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The additively fabricated functionally gradient structures can be a potential replacement for conventionally
manufactured structures via fusion welding techniques. A SS321/Inconel 625 functionally gradient material
was processed by wire arc additive manufacturing (WAAM) process. The WAAM-formed SS321 comprises
of equiaxed and columnar structures, while the Inconel 625 consists of dendritic structures. It can be
concluded that a very narrow interface was formed between the additively manufactured SS321/Inconel
625 FGM without forming cracks or fissures. Energy-dispersive x-ray spectroscopy (EDS) element maps
show a smooth transition of elements at the interface without much segregation while EDS point scan
confirmed the presence of laves phase. The electron backscatter diffraction results at the interface region
revealed continuous crystallographic growth with large elongated grains in the <001> orientation. Tensile
properties were better for SS321 and comparable for Inconel 625 than the wrought alloys, while the
interface FGM sample failed on the SS321 side. The micro-hardness steadily changed from 226-195 HVand
272-236 HV in SS321 and Inconel 625, respectively. The WAAM process demonstrates that successful FGM
components can be fabricated with multi-material and controlled properties.
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1. Introduction

WAAM is a developing and attractive metal additive
manufacturing technique that uses electric arc as the heat
source and filler wires as the deposition material to manufacture
medium and large scale structures via layer-by-layer process
(Ref 1). WAAM process has been efficiently employed in
fabricating structures with many alloys such as aluminum,
nickel, titanium and steel (Ref 2-4). The weldability is the
significant factor which controls the production of a metallic
structure by WAAM, as this method is based on the application
of successive layers of weld beads on top of each other.
Functional Graded Materials (FGMs) are a novel developing
class of high-strength materials that are very suitable for a wide
range of industrial applications as they allow different func-
tional performances within one part (Ref 5). Conventionally,
these FGMs are manufactured through post-processing with
fusion welding techniques, diffusion bonding, or friction stir
welding (Ref 6, 7). SS321 and Inconel 625 are widely used

alloys to fabricate bi-metallic structures for aerospace, power
generation, gas turbines, high-temperature bolts, petrochemical,
and marine applications because of their exceptional corrosion
performance and mechanical properties at temperatures below
850 �C (Ref 8-10). For the above-said applications, fusion
welding techniques are employed to weld dissimilar alloys.
However, welding dissimilar alloys will locally alter the
microchemistry and can cause higher amount of distortion as
a result of the difference in the thermal expansion coefficient.
Also, brittle secondary phases formation reduces the mechan-
ical properties, and in some cases, stress-corrosion cracking is
noticed (Ref 11). Nickel-based superalloys such as Inconel 625
are hard to machine due to their lower thermal conductivity,
higher hardness, and higher work hardening index (Ref 12).
Near-net-shaped components produced through additive man-
ufacturing can considerably reduce the machining time and is a
promising manufacturing technology for fabricating multi-
material structures. Furthermore, the recent advancements in
WAAM technology have increased the possibilities of fabri-
cating bi-metallic components.

Manufacturing FGM using WAAM process has the possi-
bility to realize new materials in an accelerated manner as a
result of different compositions and mechanical properties (Ref
13). According to Chandrasekaran et al. (Ref 14) FGMs are
mainly classified into two types namely continuously varying
and step-wise varying FGM. Most of the FGMs fabricated were
through powder metallurgy technique and the compositional
gradient was easily achieved. Bobbio et al. (Ref 15) fabricated
FGM using Ti-6Al-4V to Invar and examined the microstruc-
tural features, phases, and microhardness. In addition, they
observed cracks in the interface and are attributed to the
formation of intermetallic phases such as FeTi, Fe2Ti, NiTi2,
and Ni3Ti. Chen et al (Ref 16) developed an FGM of 316L/
Inconel625 by laser direct metal deposition and observed
columnar dendritic growth with the presence of laves phase.
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Fig. 2 As-produced FGM: (a, b) before and after machining, (c) sample size for tensile test and (d) tensile loading of specimen

Table 1 Chemical composition of the filler wires (wt.%)

Filler wire/element Si C S Mn Ni Cr Fe Cu Nb + Ta Mo Ti P

ER321 0.50 0.049 0.020 1.47 9.10 19.05 68.67 0.15 � � � 0.46 0.50 0.024
ER625 0.44 0.1 0.001 0.50 63.67 22.26 0.50 0.23 3.70 8.40 0.40 0.015

Fig. 1 The WAAM system for fabricating FGM (a) Robotic welding system, (b) schematic illustration of FGM
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Carroll et al. (Ref 8) manufactured SS304L/Inconel625 FGM
without apparent composition and calculated the stability of the
material by thermodynamic simulation. He observed that the
micrometer-sized particles rich in Mo and Nb caused cracks in
the upper layers where the composition of 304L was 82% by
volume. Tungsten-copper FGM widely used in plasma-facing
components was produced by selective laser melting and
discussed the microstructure, interfacial defects, and bonding
strength (Ref 17). Tey et al. (Ref 18) additively manufactured
FGM of SS316L to Ti-6Al-4V with an interlayer of copper-
nickel-silicium alloy-Hovadur K220. The microstructural
examination revealed the existence of Cu-rich matrix at the
Copper-stainless steel interface which comprises of a non-
homogenous SS bands. The titanium-copper interface was
characterized with a¢-Ti phase within the brittle matrix of Ti2Cu
+ b-Ti, which is attributed to the non-homogeneous mixing
within the melt pool.

The recent advancements on WAAM technology to produce
FGM are successful and promising for critical applications.
Ahsan et al. (Ref 19) manufactured FGM of austenitic stainless
steel (ER316LSi) and low carbon steel (ER70S-6) with WAAM

process and evaluated the effect of heat treatment on the
microstructural evolution and mechanical properties. The
tensile properties of the heat-treated samples improved signif-
icantly compared to the as-produced FGM. Duplex stainless
steel (ER2209) and mild steel (ER70S-6) were employed to
manufacture FGM marine riser and the corrosion performance
in marine environment was examined (Ref 14). Kannan et al.
(Ref 20) fabricated an FGM of Hastelloy C-276 and stainless
steel 904L via WAAM process and systematically examined the
microstructures and mechanical properties. The existence of p
phases was noticed and the FGM tensile specimens failed in the
stainless steel region with comparable tensile strength.

To the best of our knowledge, many studies have been
carried out on the dissimilar weldments of SS321 and Inconel
625 with other grades. Incoloy 800H and SS321 were joined
with GTAW process using two different filler wires, Inconel 82
and Inconel 617 (Ref 21). Microstructural analysis confirmed
the existence of precipitates such as TiC and TiN in the
austenitic matrix and obtained comparable mechanical proper-
ties with Inconel 617 weldment. Dissimilar weldments of
SS904L and Inconel 625 were used in key industries such as oil
and gas extraction, marine, powerplants and nuclear water
reactors. The excellent weldability and versatile corrosion
performance of these alloys motivated to understand the
mechanical properties and microstructural evolution of WAAM
processed FGM. However, only few works have been focused
in the fabrication and characterization of FGM via WAAM
process. In this research, ER321 filler wire was first deposited
on the SS321 substrate followed by ER625 layers. Also, it
attempts to give an insight into the microstructural features and
mechanical integrity of the SS321/Inconel 625 FGM.

2. Experimental Details

Consumable material of ER321 and ER625 was used for
WAAM process. The deposition was fulfilled in OTC Daihen
welding robot system. As presented in Fig. 1(a), SS321
substrate was used to deposit layers of ER321 first and ER625
was deposited over ER321. Based on the trial and error
experiments, the welding parameters used were: 160 A current,
16.8 V, 30 cm/min deposition speed and 2.83 and 2.99 kg/h
deposition rate for SS321 and Inconel 625, respectively.
Figure 1 shows the WAAM system for producing FGM. The
arc was scanned in a zig-zag pattern. The weld bead width was
� 8 mm and height of each layer was � 3 mm. Hence an offset
of 3.5 mm was set in the z direction between each layer to
maintain the contact tip-to-work distance. Argon-100% shield-
ing gas employed for depositing ER625 (30 layers), while at
Argon-98% + CO2-20% was used for ER321 (30 layers). The
FGM plate was milled to attain uniform thickness and to reduce
the delineations during deposition. The size of the as-deposited
wall before machining (180 9 135 9 8 mm) and after
machining (170 9 115 9 4 mm). Table 1 reports the chemical
composition of the consumables.

The as-produced FGM before and after machining is shown
in Fig. 2(a), (b). Metallographic specimens were prepared along
the building direction from SS321, bi-metallic interface and
Inconel 625 regions. The samples were prepared in accordance
with ASTM E3-11(2017) standard. The microstructural features
were captured using Olympus metallurgical microscope and
Zeiss field emission-scanning electron microscope (SEM).

Fig. 3 Macrostructure and optical micrographs of as-produced
FGM: (a) overall structure, (b) SS321 side, (c) bi-metallic interface
and (d) Inconel 625 side
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Energy-dispersive x-ray spectroscopy (EDS) area scan, line
scan, and elemental mapping were carried out to evaluate
concentration of elements at various regions. EBSD examina-
tion was conducted using Fei Quanta 200 HV SEM with EBSD
detector to analyze the crystallographic information. The
specimen size of the sample is shown in Fig. 2(c). The tensile
test was conducted on an Instron universal testing machine
using a cross head speed of 1 mm/min following ASTM E8/
E8M-16ae1 standard procedures. Micro-hardness measure-
ments were performed from SS321 to Inconel 625 using
Wilson Hardness 402 MVD system in accordance with ASTM
E384-17. The test force was set to 500 gf and a dwell time of
10s. Three indentations were performed at each point and the

average values were recorded. SEM fractographs were captured
to reveal the fracture morphology of the failed tensile samples.

3. Results and Discussion

Figure 3 reveals the macrograph and microstructural char-
acteristics of the as-produced FGM at various locations. The
macrostructure (Fig. 3a) revealed the strong metallurgical bond
at the bimetallic interface and was free from defects. The bright
regions were austenite, and the dark ferrite areas resembled to
grain boundaries similar to those of AISI 321 (Fig. 3b) and
Gusarova et al. (Ref 22) observed identical characteristics while

Fig. 4 SEM micrograph highlighting the presence of precipitates in the Inconel 625 side

Fig. 5 SEM micrograph with EDS elemental maps at the bi-metallic interface
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depositing SS321. The SS region is mainly composed of
austenite (FCC) with a small volume of ferrite (BCC), due to
the presence of residual d-ferrite. The ferrite amount ranged
from 3.7 to 6.3 FN in the SS321 region. The structure is
predominantly dendritic (equiaxed and columnar) and the
growth direction deviates as the height of the SS321 region
increases.

The dendritic spacing increased from bottom to top as a
result of the different heating and cooling cycles experienced
along the direction of build-up during WAAM process (Ref 23).
The complex cyclic thermal cycles during the WAAM process
exhibit a higher temperature gradient resulting in epitaxial
growth of the columnar dendrites through the molten pool
boundaries along the building direction by forming bands of re-
melted layers (Ref 24). The nucleation and growth of equiaxed
dendrites during successive layer deposition restricts the growth
of columnar dendrites and thereby aids the formation of
equiaxed dendrites, which results in the transition of columnar
to equiaxed grains (Ref 25). This phenomenon has been widely
noticed during the fabrication of various materials via additive
manufacturing techniques (Ref 26). Figure 3(c) represents the
microstructure at the SS321/Inconel 625 interface and is similar
to the FGM fabricated with 304L/Inconel 625 (Ref 27). The
bonding between two alloys was excellent and clearly the
partially melted zone-PMZ (bright zone in Fig. 3c) observed in
the SS321 region does not affect the integrity of the FGM. The
microstructure in the first layer of Inconel 625 (Fig. 3c) over
SS321 was dendritic. The successive layers of Inconel 625
developed a coarser microstructure (Fig. 3d) as a result of the
high temperature encountered during the deposition of previous
layers. The Inconel 625 region consists of a comparable
morphology with melt pools that accommodate coarse and fine
equiaxed grains as well as columnar dendrites as reported by
Yangfan et al. (Ref 28).

Figure 4 shows the SEM micrograph highlighting the
presence of precipitates in the Inconel 625 layers. These
precipitates were not continuous and are observed in between
the dendrite arms. Also, from the EDS point analysis (points +
1 and + 2) it is confirmed that the concentration of Mo and Nb
is higher and is in the range of 14.70-16.48% and 40.35-
42.64%, respectively. The wt.% of Nb and Mo reveals the
existence of laves phase and is generally observed in welded

Inconel 625 layers (Ref 29). Laves phases have HCP structure
and exist in the form of (Ni, Cr, Fe)2 (Nb, Ti and Mo) (Ref 30).
These results are in line with the previous results (Ref 31).

Figure 5 reveals the EDS elemental mapping results across
the interface region. During fusion welding of dissimilar alloys,
the PMZ is prone to liquation cracks (Ref 27, 32) and no such
defect was observed in the bi-metallic interface. In addition, the
existence of TiC was observed in the SS321 region, while Nb
and Mo segregated in the Inconel 625 side. EDS line scan result
(Fig. 6) confirmed the existence of TiC precipitates, while laves
phase was observed with the help of SEM micrograph and EDS
analysis. The presence of TiC avoids weld decay in SS321.
EDS area scan results at SS321, bi-metallic interface and
Inconel 625 side are presented in Fig. 7. It is noted that
elemental migration occurred in the bi-metallic interface and is
evident from Table 2. The increase in the wt.% of Mo, Nb, Fe
and decrease in the concentration of Ni confirmed the existence
of precipitates.

The EBSD results including inverse pole figure (IPF) map
(Fig. 8a), grain boundary map (Fig. 8b), pole figure (Fig. 8c)
and fraction of misorientation angle (Fig. 8d) on the SS321
region are presented. The distribution of grain size revealed the
existence of smaller grains and most of these grains are fenced
by large columnar dendrites. The color variation in the IPF map
corresponds to austenitic grains in regard to crystal structure
and each color represents set of Euler angles (Ref 33). The IPF
map highlights that the preferred grain growth in the SS321 is
in the <001> and <101> orientation (green and red color)
along the build direction. The pole figure also confirms that the
strong texture in the <001> orientation with a small fraction
of ferrite. The fraction of high angle grain boundaries (HABs)
is higher compared to low angle grain boundaries (LABs). The
38% of misorientation angles are below 15� while 62% HABs
are above 15�. This trend is attributed to the remelting of
previous layers during deposition. The arrow mark indicates the
building direction. The LABs concentration influences the yield
strength slightly because of their mobility in regard to HABs.
Generally, fraction of HABs was higher than 95% in the
wrought counter parts (Ref 34).

The EBSD results in the Inconel 625 side revealed the
existence of smaller grains and larger columnar dendrites as
presented in Fig. 9. The microstructure was mainly austenitic

Fig. 6 EDS line scan results at the bi-metallic interface
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(Fig. 9a). The variation in the grain size is corroborated to the
difference in cooling rate and temperature within a single layer.
The re-melted region undergoes sudden solidification by

forming fine grains while the rest of the layer forms columnar
dendrites. The slower solidification phenomenon aided in the
formation of columnar grains. The fraction of HABs and LABs
(Fig. 9b) was 48% and 52%, respectively. The preferred
orientation for grain growth (yellow and red color) is <001>
and this is along the build-up direction. Similar type of texture
was observed in the previous work (Ref 31). The pole
figure (Fig. 9c) along the building direction revealed monocrys-
talline strong texture and is evident from IPF map. Secondary
precipitates were not detected in the EBSD examination and the
presence of laves phase was confirmed with EDS analysis.
HABs dominate in the Inconel 625 sample (Fig. 9d).

From the published literature, it is noticed that Inconel 625
comprises of an c-austenitic (Ni) face-centered cubic-solid
solution in which the secondary intermetallic precipitates like d

Fig. 7 EDS area scan results at various locations of the FGM: (a) SS321 side, (b) bi-metallic interface and (c) Inconel 625 side

Table 2 EDS analysis results at various regions of FGM

Element/zone SS321 Interface Inconel 625

Fe 64.79 34.90 15.28
Ni 9.50 28.41 24.93
Cr 17.78 29.32 20.62
Mn 1.53 0.96 0.45
Mo 0.07 9.65 14.70
Nb 0.79 5.60 19.62
Ti 0.24 0.62 0.32
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and c�� are distributed uniformly within the equiaxed grains or
along the grain boundaries (Ref 35, 36, 37). These microstruc-
tural characteristics provide better mechanical properties for
wrought ones. The higher cooling rate during the WAAM
process influences the texture and grain morphology of the
printed components. It is noticed that most of the grains were
elongated parallel to build direction. Significant dendritic
growth was observed with columnar, fine, and cell-form
dendrites. In addition, secondary intermetallic precipitates
segregated within the c-Ni matrix to form laves phase and
these elongated dendrites do not improve the mechanical
properties significantly. These microstructural features can
increase the hardness and YS values, while the reduction in
UTS is noticed. The mechanical properties of as-printed
Inconel 625 can be enhanced with proper annealing or heat
treatment techniques compared to wrought alloy.

Figure 10 presents the EBSD results of the SS321/Inconel
625 bi-metallic interface with IPF map, grain boundary map,
image quality map, pole figure and misorientation angle
concentration. The microstructure was mainly dendritic, and
the interface can be easily identified (Fig. 10b, c). However, no
discontinuity was observed in the crystallographic growth at the
interface and large elongated columnar dendrites were noticed.
Identical results were reported during the deposition of Inconel
718 over SS316 (Ref 38). Pole figures of austenite and ferrite
confirm the dissolution of Fe in the interface region (Fig. 10d).
The 38.30% of misorientation angles are below 15� while
61.7% HABs are above 15� (Fig. 10e). The increase in the

wt.% of Fe promotes the segregation of Nb and Mo. Since both
the alloys have an austenitic-FCC structure, and the preferred
growth direction is in the <001> orientation while the bi-
metallic interface illustrated no discontinuity in grain growth.
From the grain boundary maps, it is noticed that most of the
grain boundaries in the SS321 and interface regions were
preferentially HABs with a misorientation of 25�-60�, while the
fraction of HABs and LABs are almost equal in Inconel 625
region. The higher bead height during the WAAM process
compared to powder-based additive manufacturing techniques
probably resulted in coarse dendritic structures with a higher
fraction of misorientation angles. The higher fraction of HABs
in the SS321 is attributed to the rapid solidification which
occurs due to dendrites formation and accumulates misorien-
tation during the WAAM process. The distribution of HABs
noticed in the Inconel 625 region is identical to the previous
study by Pleass and Jothi (Ref 39), where the existence of
HABs could strongly influence the mechanical properties with
easy cracking tendency. The size of the elongated dendrites was
higher than 400 lm and increased with increasing deposition
height. These larger grains increased the percent of elongation
in the Inconel 625 specimens.

Figure 11 and Table 3 show the tensile properties such as
yield strength-YS, tensile strength-UTS, and Elongation for
different types of samples sliced from the FGM in various
orientations in relation to build direction. The YS and UTS of
SS321 specimens at all orientations were higher than the
wrought counterparts and are attributed to the dendritic

Fig. 8 EBSD examination outcomes on the SS321 side: (a) IPF map, (b) grain boundary map, (c) pole figure and (d) misorientation angle
distribution
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microstructure. The minimum YS, UTS, and elongation of AISI
321 according to ASTM A240/A240M-20a standard is 205
MPa, 515 MPa, and 40%, respectively (Ref 40). Also, the
minimum YS, UTS, and elongation of Inconel 625 in
accordance with ASTM B443-19 standard were 276 MPa,
690 MPa, and 30%, respectively (Ref 41). The YS and
elongation of Inconel 625 were comparable with cast ones,
while the YS was higher in all directions (Ref 42). The UTS
and YS of SS321 specimens in the as-produced FGM were
higher than the wrought counterparts, while the elongation
reduced drastically due to the higher fraction of ferrite resulting
in higher hardness.

The dendritic microstructure with secondary precipitates like
laves phase influenced the tensile strength of Inconel 625. The
YS and UTS interface sample was better than the SS321 and
fractured in the weaker SS321 region away from the interface.
The tensile properties obtained in this work for Inconel 625 are
comparable with the tensile properties of WAAM processed
Inconel 625 in as-deposited condition as reported by Yangfan
et al. (Ref 28). The tensile properties were significantly
influenced by the dendritic microstructure, precipitation, and
the elements which aid the solid solution strengthening
mechanism.

The percent of elongation was lower in the bi-material
interface sample compared to SS321 and Inconel 625. Similar
kind of results was attained by the earlier investigations on

additive manufactured structures (Ref 31, 38, 43). The tensile
samples demonstrated anisotropy and are attributed to the
varying microstructure and preferential growth of austenitic
grains along the build direction. Also, the upward growth of the
coarse columnar dendrites results in anisotropic behavior, i.e.,
crystallographic anisotropy.

The hardness values across the FGM in as-produced
condition is plotted in Fig. 12. The hardness values in the
SS321 and Inconel 625 were better than the wrought alloys. On
cooling, the microstructure changed to austenite, leaving a
small amount of ferrite (< 7%), which increased the micro-
hardness of the first few layers deposited and gradually
decreased from bottom to top (226 HV to 195 HV) in the
SS321 region and this is attributed to complex cyclic thermal
history (Ref 23). With the deposition of Inconel 625 over the
SS321, the hardness value increased at the interface (291.6 HV)
due to the dissolution of more wt.% of Cr, Nb, Fe, and Mo.
This is due to the solid solution strengthening phenomenon
which improved the hardness value. Identical results have been
reported with the weldments and additive manufactured
structures of stainless steels and nickel-based super alloys
(Ref 44, 45). In the current work, hardness values had a steep
increase within the 1 mm range from the interface. The micro-
hardness plot shows a clear decrease in microhardness (272.3
HV to 236.6 HV) in the Inconel 625 region with increasing
build height and the results were comparable to the previous

Fig. 9 EBSD examination outcomes on the Inconel 625 side: (a) IPF map, (b) grain boundary map, (c) pole figure and (d) misorientation angle
distribution

Journal of Materials Engineering and Performance Volume 30(8) August 2021—5699



Fig. 10 EBSD examination outcomes on the bi-metallic interface: (a) IPF map, (b) grain boundary map, (c) pole figure and (d) misorientation
angle distribution

Fig. 11 Tensile properties of the various samples prepared from as-produced FGM
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research as a result of the varying dendrite spacing and
existence of secondary precipitates (Ref 28).

The FGM samples from different locations had enough
plastic deformation prior to fracture, indicating that the FGM
samples failed in ductile mode (Ref 16, 37). The fractured
surfaces consist of fine dimples, micro voids, and secondary
particles as shown in Fig. 13. The sample from the interface at
90� fractured in the SS321 region and confirms the strong
bonding at the bi-metallic interface. The fracture location points
out that the weakest region is SS321 in the FGM sample
(Fig. 13-IV), which means that WAAM based FGM fabrication
is successful. The micro morphology of the Inconel 625
(Fig. 13-III a, b) sample depicted the presence of micro-fissures
with dimples and rich phases of Mo and Nb were observed (Ref
28, 31). The micro voids nucleated and propagated along the
secondary precipitates to fracture the test specimen during
plastic deformation. The micro-cracks form and propagate in
the stress-concentrated area, which leads to breakage. The bi-

metallic interface sample at 0� orientation shows the presence
of fracture morphologies of the both the alloys (Fig. 13-II a, b).

4. Conclusions

In the present work, FGM of SS321 and Inconel 625 were
fabricated using WAAM process. The subsequent microstruc-
tural features and mechanical integrity were examined, and
following inferences could be drawn:

• The WAAM-based fabrication was successfully demon-
strated to form multi-material structures without any fis-
sures and cracks.

• The microstructural characteristics varied along the build
direction, with equiaxed and columnar dendrites in the
SS321 region while the Inconel 625 layers comprised of
fine, columnar and cell-form dendrites with the existence
of secondary arms and precipitates.

• SS321 microstructure was mainly austenitic with signifi-
cant fraction of d-ferrite within the austenite matrix, while
Inconel 625 was fully austenitic with the presence of laves
phase.

• EBSD examination confirmed that the preferred grain
growth direction was <001> orientation in the interface
without discontinuity in grain growth because of the iden-
tical crystal structure-FCC.

• EDS analysis confirmed the migration of alloying ele-
ments between the two alloys and laves phase was noticed
in the interdendritic regions of Inconel 625 layers.

• The tensile properties such as YS, UTS, and elongation of
the FGM samples were better for SS321 and comparable
for Inconel 625 than that of wrought alloys. Bi-metallic
interface sample at 90� orientation fractured in the SS321
side away from the interface with better strength than
SS321.

Table 3 Tensile test results at various regions of the as-produced FGM

Sample type
Yield Strength, MPa Tensile Strength, MPa Elongation, %

SS321 0� 268 ± 6 572 ± 10 31.02 ± 1.0
45� 279 ± 4 599 ± 9 42.21 ± 2.0
90� 251 ± 9 586 ± 13 33.37 ± 1.0
ASTM A240/A240M-20a 205 515 40

Interface 0� 298 ± 7 628 ± 8 29.67 ± 1.5
90 291 ± 5 612 ± 11 30.96 ± 2.0

IN625 0� 373 ± 6 690 ± 13 44.55 ± 1.2
45� 384 ± 7 714 ± 10 39.71 ± 2.0
90� 369 ± 8 668 ± 8 42.29 ± 1.5
ASTM B443-19 276 690 30

Fig. 12 Micro-hardness variation in FGM from bottom of the
SS321 to top of the Inconel 625
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• With the increasing deposition height, the micro-hardness
values steadily decreased from bottom to interface and
interface to top in the SS321 and Inconel 625 regions,
respectively. The variation in micro-hardness is because of
the microstructural variation along the built direction.

• The fractured locations were observed with dimples,
voids, and micro-fissures. Rich precipitates of Nb and Mo
were found in the Inconel 625 samples.
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