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Abstract

Wire arc additive manufacturing (WAAM) has become increasingly popular over the past few years because of its higher
deposition rates that allow fabrication of large, near-net-shaped components and associated reduction of machining time
and cost. This work investigates the microstructure and mechanical behavior of a bimetallic thin wall structure composed of
316LSi stainless steel and Ni-base alloy 625 fabricated by the cold metal transfer (CMT) process. Microstructure analysis of
the bimetallic wall cross section at different locations revealed a columnar solidification structure with epitaxial grain growth
between layers. Microsegregation of Nb and Mo was observed in the interdendritic regions of the alloy 625 deposits leading
to the formation of NbC and Laves phase. Microhardness traverses across the bimetallic interface revealed a hardness of
160 to 190 HV in the 316LSi while that of the alloy 625 deposit ranged from 220 to 245 HV with no abnormal hardness at
the bimetallic interface. Tensile testing was conducted within the 316LSi and alloy 625 build layers and also transverse to the
bimetallic interface. Tensile testing conducted across the bimetallic interface resulted in failure in the 316LSi deposit with
an average ultimate tensile strength of 660 MPa, yield strength of 412 MPa, and 49.3% elongation. Fractographic analysis
revealed ductile rupture in all cases. This study demonstrates that high-quality bimetallic thin wall deposits between an
austenitic stainless steel and a Ni-base alloy can be successfully produced by CMT-WAAM.
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1 Introduction

Metal Additive manufacturing is currently a topic of high
interest in using metallic layers fused together to form
a complete structure. Metal AM has the capability of
near-net shape manufacturing along with tailored micro-
structures and composition [1]. Despite the high preci-
sion dimensional tolerance of the laser-based AM pro-
cesses, fabricating bulk layers for large size components
is limited. The need for economical techniques compared
to powder-fed laser-directed energy deposition (DED)
can be accomplished by using WAAM. Wire arc additive
manufacturing (WAAM) is the process by which metallic
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wire is melted with the help of an arc as a heat source,
so exploring the typical arc welding process for layer by
layer deposition to contribute in this area [2]. WAAM
processes include gas tungsten arc welding (GTAW),
gas metal arc welding (GMAW), and plasma arc welding
(PAW) [3]. This DED technique of WAAM, due to read-
ily available wire feedstocks, has a higher deposition rate
(1 to 8 kg/h) and favors the printing of medium to large
near-net shaped components [4-6]. Even if it is restricted
in achieving products with high accuracy, surface finish,
and low distortion, its capability for a high deposition rate
cannot be ignored [7]. Manufacturing of near-net shape
components lowers the machining requirements, decreases
lead time, and saves the cost of expensive super alloys
used in high-end applications such as aerospace, nuclear,
marine, power, oil, and gas industries [8—10]. Irrespective
of the power source and feeding stock, the DED process
generates strong microstructural anisotropy along with
residual stresses and distortion [11-13]. WAAM has a
significant challenge of high periodic heat input results
in large melt pool size affecting grains size and distortion
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and hence influencing the geometrical features. Reduc-
tion of heat input is a significant factor in the application
of WAAM technology. Cold metal transfer (CMT) is the
recent advancement in the gas metal arc welding (GMAW)
technology developed and patented by Fronius, Austria.
It uses the upgraded form of short-circuiting mode with
a synergic controlled dip transfer mechanism meeting the
lower heat input along with other advantages of low spat-
ter and stable arc [14, 15]. These features of CMT favor
its utilization in the area of WAAM.

The need for specific properties at specific locations
has also led to the attraction towards functionally graded
material (FGM) and hence to lower the cost of manufactur-
ing the whole component with single expensive material.
FGM offers versatility in component design since it can
simultaneously achieve varied material qualities at differ-
ent regions of a single component [16]. Several attempts
and performance analyses [17]-[24] are being made to
manufacture metallic FGM with the help of metal AM
techniques. Metallic FGM can be classified into three types
such as continuous varying, step-wise (discrete) varying,
and bimetallics with/without interlayers [17, 18]. Inves-
tigations on manufacturing FGM with laser-based DED
processes such as laser powder bed feeding (L-PBF), laser
engineered net shaping (LENS), and laser-directed metal
deposition (LDMD) have been performed with various
combinations of alloys. Tailoring of composition gradients
is done by controlling the powder feed rates of different
alloys into the molten pool [19, 20]. Xinchang Zhang et al.
deposited SS316L and IN625 using powder-fed DED with
and without an interlayer between the alloys. The effects of
interlayer made with a mixture of the same powder materi-
als were investigated, where gradual changes in microstruc-
ture and microhardness were observed [21]. Onuike et al.
found that a bimetallic build of IN718-Ti64 showed crack-
ing and delamination with both direct deposition and gradi-
ent composition. To overcome this, an intermediate bond-
ing layer made by an optimized mixture (3:3:4) of IN718,
Ti64, and VC was used [22]. Kim et al. demonstrated a
FGM by LENS with selective discrete composition in steps
of 10% from IN718 to SS316 and reported segregates in
interdendritic regions. Defects such as critical pores and
cracks were observed in the range of 20-30% IN718 due
to ceramic oxides, intermetallic, and carbide formations
[23]. In another study, a similar thin wall of SS316L/IN625
with 10% steps from pure SS316L to IN625 was fabricated
by Chen et.al. They observed several large and irregular
white secondary phases referred as Laves phase along the
boundaries of dendrites when the composition of IN625
exceeded 80% [24].

While numerous investigations on dissimilar metal join-
ing and FGM by using powder-fed DED have been per-
formed, little has been explored for wire feeding DED.
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Attempts have been made to fabricate varying composition
alloys by using a plasma multiwire process [25, 26] and
dual wire feeding with GTAW [27]-[29] and GMAW [30].
Abe et al. investigated mechanical properties of equivalent
to SS304 and IN600 dissimilar metal deposition by GMAW,
suggesting that wire-based DED is more suitable for dis-
similar metal deposition than laser and powder DED. They
also presented path planning for the fabrication of func-
tional structures by using two welding torches for switching
material with the help of a controller [31]. In another study,
the evaluation of fatigue strength for SS904L and Hastelloy
C276 bimetallic deposition by GMAW was performed by
Kannan et al. [32]. The effects due to repeated cyclic higher
heat input and heat accumulation with these metal additive
manufacturing techniques can be reduced by using the CMT
mode for GMAW. Ahsan et al. examined a CMT deposited
dual metallic stacked wall of low carbon steel and SS316L.
Various heat treatment conditions were analyzed to observe
the effects on microstructural and mechanical properties.
They concluded that heat treatment above 950 °C did not
significantly improve the strength and ductility [33]. Senthil
et al. investigated the IN825-SS316L bimetallic fabricated
by WAAM-CMT and showed microstructure transition at
the interface region from elongated dendrites to fine equi-
axed dendrites. Laves phase was also identified at the ten-
sile fracture surface [34].

The bimetallic combination used in the present work
consists of Inconel 625 and Stainless Steel 316LSi due
to their varied field of applications. Some studies have
already been conducted with this combination, includ-
ing a CMT multitrack deposited bimetallic block [35]
and a GMAW deposited bimetallic wall where dwell time
between layers was kept fixed at 120 s [36]. SS316L is a
low carbon austenitic steel possessing outstanding tough-
ness widely used in applications such as exhaust mani-
folds, cryogenic processes, petrochemical, paper, and food
industries. IN625 is a nickel-based alloy with properties
for maintaining its strength even at higher temperatures
and strong resistance to corrosion and fatigue stress. So,
it is used explicitly in parts of jet engines, seawater equip-
ment, turbine blades, and power, chemical, oil, and gas
extraction sectors. The need for research in manufacturing
metallic multimaterial and functionally gradient material
by WAAM is currently a topic of interest. However, the
critical difficulty of high heat input with multilayer depo-
sition still exists, which can be significantly lowered by
using the CMT variant. Here, the objective of the study is
depositing a WAAM bimetallic thin wall with an interlayer
temperature of 80—-100 °C as one of the key differences
with respect to the parameters of previously carried stud-
ies. The combination is deposited using the CMT variant
of GMAW with an in-house developed experimental setup.
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Microstructural features and mechanical integrity of the
bimetallic SS316LSi-IN625 are also presented.

2 Materials and methods

The substrate used for experimentation is stainless steel 316L
plate of 200 mm x40 mm X 12 mm. Commercial 1.2-mm
diameter filler wires of grade ER316LSi and ERNiCrMo-3
were used. The chemical composition of the substrate is con-
firmed by the optical emission spectroscopy, and that of wires
are also being provided by the manufacturer, as shown in
Table 1. Sixty layers of deposition, which consists of 30 layers
for SS316LSi on the substrate and the rest 30 layers for IN625
continuing on the deposited SS316LSi wall, were performed.
The power source used for depositing this dual metallic thin
wall in CMT continuous wave mode was of Fronius TPS 400i.
Two-way scanning strategy is adapted for layer depositions,
as shown schematically in Fig. 1. To achieve this, the CMT
welding torch position was kept fixed, and the substrate was
provided with the travel speed on a motorized servo control
X-Y slide. After the deposition of each layer, the substrate was
lowered by 2 mm in the Z direction by using a stainless steel
lab jack. The setup for conducting the experiment is shown in
Fig. 2, and the process parameters with their values used for
the bimetallic deposition are listed in Table 2.

The 105-mm-height and 160-mm-long deposited bimetal-
lic wall with locations of microstructure, microhardness, and

Table 1 Chemical composition (wt.%) of substrate plate and filler wires

tensile specimens is shown in Fig. 3. The average thickness
of the deposited wall was 5.6 mm for SS316L.Si and 5.5 mm
for IN625. To prepare the surface for microstructure speci-
mens, ground on a series of silicon carbide sheets with grit
sizes of 220, 400, 600, 800, 1000, 1200, 1500, and 2000.
Subsequently, they were polished with diamond polishing
agent of 3-um and 1-um particles and chemically etched with
freshly prepared aqua regia (9 ml HC1:3 ml HNO3) for the
time durations of 5-10 s. The microstructure was evaluated
by using an optical microscope (Radical), and microhardness
evaluation was conducted by the Mitutoyo microhardness
tester (HM-12) at a load of 200 gm with a dwell time of
15 s. According to ASTM ES8 standard specifications, tensile
specimens from the deposited wall were extracted by using a
wire-cut EDM and ground to uniform thickness throughout
the specimen. Uniaxial tensile tests were performed at the
extension rate of 3 mm/min on Instron 4467 UTM machine
with 30 KN load capacity. Detailed microstructure and frac-
ture surface morphologies were observed by a JOEL 6380A
SEM equipped with EDX analyzer.

3 Experimental results and discussion

Figure 4 shows the macrostructure and optical microstruc-
ture of the interface between SS316LSi and IN625 bimetal-
lic wall revealing a strong metallurgical bond without any
visible defects and evidence of solidification cracks. The

Fe Ni C Cr Mo Mn Si S P Cu Nb+Ta Al Ti
Substrate (316L)  Bal 9974 0.022 16.83 2.134 1228 0397 0.001 0.024 - - - -
ER316LSi 649 11.88 0.016 1832 2537 1531 0728 0.010 0.012 0.084 - - -
ERNiCrMo-3 1.6 64.51 0.02 20.45 9.4 0.19 0.14 0.004 0.011 0.016 3.546 0.06  0.062
Fig. 1 Bimetallic deposition
strategy by CMT-WAAM
CMT Welding Torch
[ .,
IN625
! Deposition Direction A
Build £ I | SS316LSi
Direction 1
SS316L Substrate Plate |
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Fig.2 Experimental setup

Table 2 Process parameters for deposition of CMT-WAAM bimetallic
thin wall

Parameter Unit SS316LSi IN625
Current Ampere 150 120
Voltage Volt 12.8 12.8
Wire feed m/min 5.5 4.2

Travel speed mm/sec 6 6

Gas flow rate L/min 15 15

Layer step mm 2 2
Interlayer temperature ~ °C 80-100 80-100
Shielding gas - 98%Ar+2%C0O,  99.99%Ar

bimetallic interface is between the top layer of SS316LSi
deposited wall and the first layer of IN625. The presence of
dark constituents of d-ferrite within the y-austenite matrix
can be seen in the SS316LSi. Also, it is visible as fully aus-
tenitic on the IN625 side, similarly identified in all Ni-based
alloys with solid solution strengthening [37]. Elemental
mapping for individual elements across the interface region
is presented in Fig. 5. It can be seen that only Cr is evenly
distributed on either side of the interface as both the alloys
contain almost similar levels of it. While elements such as
Ni, Mo, and Nb are rich in the IN625 region, Fe has an obvi-
ous higher concentration on the 316LSi region.

The optical micrographs of the SS316LSi layers are pre-
sented in Fig. 6, where the fusion boundary is visible in a
semi-elliptical morphology. The micrograph of SS316LSi
reveals that it consists of columnar dendritic structure.
Refined dendritic grains with cellular morphology with-
out any secondary arms are observed at the bottom of the
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deposited layer, illustrated just above the fusion boundary.
These are grown vertically upwards along the build direc-
tion into coarse grains, which can be seen below the fusion
boundary. Similar results of the shift in microstructure
from cellular to fine columnar to coarse columnar across
the SS316L layers were reported by previous examinations
[38, 39]. These cellular dendrites with almost no second-
ary arms are due to the faster cooling rates near the bottom
of a layer compared to the top of that layer. Some studies
have also been carried out to observe the effects of dwell
time and interlayer temperature between the deposition
passes. Lee et al. compared CMT deposited SS316L with-
out any dwell time and a dwell time of 1 min between the
passes where they reported no prominent changes in the
structures [40]. Whereas Yang et al. kept a dwell time of
2 min between the stainless steel GTA deposited layers and
showed a significant change in the substructure across the
interface [41], it can be noted that fixed dwell time will not
lead to a fixed interlayer temperature as the layers and heat
accumulation keep on increasing which results in varying
cooling rates. Cunningham et al. investigated the effects of
heat input and interlayer cooling on the microstructure and
mechanical properties of thin-walled 316LSi parts. Inter-
layer temperatures of 50 °C and 160 °C combined with
the low and high heat input were analyzed. The change
in substructure across the layer interface with the lower
interlayer temperature was more significantly observed
compared to the higher interlayer temperature [42]. So,
this drastic change of coarser to finer substructure size
is attributed to the cooling of the deposited layer almost
to the room temperature which enhances the cooling rate
of subsequent layer. Figure 6¢ shows a similar dramatic
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Fig.4 Optical micrographs of the bimetallic interface
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Fig.6 Optical micrographs of
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change of the substructure across the layer interface of
SS316LSi as the interlayer temperature of 80-100 °C is
used in this investigation. To further quantify the change
of substructure across the layer fusion boundary, primary
dendrite arm spacing (DAS) is calculated by analyzing the
images in ImageJ software. The primary DAS just below
the interface is calculated as 11.36 um while that of the
fine structure just above the fusion boundary is found near
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to 2.76 um which describes the change in structure by a
factor of around 4.12. While it is observed that primary
DAS changed by a factor of around 1.78 when the inter-
layer temperature of 200 °C was maintained in a previ-
ous investigation [43], also it changes by a much lower
factor of around 1.47 when lower dwell time (up to 20 s)
and uncontrolled interlayer temperature are used [38, 44].
Hence, it is expected to observe the change in substructure
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by a greater factor when the interlayer temperature goes
on decreasing.

The higher resolution SEM images are examined with
spot EDS by obtaining the elemental composition as rep-
resented in Fig. 7. It is found that the darker regions are
rich in Cr and Mo content as compared to the light in color
spaces which consist of higher Ni content. So, it exhibits the
dark-colored skeletal ferrite (5 phase) distributed within the
light in color matrix of austenite (y phase). The chromium to
nickel equivalent ratio (Cr,y/Ni,) is calculated by Egs. 1 and
2 from WRC-1992 diagram to determine the solidification
mode and ferrite number (FN) [45, 46]. This Creq/Nieq ratio
below 1.2 denotes the austenite mode (A) of solidification,
while a ratio between 1.2 and 1.5 yields the austenite-ferrite
(AF) mode, and a ratio above 1.5 depicts the ferrite—austen-
ite (FA) mode of solidification.

Creq = Cr + Mo + 0.7Nb (D

Ni., = Ni +35C + 20N + 0.25Cu )

By using the above equations with elemental composition
data from Table 1, Cr,g, Nig,, and Cr,/Ni, is evaluated as
20.857, 12.461, and 1.67, respectively. So, it confirms the

ferrite—austenite (FA) mode of solidification as Cr.,/Nig,

© o W B O o WO

Fig.7 EDS analysis of SS316LSi microstructure

obtained is well above 1.5 and has the following solidifica-
tion sequence [45]:

L—L+F—L+F+F+A) e = F+A

where L, F, and A denote the liquid, ferrite, and austenite,
respectively. The solidification mode determines the forma-
tion of primary ferrite and austenite forms at the end of pro-
cess by a peritectic reaction. Also, the ferrite number (FN)
obtained by WRC 1992 diagram is between 7 and 9. The
Schaeffler’s diagram is also used to confirm the solidification
mode and for predicting the amount of ferrite in austenite
matrix [46]. The ferrite percentage obtained by using the
Schaeffler’s diagram is around 8%.

The optical micrograph of deposited IN625 above the
interface across the cross section of the build direction
reveals the microstructures consisting of cellular dendrites,
as shown in Fig. 8a and b. The solidification subgrain bound-
aries are an abundantly observed feature in the WAAM
process in which the trend of epitaxial grain growth from
one layer across another is clearly visible. An increase in
dendrite spacing can be seen from the bottom to the top
of the layer due to thermal cycles and differences in cool-
ing rates along the buildup direction [47]. Higher resolution
SEM images and elemental analysis by EDS are used for
a better understanding of the microstructure, as shown in

@ Springer
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Fig. 8c and d and Fig. 9 correspondingly. Investigating the
elemental map for Ni, Cr, Nb, Mo, and Fe, it is noticeable
that the interdendritic spaces are rich in Nb and Mo com-
pared to the dendritic cores. The weight analysis of the spot
at interdendritic space confirmed that the elemental compo-
sition obtained has comparatively low Ni (~55%) and higher
Nb+ Mo (~23%) than the dendrite core region with a similar
composition to Ni—Cr-based matrix. While Nb is added to
IN625 as a solid solution strengthener, a significant amount
of it is involved in forming secondary phases in the weld
metal. Due to its high tendency to segregate, the subsequent
development of the Nb-rich NbC and Laves phases takes
place [37]. The general solidification sequence of IN625 is
follows as [37]:

L—L+y—>L+y+NbC— L+y+NbC+ Laves — y + NbC + Laves

When solidification starts, the elements of Nb and C
in the liquid phase consume quickly, and eutectic reaction
happens, which gradually forms the austenitic NbC eutectic
structure. A new eutectic reaction starts when the current
eutectic reaction approaches the saturation. The Nb and C
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elements continue to consume, and depending on the already
developed austenitic matrix, the austenitic and Laves phase
eutectic reaction occurs. The Laves phase and NbC are easy
to form, but due to the shorter cooling time, the carbide
phase of NbC phase formation is restricted, so the NbC
phase content is less than Laves phase [48]. While these
isolated particles contribute in precipitate strengthening, its
continuous presence would only create an embrittling effect.
Under high restraint conditions, these can lead to solidifi-
cation or liquation cracks which were not observed in the
deposition of IN625. Laves phases are formed at the last
stages of solidification sequence having HCP structure in
(Ni, Cr, Fe), (Nb, Ti and Mo) form [49]. Researches have
also reported the existence of second phase particle MC-
type carbides [48] and tiny shaped Nb and Ti rich particles
[47] in IN625 deposition. The enrichment of Nb with bright
irregular regions at grain boundary and interdendritic spaces
referred as Laves phase is generally seen in Inconel layers.
Laves phase is hard and brittle at room temperature which
is undesirable due to its ability to decrease the strength [37].
The obtained higher weight percentage fraction of Nb and
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Fig. 9 Elemental mapping of dendrites and its weight analysis at spots for IN625
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Fig. 10 XRD analysis curve of bimetallic at different regions

Mo in the interdendritic region as shown in Fig. 9 signi-
fies the presence of second phases like Laves phase, and the
results are also in agreement with previous work on WAAM
of IN625 [48]. So, these secondary phases formation attrib-
utes to the segregation of Nb and Mo elements in the non-
equilibrium solidification during the deposition process.
To further validate the phases present in the bimetal-
lic deposited wall, XRD analysis was performed at three
regions of wall. The XRD data of the regions consisting
of SS316LSi, bimetallic interface, and IN625 are shown

in Fig. 10. It is observed that both materials have their
major peaks at 20 =50-52° as FCC y phase. The main
grain growth direction is (200), (220), and (111) indicat-
ing towards epitaxial grain growth pattern. So, the data
represents the phases of Ni-base austenite phase (y phase)
and (Ni, Cr, Fe), (Nb, Mo, Ti) as secondary phase in the
IN625 region as well as the interface zone, while SS316LSi
also consists of y-austenite phase along with the peaks of
d-ferrite. In this study, the measured Cr,/Ni, ratio is greater
than 1.5; therefore, a ferritic-austenitic microstructure is
achieved by SS316LSi layers which is being confirmed by
the X-ray diffraction.

The microhardness variation at the bimetallic interface
and nearby layers is presented in Fig. 11. The hardness of
SS316LSi is found in the range of 160—190 HV, while that
of IN625 is 220-245 HV. The scattering in hardness value
can be because of the reasons that the indents are occasion-
ally made on or near the layers interface, and randomly cho-
sen test position may indent on the secondary phase or the
matrix, causing variation in the hardness for the adjacent two
positions. It is also observed that the hardness value is a little
higher at the bottom and top of the layer, i.e., near the layer’s
interface region, attributed to the refined microstructure. The
hardness value just before the bimetallic interface is found
slightly lower but is in the range of respective alloy materi-
als. Similar observations for a reduction in hardness near the
interface with deposition of nickel alloy on stainless steel
were also found in the previous investigations of WAAM
[31, 50]. Carrol et al. [51] and Chen et al. [24] also reported
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Fig. 11 Hardness variation at SS316LSi-IN625 interface

a decrease in hardness upon introduction of IN625 on stain-
less steel for manufacturing the FGM by laser DED. The
decrease in hardness near the interface zone was because of
the FA solidification mode. Upon cooling, the primary fer-
rite in the microstructure underwent a phase transformation
to austenite with a small amount of residual skeletal ferrite
[24, 50, 51].

The mechanical characteristics of the bimetallic wall were
also analyzed by performing tensile test at the room tem-
perature. The ultimate tensile strength (UTS), yield strength
(YS), and elongation percentage of all the individual sam-
ples along with the average values are listed in Table 3. The
engineering stress vs strain curves of each category closest
to the average value are plotted in Fig. 12. Fracture surface
observation showed that all the specimens had a typical duc-
tile type of failure. It is observed that all the vertical bimetal-
lic samples fractured on the SS316LSi side confirm a good
metallurgical bimetallic bond without any defects. Similar
results were also reported by other bimetallic combinations

failing on the weaker side [52, 53]. For vertical bimetallic
specimens, average UTS of 660 MPa, YS of 412 MPa, and
elongation of 49.3% are obtained. Even though the failure
location of the vertical bimetallic sample is on SS316LSi
side, its UTS and YS obtained are superior to the previous
work on 316LSi deposited wall [42]. Also, the stress—strain
curve of the horizontal specimens with bimetallic interface
is found identical to the curve of horizontal pure SS316LSi
specimens. UTS and YS of the bimetallic horizontal speci-
men are measured as 507 MPa and 329 MPa, respectively,
which is very close to that of the SS316LSi. Horizontal
samples have greater elongation than the vertical samples
which are also in agreement found in most of the previous
studies for WAAM [42, 48, 52]. Elongation percent denotes
the measure of ductility, and this severe variation in elonga-
tion values shows the anisotropic nature in ductility. The
IN625 specimens in the scanning direction had greater elon-
gation percentage as 66.35% compared to the SS316LSi. The
average UTS and YS of IN625 was measured as 761 MPa
and 415 MPa, respectively, while for the 316LSi, it is found
as 502 MPa and 321.5 MPa, respectively. It is found that
horizontal specimens have greater UTS and YS compared
to vertical ones presented in previous investigation [54]. The
reason for this outcome is that horizontal specimen has more
grain boundaries, whereas the vertical specimen has more
columnar grains. The strength produced by the grain bound-
aries is greater than the strength produced by the grain itself,
resulting in the horizontal tensile specimen being stronger
than the vertical one [55].

The SEM images of the fractured specimens are shown
in Fig. 13a—f. Higher magnification images depict the pres-
ence of dimples features with microvoids in all specimens
representing the obvious fracture mode as ductile rupture.
The vertical bimetallic samples failed at the stainless steel
side, which is confirmed by performing EDS at higher mag-
nification on fractured surface as shown in Fig. 13g indi-
cating a sound bonding of bimetallic interface. The pres-
ence of secondary phases initiates as microvoids and can be

Table 3 Tensile testing results of as-deposited bimetallic thin wall (refer Fig. 3)

Sample description Sample No.  UTS o, (MPa) Avg UTS YS oy (MPa) Avg YS Elong (%) Avg Elong (%)
Oy ave (MPa) Oyave (MPa)
Vertical (IN625-SS316LSi) Vi 662 660 429 412 48 49.3
V2 654 402 49.25
V3 664 405 50.625
Horizontal (IN625) H1* 774 761 425 415 67 66.35
H2 748 405 65.7
Horizontal (IN625-SS316LSi)  H3* 507 507 329 329 55.9 55.9
Horizontal (SS316LSi) H4 499 502 324 321.5 55.6 58.4
H5* 505 319 61.25

“Plotted in Fig. 12
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Fig. 12 Engineering stress vs
strain curves for as-deposited
bimetallic specimens in differ-
ent location with the inset of
fractured samples

Fig. 13 SEM images of the
fractured tensile samples with
EDS

—— V(IN625-SS316LSi)~ — - H(IN625)— - — - H(IN625-5S316LSi)
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responsible for the eventual failure of the SS316LSi samples
[39]. The EDS results of IN625 fractured surface presented
in Fig. 13h also revealed higher Nb and Mo concentrations
than the usual alloy composition, indicating the existence
of brittle second phases which is attributed for deteriorat-
ing the mechanical properties [56]. A significant portion
of the alloying elements used for strengthening the alloy is
consumed in precipitate formation. When subjected to plas-
tic deformation, the second phases would weaken the bond
at the matrix interface and break into fine particles, form-
ing the condition for crack initiation and propagation [24].
So, this segregation of alloying elements makes the grain
coarser resulting in larger dimples on the fractured surface
[57] which can be similarly depicted in Fig. 13e.

4 Conclusions

In this investigation, a dual metallic thin wall of SS316LSi
and IN625 combination has been successfully deposited by
employing the CMT-WAAM. The feasibility of the process
is demonstrated to additively fabricate dissimilar alloys with
no production defects at the bimetallic interface. The con-
clusions obtained by this experimental study are as follows:

e Microstructure analysis reveals the epitaxial grain growth
in the build direction with non-equilibrium microstruc-
tures in deposited layers. The shift of fine cellular den-
dritic to the coarser structure has been observed along
the layer thickness due to the thermal cycles and varying
cooling rates.

e SEM analysis of SS316LSi exhibits the skeletal 3-ferrite
within the y-austenitic matrix, while IN625 consists of
the y-austenitic phase with other secondary phases,
which were also validated by XRD analysis.

e Segregation of Nb + Mo is detected in the interdendritic
regions of IN625 microstructure, indicating the existence
of second phases like Laves phase, which was confirmed
by conducting the spot EDS.

e Vickers microhardness at the bimetallic interface is
observed with the variations being in the range of respec-
tive alloys as 160-190 HV for SS316LSi and 220-245
HYV for IN625.

e The tensile testing reported sufficient plastic deforma-
tion and fracture of the bimetallic specimens in the
weaker SS316LSi. UTS and elongation of the bimetal-
lic in the scanning direction are almost identical to that
of the SS316LSi. The anisotropy in mechanical proper-
ties shows that specimens of scanning direction possess
higher elongation and strength than the build direction.

e Fractography observation validates the ductile mode
of fracture with the presence of fine dimples. It also
revealed the presence of Nb rich brittle second phases in

@ Springer

the IN625 fracture surface resulting in coarser dimples
compared to SS316LSi.
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