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Abstract: Research studies on the Duplex Stainless Steel (DSS) parts fabricated by the Gas Metal Arc Welding-Additive Manufacturing (GMAW-AM) process have revealed 
that undesired deposition geometry, ferrite-austenite (α-γ) phase imbalance, sigma (σ) phase formation, and anisotropic properties are a usual predicament, given the 
complex nature of the GMAW-AM process and highly sensitive alloy composition of the DSS. To what extent these problems have been resolved is a pertinent question. 
This study systematically reviewed the research published in the last ten years involving different GMAW-AM methods for DSS parts fabrication. Particularly, the translated 
effects of process parameter optimisation, shielding gas combination, and special material and mechanism assisted methods on the geometrical, microstructural and 
performance characteristics of parts were critically analysed. The results showed that the research intervention for enhancing metallographic and mechanical attributes of 
GMAW-AM-based DSS parts has a high merit for obtaining tailored grain growth, crystal formation, and balanced α-γ phases with minimal σ phases. A suitable fabrication 
route, backed by available literature, is presented to provide future research directions.  
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1 INTRODUCTION 
 

Research interest in the fabrication of DSS parts by the 
GMAW-AM process has grown impressively, especially 
over the last decade. Backed by equal proportions of α-γ 
phases, DSS parts are extensively employed by chemical 
processing, petro-gas, pulp making, power generation, and 
marine industries due to their strength and exceptional 
corrosion resistance [1]. Among various MAM processes, 
the GMAW-AM uniquely employs filler wire fed into a 
welding robot to deposit successive layers using arc energy 
as per the geometric requirements [2]. The layer-by-layer 
production method enables the deposited material to 
solidify quickly, unlike the traditional casting methods. 
This has enabled the development of unique and complex 
geometries in a much faster production time [3]. 

However, the inherent heating and cooling cycles of 
the process often complicate the geometrical, 
microstructural, and mechanical characteristics of 
fabricated parts. Having a rich and thermally sensitive 
alloy composition, fabrication of DSS parts with suitable 
properties using the GMAW-AM process remains a 
research challenge. Prominent geometric imperfections 
include waviness and lumpiness in deposited layers, 
inconsistent bead geometry, and non-alignment of 
successive beads due to lateral movements. From the 
microstructure perspective, grain coarsening, boundary 
area reduction, α-γ phase imbalance and σ phase formation, 
degrade parts performance and commercial prospects [4, 5]. 
Available studies highlight that both the cause and cure of 
incompetencies in fabricated parts lie in the fabrication 
method. 

Review of the body of research suggests that 
optimisation of welding parameters could overcome 
geometrical defects and ensure dimensional integrity in 
deposited layers. It is also observed that parametric 
optimisation could be combined with specialised gas 
mixtures and novel mechanisms to promote desired α and 
γ phase formations, reshape deposited geometry, and tailor 
alloy composition to a particular requirement.  To chart 
out a commercially viable fabrication route, it is necessary 
to review each method and map its translated effects on 

parts geometric morphology, microstructural 
developments, and mechanical behaviour. 

Therefore, the aim of this study is to review fabrication 
methods employed to develop DSS parts using            
GMAW-AM process. It endeavours to provide a 
comprehensive understanding of the translated effects of 
different fabrication mechanisms on the deposition 
geometry, phases formed, grain and boundary 
characteristics, and the resulting hardness, toughness, 
ductility, and tensile properties. The novelty of the study 
lies in its approach and the broad spectrum of research data 
that has been analysed (2015 to 2025). This study is unique 
as it objectively identifies the existing knowledge gaps and 
addresses them with concrete future recommendations. 
 
2 METHODICAL FRAMEWORK 
 

Successfully achieving the targeted outcomes from a 
research study requires a solid methodical foundation. 
Therefore, from the identification of databases to the 
selection of data for analysis, this study employed a 
methodical framework, shown in Tab. 1. 
 

Table 1 Methodical framework for data collection and analysis 
 Methodical Framework 

Database 

Following 'research' databases were searched: 
1. American Society of Materials International (1) 
2. American Society of Mechanical Engineers (0) 
3. American Society of Testing and Materials (1) 

5. Charles Darwin University (1) 
6. Crainfield University (1) 

7. Croatian Research Information System 
 (CroRIS) (2) 

8. Elsevier-Science Direct (21) 
9. IEEE Xplore (0) 

10. International Institute of Welding (4)  
11. Institute of Materials, Minerals and Mining (1) 

12. John Wiley and Sons Limited (1) 
13. Korean Institute of Metals and Materials (3) 

14. Multidisciplinary Digital Publishing Institute (10) 
15. Paradigm Reference-Global (Sciendo) (1) 

16. SAE International (1) 
17. Sage (1) 

18. Springer-Nature (18) 
19. Taylor & Francis Group (0) 

20. University of Slavonski Brod (1) 
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Table 1 Methodical framework for data collection and                          
analysis - continuation 

 Methodical Framework 

 

21. Miscellaneous (3) 
 

Following 'conference' databases were searched: 
1. Danube Adria Association for Automation & Man

ufacturing (DAAAM) Conference (1) 
2.MATEC Web of Conference (1) 

3.13th International Scientific-Professional Conferenc
e SBW, 2025 (1) 

 
Following 'theses' databases were searched: 

1. Cambridge.org (1) 
2. ProQuest (1) 

Keywords 

3D printed DSS (0) 
AM of DSS (37) 

DED-arc of DSS (1) 
GMAW-AM of DSS (3) 

MAM of DSS (1) 
MIG-AM of DSS (1) 
WAAM of DSS (30) 

Timeframe March 2024 to August 2025 

Inclusion 
Criteria 

(61 studies 
qualified) 

1. Original research involving DSS alloys and the 
GMAW-AM process. 

2. Research published as journal article, conference 
paper, or thesis. 

3. Studies reporting experimental and standardised 
testing results. 

4. Cited, at least once. 
5. Indexed in Google Scholar, Scopus, Web of Science, 

or at least in one of the popular research platforms. 
6. Open-access. 

Exclusion 
Criteria 

(5 studies 
qualified) 

1. Review Paper. 
2. Non-cited. 

Outcome 
61 research studies were systematically selected for the 
review of DSS parts fabricated using the GMAW-AM 

process. 
 
3 REVIEW AND ANALYSIS 
3.1 Process Parameter Optimisation-Based Fabrication 
 

The optimisation of the GMAW-AM process for the 
fabrication of DSS parts with suitable microstructure and 
appreciable properties remains as relevant as ever. The 
available literature indicates that parametric optimisation is 
the preferred route for researchers to produce DSS parts 
with adequate characteristics. Systematic methods for 
parametric optimisation include the application of DOE, 
OFAT, BOP, and MPO to rationalize the supplied DE [14, 
19, 61, 62]. This section aims to review the effect of 
parametric optimization and the resulting DE on parts 
geometry, α-γ phases, σ phase, and mechanical properties. 
Some studies also employed post-process heat treatments 
to optimise grain structure and restore the α-γ phase 
balance. Since post-process treatments were not within the 
scope of this study, they were not considered for analysis. 
 
3.1.1 Geometrical Appearance 
 

For the sustainability of the fabrication process, it is 
essential that the deposited parts have high density, less 
filler material consumption, and least post-process 
machining requirements. The dimensional integrity of 
fabricated parts should be acceptable in terms of the 
deposition area, optimal width, and height of each 
deposited layer, with acceptable depth of penetration [6]. 
Optimum process parameters are vital to develop parts with 
improved bead morphology obtained with the minimum 

number of layers [7]. This reduces the overall production 
cost and time [8]. 

According to Knezović et al. [9], due to successive 
layer deposition, the deposited material continued to settle 
downwards, resulting in a decrease in overall height. They 
suggested that deposition of limited or few layers was not 
suitable for a reliable analysis [9]. In another study by 
Knezović et al. [10], different ILTs accounted for different 
geometrical appearances and properties of DSS parts 
fabricated using the GMAW-AM process. Three 3 ILTs 
(50 ℃, 100 ℃, and 150 ℃) were employed to analyse their 
effect on net process duration. The results indicated that 
productivity was maximum with the highest ILT. While 
porosities were observed in all samples, the one obtained 
with 50 ℃ ILT had the highest porosity [10]. 

Some studies involved SDSS, which contain higher 
percentages of α stabilisers (Cr, Mo) and γ stabilisers (Ni, 
N), giving them more improved mechanical and 
electrochemical properties than the standard DSS [11]. A 
study on GMAW-AM-based production of SDSS parts 
found that structures involving multiple layers had less 
geometrical stability at higher IPTs [12]. During       
GMAW-AM-based fabrication of SDSS parts, Kumar and 
Maji [13] found that the WFS and V had a direct 
relationship with the bead dimensions and production rate 
during the GMAW-AM of SDSS parts. The research 
indicated that a higher flow rate of shielding gas and TS 
influenced bead dimensions and production rate inversely 
due to less material deposition per unit length [13]. 
Recently, Kumar et al. [14] employed ML-based MPO for 
optimum SGFR, V, TS, and WFS for GMAW-AM process. 
The method improved the overall height of the deposited 
SDSS structure and deposition efficiency [14]. 

In some studies, CMT technology was employed for 
DSS parts manufacturing. CMT is the modified version of 
the GMAW-AM process in which the metal droplets are 
deposited in a point-by-point or spot-by-spot manner 
during the layer deposition. As the DE input is significantly 
reduced, this technique is instrumental in controlling the 
thermal gradients and overall temperatures achieved 
during the process [15]. Nikam et al. [16] performed 
surface characterisation of fabricated parts. Their results 
indicated that CMT-based parts were comparable to       
hot-rolled cast DSS in terms of surface quality [16]. They 
suggested that CMT improved arc stability, which 
mitigated the risk of porosities and spatter formation [16]. 
According to Pant et al. [17], the CMT improved the 
geometrical consistency of deposited beads. The fabricated 
parts were devoid of macroscopic or visual defects due to 
increased process efficiency possible with CMT [17]. In 
the research by Hosseini et al. [18] two types of walls 
structures were fabricated using a higher ILT of 250 ℃ and 
a lower ILT of 150 ℃. However, production time with each 
ILT was different due to the different DE input and 
different delay schedules [18]. 

Attar et al. [19] adopted reciprocated deposition and 
improved the geometry of DSS during the          
CMTGMAW-AM process. The fabricated walls had high 
geometrical stability [19]. Qi et al. [20] found that the 
number of layers and passes employed significantly 
affected the deposition geometry. They suggested that the 
fabricated geometry was the interplay of ILT, TS, and 
deposition path. It was recommended that the width of 
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overlapping layers should be less than the width of a single 
layer to achieve geometric accuracy [20]. Queguineur et al. 
[21] optimized IPT, TS, and WFS using DoE. When the 
macrostructure was correlated with process parameters, it 
was found that the WFS affected bead thickness more, 
while higher TS decreased bead thickness [21]. Chen et al. 
[22] analysed the deposition geometries of ER2209 and 
ER2594 filler wires. Upon fabrication, it was observed that 
the walls had waviness along the deposition and build 
directions. This variation was more pronounced in the 
ER2594 sample, indicating the increased geometric 
sensitivity with the increase in alloy composition. 
 
3.1.2 α-γ Phase Formation 
 

The superior characteristics of DSS alloys are a result 
of their α-γ phase balance, resulting in a microstructure 
with two types (duplex) of grains. However, the complex 
thermal cycles involved in the GMAW-AM process 
deteriorate the in-built phase balance [23]. This section 
reflects on findings reported in each of the studies 
considered involving process parameter optimisation and 
its effect on the post-fabrication phase ratio. 

Hejripour et al. [24] analysed the effect of slow 
solidification possible by parameter optimisation. Slower 
cooling resulted in more γ formation and significantly 
reduced the α phase. Thermal cycles were analysed using 
both simulation and experimental methods. α and γ phase 
contents varied along the structure, with the lowest α and 
highest γ phase contents detected in the middle layers [24]. 
The study by Knezović et al. [9] also revealed that the α 
content was minimum in the samples fabricated with 
higher ILTs. According to Hosseini et al. [18], maintaining 
a low ILT (150 ℃) and a low DE of 0.5 kJ/mm during the 
CMTGMAW-AM process helped obtain the desired α-γ 
phase fractions in DSS parts. High ILT (250 ℃) and high 
DE (0.8 kJ/mm) produced excess γ. The findings suggested 
that the DE input optimisation by a judicious selection of 
the number of layers and passes employed could help 
obtain the desired α-γ phase ratio [18]. 

According to Nagasai et al. [25], the DSS cylinder 
fabricated using the GMAW-AM process was 
characterised by anisotropic α and γ phase distribution, 
resulting in a variable phase ratio across the built direction. 
Similarly, Kumar and Maji [13] focused on finding suitable 
process parameters for improving phase uniformity 
throughout the deposited structure. They reported that the 
excess γ formation is guaranteed due to the complex nature 
of the fabrication process. However, the parts had 
satisfactory mechanical properties [13]. Similarly, Bi et al. 
[30] employed the CMTGMAW-AM process to develop 
DSS parts. Heterogeneous distribution of α and γ phases 
was obtained along the build direction. The α and γ phase 
ratio reflected an inverse relationship. The bottom section 
was dominated by the α phase, while the top section 
contained the highest γ content. Therefore, the 
microstructure lacked consistency from top to bottom of 
the deposited structure [30]. 

While some studies achieved desirable α-γ phase 
percentages, as shown in Fig. 1, various studies have 
reported a predominant γ phase formation which 
compromised the α-γ phase balance and isotropy of 
formation, as shown in Fig. . Karunanithi et al. [26] also 

reported an excessively austenitic microstructure. The γ 
phase content varied between 73% and 85%, while the α 
phase remained only between 15% to 27%. The low α 
phase was reported to be due to slow solidification and 
longer retention of layers in the γ formation range [26]. 
Microstructural observation done by Eriksson et al. [28] 
showed that the α phase content was quite low, between  
15% to 27%, throughout the SDSS structure deposited by 
the GMAW-AM process. The microstructure largely 
possessed SA, WA, and IGA phases due to a higher 
percentage of Ni and N in the filler wire [28]. According to 
Kannan et al. [29], the presence of lower α phase and 
excessive γ phase in SDSS parts resulted in anisotropic 
hardness and tensile strength properties. The results agreed 
with previous works on the development of SDSS parts 
using the GMAW-AM process, involving analysis of 
geometrical features, α-γ phase ratios, and non-uniform 
behaviour of mechanical properties [29]. Kemény et al. [27] 
suggested that the α-γ phase formation and distribution are 
functions of welding parameters, especially weld voltage. 
In this study, the relationship between V and phase contents 
was analysed. It was concluded that the increase in V 
caused an increase in the γ phase [27]. 
 

 
Figure 1 Studies reporting suitable α-γ phase balance 

 

 
Figure 2 Studies reporting excessive γ formation and depleted α phase 

 
Queguineur et al. [21] analysed the phase formation 

characteristics of parts deposited with ER2209 and 
ER2205 filler wires. The α phase percentage with ER2205 
was satisfactorily between 48.5% and 52.66%. With the 
ER2209 filler wire, it was low (28.9%-30.55%). The α 
phase was drastically reduced with increased DE. The 
phases were heterogeneously distributed. However, the 
role of additional N and Ni in the ER2209 filler wire for 
phase formation remained unexplored [21]. According to 
Du et al. [31], the α to γ transformation occurred between 
the temperature range of 1020 ℃ and 1390 ℃. It was stated 
that the solid-state transformation is nearly absent below 
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the temperature of 1020 ℃ at higher cooling rates. The α 
phase fraction was measured to be 30%, thus signifying the 
need for parametric optimisation for higher α formation 
[31]. 

In another microstructural analysis by Queguineur et 
al. [33], it was suggested that with low DE input, a higher 
α phase percentage than the γ phase could be obtained. 
Contrastingly, the wall sample fabricated using higher DE 
input had a higher γ phase content than the α phase [33]. 

Wu et al. (2024) employed variable polarisation (VP) 
CMTGMAW-AM for fabricating DSS walls [32]. This 
fabrication method was successful in obtaining a nearly 
balanced α-γ phase ratio. VP reversed the charge carried by 
the filler wire and the base plate, optimising the DE input 
and overcoming the excessive γ formation. 

Wittig et al. [34] optimised two parameters, WFS and 
TS, and found that the optimization influenced the α and γ 
phases of both DSS and SDSS parts. The periodic heating 
and solidification promoted the growth of secondary γ 
phase particles. Longer times at elevated temperatures 
resulted in an unacceptable phase balance [34]. 

Likewise, Liu et al. [36] employed the         
CMTGMAW-AM process for 3D printing of SDSS walls 
and conducted microstructural analysis [36]. They 
observed that the top layer possessed WA, IGA, and SA. 
However, this was not consistent with the middle and 
bottom sections, resulting in a heterogeneous phase 
distribution. The α phase percentages were 29.7%, 33.53%, 
and 45.80% in the bottom, middle, and top sections, 
respectively [36]. 
 
3.1.3 σ Phase Formation 
 

During the GMAW-AM process, the bottom layers are 
comparatively less prone to heat entrapment due to the base 
plate, which acts like a heat sink. Similarly, layers in the 
top section dissipate heat easily as they are not subjected to 
subsequent layer deposition. The middle section layers 
experience protracted heat retention, which often results in 
the precipitation of deleterious σ phase. They are formed 
when Fe, Cr, and Mo are no longer soluble in the α matrix, 
resulting in the precipitation of their tetrahedral 
intermetallic crystals. Formed between 925 ℃ and 815 ℃ 
temperature range, they degrade toughness, corrosion 
resistance, and induce embrittlement [37-39]. 

Recently, Bellamkonda et al. [40] observed the σ phase 
along the grain boundaries in the DSS cylinder fabricated 
by the GMAW-AM process. Comparatively, a similar 
component developed by the CMTGMAW-AM process 
had no σ phase formation [40]. Wu et al. [41] analysed that 
suitable ILT and low DE during the GMAW-AM process 
were instrumental in producing SDSS parts in which no σ 
phase formation was observed. Prathivraj and Oyyaravelu 
[42] maintained a constant IPT of 150 ℃ during the 
GMAW-AM process to fabricate SDSS 2507 parts. Their 
results indicated that the IPT maintained during deposition 
was optimum to help attain a suitable α-γ phase balance 
without forming the harmful σ phase [42]. According to 
Eriksson et al. [28], maintaining the DE input during the 
GMAW-AM process at a low value was vital to contain the 
formation of detrimental σ phase in the SDSS 
microstructure [28]. This was experimentally validated by 
Hosseini et al. [18] by the application of the  

CMTGMAW-AM process for the fabrication of DSS parts. 
It was found that higher ILTs achieved during the 
fabrication process are conducive to σ phase formation [18]. 
Similarly, Bi et al. [30] showed that lower DE input in the 
CMTGMAW-AM process prevents σ phase formation in 
the DSS microstructure. Low DE input was achieved by 
the optimisation of deposition path, ILT, and TS [30]. 

While the CMTGMAW-AM process can reduce the 
likelihood of σ phase formation, if the layers remain at 
temperatures critical for the formation of σ phase for a 
protracted period, then σ phase formation can occur in both 
DSS and SDSS components, regardless of the process [34]. 
In addition to the optimisation of DE, the chemical 
composition of feed materials, if optimised, can also reduce 
the chances of σ phase formation. Lervåg et al. [43] found 
that a higher Ni-containing SDSS wire combined with a 
lower IPT resulted in no σ phase formation for DE inputs 
between 0.40 kJ/mm and 0.87 kJ/mm during the 
CMTGMAW-AM process. This range of DE input was 
suitable for fabricating components with the required 
mechanical properties. However, outside this range, 
repeated thermal cycles caused the formation of 
detrimental σ phases [43]. 
 
3.1.4 Parts Performance 
 

Huang et al. [35] observed that periodic thermal cycles 
experienced by layers during the process resulted in a built 
structure characterised by a highly unbalanced α-γ phase 
ratio. Pant et al. [17] suggested that each of the γ phase 
morphologies showed unique behaviour, which resulted in 
a heterogeneous microstructure and anisotropic properties 
[17]. The non-uniform heat dissipation pattern of the 
deposited structure and consequent thermal gradients result 
in heterogeneous grain formation. The resulting 
microstructure is a mix of grains, including coarsened and 
fine, epitaxial and equiaxed, columnar and lamellar 
formations. This is translated into anisotropy of mechanical 
properties along different orientations of the deposited 
structure [17, 25, 26, 31, 35, 47]. In the following 
paragraphs, tensile, toughness, and hardness properties of 
parts, with focus on the anisotropic behavior of each 
property, have been reviewed. 

According to Knezović et al. [10], the hardness was 
lowest at 150 ℃ ILT, indicating an inverse relationship 
between ILT and hardness property. This was also the trend 
in the study by Akselsen et al. [12]. Furthering the analysis 
on ILT, Sales et al. [44] critically analysed its influence on 
fatigue of DSS parts fabricated by the GMAW-AM process 
[44]. They observed that low IPTs enhanced the fatigue 
resistance of components, while no change was observed 
in their elongation, yield, and tensile strength. Another 
study by Sales et al. [45] suggested that the placement of 
beads, TS, filler wire diameter, and IPT shape the fatigue 
life of parts. These parameters were more critical for 
fatigue than the post-process heat treatment. Recently, 
Sales et al. [46] suggested that the fatigue life of the 
longitudinal sample was 50% more than that of the 
transversal sample. With the optimisation of TS and WFS, 
and maintaining 150 ℃ ILT, the yield strength measured 
678 MPa horizontally and 652 MPa vertically, making the 
anisotropic behaviour of the tensile property evident, 
though only by 3.98%. It was suggested that the deposition 
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direction should be perpendicular to the maximum stress 
direction for improved fatigue life [46]. 

Karunanithi et al. [26] evaluated the anisotropy of 
hardness as 19.59 HV0.3, while that of tensile property was 
up to 20 MPa, between horizontal and vertical samples. 

On the other hand, Prathivraj and Oyyaravelu [42] 
reported uniform hardness and tensile properties. Their 
results indicated that hardness and load-displacement 
curves were largely uniform along different directions of 
the structure. Similarly, Eriksson et al. [28] also found that 
the SDSS wall samples manufactured using the   GMAW-
AM process had satisfactory tensile, hardness, and 
toughness properties. However, at higher DE input, the 
tensile strength became lower than that of the base plate 
[28]. 

Pechetet al. [48] suggested that the optimisation of TS 
and WFS improved bead dimensions and tensile strength. 
No deposition defects, such as inclusions or porosities, 
were observed. 

Bellamkonda et al. [40] compared mechanical 
characteristics of the DSS cylinders fabricated using the 
CMTGMAW-AM and conventional GMAW-AM 
processes. Their results indicated that the parts fabricated 
using the GMAW-AM process lacked mechanical isotropy, 
while CMTGMAW-AM-based parts had superior hardness, 
toughness, and tensile strength [40]. A similar comparison 
of parts properties was carried out by Posch et al. [15]. The 
CMTGMAW-AM process had considerably less DE input 
throughout the fabrication process. The deposited samples 
had mechanical properties comparable to the values 
recommended by the product data sheet [15]. 

Contrarily, according to Pant et al. [17], the DSS 
components fabricated using the CMTGMAW-AM 
process did not possess isotropic mechanical properties. 
Microhardness varied along the top, middle, and 
bottomsections. While mechanical properties were not 
isotropic, the parametric optimisation produced the 
required deposition geometry [17]. Queguineur et al. [33] 
analysed the microhardness of each of the α-γ phases. They 
observed that the γ grains had higher hardness than the α 
grains. However, the microindentation and 
nanoindentation hardness results were not identical [33]. 

Bi et al. [30] fabricated a DSS structure using the 
CMTGMAW-AM process. The anisotropic properties were 
attributed with the non-uniform α-γ phase distribution. The 
tensile strength was higher at the bottom, and lower at the 
top and middle sections [30]. 

Chen et al. [22] found that the tensile strength of the 
deposited walls was lower than that of the filler wires. 
Samples extracted perpendicular to the deposition 
direction showed the least Youngꞌs modulus and tensile 
strength values. However, the walls exhibited satisfactory 
ductile properties [22]. 

Yuan et al. [49] attributed anisotropic hardness and 
tensile properties to the heterogeneous temperature 
distribution. Their simulation and experimental results 
showed that the unidirectional path caused more heat 
accumulation than the bidirectional deposition, resulting in 
a large amount of columnar grain formation. This 
deteriorated the microhardness and tensile properties. 
However, for either deposition path, the samples had 
comparable stress distributions. 

Figs. 3, Fig. 4, and Fig. 5 show hardness (HV10), 

microhardness (HV0.1), and tensile characteristics as 
reported in available studies, respectively. 
 

 
Figure 3 Hardness of DSS parts fabricated by GMAW-AM at 10 kg load 

 

 
Figure 4 Hardness of DSS parts fabricated by GMAW-AM at 0.5 kg load 

 

 
Figure 5 Tensile property of DSS parts fabricated by GMAW-AM 

 
3.2 Shielding Gas Combinations-Based Fabrication 
 

This section focuses on the combination of different 
gases employed during DSS fabrication by the         
GMAW-AM process. From quantification analysis, pure 
Ar gas has most commonly assisted the fabrication process 
[14, 17-19, 24, 29, 35, 36, 45, 50], followed by Ar and N2 

mixture [32, 33, 51, 52, 69], Ar and O2 mixture [9, 12, 15, 
20-22, 27, 28, 32-34, 43, 44, 46, 48, 53, 54, 64], Ar and NO 
mixture [12, 28, 43], and Ar and CO2 mixture [65]. 

Akbarzadeh et al. [51] analysed the mechanical 
characteristics obtained under Ar + 2 wt% O2 and Ar + 2 
wt% N2 combinations. The Ar + 2 wt% N2 samples had the 
highest tensile strength. This increase was attributed to the 
strengthening of γ phase possible with the introduction of 
N2 in the fabrication process. The microhardness of the Ar 
+ 2 wt% N2 sample was higher than that of the Ar and Ar + 
2 wt% O2 samples [51]. 

Similarly, Wu et al. [53] employed Ar + 2% N2 and Ar 
+ 2% CO2 mixtures [53]. The Ar + 2 % N2 promoted higher 
and more uniform distribution of the γ phase, compared to 
the Ar + 2% CO2 samples, which experienced a lower γ 
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phase formation. Compared to Ar + 2% CO2 samples, the 
Ar + 2% N2 samples had lower tensile strength anisotropy 
and higher toughness, which was attributed to their higher 
γ phase. Also, the Ar + 2% N2 combination did not 
imbalance the α-γ phase ratio caused by higher DE input. 

Binesh et al. [50] analysed the role of Ar in promoting 
a suitable α-γ phase balance in DSS parts fabricated by 
employing the GMAW-AM process. Their 98% Ar + 2% 
CO2 combination produced a nearly balanced α-γ phase 
ratio in the DSS samples. Although the tensile strength was 
less than that of the wrought counterparts, it was better than 
that of the samples with only Ar gas [50]. 

Kemény et al. [27] employed Ar + CO2 and Ar + He 
mixtures in combination with 17 V and 19 V weld voltages. 
They observed that the presence of He in the process 
decreased the overall α phase content. Their results 
indicated that the 17 V configuration promoted α formation 
with Ar + CO2 mixture due to a lower DE input. However, 
α content remained low even at 17 V when Ar + He mixture 
was employed. 

Ersan [52] suggested that Ar + O2 resulted in oxide 
inclusions. The gas combination also compromised the 
fatigue resistance and increased vulnerability to crack 
initiation. 
 
3.3 Special Mechanism and Material-Based Fabrication 
 

Assistance of special mechanisms (also termed in-situ 
or in-operando mechanisms) and specially designed filler 
materials can be employed to enhance parts properties [54]. 
This section includes studies involving chemically 
modified fabricated parts [54], chemically modified filler 
wires [57], and employment of double filler wires via 
innovative process designs [58, 59]. 

Zhang et al. [54] compared the characteristics of 
special FC DSS wire and commercial DSS wire. The 
microstructure analysis indicated an excessive γ phase 
formation (70%) with commercial wire. The special wires, 
FCWA-AM-DSS#1 and FCWA-AM-DSS#2, reduced the γ 
phase to 37% and 45%, respectively. 

Later, Zhang et al. [57] specially designed the filler 
wire to improve the CrEq and NiEq values of fabricated 
components. When the CrEq:NiEq was 2.23, the γ phase 
content was 45%. It was recommended that the CrEq:NiEq 

should be between 1.89 and 2.65 for a desirable phase 
balance. The fabricated parts exhibited higher tensile 
strength than their hot-rolled counterparts. 

Similarly, Wu et al. [58] modified the chemical 
composition of fabricated parts by in-situ addition of Ti. 
This transformed the grain structure from epitaxial 
columnar to fine equiaxed. Ti additions between 0.5% to  
1% (wt%) were recommended [58]. 

Stützer et al. [59] modified the chemical composition 
of deposited material by using a supplementary DSS wire 
with higher Ni content in combination with standard DSS 
filler wire. The addition of Ni stabilised the α-γ phase 
balance by optimising the α phase content from 39%           
to 72% [59]. 

On the other hand, Yu et al. [60] employed an in-situ 
trailing-rotation-extrusion mechanism during the 
CMTGMAW-AM process. By virtue of the contact 
between the high-speed rotation-extrusion tool and the 
deposited layers, the layers became plane and flat, and their 
waviness was overcome. While surface defects such as 
porosities were still encountered, the samples possessed 
superior tensile strength and microhardness properties than 
the as-deposited counterparts [60]. 
 
4 DISCUSSION AND ANALYSIS 
 

Analysis of the process optimisation method shows 
that controlling the DE input is crucial for obtaining parts 
with suitable microscopic characteristics. The thermal 
inputis a combined cumulative result of welding 
parameters (V, I, and TS) and ILTs. Thus, finding the 
correct set of values for each parameter is vital to 
producing suitable parts. A higher V and WFS employed 
with a lower TS might result in a higher deposition rate per 
unit volume, which might not be appropriate, especially if 
thin-walled structures are required [13, 17]. Similarly, 
reducing the V and I might not ensure sufficient material 
deposition [14, 21]. Parametric optimisation is not only 
essential for ensuring geometric precision, but also for the 
fabricated parts to retain a suitable α-γ phase balance and 
desirable grain formation characteristics. The correct set of 
parameters can be systematically determined using tools 
such as DOE, BOP, OFAT, and MPO [14, 19, 61]. 

 
Table 2 A suitable fabrication route for DSS parts fabrication by the GMAW-AM process 

Benchmark Requirement Recommendations 

Microstructure and  
Mechanical Competency 
in DSS parts fabricated by 
the GMAW-AM process 

Achieved when the fabricated parts have: 
1. Geometric precision, with no porosities, humps, 

or shrinkages. 
2. Suitable α-γ ratio. 
3. Uniform grain and boundary characteristics. 
4. No σ phases along the grain boundary. 

1. Optimised welding parameters and ILT [9, 10, 12, 13, 18, 20, 
21]. 

2. Optimum cooling conditions to enhance α-y transformation 
for achieving a suitable phase balance [10, 18, 21,31-33, 36, 
40]. 

3. Alloy composition adjustment by suitable shielding gas 
combination, or special material or mechanism for enhanced 
mechanical and electrochemical properties [50, 52-54, 57]. 

4. Post-process treatment [5, 38]. 

 
Similarly, in the case of shielding gas combinations, 

literature shows that these combinations could be 
instrumental for achieving desired characteristics in DSS 
structures deposited by the GMAW-AM process, as long 
as the combination employed complies with relevant 
standards [2]. Compared to other gases, N2 could be vital 
in promoting a suitable α-γ phase ratio, as it promotes 
austenisation of otherwise highly ferritic microstructure, 

especially in parts developed using a smaller number of 
layers [51, 53]. 

Special mechanism-assisted fabrication can be handy 
for overcoming an unbalanced phase ratio. Employment of 
secondary wire feed in addition to the primary filler wire 
favorably modified the overall alloy composition of DSS 
parts and improved their overall metallographic 
characteristics [57-59]. This method could alter the alloy 
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composition to improve the overall or a particular 
mechanical property as dictated by the commercial 
requirements of fabricated parts. Besides the special 
mechanisms already employed and researched, future 
studies should explore additional mechanisms to assist the 
deposition process, for example, in-situ ultrasonic 
vibration assistance, pressure application, cold 
deformation, interpass rolling, etc., to achieve a tailored 
deposition geometry, grain growth, boundary formation, 
and α-γ distribution characteristics [63, 66]. 

The review analysis is summarised in the form of a 
suitable fabrication route for DSS parts by the GMAW-AM 
process, as both the cause and cure lie in the fabrication 
method employed, (Tab. 2). 
 
5 CONCLUSION 
 

In this study, 3 approaches used for DSS parts 
fabrication by the GMAW-AM were systematically 
reviewed to develop a suitable fabrication route for DSS 
parts by the GMAW-AM process. In this regard, relevant 
studies were reviewed and analysed to draw the following 
conclusions: 

Optimisation of DE is required to improve the energy 
conservation footprint of the GMAW-AM process. It is 
highly desirable to devise optimum methods for DSS parts 
fabrication at the expense of minimum material and energy 
consumption. While existing studies on process 
optimisation are commendable, there is plenty of room for 
more innovative means, for example, ML-based parameter 
optimisation. 

The ILTs and their role in the overall thermal input and 
solidification mechanism during deposition of DSS parts 
by the GMAW-AM process need more research attention. 
Whether the ILT employed during the fabrication process 
could be any random number, or a specific value with a 
particular impact on geometrical, microstructural, and 
mechanical characteristics of fabricated components, and 
how the dwell (idle) time and time-at-temperature in a 
certain range constrain the selection of a particular ILT, 
needs a more definite research answer. 

The special mechanisms to assist the fabrication 
process should be designed and devised so as to overcome 
the defects otherwise present in the as-deposited parts. 
Possible examples include in-situ peening, rolling, 
vibrations, and even alloy composition modifications 
possible with additional feed wires. 

To overcome challenges such as porosity, phase 
control, and anisotropy of part properties, future studies 
should expand knowledge about the phase transformation 
during the fabrication process, the role of N2 shielding gas 
and IPT on DSS performance, the effect of solidification 
conditions on α-γ formation and grain structure, by 
employing strategies such as real-time thermal control. 

The anisotropy of fabricated parts is largely due to 
heterogeneous phase formation and distribution patterns. If 
this is an intrinsic microstructure phenomenon, then there 
is a dire need to analyse phase-wise mechanical 
characteristics of fabricated components. Knowledge of 
the characteristic behavior of each phase morphology will 
enable tailoring the process conditions to the formation of 
desired phases and their morphologies to finally achieve 
the required mechanical characteristics. 
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Nomenclature 
 
3D  Three-Dimensional 
α-γ  Ferrite-Austenite 
σ  Sigma 
Al  Aluminium 
BOP  Bead-On-Plate 
CMT  Cold Metal Transfer 
CO2  Carbon di Oxide 
CQI  Continuous Quality Improvement 
Cr  Chromium 
CrEq  Chromium Equivalent 
DE  Deposition Energy 
DED-Arc  Directed Energy Deposition-Arc 
DOE  Design-Of-Experiment 
DSS  Duplex Stainless Steel 
FC  Flux Cored 
Fe  Iron 
GMAW-AM Gas Metal Arc Welding-Additive 

Manufacturing 
He  Helium 
I  Weld Current 
IGA  Intragranular Austenite 
ILT  Interlayer Temperature 
IPT  Interpass Temperature 

MAM  Metal Additive Manufacturing 
MIG-AM  Metal Inert Gas-Additive Manufacturing 
ML  Machine Learning 
Mo  Molybdenum 
MPO  Multi-Parameter Optimisation 
N  Nitrogen 
Ni  Nickel 
NiEq  Nickel Equivalent 
NO  Nitrogen Oxide 
OFAT  One-Factor-A-Time 
SA  Secondary Austenite 
SDSS  Super Duplex Stainless Steel 
SGFR  Shielding Gas Flow Rate 
SS  Stainless Steel 
Ti  Titanium 
TS  Travel Speed 
V  Weld Voltage 
VP  Variable Polarisation 
WA  Widmanstätten Austenite 
WAAM  Wire Arc Additive Manufacturing 
WFS  Wire Feed Speed 
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