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Abstract The aim of the present study was to reveal how
the microstructure and mechanical properties of Inconel 625
superalloy produced via wire arc additive manufacturing
(WAAM) changed in relation to deposition direction. Results
showed that the microstructure mainly consists of columnar
dendrites including some intermetallic and carbides con-
stituents, which are Laves and NbC phases. The hardness
values showed heterogeneous distribution from bottom to
top and mainly change between 275+ 15 to 298 +16 HV;
except for the initial area reaching 318 + 14 HV5. The tensile
test results revealed that the stress—strain responses of the
samples change depending on the extracted direction. The
lowest elongation was obtained at the transverse top and bot-
tom regions with 33.5+1.5% and 35 + 6% while the highest
elongation was obtained at the angular top and bottom with
48.5+6.7% and 55.5 +2%. The results confirmed the more
pronounced difference with sample direction, indicating ani-
sotropy in ductility.
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1 Introduction

Wire arc additive manufacturing (WAAM) is one of the
emerging direct metal deposition technologies to manu-
facture large-scale components through the layer-by-layer
process [1]. The weldability of the metals provides a sig-
nificant function for fabricating WA AM-based components
via employing various commercially available welding
wires. Many metallic components such as aluminum-based,
nickel-based, and titanium-based alloys and steels can be
produced using the robotic WAAM systems [2-5]. A small
batch with large-scale metallic components can be manu-
factured through the WAAM technologies in many fields
of the industry.

The Inconel 625 superalloys are widely used in underwa-
ter, aircraft, and chemical applications within the tempera-
ture range starting from cryogenic conditions to the elevated
high temperatures due to the high corrosion and oxidation
resistance in aggressive environments [6]. The Inconel 625
is in the austenitic face-centered-cubic (FCC) structure with
secondary phases which are NbC [7-9] and Laves phase.
These Ni-based superalloys with nickel-chromium matrix
are strengthened through solid solution hardening [10] of Nb
and Mo refractory metals [11]. Many different carbide forms
can precipitate depending on the aging time and applied
temperature. The distribution and size of the Laves phase
are determined by examining the form of the columnar struc-
ture that occurs after solidification. The secondary phases
which are formed during solidification are the light-colored
phase with an amorphous or eutectic morphology along the
dendrites during the solidification of the matrix.

Metal additive manufacturing can be classified based on
the applied power source, the feeding material, and the size
of the product. Depending on the source of the energy, the
direct energy deposition (DED) process can be categorized
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into the laser beam [12], electron beam [13], and wire arc
additive manufacturing technologies [14]. In the literature,
many investigations have been made on the manufacturing
and characterization of the Inconel 625 superalloy with its
powders through the laser-based or electron beam-based
direct energy deposition processes [15—18]. The effect of
metal powder characteristics on the product quality is mainly
studied in these experimental works. In the microstructural
analysis, a columnar dendritic microstructure which can
cause structural defects with decreased mechanical strength
was examined on the DED-laser processed components [17].

Arc welding is applied with the welding wires as a DED-
arc in the WAAM-based process. In the literature, it is exper-
imentally revealed that the DED-processed samples show
superior mechanical properties with higher yield strength
and higher ultimate tensile strength than the wrought
Inconel 625 and powder bed fusion-based counterparts [19].
Recently, Inconel 625 superalloy has been fabricated via the
DED-arc process [20]. It has been reported that the dendrites
grow perpendicular to the substrate. Additionally, the micro-
structure of the deposited layers depends on the cooling rate
and the heat dissipation. A microstructural variation can be
attributed to the cooling rate in the bottom, middle and top
layers.

The aim of this work is to evaluate the deposited Ni-
based metal which is produced for linear applications with
moderate wall thickness in the laboratory and is exposed to
several thermal cycles with the influence of microstructural
changes and their effects on mechanical properties depend-
ent on the applied test direction as well as the intermetal-
lic phases formed during solidification. In this paper, the
microstructure and hardness analyses are conducted for the

Fig. 1 a) The WAAM unit, b)
the additively manufactured
component, ¢) location of the
extracted micro-tensile samples,
d) dimensions of the micro-

tensile samples ED-VSL

 Filler Metal %
RNiCrMo3

-
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WA AM-deposited Inconel 625 samples. Additionally, ten-
sile test specimens with the longitudinal (x—z) and transverse
(y—z) axis and with an angle of 45° to the longitudinal axis
are extracted from the as-deposited Inconel 625 component.
The tensile test responses of the WAAM-deposited Inconel
625 superalloy are examined using the uniaxial tensile test
results. In summary, the present study provides critical
insight into the microstructural characteristics and mechani-
cal properties of the as-deposited Inconel 625 component
for facilitating fundamental understanding of the WAAM-
deposited samples.

2 Materials and Methods

The rolled 304 L stainless steel plate, with a size of
150 mm X400 mm X 12 mm (width X length X height), was
used as the substrate. To ensure repeatable and steady-state
welding conditions, the substrates were polished and then
cleaned with ethanol before welding. GeKa-Mac WB 500L
GMAW machine with a water-cooled torch mounted on a
6-axis OTC Daihen FD-V8L was employed as the power
source of the process as shown in Fig. 1. The ERNiCrMo3
wire with 1.2 mm diameter was used as the filler material
with the chemical composition (wt%) and mechanical prop-
erties (yield stress, ultimate tensile strength, and elonga-
tion) given in Table 1. The WAAM process was carried out
using the following parameters: an arc current of 160 A, an
arc voltage of 22 V, a scan rate of 15 mm/s, and Argon +
2.5% O, as the shielding gas with the flow rate of 15 L/min.
The parameters were decided with the considerations of bead
geometry. The current and voltage values were set according
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Table 1 Chemical composition (wt%) and mechanical properties of the filler metal

C Fe Mn Cr Ni Mo Yield strength Ultimate tensile strength Elongation (%)
Rp0.2 Rm
ERNiCrMo3 0.02 1.0 0.20 22.0 62.25 9.10 3.50 540 MPa 800 MPa 38%

to the synergic program of the respective material. In this
single-pass multi-layer deposition process, the GMAW torch
was always stationary, and the work flat moved in the x-axis
for the metal deposition. However, the layer thickness (offset
value after each pass in z-axis) was 1.7 mm.

The continuous deposition results in heat build-up and
slows down the cooling rate, especially in the later layers.
Due to the heat build-up, the newly deposited molten metal
and previously deposited layers tend to drip off and bulge,
respectively, as reported by Ahsan et al. [4]. With the given
conditions, the walled structure was fabricated, as seen in
Fig. 1b. The final build dimensions were obtained using
60 welding passes as the thickness of 8 mm and height of
88 mm. No defects were observed from X-ray radiographs
of the wall.

The cross-sectional surface was prepared using the stand-
ard grinding and polishing procedure, and electrolytically
etched in 25% NaOH for 5 min to investigate microstruc-
tural phases that occurred during deposition. The macro-
and microstructural evaluation was made using the Nikon
SMZ745T stereo microscope and Leica DMi8 optical micro-
scope, respectively. The horizontally (H), vertically (V) and
angularly (A) oriented tensile test specimens were extracted
using wire electrical discharge machining as shown in
Fig. lc, in order to investigate the mechanical properties and
their anisotropy. Tensile tests were carried out on machined
miniature plate specimens with a gauge section width, thick-
ness, and length of 3.2 and 10 mm, respectively, as shown in
Fig. 1d, using a WDM10 computerized electronic universal
testing machine with a capacity of 10 kN. The dimensions
of the miniature tensile specimens were designed accord-
ing to ASTM STP 1329, and tests were performed at room
temperature according to ASTM E&8. Elongation values were
determined using the total length of the miniature speci-
mens, as gauge markings were masked by the discoloration
of specimen surface during the test.

The micro-hardness tests were performed on specimens
that were prepared for metallographic examination. The
Vickers hardness distribution along the built direction start-
ing from the substrate was measured by a DuraScan-70 G5
testing machine with a load of 5 kgf and a dwell time of 15 s
applied for each indentation. Measurements were made at
0.5 mm distances from the substrate. The chemical composi-
tions of GMAW-AM thin-walled components were analyzed
using a thermo Scientific Spectrometer, as shown in Table 1.
It is found that the percentage of the main elements of built

thin-walled components fall in the value range of ERNi-
CrMo-3 wire given by the manufacturer.

3 Results and Discussion

In order to reveal the generated grain morphology, the LOM
and SEM microstructures of the as-deposited component
obtained by the MIG welding method were investigated in
detail as shown in Figs. 2 and 3. Solid solution strengthened
Ni-based alloys solidify as austenite, and its main micro-
structure is completely austenitic at the end of the solidifica-
tion. However, the secondary phases are formed during the
solidification as a result of the decomposition of alloying
and stabilizing elements. The weld metal which was depos-
ited with ERNiCrMo-3 filler wire formed a microstructure
with a Ni-fcc matrix that solidified in columnar, cellular, and
dendritic modes. The direction and form of the dendrites
differ depending on the length of the sample, i.e., its thermal
history. Complex cyclic thermal cycles during the WAAM
process exhibit a higher temperature gradient resulting in
epitaxial growth of columnar dendrites along the boundaries
of the molten pool [4]. These differences indicate that the
columnar growth from the bottom to top is supported via
thicker columns and the dendritic structure is reduced as
shown in Fig. 2. The columnar structure with lesser dendrite
was quite dominant in the microstructure of the deposited
weld metal top region. The grain direction and the size of
the columns differed from the center to the edges as seen
in Fig. 2b. Directional grains exhibit direction-dependent
mechanical properties [21]. Figure 3 shows deposited weld
metal microstructure taken from bottom beads. The higher
cooling rate in the first layers of the WAAM process affected
the texture and grain morphology. Significant dendritic
growth was observed in columnar and cell-shaped dendrites
[3]. Cellular, columnar and discontinuous dendrites were
generated depending on solidification fronts. Besides, inter-
face between beads occurred by subsequent passes changed
microstructure from discontinuous dendrites to columnar
microstructure.

Intermetallic phases bearing Mo and Nb during the solidi-
fication process occurred in tiny forms between dendrites
and along with the columnar structure. The most common
encountered secondary phases in nickel-based filler metal
of the ERNiCrMo-3 type were NbC and Laves phases.
Laves phase is an intermetallic compound with A,B [22]
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Fig. 3 Weld metal microstructure taken from bottom beads

type structure where A =Fe, Ni, Cr and B=Nb, Mo and
Si. NbC is a secondary eutectic reaction [23] occurring at
higher temperatures than Laves, both occurring in the final
stage of the solidification. The distribution and size of the
Laves phase in the deposited weld metal microstructure are
determined by the form of the columnar or columnar/den-
dritic (continuous or discontinuous) structure that occurs fol-
lowing solidification. The secondary phases formed shape-
less or eutectic morphology, remaining in between as for
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that the form of the grains during the solidification of the
matrix, were bright phases along the dendrites. Laves phase
is the final product of Ni-based filler metal such as ERNi-
CrMo-3, as it occurs in the final stage of solidification, and
the solidification conditions can strongly influence the nio-
bium decomposition and amount of Laves phase. During the
solidification process, the precipitation of secondary phases,
such as Laves and NbC, depletes many alloying elements,
including niobium and molybdenum in the main matrix
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[24]. An examination of the SEM image in Fig. 4a shows
white-colored intermetallics appearing in the whole matrix
and they were generated throughout the columnar structure
direction. These intermetallics occurred between dendritic
arms and had a disconnected layout from each other. The
SEM image of segregation is given in Fig. 4b. According to
the result of the elemental mapping taken from the relevant
region, the elemental content of the intermetallics indicates
the Laves phase rich in terms of Nb and Mo. The Laves
phase, which is concentrated in the top part of the deposited
weld metal, shows a partial decrease in the middle and root
pass sequences.

SEM image and EDS analyses from the starting passes of
deposited weld metal are given in Fig. 5. It is observed that
Laves phases, which are detected more intensely in the top
sequences, are less common in the bottom passes and are
mixed with NbC phases seen like small dots. This effect is
caused by the annealing of the top passes and is generated
by the diffusion and dissolution of the elements. Laves phase
melting occurs at a lower temperature and the melting point
of NbC is higher than 3500 °C, which makes it difficult to
melt during subsequent passes [21, 25]. The NbC forma-
tions, which appeared brighter than Laves phase, contained
about 51% Nb and 21% C. In addition, it was determined that
the Mo ratio of the columnar structure in the microstructure
was higher than the matrix structure.

Yield strength (Rp0.2) and ultimate tensile stresses
(UTS) of the deposited weld metal in all directions are

shown in Table 2 and Fig. 6 graphically. The yield,
strength, UTS and elongation were obtained by averag-
ing three samples with standard deviation extracted from
the same location. The tensile results revealed that the
strength properties of the samples changed depending
on the direction and showed a more ductile behavior in
the angular direction. While the highest elongation was
obtained in the samples extracted in angular direction with
55.5 £2%, the lowest elongation was obtained from the
samples from the transverse top region with 33.5 +1.5.
Transverse specimens had the lowest elongation values.
The tensile test results do not have a comparable corre-
lation with the location that the samples were obtained.
There was a clear effect of Laves and NbC phases on ten-
sile strength. The annealing effect of the subsequent passes
generated diffusion and dissolution of the elements [26].
Thus, the ratio of secondary phases decreased, and this
effect caused an increase in fracture elongation. Moreo-
ver, it is important to point out that the ultimate tensile
strength of the welding wire decreased in between 21 to
28% through each directions compared to certificate val-
ues shown in Table 2. Unlike the joining process, there
was no base material dilution and the secondary phases
were dissolved (decreased in the amount in the matrix) due
to the high interpass temperature in the WAAM process.
In addition to the high interpass temperature, the slow
cooling rate also triggered the dissolution of intermetallic
phases. Even though it produced an increase in elongation,

Fig. 4 SEM image of microstructure at face deposited weld metal and EDS mapping a) deposited weld metal microstructure b) intermetallic in
deposited weld metal microstructure with high magnification and elemental mapping
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Fig. 5 SEM image of microstructure at bottom deposited weld metal and EDS mapping a) deposited weld metal microstructure b) intermetallic
in deposited weld metal microstructure with high magnification and elemental mapping ¢) EDS analysis on NbC intermetallic

Table 2 Tensile test results
based on extracted sample

direction

Sample Direction Rp0.2 (MPa) Rm (MPa) Fracture elongation (%)
Angular Top 438.5+20.5 686.5+32.5 48.5+6.75

Angular Bottom 421.5+15.5 698 +23 555+2
Longitudinal Top 478.5+21.5 627 +24 38.25+3.25
Longitudinal Bottom 460+24 641+12 45+5.75

Transverse Top 443 +51 638.5+32.5 33.5+1.5
Transverse Bottom 451+9 641.5+0.5 35+6

it caused a decrease in the yield stress and UTS values due
to the decrease in the limiting effect of deformation.

The stress—strain curves of the angular/longitudinal/
transverse top and the angular/longitudinal/transverse bot-
tom tensile samples are shown in Fig. 6a, b. The highest
yield strength value was obtained from the longitudinal top
sample with the 478.5 +21.5 MPa. The highest ultimate
tensile stress value was obtained from the sample extracted
from the angular bottom region with 698 +23 MPa. The
lowest elongation was obtained from the samples extracted
from the transverse top and bottom regions with 33.5+1.5%
and 35 +6% while the highest elongation was obtained
in the samples extracted in angular top and bottom with
48.5+6.75% and 55.5 £2%. The results confirmed the more
pronounced difference with sample direction, indicating
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anisotropy in ductility. This effect, which is caused by the
orientational difference during solidification in the micro-
structure, can improve the mechanical properties with the
presence of fine grains.

Fracture surface SEM images taken from the bottom
region after the tensile test are shown in Fig. 7 at low and
high magnifications. All the fracture modes of the samples
show ductile fracture. On fracture surfaces, dimples had very
similar morphology in angular and longitudinal specimens,
but dimples were wider in transverse specimens.

The hardness results were taken from the base material to
the top point at 0.5 mm intervals, and the results are given in
Fig. 8. The average hardness values measured at 10 mm ranges
including standard deviation of the deposited weld metal are
also given in Table 3. The results tend to be heterogeneous
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Fig. 6 Stress—strain curves of the angular/longitudinal/transverse top (a) and the angular/longitudinal/transverse bottom (b) samples

Fig. 7 Fracture surfaces after
tensile tests (a) angular (b)
longitudinal (c) transverse
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Fig. 8 Hardness distribution of the WAAM-produced component
along the build direction

through to deposition direction, ranging from within different
regions, ranging from 260 to 335 HVs. The highest hardness
value was reached about 318 + 14 in the first up to 10 mm
section. The different thermal conductivity between ERNi-
CrMo-3 deposited filler metal and the substrate metal caused
rapid solidification. Furthermore, the hardness value at the
interface increased due to greater dilution of Cr, Nb, Fe and
Mo with the deposition of Inconel 625 on 304 L. This is the
solid solution strengthening mechanism [3]. Similar results
have been reported for welded joints and additive manufactur-
ing of stainless steels and nickel-based superalloys [14, 27]. In
the next section, the hardness value was more stable, and the
average hardness did not exceed 300 HV 5 through next 80 mm.
The general hardness value changed approximately between
27541510298 +16 HV; after 10 mm from the next. It cannot
be said that the NbC and Laves phases have a significant effect
on hardness. However, it is thought that the solidification mode
affects the hardness due to the increase in the cooling rate in
the bottom regions.

4 Conclusion

In the present work, defect-free Inconel 625 component
was fabricated using the WAAM process using ERNi-
CrMo-3 filler wire. A novel geometry was built using
robotic WAAM technology via Inconel 625 welding

wire instead of building a simple wall geometry. A dense
and close to final shape component was developed using
robotic arc welding technology. The microstructural prop-
erties and mechanical responses were examined using
test specimen. Additionally, micro-tensile test specimens
which were extracted from the built through the three
directions were systematically investigated. Furthermore,
a continuous deposition pattern with increased and opti-
mized travel speed was implemented via the robotic wire
arc additive manufacturing process. All of the obtained
results are given as follows:

(a) The microstructure of deposited weld metal consisted
mainly of columnar dendrites. The morphology of the
microstructure variation was in large dependent on
the location of the deposited metal. In addition, the
microstructure was composed of different solidification
fronts and forms due to the thermal differences of the
deposited weld metal.

(b) The deposited sample contained brittle Laves phases
that were extremely low in root due to dissolution dur-
ing tempering. However, the Nb content of the filler
wire resulted in the formation of niobium carbides with
irregular shapes. Moreover, the reduction of secondary
phases in the weld metal microstructure due to repeated
heat input caused an increased value of elongation.

(c) The lowest elongation values were obtained from the
samples extracted from the transverse top and bottom
regions with 33.5+1.5% and 35 + 6% while the high-
est elongation was obtained in angular top and bottom
with 48.5+6.7% and 55.5 +2%, indicating anisotropy
in ductility as direction-dependent.

(d) Obtaining microstructure and mechanical values
depending on the direction due to unbalanced solidi-
fication are subjects to be considered in industrial
applications. Furthermore, the free cooling conditions
during welding and high interpass temperature reduce
the intermetallic Laves phase ratio in the matrix micro-
structure. Thus, a remarkable decrease in strength and
an increase in toughness of the welding wire have been
provided.

Table 3 Measured hardness values depending on the distance from the substrate

Location (mm) 0-10 11-20 21-30

31-40

41-50 51-60 61-70 71-80 81-90

HV; 318+14 298+16 278+13

28111

281+11 29111 297+11 289+10 27515
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