
Role of Shielding Gases in Discontinuity Formation 

in GTA Welding of Austenitic Stainless Steel Strips 

Arc shielding gas giving a deep root penetration permits 

lower welding currents, resulting in shallower undercuts as 

well as smaller and fewer center cavities 

BY V. P. KUJANPAA, L. P. KARJALAINEN AND H. A. V. SIKANEN 

ABSTRACT. Two Type 316 austenitic 
stainless steel strips were welded by 
autogenous single-electrode GTAW at 
speeds of 0.8 and 1.6 m/min (31 and 63 
ipm) and tube produced by three-elec
trode GTAW at speeds of 1.6, 3.2 and 
4.8 m/min (63, 126 and 189 ipm). The 
role of five arc shielding gases (Ar, Ar 
+ 8.5% H2, Ar + 17% H2, He + 20% Ar 
and Ar + 0.3% C02 ) and two weld root 
shielding gases (Ar and N2 + 15% H2) on 
discontinuity formation was investigated. 

Three types of discontinuties were ob
served in the welds, /. e., cracks, center cav
ities and undercuts. No internal gas poros
ity was detected in any case. Cracks were 
short and formed only at low welding 
speeds in the welds solidifying in a primary 
austenitic mode. The amount of center 
cavities was found to increase with the 
cross-sectional area of the weld, while the 
undercuts were strongly dependent on 
the welding current. 

The role of the shielding gases is an 
indirect one. Arc shielding gases giving a 
deep penetration allow lower welding 
currents to be used, resulting in lower 
undercuts and a smaller weld cross-
sectional area and, therefore, also a low
er incidence of center cavities. The weld 
root shielding gas has no effect on dis
continuity formation. 

Introduction 

Austenitic stainless steel tubes and 
pipes are generally produced by gas-
shielded arc welding methods —GTAW 
or PAW — the former being normally uti
lized for thin materials (1-3 mm or 
0.04-0.12 in.) and the latter for thicker 
ones. Both methods can be adapted for 

single or multiple electrodes. Combined 
GTAW/PAW methods have also been 
employed. 

The shielding properties, the weld pool 
geometry, and price are the factors usu
ally considered when selecting shielding 
gases. Pure argon and argon-helium mix
tures are often used as arc gases and 
argon or mixed nitrogen-hydrogen for 
weld root shielding. Hydrogen, and 
sometimes oxygen or carbon dioxide, 
may be added to argon arc shielding gas 
in order to improve or create stable weld 
pool penetration, which is often seen as a 
production problem in the case of aus
tenitic stainless steels. The use of hydro
gen in a pure argon gas shield enables 
much higher production speeds (Ref. 1), 
as does the use of multi-electrodes (Ref. 
2), too. 

The recent increasing demand for effi
ciency, i.e., higher welding speeds, has 
brought with it a problem of discontinuity 
formation, particularly in mechanized and 
automated single and multiple-electrode 
GTAW methods. The effect of welding 
variables on discontinuity occurrence was 
studied in a previous paper (Ref. 3), in 
which the discontinuties were classified 
into different types according to their size, 
shape and location in the weld. It was 
confirmed that cracks and ripple cavities 
can be formed at low welding speeds 
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typical of single-electrode GTAW, while 
center cavities, undercuts, and humps are 
found at high speeds. Little is known, 
however, of the role of the shielding gases 
in the formation of these discontinuities, 
although work is done on effects of shield
ing on penetration characteristics and gas 
evaporation pores (Ref. 1,4-6). 

This paper is a part of an extensive inves
tigation dealing with the formation of weld 
discontinuities in GTAW on austenitic 
stainless steel sheets, strips and tubes. The 
purpose here is to establish the role of the 
shielding gases on discontinuity formation, 
especially at high welding speeds. 

Experimental Procedure 

Materials and Shielding Gases 

Two commercial, Type 316 1.5 mm 
(0.06 in.) thick austenitic stainless steel 
strips were used. These were selected so 
that one would solidify primarily ferritical-
ly upon welding (grade 1) and the other 
primarily austenitically (grade 2). The 
compositions are listed in Table 1. 

The effects of five arc shielding gases 
and two root shielding gases were tested. 
Their compositions are given in Table 2. 
The gases were mixed in a unit equipped 
with three rotametries. Their composi
tions were analyzed using a gas chro
matograph, and the flow rate was con
trolled by a gas dial gage with an accu
racy of about 0.1%. 

Single-Electrode Tests 

A mechanized single-electrode GTAW 
method was employed in all the laborato
ry tests. The weldments were fabricated 
autogenously without a groove, in a 
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Table 1—Compositions of the Test Strips, 
Wt-% 

Table 2—Shielding Gas Compositions, Vol-%. 

C 
Si 
Mn 
P 
S 
Cr 
Ni 
Mo 
Cu 
N 
Nb 
Ti 
O 

Grade 1 

0.022 
0.47 
1.58 
0.045 
0.021 
16.7 
10.9 
2.65 
0.31 
0.0525 
0.00 
0.00 
0.0085 

Grade 2 

0.029 
0.43 
1.72 
0.035 
0.011 
16.8 
12.9 
2.59 
0.38 
0.0280 
0.02 
0.00 
0.0125 

specimen fastened to a rigid jig. A 
detai led descr ipt ion o f the p rocedure is 
presented in the l iterature (Ref. 3) whe re 
in the reproducibi l i ty of the test is also 
discussed. 

T w o we ld ing speeds —0.8 and 1.6 
m / m i n (31 and 63 ipm) —as we l l as f ive 
arc shielding gases and t w o roo t shielding 
gases w e r e used for each strip —Table 2. 
Pure argon was used as a trail ing shield in 
order to prevent the ox idat ion o f the 
w e l d . It had no role, h o w e v e r , on the 
fo rmat ion o f defects. 

Several magnitudes o f we ld ing cur
rents w e r e uti l ized. In each case the 
highest one was adjusted as high as 
possible, whi le just avoid ing melt-
th rough, in o rder t o obta in a high inci
dence of discontinuities (Ref. 3). Due t o 
the d i f ferent w e l d roo t penet ra t ion p r o p 
erties of the shielding gases, this var ied 
f r o m gas to gas b e t w e e n 150-210 am
peres (A) and 215 -320 A at 0.8 and 1.6 
m / m i n (31 and 63 ipm), respect ively. Low
er currents used also gave comp le te w e l d 
roo t penet ra t ion. O therw ise , the cond i 
t ions w e r e kept constant th roughou t the 
exper iments and are g iven in Table 3. 

Multiple-Electrode Tests 

In addi t ion t o the laboratory tests, a 
28 X 1.5 m m (1.1 X 0.06 in.) t ube was 
p roduced in a factory by the autogenous 
three-e lect rode G T A W m e t h o d . The 
material was a strip of grade 1. Three 
we ld ing speeds, 1.6, 3.2 and 4.8 m / m i n 
(63, 126 and 189 ipm), three arc shielding 
gases (Ar, Ar + 8.5% H 2 and Ar + 17% 
H2) and t w o roo t shielding gases (Ar and 
N 2 + 15% H2) w e r e used. 

The currents o f the first and th i rd 
e lect rode w e r e kep t constant at each 
speed; the first e lect rode at 60, 90 and 
165 A and the th i rd at 60, 80 and 70 A f o r 
the we ld ing speeds of 1.6, 3.2 and 4.8 
m / m i n (63, 126 and 189 ipm), respect ive
ly. The current o f the middle e lec t rode 
was adjusted so that a b road , comple te 
w e l d r oo t penetrat ion w i t h o u t melt-

Ar 

Arc shielding gas: 
Ar 99.995 
Ar4-8.5% H2 91.3 
Ar + 17% H2 82.9 
He + 20% Ar 19.9 
Ar + 0.3% C 0 2 99.7 
Weld root shielding gas: 
Ar 99.995 
N2 + 15% H2 0.02 

He H2 co2 N2 

-
8.7 
7.1 

-
-
— 
5.4 

<0.0002 
<0.0002 
<0.0002 
<0.0002 

0.3 

<0.0002 
<0.0002 

<0.001 
<0.001 
<0.001 
<0.001 

0.013 

<0.001 
84.6 

th rough was achieved in each case. Due 
to the d i f ferent w e l d r oo t penetrat ion 
characteristics o f the gases, the current 
var ied f r o m gas to gas b e t w e e n 105-150 , 
140-205 and 170 -190 A at the three 
we ld ing speeds, respectively. O the rw ise , 
the condit ions w e r e kep t constant — 
Table 3. 

Metallographic Methods 

The test we lds w e r e pickled in a 15% 
H N 0 3 + 5% HF solut ion, c leaned and 
examined visually by stereo light micro
scope (accuracy of measurement ± 10 
jum) and b y x-ray radiography (accelera
t ion vol tage 90 kV, current 5 m A , expo
sure t ime 14 min , resolut ion about 50 
^m) . The numbers, and sizes of the w e l d 
discontinuities o n the face and root sur
faces and o n the x-ray f i lm w e r e mea
sured by stereo light microscopy. The 
cross-sectional area o f the welds was 
determined f r o m photographs . The 
microstructure o f the welds was also 
examined by convent iona l light micro
scopy in cross-section and longitudinal 
sect ion, enabl ing the solidif ication m o d e 
and the w i d t h of the zone o f equiaxed 

g r o w t h morpho logy t o be de te rmined . 
The Ferrite Numbers o f the welds 

w e r e measured using a Magne-Gage cal
ibrated according to the p rocedure A W S 
A 4.2-74. 

Gas Analysis of the Welds 

The adequacy o f the arc shielding was 
checked by analyzing the n i t rogen, oxy
gen and hydrogen content of the w e l d 
metals. The n i t rogen conten t of the 
welds, de termined by a m e t h o d based 
on combust ion in an inert carrier gas and 
thermal conduct iv i ty measurement 
(LECO-instrument), var ied b e t w e e n 480-
615 and 270-300 p p m fo r grades 1 and 2 
respectively, the cor responding values in 
the base metal being 525 and 280 p p m . 
Use o f a ni t rogen-bear ing backing gas 
(N 2 4- 15% H2) increased the above val
ues by 0-160 p p m . 

The oxygen content was determined 
using a m e t h o d based on the measure
ment o f the absorpt ion o f infrared light 
in the gas (LECO-instrument); it var ied 
f rom 50 to 105 p p m for grade 1 and f r o m 
60 to 100 p p m for grade 2, the cor re-

Table 3—Welding Conditions 

Single electrode tests Multiple electrode tests 

Method 
Technique 
Groove 
Position 
Filler metal 
Polarity 
Electrode 

Arc length 
Welding torch 

Arc shielding gas 

Trail shielding gas 

Weld root shielding gas 

Single electrode GTAW 
Mechanized stringer bead 
None 
Flat 
None 
DCSP 
EWTh-2, 2.4 mm (0.094 in.) 

diameter and cone angle 
60 deg 

2 mm (0.08 in.) 
Vertical, orifice diam 11 mm 

(0.4 in.) and distance 
from the sheet— 10 mm 
(0.4 in.) 

Variable, see Table 2, f low 
rate 8 L/min (17 cfh). For 
He + 20% Ar, 10.4 L/min 
(22 cfh) 

99.99% Ar, f low rate 8 
L/min (17 cfh) 

Variable, see Table 2, f low 
rate 8 L/min (17 cfh) 

Three electrode GTAW 
Mechanized stringer bead 
Square 
Flat 
None 
DCSP 
3 EWTh-2, 2.4 mm (0.094 

in.) diameter and cone 
angle 90 deg 

1 mm (0.04 in.) 
Inclined, orifice diam 11 mm 

(0.4 in.) 

Variable, see Table 2 and 
text, f low rate 8 L/min 
(17 cfh) in each torch 

99.99 % Ar, f low rate 8 
L/min (17 cfh) 

99.99 % Ar, f low rate 8 
L/min (17 cfh) 
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WELD CROSS-SECTIONAL AREA (mm2) 

Fig. 2 — Relation between the maximum width of the equiaxed zone and the cross-sectional area of 
the weld for grade 2 at a welding speed of 1.6 mm/min (63 ipm). 
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Fig. 1—Microstructure of a weld which has 
solidified: A-in primary ferritic mode; B — in 
primary austenitic mode 

sponding values in the base metal being 
85 and 125 ppm. The use of an arc 
shielding gas of the composition 
Ar + 0.3% C 0 2 increased the above val
ues by 10-20 ppm. 

The hydrogen content was deter
mined by the glycerin test in the case of 
the shielding gas combination Ar 4- 17% 
H2 /N2 + 15% H2 at a welding speed of 
0.8 m/min (31 ipm). The weight of the 
weld metal was calculated from the 
cross-section and length of the weld. The 
diffusible hydrogen content was found to 
be below 0.1 mL/100 g weld metal (0.1 
ppm) in all the tests. 

Results 

Microstructure and Weld Penetration 

The solidification mode can be deter
mined on the basis of the microstructure 
and calculated from the composition of 
the weld metal (Ref. 7). The materials 
used here, grades 1 and 2, solidified in a 
primary ferritic and a primary austenitic 
mode respectively — Fig. 1. 

Ar 

Ar + 17 H, 

® 
Fig. 3 — Weld pool profiles for grade 1: A — 
single-electrode tests at the welding speed of 
1.6 m/min (31 ipm); B —three-electrode tests. 
Ar was used as root shielding in each case 

The growth morphology of the weld 
metal was mainly columnar dendritic, 
with a zone of equiaxed dendrites fre
quently noticed in the middle of the 
weld. The width of the equiaxed zone 
increased with the cross-sectional area of 
the weld. As an example, their relation
ship is shown in Fig. 2 for grade 2 at the 
welding speed 1.6 m/min (63 ipm). 

The Ferrite Number was measured for 
each test weld. In grade 1 the ferrite 
content decreased from 5.0-6.1 to 3.3-3.6 
FN as the speed was increased from 0.8 to 
4.8 m/min (from 31 to 189 ipm). The ferrite 
content of grade 2 was 0.4-0.7 FN regard
less of the welding speed. The use of a 
nitrogen-bearing shielding gas reduced the 
above values by 0-0.9 FN. 

Examples of pool geometries in 
single-electrode and three-electrode GTA 
welds are described in Fig. 3. The advanta
geous effect of hydrogen in the argon gas 
is clearly recognizable. The He-Ar mixture 
also gave deep root penetration. The weld 
root shielding gas did not have any demon
strable effect on penetration. 

Weld Discontinuities 
Three kinds of discontinuities were ob

served in the welds: cracks, center cavities, 
and undercuts. Cracks were observed on
ly in grade 2, where the welds had solidi
fied primarily as austenite. They were quite 
short, i.e., 0-0.35 mm (0-0.014 in.), and 
were mostly created at the lower welding 
speed used (0.8 m/min or 31 ipm). 

Center cavities were found in most of 
the test welds but increased in number and 
length with increasing welding speed and 
current. Undercuts were also most prom
inent at the higher welding speeds and 
currents. Examples of center cavities and 
undercuts can be seen in Fig. 4. A more 
detailed description of the discontinuities is 
presented in the literature (Ref. 3). 

Comparison of the optical and discon
tinuity radiographical measurements 
showed the absence of internal pores. 
Other discontinuities such as ripple cavi
ties and humps, as found in earlier tests 
(Refs. 3, 8), were not observed here, 
since the welding variables used were 
not typical of those encountered during 
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fig. 4 — Examples of the appearance of center 
cavities and undercuts: a—in photomicro
graph; b — on an x-ray film (grade 1) 

the fo rmat ion of these discontinuities. 
Nor are center cavities classified here into 
cracked and uncracked types as in the 
l i terature (Refs. 3, 8). 

Role of Shielding Gases 

The dependence o f the amoun t o f 
center cavities o n the cross-sectional area 
o f the w e l d is s h o w n in Fig. 5. This 
amount does not depend direct ly on the 
shielding gases, themselves; instead, it 
depends on the w e l d cross-sectional area 
the gases cause. This, in tu rn , is a f fected 
by the gas type . The tendency is seen in 
the center cavities o f b o t h grades, the 
susceptibility of grade 1 simply being 
greater than that of grade 2. The effect of 
we ld ing speed can also b e recognized in 
Fig. 5, center cavities fo rm ing m o r e f re
quent ly at higher speeds. 

Center cavi ty fo rmat ion was markedly 
reduced w h e n three e lectrodes w e r e 
used instead of the single-electrode 
G T A W m e t h o d —Fig. 5. The general 
statements presented above concern ing 
the effects of the cross-sectional area and 
we ld ing speed are also val id f o r the 
mult ip le-electrode methods. 

In Fig. 6 the relat ion b e t w e e n the 
max imum dep th o f center cavities and 
the max imum w i d t h o f the equiaxed 
zone is s h o w n . It can be seen that the 
amount o f center cavities increased w i t h 
the w id th of the equiaxed zone, w h e r e 
the center cavities we re always located. 

The dependence of the dep th of the 
undercuts o n we ld ing current is dep ic ted 
in Fig. 7. This emphasizes that undercut 
dep th is not actually dependen t on the 
type of shielding gas but instead o n 
we ld ing current . Undercu t t ing is also dis
tinctly accentuated by high we ld ing 
speeds —Fig. 7. Use o f the three-elec
t r ode G T A W m e t h o d is advantageous 
for restricting undercut t ing w h e n c o m 
pared to single-electrode G T A W —Fig. 7. 
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Fig. 7 —Dependence of the mean depth of the undercuts on the welding current and speed 
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The effect of welding current also holds 
good in this case. 

No correlation could be found between 
the type of shielding gas and incidence of 
crack formation. The choice of weld root 
shielding gas did not seem to affect discon
tinuity formation in any way. 

Discussion 

Cracks 

In earlier papers (Refs. 3, 8), it was 
shown that cracks are most typically 
formed at low welding speeds 50-400 
mm/min (2-16 ipm). At higher speeds 
used in this study, the equiaxed zone is 
formed in the middle of the weld. There
fore, the segregation profile of the impu
rities is no longer as sharp; consequently, 
the conditions for crack formation are 
not so severe. Cracks were most in 
evidence at the lowest welding speed — 
800 mm/min (31 ipm) —and increased in 
number and size with increases in the 
welding current, as stated earlier (Ref. 

3). 
Cracks were observed only in grade 2, 

which solidified in a primary austenitic 
solidification mode. On the other hand, 
grade 1 was totally crack-free in spite of 
its higher sulphur content. This supports 
the results of earlier investigations (Refs. 
8, 9) in which the weld is shown to be 
resistant to solidification cracking if it 
solidifies in a primary ferritic solidification 
mode or has a very low impurity content. 
In this case the difference in cracking 
tendency between grades 1 and 2 might 
also be explained on the basis of the 
difference in ferrite content (Ref. 10). 

The absence of any direct relation 
between shielding gas and cracking is in 
agreement with the previous results, 
which showed that the cracks found 
under these circumstances are solidifica
tion cracks that are caused by shrinkage 
of the weld during cooling (Refs. 3, 8). 

Center Cavities 

Pore-like discontinuities can be formed 

due to gas evolution or shrinkage of the 
weld. The occurrence of gas porosity is 
sometimes considered as a potential draw
back as Ar-H2 mixtures are applied, but it 
can be prevented by a proper choice of 
welding conditions as shown by Willgoss 
(Ref. 5). The center cavities found in this 
study are, however, caused by shrinkage 
because of the following reasons: 

1. The amount of them was found to 
be strongly dependent on the cross-
sectional area of the weld (Fig. 5), an 
increase in the cross-sectional area imply
ing higher shrinkage during cooling of the 
weld pool; the effect of the cross-
sectional area may also be partly due to 
its influence on the width of equiaxed 
zone (Fig. 1) which, in turn, affects the 
amount of center cavities — Fig. 6. 

2. No internal pores could be revealed 
radiographically or in the weld cross-
sections studied in microscope even at 
the highest hydrogen content of the arc 
shielding gas. 

3. The nitrogen, oxygen and hydro
gen content of the weld did not increase 
during welding. 

The effect of welding current in center 
cavity formation can be considered as 
being indirect. With lower currents, the 
cross-sectional area of the weld stays 
smaller, resulting in a lower amount of 
center cavities. The role of shielding gases 
in center cavity formation is also indirect as 
can be deduced from Fig. 5. When an arc 
shielding gas giving a deep, narrow weld 
penetration is used, lower welding cur
rents are enough to yield complete pen
etration and, therefore, result in a lower 
incidence of center cavities. 

Any increase in welding speed was 
found to augment center cavity forma
tion considerably — Fig. 5. This is in a good 
agreement with the results of earlier 
experiments (Refs. 3, 8). According to 
these, center cavity formation is also 
increased with sulphur content, basically 
due to the fact that higher contents favor a 
larger equiaxed zone and possess heavier 

segregation in the mushy zone. The dif
ference in susceptibility between grades 
1 and 2 (Fig. 5) is, therefore, likely to be 
due to the 0.021 and 0.011% difference, 
respectively, in sulphur content (Ref. 8). 

Undercuts 

Figure 7 shows that undercutting is 
markedly affected by welding current and 
speed, increasing proportionally with the 
current. At high speeds higher currents are 
required, and undercutting is more promi
nent. This supports earlier observations 
(Ref. 3) and the statement that undercut
ting is mostly dependent on the flow of the 
molten metal in the weld pool. 

The role of the shielding gases in 
undercut formation is connected with 
root penetration characteristics and 
welding current. When an arc shielding 
gas giving a deep root penetration is 
employed, a lower welding current is 
needed for adequate penetration, result
ing in shallower undercuts —Fig. 7. 

Practical Applications 

The present results and those obtained 
earlier (Refs. 3, 8) show that the forma
tion of center cavities and undercuts 
increases with welding speed and weld
ing current. Hence, when attempting to 
achieve maximum welding speed with 
complete penetration, one should avoid 
unnecessarily high currents. 

By the application of an arc shielding 
gas giving a deep, narrow penetration 
profile (e.g., Ar + H2, He + Ar), adequate 
penetration can be achieved with lower 
welding currents, resulting in a smaller 
weld cross-sectional area. This means a 
lower incidence of center cavities and 
undercuts. At the highest speeds used in 
single-electrode GTAW (1.6 m/min or 63 
ipm) and three-electrode GTAW (4.8 m/ 
min or 189 ipm), as much as 17% H2 

should be added to the Ar in order to 
achieve optimum results. The He-20% Ar 
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arc shielding gas gave slightly worse 
results. At lower speeds, lower levels of 
hydrogen are sufficient, and even pure 
argon can well be used. 

In this study the maximum hydrogen 
content mixed to argon was 17%. In 
some studies (Ref. 5) it is stated that 
about 15% H2 gives the maximum benefit 
in respect to penetration; thus, there is no 
need to adapt higher hydrogen levels. 

Since the root shielding gas was not 
found to have any effect on defect 
formation (Figs. 5 and 7), the cheaper 
N2 + H2 gas can normally be used rather 
than argon. 

Multiple electrodes (up to four) are 
commonly used in tube factories because 
of higher production rates. On the basis 
of present results (Figs. 5 and 7), this is 
advantageous also for reducing the for
mation of center cavities and undercuts. 

Conclusion 

The role of the shielding gas in weld 
defect formation was investigated in two 
austenitic stainless steel strips and during 
tube production. Single-electrode autog
enous GTAW at speeds of 0.8 and 1.6 
m/min (31 and 63 ipm) was used for the 
strip welding, and three-electrode autog
enous GTAW at speeds of 1.6, 3.2 and 
4.8 m/min (63, 126, 189 ipm) was used 
for the tube production. Five types of arc 
shielding gas (Ar, Ar + 8.5% H2, 
Ar + 17% H2, He + 20% Ar and 
Ar + 0.3% C02 ) and two root shielding 

gases (Ar and N2 + 15% H2) were 
employed. The results allow the follow
ing conclusions to be drawn: 

1. Several kinds of weld discontinuity 
can be formed. Cracks are only formed at 
low welding speeds, while center cavities 
and undercuts are most frequent at high 
welding speeds. A high welding current 
promotes discontinuities of all these kinds. 

2. The amount of center cavities is 
dependent on the weld cross-sectional 
area, increasing proportionally. The use 
of an Ar + H2 or He + Ar gas will reduce 
the volume of the weld pool needed for 
complete root penetration, causing a 
lower amount of center cavities. 

3. Since undercut depths increase with 
the welding current, an arc shielding gas 
giving deep penetration will allow lower 
welding currents to be used, resulting in 
shallower undercuts. 

4. The weld root shielding gas does 
not influence flaw formation. 

5. The use of multiple-electrode 
GTAW reduces the center cavity and 
undercut formation considerably com
pared with single-electrode GTAW. 
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