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ABSTRACT The fiber laser was used to weld austenitic stainless steel SUS304 sheet at the speed of
24 m/min. The effects of laser power, welding speed and shielding gas on humping tendency have been
investigated. The melt flow in the molten pool under different welding parameters was studied by Ti
tracer method and CCD visual detection system. The results show that the humping tendency is not
sensitive to the laser power. The humping is formed when welding speed exceeds 18 m/min, and goes
up with the increasing of welding speed. The humping tendency is completely different as changing
the direction of shielding gas under constant welding speed and laser power, and it is reduced when
the shielding gas direction follows the welding direction. It can be explained that, with the increasing
of welding speed, the melt flow becomes fierce, and the humping tendency goes up. The weld shape
turns to the�columnar weld�, when the shielding gas direction against the welding direction; the
weld shape turns to the�cup weld�when the shielding gas direction follows the welding direction. The�cup weld�expanded�U area�which gentles the melt flow and reduces humping tendency. Therefore,
adjusting the shielding gas direction to expand the�U area�is an effective approach to reduce the
humping tendency.
KEY WORDS high speed laser welding, humping tendency, melt flow in the molten pool, welding
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�1432 ��?�0�� { 48 &u;! [1], �yE	h[��\b, j;!ZOyP�h�, �yE�7O=�!Juj�. r�Irr%bj^��I	��� [2,3], C�Hw+�/-B	�h�(u�\.Bis3r
r�Iru&H`<�(E?�6 [4−11], Nguyen w [4−6] ,9;=E}TIr�Iru&HFN, +.XEx�(ufN. lI	O��+*, P�e>IL}TI�\�R��RuoBEk+O�Ru�AO�, j�r�RunN&Xk=��X5/fu. e>I&H&Ænu�RÆ}TI&H~Æ2u�R, Mse>IFN��R��1�X$YEk+O�At|up�, =/�}TIe:bj}^�L�z
�RuU^�. N_[:}TIr�Iru6 �D/jt6We>I. [3r [12−15] 
e>Ir�Iru�(�(E6 , js 6 !�^;=�R(\uO�Ek�At|u&X$Y, 
^I	3G9B
�RO�uU�Ek�RO�`r���u:�ZÆ�&��-. �3�6 EI	3G9B
e>Ir���uU�AQ,8W Ti 1�eLL�R CCD k�,=E/fI	3G9B	�RuO��X, +"_��soEr�Ir�(u:{U�NL, 
H�+OI*r�u�(#[9,u{.

1 AP#<6*(e>I	%�w YLR–2000 #>�e>z (>z�w 0.13 mm), E��A�3�V/,�u�+I	O�w 24 m/min. I	;:5Q�w 1 mm u SUS304/-(�, 8Wq��I��. I}d+W*d��;:(\Y�. ;�Cw 0 mm, �V|^5 99.9% u Ar,|OCw 20 L/min. �|w�℄I�V|5||O`�Ruh5℄��Rx5, ��℄I�V|5||O`�Rx5℄�h5. 8W AM1101 ##�`
I	�R�(:'w;, Fk�&�[��R&�LS.>W 100 µm Qu Ti ��w1�7G, �^I�&���!u/fz� (k 1), j�x�Q� (1.6 mm)/$a}	, �(e>(\�I, ,=/fI	3G9B	I�m9R Ti u�1�3. Ti ��^!5 (k 1a),"^;=�&��*u�RO��X, xU�3	 Ti ��^�5 (k 1b). /W JSM–7001F #A�$�℄}� (SEM) LjsB (EDS) �)℄sI�P�\&XLeL�1�3. k 2 5I	O� 24 m/min, I	5S
2 kW, ;�Cw 0 mm �� 45◦ ℄I�V|	I�P�\u&XL Ti, Fe, Cr eL\�℄�D, W Ti u�1�X�nI	FN��RuO��X. E 1 cm uI�B�w�-iz, >W��(;C�-izB�!r�u+��g{, ZrI�;C 6 ��q){�wvaI�r�u

+�. �I��5 6 cm B
bw;C
b, gp;C
br�BC, +YE;C
buB�sor�u�v.

G 1 Ti �t��y�0Ij
Fig.1 Schematic of Ti tracer position

(a) place Ti on the surface of weld

(b) place the Ti tracer in the middle of the weld

G 2 H�htdK�0j
Fig.2 Element distribution of the weld at a speed of

24 m/min, a power of 2 kW and a 0 mm defocus-

ing distance, 45◦ backward shielding gas

(a) SEM image of cross–section with Ti tracer

(b) EDS analysis of Ti, Fe and Cr element distribu-

tion
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2 AP92jI	O�w 22 m/min, 45◦ w�℄I�V|��x�iu}[	, gp/f5S	r�u+�L�vu$Y�3, �D�k 3 S1. /z, r�+�`r��vRe>5S$Y/aÆ. jI	5Sw 2 kW, 45◦ w�℄I�V|a}	, I	O��)w 12, 18 L 24 m/min *,I�u(\H&L�Ru&X�k 4 S1. /E*X, R�I	O�ums, �R��~7B, I�(\H&�~
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G 3 .e4R`|�q���#X��
Fig.3 Humping forming tendencies under different laser

power at 22 m/min

G 4 .eN��H�'[G%j�QmM%W
Fig.4 Weld bead formation (upside) and shape (underside)

of molten pool under 2 kW and different welding

speed

(a) 12 m/min (b) 18 m/min (c) 24 m/min

�Y, lI	O�+^ 18 m/min *, I�(\X�Er���. k 5 gpE/fI	O�	 (>18 m/min) r�u+�L�vu$Y�3. ��, R�I	O�u[+, r���ms, (�wr�+�umgLr��vuy�.8W%�ug�3�a}, l5Sw 2 kW,I	O�w 24 m/min,#$�V|^u℄I�� (w�℄I 15◦—

75◦, ��℄I 15◦—75◦), ;=r���`|^℄I��u:�. /f℄I��*r�+�`�vu$Y�3�k
6 S1. /z, 8Ww�℄I�V|*, r��vR�V|��u$Y/aÆ, r�+�j 60◦ *[g�{ (k 6a);

G 5 .eH�N�`|�q���#X��
Fig.5 Humping forming tendencies under different welding

speed at 2 kW
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G 6 .e�U{���q���#X��
Fig.6 Humping forming tendencies under different nozzle

angle for forward direction (a) and backward direc-

tion (b) under 2 kW and 24 m/min



�1434 ��?�0�� { 48 &`w�℄I�3��, ��℄Iur����y, (�wr�+�y", r��vmg, �j�� 45◦ *soEr���ug�{ (k 6b).

3 +JE=k 7.XE/fI	O�Le>5Sa}	 Ti1�eLj�Ri5u�1�X. 
� 2 kW, 24 m/min (k
7a) ` 1 kW, 12 m/min(k 7b) ��, j�x�>�/$ua}	, +OI�RO�%I, O^�	O�u�30saÆ, Ti eL6�oI�&��� 80% Z. yOI�^O��
q}, Ti eL6�oI�&��� 40% Z.
� 2 kW, 12 m/min(k 7c) ` 2 kW, 24 m/min(k
7a) ��, j�x5S/$u�3	[+O�, �RO�u%IN�=[ms�3, Ti ,q6�&�ms, x�
6�&�X 40% msoE 80%. "_/E�w, O�u[+j8Æ
ms�RO�u%IN�. 
� 2 kW,

12 m/min(k 7c) ` 1 kW, 12 m/min(k 7b) ��, e>5Su[++Y[Æ
ms�RO�, P� Ti ,q6�&�U[ms, j�
6�&���Pj�&u 40%�\, Da5S
^�^O�%IN�uU�/aÆ.k 8 5I	O�$YOyu�RO��X$Yu1Jk. k 8a ��1}5�A�YR���1O�+_T�1R�YTu
b. Kawahito w [16] 6 e>&�I*, =���1}5W?�O��Rx5u��. ��1�"Z�RP�\ (k 8b), /z, ���A`�1}5O�R5F� U &
b. iz*vF U &
bu��

�A^bw^�1�}A�*R�YTS._Tu^b._T^bgwI	O�L�1�\buKb, 
�/fI	O�ue>IFN, _Tu^b5/fu (k 8c). iz*vi+OI�1�(u_T0vg^yOI*�1�(u_T0v. t% U &
b\b/$, +OI	���AFP�\uOO+^yOI, �OOums`I	O�umsJw�. ���AE+OU��RR�, /�Ri�AO�0s~T. N_/E�w, I	O�u[+a/iz*v��Rx5O�u���A^bmg, OOm+, �RO�u%IN�[+.k 9a L b w�PI	O�L5S/$, /f�V|O��	I�P�\nN&�k�RO��X. ��, jf:uI	O�L5Sa}	, �rur���/f, �Ri5O�u%IN�=/f. +O%Iu�RO�
P+ur���, yOq[uO�
Pyur���. /E�w, �(r�uz	fN5�Ri5u%IO�, I	O�5FU��RO��ÆU�r���u. Xk 9aL b /z, w�L�� 45◦ ℄I�V| 2 �3G9B	I�unN&XbjaÆu?L, w�℄I*I�w���
, Æ��℄I/sI�unN&�X���
$H���
, Fabbro[12] LpKw [17] u6 =[:F�W. `���I�
�$H���I�
, �Rui5O�aÆ$q[, r���Æ
�y. 7�1�"�\���Rx5��i5uO��3, �k 9c L d S1. /z, f:uI	O�a}	, �1R�YT.<_Tu^b5�fu,

G 7 .e2F`|� Ti 0�dKi�Qh4tN��W
Fig.7 Ti tracer distribution of the weld (left) and schematic of Ti tracer flow (right) under different laser power

and welding speed

(a) 2 kW, 24 m/min (b) 1 kW, 12 m/min (c) 2 kW, 12 m/min
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G 8 �QN���0Ij
Fig.8 Analysis of the melt flow at the low and high welding speed

(a) schematic of the melt flow, melt metal flows from forward to backward of the keyhole

(b) cross–section of the molten pool along the central line of keyhole

(c) comparation of cavity volume in low and high speed welding

G 9 .eH�mM%���QtN��WKN���
Fig.9 Melt flow pattern (a, b) and corresponding analysis of the different geometrical shapes (c, d) at

2 kW, 24 m/min

(a)�columnar weld�, 45◦ forward shielding gas (b)�cup weld�, 45◦ backward shielding gas

(c) melt flow analysis for�columnar weld� (d) melt flow analysis for�cup weld�j���A`�1}�O�R�*�F U &
bu�\b5/fu,���I�
j�(\ZmsE 2 -:�O�r (k 9d), /sO^uOO�y, �RO�$q[,r����y. N_F#$I�unN&�, �v U &
bu�\b, j8# �RuO��X, 5�yr���u/(m�.:^�RO�5�NU�r�u�(, Bis3r.XEO�b#. 	<�5O^O�b# [18−22]�
Rayleigh’s capillary /}�) [23,24] L Kelvin–

Helmholtz /}�) [25] ww, s b#�j�7r�
�(FN�u�5���, jd}ZY[&H��r%	=ub#j8�7r�u�(. SE, :^�RO�
r���uU��W�.<��26 .

4 9=
(1) +Oe>I*, r���
e>5Su$Y/_%; lI	O�DF 18 m/min *, I�X�r���,�r���R�I	O�u[+Æmg; lI	O�L5S��*, /f�V|O��uI�r���[aÆ?L,��℄I�V|[Æ^�yr���, �j�� 45◦ *[g�{.
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(2)I	O�u[+m~iz*vi�1R�NYTÆ.<_Tu^bms, j U &
b�\b/$u}[	, �1}�u���A��1�R�O�uO�ms,�RO�$u0s%I, r���[+; ��℄I�V|^/sI�nN&�X���
$H���
, msE U&
bu�\b, �yE���AuO�O�, �RO�u%IN��y, r����y.

(3) +O%Iu�RO�
P+ur���, yOq[u�RO�
Pyur���, �(r���uz	fN5�Ri5u%IO�. F�v�V|O��#$I�unN&�Ems U &
bu�\b, j8# �RuO��X, 5�yr���u/(m�.$:IK
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