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Directed energy deposition (DED) is an additive manufacturing (AM) process based on welding technology and
offers the advantages of large build volume, high deposition rate, and ability to fabricate multi-material parts.
Epitaxial continuous columnar grain growth is a characteristic microstructural feature of DED processed alloys.
In this study, a bamboo-like microstructure (periodic alternation of equiaxed and columnar structure) was
produced by adopting an intermittent deposition strategy in 316L stainless steel and Inconel 625. The formation
of a bamboo-like alternating microstructure was confirmed through electron backscattered diffraction (EBSD)
analysis. Hardness mapping showed that the columnar to equiaxed transition (CET) occurred at the region right
below the fusion line. A finite element (FE) model was used to investigate the relationship between the tem-
perature gradient (G) and the solidification rate (R). The FE model showed a low G/R ratio at the region right
below the interface promoting the CET. The grain size and material-dependent deformation behaviors are
analyzed using digital image correlation (DIC). The lower deformation on the fine-grain regions observed in DIC
analysis is attributed to a higher strain hardening rate, which is confirmed through dislocation density analysis
on a tensile-interrupted specimen. The periodically alternating grain size coupled with the microstructural
changes caused by intermittent deposition strategy result in a better strength-ductility synergy in both single-
material and bimetallic specimens.
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1. Introduction

Additive manufacturing (AM) presents new possibilities for the
design and fabrication of metallic components with complex geometries
in aerospace, energy, and biomedical applications [1]. AM technology
promises potential in part cost reduction by reducing material waste and
time to market [2]. In addition, AM enables an increase in freedom of
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design, potentially saving weight and facilitating the manufacture of
complex assemblies as a single component [3]. Along with the afore-
mentioned advantages, AM techniques offer added flexibility in varying
the composition and microstructure across different spatial dimensions,
and thereby enabling the creation of functionally graded structures with
locally adapted tailored performance [4]. Therefore, a significant
amount of research has been reported on the fabrication of composi-
tionally graded structures based on various powder based directed en-
ergy deposition (DED) techniques [5-8].

In this regard, Wire-arc DED also known as wire-arc additive
manufacturing (WAAM), has evolved as an alternative manufacturing
route which has the potential to fabricate large-scale metal parts with
low material and equipment cost, higher material utilization, and lower
environmental impact [4]. The WAAM process also exhibits flexibility
with materials and can be used for fabricating compositionally graded
structures [9,10]. Several research projects have reported functionally
graded structures fabricated with conventional (e.g., austenitic
stainless-steel SS316L) and superalloys (e.g., Inconel625) using Gas
metal arc welding (GMAW)-WAAM [11] to achieve tailored properties
suitable for different industries. In this regard, bimetallic additively
manufactured structures (BAMS) of SS316L and In625 can complement
each other to achieve cost-effective solutions without compromising
performance. This approach is evident in oil-reformer towers, where
Inconel dampers withstand 1000 °C and corrosive environments, while
austenitic stainless-steel axles operate in lower-temperature conditions.
In addition, nickel-based alloy coatings are commonly applied to
stainless steel to provide durable protection against corrosion, wear, and
high-temperature damage; thereby extending component lifespan and
reducing maintenance costs [9]. Abe and Sasahara [12] successfully
fabricated a defect-free BAMS through sequential deposition of austen-
itic stainless steel and a nickel-based alloy using the GMAW-WAAM
process. The interface between the two materials exhibited a sharp
compositional gradient. In prior works, the authors fabricated BAMS of
SS316L and Inconel 625 (In625) [9]. Although the study primarily
focused on the bimetallic interface, further investigation of the indi-
vidual materials would provide a more comprehensive understanding of
the overall mechanical behavior.

Despite having numerous advantages in AM, the presence of
columnar morphology in the microstructure has been widely reported in
various studies for different materials [13-17], which often results in
poor mechanical performance along the grain growth direction. The
formation of columnar or equiaxed grains is primarily influenced by the
thermal gradient (G) to solidification rate (R) ratio [18]. Different G/R
ratios can be achieved in laser-powder bed fusion (PBF) to tailor the
columnar to equiaxed transition (CET) of the microstructure by con-
trolling the process parameters [19]. Morton et al. [20] tailored the
microstructure of Ti6Al4V using a beam-scanning strategy with electron
beam melting (EBM)-AM and achieved a significantly improved fatigue
performance (~22% increase) through microstructural grading [20.
Raghavan et al. [21] showed that maintaining an equiaxed micro-
structure in EBM requires scaling the energy density with respect to the
cross-sectional area, with increased energy density leading to an equi-
axed microstructure in the deposit. Popovich et al. [22] reported
achieving transitions in microstructure, texture, and properties of
Inconel 718 in selective laser melting (SLM) by controlling the process
parameters, and they also observed a difference in local strain due to
grain size heterogeneity.

Epitaxial growth of large columnar grains across multiple layers is
commonly observed in WAAM [23], which often results in anisotropic
mechanical properties [24,25]. However, some studies regarding
GMAW have reported the formation of columnar grains at the fusion
zone and equiaxed grains at the heat-affected zone below the fusion line
(FL) [26,27]. The underlying mechanisms responsible for the CET dur-
ing solidification have been explained in prior research [28,29]. The
transition between these microstructures is a function of alloy thermo-
dynamics as well as local thermal conditions [30]. By manipulating
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these thermal conditions through varied process parameters, favorable
solidification conditions for CET can be achieved [30]. Thus, the WAAM
process has the potential to control grain morphology by manipulating
thermal profiles and achieving location-specific columnar or equiaxed
microstructure. This characteristic can promote tailored mechanical
properties in WAAM fabricated components.

The authors’ previous research [10,13,31,32], which utilized a
continuous deposition strategy (CDS), reported the formation of large
columnar grain growth across multiple layers. CDS can lead to tem-
perature build-up and a slower cooling rate, particularly at the top
layers. This may lead to a heterogeneous thermal history and form an
inconsistency in microstructure and mechanical properties along the
build direction. However, if a layer is allowed to cool down before
depositing the successive one, which is known as intermittent deposition
strategy (IDS), an interrupted grain growth could be observed. This can
lead to a difference in hardness value measured at the interfaces and
interlayer region compared to the CDS strategy [33]. In general, the IDS
eliminates the temperature build-up issue and promotes a consistent
thermal history in all layers. In addition, a favorable G/R ratio can be
achieved near the FL to promote CET through IDS. Thus, the authors aim
at interrupting the epitaxial grain growth and achieving a periodically
alternating microstructure of large columnar grain and fine grain in
WAAM deposited structure consisting of austenitic stainless steel
(SS316L) and Inconel 625 (In625).

Therefore, the objective of the present research is firstly to investi-
gate the CET mechanism through IDS and achieve a microstructural
grading in WAAM of two face-centered-cubic (FCC) alloys: SS316L and
In625. By introducing grain size heterogeneity at regular intervals
through an IDS, we aim to fabricate an alternating microstructure of
large columnar grain and fine grain (bamboo-like structure) with an
improved strength-ductility synergy. Secondly, we intend to combine
microstructural and compositional grading through the sequential
deposition of In625 on top of SS316L and compare the performance
enhancement. The microstructures, mechanical properties, and defor-
mation behaviors of both single materials (SS316L and In625) and
bimetallic specimens are characterized using optical and electron mi-
croscopy, electron backscattered diffraction (EBSD), and tensile test
coupled with digital image correlation (DIC). Later, the microstructural
and DIC analysis results are correlated with hardness maps and EBSD
analysis results of tensile-interrupted specimens. The authors also
incorporated finite element analysis to numerically calculate the G/R
ratio and study its influence on the formation of location specific
microstructure. Finally, a comparison of mechanical properties between
homogeneous and microstructurally graded SS316L, In625, and bime-
tallic specimens is presented to signify the performance improvement
with the IDS.

2. Experiments
2.1. Materials, process, and deposition parameters

The experiments for the present work were performed on a GMAW-
WAAM system consisting of a Fanuc ArcMate-100iB robot, and a Fronius
TransPuls Synergic 4000 MV R cold metal transfer (CMT) advanced
machine with a VR7000 wire feeder unit was also used. Commercially
available welding consumables of SS316L and In625 with the compo-
sition listed in Table 1 were used as feedstock. Materials-specific process
parameters with identical travel speed and wire-feed speed were used in
this study to maintain a constant deposition rate. The process parame-
ters are summarized in Table 2. A solid cube having a size of 60 mm X
60 mm x 135 mm was deposited on a low-carbon-steel substrate using
wires of SS316L and In625 alloy.

Each of weld beads was deposited layer-wise within the xy-plane,
maintaining a 50% overlap between adjacent beads, each approxi-
mately 7 mm in width, (Fig. 1(a)). The deposition pattern was rotated on
the xy-plane by 90° in a counter-clockwise direction for the subsequent
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Table 1
Chemical composition [weight percent (wt.-%)] of wires utilized during the experiments [9].
%C %Mn %Si %S %P %Cr %Mo %Nb + Ta %Cu %Fe %Ni Total
SS316L 0.02 2.1 0.81 0.01 0.02 18.9 2.2 - 0.23 Balance 11.8 100%
In625 0.02 0.1 0.14 0.001 0.005 21.7 8.5 3.8 0.23 0.4 Balance 100%
bl accurate compositional analysis, atom probe tomography (APT) was
;a e‘f. . £ SS316L and 1625 [0] used. APT specimens were prepared using an FEI Nova 200 dual beam
1(10n ram T T n . . cles . .
CpOSTHION parameters o a SEM/focused ion beam (FIB) by lifting out triangular prism wedges from
Variables SS316L In625 the sample, mounting sections of the wedge onto Si microtip array posts,
Deposition parameters WAAM process CMT CMT sharpening and cleaning following the method described by Thompson
Current (A) 200 148 et al. [35]. The APT experiments were run using a CAMECA LEAP
&Olt?ge W 4 (mm/min) 2261600 14.5 4000XHR in laser mode with a 30K base temperature, 70-80 pJ laser
oving spee mm/min. . s
Layer thickness (mm) 33 power, 0.5% detection, and 200 kHz pulse repetition rate. Data recon-
x And y offset (mm) 3535 struction and analysis were performed using the IVAS 3.8 software
Bead overlap (%) 50 50 package. Four APT datasets were analyzed from two different lift-out

layers [9]. A 3 mm vertical offset was used between layers. The tool path
is presented schematically in Fig. 1(b). Forty-five layers were deposited,
including 23 layers of SS316L and 22 layers of In625. To promote
intermittent grain growth as well as to provide consistency of thermal
history, interpass temperature of 200 °C was maintained during the
deposition of each layer. A thermocouple of the k-type was used to
measure the surface temperature. Utilizing the deposition parameters
which are explained in detail in the study [9], a cube-shaped solid
bimetallic structure was fabricated as shown in Fig. 1(c).

2.2. Sample preparation and analysis

For microstructural analysis, specimens were prepared from the
SS316L, In625, and the bimetallic interface having a cross-section on the
yz-plane. Microstructure characterization specimens were then ground
and polished, following the standard metallography technique [34].
Glyceregia and diluted aqua regia etchants were utilized for SS316L and
In625, respectively, to reveal the microstructural features. Optical mi-
croscopy (OM), scanning electron microscope (SEM), and
energy-dispersive X-ray spectroscopy (EDS) techniques were used for
the microstructure, composition, and fracture morphology analyses
which are described in detail in a previous study [9]. For a more

SS316L

(a)

Smm

Even layers

direction
(BD)

Odd layers

Smm

locations. EBSD analysis was conducted on non-deformed and
partially strained tensile-interrupted specimens, utilizing a Zeiss EVO
MA15 machine equipped with a Bruker eFlash EBSD detector. Subse-
quently, EBSD data analysis was performed using ATEX software [36].

Tensile properties were investigated using MTS 810 servo-hydraulic
machine. The tensile samples were machined out using wire electric
discharge machining (wire-EDM), in accordance with the American
Society for Testing and Materials (ASTM) E8 standard [37] with di-
mensions shown in Fig. 1 [9]. Microhardness tests were performed on a
Buehler Wilson VH 1202 on a Vickers scale with a 500 g load.

2.3. Digital image correlation

Uniaxial tensile tests coupled with DIC analysis were performed on a
universal MTS servo-hydraulic load frame having a 25 kN interface load
cell. Gripping pressure of 500 psi was utilized for all tested specimens. A
3D DIC system (Correlated Solutions, Inc) was employed during these
uniaxial tests to analyze local deformation fields (Fig. 2(a)). Random
black-on-white speckle patterns were applied to the tensile specimens
(Fig. 2(b)). The cameras used were CSI — 2.3 MP Schneider Kreuznach
Xenoplan (1.9/35-0901) and Schneider Kreuznach Cinegon (1.4/
12-0906), with optics lens focal lengths of 30 mm. Maintaining a con-
stant strain rate of 1073 s_l, tensile tests were carried out at room

r 1.5875 mm

r 1.5875 mm

Fig. 1. (a) Bead cross-section on the yz plane with measurements from single-layer deposits of SS316L and In625 [9], (b) schematic representation of the arc
movement [9], and (c) the fabricated bimetallic structure of SS316L and In625 with the dimensions and location of the tensile test specimens.
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Fig. 2. (a) Experiment setup for digital image correlation (DIC) and (b) representative optical image of a dog-bone specimen with a black-on-white spackle pattern.

temperature following ASTM standard ES8/E8M — 6 [37]. To capture the
strain during the experiment, images were taken matching the data
acquisition rate of 5 frames per second. VIC-Snap and VIC-3D (Corre-
lated Solutions, Inc.) software had been utilized for capturing and post
processing of the images. For calibration, a 7.12 mm x 7.12 mm grid of
9 x 9 dots and 0.89 mm pitch size was used. The subset dimension was
29 x 29 pixels with a 7-pixel step size for image analysis. To improve the
balance between capturing small details and overall displacement, a
special filter (15-pixel Gaussian smoothing decay filter) was applied
during analysis. Two types of strain were calculated from the measured
displacements: Lagrangian strain and logarithmic Hencky strain.

2.4. Finite element modeling of the thermal behavior

To understand the heat transfer behavior as well as to calculate the
G/R ratio of the WAAM deposits in correlation with location-specific
microstructure, finite element (FE) numerical analysis was performed
on a 3D model using the commercial ANSYS software (2022 R1). A
moving heat source expressed as Gaussian distribution was applied to
the geometry top surface (Fig. 3). The external sides of the substrate and
the deposit were subjected to both convection and radiation. The initial
top surface temperature was set at 200 °C to replicate the interpass
temperature used in the experiment. The heat source travel speed was in
accordance with the deposition condition. The temperature variation
was obtained in each time step from the numerical model.

The temperature distribution T(x,y,z,t) in the FE model can be ob-
tained from the following equation [38,39]:

oT o JT 0 JoT\ 0 JT
("&)+ ("@) ("a—z)”

P ot ox dy 0z

where T is node temperature, k is the thermal conductivity of the
material, p and C, are the density and specific heat of the material,
respectively. Q represents the power generated per unit volume.

Heat transfer occurs to the surrounding environment in three heat
transfer modes: conduction, convection, and radiation. The boundary
condition for heat transfer is presented as [38]:

pC Eq. 1

qconduction = Q(XJ', Z) - qconvection - qmdiation Eq 2

Where the heat transfer through conduction gconduction, cONvection
Qconvection, and radiation qrqgiarion are expressed as follows [38]:
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Fig. 3. FE model geometry with associated mesh.

(conduction = — kAT Eq 3
Qeonvection = hC (T - TO) Eq 4
Gradiation = 06(7‘4 - Tg) Eq 5

Where k is the thermal conductivity of the material, h, is the heat con-
vection coefficient, ¢ is the Stefan-Boltzman constant (5.68 x 1078
Wm 2K %), and ¢ is the surface emissivity. T and Ty are the temperature
of the molten pool and the room temperature, respectively.

The convection and radiation boundary conditions are applied on
external surfaces, except for the bottom. As the bottom surface is in
direct contact with a large thermal mass (welding bed), which does not
exhibit any significant fluctuation of temperature during WAAM, a
constant temperature (room temperature: 25 °C) is assigned to this
surface.

From this FE model, the temperatures at different locations along the
z-axis are recorded at the same instant and used for later calculations.
The G is calculated as follows:
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oT
_JT Eq.
G od q. 6
The solidification parameter R is closely related to the cooling rate

(R¢) and G. The correlation between these three factors is expressed as:

=G xR Eq. 7

The cooling rate is also calculated from the FE model using the
following equation:

oT

5 Eq. 8

R =

Based on Egs. (6)-(8), the solidification parameter R can be

expressed as:

1 0T
R =G X o Eq. 9
3. Results

3.1. Microstructure characterization

The microstructure analysis results from OM and SEM as well as the
compositional analysis from EDS for SS316L and In625 are presented in
Fig. 4. The SS316L side (Fig. 4(a)) shows the formation of dendritic delta
(6)-ferrites in an austenite matrix. The elongated appearance of the
dendrites is attributed to the directional cooling which is frequently
observed in WAAM [11,40] and other AM techniques [13]. In the OM

(a) SS316L-OM

b e iemae s b ....-..., A

Austemte phase 5 j. ‘_,
ST
1o JE 5% Asgf

. ,fe,wsrgg
it \ ,5,4 jg
AT i~ ,
2N

7 '{'6- fersite:

i »za'»//,.\

: “_' = %"{w |~
(8 A 2 "-*?,4;%1/@;:\3
4 A4 7’./ “9 ‘l S ——

" FLathy 6-ferrlt_t; T100 pm pm

D5 AP AT 0T s e~

[ SI_(eletal-{' , "4
B-ferrite 73 7~ 5% 100 pm

(b) SS316L-BSE SEM and EDS

Primary
Austenite phase
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image, the layer interface is also prominently apparent. Observation of
the microstructure at a higher magnification reveals two different types
of §-ferrite morphologies. At a location away from the interface, the
S-ferrites are primarily skeletal. However, at the layer interface, a sig-
nificant amount of lathy ferrite is observed above the FL, within the
subsequent deposited layer. The observed microstructures suggest a
ferritic-austenitic (FA) type of solidification [41], in which austinites
form through a peritectic-eutectic reaction. During cooling through the
S-ferrite + austenite field, the ferrite transforms into austenite until the
ferrite becomes enriched in Cr and Mo, and reduced in
austenite-stabilizing elements (Ni) [42]. The elemental mapping results
in Fig. 4(b) support this mechanism, showing higher Cr and Mo con-
centrations in -ferrites and lower Ni content in the austenite matrix.
The §-ferrites have a vermicular morphology in the austenite matrix.
The OM results on In625 (Fig. 4(c)) also show primary dendritic
growth with an identifiable layer interface. The higher magnification
micrographs show a difference in secondary dendritic arm spacing
(SDAS) between the locations near and far from the interface, with
higher SDAS values at regions away from the layer interface, suggesting
a slower cooling rate [43]. Almost no secondary dendrites are observed
right above the FL whereas, fewer secondary dendrites with lower SDAS
values are observed right below the FL, suggesting a relatively faster
cooling rate in these regions [43]. The backscattered electron (BSE)-SEM
micrographs of In625 show the presence of the y-austenite and Laves
phase, displayed in Fig. 4(d). Laves phase is undesirable due to its ability
to decrease the strength and increase the brittleness by depleting Nb in
the alloy matrix. Details of their formation mechanism have been

(c) In62€-OM

.
Secondar
dendrite
[T LKW

econdary
dendrite

Fig. 4. Microstructure and compositional results from OM and SEM analysis on (a-b) SS316L and (c-d) In625 sides.
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explained in authors’ previous study [9].

The microstructure and compositional analysis data on the bimetallic
interface are presented in Fig. 5. The bimetallic interface is visible from
the OM and BSE-SEM images. The EDS line scan data across the interface
shows a transition of Fe and Ni content while the Cr content remains
almost homogeneous. The sharp transition of Fe and Ni content iden-
tifies the interface. To investigate segregation at the bimetallic interface
at the atomic scale, APT needle specimens were prepared from the
interface, and the data are presented in Fig. 5(c). The APT data show a
homogeneous distribution of all elements. This was validated by
repeating the analysis in five different specimens. All the specimens
provided similar results. Therefore, it is hypothesized that the apparent
abrupt change in the composition observed in EDS is spread over a larger
area, compared to nanoscale in APT. Hence, the APT specimen shows a
homogeneous composition of elements.

3.2. Grain size, morphology, and texture in IDS

To reveal the crystallography and morphology of the grains, EBSD
analysis was conducted along yz-planes on the SS316L side, bimetallic
interface, and In625 side. Fig. 6(a—c) displays EBSD data, including pole
figures, inverse pole figures (IPF), and IPF maps along build direction
(BD). In cubic crystals (FCC and BCC), the primary dendrites typically
develop along <001> crystallographic orientations [9]. The presence of
strong texture in the <001> direction (parallel to BD) is also confirmed

(a) OM

e 4 |

Wy

Wy

(b) SEM and EDS

Journal of Materials Research and Technology 33 (2024) 6444-6460

by the BD-IPF in Fig. 6(a—c)-(iii). Although the pole figures show the
strongest intensity along the <001> direction, the somewhat scattered
nature of the intensity signifies random rotation of the grains about the
BD [25]. It should be noted that the bimetallic specimen in Fig. 6(b)
appears to have a continuous grain growth, and the bimetallic interface
cannot be identified from the EBSD results. As the primary phase on both
materials is FCC with the same preferred grain-growth orientation, the
lattice parameters are almost identical [9], which consequently prevents
the EBSD detector from identifying the two materials separately.

The EBSD grain maps demonstrate the change in morphology and
grain size at different locations in Fig. 7(b). The results indicate that the
SS316L side has comparatively finer grains at two ends and large
columnar grains in the interlayer region as indicated by black and red
regions respectively. The bimetallic interface is not identifiable from the
EBSD grain maps. This is attributed to the similarity of crystal structure
and proximity of lattice parameters [9]. On the In625 side, although
comparatively equiaxed grains are not observed, the grains at the layer
interfaces are found to be smaller whereas the grains in the interlayer
region are large and columnar as indicated by green and blue regions
respectively.

To quantitatively express the location-dependent grain size and
morphology, the grain size distribution is quantified from the fine grain
(FG) regions (layer interface), and the large-columnar grain (CG) re-
gions. The grain size distribution results are graphically presented in
Fig. 7(c). The SS316L-FG-region has the smallest grains, averaging
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Fig. 5. Microstructure and compositional analysis results on the bimetallic interface from (a) OM, (b) SEM and EDS, and (c) APT.
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Figures (IPFs) for (a) SS316L, (b) bimetallic interface, and (c) In625.

169.63 pm. The SS316L-CG-region has large columnar grains about 416
pm in size on average as shown in Fig. 7(c)-(ii). On the In625 side, the
grains at the FG region are significantly larger compared to the SS316L,
having an average size of approximately 290 pm. However, the grains in
the CG region are significantly larger, reaching an average size of 695
pm. Notably, the In625 has a significantly larger grain size than SS316L
when compared between similar locations. This might be related to the
effect of heat accumulation on the substrate and previously deposited
layers. Since In625 is deposited above SS316L, the preheated substrate
and deposited structure promote a slower cooling rate. Consequently,
this causes the formation of coarser grains. Nevertheless, in both ma-
terials, the layer interface has relatively smaller grains compared to the
interlayer region.

3.3. Mechanical properties

To understand the effect of microstructural and compositional het-
erogeneity on mechanical performance, microhardness tests were con-
ducted at the interlayer region and layer interface of SS316L and In625.
The average microhardness on the CG and FG-regions of SS316L and
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In625 as well as at the bimetallic interface is presented in Fig. 8.
Although both materials have similar hardness values, the FG regions
are slightly harder than the CG regions. The hardness of SS316L is
measured between 185 and 203 HV, consistent with previous research
[5]. For In625, the hardness value ranges from 190 to 248 HV, which
also agrees with other research on welded [44] and as-deposited AM
In625 [12,45]. Notably, at the layer interfaces (FG regions), a higher
variation in hardness is observed. These fluctuations in the hardness are
attributed to the abrupt change in microstructure and grain size within a
narrow area close to the FL. In contrast, the CG regions cover a larger
area with similar grain size and microstructure, leading to a more uni-
form hardness value in this region for both materials.

The tensile test results of the SS316L, In625, and bimetallic speci-
mens are presented in Fig. 9(a). The bimetallic specimen exhibited a
yield strength (YS) of approximately 400 MPa, an ultimate tensile
strength (UTS) of 600 MPa, and an elongation of 40%. While the as-
deposited SS316L displayed similar mechanical properties (YS: 410
MPa, UTS: 600 MPa, elongation: 40%), the In625 demonstrated higher
strength and ductility (YS: 500 MPa, UTS: 650 MPa, elongation: 55%).
Notably, UTS of the bimetallic specimen is similar to the as-deposited
SS316L and the specimen failed on the SS316L side, as confirmed by
the EDS analysis result in-set of Fig. 9(d).

Fig. 9(b-d) show SEM images of the fractured surface of tensile
specimen. The center and the edge region show predominantly dimple-
like features, indicating a ductile fracture via the micro-void coales-
cence. Micro-voids nucleate at secondary phase particles and coalesce to
form larger voids, ultimately leading to fracture [12]. Equiaxed dimples
in Fig. 9(b-d)-(i) indicate uniaxial tensile stress is primarily dominant in
these areas. Nevertheless, elongated dimples in Fig. 9(b-d)-(ii) corrob-
orate the presence of shear stress near the edges [12].

3.4. Digital image correlation (DIC)

The strain value obtained during the tensile test provides informa-
tion on the overall gauge length (i.e., global strain). Hence, any local
deviation in strain is averaged out and cannot be interpreted. In
contrast, the strain response over a specific area can be analyzed using
DIC as it measures strain response at pixel level. Therefore, DIC analysis
is employed to investigate the influence of grain size on the local
deformation phenomena and to quantify the material-specific defor-
mation behavior of the bimetallic specimen.

DIC frames with 2-D strain maps along with local strain data on the
marked location are presented in Fig. 10. Periodically varied local strain
values are observed on the SS316L and In625 tensile specimens, espe-
cially at higher deformations (total strain >10%). To identify the loca-
tions of low and high local strains and correlate them with the grain size,
tensile-tested samples were longitudinally cut through the middle using
wire-EDM. By correlating the location-specific, cross-section diameter of
tensile-deformed specimens, the layer interfaces (FG-regions) have less
lateral deformation. Thus, the low-strain regions on the DIC strain maps
are identified as the FG regions and vice versa. Later, virtual strain
gauges are placed in these regions to extract the quantitative local strain
data, which is presented as the function of the global strain on the
specimen (Fig. 10). Both the SS316L and the In625 samples show low
local strain values on the FG. It should also be noted that the span of low-
strain regions in the z-direction (loading direction) is quite narrow as the
FG regions are also significantly smaller than the CG regions. Similarly,
virtual strain gauges are placed on the material-specific regions of the
bimetallic specimen. The In625 side initially has up to a 25% overall
strain, which is higher than the SS316L. Then, it gradually flattens and
stabilizes to a constant value of ~30%. In contrast, the local strain on the
SS316L side continues to increase at a higher rate. From the stain maps,
it is apparent that the necking begins to occur in the SS316L at global
strains of about 30%. Hence, the majority of the deformation is coming
from the SS316L side after necking, which eventually leads to failure at
this location.
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Fig. 7. (a) Schematic representation of EBSD analysis locations; (b) EBSD grain maps for (i) SS316L, (ii) bimetallic interface, and (iii) In625; (c) Location-specific
grain size distribution on the (i) SS316L- FG, (ii) SS316L- CG, (iii) In625- FG, and (iv) In625- CG.

One of the most important and widely used parameters for studying
the formability and deformation mechanism is the n-value, which is the
exponent of Hollomon’s equation [46]:

6=Ké" Eq. 10

where ¢ represents the applied true stress on the material, ¢ repre-
sents true strain, and K is the strength coefficient. From the DIC analyses,
the longitudinal and lateral logarithmic (Hencky) strain data (e,, and
£yy) at the FG and CG regions are extracted individually. Using the local
lateral strain (gy) and applied force data from the tensile tests, the local
true stress is calculated. The values of the material and location-specific
strength coefficients (K) are identified by extrapolating the true stress-
strain data. Later, the strain-hardening exponent, n, is calculated using
Eq. (1) and presented as a function of true strain in Fig. 11 (i-iii).

The effect of grain size on the work-hardening rate has been reported
in prior works [46,47] based on the Hall-Petch relationship and suggests
a higher work-hardening rate for smaller grain sizes. This trend is also
evident in the present work. Both materials exhibit higher n-values at
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the FG regions as shown in Fig. 11.

A low n-value signifies a high initial strain-hardening rate followed
by a rapid decrease, whereas a high n-value indicates the opposite [48].
The material-specific local strain of the bimetallic specimen can be
explained based on the n-values. The SS316L side has a lower n-value,
and hence, has a higher initial strain-hardening rate, resulting in the
initial low strain as observed in Fig. 11(iii). In contrast, the In625 has a
higher n-value and a low initial work-hardening rate, which explains the
higher initial strain. However, as the total deformation increases, the
work hardening continues and gradually reduces the rate of deformation
on the In625. Unlike the In625, the strain hardening rate of SS316L
decreases at higher strain, resulting in higher deformation and eventual
failure on this side.
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4. Discussion
4.1. Location of FG-regions and underlying mechanisms for CET

The FG regions are formed at the layer interface, which has been
corroborated by microstructural analysis and hardness testing results.
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However, their position with respect to the FL has not been identified
using the EBSD and DIC results. Based on research on GMAW, the finer
grains are assumed to be formed at the recrystallized zone below the FL
[26,49]. To verify the exact location of the FG regions, microhardness
tests were performed at the layer interfaces over a2 mm x 2 mm area for
both materials, and the corresponding results are presented as contour
maps in Fig. 12. From the results, it is visible that the indents near the FL
have the highest hardness in both materials. A higher magnification
inspection of the highest hardness indents shows that the locations are
right below the FL.

Traditionally, the region below the FL with altered microstructure is
identified as the heat-affected zone (HAZ), and the finer grain formation
is attributed to the recrystallization in this region. The grain shape is
correlated with the solidification parameters, and the G/R ratio is a
critical parameter for determining grain morphology (columnar or
equiaxed) [50]. As explained in prior work, a higher G/R ratio is asso-
ciated with solidification front instability and columnar grain
morphology [50].

The temperature distribution on the xz-plane of the FE model is
presented in Fig. 13 (a-b)-(i). From the FE results, the temperatures at
different distances from the top are recorded for a particular time frame
and used for calculating the G utilizing Eq. (6) whereas, the slopes of the
temperature vs. time curves at the same locations are calculated as R..
Based on these calculated results, the G/R ratios at different locations
are calculated using Eq. (9) and presented in Fig. 13(a-b)-(ii). The G/R
ratio is found to be highest near the top surface for both materials, which
gradually decreases downwards. A sharp decrease in the G/R ratio is
observed at about 3.5 mm from the surface, which is incidentally the
region right below the FL (Table 2: layer thickness is 3 mm). Hence, this

Failed on

Cr

Fig. 9. (a) Stress vs. strain curves, (b-d) secondary electron SEM results from the fracture surface with a compositional analysis of the fracture surface of the

bimetallic specimens inset of (d).
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sharp decrease in the G/R ratio is correlated with the CET phenomenon
and fine-grain formation in both materials.

It should be noted that previous literature strongly correlated the
CET behavior and alloy composition due to the formation of the
constitutional undercooled region ahead of the dendrite tips [30]. Data
on the exact range for CET behavior of SS316L and In625 is not available
in the literature and, hence, cannot be validated directly. However, the
G/R values from the top section fall within the columnar region of the G
vs. R graphs used in prior work [51] whereas, the values of the last four
points in both materials (the region away from the top) fall within the
transition zone.

The microstructural transformation right below the FL can be further
confirmed by the microstructural features. As seen in Fig. 4(a), the layer
interface has a lathy ferrite formation above the FL in SS316L. Whereas,
the region between two-layer interfaces has mostly skeletal ferrite. The
formation of lathy ferrite is associated with a faster cooling rate [41]. As
stated earlier, an FA type of solidification is observed on the SS316L
side. In such solidification, skeletal ferrites form with a moderate cool-
ing rate whereas a high cooling rate leads to the formation of lathy
ferrite [42]. As the region above the FL goes through rapid solidification,
the formation of the lathy ferrite is observed in this region. However, the
upper portion of a deposited layer goes through much slower solidifi-
cation and has mostly skeletal ferrite [52], as confirmed in fusion
welding. The total ferrite content is also a function of the cooling rate
and decreases with faster cooling [53]. The location-specific ferrite
content data are presented in Fig. 14(a), showing the highest at regions
away from the FL and lowest right above the FL, supporting the cooling
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rate dependency. However, the region right below the FL has reduced
ferrite. It is assumed that this region is heated above the Austenitizing
temperature during the deposition of the subsequent layer, and the
ferrites get dissolved. The faster cooling rate further prohibits ferrite
formation, reducing the total ferrite content. This also suggests that the
temperature increases above the recrystallization temperature and finer
grains form.

The microstructural transformation of In625 right below the FL can
be validated based on the correlation between dendrite morphology,
SDAS, and the cooling rate investigated in prior work [54]. The for-
mation of columnar dendrites and secondary dendritic arms is associ-
ated with the cooling rate. The correlation between location-specific
microstructure and cooling rate is schematically presented in Fig. 14(b).
At the layer interface of the In625 (Fig. 4(c)), the region right above the
FL has a shorter dendritic growth with almost no secondary dendritic
arms due to the faster solidification. A location away from the FL has
visible columnar dendritic growth with secondary arms on almost every
dendrite. The SDAS is measured at 7.70 pm on average. At the region
below the FL, the dendrites are shortened, and fewer of them have
secondary arms with lower SDAS (6.04 pm on average). As the corre-
lation between cooling rate and SDAS is inversely proportional as
schematically presented in Fig. 14(b) [54], the lower SDAS at the region
right below the FL suggests a faster solidification at this region.

4.2. Grain size and deformation

Dislocation movement is the primary mechanism enabling plastic
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deformation in metals. Hindering dislocation motion is crucial for many
strengthening mechanisms, including grain boundary strengthening.
During the deformation of polycrystals, a strain gradient is required to
maintain the compatibility at grain boundaries because different direc-
tionality of slip systems in adjacent grains (due to different grain ori-
entations) causes local plastic heterogeneity [55]. Among the
dislocations, the geometrically necessary dislocations (GNDs) arise due
to the presence of strain gradient, leading to the rotation in continuum
field and the overall Burgers vector [56]. During non-homogenous
deformation of polycrystals, GNDs influence work hardening [57,58]
and can contribute to further hardening [59]. In this regard, EBSD
analysis can detect the collective effects of dislocations accumulated in
the lattice during deformation as GND density maps. GNDs are more
likely to accumulate at the grain boundaries, and the GND density tends
to be higher in smaller grains [60]. Hence, the GND density maps can
correlate the grain size effect on the plastic deformation of the crystallite
lattice [56].

To correlate the material and grain size with the local plastic
deformation behavior, EBSD analysis was performed on a tensile-
interrupted bimetallic sample. The GND density maps of the un-
stressed and stressed specimen (FG and CG regions from SS316L and
Inconel625 sides, and bimetallic interface) are presented in Fig. 15. In
unstressed conditions, none of the specimens show any significant GND
density or variation, depending on the grain size or composition (Fig. 15
(a—c)-(i)). However, once plastically deformed, the effects become more

the bimetallic specimen, the GND density is higher at the FG region.

0.2

0.3 0.4

True Strain

Fig. 11. Calculated n-value on the marked locations in Fig. 10 for (i) SS316L, (ii) In625, and (iii) bimetallic specimens.

6454

Even though a higher deformation is found at the CG regions of both
materials in DIC analysis (Fig. 11), the GND density is lower. This dif-
ference in deformation and GND density is attributed to the dislocation
motion and grain boundary interaction. The FG region has a higher
density of grain boundaries, which act as deterrents to the dislocation
motion necessary to accommodate slip. Dislocation accumulation at the
grain boundaries results in local plastic heterogeneity, which leads to
higher GND density whereas, in the CG region, the fraction of GBs
occupying the total volume fraction is significantly lower. As a result,
dislocation motion is comparatively easier and increases the GND
density.

Once stressed, the In625 side shows comparatively higher GND
density at the bimetallic interface (Fig. 15(c)). This phenomenon can
also be correlated with the strain hardening coefficient in Fig. 11(iii). A
higher dislocation density is often associated with a higher strain
hardening rate [61] and is observed in the FG and CG regions. The FG
regions have a higher strain-hardening rate for both materials, and the
GND density is also higher. On the bimetallic specimen, a higher
strain-hardening coefficient is calculated on In625, and the GND density
is also found to be higher on this side.

4.3. Improvement of mechanical properties

In this section, the uniaxial tensile test results of CDS from the au-
thors’ previous works [13,33] are compared against the IDS used in this
work and presented in Fig. 16. In both materials and the bimetallic
structure, the IDS results in improved yield performance and ductility.
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Fig. 12. Hardness data on the layer interfaces of (a) SS316L and (b) In625 are plotted as contour maps with micrographs of the highest and lowest hardness indents.

The YS is improved by 42.5%, 23.6%, and 24.9% in SS316L, In625, and
bimetallic specimens, respectively. The increase in YS is attributed to the
grain size difference between the two deposition strategies. Due to the
alternating and overall smaller grain size, the Hall-Petch effect con-
tributes to the improved strength of the specimen.

The elongation is improved by 120% and 43% in the SS316L and
bimetallic specimens, respectively. The improved ductility in both cases
is attributed to the difference in 5-ferrite content. The CDS leads to
temperature build-up as well as slower cooling. This results in a much
higher é-ferrite content as apparent from Fig. 16(b-c)-(i), which reduces
the ductility. The improved ductility of the bimetallic specimen also
comes from the SS316L side as most of the deformation occurs on this
material. In625 does not show much difference in elongation as the
microstructural features are similar in both.

The difference in cooling rate between the two deposition strategies
is also apparent from the In625 microstructure (Fig. 16(b—c)-(ii)). The
primary and secondary dendrite arm spacing (PDAS and SDAS) in nickel
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alloys is inversely correlated to the cooling rate [54,62]. The higher
PDAS and SDAS values in CDS indicate a slower cooling rate and
corroborate the larger grain formation.

5. Conclusions

In this work, a controlled periodically alternating grain size is
attained by promoting columnar to equiaxed transition (CET) through
an intermittent deposition strategy in the bimetallic structure of two
FCC materials, SS316L and In625. The microstructure and mechanical
behaviors of microstructurally graded as well as compositionally graded
bimetallic structures were investigated. Strain mapping throughout the
uniaxial tensile test provided an in-situ perspective of the heterogeneous
deformations in response to microstructural and/or compositional
heterogeneity.

Based on the evidence and results, the following conclusions are
drawn.
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Fig. 14. (a) Location-specific ferrite content on SS316L and (b) SDAS vs. cooling rate graph reproduced from Ref. [48] with micrograph from a layer interface with
SDAS value measured.

During the deposition of a layer, a part of the previous layer right
below the fusion line goes through recrystallization with a lower G/R
ratio, which promotes CET in this region and results in smaller and
equiaxed grains. The lower G/R ratio in the region right below the
fusion line is validated through a thermal model.

The grain size modification is further confirmed by the microstruc-
tural attributes: the ferrite content and morphology on SS316L, and
the SDAS on In625, respectively. The formation of lathy §-ferrite, as
well as reduced ferrite content, are associated with a faster solidifi-
cation in SS316L, and the region right below the FL meets both
criteria. On the other hand, higher SDAS on In625 is correlated with
a higher cooling rate and is measured right below the FL. These
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correlations suggest that the region below the FL goes through
recrystallization with a CET.

As a result of CET, a difference in local strain is observed in both
materials during the tensile test. The CG regions go through higher
deformation under the same applied force whereas, the FG regions
have a higher strain hardening rate due to the Hall-Petch effect. The
GND maps from tensile-interrupted specimens also show higher GND
density at the FG region, confirming the strain hardening.
Although the In625 side of the bimetallic specimen goes through
higher deformation at the beginning, the rate of deformation even-
tually subsides due to the higher strain-hardening rate, which is also
supported by the GND density analysis of the EBSD results.
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o The periodically alternating grain size facilitated by the intermittent
deposition strategy results in a faster cooling rate of each layer as
well as interrupted grain growth. The faster cooling rate results in a
lower ferrite content in the SS316L (~22% in continuous vs. ~10%
in intermittent deposition), resulting in a higher ductility in the
SS316L and bimetallic specimens whereas the alternating and
overall smaller grain size improves the strength of the In625. The
bimetallic specimen with intermittent deposition shows higher
strength and ductility.
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