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Abstract
Duplex stainless steels show sustainable alternative for the conventional austenitic grades, with higher strength, higher 
resistance against stress corrosion cracking, and lower purchase cost. Thus, duplex stainless steel gains more attention in 
construction, oil and gas, and chemical industries. Among duplex stainless steels, low nickel and low molybdenum alloyed 
lean duplex stainless steel are a cost-effective substitution of austenitic grades. However, keeping the balanced ferrite/
austenite phase ratio in the weld metal can be challenging, mostly for autogenous and low heat input welding processes. In 
our research, a newly developed NSSC 2120 lean duplex stainless steel grade was welded autogenously by fiber laser weld-
ing process. Different welding parameters and preheating temperatures were used during the experiments. The welds were 
evaluated by microscopic and metallographic techniques, and also by electrochemical corrosion measurements. The welding 
parameters and the preheating temperature greatly influenced the weld shape and the austenite content in the weld metal. 
It was found that the focus point distance from the sheet surface had significant effect on the weld geometry. Changing the 
focus point distance to + 2 mm, the penetration depth increased from 4.96 to 5.53 mm, and increased the austenite content 
by 2.6%. Due to the preheating the welds became wider and shallower, e.g., from 4.96 to 4.08 mm penetration depth, while 
the cross-section are increased from 5.10 to 6.12 mm2 at the same sample. The preheating resulted in more intergranular 
austenite formation, which meant maximum 4% increase in the weld metal. The increasing austenite content resulted in 
increasing pitting corrosion resistance in 3.5% NaCl electrolyte, the highest increase was 90 mV.
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1  Introduction

Among the family of stainless steels duplex stainless steels 
(DSS) show a high strength alternative compared to the con-
ventional austenitic grades, with better resistance against 
certain corrosion mechanisms, such as stress corrosion 
cracking [1–4]. DSSs have usually higher chromium (Cr) 
and lower nickel (Ni) alloying than the austenitic grades. The 
specific alloying content and the annealing heat treatment 

results in a double, ferritic-austenitic microstructure in all 
DSS grades, with the ferrite content around 40%.

DSSs can be classified according to their alloying con-
tent, and the governing corrosion resistance. The lean duplex 
stainless steels (LDSS) are low Ni and molybdenum (Mo) 
alloyed. LDSSs showing a great alternative to substitute con-
ventional, Mo-free austenitic grades (like AISI 304). The 
approximately double yield strength and lower price (due to 
the lower Ni and Mo content) making LDSSs a cost-effective 
and sustainable solution in chemical, civil, constructional, 
and oil and gas industries [5–9]. In LDSS grades the aus-
tenite promoting, and corrosion resistance effect of Ni is 
substituted with higher manganese (Mn), nitrogen (N), and 
sometimes copper (Cu) additions [10–13].

In the weld metal (WM) and in the heat affected zone 
(HAZ) of duplex grades, the phase balance is usually 
shifted to the more ferritic microstructures. The reason for 
this is the relatively fast cooling rate during conventional 
welding processes (mostly in the HAZ). As all duplex 
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grades solidify as ferrite, the balanced microstructure of 
all DSS and LDSS grades is a result of solid-state phase 
transformation from ferrite to austenite. This phase trans-
formation is mainly driven by the nitrogen diffusion in the 
ferritic microstructure, as N is a potent austenite forming 
element, and has a high diffusion rate in ferrite [14–19]. 
Slow cooling rates are also detrimental, as they promote 
ferrite decomposition into harmful intermetallic precipita-
tions, which deteriorate corrosion resistance and toughness 
[20–23]. Thus, the recommended heat input for DSS and 
LDSS welding is limited from both below and above.

With conventional arc welding processes and additional 
filler materials the phase balance can usually be kept at an 
adequate level (neither the ferrite nor the austenite content 
is higher than 70%). However, high energy density welding 
processes such as laser beam welding (LBW) or electron 
beam welding (EBW) challenges welding researchers. The 
high energy density during these welding processes result 
in very rapid cooling rates (short cooling times), thus the 
ferrite to austenite phase transformation is suppressed 
[24–29]. Researchers try different techniques to promote 
austenite formation in the LBW and EBW welds. One 
solution is to use Ni-rich filler materials [30, 31]. The Ni 
promotes austenite formation during the solidification pro-
cess and the subsequent austenite formation. Using nitro-
gen as a shielding gas also promotes austenite formation in 
the weld metal [32–34]. If the welding process cannot be 
modified, preheating or post weld heat treatment (PWHT) 
can be used. Generally, neither preheating nor post weld 
heat treatment is recommended in the case of DSS weld-
ing, as the slower cooling rate can promote intermetallic 
formation. Schmigalla et al. [35] found that the preheating 
temperature decreased the ferrite content in the weld metal 
in the case of EBW of different duplex grades. However, 
this ferrite content decrease is only 6% between 200 and 
400 °C preheating temperatures. Krasnorutskyi et al. [36] 
also used different preheating temperatures during the 
EBW of grade GX2CrNiMoN22-5–3 to slow down cool-
ing rate after welding. Their results showed that the high-
est preheating temperature (435 °C) resulted in the lowest 
ferrite content, which was still around 70%. Kolenič et al. 
[37] used defocused electron beam to preheat and post heat 
the EBW welds of 2507 super duplex grade. They found 
that, with the additional heat input the ferrite/austenite bal-
ance can be controlled. On the other hand, the additional 
heat treatment had only minor effects on the corrosion 
resistance. PWHT is also sometimes used in order to pro-
mote austenite formation in the HAZ and WM. Saravanan 
et al. [38] used 1050 °C PWHT for 2 h to improve the cor-
rosion resistance of LBW super duplex stainless steel 2507 
through reducing ferrite content and promoting austenite 
transformation. They found that PWHT increased austenite 
formation with secondary austenite precipitation in the 

ferrite grains. Köse et al. [39] showed the same secondary 
austenite formation in the ferrite grains after PWHT.

To make duplex stainless steels able for higher heat 
input welding processes such as submerged arc welding, 
and to suppress intermetallic formation during longer cool-
ing times, steel manufacturers made efforts to develop new 
types of grades. Grade 2120, developed by Nippon Steel 
Stainless Steel Corporation (NSSC), is one of the new lean 
duplex grades, which can keep a stable phase balance at 
lower cooling rates. The newly developed 2120 grade has 
double the strength compared to AISI 304, while maintain-
ing better corrosion resistance. The intermetallic formation 
is also suppressed in the HAZ and WM, making this grade 
able to be welded as high heat inputs as 3.5 kJ/mm, while 
conventional duplex grades are recommended to be welded 
with maximum 2.5 kJ/mm heat input [40]. These features 
make this grade excellent for constructional applications, 
showing a cost-effective and sustainable solution.

In our research, we performed autogenous fiber laser 
beam welding on NSSC 2120 lean duplex stainless steel 
with different welding parameters, using room temperature, 
and 300 °C preheating, as the service temperature limit for 
different duplex grades is usually around this temperature, 
e.g., 315 °C according to ASME Code Div. 1—part II. The 
welds were evaluated by microstructural characterization 
and electrochemical corrosion tests.

2 � Materials and methods

2.1 � Base material

For the laser welding experiments, a newly developed NSSC 
2120 type lean duplex stainless steel sheets have been used 
with the thickness of 6 mm. The NSSC 2120 LDSS has 
been developed to be applicable for high heat input welding 
(such as submerged arc welding) in order to reduce weld-
ing passes. The precipitation behavior of 2120 has been 
suppressed with special alloying and steel manufacturing 
techniques. The grade 2120 is mainly used in constructional 
and civil industries, in thicker wall thicknesses, mostly to 
substitute conventional austenitic grade 304. The chemi-
cal composition of the base material 2120 can be seen in 
Table 1, according to the manufacturer’s datasheet. The high 
strength (~ 500 MPa 0.2% proof stress) and the duplex aus-
tenitic ferritic microstructure is provided with higher Mn, 
N, and Cu alloying, comparing to the conventional duplex 
grades. With the N addition the austenite formation is pro-
moted in the HAZ, which reduces the Cr2N formation to a 
starting temperature of 910 °C [40]. The Cr2N precipitation 
would lead to a loss of pitting corrosion resistance, and thus 
it is important to suppress its formation in the highly ferritic 
HAZ, by the promotion of austenite formation, which has 
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much higher solubility of N. Thus, the manufacturer also 
aimed to have maximum 50% ferrite in the base metal in the 
annealed state [40].

2.2 � Welding parameters

To ensure constant welding parameters FANUC M710iC/70 
type welding robot has been used during the laser weld-
ing experiments. The welding robot was equipped with 
IPG YLS-6000 ytterbium fiber laser welding source. For 
shielding gas argon in 5.0 purity was used. To investigate 
the effects of welding parameters to the weld metal shape, 
microstructure, and corrosion resistance, bead-on-plate 

welds were made. The sheets were cleaned with acetone 
and were fixed in a welding table fixture prior to the weld-
ing. The welding parameters can be seen in Table 2. From 
each set of experiments three samples were examined. The 
welding setup can be seen in Fig. 1.

During the parameter optimization our aim was to have 
the deepest penetration, which can be achieved by this laser 
power source. At first, we set the laser power to the pos-
sible maximum (which is 6.0 kW) and selected the travel 
speed, which results in the best geometrical appearance of 
the weld according to ISO 13919–1. For the highest laser 
power, the optimal travel speed was selected as 50 mm/s 
(sample #1). At second, we investigated the effects of the 

Table 1   The chemical composition of the base material NSSC 2120 lean duplex grade, according to the manufacturer’s datasheet 

C Si Mn P S Ni Cr Mo Cu N

0.019 0.38 3.0 0.024 0.001 2.03 20.9 0.28 1.08 0.18

Table 2   The welding 
parameters used for the laser 
welding experiments of NSSC 
2120 grade

Sample no Laser beam 
power (kW)

Laser beam travel 
speed (mm/s)

Focus point 
distance (mm)

Shielding gas type 
and flow rate (l/min)

Preheating 
temperature 
(°C)

#1 6.0 50 0 Ar 5.0, 20 RT/300
#2 3.0 25 0 Ar 5.0, 20 RT/300
#3 4.5 37 0 Ar 5.0, 20 RT/300
#4 6.0 50 -2 Ar 5.0, 20 RT/300
#5 6.0 50 2 Ar 5.0, 20 RT/300

Fig. 1   The setup of the fiber 
laser welding experiments 
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travel speed and the laser power, while keeping the nominal 
heat input (ratio between the laser power and travel speed) 
constant. So, for 3.0 kW laser power half of the travel speed, 
25 mm/s (sample #2), and for 4.5 kW, 37 mm/s (sample #3) 
was selected. In the third step, we investigated the effects of 
the focus point distance. We selected the highest laser power 
set of parameters to modify the focus point distance from − 2 
to + 2 mm, measure from the surface of the sheets (samples 
#4 and #5) to see the expected most significant differences. 
The nominal heat input was kept approximately constant in 
all cases. The focal length of the laser head was 250 mm, 
and the beam diameter at the focus was about 0.35 mm. To 
investigate the weld metal and heat affected zone micro-
structure to lower cooling rates (longer cooling times, which 
promotes precipitate formation), different preheating tem-
peratures were used. For the laser welding experiments, 
no welding consumable or backing gas has been used. All 
the 5 samples were welded at room temperature (RT), and 
preheated to 300 °C. Accordingly, the samples are marked 
as #1/RT, #1/300, etc. in the following. The sample pre-
heating was done in an iZO type resistance heater electric 
furnace, where the temperature distribution in the chamber 
was assured by fan thermal circulation. After the peak tem-
perature was reached the samples were held in the furnace 
for 60 min. After taken out, the samples were immediately 
set in the fixture for welding. The temperature was verified 
by a contact thermometer prior to the welding.

2.3 � Microstructure evaluation

To investigate the weld shape, microstructure, and cor-
rosion resistance of the welded samples, standard metal-
lographic samples were made for the cross section of the 
welds. The location of the samples was selected from the 
uniform weld bead sections. The samples were cut by a met-
allographic cutter under constant cooling. The cut samples 
then were mounted in epoxy resin and grinded to 4000 grit 
paper, followed by polishing with 3 μm diamond suspen-
sion. To reveal and examine the microstructure, color etch-
ing technique was used. With Beraha’s tint etchant (60 ml 
H2O + 30 ml HCl + 0.75 g K2S2O5), the austenite-to-ferrite 
phase ratio was measured after 15 s of etching time. The aus-
tenite content in the weld metal was measured by an image 
analyzing technique, described in [41]. The weld shape was 
measured by an Olympus SZX16 stereomicroscope, and the 
microstructure was examined by an Olympus PMG3 light 
optical microscope.

2.4 � Electrochemical corrosion testing

To investigate the corrosion resistance of the laser 
beam–welded samples, electrochemical corrosion tests were 
conducted in a standard three electrode cell. The reference 

electrode was saturated Ag/AgCl, the counter electrode was 
a Pt mesh, and the working electrode was the mounted sam-
ple. The samples were grinded with 600 grit paper prior to 
the testing and immersed immediately to the electrolyte. To 
prevent crevice corrosion during the tests, the samples were 
covered in polyacrylate resin before the mounting. The elec-
trolyte was 3.5 wt% NaCl, de-aerated with 1 h argon purging 
prior to the test. The pH value of the electrolyte before the 
tests was 6.0. The tests were performed at room temperature. 
The scanning rate during the polarization tests was 1 mV/s, 
after a 1-h immersion time. As a characteristic property of 
the corrosion resistance, the corrosion potential (Ecorr) and 
the pitting potential (Epit) were selected. The Ecorr can be 
measured from the polarization curves, where the cathodic 
(reduction) and anodic (oxidation) sections intersect. The 
Epit value shows the stable pitting formation, represented in 
sharp and steady increase in the corrosion current (i). The 
Epit values were determined graphically from the polariza-
tion curves. The exposed surfaces to the electrolyte were 1 
cm2 in all cases.

3 � Results and discussion

3.1 � Macroscopic examination of the laser beam–
welded samples

The as-welded state of the samples can be seen in Fig. 2. 
All of the welding parameters can be successfully used to 
weld NSSC 2120 lean duplex plates; however, there are sig-
nificant differences in-between the weld geometries. All of 
the faces of welds are uniform, which shows stable laser 
beam welding process. Comparing the preheated and non-
preheated (RT) samples, it can be seen in Fig. 2. The weld 
bead width increased due to preheating. On the other hand, 
the penetration depth seems to decrease as a result of 300 °C 
preheating temperature. In the case of the samples welded 
initially at room temperature sample #5 showed full penetra-
tion, samples #1 and #3 melting through, and samples #1, 
#2, and #4 had practically no weld root. Comparing these 
results to the welding parameters listed in Table 1, it can 
be seen that laser beam power, travel speed, and the focus 
point distance altogether have effect on the weld geometry 
on the contrary to that all of the welds were made with the 
same theoretical heat input. Comparing samples #1, #4, 
and #5 to each other (where only the focus point distance 
changed), it can be seen the higher focus points resulted in 
deeper penetration. In the case of sample #4 the focus point 
distance was − 2 mm, which resulted in practically no weld 
root, in the case of sample #1, it was 0 mm, which showed 
partial melt through, and in the case of #5 the + 2 mm focus 
distance resulted in full penetration, with uniform weld root. 
When the samples were preheated to 300 °C, the penetration 
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depth significantly decreased, while the weld bead width 
increased. In the case of the preheated samples, only sample 
#5 showed partial melt through, while all of the other sam-
ples had no weld root. The reason for this is the difference 
in the temperature gradient next to the heat source. When 
the samples are not preheated, the temperature gradient is 
steeper, which results in narrower and deeper welds, on the 
contrary to the preheated samples, where are visibly wider, 
but shallower welds.

3.2 � Weld shape and geometry

The cross-section of the welds can be seen in Fig. 3. It 
is evident, that both the welding parameters and the ini-
tial temperature have significant effect on the weld shape. 
Comparing samples #1/RT and #2/RT, the lower travel 
speed resulted in a narrower weld bottom, while the pen-
etration depth and the weld bead width practically did not 
change. When the laser power and the travel speed was 
set in-between the parameters #1 and #2, the penetration 
deepened, and the bead width became narrower, as it can 
be seen in the case of sample #3/RT. Modifying the focus 
point distance also has a notable influence on the weld 
geometry. Both samples #4/RT and #5/RT showing deeper 
penetration compared to sample #1/RT. The bottom side of 

the sample #4/RT not evenly following the weld geometry, 
which resulted in the partial melt through as it can be seen 
in Fig. 2. Sample #5/RT shows even weld shape even at 
the bottom side, which resulted in the complete and uni-
form penetration. Preheating the sheets to 300 °C prior to 
welding has a significant effect on the weld shape. With 
preheating the temperature gradient has changed around 
the fusion zone, which results in slower cooling rates, and 
longer cooling times. Also, the laser beam absorption is 
increasing with the temperature [42, 43]. Su et al. [44] 
showed that the preheating is increasing the laser absorp-
tion capacity of medium alloyed structural carbon steels, 
which lead to an increase in the weld bead width. In our 
research, we confirmed that, the preheated welded sam-
ples showing wider but shallower weld geometries in all 
cases. It also can be seen, due to the different temperature 
gradient, the welded cross-section became larger in the 
case of the preheated samples. Comparing samples #2/RT 
and #2/300, and #3/RT and #3/300, the penetration depth 
greatly decreased, while the bead width the cross-section 
area increased. This phenomenon is not that significant 
at the rest of the welding parameters, although all of the 
welds showing shallower penetration. This effect in the 
change of the weld geometry can be helpful in improving 
the gap tolerance in LBW of butt-welds, as penetration 

Fig. 2   The face and the root 
sides of the non-preheated and 
preheated samples in as-welded 
condition
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depth is highly sensitive to the air gap in-between the 
plates in the case of LBW.

The comparison of the weld bead widths can be seen in 
Fig. 4. The error bars show standard deviation in all graphs. 

Reviewing the RT samples, the welding parameters have the 
most significant effect on the bead width. Comparing sam-
ples #1/RT, #4/RT, and #5/RT, where only the focus point 
distance changed, the bead width is practically the same; 

Fig. 3   The cross-sections of the 
laser beam–welded samples, 
welded with different param-
eters and different preheating 
temperatures

Fig. 4   The weld bead width of 
the laser beam–welded samples, 
welded with different param-
eters and different preheating 
temperatures
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1.84 ± 0.06 mm, 1.98 ± 0.05 mm, and 1.93 ± 0.13 mm. When 
the laser beam power decreased form 6 kW (#1) to 3.0 and 
4.5 kW (#2 and #3, respectively), the weld bead width also 
decreased to 1.52 ± 0.07 mm and 1.51 ± 0.13 mm, contrary 
to that the travel speed also changed to keep the heat input 
constant theoretically. Except sample #1 (6 kW laser beam 
power, and 0 mm focus point distance), the bead width 
greatly increased due to preheating. This increase is more 
pronounced in the case of various welding parameters (sam-
ples #2, and #3), and lesser in the case of samples #5 and #6. 
The largest increase in the weld bead width was measured at 
sample #3 (highlighted in Fig. 4.), where the 300 °C preheat-
ing resulted in + 0.42 ± 0.12 mm width increase.

The comparison of the weld bead depths can be seen in 
Fig. 5. Reviewing the RT samples, it can be seen both the 
welding parameters and the preheating temperatures have 
significant effect on the penetration depth. Among samples 
#1/RT, #2/RT, and #3/RT the deepest penetration was meas-
ured in the middle range (#3 welded with 4.5 kW laser beam 
power, and 37 mm/s travel speed) among the applied param-
eters. In this case, penetration depth was 5.60 ± 0.32 mm. 
The focus point distance also has a notable effect on the pen-
etration depth. The deepest penetration among samples #1, 
#4, and #5 was measured in case of sample #5/300 (+ 2 mm 
focus point distance), which is 5.53 ± 0.25 mm. Samples 
#1/300 and #4/300 showed practically the same penetration 
depth, which were 4.96 ± 0.27 mm and 5.10 ± 0.26 mm, 
respectively. The preheating to 300  °C significantly 
decreased the penetration depth (with the increase of the 
weld bead width) in all the samples. The most significant 
decrease was measured between samples #1/RT and #1/300 
(− 0.96 ± 0.25 mm, highlighted in Fig. 5), and samples #3/
RT and #3/300 (− 0.83 ± 0.23 mm). This observation cor-
responds to results in the scientific literature. Chen et al. 

[45] showed that, the preheating lead to an increase in the 
weld bead width and the weld cross-section. On one hand, 
they found that the 200 °C preheating temperature resulted 
in approximately 10% increase in the weld bead width in the 
case of Nd:YAG laser welding of GTD-111 nickel–based 
superalloy. On the other hand, the penetration depth did not 
increase due to the preheating. For this observation, they 
gave two possible explanations: the heat input increased (and 
the cooling rate decreased), and the preheating resulted in 
more laser beam absorption. Keivanloo et al. [46] also found 
an increasing weld cross-section are with 200 °C preheating 
in the case of Nd:YAG laser welding of Inconel 718. Their 
clarification is based on the difference in temperature distri-
bution around the weld pool due to the preheating.

The comparison of the weld cross-section areas and 
weld shape factors can be seen in Fig. 6. The shape fac-
tor is calculated as the ratio of the bead depth and width. 
Reviewing the RT samples, it can be seen the focus point 
distance has much significant effect on the weld cross-
section area, than the welding parameters. While the weld 
of sample #1/RT has a cross-section area of 5.10 ± 0.26 
mm2, it increased at the welds on samples #4/RT and #5/
RT to 6.48 ± 0.28 mm2 and 6.07 ± 0.14 mm2, respectively. 
Samples #2/RT (4.79 ± 0.17 mm2) and #3/RT (5.05 ± 0.23 
mm2) showed moderate change in the cross-section area 
compared to #1/RT. However, these samples showed much 
greater sensitivity to the preheating temperature. Samples 
#1/300, #2/300, and #3/300 showed significantly larger 
cross-section areas compared to the RT samples. The 
greatest increase was measured in the case of sample #1, 
which is + 1.02 ± 0.28 mm2. On the other hand, samples 
#4/300 (− 2 mm focus point distance) and #5/300 (+ 2 
focus point distance) showed only a negligible increase 
in the cross-section area, 0.08 ± 0.4 mm2, and 0.26 ± 0.11 

Fig. 5   The weld bead depth of 
the laser beam–welded samples, 
welded with different param-
eters, and different preheating 
temperatures
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mm2, respectively. The results of the calculated shape fac-
tors also showed important findings. Due to the preheating, 
the shape factors decreased to a large degree, apart from 
that the welding parameters of the focus point distances 
changed. This seems to be a negative effect, as LBW is 
usually applied because of its high weld shape factors; 
narrow and deep welds. But, in terms of gap tolerance, it 
can also be beneficial. The largest decrease in the shape 
factor was measured at sample #3, from 3.56 ± 0.23 to 
2.32 ± 0.28.

3.3 � Weld metal microstructure and austenite 
content

The weld metal and heat affected zone microstructures of 
all laser beam–welded samples can be seen in Fig. 7. It is 
known, LBW results is mostly ferritic microstructure both 
in the WM and in the HAZ. The reason for this is the very 
low heat input during welding, which results in rapid cooling 
rates between 1200 and 800 °C, where the ferrite to austenite 
formation is driven by atomic diffusion in the ferrite phase. 

Fig. 6   The weld bead cross-
section area and shape factor of 
the laser beam–welded samples, 
welded with different param-
eters and different preheating 
temperatures

Fig. 7   The microstructure of 
the weld metal and heat affected 
zone of the laser beam–welded 
samples, welded with differ-
ent parameters, and different 
preheating temperatures
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The lack of diffusion time suppresses the solid-state phase 
transformation, so the microstructure remains predominantly 
ferritic. This is shown in all the RT samples in Fig. 7, where 
the used Beraha’s etchant tints only the ferrite phase dark. 
Both the top and bottom parts of the weld showing elongated 
ferrite grains with grain boundary austenite (GBA) forma-
tion. The ferrite grain size did not significantly change at the 
different welding parameters and focus point distances. At 
the top part of the welds the average ferrite grain size varied 
in-between 280 and 410 μm, but extremely large, ~ 650 μm 
big ferrite grains were also found in the WM. The reason for 
the ferrite grain growth is its high grain boundary diffusion 
at high temperatures. As austenite formation is practically 
negligible, there is no barrier for grain boundary diffusion, 
so grain coarsening can be experienced on the contrary to 
the very high cooling rate. Also, the HAZ showed no signifi-
cant difference in the microstructure among the RT-welded 
samples. The HAZ is usually highly ferritic, even in the case 
of arc welding of DSSs. As the heat input is very low, the 
HAZ width is also very narrow. Taking an average of all the 
RT-welded samples, the HAZ width is ~ 50 μm, but it is very 
hard to distinguish between the high temperature HAZ and 
the WM. The bottom part of the RT-welded WM showed 
the same highly ferritic microstructure with GBA austenite 
formation. At the bottom side, some intergranular austen-
ite (IGA) formation is also visible inside the ferrite grains 
as austenitic islands. This formation is more pronounced in 
the case of samples #1/RT and #4/RT. However, this IGA 
formation is very dispersed in small sizes (5–10 μm); thus, 
it does not affect the phase ratio significantly. Also, regard-
ing the GBA formation at the bottom part of the WM, some 
wider plates austenitic grains are visible, more pronounced 
in samples #4/RT and #5/RT. Due to the 300 °C preheat-
ing, the austenite content visible increased both on the top 

and bottom parts of the welds. More IGA formation can be 
observed, as more time was available for diffusion. Also, 
this is the reason for visibly wider plates of GBA at the 
ferrite boundaries. On the top part of the welds, significant 
differences in the phase balance are visible in the case of 
the samples #1/300, #4/300, and #5/300. In case of the HAZ 
microstructure, more IGA formation is obvious at samples 
#2/300, #4/300, and #5/300. The bottom parts of welds 
showed even more significant austenite formation, as it can 
be seen at #/300, #3/00, #4/300, and #5/300. On the other 
hand, no significant grain coarsening is visible at any of the 
preheated sample microstructures.

The austenite content of the weld metal of all laser 
beam–welded samples can be seen in Fig. 8. Reviewing the 
RT samples, neither the welding parameters nor the focus 
point distance had a notable effect on the austenite content 
at the top and bottom parts of the WM. All of the austenite 
contents remained under 13%, which is detrimental to the 
toughness and to the corrosion resistance. The bottom part 
of the WM showed ~ 2% higher austenite content in most 
of the cases, except sample #1/RT, where the difference 
between the top and the bottom parts of the WM in aus-
tenite content is 4.9 ± 1.5%. The reason for this is the more 
pronounced IGA formation in the ferrite grains. The 300 °C 
preheating increased the austenite content in all cases, as 
previously expected. It is also visible in Fig. 9. The bottom 
part of the WM had higher austenite contents again. In the 
case of the preheated samples, the focus point distance had 
major influence on the austenite content of the WM. The 
samples #4/300 and #5/300 showed the highest austenite 
contents both at the top and at the bottom parts. The highest 
measured austenite content was 22.1 ± 2.5% at the bottom 
part of #5/300, as highlighted in Fig. 8. It was found that 
the defocus distance (or focus point distance) increased the 

Fig. 8   The austenite content of 
the laser beam–welded samples, 
welded with different param-
eters and different preheating 
temperatures
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weld bead width and depth, and thus, the weld metal cross-
section has also increased. This means that, the actual heat 
input was higher in the case of samples #4 and #5, compar-
ing to the sample #1, where the welding parameters were 
the same, except the focus point distance. The higher actual 
heat input results in slower cooling rate, which promotes the 
ferrite-to-austenite phase transformation, mainly in the 1200 
to 800 °C temperature range. The preheating also resulted in 
lower cooling rates, which allowed more IGA formation and 
GBA widening through diffusion. During our microstruc-
ture examinations, no signs of intermetallic formation were 
found in any of the samples.

3.4 � Corrosion testing results

From the potentiodynamic polarization curves two impor-
tant potentials can be described. The corrosion potential 
(Ecorr) refers to the passivation behavior of the working 
electrode. The Ecorr can be defined as the intersection of 
the cathodic (reduction) and anodic (oxidation) curves and 
can be described graphically. The more positive Ecorr value 
means more noble behavior. The other important specific 
point is the pitting potential (Epit). The Epit shows the start-
ing potential of stable pit formation, where the corrosion 
current density is sharply monotonic increasing. The higher 
Epit means higher resistance against pitting corrosion. Sam-
ples #1 and #5 were selected for performing electrochemical 
corrosion tests, because during the evaluation of the weld 
geometry and microstructure, it was confirmed that the focus 
point distance has a major effect on the welds. The other 
reason was the high difference in austenite content between 
samples #1 and #5. In the case of duplex stainless steels, 
the mechanical and corrosion properties are optimal, when 
the phase ratio is around the annealed state. The alloying 

element distribution in the ferrite and austenite phases and 
their ratio to each other determines the corrosion resistance, 
mainly the pitting corrosion resistance in Cl-bearing envi-
ronments. Thus, the austenite content has a high influence 
on the pitting corrosion resistance.

The potentiodynamic polarization curves of samples #1/RT, 
#1/300 and #5/RT, #5/300 in 3.5% NaCl electrolyte at room 
temperature can be seen in Fig. 9. All of the given working 
electrode potentials are versus saturated Ag/AgCl reference 
electrode. Reviewing the RT samples, a difference in the Ecorr 
and Epit values can be seen between the samples #1/RT and #5/
RT. All of the four polarization curves show the same shape. 
The quantitative results of the potentiodynamic polarization 
tests can be seen in Table 3. After the reduction section, oxida-
tion started practically at the same potential level in all cases, 
for #1/RT it was -80 ± 12 mV, for #5/RT − 66 ± 13 mV in aver-
age. In the case of sample #1/300 the Ecorr value did not sig-
nificantly change to the effect of preheating, the average was 
measured as − 94 ± 11 mV. However, significant improvement 
was measured for sample #5/300, where the Ecorr increased 
to − 142 ± 18 mV. This improvement is all originated from the 
governing microstructures. The scientific literature has previ-
ously shown that slower cooling rates result in higher austenite 

Fig. 9   The potentiodynamic 
polarization curves of samples 
#1 and #5 in 3.5% NaCl electro-
lyte, at room temperature

Table 3   Results of the electrochemical corrosion tests of the laser 
beam–welded 2120 samples #1 and #5

Sample no Ecorr vs. Ag/AgCl (mV) Epit vs. Ag/
AgCl (mV)

#1/RT  − 80 ± 12 170 ± 32
#1/300  − 94 ± 11 210 ± 40
#5/RT  − 66 ± 13 490 ± 38
#5/300  − 142 ± 18 580 ± 39
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content, which also means higher pitting potential [47–49] and, 
thus, higher corrosion resistance. Our research also showed that 
the higher austenite content (due to the slower cooling rate by 
the preheating) showed better corrosion resistance. Samples #1/
RT, and #5/RT had almost the same austenite contents at the top 
and bottom parts of the WMs. Some improvement in the austen-
ite content was measured for #1/300, which resulted a slightly 
higher Ecorr value compared to #1/RT, but this improvement is 
practically negligible. On the other hand, preheating had signifi-
cant effect at #5/300, where the austenite content was measured 
the highest, 18.6 ± 1.4% at the top, and 22.1 ± 2.5% at the bottom 
part. In the anodic oxidation section, some metastable pit forma-
tion is also visible for all of the four measured samples, which 
appears as sharp but non-monotonic increases in the current 
density (Fig. 9.). The pitting potentials, where the current den-
sity is increasing sharply monotonic, showed larger difference 
among the samples. Higher pitting potential was measured for 
#5/RT than #1/RT. Stable pits usually form in the ferrite phase 
for DSSs, as shown by several researchers, e.g., [47, 48]. The 
sample #1/RT has lower minimum austenite content (8.2 ± 1.5% 
at the top part of the WM) compared to #5/RT, thus the stable 
pitting formation starts at lower potentials. The preheating to 
300 °C, and the promotion of austenite formation, increased the 
Epit values in all the examined cases. For sample #1, the pre-
heating increased the Epit values from 170 ± 32 to 210 ± 40 mV. 
For sample #5, higher increase was measured, from 490 ± 38 
to 580 ± 39 mV. Also, the sample #5/300 showed the highest 
austenite contents both on the top and bottom parts of the WM, 
which is confirmed by the higher pitting corrosion resistance.

4 � Conclusions

In our research, the autogenous fiber laser beam welding of a 
newly developed NSSC 2120 type lean duplex stainless steel 
was investigated. For the welding experiments, different 
welding parameters, focus point distances, and preheating 
temperatures (room temperature, and + 300 °C) were used. 
The welds were evaluated by macroscopic and microstruc-
tural investigations, and by electrochemical corrosion tests. 
From our results, the following conclusions can be drawn:

•	 Significant differences can be seen in the weld geometry 
due to the change of welding parameters, focus point dis-
tances, and preheating temperatures. Changing the focus 
point distance resulted in narrower and deeper welds.

•	 The 300 °C preheating temperature resulted in wider and 
shallower welds in all cases, with increasing weld cross-
section area. The reason for this is the changed temper-
ature gradient around the fusion zone, which resulted 
lower cooling rates, and different thermal convection 
circumstances. This can be beneficial in increasing the 
gap tolerance of laser beam welding.

•	 All of the examined weld metals had predominantly fer-
ritic microstructure. The preheating temperature (and the 
lower cooling rate) resulted in higher austenite contents, 
due to the longer diffusion times, and the presence of 
intergranular austenite.

•	 The potentiodynamic polarization tests showed no 
major difference of the corrosion potential among the 
investigated samples. However, as the austenite content 
increased due to the change of focus point distance and 
applying preheating temperatures, higher pitting poten-
tials (higher pitting corrosion resistance) were measured 
in all the investigated samples.
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