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Laser welding is suitable to produce high-precision weldments, because of low heat input and deep penetrations as compared with bead 
widths. The partially penetrated weld of steels, in general, is susceptible to porosities. It is suspected that gases such as oxygen and nitrogen 
in the base metal, the metallic vapor generated from the molten pool or the shielding gas are trapped in the weld metal due to unstable flow of 
the molten metal. However, the definite causes of porosity formation in laser welding have not yet been clarified. 

In the present report, the causes and the prevention of the porosity formation in partially penetrated welds of steels made by C 0 2 laser 
welding were investigated. The results are summarized as follows: 

(1) The porosities are caused by the metallic vapor and the gases trapped in the molten metal due to unstable metal flow in the molten 
pool with a key hole. 

(2) The porosities can be prevented by using a mixed gas of02 and N2 as a shielding gas and stabilizing the flow of the molten metal 
(3) The porosities can be prevented if the shape of the molten pool is stabilized by a beam oscillation along the weld center line. 
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Fig. 1 : Porosities in laser weld 

INTRODUCTION 
L a s e r w e l d i n g is s u i t a b l e to 
p o r d u c e h i g h - p r e c i s i o n 
w e l d m e n t s , because of low heat 
input d e e p pene t ra t i ons as c o m -
pared w i th bead wid ths . T h e par-
t ia l ly pene t ra ted w e l d of s teels, in 
genera l , is suscep t ib le to poros i -
t ies . It is s u s p e c t e d tha t g a s e s 
such as o x y g e n and n i t rogen in 
the base me ta l , the me ta l l i c va-
por g e n e r a t e d f r o m the m o l t e n 
p o o l o r t h e s h i e l d i n g g a s a r e 
t rapped in the we ld m e t a l due to 
uns tab le f l ow o f t h e m o l t e n meta l . 
H o w e v e r , t he de f i n i t e c a u s e s of 
poros i ty f o r m a t i o n in laser we ld -
ing h a v e not yet been c lar i f ied. 

In the present wo rk , the e f f ec t i ve 
fac to rs on po ros i t y f o r m a t i o n in 
C 0 2 laser we ld i ng of ca rbon steel 
(J IS S M 4 0 0 ) and s ta in less s tee l 
(J IS S U S 3 0 4 ) w e r e i n v e s t i g a t e d 
using 3 K W C 0 2 laser fac i l i ty . The 
p reven t i on of poros i t ies was a lso 
s t u d i e d f r o m t h e v i e w p o i n t o f 
we ld ing p rocedure . 

Formation of Porosities 
Fig. 1 shows an e x a m p l e of po-
rosi t ies in laser we lds of ca rbon 
steel . T h e r e are no poros i t ies in 
t h e f u l l y p e n e t r a t e d w e l d , bu t 

sma l l porosi t ies of d i ame te r less 
than 0.4 m m are obse rved in the 
par t ia l ly pene t ra ted we lds .F ig . 2 
shows the so l id i f icat ion pat terns of 
bead-on-p la te we lds in the lami -
nated plate of s ta in less steel and 
c a r b o n s tee l . T h e s o l i d i f i c a t i o n 
l ine near the root is cu rved and 
shows an unstable meta l f low. Fig. 

3 shows f rac tog raph ies of the in-
s ides of poros i t ies . The i r shapes 
are not un i f o rm and it is sugges ted 
tha t the po ros i t i es is c a u s e d by 
rap id so l id i f i ca t ion . On the ins ides 
of t he poros i t ies , a so l id i f i ca t ion 
subs t ruc tu re w h i c h s e e m s to be 
the solidification boundary face ap-
pears and this substructure resembles 
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the in terna l s t ruc ture o f sh r i nkage 
cav i t i es . 

T a b l e 1 a l so s h o w s t h e resu l ts o f 
g a s a n a l y s i s o f w e l d m e t a l s w i t h 
a n d w i t h o u t p o r o s i t i e s a n d b a s e 
me ta l . T h e r e is no s i gn i f i can t d i f -
f e r e n c e in n i t r o g e n c o n t e n t be -
t w e e n t h e w e l d m e t a l a n d b a s e 
me ta l , but t h e o x y g e n c o n t e n t in 
t he w e l d m e t a l is h i g h e r t h a n tha t 
in t h e base m e t a l . T h e r e a re no 
s i gn i f i can t d i f f e r e n c e s in n i t r o g e n 

Table 1 Gas content of base metal and weld metal 

Sampling 
Position P(KW) f(mn) 

V 
(m/min) 

Number of 
Porosities 

Shielding per 10 mm 
bead 

N(ppm) O(ppm) 

Base metal - 538 36' 

Partial penetrated 3.0 95 
weld metal 

0.5 He,coaxial 20 510 70 

1.0 
11 

0 . 562 82 

I P : Jkw 
j V : 0.5m/min 

' Xe Quill srutldlng 

Fig. 2 : Solidification pattern in partial 
penetration welds 

and o x y g e n c o n t e n t s b e t w e e n the 
w e l d m e t a l s w i th and w i thou t po-
ros i t ies . It is s u g g e s t e d f r o m th is 
da ta tha t t he N2 a n d 0 2 c o n t e n t s 
do not h a v e a d i rec t r e la t i onsh ip 
w i l h the f o r m a t i o n of poros i t ies . 

F r o m t h e a b o v e r e s u l t s , t h e 
b e h a v i o u r s of m o l t e n m e t a l d u r i n g 
laser w e l d i n g are s c h e m a t i c a l l y il-
l us t ra ted in Fig. 4. T h e b e a m key 
ho le in t he m o l t e n poo l du r i ng the 
l ase r w e l d i n g b e c o m e s u n s t a b l e 
d u e to m u l t i - r e f l e c t i o n of b e a m , 
h igh p ressu re of t he m e t a l v a p o r 
a n d f l ow c o n v e c t i o n o f t he m o l t e n 
m e t a l a n d g a s f o r m a t i o n . T h e 
o p e n i n g d i a m e t e r loca l ly b e c o m e s 
sma l l e r . 

T h e key ho les f i l led w i th m e t a l v a -
por a n d g a s e s do not a l l ow t h e 

m e t a l f l o w in m o l t e n poo l t o m a k e 
an i r regu la r s h a p e o f key ho les . 
T h i s i r regu la r rea r s h a p e c a u s e s 
t h e po ros i t i es d u r i n g t h e rap id so-
l i d i f i ca t i on . 

Prevention of Porosities 
A s m e n t i o n e d a b o v e , t he poros i -
t i e s a re f o r m e d by t h e i r r egu la r 
m e t a l f l o w d u e to t he m e t a l v a p o r 
a n d g a s e s in t h e key ho le . T o pre-
v e n t t h e m , t h e f o l l o w i n g e f f e c t i v e 
m e t h o d s w e r e p r o p o s e d . T h e ef-
f e c t i v e n e s s of t h e s e m e t h o d s on 
t h e p r e v e n t i o n of po ros i t y f o r m a -
t i o n w a s i n v e s t i g a t e d in t h e 
p resen t w o r k . 

1) T o r e d u c e the g e n e r a t i o n of 
m e t a l v a p o r by r e d u c i n g t h e laser 
o u t p u t p o w e r a n d i n c r e a s i n g the 
w e l d i n g v e l o c i t y . 

2) T o d e c r e a s e t h e s u r f a c e 
t e n s i o n of m o l t e n m e t a l by a d d i n g 
an a c t i v e n i t r o g e n or o x y g e n g a s 
into t h e s h i e l d i n g g a s in o r d e r to 
s t a b i l i z e t h e f l o w o f t h e m o l t e n 
poo l as s h o w n in F ig . 5. 

3) T o o s c i l l a t e l ase r b e a m in 
t h e w e l d i n g d i r e c t i o n to i nc rease 
the o p e n i n g d i a m e t e r o f key ho le 
so t h a t t h e m e t a l v a p o r , m a i n 
c a u s e o f p o r o s i t i e s , w o u l d b e 
e v o l v e d eas i l y . 

Experimental Procedure 
U s i n g a 3 K W CO., l ase r a p p a r a -
t u s w h o s e s p e c i f i c a t i o n s a r e 
s h o w n in T a b l e 2, b e a d - o n - p l a t e 
w e l d i n g of s t e e l w a s c a r r i e d out by 
t he s e t - u p s h o w n in F ig .6 . Ma te r i -
a l s u s e d w e r e s t a i n l e s s s t e e l 
p l a t es ( J IS S U S 3 0 4 ) o f 4 m m a n d 
6 m m in t h i c k n e s s a n d c a r b o n 
s tee l p la te ( J IS S M 4 0 0 ) o f 6 m m 
in t h i c k n e s s . T h e w e l d i n g cond i -
t i o n s are s h o w n in T a b l e 4. 
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Table 3 Chemical composition of materials used 

material 
thickness 

(mm) c Si Mn P S 

(Wt%) 

Ni Cr 

stainless steel 4 0.60 0 60 1.20 0.0035 0.010 8.81 18.07 

(JIS, SUS304) 6 0.03 0.29 0.95 0.0030 0.005 8.81 18.46 

carbon steel 
(JIS, SM400) 6 0.11 0 10 0.34 0.015 0.015 

Table 4 Welding condition 

Laser Power (KW) 0.5 3.0 

Focus length (mm) 95,127,191 

Welding speed (m/min) 0 5 3.0 

Shielding gas He + N (0 100%) 

He + O (0 10%) 

Shielding Shielding Method Coaxial flow 

Direction X (Welding direction) 

Oscillation Frequency (Hz) 0 80 

Amplitude (mm) 0 7 

o H3T0-CI 
<J rnV. -T. II. _ 11 ISO"; 
2 •u .̂Ukukf i.Jlâ i f-

0 . 0 2 0 .04 0 . 0 6 0 .0S 
0, N (wtl) 

Fig 5 : Effect of oxygen, nitrogen on 
surface tension of molten iron 

Fig. 6 : Configuration of laser welding 

A. M u l t i - r e f l e c t i o n of 
beam in t h e 
k e y h o l e 

Lase r beam 

Me ta l v a p o r i s t r a p p e d by 
u n s t a b l e b e h a v i o r o f key h o l e 

^ t V F \ L a s e r beam 
Weld m e t a l 

3 . High p r e s s u r e 
o f m e t a l v a p o r U s e r b e a r a 

i n t h e k e y h o l e 
^ P lasma o f / y n 
| p - i y m e t a l v a p o r 

Fig 4 : Assumed mechanism of formation of porosities 

Table 2 Specification of C 0 2 laser 
apparatus 

Item specification 

laser power range 500 3000 W 

resonation type 3 axis cross type 

power stability 5%(8Hr) 

wave length 10.6 

kaser gas C 0 2 - N 2 - He - CO 

T h e s h i e l d i n g g a s w a s h e l i u m g a s 
m i x e d w i t h o x y g e n or n i t r o g e n at 
a f l ow ra te of 40 / / m i n . 

T h e l a s e r b e a m w a s o c i l l a t e d 
u s i n g a m i r r o w in t h e w e l d i n g di-
r e c t i o n , a n d t h e a m p l i t u d e a n d 
f r e q u e n c y w e r e v a r i e d in t h e 
r a n g e s o f 0 - 7 m m a n d 0 - 80 Hz 
r e s p e c t i v e l y . 

A f t e r w e l d i n g , t h e w e l d s w e r e ex-
a m i n e d by r a d i o g r a p h i c tes t and 
t h e i r c r o s s s e c t i o n s w e r e o b -
s e r v e d u n d e r an o p t i c a l m i c r o -
s c o p e fo r po ros i t i es . 

Experimental Results and 
Discussion 
E f f e c t s o f O u t p u t P o w e r a n d 
T r a v e l S p e e d on P o r o s i t i e s 

F ig . 7 s h o w s the r e l a t i o n s h i p be-
t w e e n t h e n u m b e r o f p o r o s i t i e s 
a n d t h e b e a m o u t p u t p o w e r us ing 
t h e d i f f e r e n t f o c u s lens . A s t h e 
o u t p u t p o w e r i n c r e a s e d , t h e 
n i m b e r o f p o r o s i t i e s i n c r e a s e d . It 
is c o n s i d e r e d t h a t w i t h a n in -
c r e a s e in t h e o u t p u t p o w e r , t h e 
m o l t e n m e t a l w a s h e a t e d up to an 
e l e v a t e d t e m p e r a t u r e to g e n e r a t e 
m e t a l v a p o u r a n d t h e f l o w of the 
m o l t e n m e t a l in t h e m o l t e n poo l 
b e c a m e u n s t a b l e a n d e x c i t e d . 

T h e n u m b e r o f p o r o s i t i e s i n -
c r e a s e d w h e n t h e f o c a l l eng th of 
l ens w a s shor t . T h i s m a y be be-
c a u s e w i t h t he shor t f o c a l l eng th 
o f l e n s , t h e s p o t d i a m e t e r be -
c o m e s s m a l l e r a n d m o r e m e t a l 
v a p o u r is g e n e r a t e d „; apped 
in the m o l t e n m e t a l . 

F ig . 8 s h o w s the r e l a t i o n s h i p be-
t w e e n p o r o s i t i e s a n d w e l d i n g 
s p e e d . A s t h e w e l d i n g s p e e d in-
c r e a s e d , t h e n u m b e r o f po ros i t i es 
d e c r e a s e d . W h e n t h e w e l d i n g ve -
loc i ty w a s 3 m / m i n , no po ros i t i es 
o c c u r e d . 
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Fig. 7 : Effect 

Fig. 9 : Effect of active gas on penetration and number of porosities 

It is o b v i o u s t ha t in h i g h - s p e e d 
w e l d i n g , t h e k e y h o l e w a s e x -
t e n d e d long in t h e w e l d i n g d i rec -
t i on a n d the o p e n i n g d i a m e t e r of 
key ho le b e c a m e la rge so tha t t he 
m e t a l v a p o u r w a s e j e c t e d m o r e 
eas i l y . 

Effect of Active Gases on 
Porosity Formation 
F i g . 9 s h o w s t h e e f f e c t s o f t h e 
s h i e l d i n g g a s o n t h e d e p t h of 
p e n e t r a t i o n a n d po ros i t i es . C o m -
p a r i n g w i t h t h e h e l i u m sh ie l d i ng , 
t h e s h i e l d i n g w i t h h e l i u m g a s 
m i x e d w i t h a n a c t i v e o x y g e n or 
n i t r ogen g a s b r o u g h t a b o u t a 
r e m a r k a b l e r e d u c t i o n in t h e n u m -
b e r o f p o r o s i t i e s a l t h o u g h t h e 
p e n e t r a t i o n d e p t h d e c r e a s e d 
s l i gh t l y . T h e n u m b e r o f po ros i t i es 
b e c a m e z e r o w h e n t h e m i x i n g ra-
t io o f n i t r o g e n g a s w a s 1 0 0 % and 
tha t o f o x y g e n g a s w a s a b o u t 5 % . 
T h e s a m e t e n d e n c y w a s o b s e r v e d 
in laser w e l d i n g o f bo th s ta i n l ess 
s tee l a n d c a r b o n s tee l . 

Welding siiecd V [•/•in] 

Fig . 8 : Effect of welding speed on 
number of porosities 

Shie ld ing ; He, Coexlel 
v : 0.S n / » i n 

. 1 0 t •. 95 m 
"I . f: 127 . » 

D| 55 " U f : 127 »m 

0 1 . 0 2 . 0 3 . 0 

L i t e r power, P fkK) 

of laser power and focusing conditio on number of 
porosities 
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sh ie ld ing gas 

0 

Output power 2.8kW 

welding speed 0.5m/min 

sh ie ld ing gas He, N2 

s ta in less steel 6 
^ quartz glass high speed camera 

Fig. 11 : Observation method of molten pool 

F ig . 10 s h o w s t h e s o l i d i f i c a t i o n 
pa t t e rn of t h e c r o s s s e c t i o n w h e n 
o n l y n i t r o g e n g a s w a s u s e d f o r 
s h i e l d i n g . T h e s o l i d i f i c a t i o n l i ne 
w a s less d i s t u r b e d , s m o o t h e r a n d 
s t r a i gh te r t han t ha t s h o w n in F ig . 
2 in w h i c h pure h e l i u m w a s u s e d 
for s h i e l d i n g . It is p r e s u m e d tha t 
w h e n t h e s h i e l d i n g g a s c o n t a i n e d 
o x y g e n o r n i t r o g e n gas , t h e sur -
f a c e t e n s i o n w o u l d h a v e d e -
c r e a s e d as s h o w n in F ig . 5 and 
t h e f l o w o f m o l t e n m e t a l w o u l d 
h a v e b e e n s t a b i l i z e d , e n s u r i n g 
s m o o t h f i l l i ng of t he key ho le w i t h 
m o l t e n m e t a l a n d t h e r e b y p r e -
v e n t i n g p ro rs i t i es . 

T o c l a r i f y t h e s e p o i n t s , t h e be-
h a v i o r o f m o l t e n m e t a l w h e n he-
l i u m a n d n i t r o g e n g a s e s w e r e 
used fo r s h i e l d i n g w a s d i r ec t l y ob-
s e r v e d t h r o u g h q u a r t z g lass . F ig . 
11 s h o w s t h e o b s e r v a t i o n m e t h o d 
o f m o l t e n poo l . T h e l ase r b e a m 
w a s a p p l i e d to m e l t t h e butt j o in t 

o f s ta in less s tee l p la te . T h e mo l -
ten poo l du r i ng laser w e l d i n g w a s 
d i r e c t l y o b s e r v e d t h r o u g h t h e 
q u a r t z g l a s s f r o m the s i de . Ex -
a m p l e s of o b s e r v a t i o n resu l ts are 
s h o w n in F igs . 12 and 13. F ig . 12 
s h o w s the b e h a v i o u r s o f m o l t e n 
poo l u n d e r the h e l i u m sh ie ld ing . 
A t t he l ower par t o f t he key ho le , 
a n e x p a n d e d rear f l ow is f ound . 
T h e m o l t e n m e t a l d i d not f l o w 
in to th i s part s m o o t h l y . As a re-
sul t , t he g a s e s a n d m e t a l v a p o u r s 
r e m a i n e d at th is por t ion to f o r m 
po ros i t i es d u r i n g rap id so l i d i f i ca -
t ion . 

M e a n w h i l e , F i g . 13 s h o w s t h e 
b e h a v i o u r of m o l t e n s tee l u n d e r 
n i t r ogen g a s sh ie ld ing . T h e f l ow 
o f t he m o l t e n m e t a l w a s s tab le at 
t he rear por t ion and the key ho le 
h a d a l a r g e o p e n i n g d i a m e t e r . 
T h e r e f o r e , in te rna l gas a n d m e t a l 
v a p o u r w e r e e a s i l y e j e c t e d up-
w a r d a n d t h e k e y h o l e w a s 

IS | - P: 3 kW 
V: 1 . 0 m/min 

A m p l i t u d e : 2 mm 
S h i e l d i n g : He 

SUS 304 

0 20 40 60 " S T 

O s c i l l a t i o n f r e q u e n c y (Hz ) 

4.0 

3.0 

Z 0 

1.0 

0 

Fig 14 : Effect of Beam Oscillation on penetration and porosities 

.asw", 
- ir -. -

Fig. 12 : Behaviour of molten pool 
(Shielding gass : He) 

/ Mm | | | § 1 § jffifflBgp 
T I B & T 

Fig. 13 : Behaviour of molten pool 
(Shielding gass : N 2 ) 

i 
s m o o t h l y f i l l ed w i t h m o l t e n m e t a l , 
t h e r e b y p r e v e n t i n g t h e f o r m a t i o n 
o f po ros i t i es . 

Effect of Beam Oscillation on 
Porosity Formation 

F ig . 14 s h o w s t h e e f f e c t o f b e a m 
osc i l l a t i on o n p o r o s i t i e s a n d pen -
e t ra t i on d e p t h . 

F ig . 15 s h o w s the c r o s s sec t i on of 
laser w e l d of c a r b o n s tee l m a d e 
w i t h b e a m osc i l l a t i on . 

A t t h e f r e q u e n c y o f osc i l l a t i on of 
h i g h e r t h a n 4 0 H z , no p o r o s i t y 
w a s f o r m e d . 

T h e r e a s o n s e e m s to l ie in tha t 
a s t h e k e y h o l e o p e n i n g w a s 
e l o n g a t e d in t h e osc i l l a t i ng d i rec -
t ion , t he m e t a l v a p o u r f i l l i ng t h e 
key ho le w a s e j e c t e d s m o o t h l y 
and t h e rea r s h a p e of t h e m o l t e n 
poo l w a s i m p r o v e d , t h e r e b y s tab i -
l i z ing the s o l i d i f i c a t i o n pa t te rn . 

CONCLUSION 
T h e f o r m a t i o n o f p ro rs i t i es in par -
t i a l l y p e n e t r a t e d l a s e r w e l d s of 
s t e e l s w a s i n v e s t i g a t e d u s i n g 3 
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K W C 0 2 laser fac i l i ty , and the fol-
lowing resul ts were ob ta ined . 

(1 )The proos i t ies resu l ts f r o m the 
me ta l v a p o u r and o ther gases 
t r a p p e d in the m o l t e n m e t a l 
d u e to u n s t a b l e b e h a v i o r of 
the key hole. 

( 2 ) T h e p o r o s i t i e s c a n be p re -
ven ted by us ing, as the sh ie ld-
ing gas, a m i x e d gas conta in-
ing o x y g e n or n i t rogen gas and 
i m p r o v i n g the f l ow of the mol -
ten meta l . 

( 3 ) T h e p o r o s i t i e s c a n b e p re -
ven ted th rough ag i ta t ion of the 
mo l ten me ta l by b e a m osci l la-
t ion in the we ld ing d i rec t ion . 

m m 
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Fig. 15 : Effect of Beam Oscillation on porosities 

Oscillation : Welding Direction 
Frequency : 40 Hz 
Maplitude : 2mm 
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