
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 14 (2012) 148103

���...---111ÅÅÅ777ááá���ðððAAA���ÚÚÚNNN-ÚÚÚ���ÚÚÚÝÝÝ-���ÝÝÝ
©©©ÛÛÛ{{{ïïïÄÄÄ*

p�À1)† �d�1) 9*L1) Katayama Seiji2)

1) ( 2Àó��ÆÅ>ó§Æ�, 2² 510006 )

2) ( F��³�Æ�Ü�ÆïÄ¤, �³ 567-0047 )

( 2011 c 9 � 10 FÂ�; 2011 c 12 � 10 FÂ�?Uv )

éu�õÇ�.-1Å, 7áÅ�L¡3-1åË�er�ðz¿/¤�lfNG�7á�ð�GÔ. T7
á�ð�GÔ�_�-1åDÑ, é-1k²w�¶-�^, ü$-1Ë��Å��Uþ�Ý, K�Å��ÇÚ�
þ. ÏdïÄ7á�ðA�Cz5Æ9Ù�Å��þ�m�'é, �¢yd7á�ðA�¢�iÿ-1Å�G�.

± 10 kW �õÇ�.ëY-1Å� 304 ØCgg��Á�é�, A^p���Å��7á�ðÄ�ã�, òÙ=�
�ÚN - Ú�ÚÝ -�Ý�m, J�7á�ð¡È!-1åÉK�´»�Ý��'A�þ, ±Å¿L°�Cz��
ïþÅ�G�­½5�ëê. ÏL7á�ðA���þ�ÚOÚ��©Û, Á�y²�â7á�ð¡ÈÚ-1åÉ
K�´»�Ý�7á�ðA��k�/�NL°�þ, l
éÅ�G¹�ÑÄ�µ�.

'�c: �õÇ�.-1Å, 7á�ð, ÚN - Ú�ÚÝ -�Ý�m

PACS: 81.20.Vj, 95.75.Mn, 52.38.–r

1 Ú ó

�õÇ�.-1Å�äkõÇ�Ýp!Å�
�Ý¯!��°'Ú9K�«��`:, ®¤��
«­��Å�Eâ [1−3]. 3�õÇ�.-1�LÅ
L§¥, 7áÅ�r�íz, 3L³þ��-1D
ÑÏ�þ/¤f�lfNG��7á�ð. ù«-
1�7á�ðòò�!Ñ�9áÂ-1Uþ, K�
Å��þ [4]. Ïd7á�ð�Å�G��m7,
�3'é, 7á�ð�Ë�7,%¹XÅ��þ&
E. |^1Ì©Û{é7á�ð?1ïÄ, uy7
á�ðâf�Ý���K�Å¿L� [5]. A^1>
&Òuÿ{©ÛvÜ7-1Å�L§¥�7á�
ð, y²7á�ð1>&ÒU�Ð/�NL°�þ
Cz [6]. �â���©Û{é-1Å�L§¥7á

�ð�1Ì&Ò?1ïÄ, uy7á�ð§Ý�L
°�þ�3��'X [7]. ± 7á�ð&Ò�æ
8´É�	.Z6,�dJÑ3b	��À1Ìã
¼�7á�ðÄ�ã�¿ïÄÚN - Ú�ÚÝ -�
Ý (hue-saturation-intensity, HSI) {©ÛÙA�, &
¢7á�ðA�ëþ�Å��þm�'X,��õ
Ç�.-1Å�¢�i�JønØÚÁ��â.

2 Á�C�

Á�æ^�õÇ�/-1Å�C� TruDisk-

10003, -1õÇ� 10 kW, -11��»� 480 µm,

-1Å�� 1030 nm, Å��Ý©O� 4.5 m/min

Ú 3 m/min. p� NAC �Å�û��Ý� 2000 f/s,

ã�©EÇ� 512×512. ��Åæ8Åã�b	
1\��1Åã, �oíN��í. Á�À^º�
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� 150 mm×100 mm×10 mm � 304 ØCg�, �õ
Ç�.-1Å�Á�C�Xã 1 ¤«.

Á�æ^ØÓ�Å��Ý, ÏLp� NAC �
�Åæ8-1�7á�ðù -É - 7 (RGB) ã�,

©O� 2440 vÚ 3600 v, z�vã�éA�A�
Å�]mG�, ã 2�Ù¥nv-1�7á�ð�
ëYã� (Å��Ý 4.5 m/min). �l7á�ðçÚ
ã�¥&¢Å��þ&E, A^ HSI ã�©Û7á
�ðã�A��Å��þ�mS3'é.� � � � � � � � � 	 	 	 


ã 1 �õÇ�.-1Å�Á�C�«¿ã

3 HSI �m£ã

HSI�çÚ�., ^ÚN (hue)!Ú�ÚÝ (sat-

uration ½ chroma) Ú�Ý (intensity ½ brightness)

5£ãÚç, T�.ò�Ý©þ�çÚã�¥�
��çÚ&E©m. 3µÔ@��¡,HSI �.`
u RGB ôÚ�..

éu�v RGB çÚ�ª�ã�, z�� RGB

��� H ©þ�^e¡�§�Ñ:

H =

 θ eB 6 G,

360 − θ eB > G,
(1)

Ù¥,

θ = arccos


1
2

[(R − G) + (R − B)]

[(R − G)2 + (R − B) (G − B)]1/2

 .

(2)

�ÚÝ©þ S deª�Ñ:

S = 1 − 3
(R + G + B)

[min (R,G,B)] . (3)

�Ý I deª�Ñ:

I =
1
3

(R + G + B) . (4)

|^ (1)—(4) ª���~�ôÚ�ÚN!�Ú
ÝÚrÝ� [8], ª¥ R, G, B ©OL«��ôÚ�
m¥,��:éA��Ý�. 3 HSI çÚ�m¥,

HSI n�©þ�m��'5' RGB n�©þ�m
���õ [9],,	çÚã��z��þ!5çÚ«
�ÑéA���é���ÚN, U
^5?1Õá
çÚ«��©�.

(a) (b) (c)

ã 2 ëYnv-1�7á�ðã� (a) t + 0 ms; (b) t + 0.5 ms; (c) t + 1.0 ms

4 7á�ðã�?n�©Û

4.1 777ááá���ðððAAA���þþþ���ÀÀÀJJJ

7á�ðé-1�K��§ÝÚ�Ý�O\

O\, Ù§Ýp!�Ý��«�é-1å�áÂ

ÚÑ�ÓÌ��^ [10,11], 7á�ð¡È��N

Å�é-1Uþ�áÂ, Ïdò7á�ðã�¥�
Ý«� (p§«�) �¡È��A�ëê��. du
ò��^, -1åBL7á�ð�u)ÆC, K�
Å��þ. Ïd, ò-1å²L7á�ð�´»�
Ý���A�ëê.
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ã 3 7á�ð�©ã

ã 4 7á�ð HSI ã

ã 5 -1å´»�Ý«¿ã

�O(J�7á�ðA�ëê, ò7á�ðã
�=�� HSI çÚ�m?1©Û?n, Ó�ò7á
�ðÌ�Ü©l�©ã�¥à}±~�ã�?n
O�þ. ã 3�7á�ð�©ã, ã 4�=�� HSI

�m�ã�. lã 3 ¥�±wÑ, 7á�ð¥m�
�Ý²wpu>�Ü©,�§ÝÚ�Ý�p�«�,

é-1åk­��K��^. T«��3 HSI �m
ã� (ã 4) ¥²w*	�. ã 5�-1å²L7á
�ð�´»«¿ã, T´»�Ý��7á�ðA�
ëþ.

4.2 777ááá���ðððããã���???nnn

lã 4 ¥�±�ß/©EÑ7á�ð�p§
Ü©, 3 HSI çÚ�mé7á�ð?1?n©Û,

Ùã�?nL§Xã 6 ¤«.�
ã 6 7á�ðã�?n«¿ã
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4.3 777ááá���ðððããã���êêêâââ©©©ÛÛÛ

ò¤kæ8��7á�ðã�?1?n, ��
7á�ðp§Ü©���ã�±9�vã�¥7
á�ð¡È!-1´»�Ýêâ. ã 7 Úã 8 ©O
�Å��Ý 4.5 m/min ��7á�ð¡È�-1å
´»�ÝCz­�. ã 9 Úã 10 ©O�Å��Ý
� 3 m/min ��7á�ð¡È�-1å´»�ÝC
z­�.� � � �� � � �� � � ��� �� ��	 � 
 � � � � � � � 
 � � � � � � � 
 � �� 
 �

ã 7 7á�ð¡ÈCz­�� � �� � �� � � �� �� ��	 � 
 � � � � � � � 
 � � � � � � � 
 � �� 
 �
ã 8 -1å´»�ÝCz­�

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

ã 9 7á�ð¡ÈCz­�

� â Å � � J, ò Å � (é A Å � �
Ý 4.5 m/min) ½Â A, B, C «, ã�©OéA 481—

1000 v, 1001—1520 v, 1521—2040 v, Ù¥ A «
Å��þ�3åÏ, B «Å��þ��, C «Å��
þ­½, Xã 11 ¤«. ã 12�éA�L°�.

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

ã 10 -1å´»�ÝCz­�� ��
ã 11 A, B, C «�é'ã (Å��Ý 4.5 m/min)� � �� �� �� �� �� � � � � � � � � � � � � � � � � � � �� �� 	
� � 
 �� � �

ã 12 L°Cz­� (Å��Ý 4.5 m/min)

é¤J��Á�êâ x ?1ÚO©Û, ©O
^ x̄ L«êâ²þ�, Ŝ2

x L«��, S2
x L«Ã �

� (IO�), éu n �Á�êâ, K x̄�

x̄ =
1
n

n∑
i=1

xi, (5)

�� Ŝ2
x �

Ŝ2
x =

1
n

n∑
i=1

(xi − x̄)2, (6)
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Ã �� S2
x �

S2
x =

√√√√ 1
n

n∑
i=1

(xi − x̄)2. (7)

7á�ð¡ÈêâÚOþ©ÛXL 1 ¤«.

L 1 7á�ð¡ÈÚO©ÛL (Å��Ý 4.5 m/min)

7á�ð¡È/pixel

«� A «� B «� C

²þ� 2112 2073 2185

�� 186340 149990 125870

IO� 431.67 387.28 354.77

lL 1 ¥�±wÑ, C «�7á�ð¡È²
þ�²wpu A, B ü«�, Ù��!IO�K�
u A, B ü«. Á�êâL², C «Å�L§¥7á
�ð¡È�, CzÅÄ�, y²-1Uþ|^Çp,

Å��þÐ; B «²þ���, ���ÚIO��
�, Å��þ��; A «�,²þ��, �IO�½
�, éAL°Ek��ÅÄ. -1å´»�Ýêâ
ÚOþ©ÛXL 2.

L 2 -1å´»�ÝÚO©ÛL (Å��Ý 4.5 m/min)

-1å´»�Ý/pixel

«� A «� B «� C

²þ� 261.94 248.83 245.27

�� 8763 7091 5771

IO� 93.61 84.21 75.97

L 2 êâw«, C «�S-1åÏL7á�ð
�´»�Ý' A§B «þ��, Ù��!IO�½
�u A§B ü«. Á�êâL², ´»�Ýá�«
�-1Éò�ÚÑ��K��, Å¿�þ��­½.

²LÚO©ÛL², 7á�ð¡È!-1å´»�
Ý�k�/�NÅ��þ. �?�Ú*	ïÄ(J,

éÅ��Ý� 3 m/min �Á�êâÓ�?1©ãÚ
Oþ©Û.

ã 13�Å��Ý� 3 m/min ��Å�¢Ôã,

ã 14 �éA�L°�. düã�wÑ, L°Cz
Ø�, Å�G¹ûÐ. �*	7á�ð¡È!-1
å´»�Ý�L°�'X, Ó�òÅ�©� A, B,

C «. A «L°²þ�� 75.32, B «� 76.64, C «
� 75.45, B «L°²þ���uÙ¦ü«. n�«
��ã�©OéA 501—1500 v, 1501—2500 v,

2501—3500 v. 7á�ð¡È!-1å´»�ÝÚ
Oþ©Û©O�L 3 ÚL 4. *	L 3, �,IO�
Ú���3�½��É, �´�«�7á¡È²þ
�A���, � B «²þ¡È���. Á�êâL
², 7á�ð¡È��, -1Uþ|^Ç�p, L°
��. � ��

ã 13 Å�¢Ôã (Å��Ý 3 m/min)� � �� � �� ��
� � �

� � � � � � � � � � � � � � �� 	
 ��
 � � �
ã 14 L°Cz­� (Å��Ý 3 m/min)

L 3 7á�ð¡ÈÚO©ÛL (Å��Ý 3 m/min)

7á�ð¡È area/pixel

«� A «� B «� C

²þ� 1384 1398 1381

�� 476310 516410 416270

IO� 690.15 718.61 645.18

L 4 -1å´»�ÝÚO©ÛL (Å��Ý 3 m/min)

-1å´»�Ý/pixel

«� A «� B «� C

²þ� 135.23 130.23 136.58

�� 5424.32 5291.1 6021.8

IO� 73.65 72.74 77.60

*	L 4, uy B «-1å´»�Ý²þ��
�, A, C ü«�C. Á�êâL², -1å´»�Ý
�á, -1Éò�!áÂÚÑ��K���, Uþ
D4Ç�p, L°��.

�?�ÚïÄA�þ�Å��þm�'X,

©O¦Ñü|Å�Á�êâ A, B, C n�«��
g�'¼ê­�?1é'. � x(t) �J����
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�P¹, K x(t + τ) � x(t) £Ä τ ����, 3
?Û x = xi ��, lü����©O��ü�þ
� x(ti + τ) Ú x(ti), � x(t + τ) Ú x(t) äk�Ó
�þ�ÚIO�. ½Âg�'¼ê:

Rx(τ) = ρx(τ)σ2
x + µ2

x, (8)

ª¥ ρx(τ)�

ρx(τ) =
lim

t→∞
1
T

∫ T

0

[x(t) − µx][x(t + τ) − µx]dt

σ2
x

,

(9)

Ù¥ µx��� x �þ�, σ2
x��� x ���, T �

��æ��m [12].� � �� � �� � �� � �� � �
� � � � � � � � � � � � � � �� 	
 ��
��� �

� ��
ã 15 7á�ð¡Èg�'¼ê­�

6.0

5.0

4.0

7.0

8.0

-400 -200 0 200 400

R
x
(τ
)/
1
0
4

τ

A 

B C 

 

ã 16 -1å´»g�'¼ê­�

Å��Ý 4.5 m/min ��7á�ð¡Èg�'
¼êÚ-1å´»�Ýg�'¼ê©OXã 15 Ú
ã 16 ¤«. A, B, C n�«��A�ëþ²Lg�
'C��, �±�ß/3ã 15 Úã 16 ¥«©m. C

«Å��þÐ, T«��7á¡Èg�'¼ê­�
3 A, B �þ, -1å´»g�'¼ê­�3 A, B

�e. Å��Ý 3 m/min ��7á�ð¡Èg�'

¼êÚ-1å´»�Ýg�'¼ê©OXã 17 Ú
ã 18 ¤«. duÅ��þ'�­½, ¤±�«��
g�'¼ê­���Ø�.� � �� � � �� � �

� � � � � � � � � � � � � � �� 	
 ��
��� � ���
ã 17 7á�ð¡Èg�'¼ê­�� � �� � �� � �� � �

� � � � � � � � � � � � � � �	 
� �
���� �� � �
ã 18 -1å´»g�'¼ê­�

5 ( Ø

1) �õÇ 10 kW �.-1Å�Å��þ�7
á�ð¡È±9-1å²L7á�ð�´»�Ý
kX�Ø�©�'X, À�7á�ð¡È!-1å
²7á�ð�´»�Ýü�A��þ�±k�/
�NÅ��þCz.

2) �7á�ð¡Èþ��p9CzÅÄ��
�, L²-1åDx�Å�L¡�Uþ­½, Å�
�þ�Ð; �-1å²7á�ðSÜ�´»�Ýþ
��á9åÏ���, -1åÉ7á�ðáÂ!ò
�!Ñ��J�~�, Å��þ­½. ��, Å��
þ��.

3) éØÓÅ�«��A�ëþ?1g�'C
�, �ÏLÙg�'C�¼ê­��äÅ��þ.
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Study of characteristics of plume based on
hue-saturation-intensity during high-power

disk laser welding∗
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1) ( Faculty of Mechanical and Electrical Engineering, Guangdong University of Technology, Guangzhou 510006, China )
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Abstract

During high-power disk laser welding, the surface of the weldment is gasified strongly by the laser irradiation. Meanwhile, the

metal vapor plume is generated and changed into the plasma state. This plume can transmit through the laser beam reversely and has a

significant shielding effect on the laser beam. Therefore, the laser power which should be transferred inside the weldment is decreased,

the welding efficiency and welding quality are seriously affected. By studying and exploring the relation between the characteristics and

variation rules of plume and the welding quality, the state of laser welding can be monitored in real-time by the plume characteristics.

In the high-power disk laser bead on plate welding of a type 304 austenitic stainless steel plate at a continuous laser power of 10 kW, an

extraviolet and visible sensitive high speed color camera is used to capture the metal vapor plume dynamic images. These digital images

are transfered to the hue-saturation-intensity color spaces from the red-green-blue color spaces. Also, the area of metal vapor plume

and the path length which the laser beam runs through the metal vapor plume are segmented and defined as the plume eigenvalues.

The fluctuation of weld bead width is used to evaluate the stability of welding quality. By analyzing the statistics of the variance and

mean values of plume eigenvalues, the experimental results confirm that the stability of the welding could be evaluated by the plume

characteristics dynamically.

Keywords: high-power disk laser welding, metal vapor plume, hue-saturation-intensity color spaces

PACS: 81.20.Vj, 95.75.Mn, 52.38.–r
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