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This work investigates the effects of Ar-based shielding gases on the microstructure and phase balance of
duplex stainless steel (DSS) depositions. The results are then used for fabrication of DSS walls using wire
arc additive manufacturing (WAAM), and the microstructural characteristics and mechanical performance
of the products are assessed. WAAM currently poses as one of the most interesting methods of manufac-
turing by enabling joining of materials to fabricate structures layer by layer. However, the extreme con-
ditions imposed by the process, such as high heat inputs and re-melt and solidification of the deposited
layers, could compromise the performance of the products. A detailed microstructural analysis is conducted
on single layer and double layer depositions of DSS to assess the effects of different shielding gases on the
ferrite/austenite phase balance in the specimens. The results show that the depositions shielded with a small
fraction of carbon dioxide (CO,) present better microstructural features in comparison to depositions
shielded with the other selected gases. A mixture of 98%Ar + 2% CQO, was employed for fabrication of a 60-
layer DSS WAAM-made wall and some mechanical characteristics were studied. The mechanical exami-
nations demonstrate that the properties of the parts fabricated using WAAM are comparable with their

wrought counterparts.
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1. Introduction

Duplex ferritic-austenitic stainless steels (DSS) are of
favorite structural materials in industries with hostile environ-
ments since the 1980s due to their desirable mechanical
performance in such conditions (Ref 1). Their application has
been evolving widely in chemical, oil, and gas, and marine
industries, as a response to the demand for a combination of
mechanical and corrosion resistance properties, and the high
and volatile prices of alternative materials such as nickel-based
alloys (Ref 2, 3). The name duplex originates from the natural
balance of phases in the microstructure of this type of stainless
steels, which approximately comprises equal proportions of
austenite (y) and delta-ferrite (8) phases (Ref 4). Accordingly,
DSSs take advantage of the properties of both ferritic and
austenitic steels. It has been noted in the literature that in order
to keep the desired mechanical and corrosion resistance
properties of DSS alloys, a near equal amount of austenite
and ferrite should be maintained (Ref 5, 6). Nevertheless,
standard procedures such as gas metal arc (GMA) welding
(especially in the case of multi-pass depositions) and novel
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fabrication methods such as wire arc additive manufacturing
(WAAM), significantly disturb this balance as well as the
microstructural properties, such as the size and morphology of
the grains (Ref 7-9). Therefore, it is a major concern for the
industries that deal with DSSs to control the process and
maintain the microstructural balance of ferrite and austenite
phases in the fabricated parts.

The outstanding properties of DSS present them as an
interesting material for additive manufacturing (AM) tech-
niques such as WAAM. Gas metal arc—wire arc additive
manufacturing (GMA-WAAM) is now a favorable alternative
to conventional manufacturing methods for fabrication of
monolithic components in industrial sectors such as automotive
and oil and gas (Ref 10, 11). In WAAM, the material is
deposited in layers at points where it is needed in accordance
with the final geometry, for instance in a wall of welds (WoW)
(Ref 12, 13). As a result of the layering process, the localized
heat source will be reintroduced to points that have already
been deposited. This process and its intrinsic associates
adversely affect the balance of microstructure and cause a
progressive decrease in the ferrite content in DSSs, which
greatly influences the mechanical performance and corrosion
properties of the produced part (Ref 14, 15). Eriksson et al. (Ref
16) studied the cold metal transfer of super duplex stainless
steels (SDSS) using WAAM and maintained a ferrite content of
20-30%. Posch et al. (Ref 17) studied the effects of DSS cold
metal transfer using WAAM and were able to achieve a ferrite
content up to 35%. Hosseini et al. (Ref 18) investigated the
evolution of microstructure in the last deposited layer of DSS
using WAAM and reached a ferrite content of 40%, neverthe-
less, a small amount of sigma phase was observed in the phase
boundaries. The precise value of 50/50 ferrite-austenite phases
is difficult to achieve repeatedly, but a range of phase balances
is acceptable for maintaining part quality from a mechanical
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and metallurgical point of view (Ref 19). In this sense,
extending the knowledge over the effects of significant process
parameters such as the shielding gas and heat input seems
inevitable in order to ensure the quality of performance in harsh
circumstances in which these alloys are employed. Factors such
as shielding gas, arc voltage and current, arc traveling speed
(scanning speed), and the inter-pass temperature (IPT) are of
significant parameters influencing the WAAM process condi-
tions and the quality of the manufactured parts.

The shielding gas composition significantly influences the
characteristics of the arc plasma, which has great effects on the
heat transfer mechanism and mass transport in the weld pool
(Ref 20). Pure argon (Ar) is the most common shielding gas in
welding DSS (Ref 1, 21). Nevertheless, using pure Ar could
lead to high austenite balance in the composition of the
solidified material in case of multi-layer deposition (Ref 22);
leading to deterioration of mechanical properties of the work-
piece. The ferrite-austenite ratio also depends on the energy
input of the employed GMA process (Ref 23). For DSSs, an
approximate balanced microstructure in the weld zone (WZ)
has been reported by adjusting the heat input between 0.5 and
2.5 kJ/mm (Ref 19). Since the duplex alloys initially solidify as
ferrite, one might expect a higher fraction of ferrite in the final
microstructure. However, in case the cooling rate is not high
enough, austenite with various morphologies disperse in form
of islands within the ferrite matrix (Ref 24, 25). Slow cooling
rates could promote a higher ratio of austenite in comparison
with ferrite, in company with deleterious precipitates, e.g.,
sigma (o), Chi (y), and nitrides such as Cr,N (Ref 23, 26, 27).
Controlling the inter-pass temperature (IPT) is one of the ways
for stabilization of the temperature gradients and cooling rate to
preserve the ferrite percentage, as well as avoiding unwanted
precipitates (Ref 28, 29). In case of a duplex stainless steel, a
range of 150-290 °C is suggested for applied IPT (Ref 30, 31).

In this study, wire arc additive manufacturing (WAAM)
directed energy deposition (DED) is used to fabricate 2209
duplex stainless steel walls. Firstly, a detailed investigation on
the microstructure evolution and phase balances of DSS2209
weld metals (WM) using several multi-components Ar-based
shielding gases in company with controlled IPT is reported.
Next, the results of these experiments were employed for
manufacturing a 60-layer WAAM-made DSS wall, and the
microstructural characteristics are investigated. Finally, the
results for mechanical tension and 3-point bending tests on the
DSS wall are presented and compared to wrought made
specimens.

2. Experimental Set-up

2.1 Single Pass and Double Pass Depositions

Weldments were deposited using a Lincoln Electric GMA
welding machine on 6.3 mm thick substrates in flat position
designed as a butt joint (Ref 32). The DSS S32205 substrate
plates were prepared mechanically by machining to dimensions
of 150 mm long, 50 mm wide, and 6.3 mm thick, with 45° cuts
at the edges, along the length of the substrates to produce V-
grooves (Fig. 1). The consumable wire electrode used was
DSS2209 commercially available as AWS ER2209 with
0.9 mm (0.035 in.) diameter. The chemical composition of
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Fig. 1 DSS2205 substrates were cut in 45° angles to provide V-
grooves

the DSS2205 substrate and the ER2209 wire is presented in
Table 1.

All substrates were chemically cleaned with acetone to
remove contaminants prior to initiation of deposition. Single
pass and double pass depositions were fabricated using three
different compositions of shielding gases (98%Ar + 2%CO,,
92%Ar + 8%CO, and 63%Ar + 35%He + 2%CO,) with a
flow rate of 18 L/min to assess the balance of microstructure
in each case. Figure 2 illustrates the weldments deposited with
the employed Ar-based shielding gases and IPT of 250 °C. This
measure is chosen considering the total time of manufacturing.
Selecting an IPT near 200 °C could improve the microstruc-
tural characteristics of the product. Nevertheless, it would
significantly add to the delay time in between layer depositions.

Properties of the constituent of the employed shielding gases
are summarized in Table 2.

Since the heat source efficiency is an unknown parameter
which greatly depends on the shielding gas composition as well
as the arc length in this work, the maximum energy input
represented by é;, (kJ/mm) was calculated using Eq. 1,

éw =EI/V (Eq 1)
where E is the arc nominal voltage, / is the welding current, and
V' is the arc traveling speed. The welding parameters layout
used in this work is listed in Table 3.

The cross-sections of the weld samples were polished from
240 to 1200 grit and then cloth-polished to 1 pm for a mirror-
like finish. The products were etched for 4 seconds using an
etchant solution with a composition of “100 ml HC1 + 100 ml
of ethanol + 5 g CuCl,.” The revealed microstructures were
examined by light optical microscopy (LOM) using a Nikon
Eclipse L200 microscope and scanning electron microscopy
(SEM) using a FESEM Joel 7400.

The ferrite content in the final microstructure was measured
by a Fischer Feritscope MP3 using magnetic permeability of
the WMs. The cross-section of single pass and double pass
metallography samples extracted from the welds shielded with
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Table 1 Chemical composition of the employed materials (wt.%)

Material Ni Cr Nb Mo Ta Al

C Mn Si P S N Cu Fe

Substrate 2205 6.5 23 3.25

Wire ER2209 85 229 0.1 3.1 < 0.001 0.01

Balance
Balance

0.03 2.00 1.00  0.03 0.02 0.14 ..
0.01 1.54  0.53 0.02 <0.01 0.16  0.05

— < -

Fig. 2 Weldments with Ar-based shielding gases: (a) sample 1: single pass weld with 98%Ar + 2%CO,, (b) sample 2: single pass weld with
92%Ar + 8%CO,, (c) sample3: single pass weld with 63%Ar + 35%He + 2%CO,, (d) Sample 4: double pass weld with 98%Ar + 2%CO, and
250 °C IPT, (e) sample 5: double pass weld with 92%Ar + 8% CO, and 250 °C IPT, (f) sample 6: double pass weld with

63%Ar + 35%He + 2%CO, and 250 °C IPT

Table 2 Properties of the constituents of the employed
shielding gases for deposition of DSS2209

Properties Ar CO, He
Density (%) 1.78 1.98 0.18
Molecular weight (—%) 39.95 44.01 4
ITonization potentialr?e{/) 15.7 14.4 24.5

98%Ar + 2%CO, is shown in Fig. 3, as an example to show
the ferrite measurement approach. The horizontal measure-
ments start in the base metal (BM) and are followed in one-
millimeter increments within the HAZ and WZ toward the BM
on the other side of the welds. The vertical ferrite measure-
ments start at the center of the weld zone, from root through the
top in one-millimeter increments.

2.2 WAAM Multi-layer Deposition

A semi-automatic mechanized GMA system as shown in
Fig. 4 is used in this study for the WAAM process set-up. A
mixture of 98%Ar + 29%CO, was employed as the shielding
gas based on the microstructural results and phase balance
analysis obtained from the multi-pass WM study in the first part
of this work. The wall was built up to 60 layers with the AWS
ER2209 (DSS2209) wire used in the multi-pass weld study and
process parameters presented in Table 4, to the dimensions of
200 mm (8 in.) long, 125 mm (5 in.) high, 7 mm thick.
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The material deposition took 34 & 3 s for each layer. In
order to maintain the 250 °C IPT, an infrared sensor was used
to measure the temperature of the initial point of each pass. By
the end of first layer, the temperature of the initial deposition
point was 150 °C; so, there was no need for a delay and the
second layer was deposited consecutively. For the second,
third, and fourth layers, this measure was, respectively, 190,
210, 245 °C. Accordingly, there was no need to maintain the
IPT for these particular layers as well. Passing the 5th layer, the
time needed for reaching the IPT of 250 °C was always
150 4 5 s up to the 60th layer, while the deposition time was
still 34 £ 3 s for every layer.

2.3 WAAM Microstructural and Mechanical Characterization

The wall was sectioned, and the cross-section was studied
under LOM and SEM following the standard polishing and
etching processes described for the welds in the previous
section. The ferrite content and microstructural phase balance
were also studied from the base to top layers along the height of
the wall.

Tension test and flexural bend test samples were separated
from the wall for mechanical performance assessment and
comparison to the wrought DSS test specimens (Fig. 5). The
tension test samples were prepared according to ASTM Eg/
E8M standard, and the uniaxial tensile tests were performed
using an Instron universal testing machine with a 100 kN
tension load cell and a cross-head speed of 1.27 mm/min. In
addition, the 3-point flexural bend tests were performed at the
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Table 3 GMAW welding process parameters used for deposition of single pass and double pass DSS2209 welds

Sample # Arec voltage, V Arc current, A Energy input, KJ/mm
Single pass Sample 1 21 144 0.60
Sample 2 21 144 0.60
Sample 3 21 144 0.60
1st Pass 2nd Pass Ist Pass 2nd Pass
Double pass Sample 4 21 27 144 175 0.60-0.85
Sample 5 18.5 26 145 180 0.60-0.85
Sample 6 21 27 144 175 0.60-0.85

Fig. 3 The schematics of experimental ferrite measurement approach using the macrostructure images of: (a) the single pass deposition with
98%Ar + 2%CO, shield (b) the double pass deposition with 98%Ar + 2%CO,

face of samples according to ASTM D790. The support span of
the test fixture and width of the specimens were, respectively,
88.9 and 25.4 mm. The experiment was carried out at the face
of the samples, with a 0.25 mm/min cross-head speed contin-
ued beyond the yield point of the specimens.

3. Results and Discussion

3.1 Weld Metals Ferrite Measurement and Microstructure

The macrographs of the selected weld sample cross-sections
are presented in Fig. 6.

The weld samples which were fabricated using shielding gas
containing 98%Ar + 2%CO, showed a deeper and narrower
WZ with a higher fraction of ferrite phase and a more balanced
microstructure. Ferrite contents were measured three times for
each location as articulated in Sect. 2.1 and the mean results are
illustrated in Fig. 7, 8, 9, and 10.

Figure 7 and 8, respectively, depicts the fraction of ferrite
phase in the single pass welds in horizontal and vertical
directions. Figure 7 demonstrates that the ferrite content

Fig. 4 Experimental set-up for building of 2209WoW

Table 4 Process parameters selected for fabrication of the wall deposited with 98%Ar + 2%CO, shielding gas mixture

WAAM parameters Arc voltage, V Arc current, A Feeding rate, mm/s IPT, °C Scanning speed, mm/s

WoWIP250 18.5 140 142 250 5.8
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Fig. 5 Removal of bend test samples (#1, #3, and #5), dimensions: 100 mm high, 12.5 mm wide, 2.5 mm thick; and tension test samples (#2,
#4, and #6), dimensions: 100 mm high, 10 mm wide, 2.5 mm thick, R = 6 mm, gage length: 25 mm high, 6 mm wide; grip length: 30 mm high

Fig. 6 Macrographs of cross-sections: (a) single pass with
63%Ar + 35%He + 2%CO,, (b) double pass with
63%Ar + 35%He + 2% CO,, (c) single pass with 98%Ar + 2%CO,,
(d) double pass with 98%Ar + 2%CO,

decreases for all WMs as the location of measurement goes
farther from the BMs toward the center of the weld. Never-
theless, the WMs deposited with 98%Ar + 2%CO, showed
higher ferrite content compared to depositions with other
shielding gases. Figure 8 depicts that there is an almost steady
trend for the ferrite content of the single pass weldments
deposited with 98%Ar + 2%CO, through the top surface of the
welds, while this measure decreases for depositions with
92%Ar + 8%CO, and 63%Ar + 35%He + 2%CO,. The min-
imum, maximum, and the average ferrite contents over all
measured values in the single pass weld metals are listed in
Table 5. The data points at the ends of the horizontal
measurements are not considered since they are most affected
by the BM dilution. According to Table 5, single pass
depositions shielded by Ar mixed with 2% CO, presented the
highest mean ferrite content with least dispersion.

Figure 9 and 10 illustrates the fraction of ferrite phase in
the double pass weldments in horizontal and vertical

2556—Volume 30(4) April 2021

directions. The depositions shielded by 98%Ar + 2%CO,
gas mixture showed higher ferrite phase balance compared to
others. Based on these measurements, the welds carried out
with the 63%Ar + 35%He + 2%CO, mixture showed the
lowest ferrite contents both when measuring horizontally and
vertically. It can be seen in Fig. 9 and 10 that with the
increase in CO, fraction from 2 to 8%, the ferrite content
noticeably drops, especially when measuring along the
vertical centerline through the top (Fig. 10). Where the
ferrite content is measured horizontally (Fig. 9), the welds
deposited with 2% and 8% carbon dioxide contained almost
equal amounts of ferrite in HAZs. However, the fraction of
ferrite dropped as moving closer to the center of the WZ.
The minimum, maximum, and the average ferrite contents
over all measured values in the double pass WMs are listed
in Table 6. The data points at the ends of the horizontal
measurements are not considered since they are most affected
by the BM dilution.

It can be seen in Tables 5 and 6 that regardless of the
shielding gas employed, the mean fraction of ferrite decreases
in double layer depositions compared to single layers even with
implementation of the IPT. This can be attributed to the
decrease in cooling rates when adding the second layers, while
the heat added from deposition of the first layer has already
reduced the temperature gradients. As it is listed in Table 6, the
measure of ferrite in double layer depositions decreases by 9%
when the fraction of CO2 in the shielding gas is elevated from 2
to 8%. Also, the minimum and maximum ferrite phase
percentage improved when using 2%CO?2 in the shielding gas
composition. Later, it can also be seen in the microstructures
depicted in Fig. 12 and 13 that using 2% CO2 enhanced the
phase balance and the morphology of the WMs to some extent.

The lower fraction of ferrite in depositions using shielding
gases containing 8%CO2 can be attributed to added heat input
associated with higher fraction of CO2 in the shielding gas
among other causes such as different BM dilutions. Carbon
dioxide is chemically reactive at high temperatures associated
with GMAW process. As the temperature increases, CO2
molecules can dissociate and release carbon monoxide (CO)
and free oxygen atoms (O) within the arc plasma (Ref 33).
Based on the added dissociation energy of CO2, it is expected
that the heat input in deposition with Ar + 2%CO2 and
Ar + 8%CO2 shielding gases to be higher compared to pure Ar
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Ferrite Content Measurement
Left to Right at Centerline-Single Pass Deposition
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Fig. 7 Ferrite content measured from left to right at the horizontal centerline-single pass depositions
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Fig. 8 Ferrite content measured from root to top at the vertical centerline-single pass depositions

Ferrite Content Measurement
Left to Right at Centerline-Double Pass Deposition
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Fig. 9 Ferrite content measured from left to right at the horizontal centerline-double pass deposition
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Ferrite Content Measurement
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Fig. 10 Ferrite content measured from root to the top at vertical centerline-double pass depositions

Table S5 Ferrite content statistical data summary for
single pass weld metal depositions

Shielding gas composition Minimum Maximum Mean SD

92%Ar + 8%CO, 41 45 428 1.72
98%Ar + 2%CO, 42 48 444 145
63%Ar + 35%He + 2%CO, 38 41 40.1 1.68

Table 6 Ferrite content statistical data summary for the
double pass weld metal depositions with 250 °C IPT

Shielding gas composition Minimum Maximum Mean SD

92%Ar + 8%CO, 37 45 39.0 270
98%Ar + 2%CO, 41 46 43.1  1.78
63%Ar + 35%He + 2%CO, 35 41 382 253

(Ref 34, 35). The heat input would be higher when the fraction
of CO2 is elevated (8% in comparison with 2%).

The WM protected with Ar + He + CO2 presented lower
ferrite contents in comparison with WMs deposited with
Ar + CO2 compositions in this study. According to Table 6,
they also showed the lowest minimum and maximum ferrite
content compared to other samples. Considering the weld pool
protected by Ar + 35%He + 2%CO2, the ionization energy of
He is much greater than that of Ar and dissociation energy of
CO2 (Table 2). The higher ionization energy of He means that
higher arc voltage is required to trigger and maintain the arc
plasma. As a result, the voltage drop in the electric arc would be
higher by addition of He to pure Ar, and higher power would be
conveyed to the work-piece. Therefore, it can be concluded that
in the case of WMs shielded by Ar + 35%He + 2%CO2, more
heat input is transferred to melt pool, in comparison to WMs
using Ar + 2%CO2 and Ar + 8%CO2. Figure 6 illustrates a
large and parabolic fusion area for WM deposited with
Ar + 35%He + 2%CO0O2 and a narrow and deep penetration
for WM deposited with Ar + 2%CO2.
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The DSS2205 base metal (BM) containing almost equal d-
ferrite (BCC) and y-austenite (FCC) content is shown in
Fig. 11. As it can be seen in Fig. 11(a) and (b), the texture of
DSS microstructure is different in the rolling direction com-
pared to other dimensions. The light color represents the ferrite
phase as the continuous matrix, and the dark color represents
the austenite phase, elongated in rolling direction as islands
within the ferrite matrix.

The microstructures of the weld metals are presented in
Fig. 12 and 13. Figure 12 illustrates the microstructure of single
pass welds shielded using the three different gases and Fig. 13
shows the microstructure of double pass welds deposited with
the same shielding gases, in company with the IPT.

The presented microstructure in Fig. 12 and 13 is taken at
the center of the weld metals using a uniform magnification.
The morphology and arrangement of the austenite phase within
the ferrite matrix vary depending on the shielding gas
composition and the implemented IPT. As shown in
Fig. 12(a), the WMs deposited with 98%Ar + 2%CO, show a
more balanced microstructure considering the composition of
ferrite and austenite phases as well as the morphology of the
austenite grains. Austenitic-ferritic DSSs solidify as ferrite
phase and stay fully ferritic until temperature falls below ferrite
solvus temperature. When the temperature drops below this
threshold, austenite initially emerges at the ferrite grain
boundaries. The austenite phase also emerges as typical forms
of grain boundary austenite (GBA), Widmanstitten austenite
(WA), and intragranular austenite (IGA) within the ferrite grain
boundaries. As depicted in Fig. 12(c), the fraction of austenite
is noticeably higher in depositions made with 63%Ar + 35%
He + 2%CO,, which is in correlation with ferrite content
measurements given in Fig. 7 and 8. It can be deduced from
Fig. 13(a), (b) and (c) that the weld metals with 98%Ar + 2%
CO2 show better microstructure, with a more symmetric
balance of austenite and less dispersion in the austenite phase
configuration, in addition to higher ferrite content compared to
the rest of the depositions (Fig. 9 and 10). A well-adjusted 1:1
phase balance in DSSs can constrain the precipitation of
harmful phases (such as sigma phase) and deliver better
mechanical properties for the manufactured structure. Accord-
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ferrite

_austenite

Fig. 11 DSS2205 BM microstructure containing almost equal amounts of J-ferrite and y-austenite (A) low magnification (B) high
magnification

Fig. 12 Austenite morphologies (dark color) within ferrite matrix
(light color). Grain boundary and Widmanstitten Austenites are

marked in: (a) single pass weld metal shielded with Fig. 13 Austenite morphologies (dark color) within ferrite matrix

O8%Ar + 2%C0,, (b) single pass weld metal shiclded with (light color). Grain boundary, Widmanstétten, and intragranular
92%Ar + 8%CO ? . . . austenites are marked in: (a) double pass weld metal shielded with

o 6CO, (¢) single pass weld metal shielded with o004 000, 250 °C IPT (b) double pass weld metal shielded
63%Ar + 35%He + 2%CO, 2 b

with 92%Ar + 8%CO,, 250 °C IPT (c) double pass weld metal
shielded with 63%Ar + 35%He + 2%CO,, 250 °C IPT. The sample
(a), associated with 98%Ar + 2%CO,, 250 °C IPT shows higher
fraction of ferrite phase in comparison to others.
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ing to Lippold and Kotecki (Ref 1), the WMs should meet a
minimum content of 30%, for ferrite and austenite, to avoid the
presence of harmful phases. As shown in Fig. 13(c), the
fraction of austenite with larger grain size is noticeably higher
in the deposition using 63%Ar + 35%He + 2%CO2, even with
employment of the controlled IPT.

3.2 WAAM-Made Wall Ferrite Measurements
and Microstructure

Based on the results obtained in Sect. 3.1, the 98%Ar +
2%CO, shield gas is employed for manufacturing a 60-layer

wall in company with a controlled IPT. The ferrite content in
the microstructure of the wall was measured using the magnetic
permeability of the ferrite phase (Fig. 14). The initial layers
contain higher fraction of d-ferrite (41-46%) and finer WA in
comparison to the middle layers (37-40%), as a result of the
higher cooling rate provided by the substrate BM. The fraction
of ferrite stands almost steady after the fourth layer through the
top near 39%, which is significantly higher (10%) compared to
the walls made with pure Ar as the shielding gas, particularly in
higher layers near the top of the wall (Ref 22).

Figure 15 shows the microstructure of different sites along
the height of the wall, such as the base metal (BM), heat-
affected zone (HAZ), and the WAAM layers. The fraction of
ferrite and austenite is almost equal in the BM. It can be seen
that the grains show a rolling microstructure (white arrow
shows the rolling direction) in the BM. Passing the fusion
boundary (FB), the austenite phase (darker color) has grown in
high temperature within ferrite matrix with typical morpholo-
gies: grain boundary austenite (GBA), intragranular (IGA), and
Widmanstitten (WA); with a diffusion-based mechanism during
the solidification process. The austenite grains are elongated in
the thermal diffusion direction (Ref 36). The higher cooling rate
involved in layers close to the FB, in company with reheating
process in these layers causes a higher fraction of ferrite in the
initial layers.

Since the rising thermal cycle leads to solid-state grain
growth, it is likely to have larger grain sizes at higher layers of
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the wall (Ref 37, 38). The decreasing temperature gradient
along the height of the wall accelerates the growth of grain size
as the later layers are deposited (Ref 22, 39). Furthermore, due
to the larger molten pool and slower cooling in walls made with
the wire-fed AM systems, it is expected to have a coarser
microstructure compared to parts made with other techniques
such as the powder-based AM. However, it seems that the
employment of IPT in this work has ameliorated the grain
coarsening effect as it is observed in Fig. 15. By engaging the
IPT in the process, we help restoring the temperature gradient
as farther the deposited layer gets from the BM. The size of
austenite grains evidently remained in the same order (mostly
under 100 Microns) in the middle layers through the top of the
wall (Fig. 15, 16, 17).

When a layer of deposition is completed, a certain amount
of heat dissipates through the molten pool, the body of the wall,
and the substrate, which will be gradually transferred via
conduction and convection. The arc power and the heat input
transferred to the work-piece can be controlled by using
appropriate process parameters, such as the welding voltage
and current. In multi-pass welding and multi-layer WAAM
deposition, the addition of subsequent layers, further decreases
the temperature gradient, which itself reduces the cooling rate
and eventually the ferrite content (Ref 1).

Based on the chemical composition of DSS2209, d-ferrite as
the first precipitating phase starts to transform to austenite at its
solvus temperature. As the cooling continues in the temperature
interval (1200-900 °C) under the d-ferrite solvus temperature,
the austenite phase begins to emerge at ferrite grain boundaries
(GBA). Next, Widmanstitten austenite (WA) and intragranular
austenite (IGA) grow as islands within the ferrite matrix.
Nevertheless, an appropriate cooling rate (higher than 50 °C/s)
in the indicated temperature range could slow down the
precipitation of austenite phase as described by Verma, and
Taiwade (Ref 30), and lead toward a more balanced microstruc-
ture. Furthermore, reheating the underlying layers with a slow
cooling rate within the temperature range of 900-1050 °C
accelerates the diffusional transformation of ferrite phase to
austenite (Ref 40). In this sense, the high temperature gradient

Fig. 14 Ferrite content measurement for WoWIP250; the right-hand macrographs illustrate the cross-section of the wall through the top along

with the ferrite measurement locations
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Fig. 15 Microstructure of the wall fabricated with mixture of 98%Ar + 2%CO, as shielding gas and 250 °C IPT. The lighter color represents
the ferrite matrix in which different austenite morphologies can be seen in darker shades. Grain boundary, Widmanstitten, and intragranular

austenites are marked along the height of the wall.

Fig. 17 WAAM 2209 microstructure (50" layer)

Journal of Materials Engineering and Performance

in the initial layers (provided by the substrate) leads to a lower
fraction of austenite in the microstructure (Fig. 15). As the
layers go higher without adopting an IPT, the reduction of
temperature gradients decreases the cooling rate that leads to
higher fraction of austenite and an unbalanced microstructure
(Ref 22). The implementation of IPT restores the temperature
gradients induced by multi-layer depositions. This provides a
higher and steadier cooling rate, which can result in a higher
ferrite content in the phase balance comparing to depositions
without IPT.

Figure 16 and 17 demonstrates the SEM micrographs of the
wall’s body at 10th and 50th layer. No intermetallic phases such
as sigma, or other defects (cracks) were observed through the
top layers. (The small dark dots in the micrographs are
produced by the polishing process.) Further, the size of the
grains remains in the same order from 10th layer up to the 50th
layer, which accents the importance of using the IPT.

3.3 Mechanical Characterization

The phase balance and microstructural characteristic of the
multi-pass welds and the multi-layered wall deposited with the
selected shielding gas were deliberated in the previous sections.
The mechanical performance of the samples extracted from the
DSS2209 wall is measured by the flexural bend tests and
unidirectional tension tests, and the results are presented in the
current section. The mechanical performance of DSSs is
influenced by their phase balance and microstructure, and the
microstructure itself is under the influence of the chemical
composition and the cooling rate (Ref 41).

3.3.1 Flexural Bend Test. The mechanical performance
of the WAAM samples was assessed in comparison to their
wrought counterparts by a flexural 3-point bend study, carried
out for three WAAM (Samples 1, 3, and 5 as shown in Fig. 5)
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and one wrought beam specimens. A WAAM sample after the
test is presented in Fig. 18 and the resulting flexural stress—
strain curves are presented in Fig. 19. The drops and the plateau
at the final stage of the tests for all three of the WAAM samples
could be due to delamination, nonetheless, no sign of cracks or
other defects were visible on the surface of the specimens.
The key characteristics of the flexural stress—strain curves
are presented in Table 7. The same ductile behavior occurred in
all WAAM made and wrought specimens; nevertheless, the
average flexural strength of the WAAM samples was 4% higher
than the wrought one. The average yield stress and flexural
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Fig. 18 Bend test WAAM sample (WoWIP250B03) after the test

modulus of the WAAM samples were only 3% and 7%,
respectively, lower than the wrought sample.

3.3.2 Unidirectional Tension Test. The tensile test study
was carried out for three samples extracted from the wall in the
build direction. All samples showed ductile mode of fracture
and the mechanical characteristics such as strength and ductility
demonstrated very good uniformity from left to right of the
wall. Figure 20 illustrates the WAAM-made and wrought
samples after the tension tests.

The stress—strain curves for these samples are presented in
Fig. 21 and the results are listed in Table 8, in company with the
tensile test properties for a wall made with pure Ar as shielding
gas and standard ER2209 (DSS2209) Wire. The average
ultimate tensile strength (UTS) of the samples extracted from
the wall is only 6% lower than wrought 2205 and 1% higher
than ER2209. The average yield stress was, respectively, 10%
and 5% lower than the wrought 2205 and ER2209. The samples
extracted from the wall also showed better performance
compared to the WAAM sample deposited with pure Ar
without IPT (UTS = 682 MPa, YS = 480 MPa).

The fractured surface of the middle WAAM sample
(WoWIP250T04) was examined by SEM following the test
as shown in Fig. 22. The samples demonstrated ductile fracture
behavior with dimples along the same direction. The fractured
surfaces consisted of many dimples which indicates ductile
fracture under unidirectional load; however, the geometry and
size of the dimples were different in the WAAM sample
compared to the wrought (Ref 22).

WoW 2209 - IP 250°C
3-Point Flexural Bending Stress-Strain Curves
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Fig. 19 Flexural 3-point bend test results for WAAM specimens and wrought specimen

Table 7 Flexural 3-Point bend test results for the DSS2209 WAAM specimens compared to the DSS2205 Wrought

Specimen Flexural bending strength, MPa Yield stress, MPa Flexural Young modulus, GPa Fracture stress, MPa
WoWIP250B01 948 766 163 823
WoWIP250B03 970 779 169 841
WoWIP250B05 957 770 171 799
Wrought 2205 924 788 180 718
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Fig. 20 WAAM-made DSS2209 and wrought tension test coupons

after the test
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Fig. 21 Tension test stress—strain curves for samples extracted from
WAAM-made wall

Table 8 Comparison of the tension test results for WAAM deposited DSS2209 and wrought metal

Specimen UTS, MPa YS, MPa Fracture stress, MPa Fracture strain
WoWIP250T02 733 521 598 0.35
WoWIP250T04 723 533 562 0.33
WoWIP250T06 726 549 579 0.33
Wrought 2205 779 590 491 0.34
WoW (Pure Ar) (Ref 22) 682 480

Data Sheet (Ref 42) 720 560

CLARKSON

Fig. 22 WAAM 2209 tension test fractured surface—magnifications: 500 x-1000 x-2000 x
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4,

Conclusion

This investigation assessed the effects of Ar-based shielding

gases in company with IPT in deposition of multi-pass and
multi-layer DSS2209. Based on our observations, the compo-
sition of shielding gases influenced the fraction of ferrite and
microstructure in DSS2209 depositions. The following conclu-
sions can be extracted from the current study:

The intense thermal cycles inflicted on DSS2209 during
the WAAM process had a deteriorating impact on the
phase balance in microstructure and the ferrite content
dropped compared to wrought counterparts (50% ferrite /
50% austenite), even with the implementation of IPT. No
lack of fusion was observed based on the metallographic
investigations.

The WMs deposited using Ar mixed with 2% CO2 pre-
sented the best microstructural characteristics and phase
balance among the selected shielding gases. Therefore,
this shielding gas was selected to be used in fabrication of
a 60-layer WAAM-made wall. The microstructural analy-
sis of the wall showed that it benefits from a relatively
balanced microstructure compared to walls fabricated with
pure Ar. No intermetallic phases such as sigma, or other
defects were observed in the welds or WAAM multi-layer
depositions through the top layers.

The results of the tension tests and the flexural bend tests
showed that the mechanical properties of the WAAM-
made wall are comparable to its wrought counterparts.
The average UTS of WAAM-made DSS2209 samples was
measured just 6% below the wrought DSS2205. Neverthe-
less, this measure was still 6% higher than the UTS for
samples fabricated with pure Ar, while the ferrite content
was improved by 10%. The average flexural strength of
the WAAM-made samples in the build direction was 4%
higher compared to the wrought counterparts.
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