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`iX�D�MK�V CO2 e\|z`iwm�FI�Æ ∗� � �'%
(7RH-ZHHH�, 7R 130022)� � \ny"�M%�2, *p%0a CO2 k=J�;�, �F��J��o�u�:bQ,  90J�#�:��M?i,M%S�/	B>/J�FB#ÆY�}[Q�k=^���k=0anJ�iak._-b�ny"k=J��:?>�_hm.. �D�q, �ny" CO2 k=�/	B>/J�FB#, �:h?>+S~wJ�FB#E:h#�xr(p?>h._<�:, �/G#��dM/Ghianw/G�Y{6iah��!`4A�:. m4�}[Qh	y, �:bQ�&#	yW�8hFB, [Q� 35 L/min D�:bQ<8; m4k=^��h	y, �:bQ�&#	yW�8h!N, �e:Æ[/>��!,�� 22.5◦ D7\deÆ8h�:bQ. k=0a� 4 kW D�:bQ<8, � 0.75 m/min hnJi!�:eÆLa .[gH �:, k=>/J�, ny", ._-b��PTob TG456.7 
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ABSTRACT The porosity in the welded seam can be generated easily during the CO2 laser nonpen-
etration deep welding of low carbon steel, which affects the quality of welding. This research uses the
mild steel as the object for the high quality requirements of welding. The advanced high–power CO2

laser generator was used for the welding experiment. The method of cutting cross–section of weld seam
was used to analyze the porosity number and observe the morphology and location of porosity in the
weld. The effects of such process parameters as shielding gas flow, laser beam inclination, laser power
and welding speed on porosity generating were discussed. The research results show that the generating
of porosity is due to the unstable collapse of the keyhole in the process of CO2 laser nonpenetration
welding of low carbon steel. The porosity would be formed when the speed of bubble escaping form
the weld pool is lower than the speed of melting metal solidifying. The results also show that with the
increase of shielding gas flow, the porosity number presents a curve of increase firstly and then decrease.
The lowest porosity number can be obtained at a 35 L/min of gas flow. With the increase of laser beam
inclination angle, the porosity number shows a trend of decrease after increase. Under the condition
of deeper penetration welding, the relatively lower porosity number can be obtained at the inclination
angle of 22.5◦. When the laser power is 4 kW, the porosity number is lowest. At the condition
of lower welding speed, the bubble can escape easily for the longer existence period of melting weld pool.
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Thus lower porosity number and porosity number can be achieved. The porosity can be inhibited
effectively at a welding speed of 0.75 m/min.
KEY WORDS porosity, deep penetration welding, mild steel, processing parameteroz#tx,urOiz/Cxoh;Cx, �/XB5$fd?�ikq. H'oz#u8N�iK���uP�, n5l>K�t\�Cw�i?�N&{kq [1−7], oz#il>K���VfdT
o. ^P�oz#V	�A?0K�, sÆP�0
l>K�E, K�$25B�;. �;PK�$6�iK�&), �5�"RN(�86Cu�\n/. N& [8−11] �r, l>K�/`.��;i�?u�\in/, N&�m|NT�G/`r\�>_�{�dKl>w!l��<!�;i5B. C�V�l>K��;5BhIo<!���AT��iN&. �;5BihI8℄Bv��K�)U$qH�~i��{Q� [12] oF;$�yws [13] lhh. �;<!��u�KqvSMD<!0-�ZiJ�jb [14], dl>_K� [15,16], w�l>dKi"�{�b [17−19] o<!K�. [20] l.7℄���ZyC~78℄<!�;i5B, ^
zTK�/`i��C.�/?℄oz#�N&�3, N&K�/`.�oz#�0
Cl>?0K��;�?A`in/, { �;5BihI, V�<!oz#l>?0K�E�;i5B, �9K�&), 
�K�"R, �l>?0K�oz#K�X|ikq|2.5.

1 }�QOHQ)U+q℄ 20 g #�℄�ioz#, Æ\J?� ("R�, %)�: C≤0.20, Si 0.15—0.30, Mn 0.50—

0.90, P≤0.035, S≤0.035, Fe yR. K�RRIX�
80 mm×30 mm×12 mm.  1 qM�l>K�HQMg. l>_!:+�X, ℄�� α 4:�K�/�, �� α �l>_{/��*�1x�, K��13qM.

	 1 k=J�GPLf�
Fig.1 Schematic illustration of laser welding test

l><�+q DC050 = CO2 l>�, WNl>sK�gs. kq7!x,�/�1x�/?u7�Al>��K�HQ. K�GC+q�)�~�Z, �Z�~+q HeN Ar bO�~, ~i�� He � Ar=1 � 2.�;:1Z�+qP&��: tZ&POK�91�3�N�, q 3% 4k( 1Y�A�FX, q~K%�#�A:1�v, �&��qx:1K�9�p�;�%oK��j; t	&P�$K�R�p�AN�, q 5%4k( �FX, q~K%�#�A:1�v, �&��qx:1K�R�p�;�%oK�R�p�j. �/?+qt	&���v 5 mm K�w}( 0.25 mm i 20)R�p�;N	20?, ��v�;℄�$\xlx
0.05 mm �+R�3.

2 }�k_�S�
2.1 �x�rqNxn�GJ���l>1b P=4.5 kW, K�jb V=1.75 m/min,l>_�� α=22.5◦, G�R f=+2 mm i��", �Z�~\R��;RNK�0?in/3 2 qM. 8℄4N, `�Z�~\RV 15 L/min 
zd 20 L/minE, �;R��o. �Z�~\RV 20 L/min 
zd 25 L/min E, �;R%-
z. n5�Z�~\R9G 25 L/min, �;R3J\�~�9. �Z�~\R
zd 35 L/min E, �;R�d=9. 0?n5�~\Ri
zA'N*�z?i"O. ^�Z�~\RG\9G 30 L/min X, 0?u�7"O.

2.2 f℄�yhNaj�qJ��� P=4.5 kW, V=1.75 m/min, f=+2 mm, �Z�~\R L=20 L/min i��", l>_����;RNK�0?in/3 3 qM. 8℄4N, `l>_�
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	 2 �}[Q��:bM/>hm.
Fig.2 Effects of gas flow on the porosity number and pen-

etration depth



s 2 � : $j : I�-^,a�mx! CO2 j<=.I��9>=gl- 183��V 0◦ 
zd 7.5◦, �;R
z, ^Vl>_���
7.5◦ E3J0�, l>_��V 7.5◦ 
zd 37.5◦, �;RA�9"O, ^���� 30◦ E�_. n5l>_��V 0◦ 
\d 37.5◦, K�0?$A
z"O, �l>_��� 15◦ EYd=\0?, (Xn5l>_��iwF
\%-�o. �f;�\0?��", �� 22.5◦E8℄ef�9i�;R.

2.3 f℄ZtNxn�G^sJ��� V=1.75 m/min, α=22.5◦, f=+2 mm, L=

20 L/min i��", K�1b��;RNK�0?in/3 4 qM. 8℄4N, l>1bV 3 kW 7Cd
4 kW E, �;R%-�9. l>1bwF
z, �;Rv3J*�
�. n5l>1bi7C, K�0?Z��*�
z.

2.4 aj�tNxn�G^sJ��� P=4.5 kW, α=22.5◦, f=+2 mm, L=

20 L/min i��", K�jb��;RNK�0?in/3 5 qM. 8℄4N, `K�jbV 0.75 m/min
zd 2.75 m/min, K�$i�;RA'$
z��9i"O, �K�jb� 1.75 m/min E, �;RYd
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	 3 k=^����:bM/>hm.
Fig.3 Effects of laser beam inclination on the porosity num-

ber and penetration depth
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	 4 k=0a��:bM/>hm.
Fig.4 Effects of laser power on the porosity number and

penetration depth

=\�. ��xK�0?, �K�jb7x 1.75 m/min�Z+�oj��, K�jb�K�0?in/$\, �`K�jb9G 1.75 m/min X, 0?%-�o.

3 S���u
3.1 L�Wf℄R{�ajxn�Gdp�l>?0K�GC$, �;5&i1bn~l>�:", )U5B�
!�?F;. F;wJfT�>_�:"�~)UNF�
5Bi&���, F;f��50-�Z, Yv�Zf(�57~)U. ;��Y~\{N�2�pÆM{;�wNF5Bi��LM+D!�D5{v	T. >_$��4F;, ;�i)U�NF\{, n5>_[{, F;J%Px\{i�y2v. 6 � 20 g #l>?0K�K�q(91�p�j. 8�, K�q(K�#{�K�#	�P�j!$	^, ��$2, ��luZyiA�, er�K�GC$,F;i{&��yC, �q(i
{�6.V.  6 $$A�i|��j$�<8℄oNF;��NX��K�GC$Vd>_�lG6~o�Z��4�?qi$�. F;iX��)�?, ��'uP7i℄�. �{l>_}�:4:, ��℄�(�5B�V�
, 0-�Z��i{LIF;X�
B�)u8. �Z�~n>_04, ����)i(��?, $xeN)a�?�;. ��i�?{F;iwsun�8�, qF;i�yC�x�

0.5 1.0 1.5 2.0 2.5 3.0

6

8

10

12

14

 

 Porosity number
 Penetration depth

Welding speed, m/min

P
or

os
ity

 n
um

be
r

4.4

4.6

4.8

5.0

5.2

5.4

 

P
en

et
ra

tio
n 

de
pt

h,
 m

m

	 5 J�ia��:bz/>hm.
Fig.5 Effects of welding speed on the porosity number and

penetration depth

	 6 J�p'80�o�
Fig.6 Vertical section of a welded seam
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Pabl + Pg = Ph + Pσ (1)K$, Pabl �KLM, Pg �GR��LM, Ph �\~LM, Pσ ��pÆM. *M�}	T�A3 7 qM.�4F;il>1ban5F;�$i
\�
\,{<1bA Gauss �%, ukn5�$iwF
\1ba*&"x�N, If�TixR\N��LMYd=\�. ��LMN�pÆMi	u1yF;�$i	T�.�pÆM{��LMi$	TaIF;5B�aCiTooBÆ. l>?0K�GC$, F;a�A(Ci���"o, $�yiF;)2"o, �?�� [21,22]. `��7�jb7xYv�Z|7jbE, ��?T�;.�oz#l>?0K�GC$, F;$�yws��Z0H04�?��. ���0-K��Z$a7��eN.  8 +NT 20 g # CO2 l>�0
K�K�R�po�;�j. 8℄4N, �;!$P}�%�K�q(, �"(N$(2u�;W�, ��HT��7�GCiW�. `��ÆG0Hijb7x0H|7jbE�?�;.

3.2 Y�E���dpU�
He �N Ar �bO�)�Z�~8℄b!lG6~i5B!�ZK�. ��Z�~\R� 15—20 L/min��", �Z�~�xF;N0Hi?qYdZ&+��yi2v, �;R�9; n5�Z�~\R
zd

25 L/min E, �;R
z. }hP�~\R
z, K�0HqVdi�~LM
z, �E�~�F;��i?qIÆN'*(C��, b�Æt(�+k
B"o, �

?���?i"Op.7C; ��~\R�Z&
\d
30 L/min E, 0?Yd=\�. 8�, TE�Z�~�r%r5OTlG6~. ��~\R
ziYZ)�EPI�~�~
\, x{lG6~�/��pZ)P7iÆ�w�AxR	_, V�fd�?i0H. �~\R
\VaIfF;;$�\, IÆ,z�y, �;�9. \i�\$^
zTF;;$, IF;�y, ��℄r%
zT\�\�0Hi

?q, I�?i��x5,>rV0H~N.`l>_�� α V 0◦ �d 7.5◦ E, 0?3-$\,^Ptxl>_��� 7.5◦ E, F;��*(�Z�
,z.V, KdX�5B�)+�\9, Yv�Z�J

	 7 :�hKL�SLf�
Fig.7 Schematic diagram of pressure balance at the key-

hole wall (Pabl—recoil pressure, Pg—excess steam

pressure, Ph—fluid pressure, Pσ—surface tension)

	 8 J�Q�on�:?i
Fig.8 Morphologies of cross–section of a weld seam (a) and a porosity (b)



s 2 � : $j : I�-^,a�mx! CO2 j<=.I��9>=gl- 185�E04�Z�~rb�\, �F;t�V8xauZ7(�Yv�Z����q�, 
zTti$�yC; txl>_��� 15◦ E0?=?, F;�d"p� , �$�y, 0H\{IfF;|��O, �?��/Zi8xC
\. n5l>_��*&
z, �;R�D�9, �vdi\�;VP�D�9, dTl>_��� 37.5◦E, ���
'\�;W�. ,T}hPn54:d/��pi>�IXi*�
\, F;i;$Vuq
z, �1bn~�7, 0?��, F;�f,z�y, $5B\�;. Y�, ;$
\N0?��VuKx��i~N, �E0H{`��1?Zy�~, tx��7�g�O5`��1, %(`�~\E��eN,z2.�K�jbZyi�A", l>1b�7, *xR�7, )W4�7, 0HF'E}P�. �l>1b�oE
(3 kW), 0?��, 040Hi�Z�~�?i��NU�k+mi��eNiÆ��7, �Zb)b&, 0H�DYvE}P�, F'|7>, ��$V0HeN, V�/Z�K�J, �?��i�;. n5l>1b
zd
3.5 N 4 kW, 0?$��?, *xRi
\I0HF'�D�^g, �uKx��V0HeN. l>1b
zd
5 kW E, tx0H�p�~�Z&7C, �?�P�iE}w�Z��LM�\, F;|�, q(�pÆM�\,�OE}o�. Y�, l>1bi
zVIfF;3=P�Z���\�~
z, 04i�Z�~
z, �?�;irbz\.K�jbn/*xR, V�an/K��Z)Ui0\8bN0H|�E}. n5K�jbV 0.75 m/min 
zd 1.75 m/min, *xR�o, )W4R�9, K��Z|7�>, 0HW�E}��, Z+��V0HeNiE}�9, I��D$oeN, /ZX�?�;, �EtxK�jboi�A", l>_xR��i?qdF;q�,b��Z���0HiKfC�5, IK�GC,z�y,K�jb
z, �yCa"�, F;$�y)2�?�;; �K�jbV 1.75 m/min 
zd 2.25 m/min, �;r%�9, �8xPtxK�jb�>i�A", F;;$aOK��1u�\iC8, If�Z���~N, ;$
\VaIh $�y~fdb!, �;�?�9; �;txK�jbi|&ab�0HW�E}��,�Z|7z>, ^PK�jb
z0?Va+k��, *Kx��eN. �;�l>1bNK�jb2�&i��", uKx�60H\{�v, ��xb!�;5B�6'T. ^n5K�jbV 2.25 m/min 
zd 2.75

m/min, �Z|7jb�Z&�>, �$Kx��~N, �E, K�jbG>El>_xRi\(�a?qxF;���7i(�, I�Z��OQ�F;�O;��1�
N%, �?F;X�0H5B��Kf, i���,

I0HNF;�yC�3, l(�;R�9, ^u_"O.

4 ku
(1) oz# CO2 l>�0
C?0K�GC$, �;i�?,T�xK�GC$F;i$�ys)q�?i/`=�;.

(2) �Z�~\R� 35 L/min E, +��\i�\IF;;$
\, IÆ�yC
�, \\�9T�;5Bi�1; �E�\�0H

?qr%, z>T���K�0H$i7�jb, �9T�;�K�$i/Z.

(3) l>_��� 37.5◦ E, >��\If;$
\,F;t�"x�y, IF;|��O�?��/Zi8xC�7. �El>_�:�~X, 
zT��i7�E},Kx��i~N, �;R=9. �f;�\0?��",�� 22.5◦ E8℄ef�9i�;R.

(4) `l>1b� 4 kW E, 0?N0?2��I,,040Hi�Z�~�?i��eNiÆ��\, tx0H�DYvE}�8, ��V0HeN, �;R�d=9.

(5) K�jb�oE, )W4RP\, 0HW�E}8, Kx��eN, �;RP9. ^`K�jb�
2.25 m/min E, �&1bN�>iKjuKx��eN,�;�9, ^K�0?��.Cl
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