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Abstract

This research work is the first step in evaluating the feasibility of producing industrial components by using Laser Metal
Deposition with duplex stainless steel Wire (LMDw). The influence of Ar and N, shielding gases was investigated in terms of
nitrogen loss and in the microstructure and austenite content of different deposited geometries. The evolution of the microstruc-
ture in the build-up direction of the Ar and N,-shielded blocks was compared in the heat-treated and as-deposited conditions. The
susceptibility for oxygen pick-up in the LMDw deposits was also analyzed, and oxygen was found to be in the range of
conventional gas-shielded weldments. Nitrogen loss occurred when Ar-shielding was used; however, the use of N,-shielding
prevented nitrogen loss. Austenite content was nearly doubled by using N,-shielding instead of Ar-shielding. The heat treatment
resulted in an increase of the austenite content and of the homogeneity in the microstructure regardless of the shielding gas used.
The similarity in microstructure and the low spread in the phase balance for the as-deposited geometries is a sign of having
achieved a stable and consistent LMDw process in order to proceed with the build-up of more complex geometries closer to
industrial full-size components.

Keywords Duplex stainless steels - Additive manufacturing - Laser metal deposition - Directed energy deposition - Laser beam
additive manufacturing

1 Introduction

Additive manufacturing (AM) has the potential to revolutionize
the industry worldwide for several reasons: minimal material
wastage, short time-to-market, flexibility in the geometry and
design of the components produced, and the possibility to im-
prove their functionality, by for example producing functional-
ly graded materials. The European Union, aware of the impor-
tance of AM, has been supporting its establishment through
research projects funded by the Horizon 2020 Program [1-3].
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However, there are still important technological and scientific
challenges ahead in connection to the industrial implementation
of the technique, for example, the in-process monitoring and
control, the reduction of post-processing steps, the simulation
and measurement of thermal gradients and residual stresses,
and very importantly and connected to the previous challenges,
the control of the resulting microstructure. Because of the dif-
ficulty to predict and control the temperature gradients reached
in the material during the manufacturing process, there is still
no way to control the microstructure that will be produced.
Before reaching that stage and to guarantee the safety of the
AM components, it is necessary to gain fundamental under-
standing of each specific additive manufacturing process and
of the relationship between the different process parameters and
settings and their influence on the resulting microstructure and
properties.

Among the several AM processes, the Laser Metal
Deposition with wire (LMDw), also known as Laser Directed
Energy Deposition with wire (LDEDw) or Laser Beam
Additive Manufacturing with wire (LBAMw), is a promising
pathway in future industrial production. The reason is that it
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combines the advantages of AM, stated earlier, with the versa-
tility of the laser as the energy source and with the productivity
and cost advantages that wire-based techniques possess over
the powder-bead based methods [4]. Besides, it is potentially
amendable to superior process control.

The above-mentioned advantages and possibilities of
LMDw together with the outstanding mechanical and corro-
sion properties of duplex stainless steels have increased the
interest of the industry in the feasibility of producing full-size
industrial components in duplex stainless steel using LMDw.
From the research conducted in welding, it is well known that
when welding duplex stainless steels by using low energy
input processes such as laser beam, a highly ferritic micro-
structure is expected because of rapid cooling and/or the as-
sociated nitrogen loss [5, 6]. It is also known that detrimental
phases can form due to multiple reheating in multi-pass
welding of duplex stainless steel grades [7, 8]. Therefore, the
same phenomena are expected to occur when depositing du-
plex stainless steels by using LMDw, with the particularity
that except for the last deposited layer, the rest of layers in
the build-up can be considered “heat-affected zones.” The
main aim of this piece of work is to gain fundamental knowl-
edge of the influence that different shielding gases have on the
microstructure and phase-balance of duplex stainless steel as-
deposited by LMDw and after having been heat treated.

In connection to AM of duplex stainless steels, there are
recent works published related to powder-bed fusion process-
es and to arc processes as described below. Some research has
been conducted with duplex stainless steel powder and selec-
tive laser melting (SLM) [9-12], which is an AM technique
based on powder-bed fusion. In all cases, the researchers used
argon shielding and it was necessary to apply a post-process
heat treatment to reach a balanced austenite to ferrite ratio. An
important concern was the density of the material achieved,
and values of around 90% in density were reported, meaning
that around the 10% of the deposit were voids related to a
partial melting of the powder. Interestingly, it was found that
an argon-shielded laser beam process has been used to fabri-
cate duplex stainless-steel microstructures by mixing austen-
itic and ferritic powders in different percentages. The authors
evaluated the residual stress distribution in that functionally
graded material [13]. In the last 2 years there has been a boost
in publications related to the study of duplex stainless steels
deposited when using AM processes that use electric arc as the
power source and wire as a feedstock, commonly designated
as Wire Arc Additive Manufacturing (WAAM) [14-21].

Within the last year, a couple of studies were published
in relation to the physical simulation of the thermal cycles
experienced by super-duplex stainless steels during the
reheating, using Gleeble [22] and using arc-heat-
treatment [23]. These could be very helpful tools to simu-
late the microstructure of the repeatedly reheated material,
as that occurs in AM.
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However, what has not been possible to find publications
about is specifically LMDw of duplex stainless steels, which
is the subject of study in this work. Therefore, the way to start
developing and investigating has to be grounded in the current
knowledge acquired from Laser Beam Welding (LBW) of
these alloys. In terms of shielding gases, argon, helium, nitro-
gen, and argon-helium mixtures are recommended when
LBW duplex grades [6]. The argon-shielding in LBW of du-
plex stainless steel is commonly used [24-27]. However, the
literature shows that higher austenite content and better tough-
ness can be achieved when using nitrogen shielding [28]. One
author also used a defocused laser beam immediately after
LBW (Ar-shielded) but using local nitrogen shielding to ob-
tain a balanced austenite-ferrite resulting microstructure [29].
The above-mentioned results with LBW motivated part of this
research work aimed at determining and comparing the influ-
ence of argon and nitrogen shielding gas on the microstructure
and nitrogen loss when depositing duplex by LMDw.

Another aspect that was specifically investigated in this
work was if oxygen pick-up could be a concern in LMDw
of duplex stainless steels. It is well-known that oxygen content
is detrimental for pitting corrosion resistance due to the for-
mation of oxide inclusions that act as pit initiation sites [30]
and for mechanical properties, especially for impact toughness
[31] in duplex stainless steel weldments.

2 Experimental

In this chapter, the laser metal deposition experiments and the
testing and characterization methods are described.

2.1 LMDw: experiments and settings

Duplex stainless steel type 2205 (UNS S32205) in 10-mm-
thick plates was used as the substrate material for the experi-
ments. The filler material was duplex stainless steel type 2209
(EN ISO 14343-A: G 22 9 3 N L) in 1.2-mm-diameter wire
format. Table 1 includes the chemical analysis of the substrate
and the wire. Commercially pure argon (> 99.995%) and pure
nitrogen (> 99.999%) were used as shielding gases.

The power source was a 6-kW Ytterbium-doped fiber laser
working in continuous mode. The focal length was 300 mm
and the wavelength was 1070 nm. The depositions were per-
formed with an out-of-focus spot diameter of approximately
3.2 mm characterized by a Gaussian intensity profile. The
main control actions were performed by a programmable logic
control (PLC). The elements of the system, such as the wire-
feeding system, the deposition tool with the laser optics, and
the controller and actuators, were mounted on an industrial
robot. Hence, the robot governed the movement of the depo-
sition tool according to a set pattern. A picture of the system
setup is shown in Fig. 1. During deposition, an electrical
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Table 1 Chemical analysis (wt%)

Material C Si Mn Ni Cr Mo N S P Cu Co
Plate 0.016 0.32 1.77 5.50 22.77 3.07 0.177 <0.001 0.027 0.21 0.096
Wire 0.016 0.45 145 8.62 23.23 3.29 0.160 0.001 0.016 0.04 -

current was flowing through the wire and melt pool, creating a
hot-wire effect. The level of the voltage and the current was
regulated by a set of electrical power supplies. These values
were measured on-line and used for process monitoring and
control purposes. The control actions were aiming at a specific
wire resistance that resulted in a stable metal transfer, good
wettability, and a proper dimensional tolerance.

Three types of geometries were produced in this study:
single-bead, single-bead-wide and 10-layer-high walls and
10-layer-high and 5-bead-wide blocks resulting in blocks of
140 mm in length, 20 mm in width, and 5 mm in height.

In all cases, samples were deposited using two different
shielding gases (Ar and N,) and were investigated in the as-

deposited condition. In addition, for the blocks a PWHT was
applied (solution annealing at 1100 °C for 1 h followed by
water quenching). The process parameters used to prepare the
samples are listed in Table 2, and Table 3 shows the list of
different conditions evaluated in this work.

2.2 Testing and characterization

The microstructural characterization was performed by using
Olympus BX60M and Zeiss AL10 optical microscopes.
Sections were prepared using the general lab equipment for
mounting, grinding and polishing to 0.05 um. To reveal and
contrast austenite from ferrite, the samples were etched just

e
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cabinet with controller

\ : "\ y

deposition tool with laser optics

Fig. 1 Laser metal deposition setup: industrial robot with turntable positioner, deposition tool, gas chamber, wire feeding, and control systems
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Table 2 Process parameters used in the depositions

10-layer blocks

Single bead and
10-layer wall
Laser power (kW) 35
Wire feed rate (m/min) 2
Transverse speed (mm/s) 10
Hot-wire voltage (V)-Average value 2.5

Hot-wire current (A)-Average values 23-26

35

2

10

1.5 V in the first layer and 1 V in the subsequent layers
101 A in the first layer and 68 A in the subsequent layers

immediately after polishing for about 10 s using a modified
Beraha etchant consisting of 33% HCI, 66% water, and 1%
potassium bisulfite freshly prepared [32]. To reveal possible
sigma-phase, the samples were electrolytically etched with
40% NaOH.

A stitching function at Zeiss AL10 was necessary to take
full cross-section images of the built geometries, and Image
Pro software was used to measure the austenite content by
image analysis.

For image analysis, and based on previous investigations,
for each deposited layer, 8-9 images at x 50 magnification
were used to get a representative value of austenite content.
These 89 locations were homogeneously distributed across
the layer as shown in Fig. 2 for single-bead, in Fig. 3 for the
walls, and in Fig. 4 for the blocks. Note that Fig. 3 corresponds
to an 8-layer-trial wall, not to the final 10-layer wall, but the
aim of the image is to show the distribution of locations cho-
sen for the austenite measurements.

For the single-bead and 10-layer walls, nitrogen and oxy-
gen contents were determined by combustion analysis using a
LECO TC-436 analyzer. One test was performed per sample.

For the 10-layer, 5-bead blocks, nitrogen was measured by
optical emission spectroscopy (OES) in a cross-section of the
block at seven locations at the bottom layers and at six loca-
tions at the top layers of the block (Fig. 5). Both methods,
OES and LECO, were calibrated and expected to provide
roughly the same accuracy.

The blocks were annealed at 1100 °C for 1 h and water
quenched afterwards by following industrial practice. This
heat treatment temperature was decided based on the literature
[33] and on the estimation of sigma-phase formation temper-
ature and nitrogen solubility versus ferrite content calculated

Table 3  Conditions investigated and samples’ designation

Ar-shielding N,-shielding Ar-shielding N,-shielding

As-deposited Heat-treated
Single-bead Al N1 - -
10-layer wall ~ A10 N10 - -
10-layer block B-A-AD B-N-AD B-A-HT B-N-HT
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by computational thermodynamics (Thermo-Calc® software
with TCFES database) for the chemical composition of the
specific 2209 batch used.

3 Results

In this chapter, the results of analyzing the oxygen content and
the nitrogen content in the deposits are presented, as well as
the microstructural inspection including an evaluation of the
austenite content in the deposits.

3.1 Oxygen content

Table 4 contains the oxygen content measured in the single-
bead and the 10-layer walls produced under Ar-shielding and
N,-shielding deposited metal. In all the cases, the oxygen
values were in between 111 and 160 ppm, which are values
in the range of the oxygen values that can be found in con-
ventional gas tungsten arc (GTA) weldments [34].

3.2 Nitrogen content

Figure 6 shows the nitrogen content measured by combustion
technique in the single-bead and the 10-layer walls produced
under Ar-shielding and N,-shielding specimens and the nitro-
gen content measured by OES in the 10-layer, 5-bead blocks
which were Ar-shielded and N,-shielded, as-deposited and
heat-treated (Fig. 5).

From the results, it is clear that nitrogen loss is a fact in the
LMDw specimens when using Ar-shielding, as the deposited
material contains less nitrogen than the wire (0.16 wt%). It is also
clear that the nitrogen loss increases when increasing the number
of deposited beads. In the deposition of the single-bead, the rel-
ative nitrogen loss was in the range of 14% and the relative loss
of nitrogen in the top of the 10-layer wall was found to be of
26%. In the blocks, the top layers showed a relative reduction in
nitrogen content in the range of 4 to 10%. When comparing the
nitrogen content in the bottom layers with the nitrogen content in
the wire, a 25% of relative loss in nitrogen was found.
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Fig. 2 Locations where images
were taken for austenite
measurement in the single-bead
specimens: 5 locations in the bot-
tom zone of the bead and 4 loca-
tions in the top zone

3.3 Microstructure and austenite content

Cross-sections of each type of sample were used to inspect the
microstructure and to measure the austenite content. Figure 7
shows the austenite values measured for the single-bead and
for the 10-layer walls (measurement locations illustrated in
Figs. 2 and 3). At first glance it is evident that austenite content
is higher when using N,-shielding than when using Ar-
shielding. When comparing the austenite content of the layers
that were not reheated (i.e., single-bead and layer number 10
in the wall), it seems clear that austenite content is nearly
doubled just by using N,-shielding instead of Ar-shielding.
As expected, the reheated layers showed higher austenite con-
tent than the as-deposited, and the average austenite values
showed a low spread within each shielding gas used: from
33 to 39% in Ar-shielded and from 53 to 67% in the N,-
shielded. Again, the austenite content is nearly doubled when

Fig. 3 Locations where images were taken for austenite measurement in
the walls: 9 locations in the first layer distributed between top and bottom
and bottom. The same approach was followed in the subsequently
deposited layers. Note that this is an 8-layer trial wall, not the 10-layer
wall investigated in this study

500 pm

comparing the austenite content of the reheated layers
shielded with nitrogen.

Figure 8 presents the austenite values measured for the 10-
layer x 5-bead blocks in the as-deposited and heat-treated
conditions (measurement locations illustrated in Fig. 4).
Similar to the results presented for the 10-layer wall, the aus-
tenite content is higher when using nitrogen as a shielding gas
compared with when using argon. The austenite average
values measured at each layer in the as-deposited blocks are
in the same range as those obtained at each layer of the walls.
When looking at the heat-treated blocks, the austenite content
increases from 36-41% to 52-54% when Ar was used for
shielding. That represents a 38% relative increase in austenite
caused by the heat treatment. When using N,-shielding the
austenite content globally increases due to the heat treatment,
but considerably less. In some layers, the average value was
the same. The maximum difference found was 63% austenite
in the as-deposited condition and 70% austenite in the heat-
treated, representing only an 11% relative increase of austenite
caused by the heat treatment. What is important to note is that
the values measured in the heat-treated samples had a very
low variation, meaning that the standard deviation of the av-
erage value in each layer was lower than the standard devia-
tion of the average values when the blocks were as-deposited.

Figures 9, 10, and 11 illustrate the evolution of the micro-
structure in the different types of samples.

In Fig. 9, the microstructure of the single-bead samples
prepared with Ar (A1) and N, (N1) is presented. As expected,
ferrite and nitrides are found in a higher amount in the Ar-
shielded single-bead than in the N,-shielded one. Nitrides are
illustrated at higher magnification in Fig. 12. In the Ar-
shielded deposit, primary intergranular austenite is formed
along the ferritic grains, but it is possible to observe original
ferritic grain boundaries without austenite formation.
Widmanstétten austenite is scarcely found, and it is possible
to find fine intragranular austenite within the ferritic grains.
On the other hand, in the nitrogen-shielded sample, the inter-
granular austenite is found along all the grain boundaries,
Widmanstétten austenite is clearly visible, and the
intragranular austenite is bigger in size than in the microstruc-
ture produced with Ar-shielding.

In Fig. 10, the evolution of the microstructure along a ver-
tical line that crosses the 10 layers is shown for the 10-layer

@ Springer
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Fig. 4 Locations where images
were taken for austenite
measurement in the blocks: a
matrix of 8 locations on the
horizontal axis—shown in blue—
that was repeated per each one of
the 10 layers—shown in purple

walls shielded with Ar (A10) and N, (N10). By looking at the
macro sections, epitaxial growth is clearly observed in the
fusion boundaries and beads showed a convex profile.

In the Ar-shielded wall, when comparing the non-reheated
layer (last layer) with the reheated layers, it is possible to
observe the formation of secondary austenite and the growth
or coarsening of the primary austenite (intragranular,
Widmanstétten, and intergranular). No big differences can
be found in the microstructural features within the reheated
layers. In the N,-shielded wall, when comparing the non-
reheated layer with the reheated layers, no secondary austenite
is observed in the reheated layers, but the growth/coarsening
of intragranular, Widmanstitten, and intergranular austenite is
very clear. Similar to the Ar-shielding, there does not seem to
be a big difference in the evolution of the microstructure with-
in the reheated layers, and definitely, austenite is visibly more
present in the N,-shielded wall.

No signs of sigma-phase were found during the microstruc-
tural inspection.

Figure 11 shows representative microstructures for a vertical
line (location 6 in Fig. 4) that crosses the 10 layers in each one of
the 4 blocks (B-A-AD, B-A-HT, B-N-AD, B-N-HT). As already
observed in the walls, the macros showed an epitaxial growth in
the fusion boundaries. In the blocks, the outer bead profiles pre-
sented a convex shape, as also observed in the walls, whilst the
inner beads in the blocks showed a concave profile.

Fig. 5 Cross-section of the 10-layer, 5-bead block showing two lines of
OES spots. Line 1 shows the locations close to the substrate, and line 2
shows the locations close to the top

@ Springer

There is a high similarity between the microstructural fea-
tures observed in the as-deposited Ar-shielded and N,-
shielded wall layers and the microstructures observed in the
as-deposited blocks. In the as-deposited Ar-shielded deposits
it is possible to observe very fine secondary austenite and the
growth or coarsening of the primary austenite (intragranular,
Widmanstitten, and intergranular). In the as-deposited N,-
shielded blocks no secondary austenite can be observed in
the reheated layers, but the growth/coarsening of intergranu-
lar, Widmanstétten, and intragranular austenite is evident. In
the heat-treated Ar-shielded and N,-shielded blocks, the orig-
inally elongated morphology of Widmanstitten and intergran-
ular austenite is coarsened and the blocky intragranular aus-
tenite morphology shows rounded corners in a kind of “glob-
ular” morphology. No signs of sigma-phase were found dur-
ing the microstructural inspection.

4 Discussion
4.1 Oxygen content in LMDw deposits

In LMDw, the molten metal is exposed to the gas-shielding
environment, except for the contact area with the substrate or
previous layer. That makes a substantial difference when com-
paring to welding in a joint, where the base material surrounds
the weld pool and there is less surface area of molten metal
exposed to the environment. This fact, together with the

Table 4 Oxygen content measured by combustion technique in the
deposited metal

Sample ref. Description Oxygen content (ppm)
N1 Single-bead, N,-shielded 117
Al Single-bead, Ar-shielded 111
N10 10-layer wall, N,-shielded 160
Al10 10-layer wall, Ar-shielded 112
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B-A-HT-T: Block, Ar-shielded, Heat-treated, Top location ]0.106 —
B-A-HT-B: Block, Ar-shielded, Heat-treated, Bottom location
B-A-AD-T: Block, Ar-shielded, As-deposited, Top location
B-A-AD-B: Block, Ar-shielded, As-deposited, Bottom location
A10: 10-layer wall, Ar-shielded

A1l: single-bead, Ar-shielded

B-N-HT-T: Block, Nitrogen-shielded, Heat-treated, Top location
B-N-HT-B: Block, Nitrogen-shielded, Heat-treated, Bottom location
B-N-AD-T: Block, Nitrogen-shielded, As-deposited, Top location
B-N-AD-B: Block, Nitrogen-shielded, As-deposited, Bottom location
N10: 10-layer wall, Nitrogen-shielded

N1: single-bead, Nitrogen-shielded

Fig. 6 Nitrogen content (wt%) measured in the single-bead samples (A1,
N1), in the 10-layer wall samples (A10, N10) and in the block samples
(B-A-HT, B-A-AD, B-N-HT, B-N-AD). The block designations end in T
or in B, referring to the location of the measurement and being top and

severe reduction in impact toughness that duplex stainless
steel experiences if oxygen content is higher than about
200 ppm [31], motivated the interest to investigate the oxygen
content in the single-bead and 10-layer wall specimens. The
results in Table 4 showed that in all cases the oxygen values
were between 111 and 160 ppm. These values were compared
with oxygen contents reported in the literature [31, 34] for

Fig. 7 Average austenite content

(percentage) measured in the N10-10

single-bead samples (labeled as N10-9

Al and N1) and in the 10-layer N10-8

wall samples (labeled as A10 and N10-7
N10). The number after the dash

in the wall samples corresponds to N10-6

the layer number as described in N10-5

Fig. 4. This figure reveals higher N10-4

austenite content when using N,- N10-3

shielding than when using Ar- N10-2

shielding N10-1

N1

A10-10 19
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bottom respectively. Error bars depict the standard deviation of the aver-
age value obtained in the block samples from the individual measure-
ments per location (top, bottom). The nitrogen content in the wire is
represented by the vertical red line

single pass conventional GTA 50-150 ppm and for flux cored
wire welding (FCW) 1300 ppm. In addition, Fig. 13 illustrates
a comparison of the results in the project with the oxygen
content for multi-pass welding of super-duplex stainless steels
[35]. The comparison reveals that the oxygen content in the
laser metal deposited metal produced in the study was on the
same level as the oxygen contained in multi-pass GTA and
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Fig. 8 Average austenite content (percentage) layer per layer in the block
samples. Error bars depict the standard deviation of the average value
obtained from the 8 individual locations evaluated along the layer.
Notation and legend used as per described in Table 3. This figure

gas metal arc welding (GMA), and below the oxygen contents
measured for the flux-cored welding processes FCW and sub-
merged arc welding (SAW). Therefore, it can be concluded
that the duplex stainless steel deposited with LMDw process
does not have a special susceptibility to oxygen pick-up, pro-
vided that the process is properly shielded.

4.2 Influence of shielding gas on nitrogen loss
The AWS standard A5.9M establishes a range for min-max
nitrogen contents of 0.14 wt% and 0.20 wt%, respectively, for

the 2209 duplex wire. The specific batch used in this study
contained 0.16 wt% nitrogen (Table 1).
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illustrates that the austenite content is higher when using nitrogen as a
shielding gas compared with when using argon. Besides, the standard
deviation of the average value in each layer is lower in the heat-treated
blocks than in the as-deposited blocks

The results (Fig. 6) clearly showed that nitrogen loss is a
fact when using Ar-shielding, as the deposited material
contained less nitrogen than the wire. For the single-bead,
the relative nitrogen loss was in the range of 14% and the
relative loss of nitrogen in the top of the 10-layer wall was
found to be 26%. In the case of the blocks, it was also
evident that the top layers contained less nitrogen than
the bottom layers (relative reduction in the range 4—10%)
and from the bottom line compared with the nitrogen wire,
there is a 25% relative loss in nitrogen content. The nitro-
gen loss phenomenon has been already reported in arc-
welding [36, 37] and in WAAM [16] when using Ar-
shielding. The driving force explaining the nitrogen loss
observed is the need for the system (molten pool —
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Ar-shielded (A1)

No-shielded(N1)

Fig. 9 Upper micrographs: cross-section of the single-bead deposits, Ar-
shielded (A1) and Nj-shielded (N1). Lower micrographs: representative
microstructure observed for each one of the samples. Ferrite and nitrides

shielding environment) to reach the compositional equilib-
rium. When there is no nitrogen in the shielding environ-
ment, the nitrogen which is contained in the melt pool
tends to escape from the material with the aim of increas-
ing the nitrogen content in the environment and therefore
to achieve an equilibrium in composition. That explains
why nitrogen loss increases with increasing the number
of deposited beads under the Ar-shielding conditions. To
compensate that loss and to increase the austenite content
and therefore to achieve higher impact toughness, it is
commonly suggested to add up to 2% nitrogen to the argon
shielding. The high surface area of molten metal exposed
to the environment in AM processes can intensify the ni-
trogen loss phenomenon.

On the other hand, the results in this work (Fig. 6) showed
that the LMDw specimens that were nitrogen-shielded
exceeded the 0.16 wt% of nitrogen contained in the wire. In
fact, the nitrogen content in the samples is within the range of
super-duplex 2509 alloy (0.20-0.30 wt%). When increasing
the number of beads, the nitrogen content increased but it was
never exceeding 0.26 wt% (when measuring by LECO) or
0.23 wt% (when measuring by OES). As previously ex-
plained, the resulting nitrogen content in the deposited mate-
rial is governed by the balance between the molten pool and
the surrounding atmosphere. Therefore, when pure nitrogen is
used as a shielding gas, the trend of the molten pool is to pick
up nitrogen to achieve the compositional equilibrium, and
higher nitrogen content is found when increasing the number
of beads. Therefore, the use of pure nitrogen shielding seems
to be a convenient way to avoid or limit nitrogen loss in
LMDw.

are dark whilst austenite is bright. Differences in nitrides, intergranular
ferrite, Widmanstitten austenite, and intragranular austenite are revealed

4.3 Influence of the shielding gas on the
microstructure and phase balance

The results in chapter 3.3 revealed that austenite content is
nearly doubled when N,-shielding is used in comparison to
Ar-shielding in both wall and block geometries (Figs. 7 and
8). It is worth noting that the austenite values measured are in
compliance with Norsok standard M-601 [38] for 22% Cr
duplex stainless steel weldments, with austenite in the range
of 30 to 70%.

It is well known that nitrogen is an austenite promoter
and that an increase in austenite is beneficial for corrosion
resistance and for better impact toughness in the deposited
material [36, 37]. The higher the nitrogen content, the
higher the temperature at which the ferrite to austenite
transformation starts [39]. That implies that the use of ni-
trogen shielding led to an increase in the austenite content
after solidification (primary austenite).

In addition, regardless of which shielding gas is used, the
reheating of the deposited layers enables nitrogen diffusion
from ferrite to austenite and promotes the formation of second-
ary austenite and the growth/coarsening of Widmanstatten and
intergranular austenite [40—44], as it was observed in this work.

Nitrides were scarcely found in the N,-shielded layers,
whilst they were massively found in the Ar-shielded deposits.
The higher austenite content in the N-shielded layers and the
higher solubility of nitrogen in the austenite phase can be the
main reason. As previously reported, no signs of sigma-phase
were found during the microstructural inspection of the as-
deposited samples. It is possible that with the current LMDw
settings established for the preparation of these specimens, the
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Fig. 10 First row: cross section of the 10-layer walls, Ar-shielded (left) that is not observed in the reheated N,-shielded layers, but instead the

designated as A10 and N,-shielded (right) designated as N10. Below, growth/coarsening of intragranular, Widmanstitten, and intergranular
representative microstructures observed in vertical line crossing from austenite is evident. No significant difference in the evolution of the
layer 1 to layer 10. Ferrite and nitrides are dark whilst austenite is bright. microstructure within the reheated layers can be found in any of the walls

In the reheated Ar-shielded layers, secondary austenite is visible whilst
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Fig. 10 (continued)
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Fig. 11 First row: Cross section of the as-deposited 10-layer x 5-bead
blocks, Ar-shielded (left) as deposited (B-A-AD) and heat-treated (B-A-
HT) and N,-shielded (right) as deposited (B-N-AD) and heat-treated (B-
N-HT). Below, representative microstructures observed in the same ver-
tical line crossing from layer 1 to layer 10. Ferrite and nitrides are dark
whilst austenite is bright. Very fine secondary austenite and the growth or
coarsening of the primary austenite (intragranular, Widmanstétten, and

previously deposited layers did not reach the necessary tem-
perature and time to promote its formation [8]. The impor-
tance of monitoring the thermal history during the deposition
in additive manufacturing is crucial to explain the resulting
microstructure, as it will be also shown in chapter 4.5.

The average austenite values in the layers showed a very
low spread within each shielding gas used: from 33 to 39% in
Ar-shielded and from 53 to 67% in the N,-shielded. This low
spread in the austenite content together with the evaluation
layer per layer of the microstructural features indicates that
the walls and the blocks have a repetitive/consistent micro-
structure all along the build-up.

@ Springer

intergranular) is observed in the as-deposited Ar-shielded microstruc-
tures. In the as-deposited N2-shielded blocks no secondary austenite
can be observed, but the growth/coarsening of intergranular,
Widmanstitten, and intragranular austenite is evident. In both heat-
treated blocks, the originally elongated morphology of Widmanstitten
and intergranular austenite is coarsened and the blocky intragranular aus-
tenite morphology shows rounded corners in a “globular” morphology

The results in terms of microstructure and phase balance
for the as-deposited walls and blocks for each shielding gas
are very similar. That is a sign that the process control devel-
oped for the project has been able to produce the different
geometries consistently and that it is ready to proceed with
the build-up of more complex geometries.

4.4 Influence of the heat treatment on the
microstructure and austenite content

The heat treatment resulted in an increase of the austenite
content: from 36-41% to 52-54% when Ar was used for
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Fig. 12 Higher magnification
image of Fig. 9 showing two
ferrite grains separated by
elongated intergranular austenite.
Nitrides are located in the
intragranular areas and they
appear as small dimples (see
circles), resulting from their
partial or total dissolution by the
etchant

shielding. That represents a 38% relative increase in aus-
tenite. When N, was used, the maximum difference found
was from 63% in the as-deposited condition to 70% in the
heat-treated one, which represents only an 11% relative
increase. The explanation for the lower relative increase
of austenite when N,-shielding deposit was heat-treated is
related to the higher nitrogen content in the N,-shielded
material. In this case, there is initially a higher austenite
content. The material is already closer to the austenite con-
tent that could be thermodynamically achieved in equilib-
rium, and therefore, the driving force to form austenite
during the heat treatment is lower.

Regarding the austenite morphology, due to the heat treat-
ment, the originally elongated morphology of Widmanstitten
and intergranular austenite was coarsened and the blocky
intragranular austenite morphology showed rounded corners

Fig. 13 Comparison of the 800
oxygen content in the deposited
material by using different 700

welding processes (in green) [35]
and by LMDw (in blue the N,-
shielded and in orange the Ar-
shielded samples). The number at
the end of the designation shows
the number of welding passes or
number of deposited beads in the
LMDw specimens. The LMDw
deposits contain oxygen at the

OXYGEN CONTENT (ppm)
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in a “globular-like” morphology. This globular morphology
was observed in heat-treated duplex and super-duplex stain-
less steels [33, 45] and the driving force could be the reduction
of the interface surface energy in the austenite-ferrite
boundaries.

It is important to note that the austenite values measured in
the heat-treated samples showed lower standard deviation
than the austenite values in the as-deposited blocks. That is
interpreted as a sign of higher homogeneity in the
microstructure.

As described in the methodology chapter, the solution an-
nealing temperature of 1100 °C was decided based on the
literature [33] and on Thermo-Calc calculations, predicting
the formation of sigma-phase at temperatures below 1008 °C
for the specific chemical composition of the wire used.
Therefore, as expected, no signs of sigma-phase were found
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during the microstructural inspection of the heat-treated
specimens.

To check if Thermo-Calc could be a good tool to predict
the ferrite content achieved with the heat treatment, the ferrite
fraction versus the nitrogen content at 1100 °C was plotted for
the specific composition of the wire (Fig. 14). The N,-
shielded specimens had a nitrogen content between 0.20 and
0.26 wt%, whilst the Ar-shielded specimens had a nitrogen
content between 0.10 to 0.14 wt% (data from Fig. 6). For
those nitrogen contents, Fig. 14 predicts ferrite from 23 to
30% (austenite 70—77%) for the N,-shielded deposits and fer-
rite from 37 to 44% (austenite 56-63%) for the Ar-shielded
ones. When comparing these values with the experimental
austenite measurements in Fig. 8, it is clear that Thermo-
Calc gives a reasonable approach.

4.5 Bead profiles in the deposits

It is well-known that the thermal gradients (temperatures and
cooling rates) influence the resulting microstructure of the
deposited materials. In the experiments presented in this pa-
per, the temperature distribution is not known. However, the
differences observed in the bead profiles seem to indicate
heterogeneities in the temperatures of the substrate.

A difference is observed in the concavity and convexity of
the beads’ profile. A concave profile is observed in the cases
where the beads are deposited on the substrate plate and on
previous layers in the block. A convex profile is observed in
the wall beads and in the outer beads of the block (Fig. 11).
Some authors noticed about the melt pool convexity in multi-
bead AM using a laser source and tried to explain the phenom-
enon. Gharbi et al. [46] proposed that for a wall, the negative
Marangoni flow pushes the central part of the melt-pool up-
wards due to an increase of the temperature gradient in the
lateral direction. However, Lee [47] underlined the importance
of the surface shape of the previously deposited layer, as it will
have an influence on the melt pool flow of the subsequent

065

[ )

0.30 f&———
025 ,\
0.20 i\
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A Mass percent N

Fig. 14 Ferrite fraction versus nitrogen content diagram at 1100 °C. Blue
lines correspond to nitrogen contents of Ar-shielded samples and green
lines to nitrogen contents of N»-shielded samples.

layer. Another element to consider is the different spatial dis-
tribution of the heat transfer. When the deposition is on the
substrate plate and on the inner layers of the block, the heat
transfer mainly occurs in the three-dimensions, whilst it occurs
preferentially in two dimensions (vertical and along the depo-
sition direction) in the wall and in the outer beads of the block.
At the end of the day, the resulting bead geometry is a conse-
quence of the balance of the different forces experienced by the
liquid in the melt pool and those forces are strongly dependent
on the temperature distribution in the material. Therefore, the
local differences in the thermal history (temperature gradients,
cooling rates) among the beads in the wall, the outer beads and
the inner beads of the block, could explain the differences in
the concavity and convexity of the bead profiles. More work is
needed for a better understanding of this aspect.

5 Conclusions

In this work, the influence of Ar and N, shielding gases in
LMDw of duplex stainless steel was evaluated in terms of
nitrogen loss and on the microstructure and austenite content
of different deposited geometries: single bead, 10-bead walls
and 5 bead x 10 layers blocks. The evolution of the micro-
structure in the build-up direction of the Ar and N,-shielded
blocks was compared in the heat-treated and as-deposited con-
ditions. In addition, the susceptibility for oxygen pick-up in
the LMDw deposits was analyzed.

» The oxygen contents of the duplex stainless steel laser
metal deposits were found to be in the range of GTA
and GMA weldments. Specimens produced by LMDw
with proper shielding conditions are therefore not more
susceptible to oxygen pick up than weldments produced
by gas-shielded arc welding processes.

* Nitrogen loss occurs in the LMDw specimens when using
Ar-shielding, and the loss increases when increasing the
number of deposited layers. However, the use of N»-
shielding was found to be a convenient way to avoid ni-
trogen loss in LDMw.

» Austenite content is nearly doubled by using N,-shielding
instead of Ar-shielding; from 33 to 39% when Ar-shielded
and from 53 to 67% when N,-shiclded. This low variation
in the austenite content together with the evaluation layer
per layer of the microstructural features confirms a
repetitive/consistent microstructure all along the build-up.

* The heat treatment increased the austenite content in all
cases for both shielding gases. When using Ar, the relative
increase of austenite fraction was 38%, whilst when using
N,, the maximum relative increase was 11%. The heat treat-
ment also increased the homogeneity of the microstructure.
The similarity in microstructure and phase balance for the
as-deposited walls and blocks for each shielding gas
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shows a stable and consistent LMDw process suitable for
build-up of more complex geometries.
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