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Abstract Duplex stainless steels (DSS) are well known
for their higher mechanical strength and better corrosion
resistance. DSS is commonly used in the marine construc-
tion, petrochemical, and chemical industries. DSS (2205)
has equal amounts of « and y phases. However, unlike the
parent metal, the solidification microstructure of the fusion
zone in the weld does not have nearly equal amounts of the «
and y phases. Thus the mechanical properties and corrosion
resistance of DSS welds are degraded. The interpass tem-
perature plays a vital role in achieving balanced « and y
phases, which in turn results in improved mechanical and
corrosion resistance. Gas tungsten arc welding (GTAW) is
employed for welding of thin sheets/plates. The GTAW
process ensures small amounts of slag formation during
welding, which eliminates slag crevices and sites for cor-
rosion attack. Standard 2205 (UNS S31803) DSS sheets of
5 mm thickness, with 22.37% Cr and 5.74% Ni, were used
in this study. Weld beads were produced with Zeron-100
super DSS filler wire with higher alloy content (26% Cr and
8% Ni). Argon (Ar) and helium (He) were employed as
shielding gases. Heat input was maintained <1 kJ/mm.
Interpass temperatures were maintained at 120°C. The
ferrite number of the weld metal for the two different
shielding gases was investigated. Mechanical properties of
joints such as impact strength and hardness were evaluated.
Microstructure evaluation was also carried out.
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Introduction

Tungsten inert-gas (TIG) welding uses a nonconsumable
tungsten electrode and an inert gas for arc shielding. It is
commonly used for fabricating joints of difficult-to-weld
metals such as aluminum and stainless steels. Since the
weld pool geometry plays an important role in determining
the mechanical properties of the weld, this aspect strongly
influences TIG weld quality [1]. A nonconsumable tung-
sten electrode, shielded by an inert gas, is used to strike an
electric arc with the base metal (BM), providing the heat
necessary to melt the BM. The quality of TIG weld is
higher than that of any of the arc welding processes due to
the reliability and strength of the welded joints. The gas
tungsten arc welding (GTAW) process ensures small
amount of slag formation during welding, which eliminates
slag crevices and sites for corrosion attack [2]. Duplex
stainless steels (DSS) consist of nearly equal amounts of
ferrite and austenite phase at room temperature. DSS
exhibits greater toughness and better weldability than fer-
ritic stainless steel. DSS 2205 provides pitting and crevice
corrosion resistance superior to that of 316L or 317L
austenitic stainless steels in almost all corrosive media. The
yield strength of DSS is about twice that of austenitic
stainless steel. This allows a designer to save weight and
makes the alloy more cost competitive when compared
with 316L or 317L austenitic stainless steels. DSS is
mainly used in the marine industry, in cargo tanks for ships
and trucks, for power generation applications, and in
pressure vessels, tanks piping, and heat exchangers in the
chemical processing industry. Though the cost of pro-
cessing of DSS is lower than that of austenitic stainless
steel, maintaining equal amounts of ferrite and austenite
phases is crucial. The Schaeffler diagram and WRC-1992
can be used for prediction of the ferrite content in the weld
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metal. The Schaeffler diagram, now 50 years old, is out of
date for ferrite prediction in stainless-steel welds. Since
1995, the WRC-1992 diagram has been recommended for
ferrite prediction. This diagram is based on the nickel and
chromium equivalent to asses the effects of addition of
alloying elements on microstructural constituents of stain-
less-steel weld metal [3].

The main advantages of DSS are the equal amounts of o
and y phases present in the steel. Unlike the parent metal,
the weld metal microstructure dose not have equal amounts
of o and y phases. For this reason, the mechanical prop-
erties and corrosion resistance of the DSS weld is
degraded. This can be attributed to the reduction of the y
phase in the fusion zone. Interpass temperature is very
important to achieve a structure with balanced « and 7y
phases. The ferrite-to-austenite ratio also depends on the
heat input of the welding process. It has been reported that
the problem of low fraction of y phase in the weld metal
can be alleviated by addition of nitrogen gas with different
combinations in the plasma and laser beam, or by alloy
addition in filler materials and even by carrying out post-
weld heat treatment in the o/y coexistence temperature
range of 800-1,150°C [4].

Faster cooling rate significantly affects the fusion zone
microstructure in pulsed GTAW welding for the same heat
input condition [5]. Nickel is very effective in controlling
the ferrite-to-austenite ratio compared with the cooling rate
for the range of compositions studied [6]. Ferrite contents
greater than 90% have been reported in electron beam
welding (EB) in UNS 31803 [7]. It is thus desirable to
control welding conditions such that cooling should be
slow enough for adequate austenite formation, but fast
enough to prevent deleterious precipitation. An acceptable
phase balance may still be achieved, however, by the use of
preplaced nickel foils [8] or through post-weld solution
treatment, as recommended for laser welded super DSS [9].
Interpass temperature should be maintained at a specific

Experimental details

The size of the base material chosen for this investigation was
90 x 45 x 5 mm® sheets corresponding to UNS S31803,
with chemical composition as given in Table 1. Zeron-100
filler wire with a diameter of 3 mm was used in this study;
its chemical composition is also presented in Table 1.

Welding was performed with two different shielding
gases (argon and helium) with two different welding
parameters. The welding parameters were chosen in such a
way as to keep the heat input below 1 kJ/mm. The details
of the welding parameters are presented in Table 2.

The interpass temperature was maintained as 120°C.
The ferrite content of the weld metal was estimated by the
point count method. The ferrite percentages were deter-
mined metallographically using the point count method by
following ASTM E 562 standards. Metallographic exam-
inations were carried out by using optical microscopy. For
metallographical examination, the samples were polished
and electrolytically etched in 40% KOH solution. This
etching was performed at 2 V for 15 s. In all cases, the
austenite phase is seen as white while the dark phase is
ferrite. The microhardness of weldment was measured
from the BM, across the heat-affected zone (HAZ) to the
weld zone (WZ), in transverse direction using a Metco
SMV 1000 micro Vickers hardness machine under 1-kg
load, maintained for 15 s. Charpy impact tests were per-
formed to asses the notch toughness of samples extracted
from the weldment. Notches were made such that fracture
occurred only with in the weld fusion zone. The impact
tests were performed both at room temperature and at
—40°C on subsized samples (55 x 10 x 4 mm3). The
fractured surfaces of impact tested surfaces were studied
using scanning electron microscopy (SEM) fractography.

Table 2 Welding parameters

value in order to alleviate the faster cooling rate over the Argon Helium
o . o .
temperature range 309 500°C, Wl'nch is tl‘le c?1t1ca} reg%on Current intensity (A) 135 140
for phase transformation to occur in selective identification Voltage (V) 1 12
10, 11]. Thi i
feature (SIF) 2205 DSS [. 0, . ]. This paper descr1be§ the Weld speed (mm/min) 100 110
effect of two different shielding gases (argon and helium) .
. ; L. Heat input (kJ/mm) 0.891 0.916

on mechanical and metallurgical characteristics of the

.. Gas flow rate (Ipm) 10 10
welded joint.
Table 1 BM, filler wire (FW), and weld metal chemical composition (wt%)
Element (%) C S P Si Mn Cr Ni Mo N Fe
Base material 0.020 0.025 0.021 0.4 1.52 22.37 5.74 2.85 0.171 Balance
Filler wire 0.013 0.001 0.017 0.51 1.51 26.0 8.0 3.14 0.15 Balance
Weld metal—Ar 0.018 0.020 0.020 0.44 1.50 22.82 7.84 3.01 0.146 Balance
Weld metal—He 0.020 0.022 0.019 0.48 1.54 22.60 8.02 295 0.158 Balance
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Results and discussion

The microstructure of as-received 2205 DSS as observed
optically consists of elongated « and y grains, as shown in
Fig. 1;the morphology of the o—y grain boundary is relatively
smooth. The elongated o and y phases have a grain size of
about 45-50 um in length and about 15 pum in width. The
measured volume fractions of « and y phases are almost equal.

A macrograph of the welded samples, with argon and
helium shielding, is presented in Fig. 2. The helium-shielded
weld bead has a wider width compared with that using argon.

In order to improve understanding, weld bead profiles
were measured by using a “cam scope” and the profiles are
presented in the Fig. 3a and b. From Fig. 3a it can be
observed that the bead width of the argon-shielded weld is
12.43 mm and the depth of penetration is 4.499 mm. From
Fig. 3b it can be observed that the bead width of the
helium-shielded weld is 18.82 mm and the depth of pen-
etration is 4.556 mm. The greater penetration and wider
bead width achieved by using helium shielding is due to the

Fig. 2 Macrograph of the weld joint

@ Springer

higher arc energy. Compared with argon, helium provides
better side-wall penetration and greater welding speeds by
generating an energy-rich arc.

Effects of chemical composition on DSS weld metal

The ferrite-to-austenite ratio in DSS weld metal is deter-
mined by the chemical composition and the cooling rate
experienced during welding. Cooling rate is a function of
weld geometry. Heat input and preheat temperature depend
on the type of welding and the process parameters
employed. Filler wire chemical composition, the nature of
the shielding gas, and the degree of dilution determine the
composition of the weld metal. Two different shielding
gases were used and the corresponding weld metal chem-
ical compositions are presented in Table 1.

From Table 1 it can be seen that the fraction of ferrite-
stabilizing elements such as Cr and Mo is greater in the
argon-shielded weld whereas the fraction of the austenitic-
stabilizing elements Ni and N is greater in the helium-
shielded weld metal. All DSS weld metals solidify primarily
as ferrite and, in the subsequent solid-state transformation,
part of the ferrite transforms to austenite. This ferrite-
to-austenite transformation takes place over a range of
temperatures. However, the transformation cannot attain
equilibrium due to rapid cooling, so that more ferrite
remains untransformed than under equilibrium conditions.
The transformation of ferrite to austenite during the welding
of DSS is similar to that in low-carbon-steel weld metals in
which austenite transforms to ferrite on cooling. However, a
major difference exists between the transformations in
low-carbon steels and DSS. In low-carbon steels all of the
austenite is transformed to a combination of ferrite, bainite,
and martensite, except for a small amount of retained aus-
tenite when present. However, in DSS, a considerable
volume of ferrite remains untransformed. The solidification
models of the two investigated shielding gas weld metals
were calculated from their corresponding chromium and
nickel equivalents. The solidification mode for both of the
shielding gases was ferrite.

The Cr and Ni equivalents were calculated by using the
following formulae (with values presented):

Creq = %Cr + %Mo + 0.7% Nb
(Argon - 25.83 & Helium - 25.55,
Creg/Nigq = 2.26),

Nieq = %Ni + 35% C + 20% N + 0.25% Cu
(Argon - 11.39 & Helium - 11.88,
Creg/Nigq = 2.15).

From these values, it can be clearly seen that the
chromium and nickel equivalents are higher in the
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Fig. 3 Weld bead profile:
a argon shielding gas and
b helium shielding gas

argon-shielded weld metal. Due to the high Cry/
Ni., ratios, a large amount of ferrite is present in the
argon-shielded weld. This is further confirmed by
superimposing the Crey/Nie ratios of the weld metals
on a pseudobinary diagram, which confirms that the mode
of solidification is ferrite. The WRC-1992 (Fig. 4)
diagram is used for estimating weld-metal ferrite on the
basis of chemical composition. The ferrite content based
on the ferritoscopic analysis for both of the shielding
gases is indicated in Fig. 4. In the same diagram the

ferrite content calculated from the Cr.q and Ni., values is
also presented.

Charpy V-notch impact test

The Charpy impact toughness of the DSS parent material is
85 J. The TIG welded specimens were tested at room and
subzero temperature (—40°C). The toughness of the test
results welded with different shielding gases is tabulated in
Table 3.

Fig. 4 WRC-1992 diagram
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Table 3 Impact test results

Temperature (°C) Impact values (J)

Argon gas Helium gas
25 87 92
—40 65 78

Three samples were tested at room temperature and at
—40°C, and the average values are tabulated in Table 3.
The helium-shielded weld sample exhibited higher tough-
ness than did the argon-shielded weld. The reasons for this
can be attributed to the cooling rate, the larger amount of
arc energy, and the presence of larger amounts of Mn in the
WZ. In general, increase of the ferrite content of the weld
metal decreases its toughness. Argon-shielded welds have a
larger amount of ferrite phase whereas helium-shielded
welds have a greater amount of austenite-stabilizing ele-
ments such as Ni and N. Hence, the helium-shielded weld
has a greater amount of austenite phase and exhibits higher
toughness than the argon-shielded weld. Manganese is one
of the powerful alloying elements for improving the
toughness of the weld metal. The observed differences in
toughness were not only due to changes in the ferrite
content, but also due to the reduction in the ferrite-to-
austenite ratio. The decrease in toughness values at the
subzero temperature for both of the weld metals can be
attributed to the presence of ferrite, which suffers from a
ductile brittle transition [13]. The impact toughness of the

Fig. 5 SEM fracture surface of
impact tested specimens.

a —40°C with argon shielding
gas. b Room temperature with
argon shielding gas. ¢ —40°C
with helium shielding gas. d
Room temperature with helium
shielding gas

@ Springer

DSS weldment deteriorates with increasing volume of
o-ferrite within the HAZ [14]. Careful control of heat input
and interpass temperatures during welding are required to
correct the a-to-y ratio in the DSS weld. Less heat input
results in a faster cooling rate, preventing the transforma-
tion of primary « into y phase in the weld [15]. The low y
content in the fusion zone is responsible for its poor impact
toughness [16]. The results of impact SEM fractography
are presented in Fig. 5a—d. For all of the impact fractured
specimens, the grains are elongated in the grain-boundary
direction and fine dimples are present on the fractured
surfaces, revealing that the ductile fracture mode with fine
dimples occurred in the fracture of welds with both
shielding gases.

Hardness testing

The samples were prepared and electrolytically etched with
40% KOH solution. Three distinguished zones were iden-
tified and a set of ten microhardness readings was taken in
each. The average values are presented in Table 4.

From Table 4 it can be clearly seen that the hardness of
the weld metal is slightly higher than that of the HAZ and
the base material for both the argon- and helium-shielded
cases. The hardness of the argon-shielded weld is less than
that of the helium-shielded weld, since the Ar-shielded
welds have less austenite phase compared with the helium-
shielded weld metal. It has been reported that the ferrite
and austenite phases do not differ greatly in composition

(b)

(d)
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Table 4 Average microhardness values

Serial no. Shielding gas Microhardness value (VHN)
BM HAZ Weld metal
Argon 173 259 308
2 Helium 174 283 325

because substitutional elements do not have time to parti-
tion significantly during DSS welding.

The authors have conducted investigations on several
commercial and experimental alloys to understand the
effect of nitrogen on strengthening of DSS and concluded
that, if the fraction of nitrogen in DSS is <0.13%, ferrite is
harder than austenite, whereas for a nitrogen content of
0.13% in DSS, the hardness levels of austenite and ferrite
are equal and austenite becomes harder than ferrite when
the nitrogen content exceeds 0.13% [17]. In the present
study the nitrogen content of the weld metals for both the
argon- and helium-shielded weld metals exceeded 0.13%.
Therefore, in these weld metals austenite is harder than
ferrite.

Ferrite measurement

There are two methods for measuring the ferrite content of
weld metals: the point count procedure and a magnetic

Fig. 6 Weld metal and HAZ
microstructures. a Argon shield,
weld metal (200x). b Argon
shield, HAZ (200x). ¢ Helium
shield, weld metal (200x).

d Helium shield, HAZ (200x)

method using a Fisher ferrite scope. The advantage of the
point counting method is that it can be applied to all
microstructures, including the narrow HAZ. However, it is
difficult to apply in situ and is relatively expensive. In this
work Fisher ferrite scope was used. In the case of the
argon-shielded GTA weld, the ferrite content is estimated
to be 55% while the remaining 45% in the weld metal is
austenite. Due to nitrogen loss as well as the lower amount
of austenite-stabilizing elements, as seen in Table 3, the
amount of austenite phase is lower in the argon-shielded
weld metal. In the helium-shielded weld metal the amount
of austenite-stabilizing elements was higher than in the
argon-shielded weld metal. A similar effect is also
observed in the microstructure; as shown in Fig. 7c and d
the austenite phases comprised 65% of the helium-shielded
weld metal and while the remaining 35% was ferrite phase.

Microstructural studies

The microstructure of the welds with different shielding
gas is presented in Fig. 6a—d.

When using pure argon as the shielding gas in GTAW
joints, the result is normally nitrogen loss and a high
amount of ferrite-stabilizing element present. Due to this
the balance between the two phases is not even. As shown
in Fig. 6a, a large amount of ferrite phase is present in the
microstructure. As an effective stabilizer of austenite,
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nitrogen has played an important role in the development
of DSS. Many studies on high-nitrogen grades have been
reported, especially in terms of improvement of mechani-
cal and corrosion properties [18-21]. The weldability of
DSS has been improved by the addition of nitrogen to
stabilize austenite at elevated temperature [22]. In general,
the austenite phase in DSS weld metal is formed from
ferrite in three modes: allotrimorphs at the prior-ferrite
grain boundaries, Widmanstitten side-plates growing into
the grains from these allotrimorphs, and intragranular
precipitates. The possibility of chromium nitride formation
during welding of DSS has been reported [23]. In the
described study pure argon and helium were used as the
shielding gas. From the previous literature said pure argon
as shielding gas, which is occurred in the nitrogen loss.
Hence, it can be avoid for the nitrogen loss we can properly
maintained by the heat input and interpass temperature, can
control the nitrogen loss in the weld metal. By appropriate
selection of the heat input and interpass temperature, one
can achieve a less significant difference in the amount of o
and 7y phases (55% ferrite and 45% austenite) present in the
Ar-shielded weld metal compared with the helium-shielded
weld. Chromium nitride precipitations can also be observed
in Fig. 7.

More ferrite phase was present in argon-shielded
weld metal. So, the solubility of nitrogen in ferrite decreases
rapidly with decreasing temperature. A significant amount
of the ferrite phase is observed, and also it can be clearly
seen that the grains in the argon-shielded weld metal are
finer (Fig. 6a). The austenitic phases seen within the grains
could be either intragranular precipitates or Widmanstitten
austenite transverse to the long-axis direction, as shown
in Fig. 6d. Widmanstitten austenite also nucleates
directly from prior o-ferrite boundaries which have not

Cr nitrite’precipitation

Fig. 7 Argon-shielded weld with chromium nitride precipitations
(200x)
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been covered by allotrimorphic austenite perturbation.
Widmanstitten austenite has a much higher aspect ratio
(length/thickness). The large amount of austenite phase
present is due to the high Mn content and the large amount
of austenite-stabilizing elements present in the weld metal
(Fig. 6¢, d). Due to the energy-rich arc, a greater amount of
Widmanstitten austenite structure was presented in the
helium-shielded WZ compared with in the Ar-shielded WZ.

Conclusions

DSS weld metals with different shielding gases were
welded and examined, the results are as follows:

(1) When using the helium shielding gas the weld bead
aspect ratio (width/penetration) is higher than in the
Ar-shielded weld.

(2) Helium-shielded welds exhibited higher toughness
due to the large Mn content and the smaller amount of
ferrite phase and larger amount of austenite phase
present in the weld metal.

(3) Due to the high value of the Cr.y/Nigq ratio, a large
amount of ferrite is present in the argon-shielded weld
metal.

(4) Chromium nitride precipitation is observed in the
argon-shielded weld metal.

(5) For the argon-shielded weld metal an even phase
balance (55% ferrite and 45% austenite) can be
achieved by appropriate selection of the heat input
and interpass temperature.

(6) The hardness of the weld metal is much higher than
that of the BM and HAZ for both studied shielding
gases.

(7) Due to the high arc energy the Widmanstitten
austenite structure was present in the microstructure
of the helium-shielded weld.
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