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Abstract: The use of commercially available filler metals for wire and arc additive manufacturing
(WAAM) of duplex stainless steel components results in a microstructure with a very low ferrite
content. The ferrite–austenite ratio in the duplex stainless steel weld metal depends on both the
cooling rate and particularly on the chemical composition. However, the research and testing of
special filler metals for additive deposition welding using wire and arc processes is time-consuming
and expensive. This paper describes a method that uses an additional cold wire feed in the gas metal
arc welding (GMAW) process to selectively vary the alloy composition and thus the microstructure
of duplex stainless steel weld metal. By mixing different filler metals, a reduction of the nickel
equivalent and hence an increase in the ferrite content in additively manufactured duplex stainless
steel specimens was achieved. The homogeneous mixing of electrode and cold wire was verified by
energy dispersive spectroscopy (EDS). Furthermore, the addition of cold wire resulted in a significant
increase in sample height while the sample width remained approximately the same.

Keywords: duplex stainless steel (DSS); 1.4462; filler metals; G 22 9 3 N L; GZ 22 5 3 L; cold wire;
wire and arc additive manufacturing (WAAM)

1. Introduction

Duplex stainless steels (DSS) are steels with a dual-phase microstructure consisting of ferrite and
austenite. Due to the high resistance to corrosive media (aqueous media containing H2S, chlorides and
solutions with low pH values), the high resistance to pitting and stress corrosion cracking, as well as
the high strength, DSS are particularly suitable for components at great sea depths and for applications
in the chemical and food industries [1].

For successful welding of highly alloyed, corrosion-resistant DSS, several welding
recommendations have been developed over the past decades that guarantee the required
material-specific properties of the welds. These include, for example, the adherence to specific
energy input per unit length and interpass temperatures, as well as the use of similar filler metals with
an increased nickel content compared to the base metal. However, recent investigations show that the
application of the welding recommendations results in a microstructure with disproportionately high
austenite content in additive multilayer welds if these were produced with a cold metal transfer (CMT)
process and one bead per layer [2–5]. The high austenite content, as well as the formation of secondary
austenite, significantly reduces strength and corrosion resistance [3].

The modification of the alloying concept of the filler metals is an opportunity to reduce the
austenite content in the weld metal. Since the production of many filler metals with modified alloy
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compositions is time-consuming and expensive, the chemical composition is to be adjusted by mixing
commercially available wires via cold wire feed during gas metal arc welding (GMAW) with the CMT
process. Therefore, the objective of these investigations was to qualify the GMAW–CMT cold wire
technology as a method for the specific adaptation of the alloy composition of the weld metal.

2. Welding of Duplex Stainless Steels

2.1. Joint and Surface Welding

Current recommendations for the processing of DSS focus on the formation of a dual-phase
microstructure consisting of ferrite and austenite. Furthermore, the goal is a microstructure without
intermetallic phases and precipitations, which reduce the material properties such as strength, toughness
and corrosion resistance. When welding 22%Cr DSS, the energy per unit length should be between
0.5–2.5 kJ/mm. The interpass temperature should not exceed 250 ◦C. Preheating and postheat treatment
are not generally required [1,6].

When processing DSS, the cooling rate is of decisive importance for the ferrite–austenite ratio,
since the austenite content of the weld metal significantly depends on the t12/8 cooling time [7]. Thus,
similar filler metals with increased nickel content compared to the base metal are used for joint welding
and cladding [8]. These filler metals ensure a sufficient proportion of austenite in the weld metal
despite short cooling times. According to DIN EN ISO 17781, the final ferrite content of the as-welded
weld metal has to be between 30–70% [9]. Welding without filler metal is not recommended unless
postheat treatment is carried out [6].

Recommendations on shielding gases slightly diverge in literature. Multicomponent shielding
gases with helium are particularly suggested in order to reduce the viscosity of the weld pool,
to improve wetting, to cool more slowly and thus to form more austenite or, if necessary, to increase the
welding speed. Nitrogen admixtures are also used to increase the proportion of austenite in the weld
metal. To improve the penetration behaviour, CO2 additions of 2–3% maximum are recommended as
well. [6,10–13].

2.2. Wire and Arc Additive Manufacturing

The layer-by-layer production of components by wire and arc welding offers numerous advantages.
These include new design freedom, a high degree of material utilization, and the possibility of a more
flexible, decentralized manufacturing [14–16].

Depending on the required wall thickness of the component, gas metal arc welding allows the
selection of an appropriate process variant. For the production of thick-walled components, pulsed
arc welding is conceivable, whereas the GMAW–CMT process is advisable for the production of
thin-walled structures.

A challenge in wire and arc additive manufacturing (WAAM) is the very low cooling rate compared
to joint welding. The low heat dissipation and the resulting low cooling rate can cause both high
residual stresses and distortion as well as changes in the microstructure and cracking [17,18].

Preliminary investigations by Posch et al. [2] on the production of turbine blades by WAAM with
the GMAW–CMT process and the standard filler metal G 22 9 3 N L show an excessively austenitic
microstructure with a ferrite content of less than 30%. The microstructure of the welded turbine
blade showed finely distributed secondary austenite in the ferrite grains. The surface roughness was
comparable to that of sand castings. The tensile strength and toughness of the welded structure were
within the specifications of the filler metal data sheet. However, the yield strength was approximately
10% below the specified value.

Stützer et al. [3] investigated the influence of different levels of energy per unit length on the
component dimensions, as well as mechanical and corrosive properties in GMAW–CMT weld metals
using the filler metal G 22 9 3. The structural welds were carried out with energies per unit length
between 0.19–0.61 kJ/mm, achieving an average ferrite content of 30%. A slight increase in the ferrite
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content was recorded with decreasing energy per unit length. The top layer of the welded structures
always showed the highest ferrite content. Austenite growth and secondary austenite formation
were observed in the reheated layers below. This was attributed to the repeated heat input and to an
increasing cooling time with increasing specimen height. Furthermore, it was determined that the
strength transverse to the direction of the buildup is lower than in the direction of the buildup, and that
the minimum requirements for the all-weld metal are only just fulfilled.

In the study by Höfer et al. [4], the suitability of the GMAW–CMT process for the production of a
thin-walled component using the super duplex filler metal G 25 9 4 was examined. An outlet nozzle of
a seawater desalination plant was used as a demonstration component. This component also had an
average ferrite content of only about 30%. The analysis of the temperature cycle of a layer resulted in a
dwell time of 228 s in the temperature range between 800–1200 ◦C.

Eriksson et al. [5] investigated the influence of different levels of energy per unit length in
GMAW–CMT weld metals using the superduplex filler metal G 25 9 4. The energy per unit length
was varied between 0.4–0.87 kJ/mm. The yield strength and tensile strength decreased with increasing
energy per unit length. The achieved average ferrite contents were only around 20%, where the
maximum ferrite content was detected in the top layer. Cr-nitrides in the ferrite grains of the HAZ as
well as secondary austenite in reheated ferrite grains were detected in microscopic investigations.

Investigations on the effects of the thermal cycles in WAAM using the filler metal G 22 9 3 were
recently carried out by Hosseini et al. [19]. Depending on the heat input and the reheating during
welding of the subsequent layers, ferrite contents between 40–65% were detected. With higher energy
per unit length and increasing number of layers, longer cooling times and increasing dwell times in
the temperature range above 400 ◦C were observed. In contrast to the investigations described above,
thick-walled structures with several beads per layer were produced using a conventional arc welding
process in this study. The cooling conditions of these welds are therefore not directly comparable to
those of the GMAW–CMT welding with only one bead per layer.

However, the focus of this study is the further development of filler metals for additive
manufacturing of thin-walled structures using the CMT process. In this type of component production,
the use of commercially available nickel-overalloyed wire electrodes leads to an excessive austenite
content in the weld metal of both the standard duplex steel G 22 9 3 and the super duplex steel G 25 9
4. The reason for the excessive formation of austenite is the increasing cooling time with increasing
specimen height as well as the repeated dwell time in the temperature range between 800–1200 ◦C
during welding of the subsequent layers. As a result of the reduced heat dissipation during the
manufacturing of thin walls, there are long cooling times, and the diffusion-controlled transformation
of δ-ferrite into austenite is supported.

3. Methodical Approach

The process-related reduced cooling rate requires an adaptation of the filler metals to achieve a
balanced microstructure with ferrite contents of 30–70% for wire and arc additive manufacturing of
DSS components. One promising approach is to reduce the nickel content.

As there are no suitable, commercially available filler metals, the GMAW–CMT cold wire (CW)
technology was tested as a method for producing specific alloy compositions. For this purpose,
the maximum amount of cold wire feeding was initially determined. Then, the homogeneity of mixing
of the electrode material and the cold wire was tested. A lean DSS alloy (0.31 wt.% Mo) was used as
the cold wire, and a standard DSS alloy (3.09 wt.% Mo) was used as the wire electrode. The mixing
ratio of electrode:cold wire was 3.3:1. The resulting molybdenum content was determined with at least
ten measuring points per weld layer using the EDS line scan.

Hereafter, decreasing nickel contents in the standard DSS weld metal were generated by mixing
two filler metals with different nickel contents. For this, a filler metal with about 9 wt.% Ni and a filler
metal with about 5 wt.% Ni were used. By varying the cold wire percentage, the nickel content was
precisely adjusted. The cold wire percentage was set by the cold wire feed speed. The layer structure
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and geometry of the specimens were evaluated by visual testing. The height and width of the specimens
were determined in as-welded condition. On cross-sections of the specimens, the microstructure was
evaluated using light microscopy, and the ferrite content was determined by magnetic induction using
a Feritscope®MP3C by Helmut Fischer (Sindelfingen, Germany).

4. Materials and Methods

4.1. Filler Metals and Shielding Gas

A standard filler metal with a nickel content of 8.77 wt.% and a specially designed filler metal
for 3D printing with a nickel content of 5.51 wt.% were used. In addition, a lean duplex filler metal
was applied to examine the homogeneity of the mixing of the electrode and cold wire. Table 1 shows
the chemical compositions of the used filler metals determined by optical emission spectroscopy and
carrier gas melt extraction. The diameter of the filler metals was 1.2 mm each. All welds were produced
with an inert shielding gas consisting of 70% argon and 30% helium.

Table 1. Chemical composition (in wt.%) of the filler metals determined by optical emission spectroscopy
and carrier gas melt extraction*.

Type C* Si Mn Cr Ni Mo Nb Cu N*

G 23 7 N L 0.01 0.57 1.46 23.29 7.34 0.31 0.01 0.22 0.14
GZ 22 5 3 L 0.02 0.45 0.75 22.15 5.51 3.23 0.02 0.18 0.14
G 22 9 3 N L 0.02 0.48 1.54 22.48 8.77 3.09 0.02 0.09 0.14

4.2. Achieving Various Nickel Equivalents

Various nickel equivalents were adjusted by mixing the alloy types G 22 9 3 N L and GZ 22 5 3 L
by cold wire feed during gas metal arc welding. The wire feed speed of the electrode was set at the
welding power source and that of the cold wire at the separate cold wire feed unit. The wire feed rates
were monitored by a wire feed sensor during the welding process.

Appropriate mixing ratios were previously computed based on the WRC-1992 diagram with the
premise of increasing the ferrite content by decreasing the nickel content. The chromium and nickel
equivalents were calculated using the chemical compositions in accordance with formulae (1) and (2):

CrEq = Cr + Mo + 0.7Nb, (1)

NiEq = Ni + 35C + 20N + 0.25Cu, (2)

The chemical symbols indicate the weight percentage of the element present. Table 2 shows the
different mixing ratios with the calculated chromium and nickel equivalents, as well as the ferrite
numbers (FN) determined using the WRC-1992 diagram.

Table 2. Calculated ferrite numbers (FN) for different mixing ratios of the filler metals.

Electrode (El) Cold Wire
(CW)

vEl,
m/min

vCW,
m/min

CW Percentage
% CrEq NiEq

FN
(WRC-1992)

G 22 9 3 - 5 - 0 25.6 12.3 46
G 22 9 3 GZ 22 5 3 5 0.5 9.1 25.6 12.0 50
G 22 9 3 GZ 22 5 3 5 1.0 16.7 25.6 11.8 54
G 22 9 3 GZ 22 5 3 5 1.5 23.1 25.5 11.5 58

GZ 22 5 3 G 22 9 3 5 1.5 23.1 25.4 9.8 88
GZ 22 5 3 - 5 - 0 25.4 9.1 >100
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4.3. Specimens and Process Parameters

The specimens were produced in the form of wall structures consisting of 20 layers with a length
of 200 mm. The walls were welded layer-by-layer using the GMAW cold wire technology. To minimize
the heat input as much as possible, the welds were carried out using the cold metal transfer (CMT)
process. The deposition welds were performed with a neutral torch position, a contact tube distance of
12 mm, and a shielding gas flow rate of 18 l/min. The single layers were welded in PA (1G) position with
alternating welding direction. Thus, it was welded alternately with a front-feeding and rear-feeding
cold wire. The cold wire was fed at an angle of 35◦ in relation to the sheet plane and at a distance of
2 mm from the base of the electrode (see Figure 1).

Figure 1. Setup and positioning of cold wire and electrode.

The average energy per unit length was 0.44 kJ/mm. A maximum interpass temperature of 50 ◦C
was always maintained. The interpass temperature was measured using a type K thermocouple.
The welding parameters were kept constant over all layers. To ensure comparability between the
specimens, all specimens were produced with the same parameter setting. The relevant parameters
are listed in Table 3.

Table 3. Constant process parameters to produce the walls.

Parameter Setting

welding process GMAW–CMT
welding position PA (1G)

torch position, angle α = 0◦, β = 0◦

shielding gas flow rate 18 l/min
shielding gas nozzle diameter 18 mm

gas nozzle distance 10 mm
contact tube distance 12 mm

wire feed speed 5.0 m/min
welding speed 0.5 m/min

energy per unit length 0.44 kJ/mm
interpass temperature ≤50 ◦C

5. Results and Discussion

5.1. Process Stability and Application Limits

The melting of cold wire during gas metal arc welding is basically possible in combination
with the energy reduced CMT process. However, the cold wire percentage that can be added is
limited. The maximum possible wire feed speed ratio of the electrode to the cold wire is 3.3:1 for the
applied parameter setting. With a further increase in the cold wire feed speed, the cold wire is melted
incompletely, which causes process instabilities. More disadvantages of the cold wire technology exist
for both a front-feeding and a rear-feeding cold wire (see Figure 2). A front-feeding cold wire results
in a reduction of the height at the component edges. The cold wire is not melted at the beginning of
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the welding process because the arc only ignites when the electrode is in contact with the component.
At this time, the cold wire is already positioned in front of the component. A rear-feeding cold wire
causes sticking of the cold wire at the end of the component since the residual heat is insufficient for
the complete melting of the cold wire after the arc has extinguished.

Figure 2. Influence of a front-feeding (a) or rear-feeding (b) cold wire on the specimen geometry.

5.2. Layer Structure and Dimensions of the Specimen Geometries

The specimens, consisting of 20 layers, have a height of 40 mm and a width of 6.8 mm when
welded without cold wire feed. The addition of a cold wire results in an increase in the specimen
height, while the width remains approximately the same. The specimen height increases further with
an increasing cold wire percentage (see Figure 3). The increase in specimen height is approximately
28% at a maximum cold wire percentage of 23.1%.

Figure 3. Height and width of the specimens in as-welded condition as a function of the cold
wire percentage.

Figure 4 shows the layer structure of the specimens using macrosections. The cold wire feed does
not only increase the height of the component but also the surface roughness. For components with
functional surfaces, this means increased effort for the subsequent milling process, as well as lower
component thicknesses in the final shape.
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Figure 4. Geometry of specimens consisting of 20 layers each, (a) without cold wire, (b) with 23.1%
cold wire percentage.

5.3. Mixing of Electrode and Cold Wire

The homogeneity of the mixing of wire electrode and cold wire was proven by EDS line scanning.
For the analysis, the scanning electron microscope Scios DualBeam by FEI (Eindhoven Netherlands)
with an SE detector was used. The operating voltage was 25 kV, and the working distance was
13.1 mm. Figure 5 shows the degree of mixing of the two filler metals with very different molybdenum
contents (cf. Table 1). The molybdenum line scan was performed both in a layer with a front-feeding
cold wire (layer 12) and with rear-feeding cold wire (layer 13). The molybdenum peak intensity
was determined in the middle of the specimen with a distance of 100 µm between the individual
measuring areas. The scan was carried out via area analysis covering an area of 19 × 14 µm2. The net
intensity of the molybdenum peak varies over both layers by approximately 4 ± 2 area units (AU).
The fluctuations occur evenly and periodically in both layers. However, these fluctuations are not the
result of insufficient mixing. This is due to the distribution of ferrite and austenite in the analysed
section of the specimen, as shown in Figure 6. In the case of unmixed zones where the cold wire
predominates, the molybdenum peak intensity would be approximately zero. Since such areas cannot
be identified, a homogeneous mixing of the filler metals can be assumed.
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Figure 5. Molybdenum net intensity as a function of the position in the specimen, (a) macrosection
indicating the location of the EDS line scan, (b) net intensities of the molybdenum peaks in layer 12
(front-feeding cold wire) and layer 13 (rear-feeding cold wire).

Electron microscopic examination of the analysed areas provides information on the scattering of
the molybdenum peak intensities. The EDS spectra (Figure 6 right) show the distribution of elements
of the total area in the SEM images (Figure 6 left). The molybdenum peak intensities are mainly
dependent on the microstructure percentages in the measured area. A section with an even distribution
of ferrite and austenite has an average net intensity of the MoL peak of 3.8 AU (see Figure 6a). If the
analysed area predominantly contains ferrite, then IMoL, net = 6.7 AU (see Figure 6b). A predominantly
austenitic analysis area results in a significantly lower peak intensity 2.4 AU (see Figure 6c).
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Figure 6. Net intensity of the molybdenum peak as a function of the ferrite–austenite distribution
in the DSS weld metal microstructure, (a) balanced ferrite–austenite ratio, (b) predominantly ferrite,
(c) predominantly austenite.

5.4. Achievable Ferrite-Austenite Ratios

Figure 7 shows the ferrite numbers of the specimens measured by magnetic induction using
the Feritscope®. The use of the standard filler metal G 22 9 3 N L results in a value of 43 FN,
which corresponds to a δ-ferrite content of 39% (FN = 1.1 x δ-ferrite [%] [20,21]). The ferrite content of
the specimens increases as the percentage of filler metal GZ 22 5 3 L increases. The specimen, produced
only with the filler metal GZ 22 5 3 L, reaches a ferrite content of 79 FN (approx. 72%).

The increase in the ferrite content is attributed to the decreasing nickel content. The tendencies
of the measured and predicted ferrite numbers are basically the same. However, the ferrite numbers
determined by WRC-1992 are always slightly higher than the measured values. The absolute deviation
increases with increasing FN. A possible reason for the deviations between predicted ferrite numbers
and ferrite numbers measured on the weld metal are burning loss and pickup of alloying elements
during arc welding. The predicted ferrite numbers were calculated on the basis of the chemical
composition of the filler metals. However, the actual chemical composition of the weld metal usually
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deviates from the predicted chemical composition due to burning loss and pickup. The cooling
conditions also have a significant influence on the ferrite content and thus the FN. The cooling rates in
WAAM processes do not correspond to the underlying cooling conditions of the WRC-1992 diagram,
which may result in prediction inaccuracies.

Figure 7. Predicted and measured ferrite content of the specimens depending on the mixing ratio of
the filler metals.

The increase in the ferrite content determined with the Feritscope®can also be seen when looking
at the micrographs in Figure 8. The micrographs were taken in the tenth layer of the welded wall
structures. Due to etching with Beraha II, the ferritic matrix is brown or blue, and the austenite is white.
However, in Figure 8a, only a very low ferrite content is present. This microstructural constituent
continuously increases as the nickel content decreases (increase in the percentage of GZ 22 5 3 L from
Figure 8a to Figure 8f). The highest ferrite content is found in the weld produced with 100% GZ 22 5
3 L (see Figure 8f).
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Figure 8. Micrographs of the welded wall structures produced with different mixing ratios at 500x
magnification, taken in layer 10, etching: Beraha II, blue/brown: ferrite, white: austenite (a) 100% G 22
9 3 N L, (b) 90,9% G 22 9 3 N L + 9,1% GZ 22 5 3 L, (c) 83,3% G 22 9 3 N L + 16,7% GZ 22 5 3 L, (d) 76,9%
G 22 9 3 N L + 23,1% GZ 22 5 3 L, (e) 23,1% G 22 9 3 N L + 76,9% GZ 22 5 3 L, (f) 100% G 22 5 3 N L.

All weld metals show a typical Widmanstätten microstructure. The austenite has grown mainly
at the primary grain boundaries, but also partly as platelets within the ferrite grain.

The specimen produced with 100% of the filler metal G 22 9 3 (see Figure 8a) has very large
austenitic side plates. The primary ferritic solidified weld metal is largely transformed to austenite.
As already described, this can be explained on the one hand by a comparatively slow cooling rate
due to the one-dimensional heat dissipation. On the other hand, further ferrite was transformed into
austenite due to the reheating during welding of the subsequent layers. As the nickel content decreases
(from Figure 8a to Figure 8f), the size of the austenite plates decreases. The specimen produced with
100% of the filler metal GZ 22 5 3 (see Figure 8f) has comparatively small austenite platelets. Only 35%
of the primary ferritic solidified weld metal is transformed to austenite.

Micropores, non-metallic inclusions or intermetallic phases could not be observed in
any microsection.

The investigations show that it is possible to influence the ferrite–austenite ratio by adjusting
the nickel content of the filler metal. The optimum nickel content can be determined by mixing two
different filler metals using cold wire technology. However, the mixing ratios are limited due to the
maximum fusible cold wire. A higher percentage of filler wire could be achieved by using a hot wire
instead of a cold wire. Thus, a wider range of adjustable mixing ratios would be possible.

6. Summary and Outlook

In this paper, the suitability of the GMAW cold wire technology as a method for adapting the
alloying concept of filler metals for the additive welding of DSS components was examined. In addition
to the wire electrode, approximately 23% cold wire could be melted in the welding experiments.
The filler metals were homogeneously mixed. It was possible to achieve ferrite contents of 39–72% in
the specimens by mixing two wires with different nickel contents.

The testing of mechanical weld metal properties such as toughness and strength, as well as tests for
pitting corrosion resistance, will be part of future investigations. If the typical material characteristics
cannot be achieved, it has to be examined if the performance can be improved by post heat treatment
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(solution annealing and quenching). Furthermore, the results may be used for the development of new
alloy concepts.
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