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Abstract

The level of ferritization in the high temperature heat-affected zone (HT-HAZ) affects the weldability of duplex stainless
steels. The modern grades show different sensitivity and especially the nitrogen content has been proposed to control the
grain growth and austenite formation. In this work, 3-, 4- and 5-mm thick UNS S32101, UNS S32304, UNS S32205 and
UNS S32750 with a nitrogen range of 0.09-0.28 wt.-% were considered. Gas tungsten arc welding (GTAW) was conducted
bead-on-plate with pure argon (Ar) and Ar+2% N, as shielding gas. Measurements of the HT-HAZ width and ferrite con-
tent were compared with values reported for welds and thermo-mechanical Gleeble® simulations in existing literature. The
HT-HAZ width decreased with the material thickness and the nitrogen content in the base metal, while only the nitrogen
alloying had a clear effect on the phase balance. Nitrogen additions to the shielding gas efficiently counteracted weld metal
nitrogen loss and improved the austenite formation as compared to 100% Ar but had no clear effect on the HT-HAZ width nor
ferrite content. A positive influence of the base material nitrogen content on the phase balance could be validated with ther-
modynamic simulations using Thermo-Calc and DICTRA, but the negative effect of high cooling rates was underestimated.

Keywords Duplex stainless steel - Welding - GTAW - HAZ - Nitrogen - Phase balance - Physical simulation -
Thermodynamic simulation

1 Introduction

The ferritic-austenitic (duplex) stainless steels combine the
advantages of both ferritic and austenitic grades resulting in
high strength and corrosion resistance. These alloys are typi-
cally used at temperatures from —50 °C up to max. 250 °C in
a wide range of applications including the chemical, pulp &
paper and oil & gas industries. The weldability of the duplex
stainless steels is largely determined by the ability to form
austenite and for this reason, the specifications normally
require an average weld metal ferrite content of 30-70% [1]

Recommended for publication by Commission IX—Behaviour of
Metals Subjected to Welding

< S. Wessman
sten.wessman@hv.se

voestalpine Bohler Welding Austria GmbH,
Bohler-Welding-Str. 1, 8605 Kapfenberg, Austria

Department of Engineering Science, University West,
46186 Trollhéttan, Sweden

3 Swerim AB, Box 7047, 16407 Kista, Sweden

or 35-65% [2-5]. Significant ferritization is associated with
intragranular precipitation of chromium nitrides of primarily
Cr,N type, which in turn can have a negative effect on the
local corrosion resistance [6—15]. High ferrite contents in
the weld metal and heat-affected zone (HAZ) have especially
been reported for autogenous welding of the alloys UNS
S$32304, UNS S31803 and UNS S32205 [16-18].

The austenite formation, ductility and pitting resistance
have been improved in modern grades by utilizing nitrogen
as alloying element [19-21]. The toughness is dependent
upon several factors such as the weld metal oxygen content,
welding method, composition, and microstructure. Gener-
ally, very favorable results are obtained as long as the slag
levels are low and reasonable fractions of austenite have
formed in the weld metal and reformed in the HAZ [22]. To
avoid excessive ferrite levels in the weld metal, it is gener-
ally recommended to use a filler metal that is over-alloyed
in nickel [23]. In gas tungsten arc welding (GTAW), addi-
tions of 1-3% nitrogen to the argon-based shielding gas
and nitrogen-based backing gas (N, +0-10% H,) can com-
pensate nitrogen loss and improve the austenite formation
and pitting resistance [24-30]. It is still debated if there is
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a considerable loss of nitrogen also from the HAZ during
normal welding conditions and if this could affect the prop-
erties further [31, 32]. Stationary arc welding bead-on-plate
has shown some nitrogen loss in the high temperature HAZ
(HT-HAZ) of UNS S32101, but this could not be confirmed
in travelling arc welding of the same grade [33].

The HT-HAZ in duplex grades typically refers to a tem-
perature range associated with significant grain coarsen-
ing in the single-phase ferrite region, typically exceeding
1250 °C [34]. To study the HT-HAZ in detail, thermo-
mechanical simulations are normally required to create a
sufficiently large area of uniform structure for testing [8, 9,
31-33, 35-47]. By heating samples to temperatures close to
the melting point, it is possible to observe grain growth in
the fully ferritic range and quantify the effect of the cool-
ing rate on the austenite reformation and impact tough-
ness. Various duplex stainless steels have been suggested
to behave differently and be more or less susceptible to fer-
ritization [48, 49]. The alloys UNS S32101, UNS S32304,
UNS S32205 and UNS S32750 have all been reported to
have a ferritic single-phase region below solidus, with the
fully ferritic regions becoming narrower with higher nitro-
gen content [36, 39, 48, 50]. The austenite reformation has
been proposed to be mainly affected by the base material
nitrogen content and the cooling rate [36, 51].

The aim of the work was to evaluate the ferrite content
and grain growth in the HT-HAZ of lean, standard and
super duplex grades welded bead-on-plate with the GTAW
process. By keeping the arc energy constant, the focus was
on the effect of the material thickness and chemical com-
position, where the weld metal nitrogen content could be
varied by using either pure argon (Ar) or Ar+2% N, as
shielding gas. The goal was to see if the morphology of
the HT-HAZ was affected and compare the obtained results

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

with thermodynamic simulations, but also measurements for
actual welds and thermo-mechanical simulations reported
in the literature.

2 Experimental

The chemical compositions of the base materials used are
presented in Table 1. 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,
Miindersbach, Germany) and the parameters were logged
using 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 as needed. The electrode stick-out was 5 mm and the arc
length 2.5 mm. For the targeted arc energy of 0.4 kJ/mm, the
current was set at 85 A, with the average voltage measured at
10.6+0.3 V and the welding speed at 2.1 +0.1 mm/s.
Cross-sections of the welds were prepared using standard
techniques to 3 pm and polished with SiO, in the last step.
The microstructure was elucidated with a modified Beraha II
etchant (60 ml H,O +30 ml HC1+0.9-1 g K,S,05) and the
ferrite content measured with image analysis using the soft-
ware Optimas 6.1 (Media Cybernetics Inc., Rockville, Mary-
land, USA). The HT-HAZ was defined as the area between
the fusion line and visibly affected base material, where
no, or little austenite stringers remained from the original
microstructure, Fig. 1. This includes the temperature range
from the melting point down to approximately 1000 °C [52].
The HT-HAZ width was determined at a minimum of 10
locations. No actions were taken to specify where the low
temperature HAZ (LT-HAZ) is located as this area was not
part of this study. It should be noted that determining the

Material Thick- C Si Mn P S

Cr Ni Mo Cu N Cr,* Ni_ * FN*

eq eq
ness, mm
UNS S32101 3 0.034 071 494 0.021 0.001 21.62 1.54 032 028 0230 219 7.4 >100
UNS S32101 4 0.026 0.68 5.02 0.022 0.001 21.56 148 029 031 0.213 219 6.7 > 100
UNS S32101 5 0.035 0.73 5.04 0.017 0.001 21.56 .52 030 032 0220 219 7.2 > 100
UNS S32304 3 0.018 042 .52 0.022  0.001 2276 483 029 026 0.09 @ 23.1 7.4 > 100
UNS S32304 4 0.016  0.37 1.47  0.022  0.001 2282 480 042 025 0.090 232 7.3 > 100
UNS S32304 5 0.018  0.46 1.53  0.027  0.001 2281 473 028 026 0.093 23.1 7.3 > 100
UNS S32205 3 0.013 040 148  0.020 0.001 2236 575 321 0.12  0.188  25.6 10.0 87.0
UNS S32205 4 0.015 040 149  0.021 0.001 2256 563 3.18 0.15 0.172 257 9.6 96.0
UNS S§32205 5 0.016  0.39 143 0.022 0.001 2239 570 3.19 020 0.178 256 9.9 89.4
UNS S32750 3 0.014 020 0.77 0.024 0.001 2472 678 377 0.19 0.256 285 12.4 759
UNS S32750 4 0.013 023 0.82 0.018 0.001 2490 694 381 0.18  0.271 28.7 129 72.3
UNS S32750 5 0.015 022 0.69 0.022 0.001 2504 695 382 025 0280 289 13.1 70.3

“Calculated using the WRC’92 diagram
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Fig.1 HT-HAZ with visual grain growth (5 mm UNS 32304 welded
with Ar)

precise location of the fusion line posed a challenge for all
materials. This is a recognized phenomenon, particularly
pronounced for duplex alloys with high austenite reforma-
tion capacity [53]. Several samples had to be prepared anew
and while still using Beraha II as etchant, the final polishing
step and etching time were modified. The aim was to either
enhance the dendritic substructure (seen as relief structures
in highly ferritic welds) in the weld metal or intentionally
induce selective blur to be able to distinguish the weld metal
from the HT-HAZ. The difference in chemical composition
and ferrite content yielded different etching responses. Elec-
tropolishing proved, for instance, beneficial for the mate-
rials alloyed with molybdenum (UNS S32205 and UNS
S$32750), enhancing the regions with chromium nitrides in
the HT-HAZ, Fig. 2a. However, these deliberate alterations
compromised the surface quality rendering it unsuitable for
image analysis. Light settings and focus depth in the light
optical microscope (LOM) were also adjusted to accentuate
the dendritic structure, exclusively present in the fused weld
metal, Fig. 2b.

Calculations of the fraction of equilibrium phases as a
function of temperature and thereby the fully ferritic region
were performed using the CALPHAD (calculation of phase
diagrams) based [54] software Thermo-Calc version 2022a
(Thermo-Calc Software AB, Solna, Sweden) with the data-
base TCFEI11 for thermodynamics. Laves, n and R phase
were omitted. These may precipitate in duplex alloys on
equilibrium, but for the short times experienced in bead-on-
plate welding and HT-HAZ simulation, no precipitates of
these types have been reported in the literature. Eta n nitride
reported for super austenitics [55] was for the same reason
also omitted.

To be able to simulate the influence of a given cool-
ing rate on microstructure development, it was neces-
sary to consider diffusion-controlled reactions. Mobility
calculations were conducted using the diffusion module

Fig.2 Fusion line in 5 mm a UNS $32205 (Ar+2% N,) and b UNS
$32304 (100% Ar)

DICTRA (diffusion-controlled transformation) within the
Thermo-Calc package. In addition to the TCFE11 database
for thermodynamics, a mobility database was essential
for the coefficients in the diffusion equations. In this case,
the MOBEFE7 database was utilized as a supplement. 1D
kinetic simulation was applied assuming planar growth,
a system cell size of 10 um, and cooling rates of 20 °C/s
(air cooling), 75 °C/s (intermediate cooling) and 400 °C/s
(water quenching) [33]. Ferrite was selected as active phase
with 100 vol.-% at the start where the austenite was inac-
tive, precipitating and growing when stable. The cooling was
simulated for a range from 1600 °C to 1000 °C to include
solidification and all temperatures relevant for the austenite
formation [52]. Although the paper focuses on the HT-HAZ,
the weld metal is also relevant due to potential nitrogen loss
through diffusion from the HT-HAZ to the melt. To isolate
the effect of nitrogen and circumvent the inability of the
system to handle all elements, the chemical compositions
were simplified, Table 2. The lowest nitrogen content was
set to 0.01 wt.-% as 0 wt.-% may cause numerical problems.
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Table 2 Compositions used

S . Material Cr Ni Mo Mn Original nitrogen 50% nitrogen Complete
for the simplification of the content® loss nitrogen
mobility simulations studying loss
the ferrite content as a function
of the cooling rate and nitrogen UNS $32101 21.0 15 0.3 5.0 0.22 0.11 0.01
loss, wt.-% UNS $32304 230 48 0.3 1.5 0.10 0.05 0.01

UNS S32205 22.0 5.5 3.0 1.5 0.18 0.09 0.01
UNS S32750 25.0 7.0 4.0 0.8 0.27 0.13 0.01

*Nitrogen content in the unaffected (as-delivered) base material

3 Results and discussion
3.1 Bead-on-plate welds

Figure 3 shows the appearance of the welds on the 3 mm
thick material. Some samples had somewhat rounded edges
from the sample preparation. The weld metal austenite for-
mation increased for all welds performed with Ar+2% N,
as compared to Ar and an austenite layer formed on the weld
metal and HT-HAZ. With Ar, the austenite layer was only
located on the base material. This is of importance as it can
lead to exposure of large ferrite grains with Cr,N to the cor-
rosive medium and in turn result in lower resistance to local
corrosion [56, 57].

The measurements of ferrite, weld shape and HAZ
width are shown in Table 3. The weld metal width, depth
and reinforcement could not be correlated with the base
material thickness nor alloy type. With nitrogen additions
to the shielding gas, the weld width increased somewhat,
but no clear effect on the depth and reinforcement could
be confirmed. The weld penetration is well-known to be
affected by the composition of the base material (including
residuals and micro-alloying elements) and there can be a
substantial variation from heat to heat [58]. Especially the
elements sulfur and oxygen would have a positive effect
affecting the Marangoni flow, and nitrogen be negative.
[33]. The latter two could also be introduced through the
shielding gas.

The width of the HAZ decreased with the base material
thickness and the nitrogen content for all base materials,
Fig. 4a. The widest HAZ and highest ferrite contents were,
as expected, observed for the UNS S32304 welds [36, 49].
The austenite reformation was on average higher with higher
alloy nitrogen content, but no clear relationship could be
seen with the thickness, Fig. 4b. For the HAZ, the shielding
gas composition had no measurable influence on the width
nor ferrite content.

Additionally, the formation of austenite in the weld metal
increased with both the base material nitrogen content and
addition of nitrogen to the shielding gas, Fig. 5a. When
using Ar, nitrogen loss occurred from the weld metal and
the ferrite content was often higher than in the HT-HAZ.

@ Springer

On the contrary, the use of Ar+2% N, consistently resulted
in higher austenite formation in the weld metal. This differ-
ence was particularly pronounced for UNS S32304. In the
HT-HAZ, the reformation of austenite also increased with
higher nitrogen alloying content, as illustrated in Fig. 5b.
However, no further improvement could be seen with nitro-
gen additions to the shielding gas. The shielding gas thus
had limited influence on the ferrite content in the HT-HAZ,
aligning with earlier findings in GTAW [31, 33] and laser
welding [59].

None of the welds in any of the base materials showed a
ferrite content below the most stringent limit 65 vol.-% and
only the 3 mm UNS S32750 weld performed with Ar+2%
N, was below 70 vol.-% ferrite in both the weld metal and
HAZ. The low austenite formation can be explained by the
rapid cooling caused by welding at fairly low arc energy
(0.4 kJ/mm) and bead-on-plate as compared to full pen-
etration welding. This means that additions of filler metal
are necessary to achieve the 35-65 vol.-% requirement in
the weld metal and that the requirements may not at all
be achievable in the HT-HAZ. The maximum penetration
depth measured for the 3-, 4- and 5 mm thick sheets was
only 1/3, 1/4 and 1/5 of the material thickness, respec-
tively. By proper joint preparation, the cooling rate would
be reduced, and subsequent welds partly reheat the HAZ
of previous weld beads [60, 61]. However, this work only
takes single bead welding into consideration and therefore
no austenite growth and formation of secondary austenite
in the HAZ.

When measuring the ferrite content of the HAZ, a mag-
nification of 1000 X was used to ensure that not any base
material was included. Corolleur et al. [17] debated that the
use of 1000 x magnification for determination of the ferrite
content in the HAZ mainly measures the ferrite content in
the HT-HAZ, which may be too conservative. As the HT-
HAZ of UNS S32304 in their work was nearly fully ferritic,
high magnification would make it virtually impossible to
pass the 35-65 vol.-% ferrite requirement. A similar conclu-
sion was drawn by Yasuda et al. [62] who conducted HT-
HAZ simulations of UNS S31803 at 1350 °C and reported
that it was not possible to reach 40 vol.-% austenite even at
very low cooling rates.
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Fig.3 Etched cross-section of Ar + 2% N2
3 mm thick material welded

with Ar or Ar+2% N, as —
shielding gas (different scales)

UNS S32205 UNS S32304 UNS $32101

UNS S32750

3.2 Expected effects on the HT-HAZ properties [8, 63, 64]. Due to the peak temperature gradients, the HAZ is

not a uniform structure and the actual effect on a welded joint
It is well known that the impact toughness and the local cor-  is not so easy to determine [37]. In case of multipass weld-
rosion resistance of the HT-HAZ are somewhat lower due to ~ ing, subsequent passes also cause reheating [65, 66]. Corro-
grain growth, ferritization and formation of Cr,N precipitates sion testing as per ASTM G48 Method A [67]. ASTM A923
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Table 3 HAZ width and ferrite content measured for bead-on-plate welds

Material Thickness, Shielding gas HAZ width, ym Ferrite content, vol.-% Weld shape, mm
o Weldmetal ~ HAZ ~ Width  Depth  Reinforcement

UNS $32101 3 Ar 248+ 58 78+3 74+6 3.83 0.95 0.08
UNS $32101 3 Ar+2%N, 214+36 70+2 70+4 4.03 0.80 0.11
UNS S32101 4 Ar 20011 79+5 69+2 3.89 1.04 0.08
UNS $32101 4 Ar+2%N, 20119 7243 73+1 4.12 1.08 0.11
UNS $32101 5 Ar 162+36 84+1 82+3 3.43 0.87 0.08
UNS $32101 5 Ar+2%N, 174 +29 70+3 75+1 3.78 0.71 0.11
UNS $32304 3 Ar 314+10 93+1 91+3 3.54 0.87 0.11
UNS $32304 3 Ar+2%N, 365+30 78+1 91+1 3.62 0.81 0.08
UNS $32304 4 Ar 31027 95+1 90+1 3.84 0.86 0.12
UNS $32304 4 Ar+2%N, 31828 74+3 92+2 3.7 0.71 0.11
UNS $32304 5 Ar 282+45 89+4 89+2 4.09 0.81 0.08
UNS $32304 5 Ar+2%N, 269+22 81+3 90+2 4.38 0.81 0.08
UNS $32205 3 Ar 263+38 83+1 85+1 4.34 1.22 0.10
UNS $32205 3 Ar+2%N, 243 +47 75+1 80+1 4.68 1.23 0.10
UNS S$32205 4 Ar 221+14 88+1 89+1 3.65 0.79 0.11
UNS S$32205 4 Ar+2% N, 220+16 77x1 91+2 4.02 0.95 0.11
UNS $32205 5 Ar 153+10 83+6 86+3 3.07 0.73 0.11
UNS $32205 5 Ar+2%N, 15429 82+4 86+3 3.89 1.06 0.11
UNS $32750 3 Ar 209+32 774 71+£5 4.09 1.00 0.08
UNS S32750 3 Ar+2%N, 220+32 66+7 65+7 4.81 1.20 0.08
UNS $32750 4 Ar 181+21 86+3 82+2 4.09 0.77 0.10
UNS $32750 4 Ar+2%N, 178 £20 77+3 81+2 4.71 0.88 0.12
UNS 832750 5 Ar 122+ 14 83+4 78+2 4.09 0.88 0.08
UNS $32750 5 Ar+2%N, 122+28 74+2 76 +4 451 0.74 0.08

Method C [68] and ISO 17781 [69], where cross-sections of
the welds and hence ferrite grains with Cr,N precipitates are
exposed to the corrosive medium, often shows that the HT-
HAZ is most susceptible to pitting attack [7, 12, 70-76]. This
has also been seen on welded material surfaces with ASTM
G150 [77] using the so-called Avesta Cell [78, 79] if the top
surfaces of the welds, cross-sections or HT-HAZ simulated
samples are ground flat prior to testing and polished cross-
sections [56, 57, 62, 80-82]. When the surface is instead left
in as-welded condition and the root or cap tested by means
of ASTM G150, only the surface exposed to the corrosive
medium is taken into account. As long as filler metal has
been added, the pitting attack is normally located some mil-
limeters from the fusion line where the lowest Cr/(Cr+ Fe)
fraction of the oxide is found [83—86]. This coincides with the
region located mostly 1-3 mm from the fusion line exposed
to 500-700 °C [29, 70, 81, 82, 85, 87-89]. In this temperature
range, iron diffuses faster than chromium and the resulting
weld oxide becomes iron-rich with lower resistance to pitting
than the chromium-rich oxide present at the surface closer to
the fusion line. This zone consequently does not match that
of the HT-HAZ formed at higher temperatures.

@ Springer

3.3 Comparison of thermo-mechanical data
from HT-HAZ simulations

The grain growth and austenite reformation in the HT-HAZ
have previously been investigated for the lean duplex grade
UNS S$32101, where thermo-mechanical Gleeble® simu-
lations were concluded to correlate reasonably well with
bead-on-plate welding [33]. The study showed that while
the width of the HAZ expanded with higher heat input, the
austenite reformation remained unaltered for an arc energy
range of 0.4—1.2 kJ/mm. To ensure consistency within the
broader scope of this work involving three other alloys, the
decision was made to adopt the lowest recommended arc
energy for UNS S32101, i.e., 0.4 kJ/mm. Such a low arc
energy could prove beneficial, for example, in enhancing
control of the melt when the process is performed manu-
ally. In practice, it is particularly applied when autoge-
nously welding duplex alloys of up to 2 mm thickness. A
typical application would be continuous welding in tubular
mills. Full penetration can be achieved with a heat input of
0.12-0.14 kJ/mm in mechanized GTAW of 1 mm thick UNS
$32101, UNS S32304, UNS S32205 and UNS S32750 [29].
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Fig.4 HAZ a width and b ferrite content as a function of the base
material nitrogen content

As the HAZ influences the general weldability of duplex
stainless steels, thermo-mechanical simulations have been
performed for many alloys. Due to different methodologies,
simulation parameters and means of measurement, it may
not be possible to compare all results. Nevertheless, by com-
bining data from published simulations on the same grades
as in this work [16, 22, 31-33, 36, 37, 43, 44, 49], some
general observations can be made, Fig. 6.

The austenite formation increases with more nitrogen
in the base metal and slower cooling, Fig. 6a. The ferrite
content in the simulated HT-HAZ is mostly higher than
65 vol.-% for the samples with a cooling rate relevant for
welding conditions (rapid and intermediate cooling). With
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Fig.5 Effect of nitrogen additions to the shielding gas on the ferrite
content in the a weld metal and b HT-HAZ

cooling in air or stepwise cooling by programming, more
austenite can form, but these circumstances would rarely be
found in practical welding.

Focusing solely on shorter holding times (0-5 s) at
peak temperatures, a pattern emerges where the grain size
becomes smaller with more nitrogen in the base material and
faster cooling, Fig. 6b. In cases of slow cooling, the scatter
was too large to properly see a trend. The thickness of the
simulated plates was 6—15 mm and the difference in lamel-
lar distance would affect the final grain size. The ferritiza-
tion is also highly dependent on the simulation method and
maximum temperature that is actually reached. For instance,
the peak temperatures selected for UNS S32205 and UNS
S31803 ranged from 1345 °C to 1360 °C. The impact tough-
ness at room temperature exhibits a positive correlation with
nitrogen content and slower cooling, Fig. 6¢. Also here, the
scatter may be due to variations in the material thickness,
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Fig.6 Combined data from several publications on HT-HAZ simula-
tion of different duplex stainless steels [16, 22, 31, 32, 36, 37, 43, 44,
49]. Effect of base metal nitrogen content on a ferrite, b grain size,
¢ impact toughness and d effect of ferrite content on impact tough-
ness at different cooling rates. The cooling rate was defined as rapid
(>400 °C/s), intermediate (80-300 °C/s), slow (15-50 °C/s) and

peak temperature and grain size, where thicker plates typi-
cally exhibit lower toughness. However, when the grain size
has been varied through longer holding times at peak tem-
perature, the effect on the impact toughness was low [22, 36,
39, 44]. The impact toughness could also be dependent on
the phase balance for the rapid cooling, Fig. 6d, indicating
that the high ferrite content has an influence. For the slow
and intermediate cooling rates, no correlation could be seen
between impact toughness and ferrite content. These find-
ings align with the observations made by Cao and Hertz-
man [22], who stated that very favorable results are gener-
ally obtained when reasonable fractions of austenite have
reformed in the HAZ.

Hertzman et al. [36] performed HT-HAZ simulations
of different duplex stainless steels and concluded that the
nitrogen diffusion controls the phase transformation rate.
UNS S32304 showed the largest grain growth and lowest
austenite reforming ability, and this was correlated to the
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very slow (0-10 °C/s). Although the ferritization primarily occurs
at temperatures higher than 1250 °C, the cooling time from 1200 °C
to 800 °C, ty, or the cooling time from 900 °C to 500 °C, tys, are
sometimes used to correlate the ferrite/austenite balance in the HT-
HAZ [2]. Here such values were converted to cooling rate in °C/s for
comparison

low nitrogen content (0.12 wt.-%). UNS S32205 with some-
what more nitrogen (0.18 wt.-%) showed slightly improved
austenite formation, while UNS S32750 with the highest
nitrogen content (0.29 wt.-%) displayed limited grain growth
and the fastest austenite reformation at high cooling rates.
The higher ferritization with lower nitrogen content would
be an effect of a larger fully ferritic region.

For the HAZ width, the same effect of the nitrogen con-
tent could be found also in the present work, but for the
ferrite content, the 3 mm thick plate showed the clearest
correlation with the base material nitrogen content. For the
thicker materials, the cooling rate probably became more
dominant given that over 75% of the material thickness
remained below the weld. In the thermo-mechanical simu-
lations, the whole sample thickness is heated, which dimin-
ishes the temperature gradient effect. In addition, the compo-
sition and especially the nitrogen content varied between the
different thicknesses as these originated from different heats.
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Fig.7 Phase diagram calculated using TCFE11l for 3 mm UNS
$32101

The UNS S32101 in this work showed 69-82 vol.-% fer-
rite in the HAZ of the bead-on-plate welds. This aligns rea-
sonably well with the 72-87 vol.-% found for bead-on-plate
welds of 6 mm material [33]. Similarly, Gleeble® HT-HAZ
simulations of the same 6 mm thick plate with rapid cooling
resulted in 75-82 vol.-%. Assuming that the HAZ consists
of an average of 1.5 grains, the average grain size in the
thermo-mechanical simulations with 0-5 s holding time was
131-194 pm for the rapid cooling and 169-214 um for the
intermediate cooling. This matches the 162-248 um range
measured with 0.4 kJ/mm heat input for the 3-, 4- and 5-mm
material in this study, and 172-196 pm with 0.4 kJ/mm on
6 mm material in previous research [33].

UNS S32304 showed the lowest austenite reformation
in the HAZ of all materials with approximately 90 vol.-%
of ferrite. Rodriguez et al. [90] measured 77-82 vol.-% in
the HAZ for the same grade of 3 mm thickness welded with
a heat input range of 0.6—1.1 kJ/mm. Soares da Fonseca
et al. [91] reported 78—88 vol.-% for § mm material welded
with 0.5-3.2 kJ/mm. The higher arc energy and multipass
welding would, however, affect the austenite formation. The
measured HAZ width was on average 269-365 pum, which
was up to twice as wide as what was estimated for UNS
S32750. Corolleur et al. [17] also determined the HAZ of
UNS S32304 with 0.12 wt.-% nitrogen to be fairly wide with
350 pum.

For UNS S32205, the HAZ width was 153-263 um and
the ferrite content in the HAZ was 81-90 vol.-%. As the
width of the HAZ is in the range 1-2 grain diameters, this
fits fairly well with the thermo-mechanical simulations
in Fig. 6b. The austenite reformation was similar to the
reported values for rapid cooling in Fig. 6a. For 8 mm thick
UNS S32205, Soares da Fonseca et al. [91] measured 75
vol.-% for a heat input of 0.5 kJ/mm. In flux-cored arc weld-
ing of 16 mm UNS S32205 with 0.6-2.1 kJ/mm, the ferrite
content in the HAZ was determined to be 61-67 vol.-% [92].
The higher heat input may allow for more austenite reforma-
tion in the HT-HAZ, but multipass welding has also been
suggested to contribute by reheating [91].

For 2 mm UNS S32750, Rodriguez et al. [90] reported
45-53 vol.-% ferrite in the HAZ, which was consider-
ably lower than the 65-71 vol.-% measured here for
3 mm material. In thermo-mechanical simulations, val-
ues around 50 vol.-% have been presented, Fig. 6a, but
for rapid and intermediate cooling, most values were
higher than 70 vol.-%. For 8 mm UNS S32750, Soares da
Fonseca et al. [91] measured 78 vol.-% for a heat input
of 0.5 kJ/mm as compared to the 86 vol.-% measured

Table 4 Temperatures

! Material Thick- Chi Sigma Cr,N 50% austenite Austenite Fully Solidus  Liquidus

calculated using TCFEL11, °C. ness, ferritic

Wit.h.the exception of the fully mm range*

ferritic temperature range, these

indicate the temperature at UNS S$32101 3 743 954 1126 1357 42 1399 1463

which formation starts UNS 32101 4 - 745 945 1103 1342 67 1409 1465
UNS $32101 5 - 743 951 1121 1353 46 1399 1462
UNS $32304 3 - 798 851 1090 1288 153 1441 1476
UNS $32304 4 - 808 846 1067 1276 169 1445 1478
UNS $32304 5 - 794 854 1077 1282 160 1442 1477
UNS $32205 3 775 977 942 1117 1318 109 1427 1472
UNS $32205 4 765 972 939 1089 1306 116 1422 1474
UNS $32205 5 773 975 936 1110 1316 103 1418 1472
UNS $32750 3 777 1037 965 1126 1334 66 1401 1469
UNS $32750 4 773 1041 973 1138 1340 56 1396 1467
UNS $32750 5 775 1044 977 1147 1346 44 1390 1466

* Fully ferritic range, AT=T,

soliduszferrite solvus
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Fig.8 DICTRA simulated start temperature for austenite formation vs. ferrite fraction as a function of the nitrogen content
here for 5 mm material with 0.4 kJ/mm. The width of the  for 5.5 mm UNS S32750 welded with 0.54 kJ/mm and

HAZ of the 3-5 mm UNS S32750 in the present work ~ 138-145 um with 1.1 kJ/mm [93], and multipass welding
was 122-220 pm, which matches the 120-130 pm found  of 8 mm UNS S32750 [15].
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Table5 Simulated ferrite content at 1000 °C as a function of the
cooling rate and nitrogen loss using DICTRA, vol.-%

Table 6 Simulated austenite start temperature as a function of base
material nitrogen content using DICTRA, °C

Material Cooling  Original nitro- 50% Complete Material Original nitro- ~ 50% nitro- Complete
rate, °C/s  gen content*  nitrogen  nitrogen gen content* gen loss nitrogen

loss loss loss

UNS S32101 20 51.7 77.5 99.4 UNS S32101 1324 1224 1046

UNS S32101 75 54.6 79.9 99.7 UNS S32304 1254 1209 1164

UNS S32101 400 573 81.9 99.8 UNS S32205 1299 1234 1153

UNS S32304 20 77.4 89.8 96.7 UNS S32750 1322 1242 1139

UNS S32304 75 80.9 93.0 98.2 . . ] .

Nitrogen content in the unaffected (as-delivered) base material

UNS S32304 400 82.0 95.8 99.2

UNS S32205 20 65.0 83.8 97.4

UNS S32205 75 69.5 87.5 98.6 of nitrogen compared to UNS S32205 and especially UNS

UNS S32205 400 69.7 90.5 99 4 S32304 could Clearly be visualized.

UNS S32750 20 62.2 835 98.4 The Thermo-Calc simulations using DICTRA for mobili-

UNS S32750 75 66.5 86.7 99.1 ties for austenite formation are visualized in Fig. 8 and sum-

UNS 832750 400 65.6 88.4 99.6 marized in Table 5 and 6.

“Nitrogen content in the unaffected (as-delivered) base material

3.4 Thermodynamic simulations

An example of the phase diagrams calculated with TCFE11
using chemical composition for 3 mm UNS S32101 is shown
in Fig. 7. The key data from the Thermo-Calc simulation
at equilibrium are summarized in Table 4. The formation
of sigma phase starts earlier with higher chromium and
molybdenum contents (UNS S32750 — UNS 532205 —
UNS S32304 — UNS S32101), while chi phase only would
precipitate in the alloys containing molybdenum (UNS
S$32205 and UNS S32750). Neither sigma nor chi phase
were detected in the welds or HAZs in this study. The cal-
culations take into consideration equilibrium conditions, and
the formation of these phases does need considerably longer
duration at these temperatures than what can be achieved in
the single-pass welding bead-on-plate [46].

The Thermo-Calc simulation at equilibrium would pre-
dict the fully ferritic region, AT =T ;iqus T ferrite solvuss 1O
decease and the austenite formation rate capacity to increase
with UNS S32304 — UNS S32205 — UNS S32101 =~ UNS
S32750. In the weld metal, the measured austenite formation
also increased following the same ranking. Due to difficul-
ties accurately determining the exact location of the fusion
line for the alloys with high austenite content, the values for
UNS S32101 and UNS S32750 are more uncertain. Never-
theless, the measured HAZ width follows the order of UNS
S32304 — UNS S32205 — UNS S32101 — UNS S32750,
aligning with previous findings [48]. Although UNS S32101
and UNS S32750 exhibited very similar predicted solidus
and austenite formation start temperatures, this contradicted
actual measurements where UNS S32750 displayed greater
resistance to ferritization [48]. However, the positive effect

The DICTRA simulation predicted an austenite refor-
mation ability of UNS S32101 — UNS S32750 — UNS
S$32205 — UNS S32304 and thus showed the same ranking
as at equilibrium. With the original base material nitrogen
content, DICTRA overestimated the austenite fraction: The
simulated ferrite content would be 52-57 vol.-% for UNS
S$32101, 77-82 vol.-% for UNS S32304, 65-70 vol.-% for
UNS S$32205 and 62-66 vol.-% for UNS S32750. This is
clearly lower than what was seen in the HT-HAZ of the
welds performed bead-on-plate, where the measured ferrite
content was 69-82 vol.-% for UNS S32101, 89-92 vol.-%
for UNS S32304, 80-91 vol.-% for UNS S32205 and 65-82
vol.-% for UNS S32750. For UNS S32304 and UNS S32205,
the actual values were closer to the results obtained for the
simulations assuming that only 50% of the base metal nitro-
gen content remained. For UNS S32101 and UNS S32750,
the measurements would match the simulations after a loss
of approximately 25% of the nitrogen. Bead-on-plate welds
performed on UNS S32101 indicate that such a considerable
nitrogen loss in the HT-HAZ would not be expected [33].

For the weld metal, the austenite formation for all alloys
with Ar and Ar+2% N, corresponded to that of 50% and
25% nitrogen loss, respectively. In the previous work where
6 mm UNS S32101 was welded with 0.4 kJ/mm, the nitro-
gen loss from the weld metal with Ar was 25-35% and with
Ar+2% N, 10-15% [33].

The start temperature for austenite formation in the
DICTRA simulation decreased when the nitrogen content
decreased but was independent of the cooling rate. The
largest drop after complete depletion of nitrogen could be
found for UNS S32101 (278 °C) followed by UNS S32750
(183 °C). These materials had the highest base material
nitrogen contents with 0.22 and 0.27 wt.-%, respectively.
The austenite start formation temperature for UNS S32304
only dropped 90 °C and was the highest of all materials after
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complete nitrogen loss. The simulation thus indicates that
the alloy UNS S32304 with the lowest nitrogen solubility
(0.10 wt.-%) would be less sensitive to nitrogen loss than
UNS S32101. However, this could not be confirmed in the
actual weld metal, where UNS S32304 showed the largest
decrease in weld metal austenite content formation when
welding with Ar as shielding gas, Fig. Sa.

The effect of the cooling rate was underestimated with
DICTRA as compared to what has been reported for simu-
lated HT-HAZ in the literature [16, 31, 32, 36, 37, 43, 49].
The difference in ferrite content at 1000 °C between the
lowest and fastest cooling rates (20 °C/s to 400 °C/s), was
predicted to be less than 7 vol.-% for all alloys, while more
than 15 vol.-% has been reported for UNS S32101 [33], 21
vol.-% for UNS S32304 [36], 26 vol.-% for UNS S32205
[31] and 12 vol.-% for UNS S32750 [36].

The thermal simulation tools used here were unable to
exactly predict the austenite formation temperatures of
duplex stainless steel weldments. Although the trend was
mostly accurate with Thermo-Calc, the rapid heating and
cooling deviate from the equilibrium conditions being
assumed. This calculation tool did not correctly predict the
effect of the cooling rate and the susceptibility to nitrogen
loss. A challenge for DICTRA is that it is not possible to
include all relevant elements for austenite formation due to
simulation complexity. The consequence of more compo-
nents are substantially longer simulation times, possibly still
not improving the results. It should also be noticed that the
set-up was planar growth ferrite to austenite, omitting liquid
and any secondary phases. Nevertheless, thermal simula-
tion gives an indication of how duplex materials act upon
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Fig. 10 Fusion line in a 4 mm UNS S32101 (Ar+2% N,) and b
5 mm UNS S32304 (Ar+2% N,)

welding and databases are continuously updated. New and
improved simulation approaches are also of importance.

4 Implications

Most welding engineers out on the field do not have access to
advanced thermodynamic simulation tools and are more likely
to use constitution diagrams. The WRC’92 diagram is cur-
rently the most common and accurate prediction tool available
[94, 95]. As seen in the calculations presented in Table 1, the
prediction for the lean duplex alloys UNS S32101 and UNS
S32304 would exceed 100 FN. Figure 9 shows a Fe—Ni—Cr
pseudo-binary phase diagram, where the calculated average
(Cr/Ni), ratio for each alloy has been indicated. This implies
that the fully ferritic region would be almost equal for UNS
S32101 and UNS S32304. Contrary, it was apparent in this
work that there were large variations between these two mate-
rials. UNS S32101 was considerably more resistant to ferriti-
zation than UNS S32304, with a narrower HT-HAZ containing
more austenite, Fig. 10. In UNS S32101, the nickel content has
been reduced through a combination of nitrogen alloying and
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increased manganese content; 5 wt.-% as compared to 0.7-1.5
wt.-% in the other duplex stainless steels [96]. Manganese is
used to increases the solubility of nitrogen, which becomes
critical for austenite formation as the nickel content is low
[97]. It is possible that this alloying concept would require
an adaption of the WRC’92 diagram to include manganese
in the Nig,. As of today, manganese is not included as it is
considered neutral with respect to promoting ferrite or aus-
tenite during solidification [98]. For the alloy UNS S32101,
manganese has been shown to be concentrated in the austenite
in the base material and interdendritically in welds solidifying
ferritically [53].

In contrast, the Thermo-Calc simulations assuming equi-
librium conditions suggested a decrease in the fully ferritic
range in the order of UNS S32304 — UNS S32205 — UNS
S32750 ~ UNS S32101. This trend was supported by the
actual measurements in the bead-on-plate welds. Although
this work could not confirm the absolute ferrite and austenite
solvus temperatures, it highlights the valuable insights that can
be derived from calculated equilibrium phase diagrams. It is
essential to note that welds deviate from equilibrium condi-
tions, and the cooling rate can vary with different methods
and material thicknesses. Using DICTRA, the influence of a
given cooling rate on microstructure development could be
simulated taking the diffusion of especially nitrogen into con-
sideration. The results indicated an increased austenite refor-
mation ability in the order of UNS S32304 — UNS S32205 —
UNS S32750 — UNS S32101. In the actual welds, however,
no significant difference was observed between UNS S32101
and UNS S32750. Furthermore, the impact of the cooling rate
was notably underestimated for all alloys compared to previ-
ous observations in thermo-mechanical simulations. Although
DICTRA supported the positive effect of nitrogen on the aus-
tenite formation and cooling rate, the precision was insufficient
as compared to actual measurements of the welds in this study,
and the values obtained with the version MOBEFE7 cannot be
used to replace actual testing.

The HT-HAZ width was not affected by the choice of
shielding gas, but it decreased with the material thickness and
nitrogen content. It was often challenging to locate the fusion
line, especially when the difference between the HT-HAZ and
the weld metal was small. When welding UNS S32101 and
UNS S32750 with Ar+2% N, as shielding gas, approximately
equal amounts of ferrite were measured in the weld metal and
HT-HAZ. On the contrary, the use of Ar lead to nitrogen loss
from the weld metal followed by less austenite formation
than in the HT-HAZ making it easier to distinguish these two
regions and locate the fusion line. With UNS S32304 and to
some extent also UNS S32205, the ferrite content was similar
in the weld metal and HT-HAZ when using Ar, while addi-
tions of nitrogen to the shielding gas promoted formation of
significantly more austenite in the weld metal.

In thermo-mechanical simulations, where the entire thick-
ness is subjected to uniform heating, the ferrite content shows
a clear relation with the base metal nitrogen content for all
cooling rates, Fig. 6a. This type of testing is efficient for funda-
mental research as larger samples with uniform microstructure
can be created and investigated. In real welds, the HT-HAZ
is much narrower, which complicates actual testing. It should
be noted, however, that the peak temperature and the cooling
rate obtained in the Gleeble® may deviate from the conditions
in an actual weld. For the bead-on-plate welds here, the partial
heating of the material led to considerable cooling rates. This
caused somewhat higher ferrite contents than what has been
observed in the HT-HAZ after thermo-mechanical simulation.
While the bead-on-plate welding can be used for ranking of
materials for research purposes, it does not represent the real
welding conditions and the measurements cannot be used for
qualification of welds. The material thickness of 3-5 mm in
this work would require joint preparation and additions of filler
metal.

5 Conclusions

GTAW was conducted bead-on-plate for the duplex alloys
UNS S32101, UNS S32304, UNS S32205 and UNS S32750
of 3-, 4- and 5-mm thickness with an arc energy of 0.4 kJ/
mm and either Ar or Ar+2% N, as shielding gas. Measure-
ments of weld shape, grain size and ferrite content in the
HT-HAZ of the welds were compared with values reported
for real welds and thermo-mechanical Gleeble® simulations
from existing literature. The temperatures at which differ-
ent phases form were estimated thermodynamically using
Thermo-Calc and DICTRA. The following conclusions
could be drawn:

1. The ferrite content in the HT-HAZ of the welds per-
formed bead-on-plate was 69-82 vol.-% for UNS
S$32101, 89-92 vol.-% for UNS S32304, 80-91 vol.-%
for UNS S32205 and 65-82 vol.-% for UNS S32750.

2. None of the welds passed the 35-65 vol.-% weld metal
ferrite content limit often set by the industry, and only
3 mm UNS S32750 performed with Ar+2% N, as
shielding gas was within 30-70 vol.-% in both the weld
metal and HAZ.

3. Nitrogen additions to the shielding gas increased the
weld metal austenite formation as compared to Ar but
had limited effect on the HAZ.

4. The width of the HT-HAZ decreased with the base metal
nitrogen content and material thickness, while the ferrite
fraction decreased with the nitrogen content but without
a clear relation with the material thickness.

5. Bead-on-plate welding does not reflect the real welding
conditions and the cooling rate becomes high due to the
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shallow penetration. Both proper joint preparation and
use of over-alloyed filler metal would be necessary to
pass the most stringent requirements in the weld metal.

6. The WRC’92 diagram could not be used to rank the alloys
in this work. The calculated ferrite content exceeded 100
FN for both UNS S32101 and UNS S32304. Manganese
is not accounted for in the Nieq formula, but increases the
solubility of nitrogen and thus has a great influence on the
austenite formation in UNS S32101.

7. Thermo-Calc simulations assuming equilibrium condi-
tions confirmed that the austenite formation starts earlier
for alloys with higher nitrogen content. The fully ferri-
tic range calculated with Thermo-Calc decreased in the
order UNS S32304 — UNS S32205 — UNS S32750
~ UNS S32101, which was in agreement with actual
measurements of welded samples.

8. Calculations using DICTRA supported the positive
influence of nitrogen on austenite formation, but over-
estimated the values at high nitrogen contents and under-
estimated the effect of cooling rate.
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