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Abstract 28 

Super duplex stainless steel UNS S32750 (SAF 2507) combines a pitting resistance 29 

equivalent number above 40 with high strength, but its properties depend on a ferrite–30 

austenite balance that welding readily disturbs. Gas metal arc welding (GMAW) is 31 

productive, yet GMAW-specific evidence for this alloy remains limited. A structured 32 

narrative review (emphasis 2018–2026) synthesised GMAW-specific findings, drew 33 

comparative mechanisms from gas tungsten arc, submerged arc and beam welding, and 34 

examined Gaussian process regression (GPR) for parameter optimisation. Data were 35 

converted to net heat input and grouped by corrosion test method. Weld-metal ferrite is 36 

governed by cooling time through 1200–800 °C, nitrogen retention and ER2594 nickel over-37 

alloying, whereas Cr₂N, secondary austenite and σ-phase arise mainly from multipass 38 

reheating and interpass temperature. Pulsed GMAW in Ar–He shielding with nitrogen 39 

backing met NORSOK M-601 requirements (30–70 % ferrite, ≥27 J at −46 °C) in 33 mm 40 

plate at 1.2–1.6 kJ mm⁻¹ arc energy. Oxidising shielding additions introduce oxide inclusions 41 

that degrade pitting resistance. Electrochemical critical pitting temperatures fall from 58–92 42 

°C in base metal to 45–71 °C in arc welds and rise linearly with austenite fraction. GPR-based 43 

Bayesian optimisation located welding optima within 12–25 experiments with quantified 44 

uncertainty, but has not yet been applied to super duplex GMAW. Fixed heat-input windows 45 

are incomplete because thickness, pass count and gas chemistry shift outcomes; above-46 

guideline parameters are qualified only for heavy sections. Thermal-history-based 47 

qualification, nitrogen management, harmonised corrosion testing and constrained GPR 48 

optimisation of ferrite, toughness and pitting resistance are priorities. 49 

Keywords: Super duplex stainless steel; UNS S32750; gas metal arc welding; Gaussian 50 

process regression; pitting corrosion; heat input 51 

 52 
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1 Introduction 53 

1.1 Super duplex stainless steels and the place of UNS S32750 54 

Duplex stainless steels (DSSs) are Fe–Cr–Ni–Mo–N alloys whose solution-annealed 55 

microstructure consists of approximately equal volume fractions of body-centred cubic δ-56 

ferrite and face-centred cubic γ-austenite [1]. The two-phase structure provides yield strengths 57 

of roughly twice those of standard austenitic grades, good toughness, and a high resistance to 58 

chloride stress corrosion cracking, which has made these alloys standard materials in offshore 59 

oil and gas, desalination, pulp and paper, chemical processing and marine engineering [2]. 60 

Within the family, the super duplex grades are defined by a pitting resistance equivalent 61 

number (PREN = %Cr + 3.3%Mo + 16%N) of 40 or more [3,4]. UNS S32750 (EN 1.4410, 62 

commonly SAF 2507) is the most widely specified of them, with a nominal composition of 63 

25Cr–7Ni–4Mo–0.27N [1,5]. Its combination of PREN around 42–43 and minimum yield 64 

strength of 550 MPa makes it a candidate for seawater-handling systems, subsea manifolds 65 

and umbilicals, heat exchangers and high-pressure process piping [2,3,6]. 66 

The same high alloy content that confers corrosion resistance also makes the alloy 67 

metallurgically sensitive. Chromium and molybdenum accelerate the precipitation of σ, χ and 68 

other intermetallic phases in the 600–1000 °C range, nitrogen supersaturation of ferrite 69 

promotes Cr₂N during rapid cooling, and α′ forms on prolonged exposure around 475 °C [7–70 

10]. In UNS S32750, measurable σ-phase can begin to form within minutes at its nose 71 

temperature, considerably faster than in the 22Cr grades [4,11,12]. Any process that exposes 72 

the steel to repeated thermal cycles, of which fusion welding is the most common, therefore 73 

puts at risk both the phase balance on which the properties rest and the absence of precipitates 74 

on which the corrosion resistance depends [5,13,14]. 75 

1.2 Why gas metal arc welding 76 

Gas tungsten arc welding (GTAW) remains the reference process for super duplex root 77 

passes and thin sections, because heat input and filler addition can be controlled 78 

independently [4,15,16]. Its deposition rate is, however, low, so pipelines, pressure vessels 79 

and thick-walled structures increasingly rely on gas metal arc welding (GMAW, also called 80 

MIG/MAG welding) for fill and cap passes, and in some cases for the full joint [6,17,18]. 81 

GMAW offers continuous wire feed, deposition rates several times those of GTAW, easy 82 

mechanisation and robotisation, and controlled-transfer variants such as pulsed spray and cold 83 

metal transfer (CMT) that decouple deposition from heat input [4,19,20]. The same arc 84 

physics underpins wire-arc additive manufacturing (WAAM), where super duplex 85 
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components are now being produced layer by layer with GMAW or CMT power sources [21–86 

24]. 87 

GMAW also introduces variables that are less significant in GTAW: the shielding gas 88 

must sustain a stable consumable-electrode arc, which has historically led to small CO₂ or O₂ 89 

additions; the metal transfer mode affects droplet temperature and nitrogen loss; and dilution, 90 

travel speed and bead size are coupled to wire feed speed [25–28]. Consequently, 91 

recommendations derived from GTAW studies cannot simply be transferred to GMAW. 92 

1.3 Previous reviews and objectives of this work 93 

Several reviews have addressed welding of duplex alloys. Verma and Taiwade [13] 94 

critically reviewed processes and conditions for DSS and super DSS weldments; Pramanik et 95 

al. [14] and Patra et al. [29] discussed weldability and manufacturability; Mohammed et al. 96 

[30] focused on heat input; Maurya et al. [31] examined dissimilar joints with Ni alloys; Liu 97 

et al. [32] reviewed pitting and environmentally assisted cracking; and Zhang et al. [33] 98 

reviewed additive manufacturing of DSSs. Most recently, Li et al. [5] surveyed welding 99 

processes for UNS S32750, but their review is organised by process type and treats GMAW 100 

only briefly. To the authors' knowledge, no review has yet integrated GMAW process 101 

parameters, the resulting thermal and chemical history, microstructural evolution and the 102 

mechanical and corrosion performance of UNS S32750 into a single quantitative framework. 103 

Because GMAW-specific studies on UNS S32750 are still few (Section 4.2), the present 104 

review synthesises the available GMAW-specific findings and uses GTAW, shielded metal 105 

arc welding (SMAW), submerged arc welding (SAW) and high-energy-beam studies as 106 

comparative baselines for the mechanisms that are common to all fusion processes. Wherever 107 

data from a non-GMAW process are used, the process is stated explicitly, and heat-input 108 

values are normalised for thermal efficiency so that the comparison is not misleading (Section 109 

2.3). 110 

The objectives of this review are therefore to (i) summarise the physical metallurgy of 111 

UNS S32750 that is relevant to arc welding; (ii) critically assess how GMAW variables, 112 

namely arc energy, transfer mode, interpass temperature, shielding and backing gas, and filler 113 

metal, influence phase balance and secondary-phase formation; (iii) relate these 114 

microstructures to tensile, toughness, pitting, intergranular and hydrogen-assisted cracking 115 

behaviour; (iv) compile quantitative data from the literature into tabular and graphical 116 

summaries; and (v) identify gaps and priorities for research and for procedure qualification. 117 
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The overall process–structure–property–performance chain that structures the review is shown 118 

in Fig. 1. 119 

 120 
Fig. 1 Process–structure–property–performance chain for GMAW of UNS S32750: principal 121 

process variables, the thermal and chemical history they generate, the resulting 122 

microstructural features and the performance requirements, with feedback from qualification 123 

testing. Schematic compiled by the authors from [4,6,32,34] 124 

2 Materials and methods 125 

2.1 Review design and literature search 126 

The review follows a structured narrative (semi-systematic) design. A core set of recent 127 

primary studies and reviews on welding of UNS S32750 and related duplex grades, together 128 

with the IMOA fabrication guidelines [4], formed the starting corpus. This corpus was 129 

extended by backward citation tracing of the reference lists of the core papers and by targeted 130 

keyword searches of web-based scholarly indexes and publisher platforms (Crossref metadata, 131 

Google Scholar, ScienceDirect, SpringerLink, Taylor & Francis Online, MDPI and Wiley 132 

Online Library). Search strings combined material terms ("super duplex", "UNS S32750", 133 

"SAF 2507", "2507", "ER2594", "25Cr duplex") with process terms ("gas metal arc", 134 

"GMAW", "MIG", "MAG", "pulsed", "cold metal transfer", "wire arc additive") and property 135 

terms ("ferrite", "austenite", "sigma", "chromium nitride", "secondary austenite", "pitting", 136 
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"critical pitting temperature", "toughness", "hydrogen"). A dedicated search on Gaussian 137 

process regression (GPR) and Bayesian optimisation applied to welding, additive 138 

manufacturing and corrosion, including the foundational statistical literature, supports Section 139 

4.3. The full set of search strings is listed in Appendix A. 140 

A generative artificial intelligence assistant based on a large language model (Claude, 141 

Anthropic) was used to support literature retrieval, drafting and language editing of the text, 142 

re-plotting of published numerical data and formatting of the manuscript. Every reference was 143 

checked against its publisher or DOI record, and the authors reviewed and edited all content 144 

and take full responsibility for it. 145 

2.2 Inclusion criteria and quality appraisal 146 

Peer-reviewed journal articles, standards and authoritative fabrication guidelines were 147 

included when they reported (a) welding or thermal simulation of UNS S32750 or a closely 148 

comparable 25Cr super duplex grade (UNS S32760, S32520) or (b) fundamental mechanisms 149 

of phase transformation, nitrogen behaviour or corrosion in duplex weld metals that apply 150 

directly to S32750. Studies on standard (2205) and lean duplex grades were retained where 151 

they provide the only GMAW-specific evidence for a mechanism, and this is indicated in the 152 

text. Publications from 2018 onwards were prioritised so that the review reflects the current 153 

state of knowledge, while older studies were kept where they remain the primary source for a 154 

mechanism. Each bibliographic record was checked against its DOI. Studies were appraised 155 

for completeness of process reporting (current, voltage, travel speed, thermal efficiency, 156 

interpass temperature, gas composition), the method used to quantify phases, and the 157 

corrosion test standard applied. 158 

2.3 Data extraction and normalisation 159 

For each primary study, the alloy, thickness, process and transfer mode, consumable, 160 

shielding and backing gas, arc energy or heat input, interpass temperature, phase fractions, 161 

secondary phases identified, and mechanical and corrosion results were extracted; the results 162 

are summarised in the tables of Section 3. Because authors report either arc energy (E = U·I/v, 163 

i.e. η = 1) or heat input with their own efficiency factor, all heat-input values used in the 164 

compiled plots were converted to a common basis in two steps. First, each reported value was 165 

converted back to arc energy by dividing by the efficiency the authors stated (for example, η 166 

= 0.65 for SMAW [35] and η = 0.8 for robotic GMAW [18]); values reported with η = 1 167 

[6,16] were used directly, and values for which no efficiency was stated [36] were treated as 168 

arc energy. Second, the net heat input was calculated as Q = k·E using the thermal efficiency 169 
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factors of EN 1011-1 [37]: k = 0.6 for GTAW, 0.8 for GMAW and SMAW, and 1.0 for SAW. 170 

Here U is the arc voltage, I the current and v the travel speed. The reported values, the 171 

efficiency used by each author, the factor applied and the resulting net heat input are listed for 172 

every data set in Table A1 (Appendix A), and all heat-input axes of the compiled data plots in 173 

Section 3 are net heat input. The guideline window of 0.3–1.5 kJ mm⁻¹ for 2507 is defined as 174 

arc energy (η = 1) [4], so the process-window plot in Section 4.1 is drawn in arc energy for 175 

consistency with that guideline. Ferrite fractions measured by point counting, image analysis, 176 

magnetic induction (ferritescope) and electron backscatter diffraction were treated as 177 

comparable within about ±5 % only. Critical pitting temperatures (CPTs) were grouped by 178 

test method, namely chemical immersion in ferric chloride (ASTM G48 [38]) or 179 

electrochemical potentiostatic measurement (ASTM G150 [39]), because the two methods 180 

give systematically different values and are not directly comparable [6,16]; the two groups are 181 

kept separate in the corrosion data table and plots of Section 3.6.1. Compiled plots were 182 

generated only from values reported numerically in the cited studies. 183 

2.4 Base and filler materials 184 

The composition limits of UNS S32750 and the matching GMAW consumable are 185 

summarised in Table 1, together with representative certified analyses reported for a 33 mm 186 

plate and 1.2 mm ER2594 wire [6]. The filler is over-alloyed with nickel (about 9–10 % 187 

versus about 7 % in the plate) to promote austenite formation in the as-welded condition, 188 

while maintaining a weld-metal PREN comparable to that of the base metal [4,34]. The PREN 189 

values of UNS S32750 and of related grades and the consumable are compared in Fig. 2. 190 
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Table 1 Chemical composition (wt-%) of UNS S32750 base metal and the matching ER2594 GMAW consumable 191 

Material C Si Mn Cr Ni Mo N Cu W PREN* 
UNS S32750, specification limits [4] ≤0.030 ≤0.80 ≤1.20 24.0–26.0 6.0–8.0 3.0–5.0 0.24–0.32 ≤0.50 – 40–43 
UNS S32750, 33 mm plate (certified) [6] 0.015 0.34 0.74 24.97 6.89 3.80 0.275 0.20 0.046 42.0 
ER2594 Ø1.2 mm GMAW wire (certified) [6] 0.015 0.40 0.61 25.23 9.22 4.04 0.260 0.09 0.04 42.8 
ER2594 nominal (EN ISO 14343 G 25 9 4 N L) [4,34] ≤0.03 – – ≈25 9–10 ≈4 ≈0.25 – – ≈42 

*PREN = %Cr + 3.3(%Mo + 0.5%W) + 16%N, calculated by the present authors from the listed compositions (W term included where reported). P and S (certified plate 0.021 and 0.001; wire 0.014 and 192 
0.001) are omitted for brevity. 193 
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 194 
Fig. 2 Pitting resistance equivalent number (PREN = %Cr + 3.3(%Mo + 0.5%W) + 16%N) of 195 

UNS S32750 compared with austenitic 316L, lean (2304), standard (2205) and W-bearing 196 

super duplex (S32760) grades and with the ER2594 GMAW consumable. Nominal mid-range 197 

compositions [3,4]; ER2594 from the certified analysis of a 1.2 mm GMAW wire [6]. 198 

Calculated by the authors 199 

2.5 Bibliometric overview of the reviewed literature 200 

The distribution of the references cited in this review by publication period and theme is 201 

shown in Fig. 3. More than half of the cited works were published from 2018 onwards, which 202 

reflects both the growth of research on super duplex welding and the deliberate weighting 203 

towards recent evidence. Corrosion performance and microstructural evolution are the most 204 

heavily studied themes, whereas GMAW-specific studies on UNS S32750 remain 205 

comparatively few; much of the parameter-level evidence still comes from GTAW, SAW and 206 

standard duplex grades. The coverage of individual variables by the primary GMAW and arc-207 

welding studies is mapped in Fig. 4, which shows that heat input and microstructure are 208 

almost always reported, but that shielding-gas chemistry, interpass temperature and hydrogen-209 

related performance are reported much less often. 210 
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 211 
Fig. 3 Bibliometric overview of the references cited in this review: (a) distribution by 212 

publication period, with the 2018–2026 period highlighted; (b) distribution by principal 213 

theme. Compiled by the authors 214 
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 215 
Fig. 4 Coverage matrix of the principal primary studies reviewed (rows) against the process 216 

variables and properties they report (columns). Filled cells indicate that the variable or 217 

property was investigated. Totals per column are given below the matrix. Compiled by the 218 

authors from [6,16–18,25,27,28,35,36,40–51] 219 

3 Data description 220 

3.1 Physical metallurgy of UNS S32750 relevant to welding 221 

3.1.1 Solidification and the ferrite-to-austenite transformation 222 

UNS S32750 and its matching ER2594 weld metal solidify in the fully ferritic (F) mode 223 

[34,35]. On cooling, the weld metal therefore passes through a single-phase δ-ferrite field 224 

before austenite nucleates in the solid state below the ferrite solvus, at roughly 1350–1200 °C 225 
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depending on composition. Austenite first forms as allotriomorphic grain-boundary austenite 226 

(GBA), then grows as Widmanstätten side plates (WA) into the ferrite grains and, at lower 227 

temperatures or on reheating, as intragranular austenite (IGA) [35,45,52]. Because the 228 

transformation is diffusion-controlled, the final austenite fraction is governed by the time 229 

spent between about 1200 and 800 °C (often expressed as Δt₁₂/₈) and by the driving force set 230 

by the austenite stabilisers nickel and nitrogen [34,53]. Fast cooling, as in autogenous laser, 231 

electron beam or low-energy GTAW welds, can leave fusion zones with 70–90 % ferrite 232 

[42,54,55], whereas slower cooling and higher nitrogen or nickel bring the balance close to 233 

50:50 [43,56]. 234 

The austenite and ferrite that form are not of equal composition. Chromium, molybdenum 235 

and tungsten partition to ferrite, while nickel, nitrogen and to a lesser extent copper and 236 

manganese partition to austenite [1,45,57]. In the base metal, nitrogen raises the PREN of 237 

austenite until the two phases have similar resistance; in rapidly cooled weld metal, 238 

equilibrium partitioning is not achieved, so the PREN of each phase differs from that of the 239 

base metal and the weaker phase controls pitting [45,57,58]. Han et al. [45] found Ni and N 240 

enriched in the austenite and Cr and Mo in the ferrite of all zones of a UNS S32750 241 

weldment, and selective corrosion of the lower-PREN ferrite in each zone. 242 

3.1.2 Nitrogen 243 

Nitrogen is the single most important alloying element in super duplex welding 244 

metallurgy. It is a strong austenite stabiliser, raises the temperature at which austenite forms 245 

on cooling, increases the strength of austenite and makes the largest contribution to its pitting 246 

resistance [1,4,59]. However, nitrogen solubility in liquid and δ-ferrite is limited, and nitrogen 247 

is lost from the weld pool and from the high-temperature heat-affected zone (HT-HAZ) 248 

during welding [60–62]. Hosseini et al. [60] documented nitrogen loss and its effects on the 249 

microstructure of multipass TIG welds of a super duplex grade, and physical and kinetic 250 

simulation confirmed nitrogen loss from the HT-HAZ at peak temperatures [61]. Varbai and 251 

Májlinger [62] combined physical and theoretical modelling to show that weld-metal nitrogen 252 

depends on both the shielding-gas composition and the heat input. The implication for 253 

GMAW is that nitrogen management through shielding and backing gas composition is as 254 

important as heat-input control. 255 

3.1.3 Secondary phases 256 

Table 2 summarises the secondary phases reported in welded UNS S32750 and their 257 

effects. Their formation windows are shown schematically in Fig. 5. 258 
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Table 2 Secondary phases reported in welded UNS S32750 and their effects 259 

Phase Structure / composition Approximate formation 

range 
Typical location in welds Effect on properties Key references 

σ (sigma) Tetragonal Fe–Cr–Mo 
intermetallic 

≈600–1000 °C; fastest ≈850–
900 °C 

α/γ boundaries in reheated passes, 
LT-HAZ, root of thick multipass 
welds 

Severe loss of toughness and 
pitting resistance at a few per cent 

[6,7,10,63] 

χ (chi) Cubic, Mo-rich intermetallic Lower part of σ range; often 
precedes σ 

α/γ and α/α boundaries Toughness and pitting loss; 
precursor to σ 

[11,64] 

Cr₂N / CrN Hexagonal (cubic) 
chromium nitride 

Rapid cooling from >1200 °C 
(quenched-in); isothermal 
≈700–900 °C 

HT-HAZ ferrite, root and cap 
passes, reheated weld metal 

Cr-depleted zones; preferential 
pitting; nucleation of IGA 

[8,45,52,65] 

γ₂ (secondary 
austenite) 

FCC; depleted in Cr, Mo, N Reheating of ferrite-rich 
regions, ≈800–1000 °C and 
with σ 

Reheated weld metal and HAZ in 
multipass joints 

Lower local PREN; pitting site [46,52,66,67] 

α′ (alpha prime) Cr-rich BCC (spinodal) ≈300–500 °C; "475 °C 
embrittlement" 

Ferrite after long service or slow 
cooling of heavy sections 

Hardening and loss of toughness [4,9] 

M₂₃C₆, R-phase Carbide; Mo-rich 
intermetallic 

Intermediate temperatures; 
minor in low-C grades 

Occasionally in reheated passes Local depletion; minor role in 
modern grades 

[9,16] 

Temperature ranges are approximate and composition-dependent; see the cited studies for kinetics. 260 
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 261 
Fig. 5 Schematic time–temperature–precipitation diagram for UNS S32750 (solid lines) and 262 

2205 (dashed lines), showing the onset of σ/χ, Cr₂N and α′ precipitation and representative 263 

weld cooling curves for low and high arc energy. The curves are qualitative and drawn after 264 

the kinetic data and guideline information in [4,7,8,11,12] 265 

Chromium nitrides (mainly hexagonal Cr₂N, occasionally cubic CrN) precipitate in ferrite 266 

when cooling is too rapid for nitrogen to partition to austenite, because nitrogen solubility in 267 

ferrite falls sharply with temperature [8,52,65]. They are found predominantly in the HT-268 

HAZ, in the root and cap passes and in the reheated weld metal, and are associated with Cr 269 

depletion and preferential pitting [6,45,68]. Pettersson et al. [8] characterised the precipitation 270 

of chromium nitrides in 2507 and its dependence on temperature and time. Holländer 271 

Pettersson et al. [65] demonstrated that Cr₂N particles can act as nucleation sites for 272 

intragranular austenite. 273 

Secondary austenite (γ₂) forms when ferrite-rich weld metal or HAZ is reheated by 274 

subsequent passes, either as fine intragranular particles or as growth of existing austenite 275 

[52,66]. Because it forms at lower temperatures and partly by consuming Cr₂N, γ₂ is depleted 276 

in Cr, Mo and N relative to primary austenite, and therefore has a lower local PREN; it is a 277 

well-documented site of pitting in multipass super duplex welds [6,46,66]. The relationship 278 

between nitride dissolution and γ₂ formation was characterised in detail by Ramirez et al. [52]. 279 

Sigma (σ) is a tetragonal Fe–Cr–Mo intermetallic that nucleates at α/γ boundaries and 280 

grows into the ferrite between about 600 and 1000 °C, with fastest kinetics around 850–900 281 
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°C in super duplex grades [4,7,10]. Its growth produces a eutectoid-like reaction δ → σ + γ₂, 282 

which depletes the surrounding matrix of Cr and Mo [9,63]. Even a few per cent of σ severely 283 

reduces impact toughness and pitting resistance [7,10,69]. Chi (χ) is a cubic Mo-rich 284 

intermetallic that typically precedes σ at lower temperatures and is detected at α/γ and α/α 285 

boundaries [11,64]. The kinetics are strongly composition- and grain-size-dependent: Pardal 286 

et al. [63] found that grain size influences deleterious-phase precipitation in UNS S32750, and 287 

Calliari et al. [11] showed that continuous cooling of a 25Cr grade at slow rates produced σ 288 

and χ, whereas faster cooling suppressed them. Byun et al. [12] quantified the kinetics of 289 

Cr/Mo-rich precipitates in a 25Cr-6.9Ni-3.8Mo-0.3N steel. 290 

At lower temperatures, α′ (a Cr-rich bcc phase) forms in ferrite by spinodal 291 

decomposition around 475 °C and causes hardening and loss of toughness, but it is mainly a 292 

concern for service and for slow-cooled heavy sections rather than for welding itself [4,9]. 293 

Carbides (M₂₃C₆) and R-phase are reported occasionally in reheated passes [9,16]. 294 

3.2 GMAW process fundamentals for super duplex stainless steels 295 

3.2.1 Transfer modes and operating windows 296 

GMAW of duplex stainless steels is performed with direct current, electrode positive. 297 

Three conventional transfer modes are available: short-circuiting transfer at low current and 298 

voltage, used mainly for thin sections and positional welding; globular transfer, which is 299 

generally avoided because of spatter and unstable arc behaviour; and spray transfer at higher 300 

current, which gives high deposition rates but also high heat input and is largely limited to the 301 

flat position [4,19]. Pulsed GMAW switches between a high peak current that detaches one 302 

droplet per pulse in spray mode and a low background current, so that spray-like transfer is 303 

obtained at a mean current, and thus heat input, in the short-circuit or globular range [4,6]. For 304 

super duplex steels, pulsed transfer is the most widely recommended mode because it 305 

combines controlled heat input, low spatter, good fusion and acceptable positional capability 306 

[4,6,17]. Typical GMAW parameter ranges from the IMOA guidelines, together with 307 

representative parameters used for super duplex and duplex welding in recent studies, are 308 

compared in Fig. 6. 309 
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 310 
Fig. 6 GMAW operating windows (welding current and arc voltage) for duplex stainless steel 311 

wires of 1.0–1.6 mm diameter in short-circuit and spray transfer [4], compared with pulsed 312 

GMAW parameters used for 33 mm UNS S32750 plate [6] and robotic GMAW of 2205 [18] 313 

Controlled short-circuit variants, of which CMT is the best known, retract the wire 314 

mechanically at each short circuit, reducing heat input and spatter further; these processes 315 

have been used mainly in WAAM of super duplex alloys [23,70,71]. Twin-wire GMAW 316 

increases deposition rate further; Hu and Xue [72] showed that the flow rate of an additional 317 

trailing shielding gas affected weld-seam properties in twin-wire GMAW of a duplex grade, 318 

which highlights the sensitivity of high-productivity variants to shielding. Hybrid TIG–MIG 319 

and laser–MIG processes combine a leading or trailing heat source with the GMAW arc to 320 

increase travel speed or penetration [73–75]. Weis et al. [73] found that pulsed and AC-pulsed 321 

MIG combined with TIG could join 2 mm 1.4462 duplex sheet at higher speed than 322 

conventional MIG, provided arc interaction (magnetic blow) was controlled by torch 323 

geometry and current modulation, and the joints passed ISO 15614-1 procedure tests. 324 

3.2.2 Comparison with other fusion and solid-state processes 325 

Table 3 compares GMAW with the other processes that have been applied to UNS 326 

S32750 and closely related super duplex grades. High-energy-density processes such as laser 327 

beam welding (LBW) and electron beam welding (EBW) produce narrow welds with high 328 

cooling rates and therefore excessive ferrite unless nitrogen, nickel or a post-weld heat 329 

treatment (PWHT) is applied [54,55,79,80]. Keyhole plasma arc welding gives deep 330 
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penetration in a single pass but also tends to ferritic fusion zones [77,78]. Activated-flux TIG 331 

increases single-pass penetration [83]. Solid-state processes such as friction stir welding 332 

(FSW) and linear friction welding (LFW) avoid solidification and preserve phase balance, but 333 

Cr₂N and σ can still form in the stir zone and the processes are limited in joint geometry and 334 

tool life [68,81,82,84]. Submerged arc welding (SAW) provides the highest deposition but is 335 

restricted to the flat position and thick sections [6]. GMAW occupies an intermediate 336 

position: it has higher productivity than GTAW and better positional capability than SAW, 337 

and its cooling rates lie between those of GTAW and LBW. This makes the selection of 338 

parameters, rather than of the process itself, the decisive factor. 339 
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Table 3 Qualitative comparison of welding processes applied to UNS S32750 and related super duplex grades 340 

Process Relative heat input / cooling 

rate 
Productivity and positional use Typical metallurgical concerns Key references 

GTAW (TIG) Low–medium; fast cooling in 
autogenous passes 

Low deposition; all positions; 
reference process for roots 

Excess ferrite and Cr₂N in autogenous/root 
passes; γ₂ in multipass 

[15,16,41,46] 

GMAW (pulsed, spray, short-
circuit) 

Medium; adjustable through 
pulsing 

High deposition; mechanisable; 
pulsed mode positional 

N loss; oxide inclusions with CO₂/O₂; 
reheating of root in thick sections 

[4,6,18,27] 

CMT / controlled short-circuit Low Medium deposition; thin sections and 
WAAM 

Ferrite-rich deposits; cumulative reheating 
in WAAM 

[23,70,71] 

Hybrid TIG–MIG / laser–MIG Medium; high travel speed High speed; mainly mechanised Arc interaction; fast cooling of laser-
dominated zones 

[73–75] 

SMAW / FCAW Medium Medium; site welding Slag/oxygen pick-up; selective ferrite 
corrosion 

[35,47,76] 

SAW High Highest deposition; flat position, 
thick sections 

σ and γ₂ if interpass temperature 
uncontrolled 

[6] 

Plasma arc (keyhole) Medium–high energy density Single-pass penetration up to 
medium thickness 

Ferritic fusion zone without filler/N₂ [77,78] 

Laser / electron beam Very low; very fast cooling High speed; precise fit-up needed 70–90 % ferrite, Cr₂N; needs N₂, Ni or 
PWHT 

[43,54,79,80] 

FSW / LFW (solid state) No melting; severe deformation Limited joint geometry; tool wear Cr₂N and σ in stir zone; otherwise balanced 
phases 

[68,81,82] 

Qualitative ranking compiled from the cited studies; individual parameter values vary widely between studies. 341 
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3.3 Effect of GMAW parameters 342 

The process conditions and principal findings of the main arc-welding studies discussed 343 

in this section are summarised in Table 4. 344 
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Table 4 Summary of selected primary studies on arc welding of UNS S32750 and related duplex grades: conditions and principal findings 345 

Ref. Alloy / thickness Process and consumable Gas (shielding / 

backing) 
Heat input (kJ mm⁻¹) / 
interpass 

Principal microstructural findings Principal property findings 

[6] S32750, 33 mm Pulsed GMAW, ER2594 
Ø1.2 mm, 18 passes; SAW 

Ar–30 % He / N₂ AE (η = 1): GMAW 
1.18–1.58 (net 0.94–
1.26), IP 65–76 °C; 
SAW 1.2–1.5 and 2.0–
2.3 (k = 1.0), IP ≤180 °C 

WM ferrite 51–56 %, HAZ 61–65 %; 
σ only in GMAW root reheated by 
four passes 

CVN −46 °C 72–253 J; CPT 45–60 °C 
(G48E); all joints met NORSOK M-
601 

[16] S32750 Multipass GTAW, 105–180 
A (8 to 3 passes) 

Ar + 2 % N₂ / Ar + 2 
% N₂ 

AE (η = 1) 0.78–1.47 
(net 0.47–0.88); IP <100 
°C 

Ferrite 29.0→34.5 % with current; 
probable χ at 155–180 A 

DOS 2.49→10.25 %; CPT (G150) 
54→45 °C; optimum 0.78–0.99 kJ 
mm⁻¹ AE 

[18] 2205 Robotic GMAW, 145–185 A Ar–15 % CO₂ HI (η = 0.8) 0.44–0.62 
(net same) 

Pits at α/γ boundaries and HAZ in 
low-heat-input joint 

Best corrosion behaviour at highest 
heat input (70 °C, 600 h) 

[40] 2205 GMAW, parameters varied n.r. Varied Bead geometry and cooling rate 
govern phase balance 

– 

[27] 2205 GMAW Gas composition 
varied 

n.r. Shielding gas altered microstructure Mechanical and corrosion properties 
changed with gas 

[25] Duplex and super 
duplex 

GMAW and other processes Several mixtures 
compared 

n.r. Gas affected weld geometry and weld-
metal composition 

Gas affected weld-metal properties 

[36] 2205 GTAW (10/6/3 passes) n.r. Welding energy 0.5, 1.0, 
3.5 (η not stated; net 
≈0.3, 0.6, 2.1) 

MZ ferrite 70→63→54 %; HT-HAZ 
68→65→59 %; LT-HAZ 57→60→55 
% 

IGA in HAZ at 3.5 kJ mm⁻¹ (ASTM 
A262 A) 

[41] DSS and SDSS pipe GTAW Ar + 2 % or 5 % N₂ 
(shield and purge) 

0.75–1.25; IP 120 and 
160 °C 

Grain coarsening and secondary 
phases at higher interpass temperature 

Better strength and toughness at low 
heat input and 5 % N₂ 

[42] S32750 Autogenous GTAW, preheat 
RT–300 °C 

Ar, 15 L min⁻¹ n.r. FZ austenite 15.8→16.5→25.8→42.4 
% 

Hardness 341→314 HV; fracture in 
base metal; corrosion approaches BM 

[43] S32750 Laser and hybrid GTAW–
laser 

Ar vs N₂ atmosphere Arc current 20–40 A FZ austenite 7.3–51.3 % CPT 26–74 °C (G150); linear with 
austenite 

[35] S32750 SMAW, ER2594 vs ER2595 – HI (η = 0.65) 0.80 / 0.74 
(net ≈0.99 / 0.92) 

Ferrite 68 % cap, 55 % root (ER2594); 
K–S orientation relation 

ER2595 weld metal harder 

[85] S32750 / Nitronic 
50 

GTAW (dissimilar) n.r. 0.61–1.01 Weld-zone ferrite decreased with heat 
input 

Properties depend on heat input 

[44] S32750 GTAW, several filler rods n.r. n.r. Filler choice changed phase balance Strength and pitting resistance depend 
on filler 

[17] Super duplex, 12 
mm 

Multipass arc process 
combinations 

n.r. n.r. Process combination changed 
microstructure 

Mechanical and corrosion behaviour 
differed 

[45] S32750 TIG Ar n.r. Three austenite morphologies; Cr₂N in 
HT-HAZ; Ni, N in γ and Cr, Mo in α 

Selective corrosion of ferrite; similar 
passive films in all zones 

[46,86] Super duplex Multipass TIG / repeated 
thermal cycles 

n.r. n.r. γ₂ and nitrides in reheated HAZ and 
weld metal 

Reduced corrosion resistance of 
reheated root 

[47,87] Super duplex, up to 
20 mm 

Bead-by-bead SMAW; 
multipass 

n.r. n.r. Most-reheated beads contain most γ₂ 
and occasional σ 

Reheating history governs local 
properties 

[28] Duplex (WAAM) GMAW-based deposition Ar vs Ar–2 % O₂ (20 
L min⁻¹) 

n.r. ≈0.1 % O with O₂; oxide inclusions, 
more γ₂ and IGA; γ > α in both walls 

Passive film 87.3 vs 14.0 nm; i(corr) 
13 vs 49 μA cm⁻²; E(corr) −30 vs −69 
mV 

[23,51] ER2594 wall CMT n.r. n.r. Microstructural evolution under Mechanical and corrosion behaviour 
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Ref. Alloy / thickness Process and consumable Gas (shielding / 

backing) 
Heat input (kJ mm⁻¹) / 
interpass 

Principal microstructural findings Principal property findings 

(WAAM) thermal ageing and solution treatment characterised 
n.r. = not reported in the information extracted for this review; AE = arc energy; HI = heat input as reported; net = net heat input with EN 1011-1 factors (Table A1); IP = interpass temperature; WM = 346 
weld metal; MZ/FZ = molten/fusion zone; DOS = degree of sensitisation; CVN = Charpy V-notch energy. Heat input values as reported by the authors (thermal efficiency conventions differ). 347 
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3.3.1 Heat input, arc energy and cooling rate 348 

Heat input controls both the cooling time through the austenite-formation range and the 349 

time spent in the intermetallic range, so its effect on super duplex welds is two-sided 350 

[4,13,30]. Too low a heat input produces fast cooling, high ferrite and nitride precipitation; 351 

too high a heat input, especially combined with high interpass temperature and thin sections, 352 

prolongs exposure at 600–1000 °C and promotes σ, χ and γ₂ [4,6,16]. The IMOA guidelines 353 

recommend 0.3–1.5 kJ mm⁻¹ for 2507, compared with 0.5–2.5 kJ mm⁻¹ for 2205 [4]. 354 

Compiled data on weld-metal ferrite versus net heat input are shown in Fig. 7a; all values 355 

were converted with the EN 1011-1 factors described in Section 2.3 (Table A1). For 2205 356 

joints welded with GTAW, Pereira et al. [36] reported a fall in molten-zone ferrite from about 357 

70 % at a welding energy of 0.5 kJ mm⁻¹ to 63 % at 1.0 kJ mm⁻¹ and 54 % at 3.5 kJ mm⁻¹ (net 358 

heat input about 0.3, 0.6 and 2.1 kJ mm⁻¹). For UNS S32750 multipass GTAW of 8.2 mm 359 

pipe with Ar + 2 % N₂ shielding, Ketabi et al. [16] reported arc energies of 0.78–1.47 kJ mm⁻¹ 360 

(η = 1; net heat input about 0.47–0.88 kJ mm⁻¹) and austenite-rich weld metal in which the 361 

ferrite fraction rose from 29.0 to 34.5 % as the current was increased from 105 to 180 A (Fig. 362 

8a). In the interpretation adopted in this review, this opposite trend reflects the number of 363 

reheating cycles rather than the single-pass cooling rate: the joint welded at 105 A required 364 

eight passes, whereas that welded at 180 A required three, so the low-current weld metal was 365 

reheated more often and contained more secondary and reformed austenite. This distinction is 366 

annotated in Fig. 7a. The comparison is not entirely clean, because Pereira et al. also used 367 

fewer passes at higher energy (10, 6 and 3 passes) [36]; however, their welds started from a 368 

ferrite-rich condition (54–70 %) without nitrogen in the shielding gas reported, whereas the 369 

nitrogen-shielded welds of Ketabi et al. were already austenite-rich, so the additional 370 

reheating cycles had a proportionally larger effect. Pulsed GMAW of 33 mm UNS S32750 371 

plate at an arc energy of 1.18–1.58 kJ mm⁻¹ (net about 0.94–1.26 kJ mm⁻¹) gave a mean weld-372 

metal ferrite of 56 %, and SAW at 1.2–2.3 kJ mm⁻¹ (k = 1.0) gave 51–53 % [6]. For SMAW 373 

of UNS S32750 with ER2594 electrodes, Dandekar et al. [35] reported a heat input of 0.80 kJ 374 

mm⁻¹ with η = 0.65, which corresponds to a net heat input of about 0.99 kJ mm⁻¹ on the EN 375 

1011-1 basis, and 68 % ferrite in the cap and 55 % in the root. Together, these results indicate 376 

that, for the industrially relevant net heat-input range of about 0.5–1.3 kJ mm⁻¹, heat input 377 

alone does not determine phase balance; the number of passes, section thickness, shielding 378 

gas and filler nickel content shift the result by a similar amount. 379 
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 380 
Fig. 7 Compiled literature data: (a) weld-metal ferrite as a function of net heat input for 381 

GTAW, pulsed GMAW, SAW and SMAW joints [6,16,35,36]; the rising trend of Ketabi et 382 

al. is annotated because, in the interpretation adopted here, it is driven by the larger number of 383 

reheating passes at low current (8 passes at 105 A versus 3 at 180 A) rather than by single-384 

pass cooling rate; (b) critical pitting temperature (ASTM G150) versus fusion-zone austenite 385 

for laser (LA, LN) and hybrid GTAW–laser welds made in argon (H20, H40) or nitrogen 386 

(H20N, H40N) and the base metal (BM) [43]; (c) critical pitting temperature versus net heat 387 

input, with electrochemical ASTM G150 values as filled symbols and immersion ASTM 388 

G48E values as open symbols [6,16]. All heat inputs were converted to net heat input with the 389 

EN 1011-1 factors k = 0.6 (GTAW), 0.8 (GMAW, SMAW) and 1.0 (SAW) after removing 390 

the efficiency used by each author (Table A1) [37]. Horizontal bars span the reported range. 391 

Values replotted by the authors from the numerical data reported in the cited studies 392 

 393 
Fig. 8 Effect of heat input on multipass GTAW joints of 8.2 mm UNS S32750 pipe welded 394 

with Ar + 2 % N₂ at 105, 130, 155 and 180 A (8, 7, 6 and 3 passes): (a) weld-metal ferrite 395 

measured by ferritescope and image analysis; (b) degree of sensitisation from DL-EPR tests 396 

(charge ratio Qr/Qa); (c) critical pitting temperature (ASTM G150). Dashed lines show base-397 
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metal values. Heat input converted to net heat input (k = 0.6). Replotted by the authors from 398 

the data of Ketabi et al. [16] 399 

For GMAW of duplex grades specifically, Miranda-Pérez et al. [18] produced robotic 400 

GMAW joints at 0.44–0.62 kJ mm⁻¹ with Ar–15 % CO₂ shielding and exposed them in an 401 

accelerated corrosion reactor at 70 °C for 600 h. The joint with the highest heat input showed 402 

the best corrosion behaviour, and the low-heat-input joint showed the most damage, with pits 403 

at the α/γ boundaries and in the HAZ. Chacón-Fernández et al. [40,88] showed for 2205 and 404 

S32001 joints that GMAW parameters controlling bead geometry and cooling rate govern the 405 

phase balance. For UNS S32750 joints made by other arc processes, low heat input has been 406 

associated with higher strength and toughness in GTAW [15,41], while excessive heat input 407 

was associated with intermetallic precipitation, a lower CPT and a higher degree of 408 

sensitisation [16,89]. In dissimilar S32750/Nitronic 50 GTAW joints, Maurya et al. [85] 409 

found that increasing heat input from 0.61 to 1.01 kJ mm⁻¹ reduced ferrite in the weld zone. 410 

Kumar et al. [90] similarly reported an influence of heat input on phase balance and 411 

mechanical performance of GTAW super duplex welds. 412 

3.3.2 Interpass temperature and multipass reheating 413 

In multipass welding, each deposited bead is reheated by subsequent passes, and a given 414 

volume can pass through the 600–1000 °C range several times (Fig. 9). The IMOA guidelines 415 

limit interpass temperature to 100 °C for super duplex grades and 150 °C for standard and 416 

lean grades [4]. Paulraj and Garg [41] found that raising the interpass temperature of S32750 417 

GTAW pipe welds from 120 to 160 °C reduced strength and toughness, which they attributed 418 

to grain coarsening and secondary-phase precipitation. 419 

 420 
Fig. 9 Thermal history of a multipass GMAW joint (schematic): (a) peak-temperature zones 421 

of the weld and heat-affected zone and their characteristic microstructures; (b) successive 422 
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reheating of a deposited bead by subsequent passes, illustrating the cumulative time spent in 423 

the 600–1000 °C intermetallic range. Drawn by the authors after [4,6,47,91] 424 

The most detailed bead-by-bead studies have been carried out at University West. 425 

Hosseini et al. [46,86] showed that multiple thermal cycles in TIG-welded super duplex steel 426 

produced γ₂ and nitrides in the HAZ and weld metal and reduced the corrosion resistance of 427 

the reheated root. In a 20 mm multipass joint and in a bead-by-bead SMAW study, the most-428 

reheated beads contained the most γ₂ and occasional σ [47,87]. Valiente Bermejo et al. [6] 429 

extended this work to 33 mm UNS S32750 welded with pulsed GMAW (18 passes) and 430 

SAW. In the GMAW joint, σ was found only in a few locations of the root pass, which had 431 

been reheated by four subsequent passes, and γ₂ was concentrated in the passes reheated most 432 

often. The zone-resolved ferrite contents of the three 33 mm weldments are compared in Fig. 433 

10a: all zones lay within 49–65 %, the HAZ was the most ferritic zone in each joint, and the 434 

GMAW weld metal was slightly more ferritic than the SAW weld metal, consistent with its 435 

lower net heat input per pass. Importantly, SAW at 2.0–2.3 kJ mm⁻¹ with an interpass 436 

temperature of up to 180 °C, well above the recommended limits, still met the 437 

microstructural, toughness and corrosion requirements of NORSOK M-601 while halving the 438 

number of passes (17 to 8) and reducing the arc time for a 0.5 m weldment from 55.5 min for 439 

GMAW and 26.7 min for SAW at recommended settings to 18.9 min (Fig. 10b). The authors 440 

concluded that current recommendations for thick sections are conservative and should be 441 

revised. This finding illustrates that, for thick sections, fewer reheating cycles can outweigh a 442 

higher peak heat input. It must not, however, be generalised: the 33 mm plate provided three-443 

dimensional heat flow and fast cooling between passes, and the same arc energy and interpass 444 

temperature applied to thinner sections or to joints with fewer heat sinks would lengthen the 445 

time in the 600–1000 °C range and could promote σ embrittlement. This is which is consistent 446 

with the pass-count effect observed by Ketabi et al. [16]. 447 
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 448 
Fig. 10 Experimental data for 33 mm UNS S32750 plate welded by pulsed GMAW (GM-R) 449 

and by SAW at recommended (SA-R) and higher-than-recommended (SA-H) arc energy and 450 

interpass temperature: (a) ferrite content (image analysis, mean ± standard deviation) in the 451 

top, centre and root of the weld metal, the overall weld metal and the HAZ, with the 452 

NORSOK M-601 acceptance band; (b) arc time to complete a 0.5 m weldment and number of 453 

passes. Replotted by the authors from the data of Valiente Bermejo et al. [6] 454 

Preheating is generally not required for duplex steels, but it has been explored as a means 455 

of slowing cooling in thin sections. Da Cruz Junior et al. [42] increased the fusion-zone 456 

austenite of autogenous bead-on-plate GTAW UNS S32750 welds from 15.8 % at room 457 

temperature to 16.5, 25.8 and 42.4 % with substrate preheats of 100, 200 and 300 °C, 458 

respectively, with a corresponding drop in hardness from 341 to 342, 327 and 314 HV and a 459 

corrosion response approaching that of the base metal (Fig. 11b and (c)). A preheat of at least 460 

200 °C was needed to exceed 25 % austenite, and even 300 °C did not restore the 50 % 461 

austenite of the base metal; all tensile specimens nevertheless fractured in the base metal. 462 

Comparable effects of preheating on phase balance have been reported for laser-welded lean 463 

duplex steel [92]. Numerical approaches are increasingly used to predict these thermal 464 

histories; for example, Prunbauer et al. [93] developed a material model for SAF 2507 under 465 

welding conditions. 466 
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 467 
Fig. 11 Additional experimental data on thermal control of phase balance: (a) ferrite in the 468 

molten zone (MZ), high-temperature HAZ (HAZ-HT) and low-temperature HAZ (HAZ-LT) 469 

of 2205 GTAW joints at welding energies of 0.5, 1.0 and 3.5 kJ mm⁻¹ (as reported) [36]; (b) 470 

fusion-zone austenite and (c) fusion-zone microhardness (mean ± standard deviation) of 471 

autogenous GTAW UNS S32750 welds made at room temperature and with substrate 472 

preheats of 100, 200 and 300 °C [42]. Dashed lines show base-metal values; the dotted line in 473 

(b) marks the 25 % minimum austenite cited by the authors. Replotted by the authors from the 474 

reported data 475 

3.3.3 Shielding and backing gas 476 

For GTAW, argon with 2–5 % N₂ is now the standard shielding gas for super duplex 477 

steels [4,41]. For GMAW the choice is more complex because the arc must remain stable with 478 

a consumable electrode. The guidelines indicate shielding gases ranging from pure argon to 479 

about 70 % Ar with additions of He, N₂, O₂ and CO₂, flow rates of 12–16 L min⁻¹ for 1.0–1.6 480 

mm wire, and the exclusion of hydrogen from both shielding and backing gases because of 481 

the risk of hydrogen embrittlement of ferrite [4]. The gas affects the process in three ways: arc 482 

physics and bead shape, nitrogen balance, and oxygen pick-up [19,26]. 483 

Helium increases arc voltage and heat transfer and improves wetting, and is therefore 484 

commonly combined with argon (for example, Ar–30 % He) in pulsed GMAW of super 485 

duplex steels [6,19]. Small additions of CO₂ or O₂ stabilise the cathode spot but oxidise the 486 

weld pool. Valiente Bermejo et al. [25] compared several shielding gases for GMAW and 487 

other processes on duplex and super duplex grades and showed that gas composition 488 

influenced arc behaviour, weld geometry and weld-metal properties. Zhang et al. [27] 489 

reported that shielding-gas composition altered the microstructure and properties of GMAW 490 

2205 joints. Sathiya et al. [94] showed similar effects of shielding gases in duplex steel welds. 491 

The clearest evidence of the effect of oxidising gas on corrosion comes from WAAM, which 492 

uses the same arc: Akbarzadeh Chiniforoush et al. [28] compared pure argon with Ar–2 % O₂ 493 
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for GMAW-based deposition of a duplex steel and found that oxygen pick-up of about 0.1 % 494 

generated complex oxide inclusions, more γ₂ and IGA, a thinner passive film (14.0 versus 495 

87.3 nm) and a corrosion current density about three times higher. Inclusion-driven pitting has 496 

also been documented in WAAM super duplex [95,96]. 497 

Nitrogen additions to the shielding gas offset nitrogen loss, increase austenite and 498 

improve pitting resistance [62,97,98]. Zhang et al. [97] showed that N₂ in the shielding gas 499 

increased the austenite fraction and reduced the selective corrosion of ferrite in duplex weld 500 

joints. Kim et al. [99] reported a similar benefit for hyper duplex welds. Rodriguez-Vargas et 501 

al. [98] confirmed the effect for GTAW of 2205. In GMAW, however, the nitrogen fraction 502 

must be limited because excessive N₂ destabilises the arc and promotes porosity; most studies 503 

therefore use 1–3 % N₂, often with He [25,62]. Videira et al. [43] demonstrated the magnitude 504 

of the effect for hybrid GTAW–laser welding of UNS S32750: welding in a nitrogen 505 

atmosphere increased fusion-zone austenite from 11.1 to 34.4 % at 20 A and from 15.8 to 506 

51.3 % at 40 A arc current, and the CPT rose from 37 to 67 °C and from 45 to 74 °C, 507 

respectively (Fig. 7b). 508 

Backing (root purge) gas is equally important because the root is the surface exposed to 509 

the process medium in pipes. Pure N₂ or Ar–N₂ backing is preferred [4,6]. Westin et al. [48] 510 

examined backing gases containing nitrogen and hydrogen for super duplex welds and 511 

showed that the backing-gas composition alters the microstructure and properties of the root 512 

surface; the fabrication guidelines nevertheless advise against hydrogen in either shielding or 513 

backing gas for duplex grades [4]. 514 

3.3.4 Filler metal and dilution 515 

The standard GMAW consumable for UNS S32750 is ER2594 (EN ISO 14343 G 25 9 4 516 

N L), with about 25 % Cr, 9–10 % Ni, 4 % Mo and 0.25 % N [4,6]. Nickel over-alloying 517 

raises the austenite fraction of the as-welded metal. Muthupandi et al. [53] showed for 518 

standard duplex welds that weld-metal chemistry, particularly Ni and N, has a larger effect on 519 

phase balance than heat input, a conclusion supported for super duplex steels by laser and 520 

plasma welding experiments with nickel additions [56,100]. The optimum nickel level is 521 

nevertheless a balance: nickel improves austenite formation and has been shown to influence 522 

weld-metal toughness [101], but by reducing the ferrite fraction it also concentrates Cr and 523 

Mo in the remaining ferrite, which can favour σ during reheating [34,59]. Dandekar et al. [35] 524 

compared ER2594 and ER2595 consumables in SMAW of UNS S32750 and found 68 % 525 

ferrite in the cap and 55 % in the root pass for ER2594, with harder weld metal for ER2595. 526 
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Amiri et al. [44] evaluated several filler rods for GTAW of S32750 and showed that the 527 

choice affected phase balance, strength and pitting resistance. 528 

Dilution is a particular issue in root passes and in dissimilar joints. Autogenous or highly 529 

diluted root passes are leaner in Ni and N than the filler and therefore more ferritic [4,15]. In 530 

dissimilar joints with Ni-base alloys or carbon steels, the filler metal must also avoid hard 531 

martensitic or fully austenitic zones [102,103]. Kangazian and Shamanian [102] examined the 532 

effect of pulsed current on the microstructure, mechanical properties and corrosion behaviour 533 

of Ni-alloy/super duplex dissimilar welds, showing that current waveform is a useful control 534 

variable beyond GMAW. 535 

3.3.5 Root pass and joint design 536 

Because GMAW root passes are prone to lack of fusion, a GTAW root followed by 537 

GMAW fill and cap passes is common for pipe [4,17]. Arun et al. [17] compared multipass 538 

arc welding techniques for 12 mm super duplex plate and found that the process combination 539 

influenced the microstructure, mechanical properties and corrosion resistance of the joint. 540 

Root-pass techniques for GMAW of duplex plate, including modified short-circuit processes, 541 

remain an active research topic. The IMOA guidelines recommend that the arc energy of the 542 

second and subsequent passes be lower than that of the root (around 75 %) to limit reheating 543 

of the root, and that copper backing bars be avoided because of copper contamination and 544 

over-rapid quenching [4,6]. 545 

3.3.6 Advanced and data-driven parameter selection 546 

Statistical design and soft-computing methods are increasingly used to select GMAW 547 

parameters. Payares-Asprino [20] used artificial neural networks to predict the mechanical 548 

properties of robotic GMAW 2205 welds from welding variables. Response-surface and 549 

parametric studies have been applied to super duplex WAAM [24,71]. Prunbauer et al. [93] 550 

showed how a material model can feed welding simulations of SAF 2507. These approaches 551 

have not yet been coupled with microstructure-kinetics models for σ and Cr₂N in GMAW of 552 

UNS S32750, which is a clear opportunity (Section 4.4). Gaussian process regression and 553 

Bayesian optimisation, which are particularly suited to the small, noisy data sets typical of 554 

welding experiments, are reviewed separately in Section 4.3. 555 

3.4 Microstructure across the weld zones 556 

The microstructure of a GMAW UNS S32750 joint can be divided into the weld metal, 557 

the HT-HAZ, the low-temperature HAZ (LT-HAZ) and the unaffected base metal (Fig. 9a). 558 

The weld metal of a single pass consists of columnar ferrite grains with GBA, WA and IGA 559 
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[35,45]. Han et al. [45] found three austenite morphologies in the weld centre but only two in 560 

the cap and root, which they related to different cooling rates. Texture analysis has shown that 561 

austenite and ferrite in the fusion zone obey the Kurdjumov–Sachs orientation relationship 562 

[35]. 563 

The HT-HAZ is heated close to the solidus, so the austenite dissolves almost completely 564 

and ferrite grains coarsen; on cooling, the austenite reforms only partly. This zone usually has 565 

the highest ferrite content in the joint: 61–65 % in the 33 mm joints of Valiente Bermejo et 566 

al., about 10 % more than the corresponding weld metal (Fig. 10a) [6]. In the 2205 GTAW 567 

joints of Pereira et al. [36], the HT-HAZ contained 68, 65 and 59 % ferrite at welding 568 

energies of 0.5, 1.0 and 3.5 kJ mm⁻¹, compared with 57, 60 and 55 % in the LT-HAZ and 51 569 

% in the base metal (Fig. 11a); at the highest energy the HT-HAZ, rather than the molten 570 

zone, was the most ferritic region. Westin and Wessman [91] reviewed the characteristics of 571 

high-temperature HAZs in duplex stainless steels, including the roles of peak temperature, 572 

time above the ferrite solvus and nitrogen loss. Higelin et al. [104] demonstrated that the HT-573 

HAZ ferrite content can be controlled through the base-metal composition. The HT-HAZ is 574 

also where Cr₂N precipitates most frequently [6,45,52]. The LT-HAZ is heated into the 575 

intermetallic range but not into the ferrite field, so it can contain σ, χ and nitrides if the time at 576 

temperature is long enough, especially when reheated [6]. 577 

In multipass welds, the reheated weld metal shows coarsened primary austenite, γ₂ and, 578 

near passes reheated many times, σ [6,47,69]. Tavares et al. [69] characterised the 579 

microstructure, chemical composition, corrosion resistance and toughness of a multipass UNS 580 

S32750 joint, emphasising the role of the reheating history. The root, which is reheated by all 581 

subsequent passes, is therefore often the critical location despite being deposited first. 582 

3.5 Mechanical properties 583 

3.5.1 Hardness and tensile behaviour 584 

Properly welded UNS S32750 joints generally match or exceed the base-metal tensile 585 

strength (minimum 795 MPa), and tensile specimens usually fracture in the base metal 586 

[6,36,105]. Because ferrite is harder than austenite in duplex steels, hardness rises with ferrite 587 

content and with nitride or σ precipitation [18,35,42]. Weld-metal hardness of about 300–340 588 

HV is typical, and offshore standards such as DNV-OS-F101 limit hardness to 350 HV [82]. 589 

Paulraj and Garg [41] found that the mechanical properties of DSS and SDSS GTAW pipe 590 

welds were better at the lower end of the 0.75–1.25 kJ mm⁻¹ range studied, and that higher 591 

nitrogen in the shielding and purging gas (Ar + 5 % N₂ versus Ar + 2 % N₂) improved them. 592 
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Zhang et al. [106] reported that short heat treatments of SAF 2507 welds changed their tensile 593 

properties through the evolution of γ₂ and intermetallics. 594 

3.5.2 Impact toughness 595 

Impact toughness is the property most sensitive to σ. NORSOK M-601 requires an 596 

average of at least 27 J at −46 °C for super duplex weld metal and HAZ [6,107]. The GMAW 597 

and SAW joints of Valiente Bermejo et al. [6] reached 72–253 J at −46 °C and 141–309 J at 598 

room temperature, well above this requirement, even with higher-than-recommended arc 599 

energy for SAW. Devendranath Ramkumar et al. [105] characterised the weld strength and 600 

impact toughness of multipass UNS S32750 weldments and related them to the weld-metal 601 

microstructure. Hosseini et al. [10] showed that the morphology of σ, as well as its fraction, 602 

governs the loss of toughness. Vahman et al. [108] examined how welding heat input affects 603 

the structure–property relationship of a new super duplex grade. 604 

3.5.3 Fatigue and other properties 605 

Fatigue data for GMAW super duplex joints are scarce. Vucko et al. [109] showed that 606 

the fatigue behaviour of super duplex steel in natural seawater under cathodic protection 607 

depends on the applied potential, which is relevant to welded subsea components. Wear and 608 

tribological behaviour have been studied mainly for friction-stir-processed and WAAM super 609 

duplex [70,110]. 610 

3.6 Corrosion performance 611 

3.6.1 Pitting corrosion and critical pitting temperature 612 

Pitting corrosion is the principal degradation mode for welded super duplex steels in 613 

chloride service, and it is controlled by the weakest phase or the most depleted local region 614 

[32,111,112]. Perren et al. [111,112] used microelectrochemical techniques to show that, in 615 

precipitation-free super duplex steel, pitting resistance is set by the phase with the lower 616 

PREN, and that σ and Cr₂N introduce depleted zones that initiate pits at much lower 617 

potentials. Ha et al. [58,113] demonstrated that pitting resistance of UNS S32750 and 2205 618 

depends on the phase fraction because the partitioning of Cr, Mo and N changes with it. Kang 619 

and Lee [114] correlated pitting resistance of duplex welds with the austenite–ferrite ratio. 620 

Compiled CPT data are listed in Table 5, which separates chemical immersion tests 621 

(ASTM G48) from electrochemical tests (ASTM G150 and related potentiostatic methods), 622 

and are plotted in Figs. 7b and 7c, where the two groups are distinguished by symbol. The 623 

distinction matters because immersion CPTs are obtained in acidified ferric chloride at fixed 624 

temperature steps, whereas electrochemical CPTs are defined by a current-density threshold 625 



32 

during a temperature ramp at a fixed potential; the two give systematically different values for 626 

the same material [6,38,39]. In the electrochemical group, base-metal CPTs of 84 ± 2 °C [6] 627 

and 92 °C [43] were reported for UNS S32750, but Ketabi et al. [16] obtained only 58 °C for 628 

their pipe base metal and showed that the measured CPT varied between 28 and 58 °C for the 629 

same material depending on solution, potential and surface preparation. Arc welds gave 45–630 

54 °C for multipass GTAW [16] and 64.7–70.9 °C for SAW, the latter measured with a 631 

modified time setting that the authors note is not strictly a CPT [6]; laser and hybrid GTAW–632 

laser welds gave 26–74 °C depending on austenite content [43]. In the data of Videira et al. 633 

[43], CPT and fusion-zone austenite are almost linearly related (r = 0.97, Fig. 7b). In the 634 

immersion group, ASTM G48 Method E gave 60 °C for the pulsed GMAW joint and 45 and 635 

55 °C for the SAW joints made at recommended and high arc energy [6]; notably, the SAW 636 

joint made at higher arc energy had the higher CPT by both methods. ASTM G48 Method A, 637 

a fixed-temperature weight-loss test, does not yield a CPT and is used as a pass/fail criterion, 638 

for example for linear friction welds of UNS S32760 [82]. Because of this method sensitivity, 639 

weld CPTs should be judged against the base-metal CPT measured with the same method, and 640 

values from the two groups should not be pooled. 641 
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Table 5 Compiled pitting corrosion data for UNS S32750 base metal and welds, grouped by test method: (a) chemical immersion tests (ASTM G48) 642 

and (b) electrochemical tests (ASTM G150 and related potentiostatic methods) 643 

Ref. Process / condition Test method Base metal CPT 

(°C) 
Weld CPT (°C) Remarks 

(a) Immersion pitting tests in ferric chloride (ASTM G48) [38] 
[6] Pulsed GMAW, 33 mm (GM-R), arc energy 

1.18–1.58 kJ mm⁻¹ 
G48 Method E n.r. (G48) 60 Highest G48E CPT of the three 33 mm 

weldments 
[6] SAW, 33 mm, recommended arc energy 1.2–

1.5 kJ mm⁻¹ (SA-R) 
G48 Method E n.r. (G48) 45 17 passes 

[6] SAW, 33 mm, high arc energy 2.0–2.3 kJ 
mm⁻¹ (SA-H) 

G48 Method E n.r. (G48) 55 8 passes; higher arc energy, higher CPT 

[82] Linear friction weld, UNS S32760 G48 Method A (fixed temperature, 
weight loss) 

– No pitting (pass) Pass/fail test; no CPT obtained 

(b) Electrochemical critical pitting temperature (ASTM G150 and related potentiostatic methods) [39] 
[6] SAW, 33 mm, SA-R and SA-H G150, modified time setting* 84 ± 2 64.7 (SA-R); 70.9 (SA-

H) 
Pitting initiated in WM (SA-R) and HAZ 
(SA-H). *Not strictly a CPT according to 
the authors 

[16] Multipass GTAW, 8.2 mm pipe, 105 / 130 / 
155 / 180 A 

G150 (1 °C min⁻¹; 100 μA cm⁻² 
threshold) 

58 54 / 51 / 47 / 45 Same base metal gave 28–58 °C under 
different test conditions 

[43] Laser welds in Ar or N₂ (LA, LN) G150 92 26 / 27 FZ austenite 7.3–7.5 % 
[43] Hybrid GTAW–laser, Ar (20 A and 40 A arc) G150 92 37 / 45 FZ austenite 11.1–15.8 % 
[43] Hybrid GTAW–laser, N₂ atmosphere (20 A 

and 40 A arc) 
G150 92 67 / 74 FZ austenite 34.4–51.3 % 

n.r. = not reported. CPTs from immersion and electrochemical methods are not directly comparable and must be judged against a base-metal value measured by the same method [16]. The data of 644 
Videira et al. are plotted in Fig. 7b. 645 
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The location of pit initiation reflects the microstructure. Pits initiate in the ferrite of the 646 

HAZ [36,45,115], at Cr₂N-associated Cr-depleted zones [45,68], at γ₂ in reheated passes 647 

[6,66], at α/γ interfaces in low-heat-input GMAW joints [18], and at oxide inclusions in 648 

oxygen-contaminated deposits [28,95]. Hou et al. [115] clarified the initiation mechanism of 649 

pitting in the weld HAZ of a duplex steel, in which local microstructural heterogeneity of the 650 

reheated ferrite plays a central role. Zhang et al. [57] linked selective pitting in weld joints to 651 

elemental partitioning, and Shen et al. [116] showed that microstructural evolution in duplex 652 

welded joints controls both hardness and pitting. 653 

3.6.2 Passive film behaviour 654 

The passive film on super duplex steel is a bilayer of Cr- and Fe-oxides/hydroxides, 655 

enriched in Mo species [117,118]. Rahimi et al. [118] found differences in the passive layer 656 

on ferrite and austenite of super duplex steel. Cui et al. [117,119] showed that the passivity of 657 

2507 depends on dissolved oxygen, pH and temperature in seawater and flue-gas condensates. 658 

Electrochemical impedance spectroscopy of different zones of a UNS S32750 weldment 659 

indicated similar passive-film structures across the joint, so the reduction in pitting resistance 660 

stems from local depletion rather than from a different film [45]. In contrast, oxidising 661 

shielding gas produced a markedly thinner and more defective passive film in GMAW-based 662 

deposits [28]. 663 

3.6.3 Intergranular and selective corrosion 664 

Double-loop electrochemical potentiokinetic reactivation (DL-EPR) is used to assess 665 

sensitisation caused by Cr₂N, σ and χ [16,120]. Hong et al. [120] optimised the DL-EPR 666 

method for aged UNS S32750. Ketabi et al. [16] reported that the degree of sensitisation 667 

(charge ratio Qr/Qa) in GTAW UNS S32750 joints increased from 2.49 % at 105 A to 4.2, 9.0 668 

and 10.25 % at 130, 155 and 180 A, compared with 1.55 % for the base metal, while the CPT 669 

(ASTM G150) fell from 54 to 51, 47 and 45 °C (base metal 58 °C) (Fig. 8b and (c)). The 670 

largest step occurred between 130 and 155 A: no σ or χ was found at 105 and 130 A, whereas 671 

EDS indicated probable Mo-rich χ and carbide particles in the welds made at 155 and 180 A, 672 

and the authors recommended 105–130 A (arc energy 0.78–0.99 kJ mm⁻¹; net about 0.47–673 

0.59 kJ mm⁻¹) as the optimum. In 2205 joints welded at 3.5 kJ mm⁻¹, the HAZ showed 674 

intergranular attack along α/γ interfaces in ASTM A262 practice A tests [36]. Selective 675 

corrosion of ferrite in flux-cored and multipass duplex welds has been related to elemental 676 

partitioning [76]. 677 
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3.6.4 Environmentally assisted cracking and hydrogen 678 

Super duplex steels resist chloride stress corrosion cracking better than austenitic grades, 679 

but cracks can initiate from pits and are deflected or arrested by austenite [32,121]. Song et al. 680 

[121] studied stress corrosion cracking of 2205 with simulated welding microstructures in 681 

simulated seawater at different depths. Hydrogen-induced stress cracking (HISC) under 682 

cathodic protection is a recognised failure mode for subsea super duplex components, and 683 

welds with coarse ferrite and low austenite spacing are particularly susceptible [32,122]. 684 

Meinhardt et al. [122] demonstrated hydrogen embrittlement of FSW super duplex joints 685 

under cathodic protection. This is one reason why hydrogen-containing shielding or backing 686 

gases are excluded for duplex steels [4,48]. Liu et al. [32] noted that α/γ phase boundaries act 687 

both as hydrogen traps and as rapid diffusion paths. 688 

3.7 Post-weld heat treatment and remediation 689 

Solution annealing at about 1050–1125 °C followed by water quenching restores phase 690 

balance, dissolves σ and Cr₂N and recovers pitting resistance, but it is rarely practical for 691 

fabricated structures [4,50,123]. Cervo et al. [50,123] showed that the annealing temperature 692 

controls both the phase balance and the partitioning of elements in UNS S32750 welded 693 

joints, and evaluated the corresponding pitting resistance. Short heat treatments have been 694 

explored as an alternative: Zhang et al. [49,106] showed that brief heat treatments of UNS 695 

S32750 welds modify the phase balance and the γ₂ and intermetallic content, with direct 696 

consequences for pitting resistance and tensile behaviour. Similar results were found for 697 

standard duplex and laser welds [124,125]. Li et al. [126] and Shen et al. [127] showed that 698 

the solution-treatment temperature of UNS S32750 controls the ferrite proportion and 699 

precipitates and hence dual-phase corrosion. Ferrari et al. [128] showed that shielding gas and 700 

PWHT both affect the mechanical and corrosion performance of low-heat-input duplex and 701 

super duplex joints. Surface nickel or cobalt deposition before laser welding has been used to 702 

correct phase balance in UNS S32750 [129], but such approaches are not applicable to 703 

GMAW, in which Ni is supplied by the filler. 704 

3.8 GMAW-based wire-arc additive manufacturing of super duplex stainless steel 705 

WAAM uses GMAW or CMT to deposit hundreds of overlapping beads, so it represents 706 

an extreme case of the multipass reheating discussed in Section 3.3.2. It is, however, not 707 

simply a joint with more passes, and results from the two should be transferred with care. 708 

Hosseini et al. [21] analysed thermal cycles during WAAM of a duplex steel and related the 709 

repeated reheating of earlier layers to the resulting microstructure. Kannan et al. [22] and 710 
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Kumar and Maji [71] studied WAAM of super duplex steel and showed that deposition 711 

parameters control bead geometry, phase balance and properties. Akselsen et al. [130] 712 

reported σ formation in WAAM super duplex walls. Pant et al. [23,51] fabricated ER2594 713 

walls with CMT, characterised their metallurgical, mechanical and corrosion behaviour, and 714 

followed the evolution of microstructure and properties under thermal ageing and solution 715 

treatment; the latter study was published in this journal. Ramkumar et al. [24] proposed a 716 

process-driven roadmap for depositing super duplex steel by WAAM. Shielding-gas 717 

chemistry is again critical: oxygen-containing gas degraded corrosion resistance [28], and 718 

inclusions governed localised corrosion [95,96]. Akbarzadeh et al. [131] found that the 719 

shielding gas influenced microstructure and mechanical properties of WAAM duplex steel. 720 

Dissimilar SDSS 2507/Inconel 718 structures have also been built by CMT-based deposition 721 

[70]. Lessons from WAAM, particularly on thermal-cycle control, interlayer temperature and 722 

gas purity, are directly transferable to thick-section multipass GMAW, and vice versa. 723 

The thermal boundary conditions in WAAM differ from those in multipass joint welding 724 

in three important ways. First, a thin wall conducts heat mainly downwards towards the 725 

substrate, so heat flow becomes essentially two-dimensional as the wall grows, whereas the 726 

root and fill passes of a thick butt joint are cooled three-dimensionally into the surrounding 727 

plate [21,132]. Second, because the cross-section available for conduction is small and the 728 

distance from the substrate increases with every layer, heat accumulates: unless the interlayer 729 

temperature is controlled by dwell time or active cooling, each new layer is deposited onto 730 

hotter material, cooling slows with build height, and the microstructure and phase balance 731 

vary along the wall [21,33]. Third, each volume of a wall is reheated by many more 732 

subsequent layers than any bead in a welded joint, often with peak temperatures in the 600–733 

1000 °C range, so the cumulative time in the intermetallic range can be far longer than in 734 

welding; σ has been reported in super duplex WAAM walls [130]. One practical consequence 735 

is that WAAM deposits of duplex grades tend to be more austenitic than arc welds made with 736 

the same wire. Akbarzadeh Chiniforoush et al. [28] found more austenite than ferrite in both 737 

of their 2209 walls, whereas the GMAW weld-metal ferrite contents compiled in the same 738 

study for 2209 wire on 2205 plate ranged from about 48 % to more than 80 %; they concluded 739 

that results from conventional welding cannot be applied directly to WAAM without 740 

adaptation. Conversely, WAAM data on long-term reheating, interlayer-temperature control 741 

and gas purity are valuable for thick-section multipass GMAW, provided the different heat-742 

flow geometry is taken into account. In the same study, changing from Ar–2 % O₂ to pure 743 

argon (20 L min⁻¹) lowered the corrosion current density from 49 to 13 μA cm⁻², raised the 744 
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corrosion potential from −69 to −30 mV and increased the estimated passive-film thickness 745 

from 14.0 to 87.3 nm [28]. 746 

3.9 Comparative evidence from other processes 747 

Studies on other processes help to isolate mechanisms that also operate in GMAW. Laser 748 

and EBW welds of UNS S32750 show that fast cooling produces ferrite-rich fusion zones 749 

with nitrides [54,79,80,133], and that adding nitrogen, nickel or a second heat source corrects 750 

this [43,56,74]. Wang et al. [78] investigated microstructure evolution and the mechanical and 751 

corrosion properties of keyhole plasma arc welded SAF 2507. FSW of SAF 2507 and UNS 752 

S32760 avoids solidification but can still produce Cr₂N in the stir zone [68,81], while linear 753 

friction welding of UNS S32760 produced defect-free joints with balanced phases and no 754 

pitting in ASTM G48A tests [82]. Dissimilar welding of super duplex steel to pipeline steels 755 

and Ni alloys requires careful choice of filler metal and heat input [103,134,135]. Overall, 756 

these studies confirm that the governing variables in all fusion processes are cooling time, 757 

nitrogen balance and reheating, so the conclusions of this review apply broadly while the 758 

parameter values differ by process. 759 

4 Discussion 760 

4.1 An integrated process–microstructure–property framework for GMAW of UNS S32750 761 

The evidence reviewed in Section 3 can be condensed into three controlling quantities, 762 

each linked to a distinct set of GMAW variables (Fig. 1, Table 6). 763 
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Table 6 Evidence-based recommended practice for GMAW of UNS S32750, with the controlling quantity each variable acts upon 764 

Variable Recommended practice Controlling quantity affected Supporting references 
Transfer mode Pulsed spray for fill and cap; GTAW or controlled short-circuit root in 

pipe 
Cooling time; heat per pass [4,6,17] 

Arc energy 0.3–1.5 kJ mm⁻¹ (guideline, η = 1); up to ≈1.6 kJ mm⁻¹ pulsed GMAW 
demonstrated for 33 mm plate; avoid very low values in thin sections. 
Values >1.5 kJ mm⁻¹ (SAW up to 2.3 kJ mm⁻¹) apply only to heavy-
section (>30 mm) multipass joints† 

Cooling time vs time at 600–1000 °C [4,6,16] 

Interpass temperature ≤100 °C (guideline). Values >100 °C (up to 180 °C) apply only to 
heavy-section (>30 mm) multipass joints and require procedure 
qualification† 

Cumulative time at 600–1000 °C [4,6,41] 

Pass sequence Fill/cap passes ≈75 % of root arc energy; minimise number of reheats of 
root 

Cumulative reheating [4,47,87] 

Filler metal ER2594 (Ni over-alloyed); avoid autogenous or highly diluted roots Ni and N in weld pool [4,35,44,53] 
Shielding gas Ar–He with small N₂ additions; avoid or minimise CO₂/O₂; no H₂; 12–16 

L min⁻¹ 
N retention; O pick-up [4,25,28,62] 

Backing gas N₂ or Ar–N₂; no H₂ Root N balance and oxidation [4,48] 
Preheat Not normally required; can raise austenite in thin, fast-cooled welds Cooling time [4,42] 
Acceptance testing Ferrite 30–70 %, ≥27 J at −46 °C, ≤350 HV; G48 and G150 CPT with 

base-metal reference 
Verification [38,39,82,107,136] 

Recommendations synthesise guideline values and the cited experimental evidence; they do not replace procedure qualification. †Caveat: parameters above 1.5 kJ mm⁻¹ arc energy and 100 °C interpass 765 
temperature were qualified only for 33 mm plate [6], where cooling remained three-dimensional and the number of passes was about halved; applied to thinner sections or other joint designs they may 766 
cause σ-phase embrittlement. 767 
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The first is the cooling time through roughly 1200–800 °C, which governs how much 768 

primary austenite forms in the weld metal and the HT-HAZ. It is set by arc energy, plate 769 

thickness (two- versus three-dimensional heat flow), interpass temperature and preheat 770 

[4,6,42]. Short cooling times give ferrite contents above 70 % and quenched-in Cr₂N, with 771 

low toughness and pitting at nitride-associated depleted zones [8,45,54]. 772 

The second is the nitrogen and nickel available in the weld pool, which sets the driving 773 

force for austenite formation and the PREN of the austenite. It is controlled by the filler 774 

(ER2594 over-alloyed with Ni), dilution, and the nitrogen partial pressure in the shielding and 775 

backing gases, balanced against nitrogen loss at high arc temperatures [43,53,60,62]. The CPT 776 

data in Fig. 7b show that, at least for low-heat-input processes, the austenite fraction and 777 

hence the nitrogen balance dominates pitting resistance more strongly than any other 778 

measured variable. 779 

The third is the cumulative time that each volume of material spends in the 600–1000 °C 780 

range over the whole welding sequence, which governs σ, χ, isothermal Cr₂N and γ₂. It 781 

depends on the number and sequence of passes, the arc energy of each pass relative to the 782 

previous one, and the interpass temperature [6,16,47]. 783 

GMAW variables usually act on more than one of these quantities at the same time. 784 

Raising the arc energy, for example, lengthens the cooling time, which is beneficial, but also 785 

increases the time spent in the intermetallic range per pass, which is detrimental; at the same 786 

time, it reduces the number of passes, which is beneficial. This explains why studies report 787 

opposite trends with heat input (Fig. 7a and (c)) and why the single-pass heat input window 788 

used in most procedure specifications (0.3–1.5 kJ mm⁻¹ for 2507 [4]) is a necessary, but not 789 

sufficient, control. The results of Valiente Bermejo et al. [6], in which SAW at up to 2.3 kJ 790 

mm⁻¹ and 180 °C interpass met all requirements for 33 mm plate while halving the number of 791 

passes, and those of Ketabi et al. [16], in which more passes at lower current produced more 792 

secondary phases and a higher degree of sensitisation, both point to the cumulative thermal 793 

history as the more fundamental variable. A practical process window that reflects this is 794 

summarised in Fig. 12 and Table 6. An important caveat applies to this window: the 795 

conditions above 1.5 kJ mm⁻¹ arc energy and 100 °C interpass temperature were qualified 796 

only for 33 mm plate in a multipass configuration [6], in which heat flow remained three-797 

dimensional and the number of passes was roughly halved. They should not be applied to 798 

thinner sections, to single-sided pipe joints, or to joint designs with less effective heat sinking, 799 

where the same settings would lengthen the time in the 600–1000 °C range and could cause σ 800 
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embrittlement. Outside heavy sections, the guideline limits of 0.3–1.5 kJ mm⁻¹ and an 801 

interpass temperature of 100 °C or less [4] remain the appropriate default. 802 

 803 
Fig. 12 Recommended process window for GMAW of UNS S32750 in terms of arc energy (η 804 

= 1, the basis of the guideline) and interpass temperature: the guideline window for 2507 [4] 805 

compared with the qualified pulsed GMAW and SAW conditions for 33 mm plate [6], all of 806 

which met NORSOK M-601 requirements [107]. Caveat: the conditions above 1.5 kJ mm⁻¹ 807 

and 100 °C interpass apply strictly to heavy-section (>30 mm) multipass joints, in which 808 

cooling remains three-dimensional and the number of passes is significantly reduced; they 809 

should not be applied to thinner sections or other joint designs, where they may cause σ-phase 810 

embrittlement. Regions outside the window are annotated with the dominant metallurgical 811 

risk 812 

4.2 Critical appraisal of the evidence base 813 

Several limitations of the current literature affect the confidence with which parameters 814 

can be transferred between studies and to industrial practice. 815 

First, GMAW-specific data on UNS S32750 are scarce. Much of the quantitative 816 

parameter–property evidence comes from GTAW [15,16,41,42], laser and hybrid processes 817 

[43,54] or standard and lean duplex grades welded by GMAW [18,27,36,40]. Mechanisms 818 

transfer well, but parameter values do not, because thermal efficiency, droplet superheat and 819 

nitrogen loss differ between processes. The large-thickness study of Valiente Bermejo et al. 820 

[6] and the earlier MIG/MAG study of Lopes et al. [137] are among the few that report full 821 

GMAW data for S32750. 822 
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Second, reporting is inconsistent. Many studies report heat input without specifying 823 

thermal efficiency or whether the value refers to arc energy; among the data sets compiled 824 

here, the efficiency used ranged from 0.65 to 1.0 or was not stated (Table A1), which alone 825 

can shift a reported value by more than 50 % relative to the EN 1011-1 net heat input [37]; 826 

pulsed GMAW is often reported with mean current and voltage, although instantaneous power 827 

is the physically meaningful quantity for pulsed waveforms. Interpass temperature, pass 828 

sequence and gas flow are frequently omitted. Without these values, the cumulative thermal 829 

history cannot be reconstructed. 830 

Third, phase quantification methods vary. Point counting, image analysis of colour-831 

etched sections, magnetic induction and EBSD give systematically different ferrite fractions, 832 

especially when fine IGA and γ₂ are present [6,16,35]. Differences of 5–10 % between studies 833 

may therefore reflect the method rather than the welding process. 834 

Fourth, corrosion test methods are not harmonised. CPTs measured by ASTM G48 835 

immersion and ASTM G150 potentiostatic methods are not directly comparable, and Ketabi et 836 

al. [16] showed CPTs between 28 and 58 °C for the same material depending on test solution 837 

and potential. Base-metal CPTs of 84–92 °C for UNS S32750 were obtained in two studies 838 

using ASTM G150 [6,43], while lower base-metal values reported elsewhere may reflect a 839 

different thermal history of the as-received plate [16]. Weld assessments should therefore 840 

always report the base-metal CPT measured with the same method, and compilations should 841 

keep immersion and electrochemical CPTs separate, as in Table 5. 842 

Fifth, the role of oxygen has been underestimated. Many GMAW studies on duplex steels 843 

used Ar–CO₂ or Ar–O₂ mixtures without reporting weld-metal oxygen. The WAAM results 844 

[28,95,96] show that oxide inclusions can dominate pitting initiation, and this effect is 845 

probably present in conventional GMAW welds made with active gases. 846 

Finally, data on hydrogen-assisted cracking, fatigue and long-term ageing of GMAW 847 

super duplex welds are very limited, although these are often the design-limiting properties in 848 

subsea service [32,109,122]. 849 

4.3 Gaussian process regression for optimising GMAW parameters: mechanical properties, 850 

microstructure and pitting resistance 851 

The appraisal in Section 4.2 shows that the welding of UNS S32750 is governed by 852 

several interacting variables, that each experimental weld is expensive (a 33 mm joint requires 853 

8–18 passes and up to about 55 min of arc time [6]), and that the property responses, namely 854 

ferrite fraction, secondary-phase content, toughness, hardness and CPT, are non-linear and 855 
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noisy. These are the conditions under which Gaussian process regression (GPR) and the 856 

Bayesian optimisation (BO) built on it are most useful, because they deliver accurate 857 

predictions from a few tens of experiments together with an explicit estimate of the prediction 858 

uncertainty [138–140]. This section reviews the principles of GPR, its application to welding, 859 

additive manufacturing and corrosion, and the way in which it can be used to optimise 860 

GMAW parameters for UNS S32750. The studies reviewed are summarised in Table 7. 861 
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Table 7 Summary of studies applying Gaussian process regression (GPR) and GP-based Bayesian optimisation (BO) to welding, additive 862 

manufacturing and corrosion, with two non-GPR machine-learning studies on super duplex deposition and pitting for comparison 863 

Ref. Process / material Inputs Outputs Model Data Reported performance 
(a) Arc welding 
[141] GTAW Welding parameters (e.g. current) Weld performance indices GPR + BO n.r. Optimum found with fewer 

experiments than conventional 
methods 

[142] GTAW Welding parameters Bead geometry GPR, cross-validated n.r. Predictions matched measured 
bead geometry 

[143] Hybrid-tandem 
GMAW 

Leading current 360–440 A, leading 
voltage 32–40 V, trailing current 320–
400 A (ANOVA-selected from 7) 

7 penetration, leg-length 
and convexity measures 

ARD squared-exponential 
GPR + SQP 

5 levels × 5 repeats Validation error 2.28–10.43 %; 
1.9 m min⁻¹ 

[144] CMT wire-arc AM Wire feed 2.6–5.2 m min⁻¹, travel speed 
0.25–1.0 m min⁻¹, interpass time 0–60 s 

Effective-area ratio, height 
difference, deposit angle 

ARD squared-exponential 
GPR + SQP 

12 conditions × 3 Error 0.1–4.3 %; buy-to-fly 0.49 
→ 0.43 

(b) Solid-state and laser welding 
[145] Friction stir welding, 

AA6082 
Rotational speed, feed rate Ultimate tensile strength GPR (RBF, PUK) vs SVM, 

MLR 
25 (19 train / 6 
test) 

GPR-RBF: r = 0.97, RMSE 5.94 
MPa (MLR 22.4 MPa) 

[146] Friction stir welding Surface topography, process signals, 
process parameters 

Ultimate tensile strength GPR; RBF, RQ, Matérn 5/2, 
additive, spectral-mixture 
kernels 

54 welds, 216 
specimens 

Pearson r up to 0.99; better than 
MLR 

[147,148] Deep-penetration laser 
welding 

Laser power, speed, core/ring power 
share 

Capillary depth, porosity, 
seam elevation, undercut 

Matérn 5/2 GP + expected 
improvement 

8 Sobol + 100 BO 
steps 

First acceptable weld at step 24; 7 
acceptable welds; up to 20.6 m 
min⁻¹ 

[149] Laser welding, 
polishing, cutting 

Power, speed and process-specific 
settings 

Capillary depth and 
defects; roughness; burr 

GP-based BO (Ax) 24 welds to best 
result 

Capillary depth 1.54 mm at 8 kW 
and 30.7 m min⁻¹ 

(c) Additive manufacturing and corrosion 
[150] Laser powder bed 

fusion, 316L 
6 parameters (power, speed, hatch, scan 
angle, layer time, gas speed) 

Hardness, porosity Matérn GP per objective, 
multi-objective BO 

57 initial 
specimens 

3 Pareto points in ≈6 iterations; 
224–235 HV, porosity 0.2–0.37 
% 

[151] Metal additive 
manufacturing 

Process parameters, location Porosity Spatial GP model n.r. Porosity predicted from process 
conditions 

[152] Fe–Cr alloys in NH₃ Temperature, NH₃ concentration, 
composition 

Corrosion mass gain GPR + BO n.r. R² > 0.95 

(d) Non-GPR comparison studies 
[153] Super duplex wire-arc 

AM 
Voltage, wire feed, travel speed, gas 
flow 

Deposition efficiency, 
surface height 

ANN, ANFIS + NSGA-II 75 runs (CCD) ANFIS deviation 6.1 % / 14.9 %; 
≈70 % austenite 

[154] Austenitic stainless 
steels 

Composition, test conditions, physical 
descriptors 

CPT GBDT, random forest, 
symbolic regression 

123 alloys R² 0.974, RMSE ≈4.6 °C 

n.r. = not reported in the information extracted; ARD = automatic relevance determination; SQP = sequential quadratic programming; RBF = radial basis function; PUK = Pearson VII universal kernel; 864 
RQ = rational quadratic; MLR = multiple linear regression; CCD = central composite design. No GPR study on GMAW of super duplex stainless steel was identified. 865 



44 

4.3.1 Principles of Gaussian process regression and Bayesian optimisation 866 

A Gaussian process is a distribution over functions in which any finite set of function 867 

values has a joint Gaussian distribution. In GPR, the unknown relationship y = f(x) + ε 868 

between a vector of process inputs x (for example net heat input, interpass temperature, 869 

shielding-gas nitrogen content and travel speed) and a measured response y (for example 870 

weld-metal ferrite or CPT) is given the prior f(x) ~ GP(m(x), k(x, x′)), where m(x) is a mean 871 

function, usually a constant, k(x, x′) is a covariance (kernel) function and ε is Gaussian 872 

measurement noise with variance σn² [138,139]. The kernel encodes assumptions about 873 

smoothness. The squared-exponential kernel with automatic relevance determination (ARD), 874 

k(x, x′) = σf² exp[−½ Σd (xd − x′d)²/ℓd²], assigns each input d its own length-scale ℓd, so that 875 

inputs with short length-scales are identified as influential; the Matérn 5/2 kernel relaxes the 876 

assumption of infinite smoothness and is often preferred for physical processes [138,155]. 877 

Given n training welds with inputs X and responses y, the predictive distribution at a new 878 

parameter set x* is Gaussian, with mean μ(x*) = k*ᵀ(K + σn²I)⁻¹y and variance σ²(x*) = k(x*, 879 

x*) − k*ᵀ(K + σn²I)⁻¹k*, where K is the n × n covariance matrix of the training inputs and k* 880 

the vector of covariances between x* and the training inputs. The hyperparameters σf, ℓd and 881 

σn are obtained by maximising the log marginal likelihood, which automatically balances data 882 

fit against model complexity [138,140]. 883 

GPR has its roots in the kriging-based design and analysis of computer experiments [156] 884 

and in the Bayesian calibration of computer models, in which a GP is used both to emulate a 885 

simulation and to represent the discrepancy between simulation and experiment [157]. The 886 

second idea is directly relevant to welding, where numerical thermal models [93] can be 887 

calibrated against a small number of instrumented welds. Because GPR gives both a mean and 888 

a variance, it can drive sequential experimentation. In BO, an acquisition function decides 889 

which weld to make next. Expected improvement, EI(x) = E[max(0, f(x) − f⁺)], where f⁺ is the 890 

best result so far, rewards both a high predicted mean and a high uncertainty [158]; the upper 891 

confidence bound, μ(x) + β½σ(x), offers explicit control of the balance between exploitation 892 

and exploration, with proven convergence guarantees [159]. Comprehensive reviews of BO, 893 

including constrained, multi-objective and batch variants, are given by Shahriari et al. [160], 894 

Garnett [161] and Wang et al. [162]. 895 

4.3.2 Gaussian process regression in welding and related processes 896 

The first applications of GPR to arc welding were made for GTAW. Sterling et al. [141] 897 

modelled the relationship between welding parameters and weld performance indices with 898 
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GPR and combined it with a Bayesian optimisation algorithm, showing that optimal 899 

parameters could be found with fewer experiments than with conventional methods. Dong et 900 

al. [142] used GPR with cross-validation to predict the bead geometry of GTAW welds from 901 

the welding parameters, and highlighted its robustness to the noise and uncertainty of the arc 902 

process. 903 

For GMAW, the most relevant study is that of Kim et al. [143] on hybrid-tandem 904 

GMAW. Analysis of variance was first used to reduce seven candidate parameters to the three 905 

most influential (leading current 360–440 A, leading voltage 32–40 V and trailing current 906 

320–400 A); an ARD squared-exponential GPR was then trained to predict seven geometric 907 

quality measures, including vertical and horizontal penetration, penetration beyond the root, 908 

leg lengths and convexity, and was coupled with sequential quadratic programming to find the 909 

optimum. The predictions agreed with validation welds within 2.28–10.43 %, at a travel speed 910 

of 1.9 m min⁻¹. The same group applied GPR to CMT-based WAAM, using wire feed rate 911 

(2.6–5.2 m min⁻¹), travel speed (0.25–1.0 m min⁻¹) and interpass time (0–60 s) as inputs and 912 

only 12 experimental conditions with three repeats each; the optimum (about 3.10 m min⁻¹, 913 

0.35 m min⁻¹ and 58 s) was predicted within 0.1–4.3 % and improved the buy-to-fly ratio 914 

from about 0.49 to 0.43 [144]. These two studies demonstrate that GPR can identify a 915 

GMAW-type optimum from 12–25 welds, which is a realistic budget for procedure 916 

development on super duplex steel. 917 

Mechanical properties have been modelled mainly for friction stir welding. Verma et al. 918 

[145] compared GPR, support vector machines and multiple linear regression for predicting 919 

the ultimate tensile strength of friction stir welds from 25 experiments; GPR with a radial 920 

basis function kernel performed best (correlation coefficient 0.97, root-mean-square error 5.94 921 

MPa, compared with 22.4 MPa for linear regression). Hartl et al. [146] tested several kernels, 922 

including ARD, Matérn 5/2, additive and spectral-mixture kernels, on 54 welds and 216 923 

tensile specimens and obtained Pearson correlation coefficients of up to 0.99 between 924 

predicted and measured strength, again clearly outperforming linear regression. 925 

In laser welding, GP-based BO has recently become a practical tool. Haas et al. [147,148] 926 

used a Matérn 5/2 GP surrogate with an expected-improvement acquisition function to 927 

optimise deep-penetration laser welding for capillary depth, porosity, seam elevation and 928 

undercut; after 8 space-filling initial experiments, the first weld meeting all four quality 929 

criteria was found at step 24, and seven acceptable welds were obtained at speeds up to 20.6 930 

m min⁻¹. Menold et al. [149] showed that the same generic BO tool reached the target 931 

capillary depth (1.54 mm) after 24 welding experiments and was equally applicable to 932 
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polishing and cutting. In laser powder bed fusion of 316L stainless steel, separate Matérn GP 933 

models for hardness and porosity were used in a multi-objective BO that located three Pareto-934 

optimal parameter sets in about six iterations from 57 initial specimens, with validated 935 

hardness of 224–235 HV and porosity of 0.2–0.37 % [150]; spatial GP models have also been 936 

used to predict porosity in metal additive manufacturing [151]. 937 

4.3.3 Gaussian process regression for microstructure and corrosion targets 938 

Applications of GPR to corrosion are fewer but growing. Itano et al. [152] used GPR to 939 

predict the corrosion mass gain of Fe–Cr alloys in ammonia from temperature, ammonia 940 

concentration and composition, reaching R² above 0.95, and then used BO to propose 941 

conditions and compositions expected to improve corrosion resistance. For the pitting 942 

resistance of stainless steels, data-driven models have so far relied mainly on tree-based and 943 

kernel methods: Hou et al. [154] predicted the CPT of 123 austenitic stainless steels with R² 944 

of 0.974 and an RMSE of about 4.6 °C from three physically interpretable descriptors. For 945 

super duplex steel, Kumar et al. [153] modelled the deposition efficiency and surface height 946 

of WAAM deposits with artificial neural networks and an adaptive neuro-fuzzy inference 947 

system (mean absolute deviations of 6.1 % and 14.9 %) and optimised them with a genetic 948 

algorithm, obtaining deposits with about 70 % austenite; Payares-Asprino [20] used neural 949 

networks for robotic GMAW of 2205. To the authors' knowledge, no study has yet applied 950 

GPR or GP-based BO to the microstructure, mechanical properties or pitting resistance of 951 

GMAW welds in UNS S32750 or any other super duplex grade. This is a significant gap, 952 

because the uncertainty estimates of GPR are particularly valuable when the acceptance 953 

criteria are two-sided (30–70 % ferrite) or safety-related (minimum toughness and CPT). 954 

To illustrate the potential, GPR models were fitted by the present authors to two of the 955 

experimental data sets reviewed in Section 3 (Fig. 13). For the multipass GTAW data of 956 

Ketabi et al. [16], a GPR model of CPT versus net heat input reproduces the measured 957 

decrease from 54 to 45 °C and shows how the 95 % confidence band widens outside the 958 

tested range, which is exactly the information needed to decide where the next weld should be 959 

made (Fig. 13a). For the preheat data of Da Cruz Junior et al. [42], the posterior distribution 960 

of fusion-zone austenite can be converted into the probability that a given preheat temperature 961 

satisfies the NORSOK M-601 limit of at least 30 % austenite (that is, at most 70 % ferrite) 962 

[107] (Fig. 13b). In this illustration, the probability of meeting the limit is only about 0.1 at a 963 

preheat of 200 °C but about 0.95 at 250 °C, so the model points directly to the region in which 964 

the next experiment is most informative. With only four data points each, these models are 965 
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illustrative rather than predictive, but they show how constraint satisfaction can be expressed 966 

probabilistically. 967 

 968 
Fig. 13 Gaussian process regression (GPR) applied to published welding data and a proposed 969 

optimisation framework: (a) GPR model of critical pitting temperature (ASTM G150) versus 970 

net heat input for multipass GTAW of UNS S32750 [16], showing the posterior mean and 95 971 

% confidence band, which widens outside the tested range; (b) GPR model of fusion-zone 972 

austenite versus substrate preheat for GTAW of UNS S32750 [42], annotated with the 973 

posterior probability P of meeting the NORSOK M-601 limit of at least 30 % austenite [107]; 974 

(c) proposed GPR–Bayesian optimisation loop for GMAW of UNS S32750, combining a 975 

space-filling initial design, multi-output GPR with an automatic-relevance-determination 976 

Matérn kernel and a constrained acquisition function [138,158–160]. Panels (a) and (b) are 977 

illustrative fits made by the authors (radial-basis-function kernel, noise standard deviation 978 

fixed at 1 °C and 2 %, four data points each) and are not validated predictive models 979 

4.3.4 A proposed GPR–Bayesian optimisation framework for GMAW of UNS S32750 980 

Based on the evidence reviewed, a GPR–BO framework for GMAW of UNS S32750 is 981 

proposed in Fig. 13c. Its elements are as follows. 982 

(i) Inputs. The decision variables should be those identified in Sections 3.3 and 4.1 as 983 

controlling the three governing quantities: net heat input or, for pulsed GMAW, peak and 984 
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background current, pulse frequency, wire feed speed and travel speed; interpass temperature 985 

and pass sequence; the He and N₂ contents of the shielding gas and the backing gas; and 986 

section thickness. Physics-based features such as the calculated cooling time Δt₁₂/₈, the 987 

number of reheating cycles above 600 °C and the PREN of the filler can be added as inputs to 988 

improve extrapolation with small data sets, an approach that ARD kernels support by learning 989 

which inputs matter [140,155]. 990 

(ii) Outputs and constraints. The responses should include weld-metal and HAZ ferrite 991 

fraction, γ₂ and σ content, hardness, Charpy energy at −46 °C, tensile strength, CPT measured 992 

by a single specified method (ASTM G48 or G150), and the degree of sensitisation. Since the 993 

acceptance limits are mostly constraints rather than targets, constrained or multi-objective BO 994 

is appropriate: for example, maximising CPT subject to 30–70 % ferrite, at least 27 J at −46 995 

°C and hardness of 350 HV or less, or finding the Pareto front between productivity and CPT 996 

[150,160,161]. 997 

(iii) Data strategy. An initial space-filling design of about 8–15 welds, followed by 998 

sequential BO, is consistent with the 12–25 experiments that sufficed in GMAW, WAAM and 999 

laser welding studies [143,144,148,149]. Existing data from GTAW, SAW and laser welding 1000 

(Tables 4 and 5) can be used as prior knowledge through multi-fidelity or calibration 1001 

approaches in which a GP represents the discrepancy between processes, as in the Kennedy–1002 

O'Hagan framework [157], provided that heat inputs are expressed on a common net basis 1003 

(Table A1). 1004 

(iv) Validation and transferability. Models should be validated on independent welds, 1005 

with prediction intervals reported, and their range of validity stated explicitly; as discussed in 1006 

Sections 3.3.2 and 4.1, conditions qualified for 33 mm plate cannot be extrapolated to thin 1007 

sections, and a GPR model trained on one thickness will signal this through a large predictive 1008 

variance. 1009 

The main limitations of GPR are its computational cost for large data sets, which scales 1010 

with the cube of the number of observations and is not restrictive for welding experiments, its 1011 

sensitivity to the choice of kernel, and the need for consistent, well-documented input data 1012 

[138,139]. The last point reinforces the need for standardised reporting of arc energy, 1013 

efficiency, interpass temperature and test method identified in Section 4.2. 1014 

4.4 Knowledge gaps and future research directions 1015 

Based on this appraisal, the following directions are proposed. 1016 
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(i) Thermal-history-based procedure qualification. Instead of single-pass heat input limits, 1017 

procedures could specify a maximum cumulative time in the 600–1000 °C range and a 1018 

minimum Δt₁₂/₈ for each region of the joint, measured with thermocouples or computed by 1019 

validated finite-element models [21,93]. The bead-by-bead approach developed for TIG, 1020 

SMAW and WAAM [21,47,87] could be applied systematically to pulsed and CMT GMAW. 1021 

(ii) Nitrogen and oxygen management. Systematic studies of Ar–He–N₂ shielding gases 1022 

with low or zero oxidising additions for pulsed GMAW of UNS S32750, with measured 1023 

weld-metal N and O contents, are needed. The physical and theoretical models of Varbai and 1024 

Májlinger [62] and Hosseini and Karlsson [61] provide a basis for predicting nitrogen 1025 

balance. 1026 

(iii) Coupled kinetic and data-driven models. Precipitation kinetics for σ, χ and Cr₂N 1027 

[8,11,12] could be coupled with thermal models and with machine-learning surrogates trained 1028 

on literature and production data [20], in particular with the GPR–BO framework proposed in 1029 

Section 4.3, which provides calibrated uncertainty and sequential experimental design 1030 

[157,160] to predict ferrite fraction, secondary-phase fraction and CPT for a given GMAW 1031 

procedure. 1032 

(iv) Advanced GMAW variants. Pulsed, CMT, twin-wire and hybrid laser–MIG or TIG–1033 

MIG processes offer independent control of deposition and heat input [72–75], but their 1034 

metallurgical effects on UNS S32750 have not yet been mapped comprehensively. 1035 

(v) Standardised corrosion and hydrogen testing. Reporting the base-metal CPT with the 1036 

same method, using both G48 and G150, and adding HISC and fatigue tests under cathodic 1037 

protection would make results comparable and relevant to subsea applications [109,122]. 1038 

(vi) WAAM qualification. GMAW-based WAAM of super duplex components is 1039 

advancing quickly [23,24,51,130]; the extreme number of reheating cycles makes it a 1040 

sensitive test of the thermal-history framework proposed here and a source of transferable 1041 

data for multipass welding. 1042 

4.5 Conclusions 1043 

This review has examined the welding metallurgy of UNS S32750 super duplex stainless 1044 

steel with particular reference to gas metal arc welding. The main conclusions are as follows. 1045 

1. The properties of welded UNS S32750 depend on three controlling quantities: the 1046 

cooling time through about 1200–800 °C, which governs primary austenite formation; the 1047 

nitrogen and nickel available in the weld pool; and the cumulative time spent between 600 1048 

and 1000 °C during multipass welding, which governs σ, χ, Cr₂N and γ₂. 1049 
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2. Pulsed GMAW with ER2594 filler, Ar–He shielding gas without oxidising additions, 1050 

nitrogen backing, an arc energy of about 1.2–1.6 kJ mm⁻¹ (net heat input about 0.9–1.3 kJ 1051 

mm⁻¹) and an interpass temperature of 100 °C or less produced joints in 33 mm plate that met 1052 

NORSOK M-601 requirements (30–70 % ferrite, at least 27 J at −46 °C). Settings above 1.5 1053 

kJ mm⁻¹ arc energy or 100 °C interpass have been qualified only for such heavy multipass 1054 

sections and should not be transferred to thinner sections or other joint designs. 1055 

3. Heat input alone is not a reliable predictor of phase balance or corrosion resistance. 1056 

The number of passes, section thickness, filler chemistry and gas composition shift the 1057 

outcome by a similar or greater amount, which explains the apparently contradictory trends in 1058 

the literature. 1059 

4. Weld-metal and HAZ pitting resistance is controlled by the weakest local region: 1060 

ferrite with low PREN, Cr-depleted zones around Cr₂N, Cr- and Mo-depleted γ₂, or oxide 1061 

inclusions. Electrochemical (ASTM G150) CPTs fall from 58–92 °C for the base metal to 45–1062 

71 °C for as-welded arc joints and increase almost linearly with fusion-zone austenite 1063 

fraction; immersion (ASTM G48E) CPTs of 45–60 °C were obtained for 33 mm GMAW and 1064 

SAW joints. Values from the two methods should not be compared directly. 1065 

5. Oxidising shielding gas additions produce oxide inclusions and thinner passive films 1066 

that reduce corrosion resistance, as shown clearly in GMAW-based additive manufacturing. 1067 

6. The evidence base is limited by a scarcity of GMAW-specific studies on UNS S32750, 1068 

inconsistent reporting of heat input and thermal efficiency, and non-harmonised phase 1069 

quantification and corrosion test methods. Thermal-history-based procedure qualification, 1070 

nitrogen and oxygen management, coupled kinetic and data-driven models, and standardised 1071 

corrosion and hydrogen testing are recommended as the priorities for future work. 1072 

7. Gaussian process regression, combined with Bayesian optimisation, is well suited to 1073 

the small, noisy and expensive data sets of super duplex welding: in arc, friction stir and laser 1074 

welding and in wire-arc additive manufacturing it has identified optimal parameters or 1075 

predicted strength from about 12–25 experiments with errors of a few per cent and with 1076 

explicit prediction intervals. No GPR study on GMAW of super duplex steel has yet been 1077 

published. A constrained, multi-output GPR–Bayesian optimisation framework that 1078 

maximises CPT or productivity subject to 30–70 % ferrite, at least 27 J at −46 °C and 350 HV 1079 

or less, using net heat input, interpass temperature, gas composition and thermal-history 1080 

features as inputs, is proposed as a practical route to qualified GMAW procedures for UNS 1081 

S32750. 1082 
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Appendix A. Search strings and abbreviations 1650 

A.1 Search strings 1651 

• ("super duplex" OR "UNS S32750" OR "SAF 2507" OR "2507" OR "25Cr duplex") AND 1652 

("gas metal arc" OR GMAW OR MIG OR MAG OR "pulsed GMAW") 1653 

• ("super duplex" OR "UNS S32750" OR "ER2594") AND ("cold metal transfer" OR CMT 1654 

OR "wire arc additive" OR WAAM) 1655 

• ("duplex stainless" OR "super duplex") AND weld* AND ("heat input" OR "arc energy" OR 1656 

"interpass" OR "multipass" OR "reheating") 1657 

• ("duplex stainless" OR "super duplex") AND weld* AND ("shielding gas" OR "backing 1658 

gas" OR nitrogen OR "Ar-N2" OR "Ar-He") 1659 

• ("super duplex" OR "UNS S32750") AND ("sigma phase" OR "chromium nitride" OR 1660 

"secondary austenite" OR "chi phase") 1661 

• ("super duplex" OR "UNS S32750") AND weld* AND ("pitting" OR "critical pitting 1662 

temperature" OR "toughness" OR "hydrogen") 1663 

• ("Gaussian process regression" OR "Gaussian process" OR kriging OR "Bayesian 1664 

optimization") AND (weld* OR "wire arc additive" OR "additive manufacturing" OR 1665 

corrosion OR pitting) 1666 

Searches were limited to English-language journal articles, standards and guidelines; 1667 

publication years 2018–2026 were prioritised, with earlier sources retained where they remain 1668 

the primary evidence for a mechanism. 1669 

A.2 Thermal-efficiency basis of compiled heat-input data 1670 

The efficiency used by each author, the EN 1011-1 factor applied in this review and the 1671 

resulting net heat input for every compiled heat-input data set are listed in Table A1. 1672 
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Table A1 Thermal-efficiency basis of the heat-input data compiled in this review and conversion to net heat input with the EN 1011-1 thermal 1673 

efficiency factors (k) 1674 

Ref. Process Quantity reported by 

authors 
Efficiency used 

by authors 
Reported values (kJ mm⁻¹) Arc energy (kJ mm⁻¹) k (EN 

1011-1) 
Net heat input (kJ mm⁻¹) 

[6] Pulsed GMAW Arc energy 1.0 1.18–1.58 1.18–1.58 0.8 0.94–1.26 
[6] SAW Arc energy 1.0 1.2–1.5; 2.0–2.3 1.2–1.5; 2.0–2.3 1.0 1.2–1.5; 2.0–2.3 
[16] GTAW Heat input, η = 1 1.0 0.78, 0.99, 1.22, 1.47 0.78, 0.99, 1.22, 1.47 0.6 0.47, 0.59, 0.73, 0.88 
[36] GTAW Welding energy Not stated 0.5, 1.0, 3.5 0.5, 1.0, 3.5 (assumed) 0.6 0.30, 0.60, 2.10 
[35] SMAW Heat input 0.65 0.80 (ER2594); 0.74 

(ER2595) 
1.23; 1.14 0.8 0.99; 0.92 

[18] Robotic GMAW Heat input 0.8 0.62, 0.52, 0.44 0.77, 0.65, 0.55 0.8 0.62, 0.52, 0.44 
[4] Guideline (all arc 

processes) 
Heat input = U·I/v 1.0 (none applied) 0.3–1.5 (2507) 0.3–1.5 – Process-dependent; window kept 

in arc energy (Fig. 12) 
Arc energy E = U·I/v; net heat input Q = k·E [37]. Values reported with an author-specific efficiency were first divided by that efficiency to recover the arc energy. Where no efficiency was stated, the 1675 
reported value was treated as arc energy; this assumption is flagged. All heat-input axes in Figs. 7 and 8 are net heat input. 1676 
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A.3 Abbreviations 1677 

BM: base metal 1678 

CMT: cold metal transfer 1679 

CPT: critical pitting temperature 1680 

CVN: Charpy V-notch 1681 

DL-EPR: double-loop electrochemical potentiokinetic reactivation 1682 

DOS: degree of sensitisation 1683 

DSS: duplex stainless steel 1684 

EAC: environmentally assisted cracking 1685 

EBW: electron beam welding 1686 

FCAW: flux-cored arc welding 1687 

FSW: friction stir welding 1688 

FZ: fusion zone 1689 

GBA: grain-boundary austenite 1690 

GMAW: gas metal arc welding 1691 

GTAW: gas tungsten arc welding 1692 

HAZ: heat-affected zone (HT-, high-temperature; LT-, low-temperature) 1693 

HI: heat input 1694 

HISC: hydrogen-induced stress cracking 1695 

IGA: intragranular austenite 1696 

IP: interpass temperature 1697 

LBW: laser beam welding 1698 

LFW: linear friction welding 1699 

PREN: pitting resistance equivalent number 1700 

PWHT: post-weld heat treatment 1701 

SAW: submerged arc welding 1702 

SCC: stress corrosion cracking 1703 

SDSS: super duplex stainless steel 1704 

SMAW: shielded metal arc welding 1705 

WA: Widmanstätten austenite 1706 

WAAM: wire-arc additive manufacturing 1707 

WM: weld metal 1708 

γ₂: secondary austenite 1709 
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Δt₁₂/₈: cooling time from 1200 to 800 °C 1710 


