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The objective of the present study was to investigate the
effect of nitrogen additions to the shielding gas on the
ferrite content and residual stress in austenitic stainless
steels. Autogenous gas tungsten arc (GTA) welding
was applied on austenitic stainless steels 304 and 310 to
produce a bead on plate weld. The delta ferrite content
of the weld metals was measured using a Ferritscope.
The residual stress in the weldments was determined
using the hole drilling strain gauge method. The present
results indicated that the retained delta ferrite content
in type 304 stainless steel weld metals decreased rapidly
as nitrogen addition to the argon shielding gas was
increased. The welding residual stress increased with
increasing quantity of added nitrogen in the shielding
gas. It was also found that the tensile residual stress
zone in austenitic stainless steel weldments was
extended as the quantity of added nitrogen gas in the
argon shielding gas was increased. STWJ/231

The authors are in the Department of Mechanical
Engineering, National Chiao-Tung University, Hsinchu
30049, Taiwan (cpchou@cc.nctu.edu.tw). Manuscript
received 1 December 2000; accepted 11 January 2001.

# 2002 IoM Communications Ltd.

INTRODUCTION
Austenitic stainless steels, such as the type 300 series, are
used in various types of plant, including heat exchangers,
nuclear reactors, chemical processing equipment, and gas
turbine parts, because of their excellent corrosion resistance,
good mechanical strength at high temperature, and high
fracture toughness at low temperature. However, austenitic
stainless steels have higher thermal expansion coef® cient
and lower thermal conductivity than those of carbon or
alloy steels. Therefore, a high magnitude residual stress can
be induced after welding fabrication.1

Figure 1 shows schematically the process by which resi-
dual stresses are induced in the weldment during the welding
process. A bead on plate weld is being deposited along the x
direction. The heat source is moving at a velocity v, and is
presently located at the point O, as shown in Fig. 1a.
The crosshatched area M ± M is the region where plastic
deformation occurs during the welding process. The
elliptical region near the origin O indicates the region
where metal is melted. The region outside the crosshatched
area experiences elastic deformation during the welding
process.

Figure 1b shows the temperature distribution along
several cross-sections. Section A ± A is ahead of the heat
source and is not yet signi® cantly affected by the heat input.
The temperature change DT due to welding is essentially
zero (Fig. 1b, part 1). Along section B ± B, which crosses the
heat source, the temperature distribution has a rather high
gradient (Fig. 1b, part 2). Along section C ± C, which is
some distance behind the heat source, the temperature

distribution gradient becomes less steep (Fig. 1b, part 3).
Along section D ± D, which is a long distance from the heat
source, the temperature change due to welding again

diminishes to nearly zero (Fig. 1b, part 4).
Figure 1c shows the stress distribution in the x direction

along the same sections. Along section A ± A, which is not
affected by the heat input, the thermal stress due to welding
is almost zero (Fig. 1c, part 1). Along section B ± B the
stress is close to zero in the region underneath the heat

source, since the weld pool cannot support a load. In the
regions somewhat away from the heat source, stress is
compressive because the expansion of these regions is

restrained by surrounding metal that is at lower tempera-
tures. Because the temperature of these regions is fairly high
and the resulting yield stress of the base metal is low, stress
in these regions reaches the yield stress of the base metal at

the corresponding temperatures. The magnitude of the
compressive stress increases with increasing distance from
the weld or with decreasing temperature. However, stress in
regions away from the weld is tensile and must be balanced

with compressive stress in regions near the weld according
to equilibrium conditions. Therefore, the stress distribution
along section B ± B is as shown in Fig. 1c, part 2.

Along section C ± C, as shown in Fig. 1c, part 3, the weld
metal and base metal regions near the weld have been
cooled and hence have a tendency to shrink, thus producing

tensile stress in regions close to the weld. As the distance
from the weld increases, the stress ® rst changes to
compressive and then becomes tensile. The ® nal residual

stress condition for a bead on plate weld is shown in section
D ± D. Along section D ± D, as shown in Fig. 1c, part 4, a
high tensile stress is produced in regions near the weld, and
compressive stress is produced in regions away from the

(a) (c)(b)

1 Schematic representations of a weld, b changes in tem-
perature, and c changes in stress during welding pro-
cess (after Refs. 2 ± 5)
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weld. Since section D ± D is well behind the heat source, the
stress distribution does not change signi® cantly beyond it,
and this stress distribution is therefore the residual stress
distribution.

In previous studies,
6 ± 9

it was found that the welding
residual stress can in¯ uence the mechanical and/or corro-
sion properties in service (such as brittle fracture, fracture
toughness, fatigue strength, stress corrosion cracking,
hydrogen cracking, etc.).

It is well known that nitrogen dissolves interstitially in
austenite and is a strong austenite stabiliser. The stabilising
effect of nitrogen is 20 to 30 times stronger than that of
nickel,

1 0 ± 1 2
and nitrogen has therefore been added to

austenitic stainless steels to substitute for nickel as an
austenite stabiliser. Incidentally, nitrogen addition to the
shielding gas is used for certain alloys in arc welding
practice. However, from the viewpoint of welding tech-
niques, adding nitrogen gas to the shielding gas while
maintaining strict control of the nitrogen content in the
weld metal is fairly problematic. In gas tungsten arc (GTA)
welding, electrode erosion has been found to result in
excessive spatter and arc instability.

1 3

It is widely known that nitrogen has the effect of
increasing mechanical strength (such as ultimate tensile
strength, yield strength, creep strength, and impact strength
etc.),1 3 ± 1 8 improving pitting corrosion resistance,

1 4 ,1 9
etc.

However, the study of the in¯ uence on the residual stress in
weldments of additions of nitrogen gas to the argon
shielding gas during the welding process has been limited.
The aim of the present paper was to carry out detailed
experiments to elucidate the effect of Ar ± N2 mixed gas on
the delta ferrite content and residual stress in austenitic
stainless steels. Furthermore, the relationship between the
retained delta ferrite content and principal residual stress in
austenitic stainless steels joined using GTA welding was also
determined.

EXPERIMENTAL
Type 304 and 310 stainless steels were used in the present
study. The chemical compositions and mechanical proper-
ties are presented in Table 1. To obtain the same initial
stress state condition, test specimens having dimensions
130613068 mm were annealed at 950°C for 3 h before
testing. The test specimens were roughly polished using

400 grit abrasive paper to remove surface impurity, then
cleaned with acetone. Autogenous GTA welding was
conducted using a standard 2% thoriated tungsten elec-
trode. The electrode tip con® guration was a blunt point
with a 90° included angle. The welding processes were
performed using pure argon and Ar ± 2.5N2 , Ar ± 5N2 , Ar ±
7.5N2 , Ar ± 10N2 , and Ar ± 15N2 (vol.-%) mixed gases. The
shielding gas ¯ owrate was 20 L min­ 1 for all compositions.

To record the thermal cycle of the weldments during
GTA welding, a thermocouple was attached at 2 mm from
the fusion line of the welds. The thermal cycle recording
equipment included a dynamic temperature measurement
system and a chromel ± alumel thermocouple as shown in
Fig. 2.

The ferrite number (FN) was measured using a calibrat-
ing magnetic instrument with a Ferritscope M10B ± FE. To
minimise the measured errors due to weldment inhomo-
geneity, the average value of seven measurements from
different locations along the as welded surface was
recorded.

After welding, a three element strain gauge rosette
(Tokyo Sokki Kenkyujo Co., type TML FRS ± 2 ± 17) was
attached at the centre location of the surface of the welds. A
hole of diameter 1.6 mm was drilled using a hole drilling
machine in the centre of the rosette to measure the residual
stress of the weldment. The welding residual stress was
determined using the hole drilling strain gauge method
given in ASTM standard E837.2 0 The welding residual
stress measuring system is presented in Fig. 3.

The nitrogen contents in austenitic stainless steel weld
metals were analysed using a Leco TC ± 436 glow discharge
optical spectrometer. Optical microscopy was used to
examine the microstructure of the austenitic stainless
steels after solidi® cation. All metallographic specimens
were prepared by mechanical lapping, grinding, and
polishing to a 0.3 mm ® nish, followed by etching in a
solution of 10 g CuSO4 ± 50 mL HCl ± 50 mL H2O.

RESULTS AND DISCUSSION
The welding parameters used in the present study are given
in Table 2. The welding current, travel speed, and gas

Table 1 Chemical composition (wt-%, bal. Fe) and mechanical properties of austenitic stainless steels investigated

Steel

type C..* Si Mn P..* S..* Cr Ni

Yield strength,

MPa

Elastic modulus,

GPa

Poisson’s

ratio

304 0.08 0.44 0.95 0.04 0.04 18.7 8.16 290 193 0.25
310 0.20 0.79 1.64 0.04 0.04 23.9 19.61 311 204 0.32

*Maximum values.

2 Thermal cycle recording system used

3 Residual stress measurement system used
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¯ owrate were all ® xed, with varying volume percentages of
nitrogen gas added to the argon shielding gas during the
GTA welding process.

Determination of initial stresses in test specimens
To evaluate the residual stresses induced after welding, the
initial stresses in the test specimen were ® rst measured using
the hole drilling strain gauge method before welding.
Table 3 gives the measured initial principal stresses for the
base metals used. Since the values are fairly small, the initial
stresses can be neglected in the present investigation.

Effect of nitrogen additions to shielding gas on heat
input
Figure 4 shows the calculated heat input per unit length in
GTA welds produced with various amounts of added
nitrogen in the shielding gas. As the nitrogen addition to the
argon shielding gas increases, the magnitude of the heat
input is increased. This result can be related to the measured
thermal cycle of the weldment during the GTA welding
process as shown in Fig. 5. As the quantity of nitrogen
added to the shielding gas increases, the peak temperature
of the thermal cycle in the weldment is increased. This is

consistent with the results of investigations by Lin and co-
workers.2 1 ± 2 3

The effect on the arc voltage of nitrogen addition to the
argon shielding gas is shown in Fig. 6. The welding current
was maintained at a constant value, and it was found that
the arc voltage increases as the quantity of nitrogen added
to the shielding gas increases. Since the calculated heat input
is proportional to the measured arc voltage, added nitrogen

Table 2 Welding parameters for autogenous gas tungsten
arc (GTA) welding process

Steel

type

Current,

A

Voltage,

V

Travel
speed,

cm min­ 1
Flowrate,

L min­ 1
Shielding

gas

304 150 16.3 15 20 Pure Ar
17.0 Ar ± 2.5N2

17.6 Ar ± 5.0N2

18.1 Ar ± 7.5N2

18.8 Ar ± 10N2

19.7 Ar ± 15N2

310 150 16.8 15 20 Pure Ar
17.4 Ar ± 2.5N2

18.0 Ar ± 5.0N2

18.9 Ar ± 7.5N2

19.4 Ar ± 10N2

20.5 Ar ± 15N2

Table 3 Initial stress evaluation of austenitic stainless
steels used

Steel
type

Yield stress,
MPa

Initial stress,
MPa

Stress ratio..*,
%

304 290 5.9 2.0
310 311 10.6 3.4

*Stress ratio~initial stress/yield stress.

4 Calculated heat input as function of quantity of nitro-
gen added to shielding gas in gas tungsten arc (GTA)
welding

5 Effect of nitrogen gas additions to shielding gas on
peak temperature in weldment at 2 mm from fusion
line

6 Relationship between arc voltage ± current curve and volume
percentage of nitrogen gas added to argon shielding gas
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has the positive effect of increasing the heat input in welding
fabrication.

Analysis of nitrogen content in weld metals
The experimental results on the welds of type 304 and 310
stainless steels are presented in Fig. 7. The nitrogen content
of the weld metal increases considerably as the added
nitrogen in the shielding gas is increased to 15 vol.-%. The
nitrogen content becomes saturated at about 0.51 wt-% in
type 310 stainless steel weld metals. In type 304 stainless
steel weld metals, the nitrogen content in the welds increased
with increasing added nitrogen in the shielding gas up to
7.5 vol.-%, beyond which the nitrogen content in the weld
metal assumed a constant value of about 0.31 wt-%. In other
words, the maximum nitrogen solubility in type 304 stainless
steel weld metals is approximately 0.31 wt-%.

It has been reported that nitrogen solubility in weld metal
is mainly determined by the heat input and arc length in
GTA welding.

1 3 ,2 4
In the present study, since the arc length

was kept constant, the nitrogen solubility in the weld metal
was determined only by the heat input. As the nitrogen
addition to the argon shielding gas increases, the arc voltage
is increased. The heat input is therefore also increased.
Because this higher heat input can increase the peak
temperature of the weld metal and reduce its cooling rate,
the amount of nitrogen present in the weld is increased.

The above results clearly indicate that type 310 stainless
steel welds can absorb more nitrogen than type 304 stainless
steel welds under the same welding conditions. This result
can be analysed on the basis of the chemical composition of
the materials used. As can be seen in Table 1, the amount of
chromium in type 310 stainless steel is higher than that in
type 304 stainless steel. Based on the study by Lancaster,

2 5

the nitrogen solubility increases with increasing chromium
content of the materials used. For this reason, the amount
of nitrogen absorption in type 310 stainless steel welds is
greater than that in type 304 stainless steel welds for the
same level of nitrogen gas addition to the argon shielding gas.

Effect of nitrogen addition to shielding gas on
retained delta ferrite content in austenitic stainless
steel weld metals
The measured ferrite number of weld metals 304 and 310 as
a function of nitrogen addition to the shielding gas is

presented in Fig. 8. A rapid reduction in measured ferrite
number can be seen in weld metals as the nitrogen gas
addition to the shielding gas is increased. In type 304
stainless steel welds the ferrite number is reduced to 1.7 FN
from its initial value of 7.5 FN by the addition of 2.5 vol.-%
nitrogen gas to the argon shielding gas. For 7.5 vol.-%
nitrogen gas added to the shielding gas, the retained delta
ferrite content in type 304 stainless steel welds can be
reduced to near zero. Since nitrogen dissolves interstitially
in austenite and is a strong austenite stabiliser, the addition
of very small amounts of nitrogen to the argon shielding gas
can rapidly reduce the retained delta ferrite content in type
304 stainless steel welds.

The microstructures of type 304 stainless steel welds for
different added nitrogen levels are shown in Fig. 9. It can be
clearly seen that the retained delta ferrite content in the weld
metal decreased with increasing nitrogen addition to the
shielding gas. There is a good correlation between the
measured ferrite number and metallographic observation of
the delta ferrite structure.

It can also be seen in Fig. 9 that an unmixed fusion zone
is located adjacent to the base metal along the edge of the
weld metal in type 304 stainless steels. In this unmixed
fusion zone, the retained delta ferrite quantity always has
the predicted value of 7 FN regardless of the volume
percentage of added nitrogen gas in the shielding gas.
Therefore, the addition of nitrogen gas to the shielding gas
does not change the microstructure of the unmixed fusion
zone in type 304 stainless steels.

The microstructure of type 310 stainless steel weld metal
is fully austenitic at room temperature after solidi® cation.
Therefore, the ferrite content does not change (ferrite
number is zero) as the nitrogen addition to the argon
shielding gas is increased as shown in Fig. 8.

Effect of nitrogen addition to shielding gas on
principal residual stress in austenitic stainless steel
weldments
Figure 10 shows the maximum principal residual stress in
austenitic stainless steel GTA weldments, measured as a

7 Analysed nitrogen content of GTA weld metal as func-
tion of nitrogen addition to shielding gas FN ferrite number

8 Measured ferrite content of GTA weld metal as func-
tion of nitrogen addition to shielding gas
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function of the quantity of nitrogen added to the shielding
gas. It can be seen that as the nitrogen addition to the argon

shielding gas increases, the magnitude of the measured
welding residual stress in the austenitic stainless steels is
increased. Based on studies by Masubuchi,2 6 the welding

residual stress increases with increasing heat input. Since the

quantity of nitrogen added to the shielding gas increases,
the amount of heat input per unit length in a weld can also

be increased. Therefore, a higher principal residual stress in
austenitic stainless steel weldments can be obtained by the
addition of more nitrogen gas to the argon shielding gas in

GTA welding.

a

c

b

a pure argon (ferrite quantity 7.5 FN); b Ar ± 2.5 vol.-%N2 (ferrite quantity 1.7 FN); c Ar ± 7.5 vol.-%N2 (ferrite quantity
0.15 FN)

9 Microstructure of type 304 stainless steel weld metal for various shielding gas compositions (optical) 6200
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Extent of tensile residual stress zone in austenitic
stainless steel weldments
Figure 11 shows the distribution of maximum principal
residual stresses in a type 304 stainless steel GTA weldment.

It can be seen that as the nitrogen gas addition to the
shielding gas increases, the size of the tensile residual stress
zone in type 304 stainless steel weldments is extended.

According to studies by Masubuchi,
2

the amount of linear
heat input is the most signi® cant factor affecting the tensile
residual stress zone, which can be extended with increasing

welding heat input. Therefore, the greater tensile residual
stress zone size in type 304 stainless steel weldments can be
obtained via the addition of more nitrogen gas to the

shielding gas in GTA welding. The size of the tensile
residual stress zone in type 310 stainless steel weldments also
can be extended via a similar addition of nitrogen.

In GTA welding, the greater tensile residual stress zone
size in austenitic stainless steel weldments is due to the

higher heat input and not to the nitrogen content in itself.
This is because the nitrogen addition to the shielding gas
acts indirectly and actually the welding heat input is the
most signi® cant factor affecting the tensile residual stress

zone size in weldments.

CONCLUSIONS
1. The addition of nitrogen to the argon shielding gas in

GTA welding can increase the heat input.
2. The nitrogen content in austenitic stainless steel weld

metals can be increased via increasing nitrogen additions to
the argon shielding gas.

3. Adding nitrogen to the shielding gas is an economical
and effective method of reducing the retained delta ferrite
content in type 304 stainless steel weld metals.

4. An unmixed fusion zone usually occurs in the weld
metal near the fusion line if the base metal has a positive
delta ferrite potential.

5. The welding residual stress increases with increasing
nitrogen addition to the argon shielding gas in GTA

welding.
6. As nitrogen addition to the argon shielding gas

increases, the size of the tensile residual stress zone in

austenitic stainless steel weldments is signi® cantly extended.
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