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Abstract
AISI 2205 duplex stainless steel is used in a variety of industries, including the chemical and petrochemical industries. This 
is due to its high tensile strength combined with good ductility and corrosion resistance. However, in laser beam welding, 
these properties are negatively affected by the high cooling rates typical of the welding process. The resulting higher fer-
rite content in the weld metal than in the base material leads to a reduction in the ductility and corrosion resistance of the 
welded joint. To overcome this problem, in this study, thick plates were coated by direct energy deposition (DED) prior to 
laser beam welding, whereas a duplex powder mixture containing a higher nickel concentration was used as a coating mate-
rial. To improve the weld quality for the proposed two-step process, a method of additional material deposition instead of 
conventional tack weld was investigated. The resulting welded joints showed a well-balanced austenite to ferrite ratio and 
their properties and microstructure were verified by metallographic analysis, electron backscatter diffraction and Charpy 
impact testing. Using the standard ASTM G48 test method, it was found that the corrosion resistance of the welds was 
improved by a factor of four in average compared to the conventionally welded joints. The resulting properties, such as good 
ductility and corrosion resistance, of the welds with pre-coated edges showed good agreement with those of the base metal 
and confirmed the proposed two-step process as a promising alternative to the conventional approaches for welding thick 
duplex stainless steel plates.

Keywords  Direct energy deposition by laser beam · Laser metal deposition · Laser beam welding · Stainless steel · Duplex 
AISI 2205

1  Introduction

Duplex stainless steels are characterised by a microstructure 
containing balanced amounts of austenite and ferrite, thus 
combining the properties of both constitutional phases. They 
offer the high tensile strength typical of ferritic steels, while 
retaining the good ductility and superior corrosion resistance 
of austenitic steels. These properties make them suitable 
for many industrial applications, such as pulp and paper, 
chemical tankers and petrochemicals [1]. A great challenge 
while welding these materials is maintaining the balance 
between ferritic and austenitic phases in the weld metal and 
heat affected zone (HAZ). Laser beam welding characterised 
by high cooling rates results in welds with up to 90% ferrite 
content, as reported by Kotecki [2]. He showed that this phe-
nomenon occurs at relatively high cooling rates typical of 
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laser beam welding. The austenitic phase does not have time 
to transform from ferrite during the short cooling, resulting 
in an unbalanced phase distribution and thus degraded prop-
erties in the welds. If the ferritic phase becomes dominating 
in a duplex steel weld joint microstructure, welds have a 
higher susceptibility to pitting corrosion and reduced ductil-
ity compared to the base material. One of the reasons for the 
poor corrosion resistance is the formation of Cr2N reported 
by Hoffmeister et al. [3]. Nevertheless, laser beam weld-
ing has many advantages, such as the ability to weld thick 
plates in a single pass, high welding speed, low energy input 
and low distortion. In comparison, arc welding processes 
require multiple passes, resulting in repeated reheating of 
the parts and the possibility of the formation of unwanted 
secondary phases, such as sigma and chi phases, and a wide 
heat affected zone [4]. These aspects have led to industrial 
interest in laser beam welding of duplex steels, and various 
approaches have been investigated in the past to overcome 
these problems. Zambon and Bonollo [5] showed the posi-
tive influence of a higher t12/8 time on the microstructure and 
the formation of the austenitic phase.

Capello et al. [6] treated the weld surface with a laser 
beam to achieve a higher austenite content in the weld 
material, while Young et al. [7] investigated the positive 
influence of post-weld heat treatment on phase evolu-
tion and mechanical properties. In particular, the latter 
two approaches work well for thin plates but offer no 
solution for thicker materials. In both studies, the plate 
thickness was 5 mm. Capello et  al. [6] determined a 
maximum depth of 1.5 mm for the surface treatment and 
thus the depth of higher austenite content, resulting in 
welds with a balanced microstructure on the surface but 
inconsistent properties throughout the depth of the plate. 
Heat treatment, on the other hand, is a common approach 
to influence the austenite content throughout the weld 
and improve mechanical properties. Muthupandi et al. 
[8] studied its influence on gas tungsten arc welds com-
pared to electron beam welds for 5 mm thick plates and 
achieved almost the same austenite content as in the base 
material. However, it is a time-consuming process and 
carries the risk of precipitation of sigma and chi phases 
in case of improper heat treatment regimes, resulting in 
reduced pitting resistance and toughness, as shown by 
Deng et al. [9] for different heat treatment temperatures. 
Nilsson [10] puts the temperature range for the appear-
ance of both phases between 600 and 1000 °C. Dissolu-
tion of these unwanted secondary phases is possible, but 
requires temperatures above this interval. This results in 
a heat treatment of the entire welded part to avoid expo-
sure of any region to the critical temperature range, and 

is limited by the size of the furnace. Another approach 
was based on the findings of van Nassau et al. [11], who 
recommended the use of nitrogen as a shielding gas for 
arc welding processes, since it acts as a stabiliser of the 
austenitic phase and thus helps to increase the austenite 
content in the weld. Keskitalo et al. [12] investigated its 
positive influence on laser beam welding processes for 
different types of duplex stainless steels. The same effect 
has been established by Baghdadchi et al. [13] for laser 
beam welding. Lai et al. [14] also confirmed the effects of 
pure nitrogen as a shielding gas for both the top and root 
side in the formation of austenite for laser beam welding, 
thereby improving corrosion resistance. Another approach 
has been to use filler materials, e.g. in the form of wire, 
foil or powder, with a higher nickel content. Nickel pro-
duces higher austenite ratios by extending the austenitic 
field to higher temperatures and thus initiating earlier 
ferrite-austenite transformation [15]. Muthupandi et al. 
[16] investigated these filler materials for laser and elec-
tron beam welding processes, while Wu et al. [17] used a 
powder nozzle to inject nickel powder into the melt pool.

However, the use of filler materials in the laser welding 
of thick plates can result in another problem. Gook et al. 
[18] showed for hybrid laser arc welding (HLAW) pro-
cesses that filler materials are not uniformly transported 
through the weld. Their influence decreases with increas-
ing plate thickness and at a depth of 14 mm or more, their 
elements are no longer detectable in the root of the weld. 
This results in welds with different properties at different 
depths and therefore unpredictable mechanical behaviour. 
A solution to this problem has been proposed by Westin 
et al. [19]. They used nickel foils to ensure uniform nickel 
distribution in the weld. These foils were placed between 
the joint parts prior to laser beam welding. A disadvan-
tage is that the handling of the foils is cumbersome and 
time consuming.

Having been used for a long time for cladding parts 
with wear and corrosion resistant layers [20] and repair 
welding, e.g. the tips of turbine blades [21], direct energy 
deposition with a laser beam (DED-LB) has become 
increasingly important in recent years as an effective 
method for additive manufacturing of new components. 
The DED-LB process allows a large freedom of cladding 
directions with the possibility of high deposition rates as 
well as a relatively easy combination of different materi-
als. The metal cladding powders can either be pre-mixed 
or combined during the process, which even allows the 
production of components with graded material composi-
tions [22]. For laser beam welding of thick duplex plates, 
a two-step process was proposed by [23], where the first 
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step consisted of edge cladding of the plates by DED-
LB with a powder mixture containing duplex stainless 
steel and nickel. The second step was laser beam welding 
of these clad edges. The authors were able to demon-
strate the positive effect on impact toughness. This paper 
presents further and more detailed investigations of the 
welding process, the resulting microstructures and the 
mechanical properties.

2 � Experimental setup

2.1 � Materials

The base plates were duplex stainless steel AISI 2205 with 
the dimensions of 300 mm × 100 mm × 15 mm. The edge 
cladding of the base plates was done with a pre-mixed 
powder containing duplex steel AISI 2205 as a base with a 
grain size of 53–250 μm and pure nickel with a grain size of 
45–125 μm. The chemical composition of all used materials 
is shown in Table 1. The powder mixture contained a total 
amount of 12% nickel.

2.2 � Cladding equipment

For the edge cladding, a laser cell with a five-axis system 
(TruLaser Cell 3000, Trumpf) was used. The laser cell is 
equipped with a 16 kW Yb:YAG-disk laser (TruDisk 16002, 
Trumpf) with a wavelength of 1030 nm and a three-jet noz-
zle with a working distance of 16 mm. The powder was 
supplied by a powder feeder (Flowmotion Twin, Medicoat) 
with a helium as a carrying gas at a flow rate of 4 l·min−1. 
The experimental setup for coating the joint parts is shown 
in Fig. 1.

To ensure a better coverage of the edges with shielding 
gas and thus a reduction of oxidation, extension sheets were 
fixed 1 to 2 mm beneath the surface edge of the upper base 
plate side. The cladding was performed as a single layer 
with a bidirectional strategy for subsequent tracks with the 
following parameters: a powder mass flow of 15 g·min−1, a 
laser spot diameter of 1.6 mm, a laser power of 0.8 kW and a 
welding speed of 0.8 m·min−1. Argon was used as the shield-
ing gas for all samples at a flow rate of 10 l·min−1.

2.3 � Welding equipment

The specimens were welded with a 20 kW Yb-fibre laser 
(YLR-20000, IPG) having a wavelength of 1064 nm, an 
optical fibre with a core diameter of 200 μm and a beam 
parameter product of 11.2 mm·mrad. The laser process-
ing head (BIMO HP, HIGHYAG) with a focal length 
of 350 mm has focused the laser beam in a spot with a 
diameter of 0.56 mm. This was mounted at the arm of 
6-axis robot (Kuka). The protection of the molten pool 
was realised by nitrogen as a shielding gas at different 
flow rates. A shielding gas nozzle (approx. 25 l·min−1), a 
dragging nozzle (35 l·min−1) and a root shielding nozzle 
(50 l·min−1) were used. The following welding parameters 
have been used: The laser power of 14.3 kW, the welding 

Table 1   Chemical composition 
of the investigated materials in 
wt.-%

Material Form Element (%)

Fe Cr Ni Mo Mn N C Si P

Duplex AISI 2205 Base material Bal. 22.96 5.18 3.00 1.82 0.17 0.02 0.29 0.03
Duplex AISI 2205 Powder Bal. 22.80 5.57 3.16 1.09 0.16 0.02 0.68 0.02
Nickel Powder - - Bal. - - - 0.05 - -

Fig. 1   Experimental setup for the edge coating
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speed of 1.5 m·min−1 and a focal position of −5 mm. The 
experimental setup for the laser beam welding is shown 
in Fig. 2.

The quality of the weld seams was assessed by means of 
different destructive tests: The characterisation of the weld 
seams was done by cross-sections as well as electron back-
scatter diffraction (EBSD). Metallographic examinations 
were executed by grinding, polishing, etching of the speci-
men and light microscopy. The etching solution (Bloech and 
Wedl II) was applied according to [24] as this provides bet-
ter possibility to distinguish between ferritic and austenitic 
phase. The amount of the phase constituents was determined 
from the cross-section by means of an optical image analysis 
software (Imagic IMS client, Imagic Bildverarbeitung).

The impact testing was done by means of sub-sized 
Charpy-V samples with a size of 7.5 mm × 10 mm × 55 
mm. The specimens were taken out of the middle of the 

plate and tested at −20 °C. The notch was placed into the 
middle of the weld seam. Afterwards, the fractured sur-
faces were inspected by scanning electron microscope 
(SEM). Additionally, one piece was cut out of each broken 
specimen lengthwise to produce two cross-sections, one 
from the side and one from the middle of the specimen. 
Both cross-sections viewed the side of the fractured surface 
to determine the course of the fracture line (Fig. 3).

The corrosion resistance was tested accordingly to the 
ASTM G48 [25] method for pitting corrosion of stainless 
steels. The specimens were stored at 25 °C in a 6% FeCl3 
solution for 24 h; afterwards, they were weighted and exam-
ined at a 20× magnification. For both, impact and corrosion 
testing five specimens were welded with and without previ-
ous edge coating, respectively, were compared. For corro-
sion testing of the weld seams with previous edge coating, 
only four specimens were tested.

Fig. 2   Experimental setup for 
the laser beam welds

Fig. 3   Visualisation of cross-
section extraction
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3 � Results and discussion

Cladded layers at the edges of the workpiece were pro-
duced with twenty single tracks. A stepover (distance 

between individual tracks) was taken as 60% of the track 
width of 1.6 mm. This stepover was chosen to produce as 
smooth edges as possible, thus minimising the gap between 
the joined parts for the subsequent laser beam welding pro-
cess. If the DED tracks overlap was less by using a stepover 
of 30% of the track width, an unsatisfactory evenness of 
the coating occurs, as shown in the cross-section in Fig. 4. 
This results in a surface that is too wavy, which is unac-
ceptable for the laser beam welding process, where only 
a very small gap between the joined parts can be toler-
ated. As the laser beam welding was carried out without 
any additional filler material, the waviness resulted in gaps 
between the joined parts, leading to underfilling on both 
sides of the weld.

A cross-section of the cladding is shown in Fig. 5a.
Optical analysis of the microstructure shows a uniform 

distribution of phases with approximately 50% austenite, 
which is attributed to the earlier transformation of ferrite 
to austenite due to the higher nickel content of the powder 
mixture, as shown in the phase diagram of v. Goldbeck 
[15]. The first tracks contain a higher proportion of the 
ferritic phase, presumably due to the initially cold base 

Fig. 4   Cross-section of coated edge with a stepover of 30%

Fig. 5   Cross-section of coated edge (a); with ferritic phase coloured in red and austenitic phase in blue (b)

Fig. 6   Missing material in area 
A
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material, which heats up during the cladding process as 
the number of tracks increases. As described by Zambon 
and Bonollo [5], the longer t12/8 time also has a positive 
effect on the formation of the austenitic phase, allowing 
an austenite ratio of about 50% compared to the shorter 
one for the first track with only 30% austenite.

The next problem that deals with the geometrical devia-
tion of the coating is a material depletion at the first and last 
tracks that does not provide a perfect 90-degree angle at the 
edges of the base plate (the highlighted area A in Fig. 6).

Figure 7 shows a weld using conventional tack welding in 
three places using a laser beam, which does not provide any 
filler material to compensate for the missing volume. This 
results in significant underfilling as well as solidification 
cracks in the upper part of the laser weld. This type of crack 
is known to occur as a result of material shrinkage during 
solidification. The high cooling rates typical of laser beam 
welding, combined with the influence of the joint open-
ing angle, which according to [26] results in higher plastic 
deformation just below the weld surface, could be a possible 
reason for the formation of solidification cracks. Material 
shrinkage combined with a high degree of restraint for this 
type of joint produces high tensile stresses or deformations 
that lead to separation of the liquid films between the den-
drites, resulting in the formation of solidification cracks.

To compensate for the lack of material and to achieve 
defect-free welds, the influence of DED tracks instead of 
conventional tack welding was investigated. For this pur-
pose, additional DED tracks were deposited on both sides 
of the weld joint prior to laser beam welding. The DED 
tracks along the entire length of the weld were used as tack 
welds to hold the parts together. This was done with the 
same parameters used for DED coatings.

Tack welds are essential to minimise distortion during 
welding. The additional time and effort required for DED 
tack welds is relatively small, even if such tracks are required 
on the top and root sides.

Figure 8 shows a photograph of a DED tack weld in plan 
view. Figure 9 shows an X-ray image of a DED tacked weld. 
The initial, the middle and the end parts of the welding speci-
men are areas, which were left free from the upper DED tack 
weld in oder to enable a seam tracking for the robot. These 
parts of the weld seam are marked in the X-ray image in 
Fig. 9. No defects were visible neither in the X-ray image 
nor in the cross-section of the weld shown in Fig. 13a. Thus, 
DED tack welding proves to be an effective solution to over-
come solidification cracking and incomplete filling.

To further evaluate the microstructural constitution 
of different zones of the weld seams, an EBSD analysis 
and phase analysis by optical microscopy were done. 
Laser beam welds done without cladding or filler material 
were used as reference. Figure 10a shows a cross-section 
of such a weld seam. The ferritic phase, coloured in red 

Fig. 7   Cross-sections of weld seam with underfilling and solidifica-
tion crack
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(Fig. 10b), displayed a ferrite content of about 90%. Even 
though nitrogen has been used as a shielding and backing 
gas following Lai et al. [14] and Muthupandi et al. [16], 
which should have positively influenced the formation of 
austenite, an unbalanced predominantly ferritic microstruc-
ture has been formed in the weld metal. Compared to their 
plates thickness (3 up to 6 mm), the specimen used here (15 
mm) are far thicker and thus the influence of the nitrogen 
reduced to the upper and lower layer of the weld seam, 
where the austenite content is higher than in the middle, as 
shown in the magnification of the cross-sections.

Optical image analysis and EBSD measurements 
were done for the weld seams with prior DED coating. 
In Fig. 11, the positions of the regions of interest (ROI) 
analysed by EBSD are depicted. The cross-section shows a 
homogenous duplex microstructure throughout the whole 
depth of the weld seam. Compared to the welded joints 
with preplaced nickel foils investigated by Westin et al. 
[19] where a change of microstructure in the depth is 
shown, here the residual coating has appeared adjacent to 
the fusion line with a predominantly austenitic microstruc-
ture, which will be discussed in the following.

Figure 12a shows the phase distribution of the weld 
seam (ROI 1) with an average fraction of austenite (dis-
played in blue) of 55% that was also confirmed by optical 
analysis. This homogenous phase distribution was realised 
by the higher nickel content in the powder mixture previ-
ously applied on the plate’s edges by DED clads.

The slight shift of the laser beam to one side of the 
weld seam (ROI 2, Fig. 12b) enables an evaluation of 
a region between the weld seam and residual coating 
located close to the base material. It shows a narrow pre-
dominantly austenitic band that represents the rest of the 
coating metal. The transition to the weld seam is smooth, 
while the transition to the base material is more distinct. 
With approx. 200 μm at the widest point, this transition 
area is quite slim and depicts the preferable positioning 
of coating and weld seam.

On the other side of the weld seam, ROI 3 (Fig. 12c) 
shows the transition of the austenitic residual coating to the 
duplex structure of the base material more obvious. Between 
both areas, a very narrow ferritic band is visible. This one 
is also detectable in the cross-section of the coating (Fig. 5) 
and may result from a reduced nickel content at the fusion 

Fig. 8   Top view of plates with DED tacking before laser beam welding

Fig. 9   X-ray image of weld seam with DED tacking
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The influence of the ferritic zone and the austenitic 
residual coating that might have an impact on the proper-
ties of the welded specimen were of particular interest. 
Charpy toughness tests were conducted on laser beam 
welded joints with previous DED coating as well as such 
without. The fracture surfaces of the broken specimen, 
both uncoated (Fig. 13a) and pre-coated ones (Fig. 13b), 
are exemplarily shown in Fig.  13, respectively, while 
the results of all tested specimen are listed in Table 2. 
Figure 13 (1–3) depicts SEM images of both fractured 
surfaces.

The welds without previous cladding showed a brittle 
fracture surface (Fig. 13a) that is not deformed and has a 
shiny crystalline appearance. This low impact toughness 
of average 29 J·cm−2 and the typical appearance of tear 
ridges in the SEM picture (Fig. 13 (1)) confirmed this, 
whereas weld joints with previous cladding showed a sig-
nificant higher average impact toughness of 140 J·cm−2. 
This, as well as the photograph of the broken specimen 
depicted in Fig. 13b, shows a more ductile fracture behav-
iour. The specimens were deformed plastically during the 
impact testing and the SEM pictures (Fig. 13 (2) and (3)) 
show a distinctive dimple structure. This can be attributed 
to the duplex microstructure with equal fractions of aus-
tenitic and ferritic phase. According to DIN EN 10088-2 
[27], the minimum impact toughness for the duplex base 
material is 125 J·cm−2, which all tested weld specimen 
(with exception of a single one with 123 J) reached. This 
provides evidence that the ferritic margin at the transi-
tion of residual coating to the base material has nearly no 
influence on the impact toughness. A closer look into the 
microstructure of the fractured surfaces and the course of 
the fracture line confirms this finding. Figure 14 displays 
the cross-sections of broken impact testing specimen of 
either position, the side view and from the middle. These 
two pictures are representative for all ten cross-sections 
and show the deformation of the weld seam and the resid-
ual coating as well as the notch and the fracture line. It is 
visible that no clear fracture zone can be determined. The 
rupture propagates through all areas: weld seam, residual 
coating and base material (Fig. 14a) and does not run 
along the transition of the coating to the base material. 
Figure 14b shows a cross-section where the fracture trav-
els through the weld seam to the ferritic zone but devi-
ates back into the weld seam again. In no specimen, the 
fracture line does run along a certain area but propagates 
through different ones. This does not allow for the state-
ment that one area is more prone to brittle fracture than 
the other.

Fig. 10   Cross-section of weld seam without DED coating (a); with 
ferritic phase coloured in red and austenitic phase in blue (b)

line between coating to base material and thus a formation 
of a ferritic microstructure.

On this side of the weld seam, the coating is not com-
pletely molten during the laser beam welding process. 
The HAZ between the weld seam and the coating (ROI 3, 
Fig. 12d) is not distinct and can only be detected as a phase 
fraction shift from a balanced one in the seam to an almost 
complete austenitic in the residual coating. This is also the 
case in the previously discussed austenitic area in ROI 2.
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Another important aspect was the corrosion resistance 
of the weld seams. In combination with a good ductility, 
it is one of the major benefits of duplex stainless steels. 
The corrosion testing was done to cladded weld seams as 
well as those without cladding. Both cases are shown in 
Fig. 15. Additional to an optical inspection with a 20× 

magnification, the corrosion rate was calculated from the 
specimen weight before and after testing.

As expected, the weld seams with no coating showed 
pitting corrosion in all tested specimens, whereas the base 
metal was intact (Fig. 15a), as also reported by Westin 
et al. [19].

Fig. 11   Cross-section of weld 
seam (a) with regions of interest 
(b) for EBSD analysis

Fig. 12   EBSD of ROI 1 (a); 
ROI 2 (b); ROI 3 (c); ROI 4 (d) 
(blue colour—austenite, red—
ferrite)
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confirm the impression of a good quality of the weld 
seams, as they are considerably higher for the specimens 
without DED-coated edges and according to ASTM A 923 
[28], all except one specimen below the limit of 1 g·min−1. 
In average, the corrosion rate has been improved by a factor 
four compared to the conventional welds.

4 � Conclusions

A new approach to laser beam welding of thick duplex steel 
plates has been investigated. The two-step process presented, 
in which DED cladding was applied to the plate edges prior 
to welding, should be a viable alternative to achieve a bal-
anced ratio of austenite and ferrite throughout the depth of 
the weld. Cladding was carried out using a powder mixture 
containing 12% nickel.

The lack of material due to the geometry of the claddings 
was compensated by tack welding with single DED tracks at 
the top and root of the weld.

Fig. 13   Images of fractured surfaces of impact test specimens: uncoated specimen (a) with SEM image at marked position (1) and coated speci-
men (b) with SEM images at marked positions (2) and (3)

Table 2   Results of impact testing (−20 °C) experiments of weld 
seams with and without previous cladding

Duplex 2205 uncoated edges Duplex 2205 + Ni pre-coated 
edges

Absorbed energy 
(KV) at −20 °C 
testing tempera-
ture in J

Impact tough-
ness (Ak) in 
J·cm−2

Absorbed energy 
(KV) at −20 °C 
testing tempera-
ture in J

Impact 
toughness 
(Ak) in 
J·cm−2

17 28 83 136
16 26 98 160
26 42 88 144
14 23 75 123
16 26 84 137

In comparison, two of the weld seams with pre-coated 
edges had a slight corrosive erosion at the transition of the 
residual coating to the base material. The other two had no 
defects at all, neither in the base metal of the plates nor in 
the weld seams (Fig. 15b). The corrosion rates (Table 3) 
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Cross-sections and EBSD analysis showed a weld with 
a balanced microstructure, a HAZ with austenite in the 
residual cladding and a narrow ferritic band between the 
base material and the cladding.

Impact testing at −20 °C resulted in ductile fracture 
surfaces and higher impact toughness for the pre-coated 
specimen than for the uncoated welds, which showed a 
brittle fracture surface.

Corrosion tests performed an average four times lower 
corrosion rate for the pre-coated welds compared to con-
ventional laser welds.
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Fig. 14   Cross-section of broken impact testing specimens: from the side (a); from the middle (b)

Fig. 15   Corrosion specimens: 
uncoated edges (a); coated 
specimen (b)

Table 3   Corrosion rates for weld seams with uncoated and coated edges

(p), trace of pitting detected; (n), no trace of pitting

Corrosion rate in g·m−2 Duplex 
AISI 2205 — uncoated edges

Corrosion rate in g·m−2 Duplex 
AISI 2205 + Ni — coated edges

6.2   (p) 1.9   (p)
4.3   (p) 0.9   (p)
7.8   (p) 0.7   (n)
2.9   (p) 0.7   (n)
2.1   (p) -
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