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Abstract
The weldability of duplex stainless steels partly depends on the ferritization of the high-temperature heat-affected zone (HT-
HAZ). This area is rather narrow, and it can be challenging to visualize and determine its actual impact on the properties. To 
address this, various methods were applied to study the grain growth and austenite reformation in the HT-HAZ of the lean 
duplex grade UNS S32101. Thermo-mechanical  Gleeble® simulations were conducted at 1360 °C with different holding 
times and cooling rates. Subsequently, the grain size and ferrite content were measured on polished and etched cross-sections. 
Bead-on-plate welds were performed on the same heat of 6-mm plate thickness using the gas tungsten arc welding (GTAW) 
process. The shielding gas was Ar + 0–8%  N2 to illustrate the effect of nitrogen additions on the HT-HAZ morphology. The 
arc was either stationary, welding at one spot for 0.5–120 s, or travelling at different speeds to generate varying heat inputs 
and temperature gradients. The thermo-mechanical simulations approximated the results obtained by travelling arc weld-
ing and allowed for a more comprehensive investigation. Stationary arc welding was not suitable for HT-HAZ studies as it 
quickly caused nitrogen depletion and resulted in significantly higher ferrite contents compared to the travelling arc welds.
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1 Introduction

1.1  Duplex stainless steels and their weldability

Duplex stainless steels offer an economical combination of 
strength and corrosion resistance, achieved through equal 
proportions of ferrite and austenite. The ferrite matrix pro-
vides strength and resistance to stress corrosion cracking, 
while the austenite contributes good ductility and pitting 
resistance. The toughness and corrosion performance are 
consequently dependent on the phase balance [1]. The 
fractions of austenite and ferrite are nearly equal in the as-
delivered condition due to an engineered composition and 
optimized heat treatment. The amounts in the weld metal 

and heat-affected zone (HAZ) are, on the other hand, deter-
mined by the chemical composition and the thermal history.

To guarantee that the properties are retained also after 
welding, the weld metal ferrite content is commonly speci-
fied at 30–70 vol.-% [2] or stricter with 35–65 vol.-% [3–6]. 
It is generally recommended to use a filler metal that is over-
alloyed in nickel to ensure sufficient austenite formation [7]. 
If there are requirements on the phase balance, autogenous 
welding of duplex stainless steels may not be possible. 
Especially the alloys UNS S32304, UNS S31803, and UNS 
S32205 have been reported to result in high ferrite contents 
in the weld metal and HAZ [8–10].

Duplex stainless steels solidify in the ferritic mode and 
austenite forms through diffusion-controlled transformation 
in the solid phase during cooling [11]. Precipitation first 
occurs at the grain boundaries, followed by Widmanstät-
ten plates, and finally as intragranular precipitates [12–15]. 
The austenite formation has been found to be controlled by 
redistribution of nitrogen rather than diffusion of the slower 
diffusing metallic elements [16, 17]. The weldability of most 
available commercial grades has been improved appreciably 
as compared to the earlier generations of duplex steels by 
increasing the nitrogen content [18–20].
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In previous duplex alloy versions, the HAZ suffered from 
ferritization and excessive grain growth. The low austenite 
reformation had a negative impact on the corrosion resist-
ance and mechanical properties. The higher nitrogen content 
in modern duplex stainless steels influences the driving force 
for austenite formation and promotes the formation of aus-
tenite at higher temperatures [21, 22]. Additionally, nitrogen 
alloying reduces the fully ferritic range between the ferrite 
solidus and ferrite solvus. Since austenite primarily forms 
on ferrite grain boundaries, the enhanced resistance to ferrite 
grain growth in the HAZ increases the number of nucleation 
sites [23]. In autogenous welding, where no filler metal is 
added, nitrogen plays a crucial role for the final phase bal-
ance in both the weld metal and HAZ.

While both the essential alloying elements nitrogen and 
nickel act as strong austenite formers, interstitial nitrogen can 
reach longer diffusion distances and has a greater effect on 
austenite reformation than nickel [24]. During a weld thermal 
cycle, the diffusion distance of nitrogen with a diffusion rate 
of 1.3 ×  10−6  cm2/s is around 50–100 µm, whereas nickel, 
with a rate of 3.9 ×  10−11  cm2/s, only reaches approximately 
4.4 µm [25]. High nitrogen contents may thus reduce the 
influence of the cooling rates on microstructure, making the 
material less sensitive to welding with low heat input [26].

1.2  Effect of nitrogen

While nitrogen contributes strength to materials as an inter-
stitial element, duplex stainless steels are primarily alloyed 
with nitrogen for its positive effect on the phase balance. 
Ogawa and Koseki [19] stated that an increase in the nitro-
gen content of duplex stainless steels enhances the pitting 
corrosion resistance of the weld metal and HAZ. Kokawa 
et al. [27] reported a linear increase of austenite formation 
with the weld metal nitrogen content. Consequently, nitrogen 
loss during welding and solidification of the weld metal can 
have a negative influence on the final phase balance and 
corrosion performance [28].

In gas tungsten arc welding (GTAW), nitrogen loss par-
ticularly occurs when using pure argon (Ar) as shielding 
and backing gas, while nitrogen additions to the shielding 
gas and nitrogen-based backing gas  (N2 + 0–10%  H2) lead 
to improved austenite formation and pitting resistance [21, 
29–34]. The nitrogen in the shielding gas dissociates at the 
arc plasma temperature and the atomic nitrogen can dissolve 
in the molten pool [35]. The nitrogen content is practically 
limited to 2–3% due to increased wear of the tungsten elec-
trode. Nitrogen has in addition been reported to have a posi-
tive influence as both shielding and backing gas when laser 
welding autogenously [33, 36–39] and in wire-assisted addi-
tive manufacturing [34, 40].

The HAZ is mainly affected by the base metal composi-
tion and heat input. For a given chemical composition, the 

austenite reformation depends primarily on the cooling rate 
and grain size [41]. The pitting resistance of the HAZ may be 
improved by increased nitrogen content in the parent material, 
higher heat input, and slower cooling rates [23, 42–45]. It is 
not as clear if substantial nitrogen loss occurs from the HAZ 
in normal welding with or without nitrogen additions to the 
shielding gas. However, Hosseini and Karlsson [46] demon-
strated that nitrogen loss in a super duplex material occurred 
at a distance of up to 150 µm already after 30 s of arc heat 
treatment with Ar. Varbai et al. [47] performed  Gleeble® HT-
HAZ simulations on UNS S32205 with nitrogen as ambient 
atmosphere and concluded that a fully austenitic surface layer 
of approximately 70-µm thickness formed after 60 s due to 
nitrogen absorption. This would indicate the nitrogen diffu-
sion at an excess of nitrogen. Electron microprobe analysis 
(EPMA) measurements have revealed a gradual depletion of 
nitrogen in the HT-HAZ over time during stationary welding 
of UNS S32101 [48]. In contrast, no significant depletion was 
observed in travelling arc welding [49].

1.3  Chromium nitrides

At the temperatures where duplex alloys are fully ferritic, 
nitrogen exhibits high diffusivity and solubility. Subse-
quent cooling leads to a decrease in the diffusion rate and 
solubility of nitrogen in the ferrite phase, causing precipi-
tation of chromium-rich nitrides within the ferrite grains 
[50]. Nitrides are unavoidable in the HAZ and can to vari-
ous extents also be found in the weld metal [51]. The most 
reported and thermally stable type is  Cr2N [23, 50, 52–60]. 
These nitrides precipitate between 700 and 900 °C due to a 
sharp decrease in the nitrogen solubility of the ferrite phase 
during the cooling process.

Although it is not possible to completely eliminate the 
formation of  Cr2N, slower cooling rates reduce their quantity 
by promoting austenite formation that dissolves nitrogen [61, 
62]. The precipitation leads to chromium-depleted regions 
in the ferrite and ferrite-ferrite grain boundaries, which are 
preferentially attacked in highly corrosive environments 
and corrosion testing of weld cross-sections [42, 50, 53–55, 
63–65]. The austenite formed at grain boundaries hinders 
the corrosion attack, and the propagation primarily occurs 
in the nitride-rich centers of the grains [17].

In addition to hexagonal  Cr2N, cubic CrN in the form of 
film or platelets has also been found in duplex welds and 
HAZs [52, 53, 55, 66, 67]. Pettersson et al. [66] suggested 
that CrN forms through crystallographically favored nuclea-
tion, before the precipitation of either austenite or  Cr2N, 
when the cooling is very rapid and the ferrite is heavily 
supersaturated. This condition could be reached in HT-HAZ 
simulations where the cooling rate can be rapid through 
water quenching.
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Yang et al. [67] found more CrN than  Cr2N at higher 
cooling rates in simulated HT-HAZ in UNS S32205. Hertz-
man et al. [52] showed with thermodynamic calculations 
that CrN is less stable than  Cr2N. More recent work by Hol-
länder Pettersson et al. [68] confirmed intragranular pres-
ence of CrN with a cubic halite-type structure and clusters 
of CrN-Cr2N where rod-shaped trigonal  Cr2N particles had 
nucleated on plates of CrN. In a subsequent heat treatment 
at 900 °C, the metastable CrN served as nucleation sites for 
more thermodynamically stable  Cr2N and intragranular idi-
omorphic secondary austenite. CrN has, in contrast to  Cr2N, 
been reported to only have a limited effect on the pitting cor-
rosion resistance [53]. This is possibly due to less chromium 
depletion in the surrounding matrix.

1.4  HAZ morphology

Due to different temperatures obtained in the material, the 
HAZ consists of different structures ranging from the fusion 
line out to the unaffected parent metal [69]. The structural 
changes in the HAZ of duplex weldments can degrade the 
toughness and corrosion resistance to varying extents. The 
potential problems include excessive grain growth, improper 
phase balance, and precipitation of chromium carbides, 
nitrides, and intermetallic compounds [70].

It may be appropriate to distinguish the high-temperature 
HAZ (HT-HAZ) from the low-temperature HAZ (LT-HAZ). 
According to Brandi [71], the temperature range for LT-
HAZ is 950 to 650 °C, while the HT-HAZ extends from 
solidus temperature to approximately 1000 °C. The HT-HAZ 
will reach a temperature where much or all of the austenite 
has transformed into ferrite and, when not pinned by aus-
tenite, enabling ferrite grain growth [72]. This makes this 
area clearly visible, while the LT-HAZ is less prominent 
with only minor change. Although the ferritization primarily 
occurs at temperatures higher than 1250 °C, the cooling time 
from 1200 to 800 °C,  t12/8, is sometimes used to correlate the 
ferrite/austenite balance in the HT-HAZ [3].

The width of the HT-HAZ is in the order of 1–2 grain 
diameters and depends on both composition (and associated 
thermal width of the ferrite phase field) and the time avail-
able for dissolution of the austenite [73]. Although the width 
can normally easily be measured, it varies with the welding 
conditions and the chemical composition of the base mate-
rial [74]. With high nitrogen contents and rapid austenite 
formation, it can be challenging to identify the exact location 
of the fusion line and thus not be possible to determine the 
precise width [49]. If the cooling rate, from a fully ferritic 
or partly ferritic region, is too rapid to allow for the nitro-
gen diffusion-driven phase transformation, the time is insuf-
ficient for desirable austenite formation, and the resulting 
HT-HAZ becomes predominantly ferritic [52]. The material 
composition, thickness, and heat input affect the ferrite grain 

size, austenite growth mechanism, nucleation rate, nuclea-
tion sites, and composition of precipitated phases [52].

The LT-HAZ does not show ferritization and associated 
grain growth but reaches temperatures where sigma and chi 
phases may form due to slow cooling or repeated reheat-
ing to 800–1000 °C [71, 75–78]. However, in most welding 
procedures, the time spent in this susceptible temperature 
range is insufficient to measure any additional deterioration 
in mechanical properties or corrosion resistance compared 
to the HT-HAZ.

1.5  HT‑HAZ simulation

As the HT-HAZ is narrow, thermo-mechanical simulation 
can be used to create a sufficiently large area of uniform 
structure for many types of testing. Physical simulations of 
the HAZ have successfully been carried out using  Gleeble® 
simulators and similar equipment [16, 23, 24, 28, 46, 47, 55, 
67, 79–86]. The alloys UNS S32101, UNS S32304, UNS 
S31805, UNS S32205, and UNS S32750 have all been 
reported to maintain a ferritic single-phase region below 
the solidus [16, 72, 81, 87]. The studies mainly concern fer-
ritization and grain growth in the fully ferritic range, investi-
gating the effect of cooling rate on austenite reformation and 
impact toughness. Such investigations confirm the positive 
role of nitrogen in promoting austenite reformation in the 
HT-HAZ by increasing the austenite transformation tem-
perature and inhibiting grain growth.

The main challenge with thermo-mechanical simulation 
is to heat the samples to the correct ferritization tempera-
ture where all austenite is dissolved. Otherwise, a banded 
structure consisting of partially transformed austenite may 
still be found [24, 41, 67]. This could result in pinned ferrite 
grain boundaries, inhibiting further growth and leading to 
higher impact toughness values than in the actual HT-HAZ 
[86]. Conversely, if the temperature becomes too high (e.g., 
overshooting), the sample may collapse (melt).

The arc heat treatment method developed by Hosseini et al. 
[69] is a more advanced type of stationary arc welding. They 
have used it to create TTT diagrams and study particles formed 
in duplex stainless steels [46], super duplex stainless steels 
[88, 89], duplex flux-cored arc welds [90], and additive manu-
facturing with super duplex wires [91]. The main advantage 
is the simultaneous heat treatment at all temperatures from 
room temperature to liquidus temperature achieving a graded 
microstructure within a single sample [69]. It is also possi-
ble to determine which region is most susceptible to pitting 
corrosion. The primary limitation of the arc heat treatment 
technique is that longer arc times are required (> 10 min), 
which means that the weld metal and HT-HAZ are depleted 
by nitrogen. The inventors noted that it unfortunately not pos-
sible to compensate for nitrogen loss by adding nitrogen to the 
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shielding gas, as the weld puddle becomes oversaturated and 
unstable at long welding times.

1.6  Aim

Thermo-mechanical simulation, commonly employed for 
studying HAZ properties, relies on the availability of special 
equipment. Therefore, other methods may be considered as 
alternatives. Stationary GTAW welding on the same spot for 
different durations has previously been applied to investigate 
the weld metal shape, nitrogen content, and ferrite fractions in 
duplex stainless steels [92–95]. Hosseini et al. [69] used the arc 
heat treatment method to investigate the resulting microstruc-
ture in the HAZ of different duplex alloys [46, 88–91]. The 
aim of this work was to evaluate the relevance of stationary 
arc welding bead-on-plate for 0–120 s and  Gleeble® simulated 
HT-HAZ compared to regular travelling arc welding bead-on-
plate. Four different shielding gases were applied (Ar, Ar + 2% 
 N2, Ar + 5%  N2, Ar + 8%  N2) to study if the weld metal nitro-
gen content has an effect on the austenite reformation in the 
HT-HAZ. The methods for simulating HAZs are applicable 
for all modern duplex alloys. In this work, the lean duplex 
stainless steel UNS S32101 was selected because this grade 
exhibits good weldability and is commonly found in various 
applications where the welding is performed without fillers 
[33]. The higher nitrogen content increases the austenite refor-
mation ability in the HT-HAZ compared to UNS S32304 and 
UNS S32205. The alloy UNS S32750 contains more nitrogen 
but requires addition of over-alloyed filler metal to compensate 
for segregation of molybdenum in the weld metal.

2  Experimental

2.1  Base material

The chemical composition of the 6-mm-thick base material 
plate used in this work is shown in Table 1.

2.2  Welding

Welding was performed autogenously (without filler) bead-on-
plate with the GTAW process. The equipment was a modified 
EWM TIG 450 DC-P (EWM AG, Mündersbach, Germany) 
and the parameters logged using a WeldAnalyst® Version 4 
(HKL Prozesstechnik, Halle, Germany). The electrode was 
of W-Th type with 60° sharpening angle, and it was reground 
between each new gas combination or more often as needed. 
The electrode stick-out was 5 mm and the arc length 2.5 mm.

Stationary (non-moving) arc welding was performed with 
four different shielding gases: Ar, Ar + 2%  N2, Ar + 5%  N2, 
and Ar + 8%  N2. The gas flow rate was 15 l/min. A pre-gas 
flow was applied for 5 s before the arc was ignited and a 
post-flow for 8 s followed after extinction. Ninety percent 
 N2 + 10%  H2 was used as backing gas with a flow rate of 
20 l/min. For the 6-mm-thick plate, however, the effect of 
the backing gas on the weld bead itself would be consid-
ered to be negligible. The welding current was permanently 
set to 80 A. The voltage depended on the type of shielding 
gas that was used, and the average decreased with increased 
welding time due to high initial values (Table 2). The weld-
ing proceeded with different welding times; 0.5, 1, 2.5, 5, 
10, 20, 60, and 120 s. These were adjusted with a digital 
circuit-breaking relay. At least ten welds were produced 
with each combination of shielding gas and welding time. 
To compare the appearance of the HAZ of the stationary 
arc with real travelling arc welds, autogenous GTAW was 
carried out bead-on-plate using the same shielding gas types 
(Table 3). As higher nitrogen additions are impractical due 
to the excessive wear of the tungsten electrode, the number 
of samples were reduced for Ar + 5%  N2 and Ar + 8%  N2.

2.3  Measurement of nitrogen content

To determine the weld metal nitrogen content, drilled chips 
were analyzed using the Leco melt evaporation method. It 
was possible to measure the nitrogen content in all stationary 
welds welded for 5 s or longer and for all the travelling arc 
welds. Control of the drilled depth was performed to ensure 
that only weld metal was included.

The shortest stationary welding times (0.5, 1.0, and 2.5 s) 
resulted in welds that were somewhat too small to machine 
for Leco analysis. The weld metal nitrogen of stationary 

Table 1  Chemical composition 
of the base material, wt.-%

Material C Si Mn P S Cr Ni Mo Cu N

UNS S32101 0.025 0.70 5.34 0.016 0.001 21.35 1.52 0.30 0.31 0.226

Table 2  Average voltage for stationary arc welding

Time Average voltage, V

s Ar Ar + 2%  N2 Ar + 5%  N2 Ar + 8%  N2

0.5 12.4 12.6 12.8 13.2
1 12.2 12.6 12.6 12.8
2.5 11.8 12.1 12.2 12.5
5 11.4 11.7 11.9 12.3
10 10.9 10.9 11.6 11.9
20 10.7 10.8 11.5 11.5
60 10.6 10.8 11.1 11.5
120 10.6 10.8 11.1 11.6
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arc welds was, for this reason, additionally measured using 
electron probe microanalysis (EPMA) (ARL-SEMQ, DELL 
GX1-500, Corr-Control, Avesta, Sweden) [48, 96]. As com-
parison, samples of travelling arc welds were also examined. 
The modified instrument contained six wavelength disper-
sive spectrometers modified for mapping, each contain-
ing two crystals. Lead stearate (PbSD) was used as crystal 
material. The calibration for nitrogen was performed with 
an experimental set of nine martensitic Fe–C-N alloys with 
nitrogen contents varying from 0.037 to 0.435% [97]. In 

addition, BN (43% B + 57% N) was used to adjust the wave-
length of the PbSD crystal. EPMA mapping was performed 
on cross-sections polished to 3 μm in the last step. The sam-
ple current was 8000 nA and the voltage 10 kV. Mapping 
of nitrogen was carried out by an electron beam of 1-μm 
diameter scanned over 20 × 20 or 50 × 50 µm to determine 
the average content.

2.4  Gleeble® simulation

To create a sufficiently large area of uniform microstruc-
ture, thermo-mechanical HT-HAZ simulations were per-
formed using a resistance-heated  Gleeble® 3500 (Dynamic 
Systems Inc., Troy, New York). Waterjet cut specimens of 
6 × 12 × 120 mm size were individually heated to 1360 °C 
to assure full ferritization and held for 0, 5, 10, or 30 s 
(Fig. 1a). The goal was to obtain a range of equiaxed ferrite 
grain sizes. The temperature was measured with thermo-
couples of K-type ultrasonically welded to the sample. The 
peak temperature of 1360 °C was experimentally set to the 
highest feasible point without inducing partial melting of 
the sample. Pettersson et al. [72] demonstrated that UNS 
S32101 is fully ferritic already at 1350 °C. The jaw spacing 
was 60 mm as this enabled good control of the temperature 
and reduced the risk of overshooting. To ensure that the peak 
temperature had been reached, the samples were evaluated 
in the center of the samples in proximity to the location of 
the thermocouples. Approximately 20 mm in the center of 
the sample showed a uniform microstructure indicating that 
full ferritization was obtained in this region.

The holding times were chosen to demonstrate the influ-
ence of the peak temperature on the microstructure but also 
to reveal which effect longer holding times would have on 
grain growth and if the ferrite content is affected. The heat-
ing followed a rate of 150 °C/s, but to avoid overshooting 

Table 3  Welding parameters for travelling arc welding

Shielding gas Voltage, V Current, A Welding 
speed, 
mm/s

Arc 
energy, kJ/
mm

Ar 10.7 98.4 2.75 0.38
Ar 10.3 79.0 1.71 0.48
Ar 10.7 98.0 1.84 0.57
Ar 10.6 98.6 1.56 0.67
Ar 10.7 97.9 1.20 0.87
Ar 10.2 79.3 0.85 0.96
Ar 10.7 98.0 0.88 1.19
Ar + 2%  N2 11.7 99.9 2.69 0.43
Ar + 2%  N2 11.2 79.5 1.70 0.52
Ar + 2%  N2 11.5 100.1 1.83 0.63
Ar + 2%  N2 11.4 100.1 1.30 0.88
Ar + 2%  N2 10.3 79.3 0.92 0.90
Ar + 2%  N2 11.3 99.9 1.13 1.00
Ar + 2%  N2 11.4 99.9 0.95 1.20
Ar + 5%  N2 10.8 79.1 1.72 0.50
Ar + 5%  N2 11.3 80.0 0.94 0.96
Ar + 8%  N2 12.0 80.3 1.70 0.55
Ar + 8%  N2 11.1 79.1 0.95 0.93

Fig. 1  Gleeble®-simulation program to reach 1360 °C where the sam-
ple was kept for 0, 5, 10, or 30 s followed by air cooling, cooling with 
compressed Ar, or water quenching. a Overview and cooling curves. 
The temperature was increased at a rate of 100  °C/s up to 440  °C 
stopping for 1 s, and then, heating occurred at a rate of 150 °C/s up 

to 1320 °C. b Detailed view of the controlled programming to avoid 
over-shooting the aimed temperature of 1360  °C. The heating rate 
was reduced to 20 °C/s from 1320 °C and 3.3 °C/s from 1350 °C up 
to the peak temperature 1360 °C
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the target temperature of 1360 °C, the program started some-
what slower including a 1-s stop at 440 °C and the heating 
rate was reduced when getting closer to the aim. First, it 
was decreased to be 20 °C/s from 1320 to 1350 °C/s and 
the last 10 °C were set to take 3 s (Fig. 1b). After heating, 
the specimens were cooled at different rates using air cool-
ing, compressed Ar, and water quenching down to ambient 
temperature. The cooling rates were estimated to be 20 °C/s, 
75 °C/s, and 400 °C/s, respectively. If water was used, the 
chamber was dried before the next sample was mounted. 
Water quenching would represent the highest cooling rates 
obtained in laser welding and when welding thick material, 
while the other two cooling rates were the highest that could 
be obtained with the equipment available. It is challenging 
to measure the actual cooling rate in the HT-HAZ of real 
welds as this zone is very narrow. Attempts in this work 
showed that the maximum temperature reached 1 mm away 
from the fusion line was only 850 °C with a cooling rate of 
70 °C/s down to 600 °C. Valiente Bermejo et al. [98] made 
advanced tests with harpooned thermocouples when welding 
UNS S32750, and at the maximum reached temperature of 
750–1073 °C, the average cooling rate was 115 °C/s. Pro-
grammed step cooling would be slower and thus be irrel-
evant for any practical welding.

Some important observations were made when weld-
ing the thermocouples to the surface of the UNS S32101 
as compared to previous experience with HT-HAZ 
 Gleeble®-simulations of other duplex stainless steels. It 
was as usual beneficial to sand the outer surface of the UNS 
S32101 with a fine paper, but the high manganese content 
in the base material may have affected the weldability. It 
was rare that the individual thermocouples adhered to the 
surface at the first attempt, but if this was the case, they were 
intentionally removed. Otherwise, the wires often detached 
while ramping up the temperature and the sample had to be 
scrapped. As the surface of the samples exceeded 700 °C, it 
is possible that the manganese oxide observed in the weld 
oxide of UNS S32101 [99] also played a role here. Instead, 
a procedure was developed where the thermocouples were 
welded to the same spot 3–5 times to build up a larger joint.

2.5  Metallographic examination

Cross-sections of the welds and  Gleeble®-simulated speci-
mens were prepared using standard techniques to 3 µm and 
polished with  SiO2 in the last step. For the stationary welds, 
it was crucial to cut the samples with a margin and thereafter 
grind and polish to land at the exact center. These were for 
this reason prepared manually. The microstructure was eluci-
dated with a modified Beraha II etchant (60 ml  H2O + 30 ml 
HCl + 0.9–1 g  K2S2O5) and the ferrite content measured with 
image analysis using the software Optimas 6.1 (Media Cyber-
netics, Inc., Rockville, Maryland, USA). The width of the 

HT-HAZ was measured at 10 locations on micrographs taken 
of the cross-section. The grain size of the  Gleeble®-simulated 
specimens was quantified as the equivalent diameter of a cir-
cular disk with the same area as the grain.

2.6  COMSOL simulation

COMSOL Multiphysics v6.0 (COMSOL Multiphysics 
GmbH, Göttingen, Germany) software was applied for 
numerical modelling using the heat transfer in solids inter-
face. The arc was set as stationary (non-moving) and the 
geometry of the fusion line chosen based on actual welds 
in accordance with the model developed by Kumara [100].

The energy equation governs the temperature distribution 
in the plate. Expressed in terms of the temperature T, the 
energy equation reads:

where ρ is the material density, Cp the specific heat capacity 
at constant pressure, u the velocity vector, q the conduc-
tive heat flux, Q the heat source, and Qted the thermoelastic 
damping. In addition to the energy equation, Fourier’s law 
of heat conduction was used. This states that the conductive 
heat flux is proportional to the temperature gradient, such 
that

where k is the thermal conductivity of the material. The heat 
source and the thermoelastic damping are not considered in 
the present paper. The values of the density, Cp, and heat 
conductivity were obtained using JMatPro® (Sente Soft-
ware, UK) as suggested by Vattappara et al. [101].

The material thickness was 6 mm, and for consistency 
with the work of Hosseini et al. [69], the width of the mate-
rial was chosen to be a circular plate with a radius of 50 mm. 
However, analysis revealed that the spatial variation of tem-
perature beyond horizontal distances of 10 mm was negli-
gible. The heat source was considered as a 1-mm spot in the 
weld center of the weld. The model and heat transfer analysis 
were conducted under axi-symmetric assumptions, result-
ing in a two-dimensional representation (cut plane). The left 
boundary was designated as the symmetry axis, while room 
temperature was applied to the right boundary. The different 
weld shapes were obtained from etched cross-sections and 
the fusion line temperature assumed to be 1400 °C (ferrite 
solidus), as determined with Thermo-Calc earlier [102]. The 
top and bottom surfaces were assigned the same conditions 
as those utilized in Vattappara et al. [101], where real-time 
thermocouple (TC) readings were employed on the samples 
combined with TC measurements in a previous work [99].

(1)ρCp

�T

�t
+ ρCpu ⋅ ∇T + ∇ ⋅ q = Q + Qted,

(2)q = −k∇T ,
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3  Results

3.1  Stationary arc welds

Figure 2 displays a selection of typical cross-sections 
of the stationary arc welds. The weld penetration was 
mostly rather flat or exhibited different irregular shapes. 
The width of the ferritized HAZ was uneven, being wider 
where the shape was irregular. Higher magnifications of 
the HT-HAZ close to the surface are shown in Fig. 3 and 
the measurements of the weld shape, ferrite fraction, and 
nitrogen content are presented in Table 4.

Longer stationary welding time and nitrogen additions 
to the shielding gas resulted in wider welds. The maximum 
depth increased for all welds up until 20 s but was highly 
dependent on the weld shape, while no clear influence of 
the shielding gas composition could be observed. The weld 
metal nitrogen content increased with nitrogen additions 
to the shielding gas, but the extent was influenced by the 
stationary welding time. While the Ar welds became com-
pletely depleted in nitrogen with time, Ar + 2%  N2 resulted 
in a level around 0.20 wt.-%. With Ar + 5%  N2 and Ar + 8% 
 N2, the measured nitrogen content over time went from 
0.37 to 0.21 and 0.39 to 0.25 wt.-%, respectively.

After a welding time of 0.5 s, the welds performed with 
Ar already showed a weld metal ferrite content of 80 vol.-
%, and these became essentially fully ferritic after 10 s. 
The austenite content increased with nitrogen additions 
to the shielding gas. With Ar + 2%  N2, the average ferrite 
content was 68–75 vol.-% for all welds regardless of the 

stationary welding time. With higher additions of nitro-
gen, the austenite content increased significantly, but it 
decreased with longer welding times. The ferrite range 
was 34–71 vol.-% with Ar + 5%  N2 and 32–66 vol.-% with 
Ar + 8%  N2. For the longest stationary welding times, the 
austenite precipitated mainly as intragranular and grain 
boundary austenite.

For the shortest welding time 0.5 s, partially transformed 
austenite was present all the way to the fusion line no matter 
which shielding gas that was used. The HT-HAZ became 
fully ferritic after 20 s with Ar, 60 s with Ar + 2%  N2 and 
120 s for Ar + 5%  N2 and Ar + 8%  N2. For the longer station-
ary welding times, the welds mostly showed undercut and 
especially with Ar + 5%  N2 and Ar + 8%  N2. With nitrogen 
additions to the shielding gas, an austenite layer was found 
on the base material surface adjacent to the weld.

For some of the samples welded with nitrogen additions 
to the shielding gas, cracks were observed at the weld sur-
face center, Fig. 4. These were located in the ferrite grain 
boundaries. Cracks were also observed in the HAZ and 
across the fusion line in one of the samples welded with 
Ar + 5%  N2 for 20 s, Fig. 5.

3.2  Travelling arc welds

The travelling arc welds can of the measurements are presented 
in Table 5. The width and depth of the welds, and the width 
of the HAZ increased with the arc energy. The average weld 
metal nitrogen content increased proportionally with the nitro-
gen content in the shielding gas. When using 100% Ar, nitrogen 

Fig. 2  Cross-sections of stationary arc welds performed with different shielding gases and welding times
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loss occurred, with the depletion becoming more pronounced 
at higher arc energy. This phenomenon was not observed with 
nitrogen additions to the shielding gas, where the variation in 
weld metal nitrogen content was less significant. The exact 
location of the fusion line was not clear for all samples, and 
thereby, it was not possible to measure the width of the HAZ 
with high accuracy. With nitrogen additions, more austenite 
formed in the weld metal and there was an austenite layer on 
the surface of the weld metal and HT-HAZ (Fig. 6). Chromium 
nitrides were present in the weld metal and HT-HAZ, but these 
do not become highlighted by the Beraha II etchant used.

3.3  Gleeble® simulations

Figure 7 shows micrographs after thermo-mechanical simulation 
of the HT-HAZ and Table 6 the average grain size and austenite 

content for each set of parameters. The grains became coarser with 
longer holding times at 1360 °C and smallest in the water-quenched 
samples. The intermediate and air-cooled samples showed signifi-
cant amounts of grain boundary and intragranular and Widmanstät-
ten austenite. After water quenching, the ferrite grains were well 
visible with austenite decorating the grain boundaries. Small intra-
granular austenite was present inside the ferrite grains, and limited 
amounts of Widmanstätten austenite grew into the center.

4  Discussion

4.1  Stationary arc welding

With stationary arc welding, the 100% Ar welds became 
almost completely depleted in nitrogen with time (Fig. 8a). 

Fig. 3  Cross-sections of stationary arc welds performed with different shielding gases and welding times
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The weld metal nitrogen content increased with nitrogen 
additions to the shielding gas but decreased over time. The 
only exception was Ar + 2%  N2, where the nitrogen level 
remained relatively stable at 0.199 ± 0.013 wt.-%, slightly 
below the base material at 0.226 wt.-%. With Ar + 5%  N2 
and Ar + 8%  N2, the measured nitrogen content decreased 
over time from 0.37 to 0.21 and 0.39 to 0.25 wt.-%, respec-
tively. This suggests that, after a certain duration, the nitro-
gen solubility with all gases containing nitrogen additions 
approached the level of the parent material.

The weld metal austenite content decreased with station-
ary welding time for all shielding gases, except for Ar + 2% 
 N2 (Fig. 8b). With Ar, the welds rapidly became fully ferri-
tic, while all nitrogen-containing shielding gases resulted in 

approximately 70 vol.-% ferrite after 20–120 s. This indicates 
that the weld metal composition and resulting nitrogen solu-
bility may reach a steady state at longer durations. The gen-
eral ferritization would probably be connected to the partially 
time-dependent element loss from the weld metal reported 
in an earlier work [99]. Primarily manganese and nitrogen 
evaporate and can be found after subsequent deposition in the 
weld oxide formed on duplex alloys [103]. This is supported 
by the undercut in the fusion line and the austenite layer 
observed on the base material surface of samples subjected 
to longer welding times. Welds with undercut have also been 
observed with the arc heat treatment method [89, 101].

The irregular weld shape, characterized with large varia-
tions in the HAZ, led to a significant standard deviation. On 

Table 4  Measured average weld metal nitrogen and ferrite content, and width and ferrite content of the HT-HAZ performed with stationary arc 
welding

Shielding gas Time, s Nitrogen con-
tent, wt.-%

Ferrite content, vol.-% HAZ width, µm Weld shape, mm

Weld metal HT-HAZ Diameter Max. height Max. depth

Ar 0.5 0.174 80 ± 4 93 ± 6 110 ± 75 3.4 ± 0.2 0.04 ± 0.02 0.27 ± 0.01
Ar 1 0.157 74 ± 2 94 ± 5 148 ± 60 3.9 ± 0.3 0.08 ± 0.01 0.39 ± 0.01
Ar 2.5 0.079 94 ± 1 94 ± 5 198 ± 117 4.0 ± 0.2 0.10 ± 0.01 0.69 ± 0.01
Ar 5 0.072 94 ± 1 94 ± 5 281 ± 136 4.7 ± 0.2 0.15 ± 0.04 0.73 ± 0.05
Ar 10 0.072 99 ± 1 95 ± 4 348 ± 143 5.1 ± 0.1 0.18 ± 0.03 1.02 ± 0.10
Ar 20 0.054 99 ± 1 99 ± 1 436 ± 102 5.7 ± 0.1 0.21 ± 0.03 1.34 ± 0.05
Ar 60 0.029 99 ± 1 99 ± 1 558 ± 245 6.1 ± 0.1 0.35 ± 0.04 0.81 ± 0.02
Ar 120 0.020 99 ± 1 99 ± 1 703 ± 242 6.3 ± 0.1 0.26 ± 0.05 0.77 ± 0.04
Ar + 2%  N2 0.5 0.207 69 ± 2 85 ± 12 109 ± 75 3.3 ± 0.1 0.07 ± 0.01 0.53 ± 0.04
Ar + 2%  N2 1 0.207 67 ± 2 88 ± 11 117 ± 60 3.6 ± 0.1 0.08 ± 0.01 0.54 ± 0.01
Ar + 2%  N2 2.5 0.207 73 ± 4 94 ± 5 164 ± 94 4.1 ± 0.2 0.10 ± 0.01 0.77 ± 0.01
Ar + 2%  N2 5 0.203 75 ± 3 94 ± 9 214 ± 98 4.4 ± 0.1 0.12 ± 0.01 1.00 ± 0.01
Ar + 2%  N2 10 0.187 71 ± 5 94 ± 3 260 ± 131 4.9 ± 0.1 0.19 ± 0.01 1.03 ± 0.01
Ar + 2%  N2 20 0.216 68 ± 3 95 ± 3 411 ± 137 5.7 ± 0.2 0.23 ± 0.04 1.05 ± 0.05
Ar + 2%  N2 60 0.186 68 ± 3 99 ± 1 510 ± 210 6.2 ± 0.8 0.24 ± 0.01 0.90 ± 0.06
Ar + 2%  N2 120 0.176 70 ± 6 99 ± 1 658 ± 188 6.6 ± 0.2 0.31 ± 0.01 0.79 ± 0.10
Ar + 5%  N2 0.5 0.369 34 ± 7 88 ± 11 99 ± 88 3.8 ± 0.1 0.08 ± 0.01 0.29 ± 0.02
Ar + 5%  N2 1 0.353 39 ± 4 89 ± 11 131 ± 90 4.2 ± 0.1 0.12 ± 0.01 0.39 ± 0.01
Ar + 5%  N2 2.5 0.310 48 ± 3 90 ± 6 152 ± 116 4.8 ± 0.1 0.15 ± 0.01 0.46 ± 0.01
Ar + 5%  N2 5 0.293 55 ± 4 89 ± 2 220 ± 139 5.4 ± 0.1 0.19 ± 0.01 0.60 ± 0.02
Ar + 5%  N2 10 0.296 56 ± 4 93 ± 3 257 ± 153 5.4 ± 0.2 0.25 ± 0.02 0.62 ± 0.08
Ar + 5%  N2 20 0.260 61 ± 3 94 ± 2 389 ± 189 6.0 ± 0.1 0.27 ± 0.01 0.85 ± 0.08
Ar + 5%  N2 60 0.213 68 ± 3 99 ± 1 471 ± 343 6.7 ± 0.2 0.42 ± 0.04 0.87 ± 0.06
Ar + 5%  N2 120 0.208 71 ± 4 99 ± 1 635 ± 211 6.8 ± 0.3 0.42 ± 0.04 0.69 ± 0.08
Ar + 8%  N2 0.5 0.387 32 ± 7 90 ± 9 94 ± 76 3.8 ± 0.5 0.08 ± 0.01 0.35 ± 0.01
Ar + 8%  N2 1 0.347 37 ± 4 93 ± 4 131 ± 94 4.1 ± 0.1 0.09 ± 0.01 0.42 ± 0.01
Ar + 8%  N2 2.5 0.343 45 ± 2 92 ± 11 162 ± 119 4.7 ± 0.1 0.12 ± 0.01 0.67 ± 0.02
Ar + 8%  N2 5 0.329 49 ± 4 94 ± 3 233 ± 165 4.9 ± 0.1 0.13 ± 0.02 0.71 ± 0.02
Ar + 8%  N2 10 0.333 50 ± 2 92 ± 3 268 ± 167 5.9 ± 0.1 0.21 ± 0.01 0.76 ± 0.01
Ar + 8%  N2 20 0.300 55 ± 2 93 ± 4 366 ± 221 6.6 ± 0.1 0.23 ± 0.01 0.79 ± 0.02
Ar + 8%  N2 60 0.258 63 ± 5 98 ± 2 465 ± 201 6.9 ± 0.1 0.33 ± 0.02 0.89 ± 0.04
Ar + 8%  N2 120 0.247 66 ± 2 99 ± 1 595 ± 147 6.9 ± 0.1 0.24 ± 0.04 0.96 ± 0.04
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average, the weld width increased with the welding time and 
the widest HAZ was observed when welding with Ar (Fig. 8c). 
This is suggested to be the result of faster nitrogen depletion in 
the weld metal with Ar than with the other gases. Consider-
able nitrogen loss from the weld metal would be followed by 
enhanced nitrogen diffusion from the HT-HAZ and faster ferri-
tization. A small reduction of the HAZ width could be observed 
with higher nitrogen additions. For the shortest stationary arc 
welding times, the ferrite content in the HAZ was highest for Ar 
but generally increased for all shielding gases with time. In all, 
this supports that some nitrogen loss eventually took place in 
the HT-HAZ although nitrogen was added to the shielding gas. 
It should be noted that the austenite reformation is also highly 
dependent on the cooling rate. As only up to 1/8 of the 6-mm-
thick plate was penetrated, the cooling was rapid.

The weld metal width increased with the nitrogen con-
tent in the shielding gas and the stationary arc welding time 
(Fig. 8d), but the same relationship could not be seen for the 
weld penetration and height. Nitrogen increased the voltage 
indicating that the arc energy was higher.

For examination and simulation of the HT-HAZ, it 
appears that the stationary arc welding method has almost 
no relevance regardless of shielding gas type. This is sug-
gested to be the result of the stationary condition leading to 
longer time spent in the fully ferritic region. The HAZ was 
completely different from the real arc welds with an uneven 
shape, substantially wider width, and more ferrite in the 
center root part. The band of fully ferritic structure appeared 
somewhat earlier with Ar and became slightly wider, but 
after 120 s, the HT-HAZs produced with all shielding gas 
types were visually more or less identical.

4.2  Comparison of stationary arc welding and arc 
heat treatment

Cederberg et  al. [91] simulated additive manufacturing 
of super duplex stainless steel by arc heat treatment of 
6-mm-thick material in different ways for a total of 5–75 s. 
UNS S32750 was welded using the gas metal arc welding 
(GMAW) process with Ar as shielding gas and an ER2509 
type wire with 0.22 wt.-% nitrogen. After 5 s of arc heat 
treatment, the width of the HT-HAZ was around 220 µm, 
which was in agreement with the results here for UNS 
S32101. However, after 75 s, the maximum width of 1 mm 
was approximately 40% wider than after 120 s of stationary 
arc welding on UNS S32101. The accelerated ferritization 
might be attributed to a lower nitrogen content in the built-up 
material. After 5 s, the weld was wider and shallower than 
what could be seen here for UNS S32101, but the width did 
not increase as rapidly with longer welding times. None of 
the welds became as deep as in UNS S32101, and longer arc 
heat treatment did not influence the depth. In addition to dif-
ferences in chemical composition, it is worth noting that the 
arc heat treatment was conducted at slightly higher current 
and water cooling was consistently applied on the root side.

Just as observed with the arc heat treatment method 
developed by Hosseini et al. [69], the long stationary arc 
times deplete the weld metal and HT-HAZ of nitrogen. None 
of the methods is thus representative for real welds. The arc 
heat treatment may, however, be useful for creating TTT 
diagrams and for studying particles formed at lower tem-
peratures (LT-HAZ) [46, 88–91].

4.3  Hot cracking in stationary arc welds

The surface center cracks in Fig. 4 could naturally be the effect 
of shrinkage similar to that of casting and crater pipe cracks but 
were here only observed for the welds performed with nitrogen 

Fig. 4  Stationary arc welds with cracks observed at the surface of a 
sample welded with Ar + 5%  N2 for 1 s

Fig. 5  Cracks observed in the HAZ and across the fusion line (indi-
cated) of a stationary arc weld performed with Ar + 5%  N2 for 20 s
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in the shielding gas. The combination of nitrogen additions 
and stationary arc welding possibly created oversaturation of 
nitrogen and excessive local formation of austenite. This could 
cause primary austenitic solidification and hot cracking similar 
to that seen for fully austenitic stainless steel welds [104, 105]. 
Examination in as-polished condition ruled out that it was an 
etching effect. No specific relationship could be seen between 
the welding time and the amount of nitrogen in the shielding 
gas. Cracks were found after 1 s with Ar + 5%  N2, after 20 s 
with Ar + 2%  N2, and 60 s with Ar + 2%  N2 and Ar + 8%  N2. It 
cannot be excluded that the phenomenon is related to formation 
of “false nitrogenous pearlite” [106–108], which occasionally is 
also found for hyper duplex UNS S32906 welded with nitrogen 
in the shielding gas [109]. In addition, it has been shown that 
the manganese content decreases with both the nitrogen content 
and stationary welding time [99]. This may be of importance as 
manganese can improve the resistance to hot cracking.

One of the samples performed with Ar + 5%  N2 for 20 s 
also showed cracks in the HT-HAZ and across the fusion line. 
These are rather suspected to be caused by liquation of low-
melting phases in grain boundaries such as sulfur, phospho-
rous, and boron. None of these hot cracking phenomena was 
observed for the travelling arc welds, which underlines the 
difference between the stationary and travelling arc welds.

4.4  Travelling arc welding

Due to its effect on the thermal cycle, the arc energy can 
have a significant influence on the structure and properties of 

welded duplex stainless steels. High heat inputs (low cooling 
rates) are generally avoided to prevent excessive ferrite grain 
growth, unnecessary dilution, and formation of intermetallic 
phases in primarily super duplex grades [11]. Conversely, 
too low heat inputs (rapid cooling rates) could result in insuf-
ficient time for adequate austenite formation. This can lead 
to highly ferritic microstructures and considerable nitride 
precipitation within the ferrite grains in the HAZ and fusion 
zone, which negatively affects the corrosion resistance and 
toughness [16, 67].

For the travelling arc welds performed with different 
shielding gases and arc energies ranging from 0.4 to 1.2 kJ/
mm, certain observations were made. The weld width, pen-
etration, and height increased with the heat input. This is 
consistent with previous results in the work of Gupta et al. 
[110]. There were no additional effects observed with nitro-
gen additions to the shielding gas, but there was a general 
increase in both weld metal nitrogen content and austenite 
formation. With Ar + 2%  N2, the nitrogen loss with higher 
arc energy was so small that it was almost negligible, and 
hence, no noteworthy increase in ferrite content could be 
confirmed. Likewise, there was no apparent relationship 
between nitrogen content and austenite formation with the 
arc energy for either Ar + 5%  N2 or Ar + 8%  N2. Ar exhibited 
some weld metal nitrogen loss and a slight increase in ferrite 
fraction with higher arc energy, which aligns with previous 
studies [29, 110, 111].

In the HAZ, the ferrite content increased with the arc 
energy for the welds welded with Ar as shielding gas, but 

Table 5  Travelling arc welds 
performed with four different 
shielding gases and various heat 
inputs

Shielding gas Arc 
energy, 
kJ/mm

Ferrite content, vol.-% HAZ width, µm Nitrogen 
LECO, 
wt.-%

Weld shape, mm

Weld metal HT-HAZ Width Depth Height

Ar 0.38 73 ± 1 75 ± 4 180 ± 28 0.172 3.55 0.65 0.10
Ar 0.48 82 ± 2 81 ± 5 172 ± 18 0.146 3.40 0.73 0.08
Ar 0.57 80 ± 2 79 ± 4 228 ± 43 0.150 4.01 0.83 0.13
Ar 0.67 82 ± 4 81 ± 6 260 ± 24 0.147 4.56 0.96 0.15
Ar 0.87 86 ± 4 85 ± 7 273 ± 34 0.119 4.86 1.12 0.17
Ar 0.96 90 ± 4 84 ± 5 296 ± 53 0.135 4.15 0.96 0.17
Ar 1.19 89 ± 2 87 ± 7 369 ± 64 0.106 5.11 1.43 0.21
Ar + 2%  N2 0.43 69 ± 4 79 ± 5 178 ± 35 0.197 3.44 0.72 0.13
Ar + 2%  N2 0.52 61 ± 2 75 ± 6 196 ± 33 0.240 3.91 0.51 0.12
Ar + 2%  N2 0.63 69 ± 2 72 ± 5 244 ± 34 0.206 4.43 0.88 0.12
Ar + 2%  N2 0.88 71 ± 1 74 ± 4 276 ± 88 0.194 4.21 1.09 0.19
Ar + 2%  N2 0.90 76 ± 2 78 ± 3 280 ± 62 0.196 4.95 1.21 0.19
Ar + 2%  N2 1.00 73 ± 2 77 ± 5 286 ± 45 0.184 5.23 1.34 0.20
Ar + 2%  N2 1.20 75 ± 3 78 ± 4 360 ± 85 0.183 5.53 1.74 0.19
Ar + 5%  N2 0.50 66 ± 2 73 ± 8 180 ± 42 0.248 3.77 0.97 0.12
Ar + 5%  N2 0.96 66 ± 3 76 ± 4 240 ± 32 0.247 4.45 1.33 0.17
Ar + 8%  N2 0.55 64 ± 3 74 ± 5 203 ± 45 0.262 3.88 0.82 0.15
Ar + 8%  N2 0.93 61 ± 2 75 ± 6 271 ± 51 0.278 4.46 1.27 0.16
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not for welds with nitrogen additions. This indicates some 
nitrogen loss from the HT-HAZ to the weld metal when 
using Ar. For the welds performed with nitrogen additions 
to the shielding gas, more austenite formed in the HAZ, but 
this could not be correlated to the amount of nitrogen in the 
shielding gas nor the heat input. Similar observations have 
also been made for UNS S32304 and UNS S32750 [112]. 
Increasing the heat input above 3 kJ/mm may enhance aus-
tenite formation in the HT-HAZ, but it may come at the 
cost of reduced impact toughness [113]. In multipass weld-
ing, the subsequent weld passes may affect the HAZ mor-
phology. However, the present work only takes single bead 
welding into consideration and is thereby not considering 
any reheating of the HAZ.

4.5  Fluid mechanics

The initial shape of the stationary arc welds was wide 
and shallow, indicating that the flow in the melt goes 

primarily outwards. With time, the welds became wider, 
with the deepest part being the sides, forming an une-
ven shape. For the shielding gases containing nitrogen, 
the center of the weld became deeper with time. This 
appeared when the weld had reached a width of approxi-
mately 6.6 mm, which took 120 s with Ar + 2%  N2, 60 s 
with Ar + 5%  N2, and 20 s with Ar + 8%  N2. Nitrogen 
additions to the shielding gas make the arc hotter as indi-
cated by the higher voltage in Table 2.

In full penetration welding, the width of the melt has 
been reported to initially increase rapidly until the heat 
conduction from the base metal considerably slows down 
the process [114]. Once this stage has been reached, the 
Marangoni flow would become more pronounced and 
the penetration depth increase. The Marangoni effect 
could not be observed for the stationary arc welds, which 
could possibly be related to the rapid cooling from the 
relatively thick plate and low sulfur content in the par-
ent material.

Fig. 6  Example of travelling arc 
welds performed with three dif-
ferent shielding gases and two 
different arc energies
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4.6  Thermal simulation of known weld shapes

Figure 9 illustrates the temperature distribution and iso-
thermal lines for three stationary arc weld geometries 
and one travelling arc weld. Figure 9a and b indicate that 
the warmest section would be in the center, where also 
the widest HT-HAZ could be observed. Figure 9c shows 

that the highest temperatures would be obtained where 
the most uneven shapes were observed, which also could 
be confirmed in the etched cross-sections. Figure  9d 
shows the temperature distribution in the cross-section 
of a travelling arc weld performed with an arc energy of 
0.4 kJ/mm. Here, the temperature profile was narrower 
and more uniform with a slightly higher concentration in 

Fig. 7  Gleeble®-simulated HT-HAZ microstructures at different holding times and cooling rates (two scales) 
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the deepest section. This also matched the actual situa-
tion well.

For the stationary arc welds, the model predicted that 
the HT-HAZ would be wider at the surface than what 
could be observed in reality. It should be noted that this 
problem inherently exhibits a strong dependence on time 
as the shape of the weld is contingent upon the duration of 
the heat source (arc) acting upon the material. Especially 
the width increased with time for the stationary arc welds. 
However, in the present computational study, the temporal 
evolution of the fusion zone shape has not been incorpo-
rated. Instead, the focus lies on analyzing the temperature 
distribution for a fixed shape, considering the prescribed 
boundary temperatures.

It is important to note that the current model does not 
consider the phase transition from solid to liquid (includ-
ing potential nitrogen diffusion from the HT-HAZ to the 
weld metal) and the comprehensive history of tempera-
ture during the welding process is not accounted for. This 
simplification was deliberately implemented to primarily 

Table 6  Measured grain size and austenite content for the 
 Gleeble®-simulated HT-HAZ. The ferrite content of the base material 
was 53 ± 6%

Peak tem-
perature, 
°C

Time, s Cooling, °C/s Grain size, µm Ferrite, vol.-%

1360 0 400 131 ± 25 75 ± 5
1360 5 400 194 ± 30 82 ± 5
1360 10 400 253 ± 41 80 ± 6
1360 30 400 415 ± 92 75 ± 4
1360 0 75 169 ± 14 63 ± 2
1360 5 75 214 ± 36 62 ± 2
1360 10 75 303 ± 40 62 ± 2
1360 30 75 461 ± 117 63 ± 2
1360 0 20 204 ± 29 59 ± 2
1360 5 20 249 ± 24 61 ± 2
1360 10 20 331 ± 48 59 ± 2
1360 30 20 459 ± 96 60 ± 1

Fig. 8  Effect of shielding gas composition and stationary arc welding time on the average a weld metal nitrogen content, b weld metal ferrite 
content, c HAZ width, and d weld metal width
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highlight the disparities in temperature distribution among 
different weld geometries for stationary arc welding as 
compared to travelling arc welds, while considering the 
specified boundary conditions.

The primary temperature distribution pattern remained 
largely unchanged despite variations in the shape of the 
fusion zone. The principal distinction lies in the tempera-
ture distribution near the boundary of the fusion line, as 
evidenced by the alterations in the configuration of the 
isothermal lines corresponding to the specific zone shape. 
However, as one moves a short distance away from the 

fusion zone boundary, the temperature distribution con-
verges to a nearly identical pattern. This convergence is 
further illustrated by the nearly indistinguishable shapes 
of the isothermal lines.

4.7  Gleeble® simulation

At the peak temperature 1360 °C, the material became fully 
ferritic, and the grain size increased with the holding time. 
Water quenching with rapid cooling resulted in the smallest 
grains, while the grains grew slightly larger with the slower 

Fig. 9  Temperature distribution—surface plot (color scheme) and 
contour plot showing isothermal lines. Stationary welding with a 
Ar + 8%  N2 for 2.5  s, b Ar for 60  s, c Ar + 8%  N2 for 60  s, and d 

travelling arc welding with Ar with an arc energy of 0.4 kJ/mm. All 
temperatures are given in °C and dimensions in mm
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cooling obtained with compressed Ar and air cooling. The 
influence of the cooling rate became less pronounced with 
longer holding times. At the shorter holding times, more 
partially transformed austenite remained in some of the sam-
ples, which is expected to have pinned the grain boundaries 
and prevented grain growth as described by Atamert and 
King [41]. Thus, once the partially transformed austenite 
was completely dissolved, the differences between the sam-
ples became smaller.

The ferrite content was not found to be affected by the 
increased holding time, but clearly by the cooling rate. No 
significant loss of nitrogen could be confirmed as compared 
to the actual welds and especially the stationary arc welds. 
This may be explained by the absence of fusion line and 
melt in the simulated HT-HAZ. The austenite reformation 
was undoubtedly lowest for the water-quenched samples. 
Visually the difference was small between the slower cooled 
samples and the average austenite content did not signifi-
cantly increase further with air cooling. This could be due to 
further grain growth at slower cooling rates, which leads to 
greater distances over which the alloy elements must diffuse 
[115]. As expected, the intermediate and air-cooled samples 
showed both coarser grain boundary and intragranular aus-
tenite and considerably more Widmanstätten austenite than 
with rapid cooling [86]. The individual grains were thus not 
as easily visible as for the water quenched samples where 
the grain boundary austenite was thinner.

The simulated microstructures were mostly homogenous 
and could be reliably tested as concluded by Adonyi [116]. 
However, a few questionable samples were observed. The 
presence of banded structures after shorter (Fig. 10a) or 
longer holding times (Fig. 10b) indicated that the center 
had not reached the target temperature of 1360 °C, lead-
ing to exclusion of these samples from the evaluation. This 
type of centerline segregation is normal in high-alloyed 
stainless steels. The reason why it only remained in a few 
samples remains unclear, as the surrounding grains matched 
those observed in the other samples. This type of appear-
ance would be even more critical for evaluating the impact 
toughness [22, 81].

No other phases or intermetallics were found with the etch-
ant used. However, the ferrite grain centers contained chro-
mium nitrides of  Cr2N type, and carbides were observed in 
the grain boundaries, as shown in previous work using trans-
mission electron microscopy (TEM) on carbon replicas [81].

4.8  Evaluation of methods for HT‑HAZ simulation

4.8.1  Shape of weldment

The shape of the stationary arc welds was not semi-circular 
as for the travelling arc welds, but rather flat or irregular 
(Fig. 2). This is most probably an effect of convection in 
the molten metal. Depending on the shielding gas type, the 
width and height of the stationary arc welds performed with 
the shortest welding times were in reasonable agreement 
with the travelling arc welds. However, the maximum depth 
measured with higher arc energies could not be reached with 
any of the stationary arc welding times. The travelling arc 
welds were generally deeper than what could be measured 
for the stationary welds, and this is suspected to be related 
to the difference in shape and less evaporation of alloying 
elements.

4.8.2  Weld metal nitrogen content

Differences were observed in the weld metal nitrogen con-
tent between the stationary and travelling arc welds. If the 
arc was not moving, there was a nitrogen loss with longer 
welding times for all shielding gases except Ar + 2%  N2. 
When the arc moved, only Ar showed additional nitro-
gen loss with higher arc energy. For stationary arc weld-
ing with Ar, only the shortest welding times (0.5 and 1 s) 
resulted in values in the same range as for the travelling arc 
welds. Already after 2.5 s, the values were below that of the 
highest arc energy applied in travelling arc welding. With 
both Ar + 5%  N2 and Ar + 8%  N2, the stationary arc welds 
absorbed considerably more nitrogen than the travelling arc 
welds and over 20 s were needed to reach the same level in 
the weld metal as for the travelling arc welds.

Fig. 10  Banded structure 
remaining in the center of a 
sample water quenched after 5 s 
and b sample air cooled after 
30-s holding time
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4.8.3  Weld metal ferrite content

As could be expected based on the nitrogen measurements, 
deviations could also be observed when comparing the aus-
tenite formation in the weld metal. For the stationary arc 
welds performed with Ar, the weld metal austenite formation 
after 0.5 and 1 s were in the same range as for the travelling 
arc welds. Already after 2.5 s, the average ferrite content 
was 94 vol.-%. Such low austenite formation capability was 
not seen for any of the actual bead-on-plate welds, where 
the weld metal ferrite content range was 73–90 vol.-%. After 
10 s, the Ar welds had reached complete ferritization and it 
became difficult to locate the fusion line. The low austenite 
formation is a direct effect of nitrogen loss. With Ar, the 
method using a stationary arc only appears to be accurate for 
very short welding times (up to 1 s), but then the weld size is 
rather small, which complicates further analysis.

With Ar + 2%  N2, the austenite formation was rather simi-
lar for both processes, which would be in agreement with 
the fairly constant nitrogen contents. With Ar + 5%  N2, the 
austenite formation more than doubled as compared to the 
travelling arc welds. With longer stationary welding time, 
the austenite content decreased but over 20 s were needed 
to reach the same level as measured for the travelling arc 
welds. With Ar + 8%  N2, the situation was similar, but more 
than 60 s were required before the ferrite content had sunk 
to the same level as for the travelling arc welds. Stationary 
arc welding would thus not be useful for studying the effect 
of nitrogen additions on the weld metal austenite formation.

4.8.4  Nitrogen loss from HAZ

The EPMA mapping of the nitrogen distribution in the cross-
sections of the travelling arc welds performed with an arc energy 
of 0.4 kJ/mm did not conclusively indicate uniform nitrogen loss 
in the HT-HAZ. The width of the HT-HAZ was around 100 µm, 
which is in agreement of the diffusion distance of nitrogen [25, 
47]. The expected grain growth in the HT-HAZ was visible as 
the nitrogen is highly concentrated in the austenite. However, the 
total nitrogen content did not consistently decrease as compared 
to the stationary arc welds. Previous research has reported deple-
tion of manganese, nickel, silicon, and molybdenum along the 
fusion line for the same material [49].

4.8.5  HAZ width

The shortest stationary arc welding times 0.5 and 1 s gen-
erally resulted in narrow HAZ widths, which could not be 
replicated with travelling arc welding or with any of the 
 Gleeble® simulation parameters. The HAZ widths measured 
with an arc energy of 0.4–1.2 kJ/mm for the travelling arc 
welds were roughly similar to those observed for 2.5–10 s 
of stationary arc welding.

Assuming that the HT-HAZ on average consists of 1.5 
grains (as suggested by Lippold et al. [73]) and that the cool-
ing rate in the bead-on-plate welding is rapid (400 °C/s), the 
growth after 0–10 s of holding time in the  Gleeble® matched 
the HAZ of the travelling arc welds with 0.4–1.2 kJ/mm and 
consequently also the Ar stationary arc welds for 2.5–10 s. 
At longer holding times, the HAZ grew significantly wider in 
the thermo-mechanical simulations than with stationary arc 
welding. Depending on the cooling rate, the HAZ width corre-
sponding to a 1.5 × grain size obtained after 30 s holding time 
at 1360 °C matched the width measured for stationary welding 
times of 60–120 s. During welding, the HAZ grows from the 
fusion line in the same direction as the weld metal widens with 
time. Contrary, the uniform heating of the  Gleeble® samples 
lead to three-dimensional grain growth and the grains do not 
become consumed by any molten weld metal. Thus, the effect 
of nitrogen loss from the HT-HAZ and subsequent ferritization 
cannot be replicated. The simulated HT-HAZ does in addition 
not reach as high temperatures as the actual HT-HAZ.

Lindblom et al. [80] showed that the grain size is of the 
same magnitude both in the real and the simulated HAZ but 
concluded that it can be challenging to measure the grain 
size in the actual HAZ due to the peak temperature gradi-
ents. This was particularly true for the travelling arc welds 
here where the fusion line was difficult to locate with cer-
tainty. UNS S32101 has previously been reported to have 
such rapid austenite formation that the fusion line can be 
concealed [49]. Due to the difficulties determining the exact 
location, the effect on the HAZ width could not be deter-
mined with absolute accuracy. For the stationary welds, the 
HAZ width was in addition uneven causing significant stand-
ard deviation. Measurements of the HAZ width thus remain 
challenging regardless of which method that is used.

4.8.6  Austenite reformation in HAZ

The stationary arc welds performed with Ar as shielding 
gas showed 93–99 vol.-% ferrite in the HAZ. This condition 
could not be confirmed for the Ar travelling arc welds where 
the ferrite content was 75–87 vol.-%. While having a sig-
nificant effect on the austenite formation in the weld metal, 
nitrogen additions had less influence on the HT-HAZ. The 
travelling arc welds performed with nitrogen showed val-
ues of 72–79 vol.-%, while the stationary welds resulted in 
85–99 vol.-%. In the latter, the HT-HAZ would be subjected 
to more time above the ferrite solvus temperature resulting 
in grain growth and more nitrogen loss to the weld metal.

The ferrite content in the HT-HAZ  Gleeble® simulations 
was 59–82 vol.-%, while the actual bead-on-plate welds on 
the same heat exhibited 72–87 vol.-%. These findings align 
with previous reports in the literature. Hosseini and Karls-
son [46] performed bead-on-plate welding using the GTAW 
process on 6 mm UNS S32750. They reported that the ferrite 
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fraction in the actual HT-HAZ was 7 vol.-% higher than in 
the simulated HT-HAZ [46]. Similar results have been found 
for UNS S32205 [28] and UNS S31803 [24]. Hsieh et al. [24] 
observed that  Gleeble®-simulated HT-HAZs contained about 
3–6 vol.-% more austenite than in submerged arc welds on 
the same alloys and concluded that this is because the peak 
temperature reached in the simulation is somewhat lower than 
that of the HT-HAZ adjacent to the fusion line. This is of 
importance since the ferritization temperature range for mod-
ern duplex stainless steels is rather narrow [81]. Rapid cooling 
can be assumed as the thin welds with a measured maximum 
depth of 0.5–1.7 mm only reached 8–28% total penetration 
of the 6 mm thick plate. The highest cooling rates obtained 
with water quenching in the  Gleeble® simulation here, 75–82 
vol.-%, would match the ferrite fraction in the travelling arc 
welds fairly well (72–87 vol.-%), while the stationary arc 
welds resulted in 85–99 vol.-% ferrite. The thermo-mechan-
ical simulation thus appears to be the method that comes the 
closest to the reality. It must be emphasized, however, that this 
only applies if the correct peak temperature has been reached.

4.8.7  Formation of weld surface austenite layer

With nitrogen additions to the shielding gas, the travel-
ling arc welds formed an austenite layer covering the weld 
metal, HT-HAZ, and parts of the base material (Fig. 11). In 
contrast, when using stationary arc welding, an austenite 
layer was only observed on the base material. This is of 
importance, since the layer of austenite formed with nitrogen 
additions serves as a protection of the nitride-rich HT-HAZ 
region to pitting corrosion [117–119].

Another important observation is that the austenite formed 
in the stationary arc welds was present in the grain boundaries 
and intragranularly, but rarely as Widmanstätten austenite. In 
the travelling arc welds, however, Widmanstätten austenite was 
always found for the welds performed with nitrogen additions 
to the shielding gas. Longer durations of stationary arc welding 
contribute to ferritization in the HT-HAZ, leading to substantial 
grain growth. Consequently, this results in larger grains within 
the weld metal, accompanied by a reduced grain boundary area 
from which Widmanstätten austenite can propagate. Moreover, 

Fig. 11  Surface austenite layer formation in the HAZ of stationary and travelling arc welds
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the increased surface area of the melt, coupled with thermal con-
vection, induces stirring, potentially causing additional nitrogen 
loss to the surrounding atmosphere. Nevertheless, this loss is 
counteracted by the deliberate addition of nitrogen to the shield-
ing gas, which favors nucleation of intergranular austenite.

5  Conclusions

Gleeble® simulation was conducted on a 6-mm-thick lean 
duplex stainless steel of UNS S32101 type to investigate 
the HT-HAZ using varying holding times and cooling rates. 
Both stationary and travelling arc welding with the GTAW 
process were performed bead-on-plate on material of the 
same heat, with and without nitrogen additions to the shield-
ing gas. The ferrite content, weld shape, and grain size or 
HAZ width were measured on polished and etched cross-
sections. The objective was to assess the suitability of these 
methods for studying the HT-HAZ. In summary, the follow-
ing conclusions can be drawn:

1. Stationary arc welding resulted in a deviation from the 
regular semi-circular profiles observed in travelling arc 
welding. Computational modeling confirmed that the 
irregular HT-HAZ shape was correlated with the final 
weld profile.

2. Stationary arc welding rapidly depleted the HAZ of nitro-
gen, and even with the shortest duration of 0.5 s, the fer-
rite content became higher than what could be observed 
with any of the actual travelling arc welds. While this 
method may be relevant for other studies, it is not suit-
able for determining the morphology of the HT-HAZ.

3. The weld metal was strongly affected by nitrogen addi-
tions to the shielding gas and slightly by the heat input, 
but the HT-HAZ of the travelling arc welds remained 
fairly unaffected for the arc energies 0.4–1.2 kJ/mm 
explored in this work.

4. Solidification cracks were observed at the weld surface of 
stationary arc welds with nitrogen additions to the shield-
ing gas, potentially resulting from the formation of ‘false 
nitrogenous pearlite’ due to nitrogen oversaturation.

5. Thermo-mechanical  Gleeble® simulation of the HT-HAZ 
closely approximated the results of travelling arc welds 
performed bead-on-plate. Although the samples did not 
reach the highest temperatures near the fusion line (liqui-
dus), the average ferrite content of 75–82 vol.-% obtained 
with water quenching matched the 72–87 vol.-% meas-
ured for the HAZ in the travelling arc welds.

6. With a holding time of 0–10 s and water quenching, 
the grain growth in the  Gleeble®-simulated HT-HAZ 
resembled that observed in travelling arc welds with an 
arc energy of 0.4–1.2 kJ/mm and after stationary arc 
welding with Ar for a duration of 2.5–10 s.

7. The results in this work are expected to be applicable to 
other duplex stainless steels.
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