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Functionally graded material (FGM) is an appropriate response to high-performance and multi-functional
applications. In this research, dual-wire plasma arc welding can be used to fabricate SS 316L-Inconel 625
FGM with a composition gradient of 50 wt.% by adjusting the volume fraction of welding wire delivered to
the melt pool. The phase evolution, microstructure, composition, microhardness and tensile properties of
different composition regions along the building direction were analyzed. The results show that good
bonding in the bi-metallic interface region and defect-free microstructure. The microstructure along the
deposition direction is mainly columnar and equiaxed dendritic structure, and the grain growth direction is
mainly along the deposition direction. The existence of Laves phases is proved by EDS mapping and point
detection. Due to remelting, an error is existed between the actual composition distribution and the designed
discrete gradient. The microhardness value decreases first, and reaching a minimum at the bi-metallic
interface of the 100-50 wt.% SS 316L, and then increase gradually (157 HV-208 HV). The ultimate tensile
strength, yield strength and elongation are 554.12 £+ 7.44 MPa, 340.79 + 4.13 MPa and 26.65 + 0.27%,
respectively. From the feasibility study, the dual-wire plasma arc welding provides a novel additive man-

ufacturing process for the FGMs.

Keywords dual-wire plasma arc welding, functionally graded
material, mechanical properties, microstructure, SS

316L-Inconel 625

1. Introduction

The nickel-based superalloys and stainless steels have good
corrosion properties at high temperatures. Besides, nickel-based
superalloys have better strength, and stainless steels has lower
cost and weight (Ref 1, 2). These characteristics make two
alloys widely used in aerospace, chemical, petrochemical,
marine and other high-temperature and corrosion industries
(Ref 3). However, with the continuous development of these
industrial fields, components are required to be able to operate
simultaneously under high temperature, high pressure, high-
speed rotation and extreme load (Ref 4, 5), which requires parts
have different mechanical properties in different directions.
Based on this typical application, the mechanical properties of
one alloy (Inconel 625 or SS 316L) are not sufficient.
Therefore, some researchers proposed to use the stainless
steel/nickel-based FGMs (Ref 6). In stainless steel/nickel-based
FGMs, the composition or micro (macro) structure changes
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gradually along one or more directions, so that the microstruc-
ture and mechanical properties can change accordingly (Ref 7,
8, 9). Stainless steel/nickel-based FGMs that have been
successfully manufactured include SS 304L-Inconel 625 (Ref
10), SS 316L-Inconel 718 (Ref 11), SS 316L-Inconel 625 (Ref
6) and SS 321-Inconel 625 (Ref 12) etc.

The emergence of additive manufacture (AM) opened a
new chapter for metal-FGM (Ref 13). The preparation of
FGM by AM process can alleviate the thermal and residual
stresses caused by the difference of thermal expansion
coefficient (CTE) at the bi-metallic interface, thereby solving
the problem of interface cracking (Ref 14). AM is a very
suitable method for manufacturing FGM, and the preparation
of metal-FGM by AM process can greatly promote the
development of FGMs (Ref 15, 16, 17). AM is divided into
two categories based on raw materials: powder and wire (Ref
18), and previous work in the fabrication of stainless steel/
nickel-based FGMs by AM process has focused on metal
powders (Ref 19, 20). For instance, Su et al. (Ref 21)
fabricated SS 316L-Inconel 718 FGMs with different compo-
sition gradients (5, 10 and 20 wt.%) by laser metal deposition
(LMD). Savitha et al. (Ref 6) manufactured discrete and
compositionally graded SS 316-Inconel 625 FGMs by the
Laser Engineered Net Shaping (LENS). Carroll et al. (Ref 10)
fabricated the SS 304L-Inconel 625 FGM by directed energy
deposition (DED) technology.

Compared with laser metal deposition (LMD), wire and
arc additive manufacturing (WAAM) has the advantages of
high raw material utilization, high deposition rate, low
equipment cost and large-size part, which has attracted
extensive research attention (Ref 22, 23, 24). In WAAM
process, the mixing ratio and deposition thickness can be
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controlled accurately by adjusting the wire feeding speed of
two welding wires with different composition, and the
fabrication of FGM by WAAM has become a promising
solution (Ref 25, 26). Thus, many researchers used the
WAAM process to fabricated FGMs such as AISI 410-AWS
ER70S-6 (Ref 22)), TC4-SS 316L (Ref 27), W-Mo (Ref 28),
CoCrFeNi(SiC)x (Ref 25), Fe-FeAl (Ref 29), TigAl;V-Inconel
625 (Ref 30), steel-copper (Ref 31) and Fe;Ni-FeNi (Ref 32)
et al. Similarly, the WAAM technology can also be used to
manufacture bi-metallic structures composed of Inconel
superalloy and stainless steel (Ref 10). Senthil et al. (Ref
33) proved that it was feasible to deposited nickel-based
superalloys directly on stainless steel by Cold Metal Transfer
(CMT) technology, and the Fe and Ni elements changed
significantly at the interface. No defects were found at the
interface, and Inconel 825 and SS 316L combined well, but
the mechanical properties at the interface changed suddenly,
and the hardness and tensile strength were lower than SS
316L and Inconel 825. Kumar et al. (Ref 12) manufactured
two Inconel 625-SS 304L bi-metallic structures without and
with intermediate layer by double wire metal inert gas (MIG)
welding. And the results showed that the composition of the
Inconel 625-SS 304L bi-metallic structure with intermediate
layer changed gradually, and the mechanical properties were
more excellent. Zhang et al. (Ref 34) fabricated Inconel 625/
HSLA-steel FGM by the WAAM process, and electromag-
netic stirring (EMS) technology was used to improve the
composition dilution rate, refine grains and reduce the
precipitation of Laves phase. The results showed that the
EMS auxiliary process was helpful to improve the perfor-
mance of FGM. Therefore, the manufacture of nickel-based/
stainless steel FGM by WAAM technology with high
efficiency and low cost is the future development trend.
Among then, s a kind of WAAM process energy, plasma has
been widely used in modification of alloys and the prepa-
ration of coatings and FGMs (Ref 35, 36).

In this work, a novel AM process based on dual-wire plasma
arc additive manufacturing was proposed for the fabrication of
defect-free and reasonable composition distribution of SS
316L-Inconel 625 FGM. The microstructure, composition
distribution and mechanical properties of SS 316L-Inconel
625 along the building direction were analyzed. According to
the feasibility study, the dual-wire plasma arc welding process
can be used to manufacture SS 316L-Inconel 625 FGM, and
provides a novel manufacturing process for the nickel-based/
stainless steel FGM.

2. Material and Methods

2.1 Wire and Arc Additive Manufacturing Setup

The FGM components from SS 316L to Inconel 625 was
deposited by a dual-wire plasma arc welding system, which
was composed of a welding power supply (Transmig 550i), two
multifunctional automatic argon arc wire feeders (ET-2016), an
argon gas (99.99% purity) shielding system, a six-axis welding
robot (Fanuc) and a robot controller is shown in Fig. 1(a). SS
316L and Inconel 625 welding wires with a diameter of 1.2 mm
were selected to deposited on the surface of a 304L substrate
with a dimension of 150 mm x 80 mm x 10 mm. The com-
position of SS 316L and Inconel 625 wire is shown in Table 1.
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In order to ensure well cladding, high current deposition was
adopted at the bottom of the SS 316L-Inconel 625 FGM, and
the travel speed was 5 mm.s~'. Argon gas (99.99% purity) with
a constant rate of 15L/min was selected as shield gas. The
length of the thin-wall structure was 125 mm, and the height of
welding torch was designed according to the actual layer height
to ensure the height was within a fixed range (8-10 mm). The
temperature between the layers was measured by a thermocou-
ple, and when the temperature cooled to 200 °C, the next layer
was deposited. By changed the wire feed speed of SS 316L and
Inconel 625 wires, the transition from SS 316L to Inconel 625
was achieved and the composition gradient was 50 wt.%. The
“Zigzag strategy” was adopted for the welding torch trajectory
of each layer, and the “cyclic reciprocating” mode was adopted
between layers.

2.2 Material Characterization Techniques

Figure 1(b) shows the macrography of SS 316L-Inconel 625
FGM, and the boundaries between layers were clear. The
analysis samples of SS 316L-Inconel 625 FGM were sampled
by wire-cut electrical discharge machine and the position of
analysis samples are shown in Fig. 1(c). Furthermore, the
cross-section surface of SS 316L-Inconel 625 FGM was ground
from 800 to 7000 grit, and then, polishing with diamond
suspension from 2.5 um and 0.25 um. The as-polished SS
316L-Inconel 625 FGM were etched for a few seconds to reveal
the dendritic microstructures. The X-ray diffraction (XRD)
patterns of SS 316L-Inconel 625 FGM was collected using a
Rigaku Smartlab D/max/2600PC, and the scanning rate and
diffraction angle were set as 4°/min, 20—100°. The microstruc-
ture was observed by an optical microscope (OM, ZEISS
Vert.Al). The composition along the building direction of
326L-Inconel 625 FGM were analyzed by an energy dispersive
spectroscopy (EDS) on the SEM. And the electron backscatter
diffraction (EBSD) experiment of cross-section samples of SS
316L-Inconel 625 FGM was conducted using a NOVA 430
field emission scanning electron microscope to investigated the
dendrite orientation and grain size in the building direction of
SS 316L-Inconel 625 FGM. The microhardness values along
the depositing direction were measured using a hardness tester
(MVS-1000D1) under a 200 g load and kept for 15 s. The
tensile tests were conducted at room temperature by electronic
universal tensile machine (CMT5105), with a loading rate of
1.0 mm/min.

3. Results and Discussions

3.1 Evaluation of Microstructure

Figure 2(a) shows the XRD patterns taken form the different
composition regions of SS 316L-Inconel 625 FGM (100 wt.%
SS 316L, transition zone and 100 wt.% Inconel 625). In
agreement with earlier research, the diffraction peaks in the 100
wt.% SS 316L region are consistent of FCC phase (austenite)
and a small amount of BCC phase (ferrite), and only the FCC
phase is existed in Inconel 625 (Ref 37, 38, 39). The XRD
patterns of the transition zone (50 wt.% SS 316L/50 wt.%
Inconel 625) is roughly the same as 100 wt.% Inconel 625, and
shows a little significant 2 0 change. Therefore, it can prove that
the transition zone is also FCC structure (Ref 40). The above
phase evolution is due to the formation of a unique austenite
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Fig. 1 (a) The WAAM system, (b) A photographic image of the FGM and (c) The sampling position

Table 1 Element of welding wires used in weight percent, wt.%

Element Cr Ni Mn Si C Mo Ti Nb Fe Al Co
SS 316L 17 13.5 1 0.5 0.0 2.5 65.5
Inconel 625 21 65.7 0.4 0.4 0.0 8.7 0.1 34 0.0 0.0 0.3

solidification structure with the increase in Ni element, and the
phase of SS 316L-Inconel 625 FGM gradually changes from
ferrite/austenite phase to the austenite phase (Ref 41) (see
Fig. 2(b)). At the same time, the XRD patterns also demon-
strate that the peak height in the y(200) plane of all SS 316L-
Inconel 625 FGM regions is significantly higher than other
planes. Previous research indicated that the (200) plane
relatively high peak is represented the highly textured columnar
dendrites (Ref 40). The peak height of the y(111) plane in the
SS 316L regions is higher than the region of the Inconel 625
and the peak height of the y(200) plane for SS 316L is lower
than Inconel 625. Thus, the results demonstrate that the regions
of Inconel 625 have more columnar dendrites and fewer
equiaxial dendrites, and the columnar dendrites of crystalline
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structure are more uniformly aligned and results in the
microhardness value increased (Ref 42). In addition, no other
peaks are observed in XRD patterns, so the existence of leaves
or other precipitated phases could not be proved. However, this
does not rule out the existence of the second phases. It may be
that the number of precipitated phases is small or the size is too
small to be detected by XRD, so other test methods are needed
for further testing.

From the overall cross-section of the deposition parts, the SS
316L-Inconel 625 FGM has good bonding of multi-layered
walls and without defects such as cracks and pores, as shown in
Fig. 3(a). Normally, the solidification morphology is highly
related to the ratio of the temperature gradient (G) and the
crystal growth rate (R), and the G/R ratio determines the size of
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Fig. 3 Microstructure of SS 316L-Inconel 625 FGM gradient cross-section: (a) overall structure, (b) SS 316L side, (c) Bi-metallic interface of
100-50 wt.% SS 316L, (d) 50 wt.% SS 316L, (e) Bi-metallic interface of 50-100 wt.% Inconel 625, (f) Inconel 625 side and (g) The edge areas

of FGM
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grains structure (Ref 43). The dual-wire plasma arc additive
manufacturing process has large heat input and complex
thermal cycle, so the G/R ratio is low, and resulting in the
formation of columnar or equiaxed dendritic structure (Ref 43).
The microstructure of the cross-section of SS 316L-Inconel 625
FGM along the deposition direction is observed by an OM (see
from Fig. 3). Due to the high cooling rate during welding
process and the substrate acts as a heat sink, directional
solidification can be observed in the different composition
regions, and there is a strong directional growth in the building
direction, which is consistent with the results of XRD patterns
(Ref 44). In the 100 wt.% SS 316L region(Fig. 3(b)), the
microstructure is characterized by columnar dendrites, which is
composed of y-austenite (FCC, the bright regions) phase and -
ferrite (BCC, the grey regions) phase (Ref 45), and Carroll et al.
(Ref 10) also found the similar situation. Figure 3(c) shows the
microstructure of the interface between the 100 wt.% SS 316L
and the transition zone (50 wt.% SS316L/50 wt.% Inconel
625). It is observed that the interface with different composition
is clear and the micromorphology is changed obviously. The
microstructures in the transition zone (see from Fig. 3(d)) are
also columnar dendritic structure, but no d-ferrite is observed
(Ref 46, 47). Figure 3(e) shows the micromorphology of the
interface between the transition zone (50 wt.% SS 316L/50
wt.% Inconel 625) and 100 wt.% Inconel 625, and the
columnar dendrites continue to grow in the interface of
different composition (Ref 48). When the content of Inconel
625 increased to 100 wt.% (see Fig. 3(f)), the microstructure is
columnar dendritic structure and the primary dendrite arm
spacing increased along the building direction (Ref 21). The
temperature increases constantly with the number of deposited
layers increases due to the AM technology is a serious heat
accumulation process. The temperature gradient of the latter
deposition layer is lower than that of the previous deposition, so
the primary dendrite arm spacing increases (Ref 44, 49). In
addition, columnar to equiaxed transition is observed at the
edge and top regions of the FGM cross—section (Fig. 3(g)),

02 Ny
>

which can be attributed to a small amount of heat flowing to the
air by thermal radiation (Ref 11).

The high magnification SEM morphology of the microstruc-
ture of SS 316L-Inconel 625 FGM is shown in Fig. 4. The -
ferrite and y-austenite phases exist in the 100 wt.% SS 316L
regions (Fig. 4(a)), the content of Cr and Mo in J-ferrite phase
is more than that in y-austenite, and the content of Ni is less
(Ref 50). And Fig. 4(b) and (c) shows the EDS mapping of
transition zone and 100 wt.% Inconel 625, the white second
phase can be observed in the inter dendritic regions. Obvious
segregation of Mo and Nb elements, it is can be demonstrated
the formation of Laves phase. And the existence of brittle Laves
phases would soften the matrix by segregation the Nb and Mo
elements, and results in the mechanical properties of the SS
316L-Inconel 625 FGM to decrease (Ref 51). Table 2 shows the
EDS point detection results of second phase particles in 100
wt.% Inconel 625, with a significant increase in Mo and Nb
elements. It is further proved that the Laves phase exists during
the WAAM process. The similar results were also found in the
study of cladding SS 316L-Inconel 625 FGM superalloy by
Chen et al. (Ref 52).

In order to further study the texture of the FGMs, the EBSD
analysis is employed in this work. The EBSD micrographs of
the SS 316L-Inconel 625 FGM along the building direction are
observed in Fig. 5. The color variation in the inverse pole
figure (IPF) corresponds to the crystal structure of austenitic
grains. The EBSD examination results show that the bi-metallic
interface of SS 316L-Inconel 625 FGM along the depositing
direction is presented in Fig. 5(a), the microstructure of
different composition is mainly FCC and the micromorphology
is dendritic. And the grains grow continuously at the SS 316L/
Inconel 625 bi-metallic interface and large elongated columnar
dendrites are observed. As demonstrated by Chen et al. (Ref
52), previous grains become nucleation point for the solidifi-
cation of the subsequent layers due to partial re-melting of the
previously deposited layers. The grain size and orientation of
SS 316L at the bottom of FGM are shown in Fig. 5(b), and the
distribution of grain distribution indicates that the existence of

Fig. 4 Microstructure and EDS maps of: (a) 100 wt.% SS 316L, (b) 50 wt.% SS 316L/50 wt.% Inconel 625 and (c) 100 wt.% Inconel 625
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Table 2 The EDS point detection results of second phase particles in 100 wt.% Inconel 625

Element Cr Ni Mn Si C Mo Ti Nb Fe Al Co
Spot 1 25 70 1 0 0 1 0 1
Spot 2 14 30 0 0 9 2 44 1

Building I
direction  *

Fig. 5 The EBSD examination results along the building direction: (a) overall structure, (b) SS 316L side and (c) Inconel 625 side

equiaxed and columnar dendrites. Equiaxed dendrites are
mainly present at the bottom of SS 316L side, and a transition
from equiaxed to columnar dendrites can be observed with the
increase in deposition height (Ref 40). The preferred grain
growth orientation on the SS 316L side is the < 001 > (red),
but the grain orientations on the bottom of SS 316L side also
are also < 101 > and < 111 > (green and blue) (Ref 53).
In addition, the phase map and IPF map of high magnification
morphology in the SS 316L region show that SS 316L region is
composed of FCC and BCC phase, and ferrite is distributed
within grains and grain boundaries, and exhibit fine vermicular
morphology, previous research also found the similar situation
(see Fig. 5(d)) (Ref 54). The IPF map highlights that the
preferred grain growth of the Inconel 625 region is
the < 001 > orientation (red) and the microstructure is
predominantly austenitic (see Fig. 5(c)). The second phase
are not detected by EBSD results in the 100 wt.% Inconel 625
region (Ref 12). And the grains growth direction of columnar
dendrites depends on the heat flow direction and the preferred
growth direction during the solidification of Inconel 625, and
the microstructure is mainly coarse columnar dendrites and
small grains (Ref 53).

3.2 Composition

In order to research the effect of SS 316L/Inconel 625 FGM
gradient design on the composition distribution, the semi-
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quantitative EDS results along the depositing direction are
compared with the design composition of the gradient, as shown
inFig. 6. Dueto the large heat input and complex thermal cycle in
the WAAM process, the deposited metal layer is remelted (Ref
15). Therefore, the actual composition gradient of SS 316L-
Inconel 625 FGM has three composition gradients in the
transition zone, while the designed composition gradient is only
50 wt.% SS 316L/50 wt.% Inconel 625. The results show that
with the addition of Inconel 625, the Fe clement decreases
significantly and the Ni element increases markedly. Since the
content of Cr element in SS 316L and Inconel 625 is not much
different, the Cr element in 100 wt.% Inconel 625 region
increases slightly. With the continuous addition of Inconel 625,
the elements Mo and Nb contained in Laves phase also increased
(Ref 21).

3.3 Microhardness

Figure 7(a) shows the microhardness variation of SS 316L-
Inconel 625 FGM along the building direction. At the bottom
of FGM, the microhardness of the 100 wt.% SS 316L region is
firstly decreased due to heat accumulation. And then, the
concentration of Inconel 625 in the first transition region is less
than 50 wt.% due to the effect of remelting. Therefore, when a
small amounts of Inconel 625 (< 50 wt.%) is added and the
formation of ferrite is suppressed, a microstructure transforma-
tion from primary ferrite to austenite phase is realized (Ref 41),
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Fig. 7 (a) Microhardness distribution along the deposition direction and (b) The tensile strain-strength curve

and the inherent characteristics of y-austenite is soft (Ref 45).
At the same time, the enhancement elements such as Nb and
Mo are segregated in the first layer of 50 wt.% SS 316L/50
wt.% Inconel 625 transition zone, and the content is also small.
As a result, the microhardness value drops to a minimum (157
HV) (Ref 21), a similar situation was also found in the research
of Shah et al. (Ref 11). Then, with the addition of Inconel 625,
the content of Ni, Cr and Mo elements increase, the solid
solution strengthening effect of austenite is enhanced, and the
microhardness increases (Ref 44). In addition, the concentration
of Nb element in the inter-dendritic region also play a crucial
role in the increase in microhardness, therefore, the microhard-
ness increases with the increase of Inconel 625 (Ref 11, 44). At
the top of Inconel 625 region, the columnar structure is

1418—Volume 32(3) February 2023

transformed into equiaxed structure, and the microhardness
value shows an upward trend, and the microhardness value
reaches the maximum (208 HV).

3.4 Tensile Test

Figure 7(b) shows the tensile strain-strength curves, and the
tensile test results are presented in Table 3. The tensile results
of the tensile specimens in the vertical direction: the ultimate
tensile strength, yield strength and elongation are
554.12 £ 7.44 340.79 + 4.13 and 26.65 £ 0.27%, respec-
tively. The tensile results are equivalent to the tensile properties
of SS 316L-Inconel 625 FGM manufactured with LMD
technology and higher than the typical properties of SS 316L

Journal of Materials Engineering and Performance



obtained by forging (Ref 55). The tensile results of tensile
specimens with different composition regions in the horizontal
direction are also presented in Table 3. The tensile results show
that the ultimate tensile strength and yield strength of the SS
316L-Inconel 625 FGM increase gradually with the increase in
Inconel 625 when the composition gradient is 50%. The 100
wt.% SS 316L region has the highest elongation
(40.23 £ 2.58%), and the 50% SS 316L/50% Inconel 625
and 100 wt.% Inconel 625 regions are 26 £ 0.98% and
28.23 £ 1.24%, respectively. The fracture morphology and
element distribution in the vertical direction are shown in

Table 3 Tensile results of specimens

Fig. 8, and the EDS analysis results of the fracture morphology
show that Fe and Ni element are 52 and 25% respectively.
Therefore, the fracture position is between 100 and 50 wt.% SS
316L/50 wt.% Inconel 625. The horizontal tensile test results
show that the tensile properties of 316L-Inconel 625 FGM
increase with the increase in Inconel 625, when the composi-
tion gradient is 50%. However, there are some errors between
the actual and design element distribution due to the high heat
input and complex thermal cycle. As a result, a composition
region with a Inconel 625 concentration of 20 ~ 30% is
existed. Previous studies have shown that the mechanical

Tensile direction Samples Ultimate tensile strength, MPa Yield strength, MPa Elongation, %
Vertical S-v 5541+ 74 340.8 £ 4.1 26.7 £ 0.3
100 wt.% SS 316L 566.8 £ 12.1 2958 £ 1.0 40.2 £ 2.6
Horizontal 50 wt.% SS 316L 617.1 £ 89 390.0 £ 7.2 26.0 £ 1.0
100 wt.% Inconel 625 708.0 £ 7.2 402.7 £ 1.1 282 £ 1.2
NG

T
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Fig. 8 Fracture morphology and element distribution of tensile specimens in the vertical direction
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properties of FGM deteriorate within this composition range
(Ref 21, 40).

Previous works have shown that the grain growth direction
of SS 316L-Inconel 625 FGM parts is dominated by the
deposition direction. Therefore, the microstructure perpendic-
ular to the deposition direction is mostly cellular structure (Ref
50, 56). The yield strength is inversely proportional to the size
of cellular structure, and the size of cellular structure increases
gradually with the increase in deposition height (Ref21). When
the content of Inconel 625 is low (< 50 wt.% Inconel 625),
ferrite disappears (Ref 21), enhancing elements such as Mo and
Nb segregate to the formation of Laves, and the heat
accumulation resulted in the size of cellular structure increases
(Ref 21, 40). Therefore, the fracture position of the tensile
specimen in the vertical direction is between 100 and 50 wt.%
SS 316L. The fracture mode of test specimen is ductile fracture,
and the fracture surface is fibrous, indicating that sufficient
deformation occurred before fracture. The fracture morphology
is deep dimple and sharp crack edge, and a small amount of
second phase is distributed in the depression, which has the
characteristics of micropore aggregation and ductile fracture.
The distribution of composition shows that Fe, Ni and Cr
elements are uniformly distributed at the fracture, and Mo and
Nb elements are segregated. The small particles in the dimples
are rich in Mo and Nb elements, which is related to the
existence of Laves phase.

4. Conclusion

In the present research, thin-walled structure of SS 316L-
Inconel 625 FGM was designed by dual-wire plasma arc
welding. The deposition process was achieved by changed the
wire feeding speed of SS 316L and Inconel 625 welding wire.
According to phase evolution, microstructure, composition
distribution and mechanical properties in the building direction
were examined, and the following conclusions were drawn:

(1) A FGM with a composition gradient of 50 wt.% from
SS 316L to Inconel 625 was successfully manufactured
by dual-wire plasma arc welding. The microstructure
was dominated by columnar and equiaxed dendritic
structures, and the primary dendrite arm spacing in-
creased significantly along the building direction. The
microstructure gradually changed from FCC + BCC to
FCC phase. EBSD detection showed that the grain
growth was mainly < 001 > orientation.

(2) The element distribution showed that the actual compo-
sition gradient had three composition gradients in the
transition zone due to the influence of remelting, which
was large than the design composition gradient. The re-
sults of EDS detection of the second phase particles in
transition zone and 100 wt.% Inconel 625 indicated the
existence of the laves phase.

(3) The microhardness of the 100 wt.% SS 316L region
gradually decreased firstly along the building direction,
and reached a minimum (157 HV) between the 100 and
50 wt.% SS 316L region. Subsequently, with the contin-
uous increase in Inconel 625, the microhardness also
gradually increased, and with a maximum microhardness
of 208 HV at the top of 100 wt.% Inconel 625.

1420—Volume 32(3) February 2023

(4) The ultimate tensile strength, yield strength and elonga-
tion of the vertical tensile specimen were
554.12 £ 744, 340.79 £ 4.13 and 26.65 &+ 0.27%,
respectively, and the tensile fracture mechanism was
typical ductile fracture.
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