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This paper deals with the flux cored arc welding (FCAW) of AISI 316L (N) austenitic stainless steel with
1.2 mm diameter of flux cored 316LT filler wire. The welding was carried out with different shielding gas
mixtures like 100% Ar, 95% Ar + 05% CO2, 90% Ar + 10% CO2, 80% Ar + 20% CO2, 75% Ar + 23% CO2 + 2% O2

and 70% Ar + 25% CO2 + 5% O2 and 100% CO2. The main aim of the work is to study the effect of various
shielding gas mixtures on mechanical properties and metallurgical characters. The microstructures and
ferrite content of the welds were analyzed. The mechanical characteristics such as impact test, microh-
ardness and ductility of welds were carried out. The fracture surface impact samples were analyzed
through scanning electron microscope (SEM). The fracture surface revealed a ductile rupture at room
temperature and ductile rupture with a few cleavages at lower temperatures occurred. The toughness
and ferrite percentages of the welds were decreased for increase of the CO2 in shielding gas mixtures.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Flux cored arc welding (FCAW) has received significant atten-
tion among welders nowadays because of its advantages like easy
workability and efficiency. It is suitable for mechanization and
robotization and easy for applying thus providing speedy work
during welding process of sheets having high thickness. It is a fu-
sion welding process in which coalescence is produced from an
arc between the work and a continuously fed filler metal electrode.
The electrode core contains alloying elements that modify the mol-
ten weld metal, deoxidizers, scavenger elements that remove extra
dissolved gases, stabilizers, slag forming elements and flux materi-
als and from literatures it is evident that the use of flux wire over
solid wire is more beneficial [1].

The 316L (N) austenitic stainless steel is widely used in exhaust
manifolds, furnace parts, heat exchangers, jet engine parts, nuclear
industry etc. The heat affected zone (HAZ) of austenitic stainless
steels containing more than 0.05% C can be susceptible to a form
of inter-granular corrosion called weld decay. Weld decay in
austenitic stainless steels is caused by precipitation of Cr carbide
at grain boundaries, which is called sensitization. Typically, the
Cr carbide is Cr-enriched M23C6, in which M represents Cr and
some small amount of Fe. Within the sensitization temperature
range carbon atoms rapidly diffuse to grain boundaries, where they
combine with Cr to form Cr carbide, so less carbon in the range of
0.03 maximum is used in 316L material [2]. Austenitic stainless
ll rights reserved.
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steels find applications due to excellent corrosion resistance in
normal atmospheres and in a wide range of corrosive media. Type
316 steels containing 2–3% molybdenum show better general cor-
rosion resistance as in chloride medium to pitting corrosion [3]. In
316L (N) nitrogen is added within the range of 0.06–0.08%.

The shielding gas is one of the key factors which affects the
microstructure and mechanical properties of the welds. A mixture
of carbon dioxide and argon is widely used as the shielding gas for
FCAW process [4,6]. The percentage of carbon dioxide gas has var-
ied from the different levels with different heat input and the ef-
fects of the welds were investigated by Yilmaz and Tümer [5].
Aloraier et al. [7] has proposed that no post weld heat treatment
required for FCAW process. The welding parameters that affect
weld penetration were studied by Mostafa and Khajavi [8]. Erdal
Karadeniz et al. [9] studied the effect of process parameters on
penetration in gas metal arc welding processes. Arivazhagan
et al. [10] studied the influence of shielding gas composition on
toughness of flux-cored arc weld of modified 9Cr–1Mo (P91) steel.
Mohamad Ebrahimnia et al. [11] studied the effect of shielding gas
composition on the mechanical weld properties of steel ST 37-2 in
gas metal arc welding. In this study the influence of variation in the
shielding gas composition on the weld properties of the steel ST
37-2 was investigated. Kang et al. [12] investigated the effect of
alternate supply of shielding gases in austenite stainless steel
GTA welding with a mixing supply of shielding gas and found that
it cannot only increase the welding quality, but also reduce the en-
ergy by 20% and the emission rate of fume. To improve the effi-
ciency of FCAW welding process the effect of carbon dioxide on
the weld quality must be known. The effect of hydrogen in argon
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Table 1
Chemical composition of base material and filler wire (weight in %).

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

AISI 316L (N) 0.024 16.89 10.07 2.16 0.0597 1.51 0.42 0.026 0.0016 0.35 0.02 0.02 Bal
316LT 0.033 18.94 11.82 2.34 – 1.18 0.62 0.022 0.008 0.10 – – Bal

60  

1.2

Fig. 1. Weld joint configuration.

Fig. 2. Welding setup (a – carriage, and b – gas mixer).

Table 2
Welding parameters.

Voltage 23 V
Welding current 210–220 V
Welding speed 5.5 mm/s
Wire feed rate 9.5 m/min
Transfer mode Spray transfer mode
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shielding gas was investigated for tungsten inert gas welding of
316L austenitic stainless steel [13]. The effect of shielding gas com-
position on weld metal nitrogen retention in 316LN austenitic
Fig. 3. (a–g) Photographs of welded specimens with different shielding gasses (a – 100% A
CO2 + 2% O2, f – 70% Ar + 25% CO2 + 5% O2 and g – 100% CO2).
stainless steel was studied [14]. Some works have studied the
influence of shielding gas composition on the apparent weld shape
[15], on the surface tension of droplet that is travelling between
electrode tip and weld pool [16], and on the mode of the droplet
transfer and the amount of resulting fume [17]. It was found that
small amount of oxygen added to the argon, improves the apparent
shape and the droplet transfer mode [18]. However the investiga-
tion on the effects of mixtures of Ar, O2 and CO2 on the weld char-
acteristics of 316L (N) is very limited. The aim of the present work
is to study the effect of various mixtures of Ar, O2 and CO2 on
microstructure, microhardness, ferrite percentage and ductility of
flux cored arc welded 316L (N) austenitic stainless steel specimen.
In this study welds are made on the 316L (N) material by varying
the shielding gas mixture percentages namely 100% Ar, 95%
Ar + 05% CO2, 90% Ar + 10% CO2, 80% Ar + 20% CO2, 75% Ar + 23%
CO2 + 2% O2 and 70% Ar + 25% CO2 + 5% O2 and 100% CO2 and their
mechanical and metallurgical characteristics are studied.
r, b – 95% Ar + 05% CO2, c – 90% Ar + 10% CO2, d – 80% Ar + 20% CO2, e – 75% Ar + 23%



Table 3
Oxygen potential (OP) values for shielding gas mixtures.

Shielding gas mixtures 100% Ar 95% Ar + 05% CO2 90% Ar + 10% CO2 80% Ar + 20% CO2 75% Ar + 23% CO2 + 2% O2 70% Ar + 25% CO2 + 5% O2 100% CO2

Oxygen potential (OP) 0 3.5 7 14 18.1 22.5 70

Table 4
Measured ferrite percentages of welds.

Shielding gas Ferrite percentage Average

100% Ar 9.82 9.95 9.73 9.81 9.86 9.83
95% Ar + 05% CO2 9.15 9.27 9.42 9.38 9.22 9.29
90% Ar + 10% CO2 8.52 8.76 8.91 8.66 8.59 8.69
80% Ar + 20% CO2 8.24 8.38 8.57 8.42 8.48 8.42
75% Ar + 23% CO2 + 2% O2 8.43 8.51 8.65 8.46 8.57 8.52
70% Ar + 25% CO2 + 5% O2 8.55 8.57 8.68 8.61 8.67 8.62
100% CO2 7.63 7.96 8.11 7.84 7.72 7.85
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Fig. 4a. Ferrite percentages of welds.
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Fig. 4b. Ferrite percentages of welds as a function of oxygen potential.
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2. Experimental procedure

AISI 316L (N) austenitic stainless steels were used as base mate-
rial for this study. AWS 5.22 E316LT1-1/4 flux cored wire with
diameter of 1.2 mm is used as filler material. The chemical compo-
sition of the base metal and filler wire is given in Table 1.

The base material is cut into the required size of
400 � 105 � 8 mm3. V shaped grove was used and two passes of
FCAW were performed using copper substrate as well. The plates
were joined firstly in the root pass and then second cover pass
Table 5
Chemical composition of welds.

Shielding gas Cr Si Mo Nb Ti

100% Ar 18.92 0.615 2.335 0.020 0.0200
95% Ar + 05% CO2 18.68 0.593 2.276 0.019 0.019
90% Ar + 10% CO2 18.66 0.587 2.172 0.018 0.017
80% Ar + 20% CO2 18.06 0.579 2.081 0.017 0.016
75% Ar + 23% CO2 + 2% O2 18.31 0.581 2.127 0.017 0.016
70% Ar + 25% CO2 + 5% O2 18.18 0.583 2.159 0.018 0.017
100% CO2 16.41 0.566 2.014 0.016 0.015
Base material [316L (N)]
Filler wire [316LT]
respectively. A schematic weld joint configuration is shown in
Fig. 1. Butt joint configuration was used. The welding was per-
formed with ESAB-ARISTO machine with a power rating of
450 W and the carriage is FRONIUS-FCU-4-RC were used. The
welding setup and gas mixer unit of WITT-GASTECHNIK is shown
in Fig. 2a and b. The CO2 and Ar percentages vary from 0% to
100% and O2 vary from 0% to 40%. For all set of welding, the gas
flow rate is kept as constant (20 lpm).

Prior to welding, the plates are cleaned with stainless steel
brush and swabbed by acetone for cleanness. Based on the preli-
minary welding trials the process parameters were chosen and
they are presented in Table 2. The inter-pass temperature was kept
below 150 �C with the help of thermo chalk due to thermal con-
ductivity of austenitic stainless steel. The photographs of the dif-
ferent shielded welds are shown in Fig. 3a–g.

The test specimens were obtained from the weld plate. The
specimens were mounted later flatted and then polished using
SiC abrasive paper with grit ranges from 180 to 1200. Then the
samples were then lightly polished using 3 lm diamond paste.
Samples were then washed, cleaned by acetone and then dried, fol-
lowed by electrolytic etching in 10% oxalic acid at 9v for 30 s [19]
and ASTM: E3-11. Chemical composition of the weld metal is found
from spectra chemical analysis. Ferrite percentages were measured
using ferrite scope and also the percentage of ferrite is calculated
using Creq and Nieq. The specimens for Charpy test were taken as
perpendicular to weld direction according to the ASTM: E23 stan-
dards. The impact tests were conducted at room temperature,
�100 �C and �196 �C. Micro hardness measurements were taken
at parent metal, HAZ and weld zone with a load of 1kgf for 20 s
during measurements. The face bend testing of the material was
conducted according to ASTM: E190-92 standards to know the
development of the cracks and fissures which will help to know
the ductile nature of the weld material. Finally microstructural
examinations were carried out at various cross sections of the weld
using optical microscope.
3. Results and discussion

3.1. Oxygen potential

In general, the oxygen potential (Op) means the oxidizing effect
of the shielding gas and/or the significance of oxygen on the weld
metal. Oxygen and CO2 are oxidizing gases. They are very active at
high temperature and therefore their direct chemical effect on the
Ni Mn Cu N C Cr-eq Ni-eq

09.58 1.49 0.29 0.048 0.024 23.697 12.332
10.22 1.38 0.27 0.045 0.025 23.322 12.866
10.25 1.31 0.25 0.046 0.026 23.131 12.912
11.02 1.29 0.24 0.047 0.027 22.376 13.122
11.22 1.23 0.25 0.042 0.026 22.699 13.241
11.06 1.27 0.26 0.041 0.025 22.623 13.297
11.81 1.19 0.28 0.042 0.029 20.5975 13.312

21.001 13.203
23.695 13.431



Fig. 5. (a–g) EDAX spectra of welds (a – 100% Ar, b – 95% Ar + 05% CO2, c – 90% Ar + 10% CO2, d – 80% Ar + 20% CO2, e – 75% Ar + 23% CO2 + 2% O2, f – 70% Ar + 25% CO2 + 5% O2

and g – 100% CO2).
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Table 6
Predicted and measured ferrite percentages of welds.

Shielding gas Predicted ferrite
percentage

Measured ferrite
percentage

% of
error

100% Ar 10.4 9.83 5.48
95% Ar + 05% CO2 9.7 9.29 4.23
90% Ar + 10% CO2 9.2 8.69 5.54
80% Ar + 20% CO2 8.9 8.42 5.39
75% Ar + 23%

CO2 + 2% O2

8.7 8.52 2.07

70% Ar + 25%
CO2 + 5% O2

8.8 8.62 2.05

100% CO2 8.2 7.85 4.27
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Fig. 6. Microhardness values of welds.

D. Katherasan et al. / Materials and Design 45 (2013) 43–51 47
filler wire or base metal is strong. The oxygen potential is esti-
mated by using Eq. (1) and the values are tabulated in Table 3.

OP ¼ O2 þ lCO2 ð1Þ

where l is the oxidizing factor, l is taken as 0.7 as per the existing
literatures [20,21].

3.2. Ferrite percentage

The ferrite percentages obtained using Fischer-feritscope MP30
are tabulated in Table 4 and plotted in Figs. 4a and 4b. From Fig. 4a
as the percentage of CO2 increases the ferrite percentage is found
to be decreasing. This can be attributed to the presence of carbon
which is an austenitic stabilizer. Austenitic area widens and ferrite
percentage reduces as a result of increase in CO2 percentage in the
shielding gas. The increase of CO2 in the shielding gas slows down
the solidification rate and it can also reduce the ferrite percentage.
This result is in line with Liao and Chen [1]. But the ferrite percent-
age of welds using 75% Ar + 23% CO2 + 2% O2 and 70% Ar + 25%
CO2 + 5% O2 are not following the trend. This may be because the
decomposition of CO2 is retarded by oxygen in the mixtures [4].

Chemical compositions of the weld metals are found from spec-
tro chemical analysis and they are tabulated in Table 5. The EDAX
spectra of the welds were shown in Fig. 5. The Creq and Nieq are
found for base metal, filler wire and welds by using Eqs. (2) and
(3) and the values are tabulated in Table 5.

Creq ¼ Crþ 2ðSiÞ þ 1:5ðMoÞ þ 5ðVÞ þ 5:5ðAlÞ þ 1:75ðNbÞ
þ 1:5ðTiÞ þ 0:75ðWÞ ð2Þ

Nieq ¼ Niþ Coþ 0:5ðMnÞ þ 0:3ðCuÞ þ 25ðNÞ þ 30ðCÞ ð3Þ

From Table 5 it is found that the carbon and nickel content in the
weld metal increases with increasing of the CO2 content in the
shielding gas. It is well known that nickel and carbon are strong
austenite stabilizing elements. Therefore, the effect of CO2 increase
resulted in decreasing Creq and on the other hand, increasing of Nieq.
In addition to that, an increase of CO2 percentage in the gas in-
creases consumption of Cr, Si and Mn [22]. The amount of ferrite
percentage in the weld metal is calculated using the Creq and Nieq

using WRC-92 diagram and tabulated in Table 6. From Table 6 it
is clear that the measured ferrite percentage values are closer to
predicted ferrite percentage values.

3.3. Microhardness

Microhardness test was conducted using Vickers micro hard-
ness machine and hardness values were taken at weld zone, HAZ
and base metal on both sides of the weld. Three readings were ta-
ken for each of them and the microhardness values are plotted in
Fig. 6. From Fig. 6 it is observed that the base metal is having less
hardness than the weld metal and the HAZ. This can be attributed
to the fine grains found in weld metal and HAZ due to high temper-
ature in those regions. Coarse grains are found in base metal.
Microhardness values increase with increasing of ferrite percent-
age in the weld metal. Consequently, increase in CO2 content in
gases resulted in lowering hardness values of the weld metals
[11]. But the hardness values of welds using 75% Ar + 23%
CO2 + 2% O2 and 70% Ar + 25% CO2 + 5% O2 are not following the
trend. This may be because the decomposition of CO2 is retarded
by oxygen in the mixtures [4].

3.4. Microstructures of the joints

The un-etched welds microstructure are shown in Fig. 7a–g. It is
observed that the inclusion size and volume of inclusions are in-
creased with increasing of CO2 in the shielding gas. The major
inclusions are oxides such as silicon oxides, and manganese oxides.

Typical microstructures of welds prepared under different
shielding gases are shown in Figs. 8–14. Both dentiritic and lathy
ferrite morphologies were seen in the microstructures. It is clear
that dentiritic morphology is obtained by peritectic solidification
while lathy ferrite is obtained by dissolution of ferrite during cool-
ing [23]. Ferrite volume fraction decreases by increasing the
amount of CO2 in the shielding gas [4]. It is observed that the
microstructures exhibit dendrite nature and dendrite becomes
coarser when CO2 increases in the shielding gas.

3.5. Impact properties of welds

The Charpy V notch impact test was conducted at 25 �C (room
temperature), �100 �C and �196 �C temperatures. The average val-
ues obtained are presented in Table 7 and plotted in Fig. 15a. From
Table 7 it can be observed that with decrease in temperature and
increase in CO2 percentage toughness values are decreasing [4].
Figs. 8–14 show that all the weld metals contain delta ferrite and
austenitic phases. It is known that austenite has an fcc structure
and delta ferrite a bcc structure. Fcc metal has high notch tough-
ness is almost independent of temperature. On the other hand,
the notch toughness of bcc metal is strongly dependent on temper-
ature [3]. The fracture morphology of impact tested specimens is
shown in Figs. 16–18. From Figs. 16–18 it is observed that the frac-
ture morphology is ductile rupture at room temperature and duc-
tile rupture with a few cleavages at low temperatures. From
Fig. 7a–g the inclusions were found in welds. Inclusions, which
act as crack initiator sites, will degrade the notch toughness prop-
erty [5]. The more oxide inclusions formed when the percentage of
CO2 increases causes the toughness values to decrease. The influ-
ence of oxygen potential on notch toughness at various tempera-
tures is shown in Fig. 15b. It is obvious that notch toughness



Fig. 7. (a–g) Un-etched microstructures of welds (a – 100% Ar, b – 95% Ar + 05% CO2, c – 90% Ar + 10% CO2, d – 80% Ar + 20% CO2, e – 75% Ar + 23% CO2 + 2% O2, f – 70% Ar + 25%
CO2 + 5% O2 and g – 100% CO2).
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Fig. 8. Microstructure of welded specimen with 100% Ar (a – weld, and b – fusion
zone).

Fig. 9. Microstructure of welded specimen with 95% Ar + 05% CO2 (a – weld, and b –
fusion zone).

Fig. 10. Microstructure of welded specimen with 90% Ar + 10% CO2 (a – weld, and b
– fusion zone).

Fig. 11. Microstructure of welded specimen with 80% Ar + 20% CO2 (a – weld, and b
– fusion zone).

Fig. 12. Microstructure of welded specimen with 75% Ar + 23% CO2 + 2% O2 (a –
weld, and b – fusion zone).

Fig. 13. Microstructure of welded specimen with 70% Ar + 25% CO2 + 5% O2 (a –
weld, and b – fusion zone).

Fig. 14. Microstructure of welded specimen with 100% CO2 (a – weld, and b – fusion
zone).

Table 7
Impact energy values of welds.

Shielding gas Impact energy values (J) at different test
temperatures

�196 �C �100 �C 25 �C

100% Ar 40 54 80
95% Ar + 05% CO2 39 52 76
90% Ar + 10% CO2 38 50 72
80% Ar + 20% CO2 36 48 70
75% Ar + 23% CO2 + 2% O2 37 49 71
70% Ar + 25% CO2 + 5% O2 36 48 72
100% CO2 35 46 60
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Fig. 15a. Effect of temperature on impact energy of welds.
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drops as the oxygen potential increases at high testing tempera-
tures while it is insensitive to oxygen potential at low testing tem-
peratures [4].



Fig. 16. (a–g) Fracture morphology (SEM image) of impact specimens �196 �C (a –
100% Ar, b – 95% Ar + 05% CO2, c – 90% Ar + 10% CO2, d – 80% Ar + 20% CO2, e – 75%
Ar + 23% CO2 + 2% O2, f – 70% Ar + 25% CO2 + 5% O2 and g – 100% CO2).

Fig. 17. (a–g) Fracture morphology (SEM image) of impact specimens at �100 �C (a
– 100% Ar, b – 95% Ar + 05% CO2, c – 90% Ar + 10% CO2, d – 80% Ar + 20% CO2, e – 75%
Ar + 23% CO2 + 2% O2, f – 70% Ar + 25% CO2 + 5% O2 and g – 100% CO2).
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Fig. 15b. Effect of oxygen potential on impact energy of welds.
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3.6. Bend test

Face bend tests were performed to check the ductility of weld.
The specimens after face bend tests are shown in Fig. 19 and no
cracks or fissures were seen after bend test and ductility was re-
tained as it is evident that the ductility of the material was found
to be retained.
4. Conclusions

In this study, 316L (N) austenitic stainless steel was welded by
flux cored arc welding with various shielding gases. The following
conclusions are drawn:

1. Usage of various shielding gas mixtures found to affect the
mechanical and metallurgical properties.

2. As the carbon dioxide percentage increases in the shielding
gas mixture the austenitic area in the weld metal is widened
and caused decrease in ferrite percentage. But when oxygen
is added, the same trend is not followed because the decom-
position of CO2 is retarded by oxygen in the shielding gas
mixtures.

3. Micro hardness values are higher in weld zone than in HAZ and
base metal. The hardness values decreased with an increase of
carbon dioxide in the shielding gas mixtures.



Fig. 18. (a–g) Fracture morphology (SEM image) of impact specimens at 25 �C (a –
100% Ar, b – 95% Ar + 05% CO2, c – 90% Ar + 10% CO2, d – 80% Ar + 20% CO2, e – 75%
Ar + 23% CO2 + 2% O2, f – 70% Ar + 25% CO2 + 5% O2 and g – 100% CO2).

Fig. 19. (a–g) Specimens after bend test (a – 100% Ar, b – 95% Ar + 05% CO2, c – 90%
Ar + 10% CO2, d – 80% Ar + 20% CO2, e – 75% Ar + 23% CO2 + 2% O2, f – 70% Ar + 25%
CO2 + 5% O2 and g – 100% CO2).
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4. The oxide inclusions formed with the increase in percentage of
carbon dioxide in the shielding gas mixtures caused the tough-
ness values to decrease.

5. No cracks or fissures are seen after bend test and ductility is
retained.
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