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Abstract: Duplex stainless steels (DSSs) are gaining more and more attention in corrosion-resistant
applications and also in the transport and automotive industry. The outstanding mechanical and
corrosion properties of DSSs highly depends on the austenite-to-ferrite phase balance (A/F). This phase
ratio can shift in a large scale during welding. Thus, the heat input and the shielding gas composition
should be optimized. Nitrogen addition to argon shielding is frequently used in DSS welding,
because it is a potent austenite former. The dissolved nitrogen content in the heat-affected zone
and the weld metal (WM) predetermines the A/F. To determine the effect of heat input and nitrogen
content in shielding gas, two different heat inputs and six different gas compositions were used in
autogenous tungsten inert gas welding. An improved theoretical model was established in order to
simulate the WM dissolved nitrogen content, which calculates it with less error than the initial models.
The correlation between nitrogen content and arc voltage was also determined. This improved model
delivers the basics for shielding gas selection and the subsequent weld design for optimal A/F for
industrial applications.
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1. Introduction

Among the growing application of high strength steels [1–4], duplex stainless steels (DSSs) are
gaining increasing attention from the chemical, petrol, and transportation [5–7] industries, thanks to
their mechanical properties and corrosion resistance [8–11]. However, the industrial application of
DSSs is in only ~1% among all the types of stainless steels [12]. One of the reasons for this is the
weldability [9,13], which reduces the numbers of industrial applications. All of the DSSs solidify as
delta ferrite (δ) [14]. The duplex austenitic (γ)–ferritic (δ) microstructure evolves during solid-state
phase transformation [15–18]. The driving force of this transformation is the atomic nitrogen diffusion
in the δ matrix. DSSs are nitrogen alloyed, not only because of metallurgical reasons (as nitrogen is a
strong γ former) but also to increase mechanical properties, such as yield strength and also corrosion
resistance [19,20]. Thus, the base materials’ (BMs) nitrogen content plays a significant role during DSS
welding. During arc welding of DSSs, the nitrogen loss from the weld metal (WM) leads toward more
ferritic microstructures and to the loss of the abovementioned properties [21,22]. In order to balance
this nitrogen loss, nitrogen (N2)–argon (Ar) (or helium) mixed shielding gases are used in industrial
applications for DSS tungsten inert gas (TIG) welding [23–25]. The N2 dissociates at the arc plasma
temperature and the atomic nitrogen can dissolve in the molten pool [26]. During the solidification, this
dissolved nitrogen (N) can enhance its γ forming effect on the δ→ δ + γ phase transformation. However,
for this diffusion-driven phase transformation, adequate diffusion time is needed, which is expressed
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in the cooling time between 1200 ◦C and 800 ◦C (∆t12/8) in the case of DSSs [27,28]. On one hand, if the
cooling time is insufficiently short, the Ncan be entrapped in δ, forming different kinds of chromium
nitrides (CrN or Cr2N) [16,29,30]. The reason for this is the significant solubility decrease of nitrogen in δ

(~0.01 wt %) below ~700 ◦C [31]. On the other hand, if sufficient ∆t12/8 time is provided after welding,
the γ content is increasing with the amount of N(and the shielding gases’ N2 content) [32–34].

For the quantification of N dissolution during welding, different models exist. Du Toit developed
a model for the quantification of nitrogen transfer during autogenous arc welding of austenitic stainless
steels [35]. This kinetic model takes both nitrogen absorption and desorption into attention during
welding; thus, her model can be used for N content prediction in the molten pool during welding in the
case of austenitic stainless steels. In the case of DSSs, an improved model is needed for the solubility
prediction, as DSSs have higher nitrogen content as an alloying element (>0.15 wt %), which is needed
to be taken into account. Rokanopoulou et al. [36] recently modified this model for the case of DSS
plasma arc welding (PAW). Their model is adequate for DSS molten pool N content prediction for lower
nitrogen containing shielding gases, but sometimes, exaggerated results are given (such as N = 0.78%),
which is over the equilibrium solubility limit of nitrogen in molten DSS grades. The possible reason
for this is the complex interaction processes between the plasma-generating and shielding gases and
the molten pool during PAW. Hosseini measured a linear regression for the prediction of nitrogen
desorption from the WM as a function of arc energy [37].

The aim of our research was to further develop and specify these existing models for the case of
autogenous DSS TIG welding of DSS 2205 with different Ar + N2 gas mixtures.

2. Materials and Methods

For our investigation, physical and theoretical models were done, using different Ar + N2 shielding
gas mixtures in the case of autogenous TIG welding for DSS. After the physical modeling, our improved
theoretical model was compared to the measured values for model validation.

2.1. The DSS Base Material

The base material for the physical welding simulations was the industrially most frequently used
X2CrNiMoN22–5–3 (DSS 2205) duplex stainless steel. The nominal chemical composition of the base
material can be seen in Table 1. The initial nitrogen content (%N) was measured by HORIBA EMGA-620W
nitrogen analyzer (Kyoto, Japan). The dimension of the welded sheets was 150 × 80 × 5 mm3.

Table 1. The nominal chemical composition of the base material duplex stainless steel (DSS) 2205.

DSS
Grade

Thickness
Chemical Composition (wt %)

%C %Cr %Ni %Mn %Mo %N 1 %Cu %Si %P %S

2205 5 mm 0.02 21.6 4.7 1.9 3.1 0.181 ± 0.003 0.3 0.76 0.03 0.001
1 measured by HORIBA EMGA-620W analyzer.

2.2. Details of the Physical Weld Simulation

2.2.1. Welding Parameters

In order to investigate the nitrogen solubility in the WM, autogenous TIG welding was performed
on the DSS 2205 sheets with 0–50 vol. % N2 content in the pure (99.996 vol. %) Ar shielding gas. For the
TIG welding, ESAB CaddyTIG 200 power source was used, with Ø 2.4 mm WC20 electrode on DC-
(direct current, electrode on negative) polarity. In our research, arc energy (in kJ·mm−1) is being used
instead of heat input. The reason for this is the fact that the nitrogen addition to the shielding gas can
significantly modify the thermal conductivity of the arc plasma, and thus, the thermal efficiency value of
1.0 is being used and presumed in every case. Two arc energy values were applied: 0.53 and 0.68 kJ·mm−1.
It was very important to keep these arc energy values constant with the different N2 contents in the
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shielding gases. The welding speed was a constant 3 mm·s−1 in all cases. The shielding gas flow rate was
11 L·min−1 in every case. The arc length was a constant 2 mm, and the electrode tip angle was 30◦.

2.2.2. Evaluation Methods

For the geometrical measurements of the weld beads, an Olympus SZX16 stereo-microscope
(Tokyo, Japan) was used. The geometrical measurements were done on at least 3 samples.
The metallographic images were taken using the Olympus PMG3 optical microscope (Tokyo, Japan). The γ
content measurements were done using Image-Pro® 9 image analyzer software (Media Cybernetics Inc.,
Rockville, MD, USA). The application of image analysis has recently been popular with researchers for
DSS characterization [38,39]. A brief description of our self-developed method [40] follows. The cut
weld cross-sections were prepared for standard metallography: mounted, ground to 4000 grit paper, and
polished to 3 µm diamond suspension. Next, the samples were color etched, using Berahas II etchant
(85 mL H2O + 15 mL HCl + 1 g K2S2O5). A 2 × 12 s etching cycle (total of 24 s etching time) was used,
which was found to be optimal in our previous work [40]. The samples were rinsed in ethanol in between
the two, 12 s, etching cycles. With the optimal etching, the highest contrast can be achieved between the δ

(dark areas) and γ phases (light areas). With a histogram-based thresholding process, the dark and light
areas can easily be separated to black and white colors. In the thresholded images, the amount of white
areas, which is equal to the γ content, can be quantified using the image analyzing software. At least 10
images were evaluated for γ content measurements in every case.

The total dissolved nitrogen content in the WM (Nsteel) was measured via the combustion method,
using HORIBA EMGA-620W oxygen/nitrogen analyzer (Kyoto, Japan). At least 4 samples, weighing ~1 g,
were machined out from the middle of the WM in every case from the steady-state welded sections.
The steady-state of the ~120 mm long weld seams was achieved after ~60 mm. The accuracy of the
measurement is 0.001 wt %, which is sufficient in our case.

3. Improved Theoretical Model for Nitrogen Solubility Calculation in the Molten Pool

Our improved model of N kinetics during autogenous TIG welding of DSS is based on Du Toit’s model [35]
for austenitic stainless-steel welding and Rokanopoulou’s model [36] for plasma arc welding of DSS.

The representation of the basic assumption of the theoretical model can be seen in Figure 1.
The atomic nitrogen enters the weld pool from two sources: from the arc plasma (N(g), Figure 1a)
and from the BM (%N, Figure 1c). The desorption of nitrogen from the molten pool takes place also
through two different mechanisms: desorption of N to the arc atmosphere (Figure 1b) and desorption
of N to the BM (Figure 1d). Under steady-state conditions, the absorption (Figure 1a,c) and desorption
(Figure 1b,d) mechanisms are in equilibrium. A few assumptions are made as a boundary condition
for the theoretical model: (1) The arc plasma is completely covering the molten pool; (2) the nitrogen
concentration in the molten pool, and in the solidified WM, is uniform; and (3) the model does not take
into consideration nitrogen porosity formation during welding.
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3.1. Nitrogen Absorption from the Arc Plasma

The nitrogen absorption from the arc plasma is represented in Figure 1a. At the arc plasma
temperature, the molecular nitrogen in the shielding gas N2 dissociates from nitrogen atoms N(g) [26,41].
The N(g) dissolves in the molten pool (N in (wt %)):

N(g)→ N(wt %). (1)

The N change over time can be expressed according to Du Toit [35]:

dN(wt %)

dt
=

100AKa

ρV

[
N(g) −

Nsteel
K

]
, (2)

where A is the molten pool surface in m2, Ka is the reaction rate constant for Equation (1) in
kg·m−2

·s−1
·atm−1, ρ is the density of the molten pool at the welding temperature in kg·m−3, V is the

molten pool volume in m3, N(g) is the monatomic nitrogen content in the arc plasma in atmospheres,
Nsteel is the final nitrogen concentration in the solidified WM in wt %, and K is the apparent equilibrium
constant for reaction Equation (1).

The molten pool volume during welding (V) in m3 is calculated according to [35,36]:

V =
π
6

h
(
3
(L

2

)2
+ h2

)
, (3)

where h is the penetration depth in meter measured on the cross-section perpendicular to the weld
seam and L is the molten pool length during welding in meter, determined by the axis of the ellipsoid
in the welding direction as seen in Figure 2.
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Figure 2. Determination of the molten pool surface (A) during welding on the end crater surface.
Arc energy: 0.53 kJ·mm−1, shielding gas: 100 vol. % Ar.

About the Ka reaction rate constant, very limited data are available in the professional literature.
As shown by [35,36], Ka has a weak dependency on the chemical composition, and its average value
for DSS is taken as:

Ka = 3.5 · 104
(
kg ·m−2

· s−1
· atm−1

)
. (4)

The density of the molten pool at the welding temperature, ρ in kg·m−3 [42]:

ρ = 1000
(
−7.2 · 10−4(T − Tm) + 7.04

)
, (5)
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where T is the estimated molten pool temperature in Kelvin [36]:

T = 1995(K), (6)

and Tm is the liquidus temperature for DSS 2205 in Kelvin [35]:

Tm = 1733(K). (7)

The monatomic nitrogen content in the arc plasma N(g) in atmosphere according to [43,44]:

N(g) =
√

PN2 exp
(
−

∆G◦1

RTd

)
, (8)

where PN2 is the partial pressure of the inlet gas in atmosphere [36]:

PN2 =
N2

100
. (9)

∆G0
1 is the standard free energy for the reaction:

1
2

N2 → N(g), (10)

and ∆G0
1 in J·mol−1 according to [35,44] is equal to:

∆G◦1 = 362560− 65.56Td, (11)

where Td is the dissociation temperature of diatomic to monatomic nitrogen (Equation (10)) in
Kelvin [35,44]:

Td = 1995(K). (12)

The universal gas constant, R in J·K−1 mol−1 is equal to:

R = 8.314
(
J ·K−1

·mol−1
)
. (13)

The apparent equilibrium constant for reaction Equation (1), K, can be calculated [35]:

K =

√
K′

K1
, (14)

where K′ is the apparent equilibrium constant for the desorption reaction and according to Du Toit [35]
equals to:

K′ =

(
Neq

)2

PN2
. (15)

The Neq is the equilibrium nitrogen content of the molten metal (in wt %) at the weld pool
temperature for equilibrium with the nitrogen in the shielding gas, and calculated according to
Wada et al. [45]:

log(Neq) = −
247
T
− 1, 22−

(4780
T
− 1, 51

)
log fN,T −

(1760
T
− 0, 91

)
(log fN,T)

2, (16)

where fN,T is the nitrogen activity coefficient at a certain temperature in Kelvin. At this point,
the previous models of [35,36] are modified. For the calculation of Neq, Du Toit [35] and Wada et al. [45]
calculated with fN,1873, which is the activity coefficient described for 1873 Kelvin not for the molten
pool temperature T. Rokanopoulou et al. [36] changed the activity coefficient to the molten pool
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temperature, based on two different calculations of the equilibrium nitrogen content of the molten
metal, Neq. According to the conclusions of Rokanopoulou et al. [36], the fN,T increased to 0.161 from
fN,1873 = 0.134. However, the nitrogen activity coefficient in case of DSS should decrease at the molten
pool temperature compared to the 1873 Kelvin value [31]. Kobayashi et al. [46] showed that above the
melting temperature, the nitrogen activity is decreasing in the case of stainless steels. Anson et al. [47]
showed that although nitrogen activity is increasing over the melting temperature in the case of pure
iron, the main alloying elements of DSS, such as chromium, nickel, manganese, and molybdenum,
are all decreasing this activity in the molten state.

Therefore, in our model, the fN,T is calculated according to [48]:

log fN,T =
(2538

T
− 0.355

)
log fN,1873, (17)

which gives smaller value for the estimated molten pool temperature, T. The activity coefficient of
nitrogen for 1873 Kelvin temperature [49]:

log fN,1873 = eN
N%N + eN

Mn%Mn + eN
Si%Si + eN

P%P + eN
Cr%Cr+

+eN
Mo%Mo + eN

Ni%Ni +
(
γN

Cr%Cr2 + γN
Mn%Mn2 + γN

Mo%Mo2 + γN
Ni%Ni2

) , (18)

where eN
X are the first order and γN

X are the second order interaction parameters (Table 2) of nitrogen
activity for a certain initial alloying element in the base material %X in wt %, as can be seen in Table 1.

Table 2. First eN
X and second γN

X order interaction parameters for nitrogen activity of a certain
alloying element at 1873 Kelvin [49].

Alloying Element (X) eN
X γN

X

N 0.130 -
Mn −0.024 3.2 × 10−5

Si 0.043 -
P 0.048 -
Cr −0.048 3.5 ×·10−4

Mo −0.013 7.9·× 10−5

Ni 0.011 3.5·× 10−5

Continuing Equation (14), K1 is the equilibrium constant for nitrogen dissociation Equation (10),
and according to Du Toit [35], it is equal to:

K1 =
N(g)
√

PN2
. (19)

Knowing these values, the dissolved atomic nitrogen in the molten pool, over time, Equation (2)
can be calculated for the reaction of Equation (1).

3.2. Nitrogen Desorption into the Arc Plasma

One way of dissolved nitrogen (N) desorption from the molten pool is recombining and forming
diatomic N2 in the arc plasma (Figure 1b):

2N(wt %)→ N2. (20)

The desorption rate of Equation (20) over time can be expressed as [36]:

dN(wt %)

dt
=

100AKd
ρV

(
Nsteel

2
−Neq.steel

2
)
, (21)



Metals 2019, 9, 762 7 of 16

where A is measured on the welds’ surfaces (e.g., see Figure 2), and V and ρ are calculated previously
according to Equations (3) and (5), respectively. Kd is the rate constant for the reaction of nitrogen
desorption from the weld pool to the arc atmosphere (Equation (20)) in (kg·m−2

·s−1 (wt %)−2),
and according to Du Toit [35], it is equal to:

Kd =
10(−6340/T+1.85)

1 + 130 fS%S
, (22)

where T is in Equation (6), %S is the initial sulfur content in the base material (Table 1), and fS is the
activity coefficient of sulfur in stainless steels, according to [50], calculated by:

log fS = %Cr
(
−

94.2
T

+ 0.040
)
, (23)

where %Cr is the initial chromium content in the base material (Table 1). The nitrogen concentration
in the weld pool for equilibrium with the nitrogen in the gas Neq.steel can be calculated according to
Rokanopoulou [36]:

Neq.steel =

√
PN2 · exp

(
−

∆G◦2
RT

)
fN,T

, (24)

where PN2 (Equation (9)), T (Equation (6)), R (Equation (13)), fN,T (Equation (17)) are already given,
and ∆G0

2 in J·mol−1 according to [51] is equal to:

∆G◦2 = 3598.2 + 23.89 · T. (25)

Knowing these values, the nitrogen desorption to the arc plasma over time Equation (21) can be
calculated for the reaction of Equation (20).

3.3. Nitrogen Absorption from the Base Metal

The rate of N absorption to the molten pool from the base metal (Figure 1c) is proportional to the
melting rate and can be expressed as [35,36]:

dN(wt%)

dt
= %N

(v
L

)
, (26)

where %N is the initial nitrogen content in the base metal (Table 1), the length of the molten pool L is
seen in Figure 2, and v is the welding speed in m·s−1.

3.4. Nitrogen Desorption to the Base Metal

The second way of N desorption to the base metal is during the solidification of molten pool at
the rear of the weld pool (Figure 1d). Note that, as can be seen in Figure 1, N desorption takes place
toward the solidified WM. For this reason, the actual measured total dissolved nitrogen content in the
WM (Nsteel) can be higher than what was predicted by the theoretical model. The nitrogen desorption
to the base metal can be expressed according to [35,36]:

dN(wt%)

dt
= −Nsteel

(v
L

)
. (27)

All the expressions in Equation (27) are prescribed earlier.
Solving the theoretical model described here will result in the total amount of dissolved atomic

nitrogen in the solidified WM (Nsteel). The basic assumption of the solution is that during steady state,
the absorption and desorption processes are in equilibrium with each other (processes (a) + (c) = (b) +

(d) in Figure 1) and from this equilibrium, Nsteel can be expressed. This model also takes the nitrogen
transport to and from the molten pool towards the base metal into account (processes (c) and (d) in
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Figure 1), which was proven to be true by Hosseini and Karlsson [52]. It is worth mentioning nitrogen
desorption from the heat-affected zone was not observed during solid-state reheating in Gleeble®

simulations [53], with relatively fast 1200 to 800 ◦C cooling rates (50 ◦C·s−1).

4. Results and Discussion

In the first section, the results of the effects of shielding gasses nitrogen (N2) content on the arc
voltage are discussed. Afterwards, the comparison of our improved theoretical model to the measured
total dissolved nitrogen in the WM (Nsteel) values of autogenous welds is evaluated. A comparison is
also made between the improved theoretical model and previously published models.

4.1. Effects of Shielding Gas Nitrogen Content on the Arc Voltage

To better evaluate the physical welding experiments during TIG welding, it was essential to
keep the arc energy values at constant levels with the different nitrogen-containing shielding gases.
Thus, the welding current (I in Amps) was always adjusted to the evolved arc voltage (U in Volts).
The effects of shielding gas N2 content on the arc voltage can be seen in Figure 3.
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with a constant arc length of 2 mm.

From Figure 3, it can be generally said that the arc voltage is increasing with the increasing
N2 content in the shielding gas. The relationship between them is linear; however, the slope of the
fitted line is changing in the 5 to 10 vol. % N2 range. In the case of lower N2 levels, the slope of the
fitted line is higher (the increase of the arc voltage is more significant), ~0.42 (see Table 3). In the case
of higher N2 levels, the slope is lower, ~0.11. The breakpoint of the slopes is different in the case of the
two arc energies: 10 vol. % N2 in the case of 0.68 kJ·mm−1 and 5 vol. % N2 in the case of 0.53 kJ·mm−1.
The possible reason for the arc voltage change with the N2 content is the different thermal conductivity
and ionization energy, compared to Ar.

This observation has practical importance, because this is the N2 content range, where shielding
gases are used for DSS TIG welding. Moreover, many researchers [23,24,54] observed sometimes
contradictory results of γ content in the WM, using this shielding gas range for TIG welding, which
could originate from this effect of the arc voltage changes.

To keep the arc energies constant with a constant welding speed of 3 mm·s−1, the welding currents
were adjusted to each case, as can be seen in Table 4.
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Table 3. Constants of the linearly fitted lines over the arc voltage values in the different shielding gas
N2 ranges (Figure 3).

Arc Energy Shielding Gas N2
Range (beside Ar)

Correlation between Arc
Voltage and Shielding Gas

N2 Content

R2 of the
Correlation (-)

(kJ·mm−1) (vol. %)

0.68
1–10 U = 15.5 + 0.40·N2 0.97

10–50 U = 18.5 + 0.09·N2 0.99

0.53
1–5 U = 16.1 + 0.44·N2 0.99
5–50 U = 17.5 + 0.13·N2 0.99

Table 4. The adjusted welding current with the arc voltage values in order to keep constant arc energies
with constant welding speed of 3 mm·s−1.

Arc Energy Shielding Gas N2
Content (beside Ar) Welding Current Arc Voltage

(kJ·mm−1) (vol. %) (A) (V)

0.68

0 130 15.7
2 128 16.0
5 115 17.8

10 105 19.5
20 101 20.2
50 88 23.2

0.53

0 100 16.0
2 94 17.0
5 88 18.2

10 85 18.8
20 80 20.0
50 67 24.0

4.2. Weld Geometry Results

The molten pool surface and volume values are calculated with the solidified WM geometries, as
described in Section 3.1, according to Figure 2 and Equation (3). The results are listed in Table 5.

Table 5. The calculated average molten pool geometries measured on the solidified WM.

Arc Energy
Shielding Gas

N2 Content
(beside Ar)

Calculated
Average

Molten Pool
Surface, A

Calculated
Average

Molten Pool
Length, L

Average
Penetration

Depth, h
Volume, V

(kJ·mm−1) (vol. %) (mm2) (mm) (mm) (mm3)

0.68

0 40.2 8.1 1.2 51.8
2 42.0 8.2 1.2 53.3
5 42.3 8.4 1.2 56.3

10 43.1 8.4 1.3 58.8
20 43.9 8.8 1.4 69.5
50 46.6 9.2 1.6 75.4

0.53

0 20.1 5.6 0.4 11.2
2 21.9 5.7 0.7 12.5
5 22.5 6.0 0.9 15.6

10 24.8 6.1 1.1 15.9
20 25.3 6.2 1.1 19.8
50 30.9 6.3 1.5 20.8



Metals 2019, 9, 762 10 of 16

From Table 5, it can be clearly seen that although the arc energies were kept constant, the increasing
N2 content in the shielding gas means increasing amount of heat during TIG welding, which is
represented in the increasing values of WM geometries. This observation was taken into account
during the solution of the theoretical model in Equations (2), (21), (26), and (27).

4.3. Comparison of the Physical and Theoretical Model of the Total Dissolved Nitrogen Content in the Solidified
Weld Metal

The comparison of the theoretical and physical model (with measured nitrogen contents) of the
Nsteel values can be seen in Figure 4.
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From Figure 4, the following conclusion can be drawn. The calculated values, according to the
developed theoretical model, gives smaller Nsteel values than the measured. This can be explained as
that the theoretical model calculates the molten pool N content during welding and does not take into
account the N leaving the molten pool toward the previously solidified WM (Figure 1d). The samples
for Nsteel content HORIBA measurements were machined out from the solidified weld metal, and thus,
higher values could have been measured for the actual Nsteel content. Further, in the applied arc energy
range (0.53–0.68 kJ·mm−1), the theoretical model does not result in significant differences between the
Nsteel values for a certain N2 shielding gas composition. However, the measured values show larger
differences between the two arc energies, which originates from the non-equilibrium behavior of arc
welding, but no clear relationship can be found between the arc energy and the Nsteel values on case
of nitrogen-containing shielding gases. In case of TIG welding with pure Ar shielding gas, a higher
Nsteel content was measured in the case of smaller arc energy. This observation complies with the
results of Hosseini et al. [37], who showed that the total dissolved nitrogen content is decreasing with
the increasing arc energy in the case of autogenous TIG welding with Ar gas shielding. The reason
for this is the increasing molten pool surface and volume with the increasing arc energy (Table 5);
thus, more N can leave the molten pool through desorption to the arc atmosphere and to the base
metal. This phenomenon is not emphasized enough in our and the previously developed theoretical
models. Figure 4 also shows that the highest increase in the Nsteel is significantly pronounced in the
2–10 vol. % N2 shielding gas range (compared to the samples welded in pure Ar), and this is exactly
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the range where most of the argon + nitrogen shielding gas mixtures are used in industrial applications.
This observation is in correlation with the significant increase of arc voltage in this shielding gas N2
content range (Figure 3). At higher N2 levels of shielding gas, the solubility limit of N restrains the
significant Nsteel increase.

In order to reach the initial nitrogen content of the BM (%N = 0.181 wt %) in the solidified WM,
approx. 2 vol. % N2 content in the shielding gas should be used according to the physical model and
approx. 5 vol. % N2 according to the theoretical model. This also complies with the industrial practice,
where these nitrogen-containing gas mixtures tend to be used to prevent nitrogen loss from the molten
pool. Table 6 shows the comparison of the measured Nsteel values to our improved theoretical model
and to Du Toit’s model [35].

Table 6. Comparison of the measured Nsteel values to our improved theoretical model and to Du Toit’s
model [35].

Arc Energy
Shielding

Gas N2
Content

(beside Ar)

Measured
Average

Nsteel

Calculated Nitrogen Content of the WM (Nsteel)

Our
Model

Error of Our
Model to the

Measured Nsteel

Du Toit’s
[35] Model

Error of Du
Toit’s Model

[35]

(kJ·mm−1) (vol. %) (wt %) (wt %) (%) (wt %) (%)

0.68

0 0.170 0.139 18.2 0.097 42.9
2 0.192 0.173 9.9 0.137 28.6
5 0.194 0.184 5.2 0.156 19.6

10 0.209 0.193 7.7 0.174 16.7
20 0.212 0.202 4.7 0.197 7.1
50 0.223 0.216 3.1 0.237 6.3

0.53

0 0.178 0.116 34.8 0.074 58.4
2 0.191 0.172 9.9 0.135 29.3
5 0.191 0.184 3.7 0.156 18.3

10 0.207 0.193 6.8 0.174 15.9
20 0.208 0.203 2.4 0.197 5.3
50 0.231 0.216 6.5 0.237 2.6

In the case of Ar shielding, according to the relationship between the arc energy and the Nsteel
value developed by Hosseini et al. [55], the Nsteel for 0.53 kJ·mm−1 arc energy is predicted to be
0.165 wt %, and 0.160 wt % for 0.68 kJ·mm−1 arc energy. These predictions are closer to our measured
values (0.178 and 0.170 wt %, respectively) than those calculated by the improved model (0.116 and
0.139 wt %). The possible reason for this is that the nitrogen transport from the high temperature
heat-affected zone (HTHAZ) to the molten pool [52] has much higher importance in the case of the
non-equilibrium conditions during arc welding than expected in the developed nitrogen kinetic models.
This N absorption forms the HTHAZ results in higher Nsteel values in the solidified WM. In the further
development of our improved model, this observation should be taken into consideration in the future.
In the case of the nitrogen-containing gas mixtures, our improved model gives less than 10% error to
the measured total dissolved nitrogen (Nsteel) values in all cases. For DSS autogenous TIG welding
with nitrogen-containing shielding gas, our improved model gives better prediction on the Nsteel values
(except one case) than the previously developed model by Du Toit [35], which was originally set up for
austenitic stainless steels. The model developed by Rokanopoulou et al. [36] was not evaluated in
detail in this paper, because their model can sometimes result in exaggerated values. For example,
according to their model [36], applying the welding conditions: welding current 80 A, welding speed
3 mm·s−1, and Ar + 5 vol. % N2 shielding gas will result in 1.19 wt % predicted Nsteel value in the case
of plasma arc welding of DSS 2205. This is over the solubility limit of nitrogen in γ (which has about
one magnitude higher solubility of nitrogen than δ has) [31].

In Figure 5, it can be seen that our improved model approximates the measured values better
than the other models. Figure 6 shows metallographic images taken from the WM, welded with Ar,
and 2–50 vol. % N2 shielding gases.
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arc energy and different nitrogen containing shielding gases.

The corresponding average γ contents (light areas) are 16.0%, 34.5%, 43.6%, 52.1%, 67.1%,
and 71.4%, respectively. The Ar welded sample shows highly ferritic microstructure in the WM. In this
case, coherent γ grains can be seen in the δ grain boundaries. In addition to this, intergranular γ

islands can be found inside the δ grains. The 2–5 vol. % N2 addition to the shielding gas increased the
γ content in the WM, as the Nsteel also increased (from 0.170 to 0.192 and 0.194 wt %, respectively).
In these cases, the intergranular γ grains are connected to the grain boundary γ grains. The 10 vol. %
N2 addition to the shielding gas results in more austenitic microstructure (52.1% γ content) and also a
significant increase in the Nsteel to 0.209 wt %. This is the shielding gas composition, where a breakpoint
was found in the corresponding arc voltage (Figure 3 and Table 3). The 20 vol. % N2 addition to the
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shielding gas resulted only in a small increase in Nsteel (0.212 wt %), compared to the 10 vol. % N2
shielding gas, but a high increase in the γ content (67.1%). The 50 vol. % N2 addition to the shielding
gas resulted in eutectic δ + γ solidification from the liquid phase. In this case, interdentritic δ grains
can be seen inside the γ matrix. As a summary, it can be said that the Nsteel value depends on the N2
content of the applied shielding gas, and the austenite content in the WM depends on the Nsteel.

5. Conclusions

In this study, the autogenous tungsten inert gas (TIG) welding of DSS 2205 type duplex stainless
steel was done using different argon (Ar) and Ar + nitrogen (N2) shielding gas mixtures at two different
(0.53 and 0.68 kJ·mm−1) arc energies. We determined the effects of nitrogen addition to the shielding gas
to the arc voltage and to the total dissolved nitrogen (Nsteel) content in the solidified weld metal (WM).
Further, an improved theoretical was established to predict the Nsteel content in the WM. According to
our results, the following conclusions can be drawn:

• During TIG welding, the arc voltage is increasing linearly with the increasing N2 content in the
Ar shielding gas. The slope of this linear relationship is different in the 5 to 10 vol. % N2 range.
The breakpoint of the slopes is different in the case of the two arc energies: 10 vol. % N2 in case of
0.68 kJ·mm−1 and 5 vol. % N2 in case of 0.53 kJ·mm−1.

• The higher arc energy (larger molten pool surface and volume) resulted in less Nsteel content in the WM
in the case of the Ar welded samples; 0.178 wt % for 0.53 kJ·mm−1 and 0.170 wt % for 0.53 kJ·mm−1.

• The increase in the Nsteel is significantly pronounced in the 2–10 vol. % N2 shielding gas range
(compared to the Ar welded samples), where most of the Ar + N2 shielding gas mixtures are used
in industrial applications. This observation is in correlation with the significant increase of arc
voltage in this shielding gas N2 content range.

• Our improved theoretical model, established for the Nsteel prediction, results in less than 10%
error compared to the measured Nsteel values in case of autogenous TIG welding of DSS 2205 with
Ar + N2 shielding gases.

• The 50 vol. % N2 addition to the Ar shielding gas resulted in eutectic ferrite + austenite solidification
from the liquid phase.

With our improved model, the total dissolved nitrogen content in the weld metal can be predicted
in the case of duplex stainless-steel autogenous welding after a simple welding trial. This prediction
has practical importance, as the austenite content in the weld metal is in correlation with the dissolved
nitrogen content. In the near future, this correlation will be investigated in more details, which is
helpful for the welding design methodology for industrial applications.
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8. Świerczyńska, A.; Fydrych, D.; Rogalski, G. Diffusible hydrogen management in underwater wet self-shielded
flux cored arc welding. Int. J. Hydrog. Energy 2017, 42, 24532–24540. [CrossRef]

9. Haldorsen, L.M. Welding duplex-challenges faced and experience gained. Stainl. Steel World 2016, 28, 53–58.
10. Chater, J. The year in stainless steel: Industry sees growth, but over-production still an issue. Stainl. Steel

World 2019, 31, 28–31.
11. Rosemann, P.; Müller, C.; Baumann, O.; Modersohn, W.; Halle, T. Influence of the post-weld surface treatment

on the corrosion resistance of the duplex stainless steel 1.4062. IOP Conf. Ser. Mater. Sci. Eng. 2017, 181, 012019.
[CrossRef]

12. International Stainless Steel Forum (ISSF). Stainless Steel in Figures 2018; ISSF: Brussels, Belgium, 2018; p. 15.
13. Kotecki, D.J. Some pitfalls in welding of duplex stainless steels. Soldag. Insp. 2010, 15, 336–343. [CrossRef]
14. Gunn, R.N. Duplex Stainless Steels: Microstructure, Properties and Applications; Abington Publishing: Cambridge,

UK, 1997; pp. 24–27.
15. Westin, E. Microstructure and Properties of Welds in the Lean Duplex Stainless Steel LDX 2101. Ph.D. Thesis,

Royal Institute of Technology, Stackholm, Sweden, 2010.
16. Zucato, I.; Moreira, M.C.; Machado, I.F.; Lebrão, S.M.G. Microstructural Characterization and the Effect of

Phase Transformations on Toughness of the UNS S31803 Duplex Stainless Steel Aged Treated at 850 ◦C.
Mater. Res. 2002, 5, 385–389. [CrossRef]

17. Alves, A.D.N.S.; Ferreira, D.M.B.; Martins, T.F.; José, G. Numerical Simulation of Welding Superduplex
UNS S32760 Stainless Steel with the Flux Cored Arc Welding (FCAW) Process using Finite Element Method.
In Proceedings of the XLII consolda–Congresso Nacional De Soldagem, Associacao Brasileira de Soldagem,
Belo Horizonte, Brazil, 30 November 2016.

18. Yang, Y.; Guo, Y.; Liu, Y.; Li, J.; Jiang, Y. The Microstructure and Pitting Resistance of 2002 Lean Duplex
Stainless Steel after the Simulated Welding Thermal Cycle Process. Materials 2018, 12, 70. [CrossRef]
[PubMed]

19. Nilsson, J.-O. The role of nitrogen in duplex stainless steels. Stainl. Steel World 2016, 28, 26–27.
20. Ha, H.-Y.; Lee, C.-H.; Lee, T.-H.; Kim, S. Effects of Nitrogen and Tensile Direction on Stress Corrosion

Cracking Susceptibility of Ni-Free FeCrMnC-Based Duplex Stainless Steels. Materials 2017, 10, 294. [CrossRef]
[PubMed]

21. Alcantara, A.S.; Fábián, E.R.; Furkó, M.; Fazakas, É.; Dobránszky, J.; Berecz, T. Corrosion resistance of TIG
welded joints of stainless steels. Mater. Sci. Forum 2017, 885, 190–195. [CrossRef]

22. Gennari, C.; Lago, M.; Bögre, B.; Meszaros, I.; Calliari, I.; Pezzato, L. Microstructural and Corrosion Properties
of Cold Rolled Laser Welded UNS S32750 Duplex Stainless Steel. Metals 2018, 8, 1074. [CrossRef]
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