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Abstract: The lean duplex stainless steels (LDSS) have excellent features due to the microstructural phase
combination of austenite and ferrite grains. These steels have low Ni and Mo contents which can reduce the cost
and stabilize the austenite fraction in the microstructure. In recent years, welding is used to enhance the
microstructural behaviour of LDSS. In this paper, Gas tungsten arc welding (GTAW) was performed on LDSS
S§32101 with different heat energy inputs and varying welding currents. The influence of heat inputs (0.85 and 1.3
kJ/mm) on welded samples was investigated to study the microstructural behaviour, phase balance, and mechanical
& corrosion performance. The microstructures studies were carried out using an optical microscope, scanning
electron microscope and X-ray diffraction. The effect of Heat input led to the significant microstructural evolution
in weld metals with high austenite reformation. The microstructure of weldments consisted of inter-granular
austenite (IGA), grain boundary austenite (GBA) and Widmanstatten austenite (WA). Important mechanical
properties such as tensile strength and micro-hardness were investigated to understand the performance of
weldments. The polarization method was used to understand the corrosion behaviour of weldment in a 3.5% NaCl
solution. The experimental results showed enhanced properties of welds that could be suitable for industrial
applications.
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1. INTRODUCTION

Duplex stainless steels (DSS) have superior
mechanical properties and corrosion resistance as
compared to conventional austenitic stainless
steels, mainly because of their two-phase
microstructure which is a combination of
austenite and ferrite [1]. However, conventional
DSSs contain high amounts of nickel (~ 6%) and
molybdenum (~ 3%) which have a high cost and
limit their use in commercial applications [2]. So,
Lean duplex stainless steel (LDSS) with very low
alloying elements (nickel and molybdenum)
stands to be a better alternative due to its low cost
as compared to conventional DSSs and austenitic
stainless steels AISI 304 or AISI 316L [3-4].
These LDSSs are popularly used in the oil & gas
industry, desalination plants, paper and pulp
industry, pressure vessels, nuclear and marine
industries where mechanical and corrosion
properties are of primary importance [5].

The main alloying elements of LDSS2101 are
21.5Cr, 5Mn, 1.5Ni, 0.22N and 0.3Mo which
have good mechanical strength and corrosion
resistance [6]. This newly developed lean duplex

grade is cost effective because of low Ni content
which stabilized the austenite fraction in the
microstructure. The low content of Ni is balanced
by the addition of 0.22% Nitrogen and 5%
Manganese in LDSS2101 to maintain a good
microstructure with a phase ratio of ferrite and
austenite. Also, Mo element is decreased in this
grade to limit the deleterious phase precipitation
[7]. The material strength of this grade is similar
to duplex steel grade DSS 2205 (EN 1.4462).
Corrosion performance of LDSS2101 is higher
than AISI 304 steel and pitting resistance is better
than AISI 316 steel [4], [7], [8], [9]-

Gas tungsten arc welding (GTAW) is mostly used
as a joining process in fabrication industries.
GTAW ensures the functional requirements of the
weld joint as closest to the base material and has
better mechanical properties [10]. In general,
filler wires are utilized for welding the stainless
steel and they are over-alloyed with Ni to promote
the austenite formation in weld zone [11]. All
types of fusion welding methods are used in
LDSS. However, care must be taken to maintain
the required balance between the two phases
(austenite and ferrite) in the weld zone, otherwise
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the mechanical and corrosion properties of the
weld metal will be adversely affected compared
to the base metal. The phase balance in the weld
zone depends on the welding parameters and
heat input employed during DSS welding [12-
14].

The other important factor to be considered
during welding is to avoid secondary phase
precipitation which degrade the mechanical
properties and corrosion performance [15-16].
Amigo et al have investigated microstructural and
mechanical properties with variation in laser
welding parameters of Thyssen NIROSTA 4462
DSS [17]. They reported a drastic decrease in the
mechanical properties of the laser weld with
increasing welding speed, which was correlated
to changes in the ferrite to austenite ratio due to
weld cooling rate variations. Faster cooling rates
result in higher amount of ferrite and slower
cooling rates promotes more austenite formation
in weld zone. Also, they observed lower heat
input may increase ferrite percentage in weld
zone, due to the precipitation of chromium nitride
phases (CrN and Cr:N).

A particular ratio of ferrite versus austenite is
recommended for improved performance of
duplex stainless steel, which is strongly
influenced by the welding heat input range [18-
19]. Therefore, choice of a suitable welding
process that controls the welding heat input and
the resulting cooling rates, are always important.
The corrosion performance of DSS welds is
dependent on the ferrite/austenite phase fraction
which can be controlled using welding
parameters, shielding gases and pre-weld
cleaning conditions [20]. From the literature,
many researchers attempted to optimize the
welding process parameters to enhance the weld
microstructures, mechanical and corrosion
performance [21-24]. However, it is challenging
to arrive at optimal welding conditions for a
relatively newer lean duplex stainless steel
LDSS2101, for which a very limited research
articles are published. Therefore, in the present
work, an attempt has been made to analyze the
effect of welding parameters on the
microstructure, mechanical properties and
corrosion resistance of lean duplex stainless steel
(LDSS 2101) weld joints produced by GTAW.
Mechanical, corrosion and microstructure
analysis revealed promising observations under
the different heat inputs.

.

2. EXPERIMENTAL PROCEDURES

2.1. Experimental Setup

The schematic sketch of the weldment with
dimensions is shown in Fig. 1. LDSS 2101 sheet
with 8 mm thickness is considered as the base
material (BM). GTAW is employed with
electrode ER 2209 to produce the weld joints in
two passes. A single V-groove with included
angle 600 is prepared with machining, and the
joint edges are mechanically cleaned with
stainless steel rotary brushes [24]. The alloying
compositions of BM and electrode are shown in
Table 1. Welding parameters considered for the
study are shown in Table 2. The heat input is the
ratio of total input power to welding speed and is
expressed in joules per meter. The following
equation is used for the calculation of heat input
[25].

=17 (1)
where m= Efficiency; V= Voltage (volt)s; I=
current (Amp) and v= Velocity of heat source
(mm/s).

100 mm

GTA Weld joint :
) g ’

Fig. 1. Schematic sketch of weldment with
dimensions.

8 mm

The primary acceptance criterion for the
weldment is consistent and uniform weld
penetration without any melt-related defects such
as cracks, gas porosity, undercut and lack of
sidewall fusion, etc. In the present work two heat
inputs namely low heat 0.85 kJ/mm and high heat
1.3 kJ/mm are considered to produce healthy
weldments. Welding currents 74A and 86A
correspond to 0.85 kJ/mm and 1.3 kJ/mm of heat
input. Low heat and high heat welded samples are
designated as LH74 and LH86 and shown in
Fig. 2. The energy during welding should not be
too high to prevent grain growth and maintain the
mechanical and corrosion performance of the
weld. The flow chart of fabrication strategies and
characterization techniques used in this paper is
shown in Fig. 3.
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Table 1. Chemical composition of base LDSS 2101 and ER 2209

Sample C Cr N Mn Cu Si Ni Mo P
LDSS 2101 0.031 21.24 0.24 4.78 0.32 0.68 1.52 0.35 0.03
ER 2209 0.03 21.8 0.13 1.0 0.01 0.9 6.8 3.1 0.026

Table 2. Gas tungsten arc welding process parameters

Current | Voltage | Heat input E!ectrode Root gap P late Time for
Sample (A) V) (kJ/mm) diameter (mm) distance weld (Sec)
(mm) (mm)
Low heat input 74 21 0.85 3.15 2 100 55
High heat input 86 25.2 1.3 3.15 2 100 60

Fig. 2. Images of samples used in present study: base metal (BM) and welded sample

Material(LDSS2101) |

|

Gas Tungsten Arc Welding (GTAW) _>| Filler(ER2209)

-

Heat input

v

Low heat input High heat input

weldment(0.85kJ/mm) weldment(1.3kJ/mm)
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Microstructure XRD Endinrre | Corrosion Test
Properties
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microscopy(OM) microscopy(SEM) Properties Micro Hardness

Fig. 3. Flow chart of welding methodology and characterization tools used in the present study.

2.2. Sample Characterization

2.2.1. Microstructural Analysis

The samples for microstructural examination are
prepared through a standard metallography
method -ASTM E3-95 [26]. Samples are polished
with the emery papers (180, 400, 600, 800, 1200,
1500 grit silicon carbide) followed by alumina
suspension. Lastly, diamond polishing is done to
get a clean and shiny surface. Polished samples
are etched with kallings reagent for 20-30 s to get

metallographic images under optical microscopy
[27]. The different zones of weld joints are
examined under OLYMPUS makes an optical
metallurgical microscope, and TESCAN makes a
scanning electron microelectronic microscope
(SEM) with  Energy Dispersive x-ray
spectrometry (EDS) for localized chemical
composition. X-ray diffraction (XRD) analysis is
performed to identify the phases of the aged
samples using Bruker D2 Phase 2nd generation
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with Cu (Ka) radiation (0.1540 nm) operating at
40 kV and 40 mA. The obtained patterns are
characterized by Xpert High Score software using
the PDF4 database.

2.2.2. Corrosion Analysis

The corrosion behaviour of base and welded
samples is evaluated through potentiodynamic
polarization test, by employing conventional
3-electrode cell. The electrochemical test setup
has a saturated calomel electrode (SCE) which
acts as a reference electrode, samples for testing
act as working electrode and counter electrode is
platinum wire. It is carried out at a scan rate of 10
mV/s. Prior to the electro chemical test, the
samples are immersed in 3.5% NaCl solution at
room temperature for 30 minutes until a steady
state open circuit voltage (Ecorr) is attained. The
surface area of sample exposed to solution is
0.1257 cm?.

2.2.3. Mechanical Properties

The tensile test is carried out on SHIMADZU
Model- 343-07979-12, capacity of 250 kN. The
ASTM standard ESM-04 is followed to perform
the tensile test at normal strain rate 2 mm/min at
room temperature. The elongation and ultimate
strength of the samples have been recorded to
estimate the mechanical strength of the
weldments. Fractography analysis is also
performed on fractured surface of tensile samples
to understand the mode of fracture. A
microhardness test is carried out to understand the
hardness variation in samples. The hardness test
is carried out on the Vickers Hardness Tester
(METCO VH-1MDX) according to ASTM
E9231. A 10 kg load is released for 10-15 sec on
the sample surface to measure microhardness.

3. RESULTS AND DISCUSSION

This section illustrates the microstructural
characterization results obtained from the optical
microscopy, SEM based EDS analysis and XRD
analysis. Corrosion behaviour and mechanical
properties are also discussed in detail to examine
the performance of welded samples.

3.1. Microstructural Analysis

The optical and SEM microstructures of LDX
2101 base metal are shown in Fig. 4(a-b). It is a
two-phase  microstructure with  alternative
austenite and ferrite phases. The austenite phase
is seen as discontinuous light etched banded
regions, and the ferrite phase is the continuous
darker matrix. The austenite ferrite phase fraction
measured in LDSS base metal shows an
approximately 50:50 ratio. The macrostructure of
the weldments obtained from 0.85 kJ/mm (LH74)
and 1.3 kJ/mm (LHS86) heat input conditions are
shown in Fig. 5. In the present study, it is observed
as ferrite solidification mode and the austenite
nucleates below the ferrite conditions [12].

Fig. 6(a-b) represents the weld zone optical
images of both LH74 and LH86 samples, and the
typical HAZ microstructures are shown in Fig.
7(a-b). The microstructure of both weldments
shows that the increase in heat input from low to
high range promotes a gradual increase in the
amount of austenite phase precipitation. During
welding, high heat input (1.3 kJ/mm) undergo a
slow cooling rate, resulting in large grain size and
higher contents of austenite, whereas the low heat
input (0.8 kJ/mm) under a high cooling rate
resulted in lower austenite content with more
refined grains.

SEM HV: 20.00 kV D 10.8360 mm
SEM MAG: 500 x Det: SE Detector 100 pm
View field: 301.60 pm

VEGANWTESCAN o ¢
Digital Microscopy Imaging ..4

Fig. 4. Microstructures of LDSS 2101 base metal (a) Optical (b) SEM.
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Weld Interface HAZ

The average percentage of the austenite phase
volume of the base and welded samples is taken
from the image analysis and shown in Fig. 8. The
high heat (LH86) and low heat (LH74) input
samples show 52.69% and 44.13% austenite
phase, respectively. At high heat input, lesser
ferrite is formed because of slow cooling rates and

= -
- -

Fig. 7. Optical images of the interface of HAZ/BM of (a) LH74 and (b) LH 86 amples.

indirectly facilitates high austenite formation.

The microstructure of both weld LH74 and LH86
shows similar morphological features such as
grain boundary austenite (GBA), inter-granular
austenite (IGA), and Widmanstatten austenite
(WA) [12-13],[25] [28] and this can be seen in
Fig. 9. During weld cooling, initially the grain
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boundary austenite (GBA) phase is nucleated at
the ferrite grain boundaries followed by
Widmanstatten secondary austenite and it
develops into a ferrite grain with certain angles.
Finally, the IGA formed inside the ferrite grains
and grew into blocks. The under-cooling degree
forms the final microstructure [25] [29]. This
study shows that HAZ has coarse ferrite and
austenite grains, and there are no intermetallic
precipitates.

Austenite phase fraction

w 35 M Austenite
3 50

£ 45

% 40 I

o 35

g Base metal Low heat High heat

§ input input

Z Samples

Fig. 8. Samples showing austenite phase fraction.

& 4 ANAARS A ,(“\‘\\\ 2o &n—:‘—j
Fig. 9. Optical microstructure of WZ with
morphological characteristics: intergranular austenite,
grain boundary austenite and Widmanstatten
austenite.

1,

Fig. 10(a-b) shows the SEM images
corresponding to LH74 and LH86. It is observed
that as the heat input increased, the microstructure

Table 3. WM and HAZ chemical composition two heat inputs (wt%)

exhibited a change in grain morphology as
compared to the base metal. It can also be seen
that insufficient GBA phase formation resulted in
the formation of new coarse ferrite-grains. The
morphological characteristics of the weldments
have changed compared to the base material due
to changes in the alloy composition at the weld
joint [30-31]. The width of the HAZ is influenced
by heat input during welding. It is seen from Fig.
10(a)-(b) that the HAZ width for low heat and
high heat input welds are 200 um and 300 pm
respectively. The weld cooling rate is influenced
the HAZ width. Grain growth is also dependent
on the heat inputs during welding.

SEM-EDS measurements are performed to
estimate the alloying elements composition in
different regions of both weldments. The
principal alloying elements present in the weld
zone (WZ) and HAZ are shown in Table 3. From
Table 3, it can be seen that the chromium (Cr)
element has a slight variation from WZ to HAZ
compared to other elements such as Ni and Mn.
Higher Mo and Ni content is observed in WZ due
to filler material ER2209. Due to the excess
formation of austenite phase, Ni element is very
high in WZ. The formation of the austenite phase
is enhanced by increasing the heat input. This can
be explained by the cooling time i.e., low heat
input gives high cooling rate with short
transformation and high heat input gives slow
cooling rate which allows more austenite-ferrite
transformation. Hence the diffusion of austenite
stabilizing elements such as Ni has increased and
more amount of austenite is transferred [25] [32].
Therefore, higher Ni elements are observed in
LH86 than in LH74.

3.2. XRD Analysis

Fig. 11 shows the comparison of sample's
diffraction patterns for both welds LH74, LH86
and BM samples. The X-ray diffraction patterns
depict the presence of ferrite and austenite. The
corresponding y and & phases are identified with
intense peaks.

Sample zone Cr Ni Mo Mn
base metal 21.35 226 - 6.03
WM 23.93 7.46 2.06 220

LH74 HAZ 22.04 1.67 ) 497
WM 2371 8.29 336 226

LH86 HAZ 22.57 227 ] 4.84

o @
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TRIDENT WELDING RESEARCH AND ACADEMY

Unaffected
Base Metal &
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SEM MAG: 250 x SEM HV: 5.0 kV VEGA3 TESCAN
WD: 10.60 mm Det: SE 300 pm
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TRIDENT WELDING RESEARCH AND ACADEMY

Fig. 10. SEM microstructure of HAZ: (a) LH74 and b) LH86.

There are no precipitates or detrimental phases
detected on the XRD spectrum of the weld metals.
The low heat input sample LH74 shows optimally
balanced ferrite and austenite phases with
stronger (111) plane orientation.

5 (110)

= LH86
== —~
e 3
= I (=) =
. (=} ol
@ e L o
= o) 2 X
1]
5 LH74
e
£ A A A
BM
_,_JL L A o A

40 50 60 70 80

Position 20 /deg
Fig. 11. X-ray diffraction patterns of LDSS 2101
subjected to GTAW heat effected by applied current.

3.3. Hardness Variation

The effect of heat input variation on hardness
value is analyzed on LH 74 and LH 86 welded
samples and shown in Fig. 12. It is also observed
that WZ hardness decreased with increased heat
input. This decrease in hardness from low to high
heat input in the WZ is due to the cooling rate
difference and the phase fraction. As heat input
increases, the cooling rate decreases and

promotes the y -austenite formation, leading to a
decrease in hardness performance [33]. The
hardness value of LH74 and LH86 in WZ are
higher than the BM as shown in Fig. 13. It is
observed that the weld region exhibited higher
hardness than HAZ due to the filler wire and grain
refinement. The microhardness values from Fig.
12 show that the LH74 weldment has higher
hardness than the LH86 weldment. A high
hardness value is noted in the low heat sample
(LH74) due to the high cooling rate that leads to
grain refinement. In addition, the second reason
for the increase in LH74 hardness is the reduced
austenite grain size in the weld compared to BM,
which is visible in the optical microstructure (in
Fig 7) [25].

3.4. Tensile Test

Tensile testing is conducted to evaluate the
strength of both LH74 and LH86 weldments. The
strength of weld specimens is compared with the
BM. Tensile test results are presented in Table 4.
From the table, it can be observed that weldments
exhibited good strength. The ultimate tensile
strength (UTS) of LH74 and LH86 weldments are
705 MPa and 691 MPa while BM shows 680 MPa.
The weld strength is about 1.6- 3.7% higher than
that of the base metal. The low heat input sample
LH74 has higher tensile strength than the high
heat input sample LH86 due to high cooling rate
with refined grains [34]. The yield strength of
BM, LH74, and LH86 samples is computed as
495, 528, and 504, respectively.

& &
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Fig. 12. Hardness profiles of heat input samples
Table 4. Tensile properties of 2101 DSS at GTAW
Specimen (;ﬁ,i) Ylelzil\;tl:‘:)n gth % Elongation | Fracture location Centre | Fracture Mode
Base 680 495 28.07% Centre of gauge length Ductile
LH 74 705 528 25.3% HAZ Weld Ductile
LH 86 691 504 26.8% HAZ Weld Ductile

= 260
I
@ 250
U
c
T 240
T
o 230
&

o 220 II
2

210
BM WM HAZ

Samples of LDSS

W[ H74 m|H86
Fig. 13. Average hardness of LDSS 2101 samples.

The yield strength of both weldments is higher
due to Ni-based filler ER2209, which probably
promotes the strength in the weldment.
Percentage elongation of LH74 and LHS86
weldments is observed $-10% lower than the
base metal. The fractography analysis is done to
understand the failure behavior of both
weldments. The necking phenomenon indicated
that the samples exhibited plastic deformation
before fracture. The weldments fractured from
HAZ to the weld region. The fractography image
of a failed LH74 sample under tensile test is
shown in Fig. 14. The fractography analysis
revealed evenly distributed dimples on the
fracture surface indicating the ductile mode of
failure.

o B

2y A o AN SN P

A i ¥ AL -

SEM MAG: 5.00 kx | VEGA3 TESCAN|
WD: 7.49 mm Det: SE

View field: 41.5 pm |Date(m/dly): 07/15/22

Fig. 14. Fracture morphology of failed LH74
weldment after tension test.

TRIDENT

3.5. Corrosion Behaviour

Polarization test is conducted for evaluating the
corrosion performance of base metal and welded
samples. For evaluating the corrosion resistance
of the samples, test is performed in 3.5% NaCl
solution with constant specimen’s surfaces area
0.1257 cm? at room temperature. The polarization
measurements are noted by the potential with a
range of -250 mV to +550 mV with respect to
SCE corrosion potential (Ecorr) at scan rate of 10
mV/s. Polarization characteristic curves for
LH74, LH86 and BM samples are shown in Fig. 15.
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The linear segments of the anodic and cathodic
curves are extrapolated for corrosion potentials to
evaluate the corrosion current densities (Icorr).
Icorr calculated in the range of Ecorr= £25 mV
according to Stern-Geary equation 2 [35].

_ Babi
Icorr B (2'303-Rp(ﬁa+6b) (2)
The corrosion rate (CR), is calculated as
CR=3.27%X 103 Icorr X (Ew/p) 3)

Where E,, is equivalent weight in gms and p is the
density in g/cm’.

Fig. 15 shows the curves of potentiodynamic
polarization for base LDSS2101 sample and
LH74 and LH86 welded samples. Tafel
extrapolation is used to find the passivation
current density in mA/cm? (Ipass), pitting
potential in mV (Epit), corrosion current density
in mA/cm? (Icorr), corrosion potential in mV
(Ecorr) and corrosion rate in mm/yr.

500 —

Ecorr (mv)

— Baselistal 766
LH74. 7725

300

122

LH8E

100

Potential (mV)

-100

-300

Current (mA/cm?)
Fig. 15. Potentiodynamic polarization curve for base
LDSS2101 sample and LH74 and LH86 welded
samples.

These characteristics values obtained from test
are summarized in Table 5. From the table, It can
be seen that LH74 sample shows the lowest
corrosion current (Icorr= 0.0045 mA/cm?) and
LH86 sample depicts high corrosion current
0.1251 mA/cm? with limited or no passivation.
The LH86 sample shows high corrosion rate in
comparison with LH 74 and BM, i.e. lowest
corrosion resistance. LH 74 sample shows least
corrosion rate i.e. highest corrosion resistance.
This is due to high percentage of chromium

concentrations that can be noticed in Table 3 [25].
Epit is the potential when stable pits forms. The
Epit values are directly proportional to the pitting
corrosion resistance of the material [36]. LH74
sample has best Epit which showing high resistant
to the localized corrosion. LH74 sample exhibited
strong passive behaviour because of the oxidant
solution whereas in the LH86 and BM samples,
the passivation zone is less pronounced. From
Fig. 15, it is clear that the LH86 weld has the least
pitting potential hence low resistance to pitting
corrosion, this is because of the increasing of
coarse austenite grains. From the results, the
lowest corrosion current density and the noblest
corrosion potential are measured for LH74
sample.

4. CONCLUSIONS

The influence of heat inputs on weldments was
investigated on the lean duplex stainless steel.
The LDSS2101 carried out GTA welding with
ER2209 electrode for two different heat input
conditions. Material characterization for the
welded 2101 samples was examined by optical
microscopy, scanning electron microscopy
equipped with EDS and XRD analysis. Hardness
of the LDSS2101 was evaluated for base and
welded samples. Potentiodynamic polarization
test was conducted to understand the corrosion
resistance in the weldments. Microstructural
behaviour for variable heat conditions on GTAW
was the focus of this work. From the experimental
results, the following conclusions were drawn:

e Good, formed welds with no carbide’s
precipitation in weld metal and heat affected
zone in both heat inputs were carried out for
GTAW.

e The microstructure consisted of austenite and
ferrite phases and with the heat input increase
there was a decrease in ferrite content. The
heat inputs had significant effect on the
microstructure.

¢ The amount of austenite precipitation increased
with the increase in the heat input during
welding, thereby leading to slpw cooling rate

Table 5. Corrosion parameters obtained from Potentiodynamic polarization curves

sample | Ecorr (mv) | Icorr (mA/cm?) Epit (mv) Ipass (mA/cm?) | Corrosion rate (mm/yr)
Base -76.6 0.0535 234 1.2521 0.5729

LH74 -77.25 0.0045 342 0.0176 0.0487

LHS86 -122 0.1251 326 0.516 1.3389
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after welding. In addition to heat input, filler
metal ER2209 with enriched Ni content
played a major role in the stabilization of the
austenite phases in the weldment.

At high heat input 1.3 kJ/mm, hardness value
was decreased. The weld metal had high
hardness for low heat input condition.
Increasing the heat input decreased the
hardness and this could be attributed to phase
ratio and cooling rate.

Potentiodynamic cyclic polarization tests
revealed that the low heat input welded sample
possessed the highest pitting potential,
indicating the highest resistance to pitting.
The curves of polarization show that the low
heat input welded sample showed increased
corrosion resistance as compared to the high
heat weldment. These are due to the low
passive current density obtained for 0.85
kJ/mm heat input.
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