
�müö�'~'Xª, �âT'XªO�Ù
¦ " � � � Ý. À ^ � � � Ý � � ë � ® � þ

Ý, � � Ù ¦ " � � Ý � ÿ þ ( J � ÿ þ Ø �
�L 2.

dL 2 êâ�±wÑ, |^ü:{I½ÿþ�
�ÝØ���. Ì�kü��Ï: �´À^,�®
��Ý"��¸����ë�, �Å5��, �T
ë�:�ÅØ����, ��K�Ù¦"��Ý�
ÿþ°Ý; �´"��Ý²��éA����©¸
��m¤�'~'X´ïá3��9D��.Ä
:þ. du%n�á�´dõ�%n�ÙÁ�
¤,
Ø´��Ó5�þ�N, éu¢S�uÿ��uÿ,
Ø�;�/Én�9*Ñ�K�, ��"��¸�
�m�éA��ÝØUî��Å�'~'X.

L 2 |^ü:ë�O���Ý9Ø�

�O�Ý/mm 0.5 1.0 1.5 2.0 2.5 3.5 4.0 5.0

Φ10
ÿþ�Ý/mm 0.63 1.18 1.63 2.23 2.97 3.77 4.20 5.0(ë�)

ÿþØ�/% 26.5 18 8.8 11.5 18.9 7.9 5.1 0

10×10
ÿþ�Ý/mm 0.61 1.14 1.61 2.08 2.69 3.18 4.07 5.0(ë�)

ÿþØ�/% 22.9 13.6 7.1 3.8 7.4 9.2 1.7 0

4.2 õõõ���ªªª[[[ÜÜÜ{{{ÿÿÿþþþ���ÝÝÝ

�é±þü:{À�ë�:ü��U�5�
���ÅØ�, �OØÓ�Ý��FÁ�, �FÁ
�7L÷v: �¢S�ÿÁ�äk�Ó���á�
9ó²; ¤¹"�a.�Ó; ¤¹"���Ý��
A�¹�uÿÁ��"���Ý��. 3�F�þ
�OØÓ�Ý��F5�["��ØÓ�Ý, �Ý
�F�Xã 6 ¤«.� � � �� �� � � � � ���� � � �

ã 6 �F��Oã

|^���¦{õ�ª[Ü¦)ÑØÓ�Ý
"�éA���©¸�����Ý�'Xª, �)
��éØ�²�Ú���[Üõ�ªUO(/ý
ÿ¢�êâ, ÏdÀ^dõ�ª�"��Ý�¸�
�m�'XL�ª.

�©��F�¥S�Ê��Ý�F, �g��

Ý©O� 0.5, 1.5, 2.5, 3.5, 5 mm. |^óÀù	u
ÿEâé�F�?1uÿ, J�ØÓ�Ý��FL
¡§ÝéA�éê���©¸�A��m, ���
¸��m(J�L 3.

L 3 ØÓ�Ý�F�éê§Ý���©¸���

�F�O�Ý/mm 0.5 1.5 2.5 3.5 5

���©¸��m/s 0.175 1.291 3.411 6.354 11.91

|^IOÁ��uÿ(JïáA��m��
Ý�I½'Xª, æ^���¦{õ�ª[Ü(½
�F�Ý�ÙéA�¸��müö�m�I½'
Xª, òL 3 ¥�Ê|�F�Ý�¸��m?1[
Ü, �[Ügê� 2 ��, �éØ�²�Ú��. ò
d�gõ�ª[Ü'Xª��T%n�EÜá�
øÅ"��Ýÿþ�I½'Xª, ���gõ�ª
[ÜL�ª�

d2 = 0.0297 × t2 + 1.748 × t − 0.0569. (15)

òL 1 ¥%n�EÜá�Á����"�é
A�éê§Ý���©¸��m�\þª, =�¢
yøÅ"��Ý�ÿþ, O�(J�L 4.
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L 4 |^õ:{õ�ª[ÜI½O���Ý

�O�Ý/mm 0.5 1.0 1.5 2.0 2.5 3.5 4.0 5.0

Φ10
ÿþ�Ý/mm 0.51 1.03 1.45 2.02 2.74 3.55 3.99 4.88

ÿþØ�/% 2 3 –3.3 1 9.6 1.4 –0.3 –2.4

10×10
ÿþ�Ý/mm 0.54 1.07 1.55 2.12 2.66 3.19 4.19 5.32

ÿþØ�/% 8 7 3.3 6 6.4 8.8 4.9 6.4

lL 4 �±wÑ, |^õ:{õ�ª[Ü¦�
�¸��m�"��Ý�'Xª5O�"���
Ý, O����%n�EÜá�øÅ"��Ý��
O�Ý�Ø�þU��3 ±10% ±S. �æ^ü:
{I½O����(J'�, T�{ÿþøÅ"�
�Ý�°Ý��
Jp.

5 ( Ø

�©©Û
²�á�3óÀ9
�^e��
�]�9D�nØ�., �Ñ
�ÿá��Ý�Ù
L¡§Ýéê���©¸��m�'X, ÄuT�
ÝÿþnØ, é%n�EÜá�¥�[øÅ"��

Ý?1
ÿþ. 3EÜá�9*ÑXê���¹e,
duë�ü�"��Ý, ±ü:{I½���øÅ
"��Ýÿþ(JØ���, �Äü�ë��Ý�
�ÅØ�±9%n�á�¢Suÿ¥Ø�;�/
Ñyn�9*Ñ�K�, �O�Ý�F�, |^�
��¦{õ�ª[Ü�ØÓ�F�Ý�ÙA��
m�'X, À^�éØ�²�Ú���/e�õ�
ª�%n�EÜá�øÅ"��ÝÿþI½'X
ª. ¢�(JL², æ^T�{ÿþ�øÅ"��
Ý°Ý��
Jp. 3�ÿ�9*ÑXê���¹
e, ÏL�O�F�, |^õ�ª[Ü��{O�
�ÝÿþI½'Xª�±¢yá�SÜ"��Ý
ÿþ.
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Abstract

In this work, we present a quantitative method of predicting defect depth within carbon fiber reinforced plastics (CFRP) composite

with unknown thermal property of specimen. The method discussed in this paper is derived from theoretical model of ideal one-

dimensional heat conduction in a flat plate sample. The principle of depth prediction using pulsed infrared thermography is presented;

the time based on the peak second-derivative of the temperature difference in the logarithmic scale is selected as the characteristic

time; the calibration curve based on data of single defect depth can be easily affected by random error. The calibration curve is put

forward in the paper and obtained by designing a stepped reference sample, and it can be obtained by a curve fit of different depths and

corresponding characteristic time using polynomial function. The polyfitting curve is used as the calibration curve for depth prediction

when the relative error square is minimum. The experimental results show that the depth measured by the calibration curve based on

many reference defect depths is more accurate than by single reference defect depth. Defect depth in CFRP composite can be measured

by the method without knowing thermal property of specimen.
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