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EXCEIIEEE © ey 217D Duplex stainless steel (DSS) blocks with dimensions of 150 x 70x30 mm?® were

Published online: fabricated by Laser Metal Deposition with Wire (LMDw). Implementation of a
19 January 2022 programmable logic control system and the hot-wire technology provided a

stable and consistent process producing high-quality and virtually defect-free
© The Author(s) 2022 deposits. Microstructure and mechanical properties were studied for as-de-

posited (AD) material and when heat-treated (HT) for 1 h at 1100 °C. The AD
microstructure was inhomogeneous with highly ferritic areas with nitrides and
austenitic regions with fine secondary austenite occurring in a periodic manner.
Heat treatment produced a homogenized microstructure, free from nitrides and
fine secondary austenite, with balanced ferrite and austenite fractions. Although
some nitrogen was lost during LMDw, heat treatment or reheating by subse-
quent passes in AD allowed the formation of about 50% austenite. Mechanical
properties fulfilled common requirements on strength and toughness in both as-
deposited and heat-treated conditions achieving the highest strength in AD
condition and best toughness and ductility in HT condition. Epitaxial ferrite
growth, giving elongated grains along the build direction, resulted in somewhat
higher toughness in both AD and HT conditions when cracks propagated per-
pendicular to the build direction. It was concluded that high-quality compo-
nents can be produced by LMDw and that deposits can be used in either AD or
HT conditions. The findings of this research provide valuable input for the
fabrication of high-performance DSS AM components.
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Introduction

Additive manufacturing (AM) provides new oppor-
tunities to fabricate near-net-shape components with
a low waste of material, customized features, tailored
properties, and complex geometries [1]. Unlike the
subtractive methods which remove materials to reach
the final shape, in AM processes, the parts are fabri-
cated by adding beads/layers upon each other [2].
According to the American Society for Testing and
Materials (ASTM International), AM of metallic
materials is classified based on energy source, state of
fusion, material feedstock, and process category [3].
In this classification, powder bed fusion (PBF) and
direct energy deposition (DED) are the two main AM
technologies for metallic materials. In PBF, metallic
powder is used as the material feedstock, while in
DED, both wire and powder can be deposited to
build AM parts. In these processes, the source of
energy could be a either laser beam, an electron
beam, or an electric arc.

Laser Metal Deposition with Wire (LMDw) is a
DED technology in which a laser beam is employed
as the energy source to melt and deposit the wire to
build the component. Important benefits of wire-feed
AM are availability and low cost of raw material,
high material usage efficiency (up to 100%), and a
possible high deposition rate. In addition,

implementation of a laser beam in combination with
an advanced controlling system provides easy mon-
itoring and good control of the process [4]. This AM
process is, therefore, suitable for the production of
relatively large and fully dense metallic parts. Pre-
heating the wire feedstock using the hot-wire tech-
nique increases the deposition rate of LMDw [5],
thereby improving productivity. In the production of
a large component, another alternative is wire-arc
additive manufacturing (WAAM) which can achieve
higher deposition rates compared to LMDw [6].
However, WAAM has less good-dimensional control
and design limitations and the deposited product
needs significant final machining [7]. Implementation
of a laser beam instead of an electric arc as the power
source has the advantage that dimensional control
can be improved, while it also preserves a high
deposition rate [2, 8].

Duplex stainless steels (DSSs), with a ferritic-aus-
tenitic microstructure, are used in a wide range of
applications thanks to their combination of high
corrosion resistance and excellent mechanical prop-
erties. The ferrite phase contributes to strength and
resistance to stress corrosion cracking, while the
austenite phase improves toughness and general
corrosion resistance [9]. The optimum properties of
these alloys come by approximately equal fractions of
ferrite and austenite [10]. According to the formation
mechanism, austenite can be divided into primary
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austenite and secondary austenite. Duplex stainless
steels solidify fully ferritic and primary austenite
form on cooling in a solid-state transformation of
ferrite to austenite at ferrite/ferrite grain boundaries
as well as inside the ferrite grains [11, 12], while
secondary austenite form during additional subse-
quent reheating cycles. Reaching a proper phase
balance is challenging when DSS is fabricated with
low energy input processes such as laser welding or
laser AM, in which the high cooling rate often results
in an excessive amount of ferrite and nitride forma-
tion [13, 14]. In the case of nitrogen loss, this will also
restrict austenite formation, thereby affecting phase
balance in DSS [15, 16]. Reheating of previously
deposited layers when depositing following layers
may cause the formation of secondary austenite and
precipitation of detrimental secondary phases such as
sigma and chi phase. Therefore, selection of process
parameters plays a vital role in AM of DSS in deter-
mining the microstructure.

Additive manufacturing of DSS has recently been
investigated in several studies. In powder bed fusion
AM with selective laser melting (SLM) [9, 17-19], an
excessive amount of ferrite formation is a problem
and post-heat treatment has been necessary to bal-
ance the ferrite and austenite ratio. Wire-arc additive
manufacturing of DSS has also attracted widespread
interest due to the affordable equipment and its high
deposition rate [20-24].

As summarized above, there is some research
about powder bed AM and WAAM; however,
knowledge is lacking about LMDw of DSS. Recently,
Valiente et al. [4] studied the production of a single-
bead wall DSS by LMDw as an initial stage of the
current work. They produced a single-bead wall and
studied the microstructure in both as-deposited and
heat-treated conditions. The study is here extended to
the production of relatively big blocks, aiming at
enabling fabrication of high-quality, high-perfor-
mance DSS components. As-deposited and heat-
treated microstructures were characterized by light
optical microscopy and electron backscattered
diffraction, and mechanical properties were evalu-
ated by tensile and impact toughness tests. Thermo-
dynamic calculations were also employed to study
and understand the evolution of the microstructure.
Finally, a comparison of as-deposited and heat-trea-
ted conditions revealed how the thermal cycles dur-
ing AM and heat treatment, locally and globally,
affect the microstructure and mechanical properties.
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Experimental
Materials

In this study, 10 mm-thick duplex stainless steel type
2205 (UNS S32205) was used as substrate material for
the deposition. The feedstock was a solid wire duplex
stainless steel of type 2209 (EN ISO 14343-A: G 22 9
3N L) in 1.2 mm diameter. Table 1 presents the
chemical composition of the substrate and the wire as
given by the material producer certificates. The
shielding gas used during LMDw was pure (99.99%)
argon.

Additive manufacturing of blocks by Laser
Metal Deposition with Wire

A photograph of the LMDw setup consisting of a
6 kW Ytterbium-doped fiber laser, a 6-axis robot, a
DED tool with an off-axis wire nozzle, laser optics,
wire feeding system, control system, and actuators is
shown in Fig. la. A programmable logic control
(PLC) was employed to control the process. The
LMDw setup was mounted on the industrial robot
and the robot governed the movement of the depo-
sition tool according to a set pattern. The process
parameters used for the production of the LMDw
blocks are listed in Table 2. To increase the deposition
rate, a wire-feed system equipped with wire resistive
pre-heating, commonly termed hot-wire technology,
was implemented. The current and the voltage for
pre-heating of the wire were regulated with an elec-
trical power source and measured online and used
for process monitoring and controlling. The aim of
controlling was to keep a specific wire resistance to
have a stable metal transfer, good wettability, and
appropriate dimensional control. A schematic illus-
tration of the LMDw approach [4, 5] is presented in
Fig. 1b.

As indicated in Fig. 1b, deposition of each pass
began from the starting line and was all made in the
same direction. When finishing a pass, the laser
returned to the starting line and subsequently
deposited the next pass. There was no waiting time
for cooling between passes or layers, and the LMDw
was done continuously. The blocks that were 150 mm
long, 70 mm in height, and 30 mm wide were pro-
duced by LMDw deposition of 60 layers, each layer
consisting of 8 beads, in all 480 beads (Fig. 1c). The
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Table 1 Chemical - -
composition of the plate and C Si Mn P S Cr Ni Mo Cu N Co
7 0,
wire (Wt.%) Plate 0016 032 177 0027 <0001 2277 550 3.07 021 0177 0.096
Wire 0016 045 145 0016 0001 2323 862 329 004 0160 -

Hot-Wire

Figure 1 a Laser Metal Deposition setup [4], b schematic illustration of LMDw process, and ¢ additively manufactured block.

Table 2 LMDw process parameters

Laser power (W)

Wire-feed rate (m/min)

Deposition speed (mm/s)

Focal length (mm)

Wavelength (nm)

Hot-wire voltage (V)—Average value
Hot-wire current (A)-Average values

3500
2
10
300
1040
1.5 V in the first layer and 1 V in the subsequent layers
~ 100 A in the first layer and ~ 70 A in the subsequent layers

effective production time for deposition of each block
was approximately 2 h.

One block was investigated in as-deposited con-
dition and one other after heat treatment. The heat
treatment was performed in a furnace with an air
atmosphere, and the temperature was controlled by
the furnace thermocouple. The block was held for 1 h
after reaching 1100 °C and cooled by water quench-
ing. The heat treatment procedure was selected to
achieve a balanced content of ferrite and austenite

[25], dissolution of nitrides, and avoiding sigma
formation.

Test samples

Samples for microscopy and mechanical testing were
extracted from different regions and directions to
study homogeneity and isotropy of the as-deposited
(AD) and heat-treated (HT) LMDw blocks. A sche-
matic illustration of samples extracted for
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metallography inspection, chemical composition
analysis, and mechanical tests is shown in Fig. 2.

Microstructure characterization

Microstructures of the blocks in as-deposited and
heat-treated conditions were studied with light opti-
cal microscopy and scanning electron microscopy
(SEM) including electron backscatter diffraction
(EBSD) analysis.

For light optical microscopy, cross sections of the
blocks were mounted, ground, and polished down to
0.05-um using alumina suspension in the last step.
The polished samples were etched with two different
reagents: (i) color etching with modified Beraha
reagent (60 ml water, 30 ml HCl, 0.7 g potassium
bisulfite) for 12 s for identification of ferrite and
austenite and (ii) electrolytic etching using oxalic acid
with a voltage of 4V for 10 s for observation of
nitrides [26, 27]. The latter etching method was also
employed to reveal areas susceptible to local corro-
sion attacks [28]. A Zeiss Axio Imager.M2m optical
microscope was used to study the microstructure in
AD and HT conditions. Phase fraction measurements
were performed by image analysis (IA) via the open-
access Image]J software.

Ferrite numbers, moreover, were measured using a
calibrated Fischer FERITOSCOPE®, MP30, on cross
sections of both AD and HT blocks, and the average
of 10 measurements was reported.

For EBSD analysis, cross sections after grinding
were electropolished with an electrolyte solution

Impact
Toughness

Metallography inspection
Combustion analysis
Vertical
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consisting of 150 g citric acid, 300 g distilled water,
600 ml H;PO4, and 450 ml H,SO4. The electropol-
ishing was performed for 20 s at a voltage and a
current density of 10 V and 1.5 A/cm?, respectively.
To avoid pitting corrosion, the electrolyte was cooled
by an ice bath to allow polishing at around 0 °C. It
was found beneficial to lightly shake the sample
while polishing to ensure continuous refreshment of
the solution at the sample surface.

EBSD analysis was performed with a ZEISS Gemini
SEM 450 equipped with a Symmetry S2 EBSD
detector from Oxford Instruments. The acceleration
voltage, sample tilt angle, and working distance were
20 kV, 70°, and 12 mm, respectively. Step sizes were
0.5um and 0.7 pm for AD and HT specimens,
respectively. The AZtecCrystal 1.1 software from
Oxford Instruments was used to analyze the EBSD
results.

Chemical analysis

The chemical compositions at the bottom, middle,
and top of blocks in both AD and HT conditions were
analyzed by optical emission spectroscopy (OES). For
each location, two points were selected and the OES
analysis was done three times in each point. The
results are presented as the average of the six anal-
yses in each location. Nitrogen and oxygen contents,
in addition, were measured by combustion analysis
using a LECO TC-436 analyzer. The LECO tests were
done in four different regions from bottom to top of
the block cross-sections.

Tensile Test
Tensile Test
Build
Horizontal direction (Z)
Deposition
direction (X)
& Transverse
Tensile Test direction (Y)
Tensile Test

Figure 2 Extraction of specimens from the LMDw blocks and how they are orientated relative to the deposition and build directions.
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Mechanical tests

Tensile and Charpy impact toughness tests were
performed on samples machined from the AD and
HT blocks as shown in Fig. 2 and with dimensions as
shown in Fig. 3. For the tensile tests, two specimens
were extracted along the deposition direction from
the bottom of the block and two from the top. The
tensile tests were performed at room temperature
according to EN ISO 6892-1. For investigation of
impact toughness, samples from two different direc-
tions, along the deposition direction and the build
direction, were prepared. The Charpy testing was
done at — 10 °C according to EN ISO 148-1. For each
direction, two tests were done.

Results
Microstructure

In this section, firstly an overview of the laser metal
deposited blocks is presented. After that, the
microstructures of both AD and HT conditions
investigated using optical microscopy and EBSD
analysis are presented. Finally, results of chemical
analysis and mechanical testing reveal more details
about the properties of the blocks produced by
LMDw.

Overview

A representative macrograph from a cross section of
one of the additive manufactured blocks is presented
in Fig. 4. As it shows, 8 parallel beads were deposited
in each layer, and thereafter, layers were added until
the block was fabricated. In this macrograph etched
with modified Beraha reagent, ferrite is the dark
phase and austenite is the bright phase [29-31]. As
can be seen, there was a periodic bead-to-bead
microstructure in each layer. The deposition of layers

(a) (b)
Lo =55mm
i i i
| ® =7 mm |
i t :
Ly =35 mm

10 mm
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upon each other, moreover, brought a repetitive
microstructure consisting of largely ferritic and aus-
tenitic regions along the build direction. A few very
small pores and possibly lack of fusion defects were
found, particularly between the beads.

As-deposited microstructure

A schematic illustration and three-dimensional (3D)
microstructures of LMDw block in AD condition are
shown in Fig. 5, in which X, Y, and Z are the depo-
sition, transverse, and build directions, respectively.
The 3D microstructure sections including the X-Y, Y-
Z, and X-Z planes indicate how LMDw resulted in an
inhomogeneous and repetitive bead-to-bead and
layer-to-layer microstructure.

The microstructures of the last deposited bead and
the underlying beads reheated due to the deposition
of the following beads are shown in Fig. 6a. As it can
be seen, the deposition of each pass not only remelted
a part of the previous layer but also heated the latest
layers. The last bead has more ferrite, and reheated
beads have more austenite. Higher magnification
micrographs from the last deposited bead and the
one-time reheated bead are displayed in Fig. 6b and
¢, respectively. The last deposited bead, which is
representative of the as-deposited DSS, had a largely
ferritic microstructure, and the results of IA revealed
that it had only 16 £ 2% austenite. This austenite
consists of intergranular (grain boundary), Wid-
manstdtten, and intragranular austenite. The
microstructure of the one-time reheated bead in
Fig. 6¢c shows that reheating derived from deposition
of the subsequent bead alters the microstructure
significantly and the austenite fraction increased up
to 52+ 3%. Compared to the as-deposited
microstructure in Fig. 6b, after the first reheating
cycle, the grain boundary and Widmanstitten
austenite became thicker and the intragranular
austenite grains coarsened. Formation of secondary

> Section A-A

55 mm

Figure 3 Test piece configuration of a tensile test and b Charpy impact test.
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Figure 4 Cross section of as-
deposited laser metal
deposited block including 8
passes in every 60 layers. The
deposition of layers upon each
other created a repetitive
microstructure.

X: Deposition direction

Y: Transverse direction

Z: Build direction
Figure 5 Schematic illustration and the 3D microstructures of
laser metal deposited block in as-deposited conditions.

austenite, in addition, can be observed among the
primary austenite.

Multiple reheating cycles make the microstructure
even more complicated. The microstructure from the
middle of the AD block which experienced several
reheating cycles is shown in Fig. 7. It illustrates how
the deposition of multiple beads produced an inho-
mogeneous and complex microstructure. The bottom
rectangle in Fig. 7 shows a microstructure with of a
small fraction of primary austenite and more than
70% secondary austenite clusters. The middle one
demonstrates areas with a nearly fully ferritic
microstructure. Surrounding these ferritic regions,
there are various morphologies of austenite including
primary intragranular and secondary austenite.
Grain boundary austenite is also seen in the middle
of this area which consists of two ferrite grains.
Finally, the top rectangle includes both primary and
secondary austenite with almost similar fractions in
the ferrite matrix.

As can be seen in Fig. 7, there was a significant
variation of ferrite and austenite fractions in the
microstructure of the LMDw block. The locally
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Last Bead

unbalanced ferritic and austenitic microstructure was
accompanied by the existence of very fine secondary
austenite (< 1 pm) making IA less suitable for aver-
age phase fraction measurement. Ferrite number,
therefore, was measured to estimate the ferrite con-
tent of the additively manufactured block. The aver-
age ferrite number of 10 measurements for in as-
deposited condition was 55 £ 3 FN.

The microstructure of the AD additive manufac-
tured block after electrolytic etching with oxalic acid
is presented in Fig. 8. Similar to the light optical
micrograph etched with Beraha (Fig. 7), primary and
secondary austenite can be observed in the ferritic
matrix. Clusters of small black dots can also be seen
in ferritic regions after etching with oxalic acid. These
are due to, as has been demonstrated in numerous
studies, local etching attack at nitrides in ferritic areas
[26] and, therefore, show the presence of chromium
nitrides [15, 16, 26, 32-34]. It can be noted that the
nitrides preferentially formed in regions at some
distance from austenite grains.

Results of EBSD analysis of the AD block are
illustrated in Fig. 9. The EBSD phase map in Fig. 9a
shows intergranular, Widmanstétten, and intragran-
ular austenite, accompanied by the formation of very
fine secondary austenite. The austenite fraction for
the analyzed area was 32.2%. Inverse pole fig-
ures (IPFs) of ferrite and austenite in AD condition
are shown in Fig. 9b and c, respectively. The ferritic
band in the middle of the map indicates the bound-
ary between two deposited beads. The same orien-
tation of ferrite in the two beads confirms the
epitaxial growth of solidifying ferrite in LMDw of
DSS. As the ferrite grains are elongated in the build
direction, grain boundary austenite, therefore,
formed along this direction. Three ferrite grains can
be seen with grains #1 and #2 having very similar



Figure 6 a The microstructure etched with modified Beraha and
geometry of last deposited and underlying beads. The dark phase is
ferrite, and the bright one is austenite. b Higher magnification of

orientations, while grain #3 has a different orienta-
tion. From the black areas in the ferrite IPF, which are
representative of austenite, it can be seen that there is
much more grain boundary austenite between grains
#2 and #3 than between #1 and #2.

Heat-treated microstructure

A schematic illustration and 3D microstructure of the
LMDw block in HT condition are shown in Fig. 10.
Sections for all the three X-Y, Y-Z, and X-Z planes
show a balanced microstructure and homogeneous
distribution of ferrite and austenite after heat treat-
ment. There is also no trace of a layer-by-layer
microstructural variation as seen for the AD
condition.

Micrographs showing the microstructure in a cross
section of the block after heat treatment are presented
in Fig. 11. In this microstructure, grain boundary,
Widmanstétten, and intragranular austenite are seen
in the ferrite matrix. Higher magnification micro-
graphs of three regions reveal that the HT block

9563

As-Deposited bead

1 time reheated bead

the microstructure in the last deposited bead, and ¢ the one-time
reheated bead.

contains a homogenized microstructure with an
approximately balanced fraction of ferrite and
austenite. Heat treatment resulted in the growth of
austenite grains at both ferrite/ferrite boundaries and
inside the ferrite grains. It, however, did not visibly
change the morphology and structure of the ferrite
grains, meaning that ferrite grains still have a tex-
tured structure along the build direction. Grain
boundary austenite grains consequently also
remained elongated along the build direction.

Due to the importance of phase balance in deter-
mining properties, the austenite fractions of 12
regions evenly distributed from the bottom to the top
of the HT block were measured by IA and the result
is presented in Table 3. The results show that the
average austenite fraction was 50.6 & 1.5. The small
variation of austenite fractions, in addition, implies a
homogeneous microstructure through the build
direction.

In addition to measurement with IA, the ferrite
number was measured to permit comparison with
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Figure 7 Inhomogeneous as-deposited microstructure including:
(1) region with a large amount of secondary austenite, (2) a locally
fully ferritic region, and (3) an area with a combination of primary
and secondary austenite.

% ¢ &

‘% P )’é iz\‘eﬁ
RN A =
e ”‘?é\(/'ﬁ‘\;f/q‘v‘ré*)\\%? mﬁ/

Figure 8 Microstructure of the AD block electrolytic etched with
oxalic acid. Nitride formation can be seen in the ferritic areas.

the AD condition. The average ferrite number after
heat treatment was 53 + 4 FN.

Results of EBSD analysis of the heat-treated block
are presented in Fig. 12. As shown in the EBSD phase
map in Fig. 12a, after heat treatment the austenite
fraction was 53.7% for the studied area. The IPF map
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IPF Coloring || X0
Iron bce (old)

IPF Coloring || X0
Iron fcc

Figure 9 EBSD of a region in the center of the AD block. a Phase
map showing ferrite in red and austenite as blue. The ferritic band
in the middle of the map shows the location of the boundary
between two layers. b IPF map of ferrite with three ferrite grains
showing epitaxial growth from one layer into the next, and ¢ IPF
map of austenite showing primary grain boundary, Widmanstitten,
intragranular, and secondary austenite.



X: Deposition direction
Y: Transverse direction
Z: Build direction

Figure 10 Schematic illustrations and the 3D microstructure of
laser metal deposited block in the heat-treated condition. Heat
treatment locally and globally balanced the fractions and the
distributions of ferrite and austenite.

Heat-Treated %;?“ ;

- ;"-%. . j .1».:.542(« ‘t
R QRS ﬁ{; XA

< ~,5,.% \(~ ol
SN » A
N2, :~".;,50‘;“
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SERTAGNNN :m{)

b T

W

Figure 11 Heat treatment for 1 h at 1100 °C homogenized the
microstructure and balanced the ferrite and austenite ratio.
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of ferrite in Fig. 12b shows two ferrite grains. As seen
in the austenite IPF map, both austenite grains at
ferrite/ferrite boundaries and inside ferrite grains
grew during heat treatment.

Chemical analysis

As it is listed in Tables 4 and 5, the compositions did
not vary from the bottom to the top of the blocks and
were the same for AD and HT conditions. The OES
and LECO analysis resulted in a very similar nitrogen
content measurements and both indicate nitrogen
loss in LMDw of DSS wire. Nitrogen content also did
not change during subsequent heat treatment. LECO
analysis, moreover, displays the oxygen contents
were very low in both AD and HT blocks.

Mechanical Properties

The stress—strain curves of samples tested along the
deposition direction of the AD and HT blocks are
illustrated in Fig. 13, and the results are presented in
Table 6. For both AD and HT conditions, the four
specimens which were extracted from the bottom and
top of the blocks demonstrate similar properties
during the tensile tests. Yield strengths of AD sam-
ples were around 700 MPa which decreased to
approximately 500 MPA after heat treatment. The
ultimate tensile strength was reduced from near
850 MPa in AD condition to about 750 MPa in HT
condition. On the contrary, the elongation increased
from around 26% to near 34% after heat treatment.

Results of Charpy testing at — 10 °C for horizontal
and vertical specimens are displayed in Fig. 14. It
should be noted that for horizontal and vertical
specimens, the notch was along the build and depo-
sition directions (Fig. 2), respectively. In AD condi-
tion, the average impact toughness energy was 205 J
for the horizontal samples, and 230 J for the vertical
samples. After heat treatment, the impact toughness
energy of the specimens reached averages of 239 J
and 260] in horizontal and vertical directions,
respectively.

Table 3 Austenite content of additive manufactured block followed by 1 h heat treatment at 1100 °C. Region #1 was near the bottom, and

region #12 was close to the top of the block

Region 1 2 3 4 5

7 8 9 10 11 12 Average

Austenite fraction (%) 51 49 50 51 49

48

51 52 52 50 50 53 50.6 £ 1.5
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TPF Coloring 11 20 |
Iron bec (old)
001

Figure 12 EBSD analysis of block in HT condition. a Phase map
displaying ferrite and austenite in red and blue, respectively. IPF
coloring maps of b ferrite, and ¢ austenite. Austenite grains grew
during heat treatment.

J Mater Sci (2022) 57:9556-9575

Table 5 Nitrogen and oxygen measurement by combustion
analysis using a LECO TC-436 analyzer

Nitrogen (wt.%) Oxygen (ppm)

As-deposited Bottom 0.12 62
Middle 0.11 54
Top 0.11 61
Heat-treated Bottom 0.12 76
Middle 0.12 68
Top 0.11 73
Fractography

Cross sections of the fracture surface of the horizontal
and vertical specimens for Charpy testing in AD and
HT conditions are illustrated in Fig. 15. In horizontal
samples, there were several deposited layers along
the path of the crack growth, while in the vertical
samples, the crack growth path was in one or two
layers. After heat treatment, as indicated in Fig. 15d,
the ferrite grains and grains boundary austenite
grains were still elongated along the build direction.
It can be seen that, in vertical samples in both AD and
HT conditions, the crack was changing its direction
when it met grain boundary austenite.

Sensitized microstructure

Micrographs showing microstructures of additive
manufactured blocks after electrolytic etching with
oxalic acid to reveal sensitization are displayed in
Fig. 16. The microstructure for the AD condition in
Fig. 16a illustrates the boundary region of two
deposited layers. This microstructure in more heavily

Table 4 Chemical composition analysis of the AD and HT blocks by optical emission spectroscopy (OES)

C Si Mn P S Cr Ni Mo N Cu v
As-Deposited Top 0.025 0.45 1.47 0.017 0.002 23.15 8.49 3.19 0.11 0.04 0.08
Middle 0.022 0.45 1.46 0.016 0.002 23.13 8.47 3.18 0.11 0.04 0.08
Bottom 0.023 0.45 1.47 0.017 0.002 23.15 8.49 3.19 0.11 0.04 0.08
Heat-treated Top 0.023 0.45 1.47 0.016 0.002 23.23 8.48 3.17 0.11 0.04 0.08
Middle 0.022 0.45 1.46 0.016 0.002 23.22 8.48 3.17 0.10 0.04 0.08
Bottom 0.024 0.45 1.47 0.016 0.002 23.23 8.48 3.17 0.11 0.04 0.08
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Figure 13 Stress—strain curves of DSS block in the as-deposited and heat-treated condition.
Table 6 Tensile test results
Yield strength (MPa)  Ultimate tensile strength (MPa)  As (%)
As-deposited  Top S1 705 853 25.2
S2 697 846 26.5
Bottom S1 722 854 25.5
S2 702 853 28.0
Heat-treated Top S1 481 751 35.2
S2 489 752 34.7
Bottom SI 486 753 34.1
S2 493 756 32.6
- Test Temperature: -10 °C Thermodynamic calculations
= As-Deposited 1~ ® As-Deposited 2
250 | " Heat-Treated 1 = Heat-Treated 2 Comparing the nitrogen content of the feedstock wire
S from Table 1 and the produced AM blocks according
§ 200 to Tables 4 and 5 revealed nitrogen loss during
Eﬂ 150 LMDw. To understand the effect of nitrogen loss, the
= 241 237 T equilibrium phase diagrams for the feedstock wire,
g 100 according to its chemical composition from wire
= 5 certificate and nitrogen content of 0.16%, and the
o block based on the OES analysis with the nitrogen
Horizontal Vertical content of 0.11% were calculated by Thermo-Calc
Build Direction W Build Direction (Fig. 17). Nitrogen loss influenced phase transfor-
— —

Figure 14 The Charpy impact toughness energy of horizontal and
vertical specimens from AD and HT blocks.

etched regions is expected to be more susceptible to
local corrosion attack. Higher magnification micro-
graphs in Fig. 16b and c indicate that the regions
containing nitrides and/or secondary austenite clus-
ters are the most sensitized areas. In HT condition as
shown in Fig. 16d, however, there were no indica-
tions of sensitization.

mation and delayed solid-state transformation of
ferrite to austenite.

Discussion

With the implementation of LMDw combined with
the hot-wire technology, it was possible to success-
fully fabricate two high-quality DSS blocks with the
dimensions of 150 x 70x30 mm®. These were inves-
tigated in as-deposited and heat-treated conditions.
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Horizontal-AD

Vertical-AD

Horizontal-HT

Vertical-HT

Figure 15 Cross sections of Charpy test specimens with notch
along or perpendicular to the deposition direction. In vertical
samples, the crack path changed at grain boundary austenite.

The results showed that the blocks had promising
properties in both AD and HT conditions.

In this section, the microstructures of AD and HT
specimens are evaluated based on results of light
optical microscopy and EBSD analysis. Thereafter,
the relation between the mechanical properties and
microstructures is discussed, and a mechanism
explaining the different mechanical behavior of
samples oriented along the deposition and build
directions is proposed.

Chemical composition

The negligible variation of composition from the
bottom to the top of the blocks represents a
stable LMDw process. A comparison of OES analysis
of the blocks (Table 4) and the wire chemical com-
position (Table 1) shows that most of the element’s
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contents were virtually unchanged. The nitrogen
content, however, decreased to around 0.11% during
manufacturing of the blocks as was confirmed by
LECO analysis (Table 7). Nitrogen loss has been
observed in previous studies on AM of DSS [20, 35].
The approximately 0.05% nitrogen loss in manufac-
turing of the block in this research was similar to the
near 0.04% nitrogen loss in the initial stage of this
study on single-bead wall production by LMDw [4].

Nitrogen loss affects the phase transformation and
subsequently phase balance in DSS. As shown in
Fig. 17, nitrogen loss postpones ferrite-to-austenite
transformation to lower temperatures. Nitrogen
content, therefore, is of significant importance in
balancing ferrite and austenite ratio in AM of DSS.
Despite the nitrogen loss in this research, the result-
ing nitrogen level in combination with the wire nickel
content of 8.6% was adequate to form sufficient
amounts of austenite to achieve good properties. This
combination of nickel and nitrogen was also well
suited for heat treatment which produced a balanced
microstructure. However, other studies revealed that
nitrogen loss combined with the lower nickel content,
5-6%, resulted in a ferritic microstructure of the as-
built additively manufactured parts [18, 19] and even
a subsequent heat treatment could not bring a bal-
anced microstructure.

As-deposited microstructure

In addition to nitrogen loss, the high cooling rate of
LMDw restricts austenite formation during the
deposition of DSS [4]. Duplex stainless steels solidify
fully ferritic, and as the temperature decreases, ferrite
partly transforms to austenite. The austenite first
forms at ferrite—ferrite grain boundaries as inter-
granular, also called grain boundary, austenite, and
then as the driving force increases also inside the
ferrite grains as intragranular and Widmanstdtten
austenite [11, 12]. This solid-state ferrite-to-austenite
transformation is controlled by the diffusion of
alloying elements, particularly nitrogen [16]. There-
fore, the high cooling rate of LMDw suppressed
sufficient diffusion and subsequently austenite for-
mation, as indicated in the microstructure of the last
deposited bead in Fig. 6. Due to the rapid cooling,
ferrite became supersaturated in nitrogen and
nitrides formed in highly ferritic regions [26] on
cooling and reheating (Fig. 8).
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Figure 16 a Microstructure of as-deposited block after etching
with oxalic acid to reveal sensitization. b Heavy etching at nitrides
suggesting sensitization. ¢ Etching attacks at secondary austenite

As it is illustrated in Fig. 18, during the deposition
of two layers of DSS, the second bead will cause the
formation of a heat-affected zone (HAZ) in the first
bead. Therefore, depending on their distance to the
fusion line, different regions experiencing various
thermal cycles are created. The region adjacent to the
new deposited bead is the high-temperature heat-
affected zone (HTHAZ) with a high ferrite fraction
and nitride formation [36] which deteriorates the
corrosion resistance of DSS [26, 32]. The second one is
the low-temperature heat-affected zone (LTHAZ)
that experienced lower peak temperatures where
secondary austenite clusters can form. And finally,
there is an “unaffected area” in which the combina-
tion of time and temperature was not sufficient to
cause any phase transformation. As shown in Fig. 6,
one additional reheating and cooling cycle played a
crucial role in promoting austenite formation since it
provided sufficient time at elevated temperatures for
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" W Serie /4
{\{L/[; }(‘\ _\j, v
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/%N(;\?é?gh

2%
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g
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clusters. d Microstructure of heat-treated condition without any
indication of sensitization.

nitrogen diffusion and austenite formation. In the
one-time reheated bead, the austenite fraction
increased around 36%. This was the result of the
growth of primary grain boundary, Widmanstatten,
and intragranular austenite accompanied by the for-
mation of secondary austenite [37-39].

In the bulk of AM components, the deposition of
the following beads makes the total experienced
thermal cycles very complicated [20, 31, 40]. There-
fore, as illustrated in Fig. 7, the bulk of the laser metal
deposited blocks show a complex and inhomoge-
neous microstructure but is at the same time peri-
odically repetitive.

In this study, FERITESCOPE measurements
showed an average ferrite number of 55 + 3 FN for
the bulk of the block in AD condition. This is well
within the range of 30-90 FN often considered as
acceptable for DSS welds [41].
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The AD microstructure after etching with oxalic
acid in Fig. 16 revealed that regions with nitrides and
secondary austenite clusters can be expected to be
vulnerable to corrosion attack. For nitrides, localized
corrosion has been reported as a consequence of
chromium depletion around the nitrides inside the
ferrite grains [26, 32]. Secondary austenite clusters, as
Hosseini et al. [42] showed based on thermodynamic
calculations, are sensitive against localized corrosion
as the consequence of having lower contents of
chromium, molybdenum, and nitrogen.

Another phenomenon in the LMDw of DSS, as in
multipass welding, is the epitaxial growth of ferrite
grains along the build direction. As displayed in
Fig. 9, during deposition of a new bead/layer, as the

1.0 ST
Feedstock wire 1100 °C ,' “ : Liquid —
LMDw block = = — 1 v Ferrite =
: L8] Austenite —
n .
0.8 v Sigma —_—
i
1fi
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1 /h transformation
\ 1
R
- VAR
500 750 1000 1250 1500 1750
A Temperature (°C)

Figure 17 Phase diagram calculated with Thermo-Calc for the
nitrogen contents of feedstock wire (0.16%) and LMDw blocks
(0.11). An approximately balanced fractions of ferrite and
austenite can be seen at the heat treatment temperature of 1100 °C.
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energy to nucleate new grains during solidification is
larger than the energy required for the growth of the
fusion boundary grains, epitaxial growth happens.
As the temperature gradient is along the build
direction, the solidifying ferrite grains preferentially
grow along this direction. After solidification of fer-
rite, austenite forms either at ferrite/ferrite grain
boundaries or inside ferrite grains. The grain
boundary austenite is, therefore, also mainly oriented
along the build direction which will be discussed in
Sect. Mechanical properties.

Heat-treated microstructure

Heat treatment homogenized the microstructure and
balanced the ferrite and austenite fractions in entire
the block with an average austenite fraction of
around 51% (Table 3). Heat treatment, moreover,
dissolved nitrides.

Heat treatment coarsened the grain boundary and
Widmanstédtten, and particularly intragranular
austenite. In addition to the growth, intragranular
austenite had a globular morphology, contrary to the
angular shape in AD material, as has been reported in
heat-treated duplex and super duplex stainless steel
[25, 43]. This behavior was also observed in the heat
treatment of the LMDw single-bead wall, and it can
be attributed to reducing the total interface energy in
austenite—ferrite boundaries [4]. Heat treatment and
the resulting globular and  homogeneous
microstructure could also be expected to decrease the
residual stresses introduced by LMDw [18].

The morphology and size of the ferrite grains did
not change significantly. According to the equilib-
rium phase diagram (Fig. 17), there was still some

Table 7 Nitrogen content
(wt.%) of the laser metal

As-deposited Heat-treated

deposited blocks in AD and Bottom Top Bottom Top

HT conditions determined with

OES and combustion analysis Optical emission spectroscopy (OES) 0.11 0.11 0.11 0.11
Combustion analysis by LECO analyzer 0.12 0.11 0.12 0.11
Wire composition according to the certificate 0.16

(a) (b)

Remelted (C)

Figure 18 Schematic illustration for deposition of layers upon each other and how it creates various microstructural zones.
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content of austenite at heat treatment temperature of
1100 °C. The undissolved austenite grains were par-
ticularly at the ferrite—ferrite grain boundaries due to
their larger size. The ferrite grains as well as grain
boundary austenite, therefore, were not largely
affected by the heat treatment and preserved their
texture and orientation.

Mechanical properties

In tensile testing, in both AD and HT conditions, the
similar behavior of the specimens extracted from
different depths demonstrates the isotropy of tensile
properties along the deposition direction through the
build direction. In the AD condition, the microstruc-
ture was, as discussed in 4.2, not homogeneous due
to the layer-upon-layer nature of LMDw. However,
as the variation is systematic and repetitive
throughout the material from the bottom to the top of
the block, it resulted in the same tensile properties. In
addition, the average value for yield strength of as-
deposited block was around 700 MPa, which was
comparable to the average strength of 717 MPa
reported in cold metal transfer additive manufactur-
ing with 2209 types of DSS wire [22]. In HT samples,
the homogeneous microstructure brought as expec-
ted similar tensile properties from the bottom to the
top of the block with lower strength and higher
ductility compared to AD.

Strength and toughness were on a high level both
as-deposited and after heat treatment, comparable to
or above requirements in standards for wrought type
2205 duplex stainless steel. The yield strength was
between 697 and 722 MPa in as-deposited condition
and from 481 to 493 MPa after heat treatment which
is above the minimum requirement of 480 MPa for
wrought type 2205 DSS [44]. The tensile strength was
within the range of standard requirements for 2205
DSS [44], i.e., 700-920 MPa, both as-deposited with
846854 MPa and heat-treated with 751-756 MPa.
The elongation was also more than 25%, which is the
minimum required value of wrought type 2205
duplex stainless steel, in both as-deposited condition
and after heat treatment. The impact toughness
energy was comparable to the 230 ] typical for 2205
DSS [45]. However, samples with the notch perpen-
dicular to the build direction had higher impact
toughness energies (229277 J) compared to samples
with the notch parallel to the build direction
(197-241]).
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In Charpy testing, the impact toughness energies of
both vertical and horizontal specimens demonstrated
high levels of impact toughness energy in both AD or
HT blocks. Oxygen content largely governs the
amount of micro-slag inclusions and thereby has a
major effect on the ductility and the impact tough-
ness energy of the additive manufactured compo-
nents. The low contents of oxygen, between 50 and
80 ppm, therefore ensured a high ductility and
toughness energy in the LMDw of DSS blocks. Fur-
thermore, heat treatment increased impact tough-
ness. This was owing to the homogenizing of the
microstructure and the removal of nitrides.

Another interesting observation was that the ver-
tical specimens with the notch along the deposition
direction had higher impact toughness energy than
the horizontal specimens in which the notch was
perpendicular to the deposition direction both AD
and after HT (Fig. 14). In Charpy testing, the crack
grows from the tip of the notch and it preferentially
propagates through the ferrite due to its lower duc-
tility and toughness [46]. According to the micro-
graphs showing cross sections of the notch region in
Fig. 9 and the schematic illustrations in Fig. 19, in
vertical samples, the grain boundary austenite acts as
a barrier for the crack growth. A higher magnification
micrograph of the vertical specimen cross section in
Fig. 19 reveals that the crack changed its growth
direction to avoid the grain boundary austenite.
Therefore, as the crack was forced to first change
direction and finally to pass the tougher grain
boundary austenite, more energy was required which
resulted in a higher total impact toughness energy. In
horizontal samples, however, there were fewer
austenite barriers to the crack growth, and the
toughness was lower. As explained in the previous
section, the grain boundary austenite was not elimi-
nated during heat treatment and preserved its shape
and orientation along the build direction. It, there-
fore, could act as a barrier to crack growth even after
heat treatment. The same behavior in the HT samples
provided evidence for the increment of the impact
toughness energy for specimens with the notch along
the deposition direction.

The reduction of yield and tensile strength and the
increment of ductility after heat treatment are com-
pletely in agreement with the result of Paoula et al.
[18]. In their study, additively manufactured 2205
DSS samples had a yield strength of 950 MPa and a
tensile strength of 1071 MPa. Heat treatment for
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Figure 19 a Cross section of the notch region of a vertical Charpy test specimen. The crack rounded the grain boundary austenite to grow.
b Schematic illustration of crack growth path relative to the grain boundary austenite in the horizontal and vertical Charpy test specimens.

5 min at 1100 °C, however, reduced these values to
524 MPa and 824 MPa, respectively. The elongation,
on the contrary, increased from 7 to 24% after heat
treatment.

The results of this study provide evidence that
components fabricated with LMDw can to a larger or
smaller degree have anisotropic properties both in
AD and HT conditions. This is in line with the results
of Lervag et al. [23] in the investigation on AM of
super DSS. They observed higher tensile strength
along the deposition directions in comparison with
the build direction. The additively manufactured
blocks in this study nevertheless had similar prop-
erties regardless of the location of the samples
through the build direction. Future studies are,
however, required to further explore this promising
finding.

Conclusions

Two high-quality duplex stainless steel blocks
(150 x 70x30 mm®) were successfully produced by
additive manufacturing using the LMDw process and
were studied in as-deposited and heat-treated con-

ditions.  Analysis of chemical composition,
microstructure characterization, and mechanical
testing demonstrated how the LMDw and

@ Springer

subsequent heat treatment affect the microstructures
and performance.

1. A stable and consistent LMDw process enabled
the successful production of high-quality, virtu-
ally defect-free DSS blocks.

2. The as-deposited microstructure was inhomoge-
neous and repetitive including ferritic areas with
nitrides and austenitic regions with fine sec-
ondary austenite.

3. Heat treatment locally and globally homogenized
the microstructure, removed nitrides, and bal-
anced the ferrite and austenite fractions.

4. Epitaxial growth of ferrite grains resulted in a
textured microstructure along the build direction,
which remained after heat treatment.

5. About 0.05% nitrogen was lost during LMDw
resulting in a level of about 0.11%. This level in
combination with the relatively high nickel con-
tent was adequate to form close to 50% austenite
both in as-deposited condition, due to multiple
reheating by subsequent passes, and during heat
treatment.

6. Mechanical properties fulfilled common require-
ments on strength and toughness in both as-
deposited and heat-treated conditions.

7. Heat treatment decreased yield strength from
about 750 MPa to about 450 MPa and tensile
strength from 850 to 750 MPa, while impact
toughness was in all cases close to or above 200 J.
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8. Impact toughness testing with the notch trans-
verse to the build direction resulted in higher
impact toughness energies in both AD and HT
conditions as grain boundary austenite acted as a
barrier to crack growth.
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