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Abstract

In several applications duplex stainless steels should be joint welded to conventional austenitic stainless steels. In this research LDX
2101 lean duplex stainless steel sheets were welded to conventional 304 austenitic stainless steels, using gas tungsten arc welding.
For the welded joints three different welding rods were used: ER 308L, ER 309LSi, and ER 2209. For gas shielding two different shielding
gases were used: argon and argon +2% nitrogen. It was found that the nitrogen addition to the shielding gas promoted austenite
formation in the weld metal. It was also found Schaeffler-diagram modified by Outokumpu showed a very good estimation to the
ferrite content and chemical composition of the weld metal. The ferrite content estimated by the Outokumpu-diagram, showed a close
correlation to measured ferrite contents, the highest error was 30%. In case of the chemical composition of the weld metal, the Cr- and
Ni-contents were estimated with a maximum of 15% error. In terms of the corrosion resistance, the best pitting corrosion resistance

was achieved using the 308L welding rod with argon shielding gas, where the weight loss was 1.6% after the 24 hours immersion test.
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1 Introduction

Duplex stainless steels have great strength (yield strength,
R, =500 MPa) and excellent corrosion resistance especi-
ally against stress corrosion [1-5]. Thus, the application of
duplex stainless steels (DSSs) in civil engineering, chemical,
oil and gas industries are constantly growing [6—9]. Among
duplex stainless steels the low nickel and molybdenum bear-
ing lean duplex grades show the similar corrosion resistance
as the conventional austenitic grades, however providing
a much a higher strength and a lower price [10]. In several
applications duplex and lean duplex stainless steels should be
joint welded to conventional austenitic stainless steels with
higher nickel and lower chromium contents [11, 12]. The dif-
ferent chemical composition results in different corrosion
resistance and mechanical properties [13, 14]. Thus, potential
problems can emerge from the inadequately selected weld-
ing consumable, welding process and preparation, which
affects the dilution, and thus the abovementioned properties
in the weld metal. From the operational weldability aspect,
it is also significant, that the austenitic and duplex stainless
steels have different physical properties, which can result
in arc wandering or deformation dure to residual stresses.

The welding consumable selection determines the gov-
erning properties of the weld metals. Thus, designing
the welded joints, joint preparations, dilution rate, etc. is
essential in dissimilar joints between different stainless
steels. For the design of dissimilar joints constitutional
diagrams such as the Schaeffler-diagram can be used [15].
These diagrams show the governing microstructure in the
weld metal according to the ferrite promoting elements
(chromium equivalent, CrE) and the austenite promoting
elements (nickel equivalent, NiE). Several constitutional
diagrams exist, with different CrE and NiE calculation
methods, however they do not calculate with the weld-
ing variables, such as the shielding gas, which can have
a great influence on the microstructure. It is known that
the nitrogen containing shielding gas in gas tungsten arc
welding (GTAW) can promote austenite formation, thus
small amount (2%) of nitrogen addition to the shielding
gas is recommended [16].

In the current research, the dissimilar joints in-between
LDX 2101 lean duplex and 304 austenitic stainless steels
were investigated. The joints were welded by GTAW using
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3 different suitable welding rods and pure (4.6) argon and
argon +2% nitrogen containing gas mixtures. The joints were
evaluated by metallographic techniques and corrosion tests.

2 Materials and methods

2.1 Base materials and welding consumables

For the GTAW dissimilar joint experiments X2CrMnNi
N21-5-1 (LDX 2101) lean duplex stainless steel sheet in
2 mm thickness with the size of 100 x 50 mm, and X5Cr
Ni18—10 (AISI 304) austenitic stainless steel sheet in 3 mm
thickness with the size of 100 x 40 mm were GTA welded
together. The chemical compositions of the base materi-
als can be seen in Table 1. and the mechanical properties
in Table 2. For the dissimilar joints three different weld-
ing rods were used: W 19 9 L (ER 308L), W 23 12 L Si
(ER 309LSi), and W 22 9 3 N L (E 2209). In the designa-
tion of the welding rods the numbers are referred to the
weight percent of Cr, Ni and Mo, respectively. For GTAW
of DSSs nitrogen containing gas mixtures are recom-
mended [16, 17], thus argon and argon +2% nitrogen shield-
ing gases were used.

2.2 Welding parameters

The applied welding parameters can be seen in Table 3.
In Table 3 arc energy (thermal efficiency is considered as 1.0)
is presented instead of heat input as different shielding
gases were used with different physical properties. The arc
energy was kept constant ~0.6 kJ/mm in every case.
The shielding gas flow rate was 9 L/min, the argon back-
ing gas flow rate was 5 L/min in every case. The length of
the welds was 110 mm. The used polarity for the GTAW
was DC—. The GTAW was done manually, thus the weld-
ing parameters presented in Table 3. are average values for
each welding run. 2 mm root gap was kept, and no cham-
fering was used during welding in all cases.

2.3 Microstructure evaluation

The microstructural evaluation was done using stan-
dard metallographic specimens. The specimens were cut
form the cross-section and mounted into metallographic
resin. The mounted samples were grinded up to 4000 grit
paper and then polished with 3 pm diamond suspension.
To reveal the dissimilar microstructure two different types
of etchants were used. For the lean duplex side Beraha-
type etchant [18]: 60 ml H,O + 20 ml HCI + 0.5 g K,S,0,
was used for 5s. For the austenitic side Kalling-type
etchant [19]: 20 ml C,H,OH + 40 ml HCI + 2 g CuCl, was
used for 25s. For every etching sequence the Kalling-type
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Table 1 Chemical composition of the base materials, according to their

data sheet
Base Chemical composition (weight %)
material Cr Ni Mo N Cu C Mn
LDX 2101 215 15 03 022 03 0.03 5
AISI 304 183 8.6 0.2 - 04  0.005 1.8

Table 2 Mechanical properties of the base materials, according to their
data sheet

Mechanical property (minimum)
Base material

R, (MPa) R, (MPa) A (%)
LDX 2101 530 700 30
ATST 304 230 540 45

Table 3 The welding parameters used for the dissimilar joint
experiments

GTAW Shiclding Welding Arc Travel Arc
rod as Current Voltage speed energy
£ (A) (V) (em/min) (kJ/mm)
2209 Ar 57 12 7.1 0.58
308L Ar 57 11.5 6.9 0.57
309LSi Ar 57 12 7 0.59
2209 Ar+2N, 57 13 7.2 0.62
308L Ar+2N, 57 13 7.1 0.60
309LSi Ar+2N, 57 13 7.3 0.61

etchant was used first. The ferrite content of the weld
metal was measured using Fischer FMP30 ferritescope.
The chemical composition of the weld metal was measured
by scanning electron microscope (SEM) with energy dis-
persive spectroscopy (EDS), with Zeiss EVO MA10 SEM
with EDAX EDS system. The dilution ratio was measured
on the metallographic specimens, using Olympus SZX16
stereo microscope. The microstructural images were
obtained by Olympus PMG3 optical microscope.

2.4 Prediction methods using constitutional diagrams
For the prediction of the weld metals chemical composition
and ferrite content two different constitutional diagrams
were used. The Schaeffler-diagram (S) [15] is the con-
ventional constitutional diagram used for the prediction
of stainless steel weld metals, which was a bit modified
by the stainless steel manufacturer Outokumpu (O) [20].
The CrE and NiE values according to the constitutional
diagrams (S and O) were calculated as in Egs. (1)—(4):

CrE(S)=Cr+Mo+1.5xSi+0.5xNb, 1)

NiE(S)=Ni+30xC+0.5xMn, Q)
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CrE(O)=Cr+Mo+1.5xSi+0.5xNb, ?3)
NiE(O)=Ni+30x(C+N)+0.5xMn. )

The chemical composition of the weld metal (X, ) was
predicted by the following Eq. (5):

KXipae = Dro1 X Xo101 + D3og X X304 + D X X,

cons cons > (5)

where D are the dilutions rate of the two base materials
and the welding consumable, and X is the given alloying
element in the base materials and the welding consumable.

2.5 Corrosion test

The welded sheets were first cut to 25 X 50 mm speci-
mens, which were cleaned, pickled and passivated before
the corrosion test, using Polinox P Rapid pickling paste for
15 minutes. The weights of the specimens were measured
before and after 24 hours (according to ISO 17781 [21])
by Denver Instrument APX-200 with 0.1 mg accuracy.
The corrosive media was 6% FeCl, aqueous solution
according to ASTM G48 [22]. The type of the corrosion
was also evaluated using stereo microscopic techniques.

3 Results and discussion

3.1 Weld metal microstructure

The weld metals microstructures can be seen in Fig. 1 on
etched metallographic images. Using the ER 2209 DSS
welding rod resulted in more ferritic microstructure (darker
areas) with both shielding gases. Using the ER 308LSi aus-
tenitic stainless steel welding rod and the higher Cr- and
Ni-containing 309LSi rod (recommended mostly for dis-
similar welds) resulted in more austenitic microstructure.
It can be also seen on the microstructure images, that the
nitrogen addition to the shielding gas highly promoted aus-
tenite formation in the weld metal in all cases, but most sig-
nificantly in the case of ER 308LSi welding rod. The heat
affected zone (HAZ) showed mostly ferritic microstruc-
ture, which correlates to the results of Pandey et al. [23].

3.2 Evaluation according to the predictive diagrams
The dilution ratios were calculated on the cross-sections of
the welded joints. One example for the calculation can be
seen in Fig. 2, showing the ER 308LSi welded dissimilar
joint, using Ar +2% N, shielding gas.

The dilution results can be seen in Table 4.

The welding consumable gave ~50—60% of the weld
metal according to the measurements on the cross-sections.
Some variations are measured, which is originated from
the manual welding. Also, the shielding gas composition

Shielding gas

Argon Argon +2 % N,

ER 309LSi ER 308LSi

ER 2209

100 pm

—

Fig. 1 The weld metal microstructures using different shielding gases
and welding consumables. The darker area represents the ferrite the
lighter area the austenite phase

ER 308LSi
Der 085 = 60 %

Fig. 2 Calculation of the dilution ratio according to the cross-sectional
macroimage of the ER 308LSi, Ar +2% N, welded joint

Table 4 The different dilutions measured on the cross-sections of the

welded joints
Dilution (%)

Shielding gas

DZlOl D3O4 DER 308LSi
Ar 20 20 60
Ar+2%N, 17 23 60

DZ]OI D3O4 DER 308LSi
Ar 25 20 55
Ar+2%N, 21 26 53

D, D,, Dig sossi
Ar 17 20 63
Ar+2%N, 21 27 52




seems to influence the dilutions, as the properties of the arc
plasma and thermal efficiency also differs. For the calcula-
tions of the chemical compositions and the ferrite contents
the dilution rates were used in Eq. (5).

The comparison of the measured and estimated ferrite
content of the weld metal can be seen in Table 5.

In Table 5. it is visible the nitrogen addition to the shield-
ing gas has an austenite promoting effect. It is also con-
firmed that the most significant influence of nitrogen was
measured in the weld made by ER 308LSi welding rod,
which is also visible in Fig. 1. The ER 2209 welding rod
resulted in a duplex weld metal, as the measured ferrite con-
tents are ~ 30%. Comparing the constitutional diagrams, the
Outokumpu-diagram is giving much closer estimation to the
measured ferrite contents, because in the NiE(O) (Eq. (4))
nitrogen also presents as a strong austenite former. Also,
the Outokumpu-diagram is modified to incorporate the
modern nitrogen alloyed lean duplex stainless steel grades,
by comparison to the original Schaeffler-diagram, which
was first published in 1949.

The comparison of the measured and estimated chem-
ical composition of the weld metal can be seen in Table 6.
With SEM EDS the Cr, Ni, Mn, and Mo alloying content
was measured, and were compared. For the comparison
the Schaeffler-diagram was used.

From Table 6. it is visible the Schaeffler-diagram always
underestimated the Cr-content and always overestimated the
Mn-contents. The best estimation was in case of the ER 2209
welding rod. The shielding gas has an influence on the arc
properties, thermal efficiency and thus the dilutions. The dif-
ferences could be measured in the weld metal chemical
compositions as a function of the shielding gas. The high-
est difference can be seen in the Mo- and Mn-contents,
but the Cr- and Ni-contents show good correlation (highest
error is 15% in case of ER 308 LSi with Ar shielding). It is
not bad taking into attention that, the Schaeffler-diagram
does not calculate with the welding variables.

3.3 Corrosion resistance
The surface of the face side of the argon shielding gas
welded samples after the 24 hours of corrosion testing can
be seen in Fig. 3, where the left side to the weld is always the
LDX 2101 base material and the right side is the AISI 304.
In Fig. 3 it is visible pitting corrosion occurred after
24 hours on the austenitic steel side in all cases. This is due
to the lower chromium of the austenitic grade compared
to the 2101 lean duplex steel and also compared to the
used three welding consumables. This type of corrosion
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Table 5 The comparison of the measured and estimated ferrite contents
of the weld metals

Shielding Ferrite (%)
GTAW rod
gas Measured  Estimated S Estimated O
Ar 15+2 16 15
ER 308LSi
Ar+2N, 9+3 15 13
Ar 12+1 16 13
ER 309LSi
Ar+2N, 10+3 14 12
Ar 31+3 58 30
ER 2209
Ar+2N 29+5 50 27

2

Table 6 The comparison of the measured (EDS) and estimated
(S — Schaeffler) chemical compositions of the weld metals welded with
different GTAW rods and shielding gases

Elements ~ ER308LSi ER309LSi  ER2209
(m%) Ar  Art2%N, Ar  Arf2%N, Ar  Art2%N,
Cr(EDS) 227 292 247 218 240 219

Cr(S) 194 192 221 215 241 215
Ni(EDS) 6.7 9.4 8.9 7.3 7.1 7.8
Ni (S) 77 79 97 9.9 7.1 6.9
Mn (EDS) L5 1.6 1.3 L1 0.7 11
Mn(S) 24 23 27 25 2.1 23
Mo (EDS) 0.7 03 0.6 0.5 2 1.6
Mo(S) 0l 0.1 02 02 22 1.9

Argon shielding gas
. Before ' After

ER 309LSi ER 308LSi

ER 2209

Fig. 3 The surface of the face side before and after the 24 h corrosion
test of the argon welded samples. Left side of the weld: LDX 2101 base
material, right side: AISI 304
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mechanism is representative also to the samples welded
with argon +2% nitrogen shielding gas. The weight loss
of the specimens in percentages after the 24 h corrosion
test can be seen in Fig. 4. The samples had fairly the same
weight loss, the difference between the highest and lowest
corrosion rate is only 1%. The reason for this is that the pit-
ting corrosion initiated at the AISI 304 austenitic side in the
base material, and the corrosion developed in these pitting
sites. Thus, the welding consumable and the used shield-
ing gas has a low influence on the corrosion resistance in
this case. Also, the joints were welded with roughly the
same arc energy, thus the heat cycle influence on the heat
affected zone is also the same. Nevertheless, the lowest
corrosion rate, 1.6% weight loss, was measured in case of
ER 308LSi and ER 309LSi welding wires, which correlates
to the results of Maurya et al. [24], who also found that ER
309LMo rod gave the best corrosion resistance for the dis-
similar welding of superaustenitic and super duplex grades.

4 Conclusions

In our research we investigated dissimilar 2101 lean
duplex (X2CrMnNiN21-5-1) — AISI 304 (X5CrNil8-10)
austenitic stainless steel joints. The welds were made by
gas tungsten arc welding, using three different welding
rods: W 199 L (ER 308L), W 23 12 L Si (ER 309LSi), and
W22 93N L (ER 2209), and two different shielding gases:
argon and argon +2% nitrogen.

It was found that both constitutional diagrams accord-
ing to Schaeffler [15] and Outokumpu [20] can be used to
predict the weld metal ferrite content and chemical compo-
sition with good correlation. The ferrite content could be
estimated with a maximum error of 30% and the Cr- and
Ni-contents in the weld metal were estimated with maxi-
mum 15% error.
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