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Abstract: For many years, the oil and gas industry has utilized superduplex stainless steels due to
their high strength and excellent corrosion resistance. Wire arc additive manufacturing (WAAM) was
used with superduplex filler wire to create walls with different heat input. Due to the multiple heating
and cooling cycles during layer deposition, brittle secondary phases may form such as intermetallic
sigma (o) phase. By inspecting deposited walls within wide range of heat inputs (0.40-0.87 kJ/mm),
no intermetallic phases formed due to low inter-pass temperatures used, together with the high Ni
content in the applied wire. Lower mechanical properties were observed with high heat inputs due
to low ferrite volume fraction, precipitation of Cr nitrides and formation of secondary austenite.
The walls showed good toughness values based on both Charpy V-notch and CTOD (crack tip opening
displacement) testing.

Keywords: wire arc additive manufacturing (WAAM); stainless steel; microstructure; mechanical
properties; toughness

1. Introduction

Additive manufacturing (AM) technologies, commonly known as 3D printing, have been the
subject of significant progress over the past decade; a comprehensive review of the process is made by
DebRoy et al. [1]. AM is based on depositing single layers on the previous layers forming a complex
shape with high efficiency of material utilization compared to subtractive processes such as milling.
By depositing subsequent layers, previous layers are re-heated experiencing multiple liquid-solid and
solid-state phase transformations. A widely used powder bed fusion (PBF) or selective laser sintering
(SLS) process, where the laser or electron beam equipment is typically applied as the power source [2],
may create any shape of complexity but more restricted to prototyping since the process is very
slow. Wire arc additive manufacturing (WAAM) is a type of direct metal deposition (DMD) process,
which utilizes filler wire and arc as heating source, enabling much higher productivity. However,
some limitation exists such as low-to-medium shape complexities if small part needs to be created [3].
Moreover, WAAM is cheaper and more readily to be implemented in the industry. For AM, a limited
choice of alloys is used due to prototyping with specific properties [4]. The most widely used alloy for
AM is Ti-6Al-4V [1,5-12], especially concerning fatigue properties [13-15], due to wide use in medical,
aircraft, aerospace and automotive industries belonging to high-value complex parts requiring only
limited production volumes.

Metals 2020, 10, 272; d0i:10.3390/met10020272 www.mdpi.com/journal/metals


http://www.mdpi.com/journal/metals
http://www.mdpi.com
https://orcid.org/0000-0003-1923-1733
http://dx.doi.org/10.3390/met10020272
http://www.mdpi.com/journal/metals
https://www.mdpi.com/2075-4701/10/2/272?type=check_update&version=2

Metals 2020, 10, 272 20f17

For WAAM, the cold metal transfer (CMT) process, introduced 15 years ago [16], is often used
and is based on reciprocating motions of the filler wire and short-circuiting or dip transfer mode of the
material [17,18]. This enables much lower heat input and reduced spatter compared to conventional
pulsed arc mode. Still, the process provides respectable deposition rates.

Titanium alloys are very popular material for AM and very well understood along with austenitic
stainless steels such as AISI 304 and 316 [19-25]. There are a very few studies available for duplex
stainless steel (22Cr5Ni) consisting of approximately 50% ferrite and 50% austenite. It was reported [26]
that the ferrite content in subsequently deposited layers is reduced along with hardness compared
to the support plate. Stiitzer et al. [27] used a new approach for estimation of ferrite («)/austenite (y)
balance with different wires and CMT technology and achieved a balance of 50%/50% of austenite and
ferrite with good mechanical and corrosion properties.

Superduplex stainless steels are more seldom studied. These have higher content of expensive
alloying elements (25Cr7Ni) for more superior corrosion resistance and, thus, more often used
in the oil and gas industry where strength and corrosion are determining factors. Recently,
Zhang et al. [28] showed difficulties in achieving balanced amounts of a/y phases, where an austenite
fraction increase was inevitable due to precipitation of the intragranular secondary austenite during
deposition. Moreover, the presence of CrN/Cr,N and various impurities were responsible for losses in
mechanical properties.

In the present work, superduplex stainless steel wire was used for WAAM process to understand
the effect of heat input on mechanical properties and to provide more experimental data and knowledge
in 3D printing of this expensive steel due to its rare use. In AM of this steel grade, there is a concern
of inappropriate microstructure evolution and risk of formation/precipitation of brittle intermetallic
phases such as o (sigma) [29] or x (chi) [30,31]. They are generated at high temperatures (650-950 °C)
at certain holding times, as during the reheating in AM. Other harmful phases that may form are Cr,N
(chromium nitride) and y, (secondary austenite). Up to recent, o phase formation is thought to be
most detrimental since it significantly reduces the corrosion resistance, ductility and toughness [32].
The main elements for increasing the susceptibility to o phase precipitation are Cr, Mo and Si [33].
Based on the results obtained, within the employed range of heat input, ¢ phase formation was
suppressed but formation of Cr nitrides and secondary austenite has been documented.

2. Methodology

2.1. Materials

A 12 mm thick 2507 superduplex steel was used as support (base) plate (BM). The superduplex
steel filler wire was 1.2 mm in diameter with high Ni and W content and the chemical compositions
(mill certificate values) are reflected in Table 1. The BM had yield and tensile strength of 662 and
834 MPa, respectively, with a ferrite volume fraction of 48 vol.%. The wire gives typical weld metal
yield (0.2% proof strength, Ry.2) and tensile strength of 655 and 934 MPa in the as welded condition,
respectively, with an impact energy of 100 J at =50 °C (mill certificate values).

Table 1. Chemical composition of selected filler wire and support plate. (Fe is balanced).

Material C Si Mn P S Cr Ni Mo Cu N \%Y

Wire 0.018 030 070 0.020 0.0010 250 95 37 060 023 0.6
BM 0.020 032 085 0.023 0.0003 248 6.6 37 016 026 na*

*n.a. = not added.

2.2. Experimental Procedure

All layers were deposited using CMT power source (Fronius TransPuls Synergic 3200 Pipe HE).
The process parameters are shown in Table 2. The arc was with DC+ polarity with an average voltage
of about 14 V. The shielding gas consisted of argon with 2% CO, and 0.03% NO (group Z according to
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ISO 14175 [34]) for arc stability, with a flow rate of 20 L/min. A schematic illustration of the deposition
of walls is shown in Figure 1. The maximum inter-pass temperature was set to 100 °C. The balance of
heat input and interpass temperature is critical since it affects the formation of intermetallic o phase.

Table 2. Process parameters employed in layer deposition.

Parameter Sample No.

1 2 3

No. of layers 12 11 8
Wire feed rate (mm/s) 84.7 106 106
Avg. current (A) 185 212 212

Avg. voltage (V) 14 14 14

Travel speed (mm/s) 6.4 55 34

Contact tip to work distance, CTWD (mm) 12 12 12
Heat input per layer (kJ/mm) 040 054 087

Arc torch

Deposited layer
Built-up
component

Filler wire with
reciprocating
motions CMT

Melt pool

BM - base (support) plate/metal ~ —u == —T—y "AZT TT——-—

Figure 1. Schematic illustration of additive manufacturing of component.

2.3. Destructive Mechanical Testing and Analysis

Macroscopic, metallographic evaluation, tensile test, impact test and hardness evaluation were
performed. Round bars for tensile testing were extracted both parallel (horizontal) and perpendicular
(vertical) to the layer deposition direction, see Figure 2, having the following dimensions: 38 mm
total length, 12 mm gauge length (Ly) and 4 mm diameter over the gauge length. Two parallel tests
were performed. The vertical samples were “prolonged” into the base metal to achieve the length of
38 mm. The gauge area was then displaced towards the layers, providing fracture taking place in the
superduplex wall.

Three parallels of sub-sized Charpy V-notch [35] samples were cut with dimensions of 5 x 10 X
55 mm? and subsequently machined (see Figure 2) with the notch position so that the fracture direction
was perpendicular to the deposition direction. The test temperature was —20 °C. A total number of
six Charpy V-notch specimens were cut from BM; three of them with sub-sized (5 X 10 x 55 mm?),
and three with full-sized (10 X 10 X 55 mm?®) dimensions, the latter one being reference toughness.
According to the DNVGL-OS-F101 standard [36], values for sub-sized specimens were multiplied by a
factor of two for conversion to full-sized case.

Fracture toughness CTOD (Crack Tip Opening Displacement) testing was performed at —20 °C
using sub-sized SENB (Single Edge Notched Bending) B X 2B the standard rectangular specimen,
using the dimensions of B = 5 mm (width) and 2B = 10 mm (height, sample thickness). The notch
placement was the same as Charpy, but with a geometry of a/t = 0.5 (a is the length of notch and fatigue



Metals 2020, 10, 272 40f17

pre-crack, W = 2B is thickness). The notch was electro discharged to a depth of 4 mm followed by
fatigue pre-cracking up to a depth of 4.8 mm.

10 mm

38 mm

28mm e » 55 mm

|
i T |

o T
/‘Y Pl
V-notch™ | Charpy/CTOD J

12 mm

M
-

e 295 mm

Figure 2. Mechanical testing of additively manufactured walls. Horizontal tensile samples to the left,
vertical tensile specimens in the middle and Charpy V and CTOD (crack tip opening displacement)
samples to the right. The latter two specimen types have different notches.

A transversal cross-section of the wall for each sample was extracted for macro- and microscopic
inspection, the ZwickRoell ZHV unit was used for Vickers hardness measurements (HV;g, with 10 kg
force). The microstructure examination of walls was performed in light microscope. For the ferrite
volume fraction assessment, a point counting technique was used for the first, middle and last bead,
including heat affected zone (HAZ) and BM. A total number of 13 fields was included per position in
the wall for ferrite counting. In these fields, a grid system with 100 points was used. The magnification
was x1000. The ISO 9042 standard [37] recommends 30 grids to achieve a statistical reliability. However,
the standard also reports a multiplication factor if less than 30 grids are used. In the present case with
13 grids, the factor is 2.16 for calculating the 95% confidence interval.

To obtain good contrast between austenite and ferrite, the specimens were electrolytically etched
in 40% NaOH, operating at a voltage of 7 V for 15 s, followed by a light polish for 10 s. For identification
of the Cr nitrides, the specimens were re-prepared and electrolytically etched in 10% oxalic acid,
CyH0y, for 10 s, operating at room temperature with 6 V. Finally, the samples were etched in 10%
oxalic acid for 3 s at 6 V, then in 60% nitric acid for 15 s at 1 V to identify the o phase.

3. Results and Discussions

3.1. Structure of Additively Manufactured Walls

The macrosections of additively deposited walls are represented in Figure 3. The average widths of
the deposited walls were 7.5 mm (sample 1, 0.40 kJ/mm), 8.5 mm (sample 2, 0.54 k]/mm) and 11.0 mm
(sample 3, 0.87 k]/mm). The average layer height for the three different walls was 2.4, 2.8 and 3.4 mm for
samples 1-3, respectively, which is consistent with the heat input variation. Neither pores nor cracking
were visible, which means that the employed parameters are appropriate for production of AM walls.
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(a) (b) (©

Figure 3. Macrosections of additively manufactured walls: (a) 0.40 kJ/mm, (b) 0.54 k]/mm and
(c) 0.87 kJ/mm. The dashed red lines indicate boundaries between deposited layers.

3.2. Tensile Data

The individual stress-strain curves are shown in Figure 4. There is a minor scatter found
between the two parallels, primarily occurring for the reduction in area. This is expected due to the
inhomogeneity of microstructures throughout the layers (later shown in Sections 3.6 and 3.9).
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Figure 4. Stress strain curves of samples with heat inputs of (a) 0.40 kJ/mm, (b) 0.54 kJ/mm and
(c) 0.87 kJ/mm. H1/H2 are horizontal and V1/V2 are vertical samples.
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One observation is that the WAAM deposited layer gave in most cases lower strength than that of
the support plate, and the strength values fall below the typical values indicated in the wire datasheet
(Section 2.1). This may be linked to the small size of the tensile specimens used in the present case.
More important is that horizontal and vertical samples had different strength and ductility; the strength
of horizontal specimens tends to be slightly higher than those of the vertical ones. This is probably
linked to the fact that vertical samples represent more extensive reheating effects.

According to data presented in Figure 5, yield and tensile strength are reduced with an increase
of heat input. The slope of the linear trend is larger for the yield (R0 2) than for the tensile strength
(Ry). For the highest heat input, the yield strength was reduced by 160 and 100 MPa for vertical
and horizontal samples, respectively, when comparison is made with the BM. The loss in tensile
strength was much smaller (< 20 MPa). However, when compared with the tensile strength of the wire
(934 MPa), the loss in the ultimate tensile strength is at the same level as the yield point. By contrast to
strength, the ductility showed an opposite trend as shown in Figure 6.
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Figure 5. Effect of heat input on yield (Ry2) and tensile (Ry) strength for (a) vertical samples and
(b) horizontal samples.
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Figure 6. Effect of heat input on reduction in area.

3.3. Hardness

Higher hardness was developed in the HAZ of the base metal, where maximum 271 HV was
measured for sample 1 (0.40 kJ/mm), and with slightly lower hardness in deposited layers, see Figure 7.
The hardness for the deposited layers and the HAZ satisfies most of requirement set in current offshore
standards (< 300 HV). However, an exception is the requirements for sour service, usually set to
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248 HV according to ISO 15156 [38,39]. The maximum hardness in the HAZ and weld metal (WM) can
be further reduced through an increase in heat input. Based on the linear trendlines (see Figure 7),
a heat input of 1.0 k]/mm is required to achieve 248 HV in the HAZ, which is still below a critical heat
input for sigma (0) phase formation. The problem here is that the heat input should not be increased
further since it may cause formation of brittle phases in the HAZ. By application of superduplex steel
wire, both WM and the HAZ can be more sensitive to formation of o and x phases due to the higher
ratio between ferrite (ferrite stabilizing elements are Cr, Mo, Si) and austenite stabilizers (austenite
stabilizing elements are Ni, Min, Cu, N) than contained in conventional 2205 duplex stainless steels.

400
300
>
I
o
[%2]
(0]
C
2
(3]
<
£
3
£
S 100
= e WM
A HAZ
----BM
0 , | | | ]
0 0.2 0.4 0.6 0.8 1.0 1.2

Heat input, kJ/mm
Figure 7. Effect of heat input on hardness in deposited layers (WM) and heat affected zone (HAZ).
3.4. Toughness Results

The effect of heat input on the Charpy V-notch toughness is shown in Figure 8. The results for
sub-sized samples are converted to full sized samples by multiplication by a factor of two (sub-sized
samples have only 50% of the cross section of full-sized ones). It is found that the toughness of deposited
layers is only 30%—-35% compared to the BM. The Charpy V values are almost independent of the
employed heat input. Only a slight reduction in toughness occurs when increasing the heat input from
0.40 to 0.87 kJ/mm. This is possibly related to the coarsening of the microstructure when the heat input
is increased. Accordingly, it is reasonable to assume that no harmful intermetallics have been formed
(to be discussed later). With the formation of ¢, a much sharper fall in toughness would be expected.

400

BM, avg. full-sized Charpy

300 - T

BM, avg. sub-sized converted to full-sized Charpy

200 -

Wall, avg. sub-sized converted to full-sized Charpy

100 ——— P

Charpy V nocth toughness, J

R2=0.78

0 0.2 0.4 0.6 0.8 1.0 1.2
Heat input, kd/mm

Figure 8. Charpy V-notch toughness of walls and base metal.
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The fracture toughness results (CTOD test) are shown in Figure 9. The CTOD level is around
0.3 mm, although a small enhancement in the average value is found when the heat input is increased.
In general, a value of 0.3 mm provides acceptable toughness values based on DNVGL-0OS-C401 [40]
the critical value is 0.15 mm.

0.5
04 -
2 =
t o R?=0.76
0.3 +
e — &
£ O
o
202
5o.
01 7 O Single values
® Avg. values
0 ‘ t . t + . : } :
0 0.2 04 0.6 0.8 1.0 1.2

Heat input, kdJ/mm

Figure 9. CTOD fracture toughness of walls.

3.5. Solidification

Stainless steel may solidify in different modes according to their chemical composition. In addition,
the cooling rate may induce a shift in solidification [41]. In austenitic stainless steels, a three-phase
reaction region exists (Liquid — y + 6), which can be either eutectic or peritectic for compositions
beyond 15 wt.% Cr and 10 wt.% Ni according to the Fe-Cr-Ni ternary phase diagram [42,43]. Here,
0 means the high temperature ferrite and used according to literature. Consequently, the solidification
microstructure, depending on both composition and cooling rate, may become more complex due to
the three-phase reaction. Depending on the Cr,;/Ni,, ratio, stainless steel can be solidified with four
different solidification modes [44,45], i.e., ferrite mode, ferrite-austenite mode, austenite-ferrite mode
and austenite mode (here Lig means—liquid phase of the material):

Fmode: Lig - Lig+0—>0—0+Yy for Creg/Nieg > 2.0 (1a)

FAmode: Lig > Lig+ 0 > Lig+0+y 5 0+y >y for 1.5 < Creg/Nigy < 2.0 (1b)
AFmode: Lig » Lig+y - Lig+6+y >y +6—vy for 1.37 < Creg/Nigg < 1.5 (1c)
Amode: Lig— Lig+y =y for Crey/Nieg < 1.37 (1d)

The existence area of these solidification regimes is outlined in Figure 10. The values of Cr,; and
Ni,, are calculated from Equation (2) below (elements in wt.%), taken from the Welding Research
Council 1992 diagram (WRC-1992):

Creg = Cr + Mo + 0.7Nb (2a)

Nigg = Ni + 35C + 20N + 0.25Cu (2b)

The Cr and Ni equivalents of the examined superduplex steel wire are 28.7 and 14.9, respectively,
which gives a ratio of 1.9. This is indicated in Figure 10 as the red circle marker, which falls close
to the ferrite line. Therefore, it is implied that a primary ferritic or mixed mode solidification may
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occur for the current deposited layers. Figure 10 represents the Welding Research Council WRC-1992
diagram [46] for Creq from 17 to 31 and Nig, from 9 to 18.

18 18 20 /22 24 26 28 30 18

oLy v
o
Y
12:;;?7;E;§///
7
/

D)7/

18 20 22 24 26 28 30
Creq=Cr + Mo + 0.7 Nb

Nigg = Ni + 35 C + 20 N + 0.25 Cu

Figure 10. Nomenclature of solidification modes in stainless steels. Adapted from [46]. The wire
composition is represented by the red circle marker based on the Cr and Ni equivalents adopted by
WRC-1992 (Equation (2)).

The metallographic investigation demonstrated that the layers solidify by epitaxial nucleation
and growth (Figure 11), which means that the solidifying grains nucleate at the grains located at the
fusion boundary. Due to the high alloying level and high thermal gradient because of poor heat
conduction capacity, a planar solidification front may not be stable, and the primary solidification
mode is cellular-dendritic. Here, only ferrite with a crystallographic preferential growth orientation
relationship aligned with the heat flow direction will continue to grow. This growth will cease when
the preferred ferrite growth direction reaches a certain deviation from the heat flow direction. Then,
successive nucleation of new ferrite will take place with subsequent growth of those grains with their
preferred growth direction nearly parallel with the heat flow direction.

3 Co A

2nd layer

Figure 11. Micrographs with indications of epitaxial solidification (one example is shown inside black
dotted lines); between first and second build layer (0.87 k]/mm).
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3.6. Ferrite Content

As stated previously (Section 2.1), the BM has 48 vol.% of ferrite and 52 vol.% of austenite balance.
According to the data presented in Figure 12, the ferrite volume fraction in the walls is significantly
lower (15-27 vol.%) than that of the BM. Minor variations were found between the different layers.
However, the low ferrite fraction observed in the present study is strictly outside the target level of
30-65% for weld metals [36] and needs procedure qualification testing (mechanical and corrosion)
prior to use in the oil and gas industry.

100 100
90 Top layer «---@---+ 90 5t Jayer «eeeAeeer
HAZ  ooeeOeeee
=80 B 80
370 | S0

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
(a) Heat input, kJ/mm (b) Heat input, kJ/mm
100

©
o

Reheated WM between 5th and 6th layer «--@----

o O

R?=0.83

o

o O O

= N W b O O N @
o

o

Volume fraction of ferrite, vol.%

o

0.2 03 04 05 06 07 08 09 1.0
(c) Heat input, kJ/mm

Figure 12. Effect of heat input on volume fraction of ferrite in different areas of deposited walls: (a)

WM of top layer, (b) WM between 5th and 6th layer, (¢) WM of 5th layer. The dashed red lines represent
volume fraction of ferrite in the BM (48 vol.%).

This observation concerning low ferrite volume fraction is caused by the selected filler wire,
promoting more austenite due to the high nickel content (9.5 wt.% Ni). This is in fact almost 3% higher
than the BM (6.6 wt.% Ni). In principle, overalloying with Ni should provide a better balance of a/y,
approaching a 50%/50% distribution between the phases [47]. Thus, the low ferrite content may also
arise from too slow cooling rates. Slower cooling will promote austenite formation, which is softer than
the ferrite. The low ferrite fraction found in the walls may explain the lower strength compared with
the base metal level. In the HAZ of the base metal, the ferrite content was similar to the BM volume
fraction (49-56 vol.%) and weakly dependent on heat input range used within this study.

On reheating of as solidified metal, inevitably taking place in layer manufacturing using arc as
heat source, the microstructure will depend on the temperature which is reached. When reheating to
high temperature, full ferritization may occur with almost instantaneous growth of ferrite. On cooling,
the ferrite may transform back to austenite of different morphologies, depending on the cooling rates.
At lower temperatures, full ferritization may not take place and the austenite-to-ferrite transformation
may only be partial. As a result, the final microstructure contains both transformed and untransformed
ferrite, and the transformed ferrite may revert to austenite on cooling [48]. This re-transformed
austenite is called secondary austenite (y,).
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The microstructures shown in Figure 13 represent the top layer and consist of ferrite grains
with extensive austenite nucleation and growth, revealing both elongated austenite grains and
Widmanstdtten austenite sideplates (WAS). The morphology and size of the austenite phase may
influence the component properties. An example is the influence on pitting properties [49]. In reheated
areas of the walls, secondary austenite is formed (Section 3.8), which is known to be harmful to
corrosion resistance [50,51]. Due to the higher alloying level of superduplex stainless steels, the ferrite
content will be lower than in similar layer manufacturing of 2205 or 2304 duplex stainless steel. This is
particularly the case in the HAZ of BM. In the present work, this region contained 50-56 vol.% of
ferrite, while in the HAZ of 2205 there is typically 80-90 vol.% ferrite [52]. A typical microstructure
developed as found in Figure 14, consisting of large ferrite grains with allotriomorphic austenite
along the grain boundaries including some WAS. In addition, extensive precipitation of Cr nitrides is
observed (Section 3.7).
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Figure 13. Microstructure in top layer in; (a) Sample No. 1 (0.40 kJ/mm), (b) Sample No. 2 (0.54 k]/mm)
and (c) Sample No. 3 (0.87 kJ/mm). WAS—Widmanstaitten austenite side-plate.
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Figure 14. Microstructure in heat-affected zone. WAS—Widmanstétten austenite side-plate. The dashed
black line represents the boundary between the HAZ and the unaffected BM.
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3.7. Chromium Nitrides

In the HAZ of the BM, there is clearly visible precipitation of Cr nitrides, as shown in Figure 15.
In comparison to the HAZ, no Cr nitrides were found in the built walls. These nitrides form inside
ferrite grains during cooling (from 1250 to 1100 °C [53]). The precipitation is inhomogeneous since
nitride-free areas are also found; most of them are closer to the austenitic grains. Two nitride
morphologies have been previously reported found [53,54], Cr,N and CrN, both occur as intragranular
precipitates. The metastable CrN was first observed by Hertzman et al. [55] in duplex 2205 steel on
rapid cooling from solution annealing at 1350 °C. Nitrogen is mainly partitioned to austenite due
to limited solubility in ferrite. However, the nitrogen content in ferrite increases with increasing
temperature during the heating leg of the first layer in WAAM. Therefore, nitride precipitates have
propensity to form during rapid cooling from high temperatures as ferrite is supersaturated with
nitrogen [54,56]. The extent of partitioning and diffusion of nitrogen in these steels will depend on the
austenite spacing. With finer grain structure, and smaller austenite spacing, nitrogen may diffuse into
austenite and nitride precipitates will be more homogeneously distributed inside ferrite grains [57].
Pettersson et al. [58] found primarily Cr,N nitrides in the interior of ferrite grains. By an increase in the
cooling rate and/or increase in the austenite spacing, the formation of nitrides was clearly promoted.
This resulted in precipitation within a higher fraction of the ferrite grains. Larger nitride particles
were also found. Furthermore, they observed formation of the metastable CrN which was induced
by higher cooling rates. Due to the rapid cooling linked with the low heat input in the present study,
it is reasonable to assume that CrN precipitates have formed. A confirmation of this point requires
transmission electron microscopy. Cr nitrides were not found in the built wall due to the low ferrite
content. The toughness seems to be unaffected by nitrides [58,59].
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Figure 15. Cr nitrides in ferrite in HAZ. The dashed black line represents the boundary between the
HAZ and the unaffected BM.

3.8. Secondary Austenite

In production of duplex stainless steels, the important target is to obtain microstructure with
almost equal amount of ferrite and austenite. During WAAM, reheating will take place and the
austenite transforms to ferrite at high peak temperature; depending on the alloy this transformation can
be completed before the alloy is melted. On subsequent rapid cooling, austenite re-transformation will
be partially suppressed giving high volume fraction of metastable ferrite. By reheating this metastable
microstructure above ~800 °C, the microstructure is affected by the dissolution of the intragranular
nitrides and the formation of secondary austenite (y;) [60]. The austenite formation occurs at a/y
interfaces, as well as intragranularly in the ferrite, as shown by the micrograph contained in Figure 16.
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This observation is consistent with previous findings in the literature [61]. This kind of precipitation
is possibly linked to dislocations or substructures. Moreover, secondary austenite is also reported to
form on CrpN due to a Cr depletion from the surroundings [60]. Secondary austenite is reported to
improve toughness [62], while it has been proposed that the chemical composition of y, compromises
the corrosion resistance [50,51]. In layer manufacturing, redistribution of alloying elements can occur
due to formation of nitrides or by excessive precipitation of y,. The kinetic factors that can change
the chemical composition of different phases may lead to local susceptibility to pitting and localized
corrosion [63].

3.9. Intermetallic Phases

Numerous types of intermetallic phases, as well as carbide precipitates (common ones are M3Cg
and/or M;Cg), may form in superduplex stainless steels. Fast heating and cooling rates together
with large temperature gradients are responsible for the eutectoid decomposition of ferrite [51,64—66].
Some of the possible reactions are:

S5 0+y+y (3a)

0—= 0+ (3b)
0 — Mp3Cs + 72 (3¢)
0— M;Cs + v (3d)

As already discussed, Cr nitrides and secondary austenite has been observed in the present study
in the HAZ and the deposited layers, respectively. The sigma phase which forms in the temperature
range between 650 and 950 °C has not been found with light microscopy using etchants that reveal
the o phase. The sigma phase has a large tetragonal unit cell of 32 atoms and has therefore a sluggish
transformation nature [67]. However, its formation can be promoted when cooling conditions and
microstructural variations favor nucleation. Alloying additions (Cr, Mo and W) can accelerate the
formation of o phase by enlarging its field of stability. In WAAM of any duplex steels, extra attention
must be considered in balancing heat input and interpass temperature due to reheating by subsequent
layers to avoid formation of intermetallic phases due to their negative effect on toughness and corrosion.
In the case of superduplex steel, the C-curves for precipitation of carbides, Cr nitrides and intermetallics
are moved to the left towards shorter times. This will require faster cooling (lower heat input) than for
conventional 2304 or 2205 duplex steels.

:“,;'-' X wi - =
v W\ k : ; R = > ~ -
: ' ¥ - A : P
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Figure 16. Secondary austenite formed in the ferrite, (a) overview with dark islands of y,,
and (b) close-up with y, inside the dotted red ellipse. Arrows point at different nucleation sites.
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4. Conclusions

Based on experimental studies, addressing wire arc additive manufacturing with superduplex
stainless steel wire, the following conclusions can be drawn:

e  No significant weld defects were found for any of the process parameters employed.

e  The measured yield strength was found to be 100-160 MPa lower than that of the base metal,
depending on specimen orientation. Vertical samples had the lowest strength, which is consistent
with the multiple reheating of the layers.

e  The notch toughness of the walls was satisfactory, i.e., around 100 ] at —20 °C. However, the level
is only 30% of the base metal toughness.

e  The deposited walls had low ferrite content (15-27 vol.%) due to overalloying with nickel which
may explain the lower yield strength of the walls when compared to the base metal.

e  Precipitation of Cr nitrides was found in the heat affected zone between the first layer and the
base metal.

e Secondary austenite formation occurred in the reheated areas of the layers.

e No intermetallic phases were found within selected heat inputs.

e  The deposited walls showed that WAAM of superduplex stainless steel requires adjustments in
the layer deposition procedure to achieve a proper ferrite to austenite balance. Since too high
austenite has been formed in the present study, faster cooling rates will be necessary through
adjustments of component design, heat input and shielding gas.
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