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Abstract
The duplex stainless steels have many favorable properties attributed to their two-phase microstructure consisting of almost 
equal fractions of ferrite and austenite. Therefore, they are widely used in the offshore, petroleum, and chemical industries as 
a base material for pressure vessels and pipelines. Such components often possess large thicknesses, which can be effectively 
welded with electron beam. This process is characterized by rapid cooling combined with a relatively great loss of nitrogen, 
resulting in insufficient austenite formation. To compensate this phenomenon, the addition of nickel, in the form of wire, was 
performed in this study. This promoted the formation of austenite at the same cooling rate, so that approximately an equal 
amount of ferrite and austenite was achieved. Beam oscillation was applied to maintain good dilution even at large depth/
width ratios. Furthermore, the multi-beam technique was implemented to reduce the spatter formation and provide a higher 
process stability. This allows the spatial, but not temporal, separation of the melting-off of the wire and the main welding 
process. The joints produced in this way exhibit a good weld dilution and consequently an austenite distribution with a low 
inhomogeneity. Additionally, a narrow heat-affected zone was produced.

Keywords  Electron beam welding · Duplex stainless steel · Nickel · Microstructure · Austenite · Ferrite · Beam oscillation · 
Weld dilution

Nomenclature
EB	� Electron beam
EBW	� Electron beam welding
LBW	� Laser beam welding
LMD	� Laser metal deposition
TIG	� Tungsten inert gas
wt. %	� Percentage by weight
DSS	� Duplex stainless steels

BM	� Base metal
HAZ	� Heat-affected zone
FZ	� Fusion zone
OES	� Optical emission spectroscopy
EDS	� Energy-dispersive spectroscope
SCC	� Stress corrosion cracking
SEM	� Scanning electron microscopy
U	� Accelerating voltage
vw	� Welding speed
vF	� Wire feed speed
D	� Focal distance
Ib	� Beam current
Q	� Line energy
SWX	� Oscillation length
SWY	� Oscillation width
F	� Oscillation frequency
FSwitch	� Jumping or switching frequency of the beam
DCX	� Offset in the x-direction
DCY	� Offset in the y-direction
f	� Defocusing
P	� Percentage of the total power in the respective 

zone of the weld pool
ISO	� International Organization for Standardization
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EN	� European Standard
NORSOK	� Norsk Sokkels Konkurranseposisjon (in 

Norwegian)—Norwegian Continental Shelf 
Competition Position

1  Introduction

1.1 � General

The duplex stainless steels (DSS) are defined as alloys with 
a two-phase structure, in which both phases, ferrite and 
austenite, are present with a fraction of 30–70 %, based on 
the Fe-Cr-Ni-N alloy system [1, 2]. Considering the cor-
rosion and the mechanical properties, the optimum phase 
balance is in the range of 45% and 60%. Due to the bal-
anced microstructure, the DSS generally possess higher ten-
sile strength, a better pitting corrosion resistance, and lower 
susceptibility to chloride stress corrosion cracking (SCC) 
than austenitic stainless steels. This main advantage leads 
to an ever-increasing use of DSS in various products, most 
of which are exposed not only to high mechanical loads but 
also to diverse corrosive environments. The DSS solidify as 
ferrite and remain ferritic until the end of the solidification; 
the austenite transformation starts approximately around 
1200 °C, depending on the actual chemical composition. 
The extent of ferrite-austenite transformation, and thus 
the amount of precipitated austenite, is determined by two 
factors: the time spent at elevated temperatures, primarily 
between 1200 and 800 °C, and the chemical composition 
of the underlying alloy. In terms of the latter, a distinction 
is made between elements that stabilize either the ferrite or 
the austenite. Chromium, molybdenum, silicon, niobium, 
and titanium stabilize the ferritic phase. In contrast, carbon, 
nickel, manganese, nitrogen, and copper promote the forma-
tion of the austenitic phase [3]. The DSS gain their phase 
balance and the consequent beneficial mechanical proper-
ties through precise adjustment of the chemical composition, 
combined with controlled cooling.

1.2 � Power beam welding of duplex stainless steels

The DSS are commonly used in thick-walled components 
such as pressure vessels, pipelines, autoclaves, or desalina-
tion units, which are primarily made of sheet metals cold- or 
hot-formed and subsequently welded. Beam welding pro-
cesses such as laser beam welding (LBW) or electron beam 
welding (EBW) offer several technical and economic advan-
tages. They offer the possibility of an automated, one-sided 
welding sequence creating a single-pass bead without the 
need to turn the components to weld a back bead [4]. This 
beneficial characteristic made EB-welded DSS components 
particularly attractive for the oil and gas industry, e.g., for 

longitudinally welded tubular products. Problems associated 
with multi-layer seams [5], such as process delays due to 
interpass cooling or cleaning, uncontrolled distortions or 
undesired microstructural changes resulted from a layer-
wise build-up can also be avoided to a great extent. One 
significant challenge when using power beam processes is 
the rapid cooling of the weld zone, not providing enough 
time for the austenite formation [6]. This results in a very 
high ferrite fraction and leads to nitride precipitation not 
only in the heat-affected zone (HAZ) but also in the fusion 
zone (FZ) due to the limited nitrogen solubility of the ferrite 
[7, 8]. In order to understand the phase transformations and 
the various precipitations in the weld zone, the heat-affected 
zone and the fusion zone should be discussed separately. The 
reason for this is that the HAZ and the FZ are subjected to 
different physical-chemical mechanisms, which should be 
considered when discussing the microstructure.

1.3 � Behavior of the heat‑affected zone of duplex 
stainless steels in power beam welding

In the HAZ, the chemical composition remains unaltered. 
The influence of diffusion-driven processes on the chemi-
cal composition on macroscopic scale can be considered 
negligible at the cooling speeds commonly used for weld-
ing processes. These mechanisms rather involve element 
migration or segregation on microscopic or even atomic 
scale (e.g., element segregation to grain boundaries [9]). 
The HAZ can be further divided into three distinct zones: 
partially melted zone, delta ferrite grain growth zone, and 
partially transformed zone. Partial melting takes place in the 
immediate proximity to the fusion line. This region is char-
acterized to be within a two-phase field, which is a mixture 
of ferrite (δ) and liquid [10]. Moving towards the base metal, 
the delta ferrite grain growth zone follows. In this zone, the 
temperature rises above the δ solvus line. In this tempera-
ture range, the single phase δ ferrite is thermodynamically 
stable and the microstructural changes are governed by the 
δ + γ → δ transformation. The degree of ferritization and 
consequently the amount of dissolved austenite depends on 
the thermal history experienced above the δ solvus line, the 
initial phase ratio, and the chemical composition of the alloy. 
Higher nitrogen contents impede the ferritization and, as a 
result, reducing the geometrical extension of this zone, as 
reported by Corolleur et al [11]. Subsequent to the dissolu-
tion of the austenite (γ), rapid growth of the ferrite grains 
occurs. During the cooling, the ferrite partially decomposes 
into austenite (δ → γ + δ). The cooling speed, and hence the 
time spent between roughly 1200 and 800 °C (t12,8), deter-
mines the extent to which this reformation takes place, thus 
determining the final phase ratio. The furthest zone related 
to the weld metal (partially transformed zone) still experi-
ences temperatures, although for only a short time, which 
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are sufficient to partially dissolve the austenite with limited 
ferrite grain growth. Depending on the initial microstructure 
of the base material, small changes can take place in the 
phase balance, but generally the microstructure of this zone 
is not significantly altered. Even though the development of 
a HAZ, particularly the delta ferrite growth zone, cannot be 
evaded, its phase ratio can be clearly influenced. Varbai et al. 
[12] reported about the phase evolution in HAZs of 2205 
DSS. With increasing cooling time, the austenite fraction 
rises due to the prolonged time available for the austenite 
reformation. Above a cooling time (t12,8) of 10 s, austenite 
contents above 40% can be achieved. Using tungsten inert 
gas (TIG) welding with a heat input of 2.0 kJ/mm, the HAZ 
exhibits a maximal width of 200 µm. Yang et al. [13] also 
revealed a strong correlation between the cooling time and 
the amount of reformed austenite.

1.4 � Effect of nitrogen effusion and thermal cycle 
on the microstructure of the fusion zone

In the FZ, different mechanisms govern. The beneficial 
effects of the prolonged cooling are suppressed by nitrogen 
effusion from the fusion zone and hence cannot be exploited 
when the shielding gas does not contain any nitrogen frac-
tion. The negative effects of the nitrogen loss on the aus-
tenite formation even outweigh the positive effects of the 
prolonged cooling time at higher heat input [14]. This fre-
quently occurs in laser beam welding but also in arc welding 
processes when solely argon protects the weld pool [12, 14, 
15]. In electron beam welding, the partial pressure of the 
nitrogen is obviously practically zero as a high-vacuum is 
utilized [16–18]. Since nitrogen is a very strong austenite 
stabilizer, its loss impedes the formation of austenite dur-
ing cooling. Adding nitrogen to the shielding gas results in 
an enlarged austenite fraction in the weld metal, as proven 
by several authors [19–23]. However, this is not an option 
in EBW due to process limitations. When nitrogen is not 
applied, two basic opportunities remain to improve the phase 
balance. The first one covers an intervention on the part of 
the thermal cycle, decelerating the cooling between 1200 
and 800 °C. This can be mostly done by utilizing a pre-heat-
ing or a post-welding heat treatment directly integrated into 
the welding process. Fey et al. [24] have successfully pre-
sented an approach in LBW, which is based on a two-beam 
method. The first focused laser beam completes the welding. 
The second beam creates a diffuse temperature field as it is 
formed through a diffractive optical element. This realizes 
a post-heating, which promotes the formation of spherical 
intragranular austenite. Krasnorutskyi et al. [25] investigated 
a multi-beam EBW process to realize an in situ pre-heat-
ing. Their approach consists of a multi-beam technology 
for welding the thick-walled components of DSS without 
the need for a filler material or a post-weld heat treatment. 

Having several spots in a row along the welding direction, 
the forerunning spots create a pre-heating for the upcoming 
ones. Thus, the last spot welds in a significantly preheated 
material, leading to a promoted austenite formation. How-
ever, if more than 4 spots are used, the nitrogen loss induced 
by the multiple remelting overweighs the pre-heating effect, 
leading to a drop in the austenite fraction. Given that no filler 
metal is added, a post-welding heat treatment adequately 
increases the austenite fraction, solving also the nitrides and 
the intermetallic phases precipitated before. However, this 
process step not only costs time but also requires a high 
amount of technical capital.

1.5 � Effect of nickel addition on the microstructure 
of the fusion zone

Adding nickel to the weld pool, which is an austenite sta-
bilizer, a post-welding heat treatment may be used to fulfill 
the requirements of standards. This approach has become 
the subject of several studies as the balanced microstruc-
ture generally entails prospering mechanical properties [26]. 
Wu et al. [27] performed laser beam welding tests on 2205 
DSS with nickel powder addition. Coaxial powder feed at 
a flow rate of a few grams per minute led to the increase 
in the austenite fraction. Strasse et al. [28] conducted laser 
beam welding on duplex plates, whose edges were previ-
ously cladded by means of laser metal deposition (LMD), 
using nickel-based powder. The enrichment of the surface 
with nickel led to a balanced austenite/ferrite ratio and thus 
improved corrosion resistance. A more obvious form of the 
nickel is a wrought product, which has the benefit of being 
commercially more available in the form of nickel-based 
wires used mostly in high-temperature applications. Addi-
tionally, standardized wire diameters offer the possibility to 
realize the material feed via wire feed. Although pre-placed 
filler wires may be also an option [8], an automated wire 
feeder unit can be easily integrated into a LBW or EBW 
machine and does not require any edge preparation such as 
a groove for the pre-placing. One challenge to be solved is 
the fine distribution of the nickel wire along the weld depth; 
otherwise, only the upper regions will be enriched with 
nickel. Due to the flexibility of the EBW, beam oscillation 
can be applied to modify the weld geometry, the weld pool 
dynamics and to improve the dilution between the filler wire 
and the base metal [29]. The so-called multi-beam or multi-
process technique allows the free configuration of multiple 
weld pools, weld pools with complex energy distribution or 
even temperature fields. Although no beam splitting takes 
place, the electron beam alternates between the weld pools 
rapidly so that the process stability, even in keyhole mode, 
can be maintained [30]. The underlying study deals with 
the implementation of the multi-beam technique in welding 
of DSS with nickel-based filler wire. A further goal is to 
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characterize the joints in terms of their metallurgical, micro-
structural and mechanical properties.

2 � Materials and methods

2.1 � Materials

The base material used for the experiments was a 
1.4462 standard duplex steel plate (Outokumpu 2205) 
with a thickness of 15 mm. To achieve over-alloying 
and consequently a higher austenite fraction of the weld 
metal, a 2.4607 (S Ni 6059 or NiCr23Mo16 accord-
ing to EN ISO 18274) nickel-based filler wire (Böhler 
Thermanit Nimo C24) with a diameter of 1 mm was 
applied. The nominal chemical compositions of these 
wires determined by optical emission spectroscopy 
(OES) are shown in Table 1.

The plates had a length of 300 mm and a width of 
150 mm, resulting in a total specimen size of 300 mm × 
300 after welding.

2.2 � Electron beam welding

The welding of the DSS plates was carried out by using a 
high-vacuum EBW machine (K26-3 by pro-beam, Gilch-
ing, Germany) with a maximal output power of 15 kW. The 
used welding machine and the welding layout are depicted 
in Fig. 1. The wire feeding was performed by using a built-in 
wire feeder unit.

Altogether two test plates (one without and another one 
with weld pool backing) were welded with slightly different 
values for beam current (Ib) and wire feed speed (vF), due to 
the fact that the welding without weld pool backing requires 
a lower energy input and consequently results in a smaller 
cross-sectional area of the joint. The accelerating voltage 
(U), the welding speed (vw), and the working distance (D) 
were kept constant during the entire experimental procedure. 
The contact tube and consequently the wire, had a trailing 
angle of 30°. To produce a weld with weld pool backing, a 
higher beam current was required, which led to a larger joint 
cross-section. To provide a nearly equal nickel content in 
the FZ, the wire feed speed was adjusted accordingly. The 
basic process parameters of the electron beam welding are 
given in Table 2. 

Table 1   Nominal composition 
of the base material and the 
filler wire

Chemical composition (wt. %)

Material C Cr Ni Mn Si Mo Nb N Fe CrEq* NiEq*

BM: 1.4462 0.026 22.8 5.48 1.29 0.34 3.07 0.001 0.183 Bal. 27.5 9.3
FW: 2.4607 0.013 22.9 60.1 0.17 0.07 15.8 0.056 - Bal. - -

Fig. 1   The electron beam welding machine (a) and the clamping setup of the specimens (b)

Table 2   The applied basic 
process parameters in the 
electron beam welding

Test Nr. Weld pool 
backing

U (kV) vW (mm/s) vF (m/min) D (mm) Ib (mA) Q (kJ/mm)

1 No 120 6 2.3 871 71 1.42
2 Yes 120 6 2.7 871 80 1.60
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During the EBW, the multi-beam technique was applied 
to provide a controlled, spatial but not temporal decou-
pling between the melting of the wire and the main weld-
ing sequence. The beam deflection was configured to cre-
ate two distinct zones in the weld pool without weld pool 
separation. In the first zone (1), the melting of the wire 
occurs with an undeflected but defocused (f) beam. The 
second zone (2) created a wide weld seam which, due to 
the large oscillation width, also allows a sufficient mixing 
between the base metal and the filler wire. Here, a deflec-
tion pattern having a shape of an “infinity” is applied (see 
Fig. 2), which was previously developed and investigated 
in previous experiments [31]. The pattern possess a length 
of 5 mm (SWx), a width of 3.8 mm (SWy), and oscillates 
with a frequency (F) of 150 Hz. Its central point was moved 
2.5 mm backward (DCx) in the x-direction related to the 
undeflected beam axis having the coordinate of (0,0). To 
provide a good process stability, the beam switches back 
and forth between the two zones 10 000 times per second, 
whereby a (relatively high) frequency of 10 kHz (FSwitch) is 
given. It should be noted, that the beam does not spend the 
same amount of time in each zone. Considering the total 
welding duration as 100 %, the beam spends 10 % being 
defocused at the (0,0) point and 90 % oscillating according 
to the pattern. Therefore, a theoretical power ratio (P) of 
1:9 between the zone 1 and zone 2 is given, not considering 
that the beam leaves a tiny fraction of the total energy input 
between the zones as it is not switched off while alternating 
with a finite velocity. The focal point was also alternating 
its position by using the  built-in dynamic lens. In zone 
1, it was 60 mm above the plate surface to increase the 
process stability during the melting, while zone 2 used  a 

defocusing of +22.5 mm. An overview of the multi-beam 
parameters is shown in Table 3.

2.3 � Metallographic and metallurgical investigations

The main focus of this study lays on the microstructure 
obtained through using the nickel-based filler wire in the 
diverse regions of the fusion zone (FZ). Subsequent to the 
welding, the plates were cut into pieces using a water jet cut-
ter. The specimens dedicated for the metallographic inves-
tigations were first ground and polished, then etched with 
Beraha-II reagent (70 ml distilled water + 30 ml HCl + 0.5 g 
K2S2O5), coloring the different phases. Altogether two met-
allographic specimens were extracted from each plate: one 
30 mm from the beginning of the weld seam (pos. A) and 
another 30 mm from the end (pos. B) in order to gain infor-
mation about the process stability (see Figure 5). The metal-
lographic investigation of the joints involved the examina-
tion of the weld geometry and the detailed evaluation of the 
FZ and the HAZ. Considering a large depth/width ratio and a 
limited time available for a complete dilution, an inhomoge-
neous distribution of the nickel and consequently that of the 
ferrite fraction may be of concern. Hence, five images were 
captured from the top, middle, and bottom region of the FZ, 
respectively. A DM4000M incident light microscope (Leica, 
Wetzlar, Germany) was utilized for this step. To calculate a 
ferrite fraction, several possibilities exist. Determining the 
ferrite number (FN) is associated with challenges as the EB 
weld seam is much narrower compared to arc welded joints, 
and thus, the influence of the base material is significant. It 
is therefore evident that a point-counting method [32], or 
an automated image analysis [33] of the captured images 

Fig. 2   Schematic illustration of 
the beam oscillation parameters

Table 3   The applied parameters of the multi-beam technique in the electron beam welding

Zone Pattern SWX (mm) SWY (mm) DCX (mm) DCY (mm) f (mm) P (%) F (Hz) FSwitch (kHz)

1 Defocused spot 0 0 0 0 +60.0 10 - 10
2 “Infinity” 5 3.8 -2.5 0 +22.5 90 500
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provide the most reliable results in the underlying case. To 
exclude human factors and to allow a reproducible process, 
an automated image analysis according to ASTM E1245 
[33] with a magnification of 500× and a custom-made script 
was applied. To distinguish between austenite and ferrite, 
several possibilities exist. Common of all is that they require 
a good sample preparation and a sufficient contrast between 
the austenite and ferrite phases to allow a clear distinction 
mostly based on the “gray scale” image values. The images 
were loaded in 8-bit, giving a range of possible “gray scale” 
image values from 0 to 255 for each pixel. By analyzing 
the histogram, the second issue is the threshold level that 
clearly determines the acquired ferrite fraction by counting 
a respective pixel either as austenite or ferrite. The phase 
ratio is simply the ratio between the number of dark pixels 
and the total number of pixels. Some studies recommend to 
set the threshold value to the arithmetic mean of the indices 
(grey values) of the ferrite peak and the austenite peak. This 
works well for samples where the microstructure contains 
more ferrite than austenite. In this case, this calculating 
method slightly overestimates the amount of ferrite, pro-
viding a more conservative calculation. However, the same 
applies if more austenite has been formed. Based on previ-
ous experiences, this method entails a risk if the amount of 
austenite significantly exceeds that of the ferrite. Especially 
at the upper normative limit (65% or 70% austenite, depend-
ing on the standards), overestimating the ferrite fraction is 
not desirable, nor is it safe in terms of component integrity. 
Hence, a modification was performed. It has been found 
in manual experiences that choosing the index belonging 
to the dip (considering the histogram trend) between the 
two peaks as a threshold leads to a more accurate result. In 
order to image this trend and exclude the noise, a Savitzky-
Golay filter (window length: 15, polynomial order: 3) was 
applied to the histogram for the purpose of smoothing the 
data. This type of filter does not distort the course and keeps 

the location of maxima and minima of the data curve. This 
is essential to maintain the locations of the peaks. From this 
filtered dataset, the lowest value was chosen as the threshold 
as presented in Fig. 3a. Once the threshold is known, a modi-
fied binarization took place. The threshold possesses a band 
(± 30 grey value) around itself, where the pixels are neither 
considered to be ferrite nor austenite, since they represent 
the grain boundaries (analogous to [32]), as presented in 
Fig. 3 (b-32). Pixels with gray values below this range are 
considered as ferrite and colored blue in the image. Obvi-
ously, gray values above this range represent the austenitic 
phase and colored yellow (see Fig. 3 (b-31)). Subsequent to 
the calculation of the respective pixels, the phase balance 
and the scale are also written on the analyzed image, as 
shown in Fig. 3 (b-4).

For revealing the sigma-phase and the possible chromium 
nitride precipitations, a further electrochemical etching was 
performed. These were performed first by using an aqueous 
solution of 20% NaOH then a 10% oxalic acid (6 V for 10 s 
in both cases), respectively. The specimens were repolished 
between these two steps to remove the oxide layer formed 
during the etching.

The metallographic investigations may reveal information 
about the distribution of the ferrite but do not provide unam-
biguous information about the distribution of the nickel. 
The cooling rate, which may not be constant throughout the 
fusion zone, also plays a crucial role. Therefore, the dis-
tribution of the nickel was measured along the penetration 
depth by means of energy-dispersive spectroscopy (EDS). 
A JSM-6480 (JEOL, Freising, Germany) scanning electron 
microscope equipped with an eumeX detector was used for 
this examination. The machine was operated with an accel-
erating voltage of 20 kV. During the measurements, rectan-
gular fields of 500 μm × 500 μm were scanned along the 
centerline from the top region  to the root with a distance of 
1 mm between the individual scan fields.

Fig. 3   The histogram analysis (a) and the sequences of the automated image analysis (b)
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Additionally, the nitrogen content of the weld metal was 
determined by using carrier gas hot extraction (CGHE). 
With focus on the nitrogen loss in the different regions of 
the weld metal, test pieces having a width of 2 mm, a height 
of 4 mm, and a length of 10 mm (total weight per specimen: 
approximately 0.6 g) were extracted from the upper and the 
lower regions, as illustrated in Figure 4.

2.4 � Investigation of the mechanical properties

Besides the metallographic investigations, hardness testing 
(HV1) was performed on the same cross-sections. Alto-
gether 30 indents were placed normal to the centerline in 
each region of the joint (top, middle, and bottom). In the 
top and the bottom regions, the measurements took place 

1.5 mm below the surface. The distance between the indi-
vidual indents was 0.25 mm. Furthermore, the determination 
of the absorbed impact energy values was also the subject of 
the study, as the impact toughness is of crucial importance 
when discussing DSS weldments. Altogether six Charpy-V 
notch specimens were extracted from the center of the plate. 
The first 3 specimens originated from the bottom region of 
the FZ, the remainder from the top region, respecting the 
welding direction. The Charpy-V impact tests were carried 
out at −46 °C (requirement of the NORSOK M-601 [34] 
and the NORSOK M-630 [35]) conforming to the EN ISO 
148-1 [36] and evaluated according to the EN ISO 17781 
[37]. Finally, tensile tests were performed at room tempera-
ture, using a strain rate of 0.00025 s-1. Having a reduced 
section length of 64 mm, this results in a crosshead speed of 
0.96 mm/min. The specimens had a thickness of 5 mm and 
a width of 16 mm on the reduced section. The schematic 
illustration of the specimen extraction is depicted in Fig. 5.

3 � Results

3.1 � Microstructure

Figures 6 and 7 show the weld geometry of the test 1 high-
lighted after color etching. Attributed to the “infinity”-
shaped oscillation pattern, the fusion lines are parallel to 
each other. This weld shape promotes the dilution between 
the filler wire and the base material compared to a V-shaped 
geometry where no significant dilution in the lower regions 
would be expectable. Two minor disadvantages are the cold 
lapping on the top and the excessive root penetration, which 
should be either remelted or removed by machining. Taking 

Fig. 4   The specimen extraction locations for the measurement of the 
nitrogen loss

Fig. 5   The extraction of the metallographic cross-sections and the Charpy-V specimens using the example of the test 2
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the force of gravity into consideration, this excessive drop-
out cannot be avoided due the flat welding position and the 
comparably high amount of molten metal. When analyzing 
the microstructure, a balanced austenite-ferrite ratio can be 
observed. Higher ferrite fractions amounting to 60–65% 
can be found solely in the root drop-out, especially at the 
pos. B. Considering that it is commonly removed during 
a subsequent process step, it is not of critical importance. 
The top and middle regions of the FZ contain 50–60% fer-
rite and therefore fulfill the formulated criteria of various 
standards and technical recommendations [34, 35, 37, 38]. 

These regions are characterized by the presence of Wid-
manstätten austenite and allotriomorphic austenite, while 
intragranular austenite usually appears only in the bottom 
regions. Although the FZ can be effectively modified by the 
nickel-based filler wire, it is not the case in the HAZ. Its 
microstructure is primarily determined by its thermal his-
tory experienced during the heating and the subsequent cool-
ing, and by its initial chemical composition, neglecting any 
diffusion processes. The HAZ has a pronounced width of 
200–250 µm on the top side, since the energy coupling also 
occurs from this direction. Here, large ferrite grains can be 

Fig. 6   Weld geometry and the microstructure of the test 1 (beginning of the seam: pos. A), highlighting the HAZ and the FZ

Fig. 7   Weld geometry and the microstructure of the test 1 (end of the seam: pos. B), highlighting the HAZ and the FZ
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observed, which are surrounded by allotriomorphic austenite 
on their boundaries, containing secondary austenite inside.

Figures 8 and 9 show the weld geometry of the test 2, 
which was produced with weld pool backing. Compared to 
the weldment without weld pool backing, an excessive cap 
height can be observed on the top side. On both sides of the 
weld cap, cold lapping occurs, which may have detrimental 
effect on crevice corrosion if it is not removed afterward. 
Nevertheless, removing through machining or remelting 
with TIG is a common industrial practice. It should be noted 
that a subsequent remelting may lead to either a higher or a 

lower ferrite fraction. This depends on whether the stabiliz-
ing effect of the nickel combined with a slower cooling over-
weighs the impeding effect which occurs due to the nitrogen 
loss. This balance is determined by the actual chemical com-
position and the cooling rate. The microstructure contains, 
similar to the test 1, a high amount of austenite, creating a 
balanced phase ratio even in the lower regions. In the HAZ, 
similar observations can be formulated as in the case of the 
test 1. The HAZ has a pronounced width of 200–250 µm in 
the top region, while it is only partially recognizable in the 
lower regions.

Fig. 8   Weld geometry and the microstructure of the test 2 (beginning of the seam: pos. A), highlighting the HAZ and the FZ

Fig. 9   Weld geometry and the microstructure of the test 2 (end of the seam: pos. B), highlighting the HAZ and the FZ
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Figure 10 gives an overview of the acquired ferrite frac-
tion values in the different regions of the weld metal. By 
analyzing the results obtained in the test 1, no clear decreas-
ing trend can be observed. The mean ferrite fraction values 
are in the range of 50–65%, fulfilling the requirements for-
mulated by the NORSOK M-601 [34] and NORSOK M-630 
[35]. The test 2, to the contrary, shows a different tendency, 
especially when the pos. A is under discussion. There, a 
clear decreasing trend in the ferrite fraction values is out-
lined. Especially the upper region possesses lower ferrite 
fraction values, although the mean value still remains in the 
range of acceptance.

When welding DSS, not only the phase balance but also 
the presence of different intermetallic phases is important. 

Figure 11 highlights the images captured after etching with 
20% NaOH. Unmixed filler wire could be observed along 
the fusion line in the top region of the joint (see the num-
bered regions of interest (ROI) with a dashed border). On 
their boundaries, regions colored dark brown can be noticed, 
especially around ROI “1.” These inclusions are naturally 
rich in nickel and molybdenum; thus, the presence of inter-
metallic phases (e.g., sigma phase) cannot be excluded. Nev-
ertheless, such indications for possible precipitation can be 
solely seen around these inclusions. There is no evidence of 
sigma-phase neither in the FZ nor in the HAZ.

A further focus lies on the formation of chromium 
nitrides, which commonly occur when the microstruc-
ture is mostly ferritic. Since the nitrogen solubility of the 

Fig. 10   The ferrite fractions in the different regions of the weld metal (a test 1; b test 2)

Fig. 11   Inclusions of the filler wire along the fusion zone revealed after electrochemical etching with NaOH (test 1; pos. B)
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ferritic phase is much lower than that of the austenite, 
the chromium nitrides precipitate in the ferrite grains and 
occasionally along the grain boundaries [39]. Figure 12 
illustrates the microstructure of the test 2 after etching 
with 10% oxalic acid. The FZ, and of course the BM, is 
free from any nitride precipitations. In contrast, the HAZ, 
especially in the upper region, consists of large ferrite 
grains. Inside them, chromium nitride precipitations was 
detected. These manifest themselves as clusters of finely 
dispersed nitrides as shown in ROI “4” and “5.”

3.2 � Nickel distribution along the weld centerline

Figure 13 presents the distribution of the nickel content 
along the weld depth when welding without weld pool 
backing. Basically, a slight decreasing nickel content with 
increasing weld depth can be observed. The upper and the 
middle regions contain approximately 8.5–9.0 wt.% nickel. 
On contrary, the nickel content occasionally drops below 
8 wt.% in the bottom region. This decreasing trend is only 
partially reflected in the microstructural results as shown 
in Fig. 10.

Figure  14 shows the nickel content along the weld 
depths when welding with weld pool backing. Comparing 
the results with those presented in Fig. 13, no significant 

Fig. 12   Finely dispersed chromium nitrides in the HAZ revealed after electrochemical etching with oxalic acid (test 2; pos. A)

Fig. 13   Distribution of the nickel content over the weld depth for test 1 (a pos. A; b pos. B)
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difference can be observed. In pos. A., the top region has a 
higher nickel content than that of pos. B or of the two speci-
mens extracted from the test 1. This leads to higher austenite 
fractions as can be seen in Fig. 10.

3.3 � Nitrogen loss

A further aspect was the nitrogen loss in the fusion zone. 
The obtained nitrogen content values are summarized in 
Table 4. Compared to the base metal, an absolute loss of 
approximately 0.05 wt.% occurred during welding. This 
results in a relative loss of 25–30%. By analyzing the indi-
vidual values, no significant difference either between the 
test runs or between the individual regions of the weld metal 
are shown.

3.4 � Mechanical properties

Further examinations focused on the mechanical proper-
ties of the produced joints. Figure 15a presents a boxplot 
to display the hardness values in the different regions of 
the FZ. Here, the values measured in the same test plate 
and the same FZ region were summarized. Hence, one box 

represents two rows of measurements in the respective FZ 
region (bottom, middle, or top), one in the pos. A, and a sec-
ond one in the pos. B. The boxes show the median values, as 
well as the first and third quartiles. The whiskers represent a 
distance of 1.5 times the interquartile range (IQR). Analyz-
ing the acquired values in the case of test 1, it can be stated 
that there is no significant difference in the mean values 
between the three regions of the FZ. However, the lower 
regions possess a larger deviation in terms of their hard-
ness values. Generally, all values are in the range between 
approximately 250 and 280 HV. In exceptional cases, the 
hardness value drops below 250 HV, which is comparable 
to that of the base metal. Taking test 2 into account, a dif-
ferent phenomenon occurs. The hardness values in the lower 
regions are consistently higher than those in the top and the 
middle regions and are located in the range of 270–290 HV. 
The hardness values in the middle region, as well as in the 
top region, are comparable to those obtained in the test 1. 
Figure 15b depicts a hardness distribution measured normal 
to the weld centerline in the case of test 2 pos. B. To sum-
marize, the measured hardness values in the FZ are higher 
than those in the BM, not only in the bottom region, but 
in all regions of all plates. However, the maximal allowed 
average hardness (310 HV) defined by the API TR 938-C 
[38] was not exceeded.

Figure 16a presents the acquired impact energy values 
of the different samples and FZ regions. The rectangular 
bars show the mean values, while the error bars represent 
the minimum and the maximum values. As can be seen, the 
impact energy values are between 270 and 310 J, fulfilling 
the requirements formulated by various standards. Accord-
ing to the NORSOK M-601 [34], the minimum average 

Fig. 14   Distribution of the nickel content over the weld depth for test 2 (a pos. A; b pos. B)

Table 4   The values obtained from the CGHE

*Obtained by OES

Specimen Test 1 Test 2 Base metal

Top Bottom Top Bottom -

Nitrogen content 
(wt. %)

0.1324 0.1316 0.1337 0.1382 0.183*
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absorbed energy shall amount to at least 27 J at −46°C. 
EN ISO 17781 [37] requires a minimum mean absorbed 
energy of 50 J at −46 °C with a supplementary requirement 
of having no individual values under 40 J. By analyzing 
the obtained values, only a small difference can be detected 
between the top region and the bottom region. The speci-
mens extracted from the top region have a slightly higher 
average absorbed impact energy and also a greater lateral 
expansion than those from the bottom region. In terms of 
weld pool backing, no significant difference was detected, 
neither in the impact energy values nor regarding the lateral 
expansion. Figure 16b shows an image from the fracture 
surface captured by SEM. The morphology points out the 

ductile behavior of the structure, which also confirms the 
statement formulated during analyzing the absorbed impact 
energies. Furthermore, the nickel content was measured by 
analyzing the EDS spectrum obtained on the fracture sur-
faces. The acquired nickel content values are between 7.4 
and 7.7 wt.%. Considering the results of the EDS measure-
ments along the weld centerline (see Fig. 13) and the usual 
error in calculating the chemical composition by means of 
this procedure, it can be stated that the crack propagated 
through the weld metal without fracture path deviation 
(FPD). The obtained values are also greater than that of the 
base metal (BM), which also confirms the non-occurrence 
of the FPD.

Fig. 15   Boxplots of the hardness values in the different regions of the FZ (a) and a hardness distribution measured on test 2 (pos. B) (b)

Fig. 16   The obtained impact energy values (a) and a SEM image from the fracture surface (b) captured on the Charpy-V specimen extracted 
from the test 1
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Table 5 shows the results obtained in the tensile testing. 
The fracture occurred in the base material in all cases. Fig-
ure 17 illustrates a specimen from test 2 after fracture.

4 � Discussion

The goal of this study was to apply a nickel-based filler 
wire for providing a stronger austenite formation, which is 
generally suppressed by rapid cooling and nitrogen effu-
sion. To ensure a sufficient dilution between the filler wire 
and the base material, a multi-beam technique with inte-
grated beam oscillation was applied. The EDS measure-
ments along the weld centerline showed a good dilution 
in both cases (tests 1 and 2), especially when considering 
the weld width/depth ratio. Even the lowest regions of the 
FZ can be adequately enriched with nickel, leading to a 
nickel content above 8 wt.%. Welding without weld pool 
backing, hence using an open keyhole, does not lead to a 
further improvement of the dilution. A small difference of 
1–1.5 wt.% Ni remains after solidification. This slightly 
inhomogeneous distribution is also reflected in the aus-
tenite fractions, particularly when welding with weld pool 
backing despite the nearly unaltered nickel distribution 
compared to the weldment produced without weld pool 
backing. This may be attributed to the different thermal 
conditions resulting from the difference between the key-
hole modes. In summary, it can be stated that, depending 
on the present chemical composition, nickel content of 
8–9 wt.% leads to a balanced microstructure containing 
40–60% ferrite under the cooling conditions, which are 
usual for power beam processes. Considering the com-
mon specifications that the ferrite fraction should be in the 
range of 35–65%, weldments with such a microstructure 
may gain industrial relevance if other requirements related 
to mechanical and corrosion properties are also met. The 
balanced microstructure moreover impedes the formation 
of chromium nitrides, since the nitrogen can be sufficiently 

solved in the austenitic phase. Chromium nitride appears 
solely in the HAZ, as its chemical composition cannot 
be influenced by additional material. The concentrated 
heat input inevitably led to the formation of large ferrite 
grains, in which chromium nitride precipitates. This was 
adequately detected by using electrochemical etching.

As a result of the balanced microstructure, the fusion 
zone is characterized by a high toughness. The measured 
values are between 270 and 310 J, which are higher by a 
factor of 5 than that required by the standards [34, 37]. The 
ductile behavior is further pointed out by observing the frac-
ture morphology captured by SEM. The top regions con-
sequently had slightly higher absorbed energy values and 
greater lateral expansions, which correlates with the higher 
average austenite fractions measured there. However, this 
difference is marginal. By comparing the obtained hardness 
values within the sample, no significant difference can be 
seen when welding without weld pool backing. Yet the dis-
tribution of the austenite was also very homogeneous. A 
different phenomenon appears when welding with weld pool 
backing. The inhomogeneous distribution of the austenite 
is more clearly reflected in the hardness values. The bottom 
region of the FZ has consistently higher hardness values than 
the top and middle regions. These values are also higher than 
those obtained in the bottom regions of the plate welded 
without weld pool backing (test 1), despite the ferrite frac-
tions are nearly equal. In terms of the nickel content, a small 
difference can be seen; test 2 has consistently a higher nickel 
content (difference: 0.3–0.4 wt.%) in the root region than 
test 1. The nitrogen losses in test 1 do not exceed the losses 
in test 2. The influence of the backing bar, serving also as 
a heat sink, can therefore be taken into consideration to be 
a possible reason for the difference in the hardness values, 
as experienced in other studies [40]. A further observation 
is that the top region of test 2 (welded with weld pool back-
ing) had the lowest median and mean hardness, which cor-
relates with the low amount of ferrite (especially at pos. A), 
detected in that region, as shown in Fig. 10.

Table 5   The values obtained at 
the tensile tests

*Total engineering strain on the reduced section

Specimen Rm (MPa) Rp0.2 (MPa ) A (%) Fracture location

Test 1 (top/bottom) 751/748 551 / 547 40.9*/41.8* BM/BM
Test 2 (top/bottom) 744/744 533 / 539 39.0*/40.1* BM/BM
Base material requirements 640–840 ≥ 460 MPa > 25.0 -

Fig. 17   A tensile specimen, extracted from the test 2—bottom region, after fracture
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Based on the obtained results, further aspects emerged. 
Remelting the cap with TIG or a simultaneous EBW would 
greatly reduce the costs, as the expenses of machining 
could be minimized or even eliminated. Whether this step 
increases or decreases the ferrite content should be thor-
oughly investigated. Due to the relatively high nickel con-
tent, stress corrosion cracking may be of concern and can 
also be the subject of further experiments. Moreover, EDS 
mapping would also be of interest to describe the distribu-
tion of the alloying elements not only along the centerline 
but also in the entire FZ.

5 � Conclusions

In this study, 2205 DSS plates were welded with EB using a 
multi-beam technique and a nickel-based filler wire. Based 
upon the findings, the following conclusion can be drawn:

•	 Using the multi-beam technique and an “infinity”-
shaped oscillation pattern, a very good dilution between 
the filler wire and the base material was achieved. The 
upper regions of the FZ contain approximately 9 wt.% 
nickel, while the lower regions exhibit a nickel content 
of roughly 8 wt.%.

•	 In terms of dilution, there is no difference between weld-
ing with an open keyhole (welding without weld pool 
backing) and that without an open keyhole (welding with 
weld pool backing). The nickel content along the weld 
penetration shows the same decreasing trend in both 
cases.

•	 Deploying the nickel-based filler wire resulted in a bal-
anced microstructure even in the lower regions of the 
fusion zone. The lower regions exhibit a slightly higher 
ferrite fraction than the upper ones. This phenomenon is 
more pronounced when welding with weld pool backing. 
This reflects the decreasing trend in the nickel content.

•	 The HAZ around the weld cap (nail-head) is more pro-
nounced and possesses a width of 200–250 µm. In the 
lower regions, the HAZ is narrower.

•	 The hardness values are higher than those of the base 
metal. The highest values were measured in the root 
region of the FZ when welding with weld pool backing. 
These values are in the range of 270–290 HV.

•	 The impact toughness values are located in the range of 
270–310 J, indicating a tough behavior of the weld metal.

•	 In tensile testing, the fracture occurred in the base metal.
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