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Abstract

The influence of arc energy and filler metal composition on the microstructure of additively welded thin-walled structures

of duplex stainless steels was investigated using different commercially available standard and superduplex solid wire

electrodes commonly used today. As welding process, the cold metal transfer (CMT) process was used. The arc energy and

cooling rate were varied by adjusting the wire feed and welding speed. Optical emission spectroscopy (OES) and carrier

gas melt extraction (CGME) were used to determine the chemical composition of the specimens. The ferrite content was

determined both by magnetic induction and by image analysis as a function of the wall height. In addition, the

microsections were examined for intermetallic phases and precipitations. Moreover, corrosion tests were carried out

according to ASTM G 48, Method A. The results indicate that an increase in arc energy leads to longer t12/8 cooling

times. Depending on the filler metal composition, this leads to ferrite contents that are partially outside the values required

according to ISO 17781. Furthermore, precipitates of secondary austenite are often found, which is attributed to the

multiple reheating by the subsequent layers.
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1 Introduction

Currently, wire arc additive manufacturing (WAAM) is gaining

enormous importance. Especially in the processing of high-

alloyed, expensive materials, the production of near net shape

objects by means of layer-by-layer deposition welding offers

considerable advantages, e.g., the ability to produce complex

geometric shape elements with a high degree of material utili-

zation [1–3]. However, a challenge in additive arc welding is

the relatively high heat input coupled with relatively low heat

dissipation. This can lead to residual stresses and distortion as

well as to changes in the microstructure and crack formation [4,

5]. This becomes particularly critical in the processing of ma-

terials that already require demanding handling from a welding

point of view. Especially, the welding of duplex stainless steels

requires an adjusted heat control to achieve material-specific

properties in the weld metal. Current recommendations for

welding duplex stainless steels focus on achieving a

precipitation-free weld metal microstructure with balanced pro-

portions of ferrite and austenite during joint welding and clad-

ding [6, 7]. However, the application of these recommendations

regarding arc energy and filler metals result in a predominantly

austenitic microstructure in WAAM of duplex stainless steel

components [8]. Reasons for the excessive precipitation of aus-

tenite, especially in thin-walled structures, are the increasing

cooling time with increasing wall height as well as the repeated

dwell time in the temperature range of 1200–800 °C when

welding the subsequent layers [9, 10].

Since there are no reliable recommendations for the

WAAM of duplex stainless steels, the objective of this

study was to evaluate the influence of arc energy and filler

metal composition on the microstructure of additively
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welded thin-walled structures of duplex stainless steels.

The focus was not only on the ferrite-austenite ratio itself

but also on the potential precipitation of secondary phases,

such as secondary austenite.

2 Experimental

2.1 Filler metals and shielding gases

Filler metals for this study included different commercially

available standard and superduplex solid wire electrodes with

a diameter of 1.2 mm. The wire batch of the G Z 22 8 3 L Si

was also provided with a diameter of 1.0 mm. Table 1 shows

the chemical composition of the filler metals that was deter-

mined on button melts produced in an arc melter under pure

argon atmosphere (99.996 %).

Based on the chemical composition of the filler metals, the

expected ferrite number (FN) as a measure of the ferrite con-

tent can be estimated using the WRC-1992 diagram [11].

Table 2 shows the chromium (Eq. 1) and nickel (Eq. 2) equiv-

alents calculated for the filler metals, which can be used to

determine the FN in the WRC-1992 diagram:

CrEq ¼ Cr þMoþ 0:7Nb ð1Þ

NiEq ¼ Niþ 35Cþ 20Nþ 0:25Cu ð2Þ

Shielding gases for the additive CMT welds included an

active gas mixture (Ar + 30 % He + 2 % CO2) that was used

for the standard duplex wires as well as an inert gas mixture

(Ar + 30 % He) that was selected for the superduplex wires,

since previous investigations by Stützer et al. [12] have shown

that even very low amounts of CO2 in the shielding gas can

lead to pores in superduplex weld metal.

2.2 WAAM setup

The layer-by-layer technique in combination with the

GMAW-CMT process was used to produce wall structures

of 20 layers with a length of 200 mm (Fig. 1). The deposition

welds were performed with a neutral torch position, a contact

tip to work 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.

To evaluate the influence of the arc energy, the wire feed

speed (i.e., welding current) and the travel speed were varied

in the ranges given in Table 3. During the production of the

wall structures, the welding parameters for the respective

walls were kept constant over all layers. The welding param-

eters were recorded and evaluated by means of the internal

documentation function of the welding power source. An ex-

ternal data logging system was also used for verification. The

t12/8 cooling time was measured for each layer using a pyrom-

eter. In addition, thermocouples were attached between the

3rd and 4th layer after welding the 4th layer and between

the 10th and 11th layer after welding the 11th layer to record

the temperature cycles for determining the dwell times in the

temperature ranges that are relevant for adverse precipitations.

2.3 Characterization methods

The geometries of the welded wall structures were measured

regarding their thickness and height. The ferrite content was

determined in the bottom, middle, and top of the walls on

cross-sections both by magnetic induction using a Fischer

Feritscope® and by image analysis using micrographs. In ad-

dition, the microstructure was analyzed with regard to the

Table 1 Chemical composition (wt.%) of the filler metals determined by OES and CGME* (filler metal designation acc. ISO 14343-A)

Filler metal C* Si Mn Cr Ni Mo Cu W N* PREN

Standard duplex (30 ≤ PREN < 40)
G 22 9 3 N L 0.012 0.52 1.57 22.9 8.54 3.11 0.05 < 0.01 0.16 35.7

G Z 22 8 3 L Si 0.012 0.77 1.58 23.2 8.56 3.11 0.09 < 0.01 0.16 36.0

G Z 22 5 3 L 0.019 0.45 0.75 22.1 5.51 3.22 0.18 0.025 0.14 35.0
Superduplex (PREN ≥ 40)

G 25 9 4 N L 0.016 0.35 0.84 25.7 9.04 4.17 0.53 0.53 0.24 43.3
G Z 25 10 4 L 0.015 0.42 0.37 25.2 9.49 3.95 0.09 < 0.01 0.27 42.5

G Z 29 8 2 L 0.024 0.39 1.01 28.7 6.94 2.19 0.14 < 0.01 0.36 41.7

PREN = Cr + 3.3Mo + 16N [14]

Table 2 Chromium and nickel equivalents as well as ferrite numbers

(FN) of the filler metals according to the WRC-1992 diagram

Filler metal CrEq NiEq FN

Standard duplex

G 22 9 3 N L 26.0 12.2 54

G Z 22 8 3 L Si 26.3 12.2 57.5

G Z 22 5 3 L 25.4 9.0 > 100

Superduplex

G 25 9 4 N L 29.8 14.6 63

G Z 25 10 4 L 29.1 15.4 47

G Z 29 8 2 L 30.9 15.1 67
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occurrence of precipitations and inclusions. For the determina-

tion of the ferrite-austenite ratio by image analysis, the samples

were etched using Beraha II to obtain sufficiently high con-

trasts. Oxalic acid and NaOH were used in addition to examine

the presence of precipitations. Optical emission spectroscopy

(OES) and carrier gas melt extraction (CGME) were used to

determine the chemical composition of the walls and to evalu-

ate pickup or burning loss of alloying elements. To prove the

corrosion resistance of the walls, the ferric chloride pitting test

was carried out according to ASTM G48, Method A [13].

Before testing, all surfaces of the specimens were milled and

then polished using 120-grit abrasive paper. In accordance with

ISO17781:2017 [14], the corrosion test was carried out in as-

welded condition at a test temperature of 22 °C for the standard

duplex specimens and 35 °C for the superduplex specimens.

The acceptance criterion is a weight loss < 4 g/m2.

3 Results and discussion

3.1 Effect of welding parameters on wall geometry

For the experiments on the influence of the arc energy, both

the wire feed speed (vWFS) and the travel speed (vTS) were

varied in several steps. Since the control characteristic of the

welding power source has sometimes led to considerable de-

viations (up to 0.7 m/min) between set and real wire feed

speed, the measured mean values are used in this paper. As

can be seen in Fig. 2a, both the travel speed and the wire feed

speed directly influence the geometry of the walls. With con-

stant travel speed and increasing wire feed speed (i.e., increas-

ing arc energy), the wall thickness and height increase due to

the increasing deposition rate. The change in travel speed also

influences the wall thickness as well as the wall height at

constant wire feed speed (i.e., constant deposition rate). Both

wall thickness and height decrease with increasing travel

speed (i.e., decreasing arc energy). This allows varying the

wall thickness and height via the vWFS/vTS ratio at constant

deposition rates. Thus, a specific adjustment of the wall thick-

ness of WAAM components is possible by selecting the

welding parameters. However, an increase of the seam

cross-section is always coupled with an increase of the arc

energy and thus with a higher heat input, which can have a

negative effect on the ferrite-austenite ratio. Figure 2b com-

pares the cross-sections of different walls. As can be seen here,

not only the seam cross-section increases with increasing arc

energy but also the waviness of the specimen surface in-

creases, which can lead to major post-processing depending

on the requirements of the final component.

3.2 Effect of arc energy on t12/8 cooling time and
temperature cycle

By increasing the arc energy, the seam cross-section can be

increased, and thus, the number of necessary beads for the

required final geometry can be reduced. However, this is

coupled with an increased heat input, which results in slower

cooling rates. The correlation between arc energy and t12/8

cooling time is shown in Fig. 3a as an example for different

arc energies. On the one hand, the results show that an increase

in arc energy leads to significantly higher t12/8 cooling times in

the respective layers. On the other hand, it can be seen that the

t12/8 cooling times stabilize on a certain level from about the

4th–5th layer. This indicates that above this layer height, there

is only a two-dimensional heat dissipation (along and perpen-

dicular to the welding direction), and the base material is of

Fig. 1 Specimen geometry and indication of the areas of analysis

Table 3 Overview of the process parameters for the production of the

wall structures

Parameter Setting

Welding process GMAW-CMT

Welding position PA (1G)

Welding torch angle α = 0°, β = 0°

Shielding gas flow rate 18 l/min

Contact tip to work distance 12 mm

Wire feed speed (vWFS) 4–7 m/min

Travel speed (vTS) 0.3–0.7 m/min

Arc energy (E) 0.09–0.66 kJ/mm

Interpass temperature (TIP) ≤ 100 °C
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minor importance for heat dissipation. This leads to significant-

ly longer cooling times compared with joint welding, as can be

seen from the reference lines. These were determined at the

research facility during joint welding of superduplex stainless

steel using pulsed arc. The t12/8 cooling times ranged between

1.8 and 3.2 s, and the arc energy was 0.7–0.8 kJ/mm. Due to the

surrounding base material and filler beads, the heat is dissipated

much faster despite higher arc energies. This relationship is

shown schematically in Fig. 3b.

A similar effect can be observed with the dwell times in

high temperature ranges. Due to the welding of the next

layers, the lower layers are repeatedly heated and pass through

temperature ranges where critical phase precipitations, such as

sigma phase (σ), secondary austenite (γ2), carbides, or ni-

trides, can form (Fig. 4). With increasing arc energy, the peak

temperatures and dwell times in the reheated layers also in-

crease. This indicates an elevated risk of adverse phase pre-

cipitations with increasing arc energy.

Fig. 2 a Influence of the welding parameters on wall geometry and deposition rate. b Cross-sections of representative specimens consisting of

20 layers each

Fig. 3 a Comparison of the t12/8 cooling times of WAAM walls as a function of arc energy and layer. b Schematic comparison of heat dissipation

between WAAM and joint welding
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3.3 Effect of arc energy on microstructure

The metallographic investigations show that the ferrite-

austenite ratio is partly subject to strong fluctuations. Thus,

it may happen that there is much less austenite at the fusion

lines between the beads than within the beads, which is due to

reheating by the subsequent layers (Fig. 5). These inhomoge-

neities in the microstructure complicate the determination of

the ferrite content using image analysis. Image analysis re-

quires images with sufficiently high magnification and reso-

lution to allow a proper separation of the microstructures.

Because there are partly significant differences in the micro-

structure proportions in neighboring areas, the result strongly

depends on where and how many images are taken by the

operator. In the example in Fig. 5, there is a difference in the

ferrite content of 20 %. In order to reduce the risk of biased

results due to these influences, the images for image analysis

and ferrite content determination were taken using a digital

microscope. This enables panoramic images in × 500 magni-

fication with up to 100 stitched single images. Thus, a large

region of interest can be analyzed at once, and a reliable mean

value for the ferrite content can be determined (Fig. 6). This

Fig. 4 Exemplary temperature

cycle of a WAAM wall

Fig. 5 Microstructure of an exemplary WAAMwall of G 22 9 3 N L and binary image analysis for determining the ferrite content using single images.

Etching: Beraha II. Austenite = light, Ferrite = dark
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was done in three different positions in the cross-section (bot-

tom, middle, top) and at two cross-sections for each wall.

The results of the ferrite determination by Feritscope® (in

FN) and image analysis (in %) as a function of arc energy and

area of analysis are shown in Fig. 7 using the example of the

G 22 9 3 N L and G Z 22 8 3 L Si. As can be seen, the FN and

the ferrite percent show basically the same tendencies with

regard to the influence of the arc energy. An increase in the

arc energy obviously leads to lower ferrite contents. This is

due to the cooling times and temperature cycles described

above, which are significantly influenced by the arc energy.

When looking at the results with regard to the area of analysis,

it is obvious that the FN and the ferrite percent also show

mostly the same tendencies, but in some cases, there are con-

trary tendencies. However, the majority of the results indicate

that the ferrite content is higher in the upper layers than in the

middle and lower layers. One possible reason for this is that

the 18th–20th layers were included in the analysis of the upper

layers. The 19th layer experienced only one and the 20th layer

no reheating by subsequent layers into temperature ranges that

are relevant for austenite precipitation, so that the ferrite con-

tent here is higher than in the layers below. Furthermore, it is

Fig. 6 Binary image analysis for determining the ferrite content using panoramas. Ferrite = black, austenite = white

Fig. 7 Results of ferrite content determination using Feritscope® (in FN) and image analysis (in%) as a function of arc energy and area of analysis using

the example of G 22 9 3 N L and G Z 22 8 3 L Si
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evident that ferrite percent contents may be obtained which do

not meet the requirements of ISO17781 [14]. For example, in

the case of the G 22 9 3 N L, it is to be expected that unac-

ceptably high austenite contents will occur at arc energies

above 0.3 kJ/mm. In contrast to that, the G Z 22 8 3 L Si seems

to provide an acceptable ferrite-austenite ratio over a wide

range of different arc energies.

3.4 Effect of filler metal composition on
microstructure

To determine the influence of the filler metal composition

on the ferrite-austenite ratio, walls were produced with

different filler metals (cf. Table 1) but same welding pa-

rameters. Due to the previously described control charac-

teristic of the welding power source, the actual values of

the different walls differ slightly, but the arc energies are at

a comparable level. Figure 8 shows the influence of the

filler metal composition on the ferrite content (in FN and

%). As can be seen, the FN and the ferrite percent basically

reflect the same trends with regard to the influence of the

filler metal composition. For example, it is apparent that

the highest ferrite contents in the wall structures can be

achieved with the nickel-reduced G Z 22 5 3 L and the

higher chromium-alloyed G Z 29 8 2 L. In the case of the

Fig. 8 Results of ferrite content determination using Feritscope® (in FN) and image analysis (in %) as a function of filler metal composition and area of

analysis at comparable arc energies

Fig. 9 Comparison of pre-calculated vs. re-calculated vs. measured FN

Table 4 Chemical composition (wt.%) of theWAAMwalls determined

by OES and CGME* (short overview of alloying elements affected by

pickup and burning loss)

Filler metal C* ΔC Cr ΔCr N* ΔN

G 22 9 3 N L 0.020 + 0.008 22.5 − 0.37 0.16 + 0.0032

G Z 22 8 3 L Si 0.015 + 0.004 22.7 − 0.33 0.16 + 0.0039

G Z 22 5 3 L 0.023 + 0.004 21.9 − 0.24 0.19 + 0.0516

G 25 9 4 N L 0.014 − 0.002 24.9 − 0.73 0.23 − 0.0106

G Z 25 10 4 L 0.014 − 0.001 24.5 − 0.63 0.27 − 0.0013

G Z 29 8 2 L 0.023 − 0.001 28.2 − 0.46 0.35 − 0.0173

53Weld World (2021) 65:47–56



G Z 22 5 3 L, the ferrite content may even become unac-

ceptably high. In contrast, significantly lower ferrite con-

tents are achieved with the standard duplex filler metal

G 22 9 3 N L.

In principle, the influence of the filler metal composition

can also be estimated using the WRC-1992 diagram.

However, this requires knowledge of the exact chemical com-

position of the weld metal. Otherwise, relatively strong devi-

ations may occur, as illustrated in Fig. 9. Here, the measured

FN is compared with the pre-calculated FN (based on the

chemical composition of the filler metals) and the re-

calculated FN (based on the chemical composition of the weld

metal). A major reason for the deviations between pre-

calculated and measured FN is the pickup and burning loss

of alloying elements during welding. For example, a signifi-

cant pickup of nitrogen (+ 516 ppm) was detected in the wall

of G Z 22 5 3 L (Table 4). Furthermore, a slight to moderate

burning loss of chromium was determined for all filler metals.

Since these elements are included in the calculation of the

chromium and nickel equivalents (cf. Eqs. 1 and 2), the pre-

diction is subject to inaccuracies. However, if the chemical

compositions of the walls are then used to predict the FN

values (re-calculated FN), taking into account the pickups

and burning losses, it can be seen that the predicted and mea-

sured FN values are very close to each other.

The metallographic examination with regard to the presence

of unwanted phase precipitations shows that secondary austenite

(γ2) is often formed.A specific quantification of the γ2 contents is

not possible on the basis of the micrographs. However, from a

qualitative point of view, the quantity of γ2 depends mainly on

the filler metal composition and to a minor extent on the arc

energy. γ2 was found in all specimens, with the exception of

the walls made of G Z 25 10 4 L and G Z 29 8 2 L, in which

at most, a beginning γ2 formation at very few spots can be

suspected. Sporadic indications of γ2were identified in the spec-

imens of G Z 22 5 3 L, while larger amounts of γ2were detected

in the specimens of G 25 9 4 N L and G 22 9 3 N L (Fig. 10). A

particularly strong γ2 formation was found in the WAAM walls

of G Z 22 8 3 L Si (Fig. 10). A possible reason for the strong γ2
formation in the G Z 22 8 3 L Si is the increased silicon content

compared with the other filler metals (cf. Table 1). When com-

paring the specimens of G Z 25 10 4 L andG 25 9 4NL, there is

a significant difference in the tungsten content. While the

G Z 25 10 4 L does not contain any quantifiable tungsten, the

more γ2 susceptible G 25 9 4 N L contains significantly more

tungsten with 0.53 wt.%. Both silicon and tungsten shift the

precipitation of γ2 to shorter times [16]. In the last welded layer

(20th layer), no γ2was found in any of theWAAMwalls, which

suggests that γ2 is in fact only caused by the reheating from the

subsequent layers.

Fig. 10 Presence of secondary austenite and nitrides in WAAM walls of different filler metal compositions; etching: Beraha II
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In the wall structures of G Z 22 5 3 L, fine nitride precip-

itations were also found in addition to γ2. This is because of

the low solubility of nitrogen in the ferrite in combination with

the high ferrite content in the wall of the G Z 22 5 3 L. Thus,

the excess nitrogen cannot diffuse into the austenite [17].

Evidence of intermetallic phases, such as σ phase, could not

be found in any of the walls, which is in good agreement with

simulations made by Hosseini et al. [15].

3.5 Corrosion behavior

In the literature, both secondary austenite and nitrides are of-

ten described as detrimental with regard to corrosion resis-

tance [18–20]. However, in the present investigations, no sig-

nificant corrosion phenomena can be detected under the re-

quired test conditions with the ferric chloride pitting test ac-

cording to ASTM G48, Method A. As the results in Fig. 11

show, there is no significant weight loss in any of the speci-

mens. There is also no visual evidence of pitting.

4 Conclusions

The influence of arc energy and filler metal composition on

the microstructure of additively welded thin-walled structures

of duplex stainless steels was investigated. The arc energywas

varied between 0.09 and 0.66 kJ/mm using the CMT process.

Three different standard duplex and three different

superduplex filler metals were used to evaluate the influence

of the chemical composition. The following conclusions can

be drawn:

1 The wall thickness of WAAM components can be varied

via the vWFS/vTS ratio when using GMAW processes.

Thus, an increase in the seam cross-section leads to an

increase in arc energy.

2 The t12/8 cooling times and dwell times in high tempera-

ture ranges increase significantly with an increase in arc

energy. Furthermore, the cooling time extends with in-

creasing wall height (number of layers) due to the changed

heat dissipation. After about the 5th layer, the t12/8 time

stabilizes at a certain level that depends on the arc energy.

3 The ferrite content tends to decrease with increasing arc

energy. At high arc energies, the filler metals optimized for

joint welding can result in unacceptably high austenite

contents. However, an approximate prediction of the FN

can be made on the basis of the WRC-1992 diagram if the

final chemical composition of the WAAMwalls is known

with sufficient accuracy, considering pickups and burning

losses of alloying elements.

4 In addition to unacceptable ferrite-austenite ratios, unde-

sirable phase precipitations can also occur. Among the

tested filler metal compositions, secondary austenite and

partly also nitrides are to be expected in particular. Other

detrimental phase precipitations were not found.

5 The corrosion tests carried out in accordance with the re-

quirements of ISO 17781 and ASTMG48, Method A did

not show any degradation of the corrosion resistance under

the required test conditions.

6 The results of the superduplex wires of the type

G Z 25 10 4 L and G Z 2 9 8 2 L indicate a potential

suitability for WAAM due to the achieved ferrite-

austenite ratio and the extensive absence of secondary

austenite. In the case of standard duplex wires, an adjust-

ment of the alloy composition seems to be necessary to

reduce the risk of γ2 formation on the one hand and to

enable a balanced ferrite-austenite ratio over a wide range

of arc energies on the other hand. The authors recommend

the testing of an adapted alloying concept based on the

G 22 9 3 N L with the nominal composition: Cr ≈ 23.0

%, Ni ≈ 7.5 %, Mo ≈ 3.1 %, Mn ≈ 1.6 %, Si ≤ 0.4 %, Cu ≤

0.1 %, W ≤ 0.01 %, N ≈ 0.16 % (values in wt.%).
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