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Abstract

Balancing strength and ductility is crucial for structural materials, yet often presents a
paradoxical challenge. This research focuses on crafting a unique bimetallic structure, combining
non-magnetic, stainless steel 316L (SS316L) with limited strength but enhanced ductility and
magnetic, martensitic 17-4 PH with higher strength but lower ductility. Utilizing a powder-based
laser-directed energy deposition (L-DED) system, two vertical bimetallic configurations
(SS316L/17-4 PH) and a radial bimetallic structure (SS316L core encased in 17-4 PH) were
fabricated. Monolithic SS316L, 17-4 PH, and a 50% SS316L/50% 17-4 PH mixture were
printed. The printed samples' phase, microstructure, room temperature mechanical properties,
and fracture morphology were examined in as-printed conditions. Bimetallic samples exhibited
both phases, with a smooth grain transition at the interface. Radial bimetallic samples
demonstrated higher mechanical strength than other compositions, except 17-4 PH. These
findings showcase the potential of the L-DED approach for creating functional components with

tailored mechanical properties.
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1 Introduction

Ancient human progress, initially driven by natural materials such as bone, wood, and
shells, eventually witnessed the ascendancy of synthetic alloys and compounds, marking the
onset of an era characterized by considerable augmented performance. The scientific and
engineering communities are still fascinated by the intricate beauty of natural structures known
for their elegance and complexity. These structures often possess exceptional attributes and
mechanical properties that far surpass those of their constituent elements by several orders of
magnitude [1]. Take, for instance, the awe-inspiring qualities of natural structures like tooth
enamel and nacre [2]-[5] - rich in minerals and mainly ceramic. They skillfully combine distinct
structures to create robust surface layers that resist wear and penetration while maintaining a
flexible subsurface, hence germinating the idea of developing multi-material layered structures in
the vertical direction. Another symphony of nature unfolds within the union of cancellous bone
ensconced by cortical bone [6], a multidimensional, multi-material structure with a planar
variation along the build direction, where material diversity influences mechanical properties in
various dimensions. The pursuit of unlocking the full potential of multi-material configurations

continues to captivate the scientific frontier as they embark on crafting biomimetic designs.

The evolution of multi-material structures presents many advantages, expanding the
scope of potential applications beyond what traditional materials can offer [7]. Within multi-

material structures, bimetallic compositions predominantly involve the fusion of two distinct



metals. This union primarily aims to harness the diverse and unique properties inherent to each
of the metals. These properties encompass a wide range, including thermo-physical attributes,
mechanical characteristics, electrical conductivity, optical properties, and resistance to corrosion
and oxidation. However, the pursuit of replicating these marvels presents a formidable challenge
due to disparities in chemical, metallurgical, or thermo-physical properties. Simultaneously,
contemporary manufacturing techniques for multi-material structures primarily rely on processes
such as rolling overlapping sheets or utilizing methods like rotary friction welding (RFW) and
friction stir processing (FSP) [8]-[12]. While effective for producing standard and
uncomplicated components, these techniques prove inefficient and constraining in their
applicability across modern industries. It's important to note that components produced through
FSP and RFW are susceptible to issues such as a high heat-affected zone (HAZ) and welding
defects, including distortion and cracking [12]. In contrast, metal additive manufacturing (AM) is
a paradigm-shifting alternative to conventional processing methods, gaining momentum due to
maximum design flexibility in compositional variation, tool-free production, on-demand
customization, and a remarkable transition from functional prototyping to direct manufacturing
[13], [14]. While additive manufacturing (AM) continues to push the boundaries of conventional
techniques, the predominant focus in literature remains on single-material compositions[15]. In
this context, metal AM is primed to spearhead a revolution in the fabrication of complex multi-

material systems[16]; a need exists for additional research in AM of multi-material components.

Directed energy deposition (DED) stands out for powder and wire as feedstock
materials powered by a laser, electric arc, or electron beam. Among the spectrum of DED
techniques, the powder-based laser DED (L-DED) method distinguishes itself by synergizing the

precise energy of a laser with the controlled delivery of metal powders[17], [18]. With the



advancement of technology in the field of DED AM, location and application-specific structures
have gained popularity in various industries like energy, automotive, aerospace, nuclear,
transport, and biomedical [19]-[23]. Multi-material and bimetallic AM are one of the verticals of
the L-DED, where more than one material is printed in a single operation [7]. The outcome of
this process yields components that not only transcend the limitations inherent to each material
but also seamlessly amalgamate the desired properties of each material within a singular
structure [12]. L-DED offers the flexibility to create multi-material components using various
powder compositions, tailoring them to serve specific functionalities [15]. Although most
research on bimetallic and multi-material structures [24]-[27] focused on modifications along
the vertical dimension, there remains a notable gap in the literature regarding the production of
multidimensional bimetallic structures characterized by complex radial interfaces in the

horizontal plane, while maintaining consistency in the vertical direction.

Affordability [28] and good corrosion resistance made austenitic SS316L viable for
multiple functions ranging from offshore marine-based applications to biomedical devices; the
limited mechanical properties make it challenging to use in sectors requiring high mechanical
properties [29]. Enhanced strength and hardness, superior corrosion resistance, outstanding
fatigue behavior, and minimal warpage are the properties associated with martensitic 17- 4 PH
[30]. Although these properties make it viable to be used in the sectors demanding enhanced
mechanical properties, cost-effectiveness remains a challenge. While the majority of prior
studies concentrated on either printing monolithic SS316L [31]-[33] or monolithic 17-4PH [30],

[34], [35], a noticeable knowledge gap on the interaction between the two remains unaddressed.

The present research is concentrated on the development of innovative

multidimensional bimetallic structures by complex radial interfaces in the horizontal plane while



maintaining consistency in the vertical direction, devoid of defects, that combine the martensitic
properties of 17-4 PH with the austenitic attributes of SS316L, employing the L-DED technique.
A comprehensive investigation was conducted to pursue this objective involving fabricating
several distinct structures. These encompassed three monolithic configurations: SS316L, 17-
4PH, and a 1:1 premix of SS316L and 17-4 PH. Additionally, two vertical bimetallic
configurations were printed, each combining SS316L and 17-4 PH, alongside a radial bimetallic
structure featuring an SS316L core enclosed within a 17-4 PH casing. To facilitate
comprehensive analysis, two distinct sets of samples were generated. One set was designated for
mechanical testing and subsequent analysis, while the other was allocated for comprehensive
materials characterization. The broader impact of the current research lies in location-specific
applications such as aerospace structures, turbomachine blades, oil rigs, marine-based structures,

biomedical devices, and nuclear waste containers.

2 Materials and methods
2.1 Powder-based laser-DED of SS316L and 17-4 PH samples

SS316L powders (Hogands, Sweden) possessing a particle size distribution spanning from 53 to
150 um and 17-4 PH powders (Carpenter Tech. Corp., PA) characterized by an average particle
size range of 15 to 53 um were utilized as feedstock materials for this study. The elemental
composition of the feedstock powders is presented in supplementary Table ST 1.

A L-DED metal AM system, FormAlloy (Spring Valley, CA), featuring dual powder feeders and
a 1-kilowatt fiber laser, as shown in Fig. 1a and b, was employed to print different compositions

of SS316L and 17-4 PH. The L-DED system consists of an actively cooled build platform that



can move in a planar direction of X and Y coordinates, while the 1 kW laser source is mounted

on the Z-spindle perpendicular to the build platform. To mitigate oxidation, the L-DED metal

AM system operates within an argon environment to maintain oxygen levels below 15 ppm. The

DED system utilizes a continuous fiber laser beam that reaches a laser power of up to 1 kW,

effectively melting deposited powders onto a substrate. The schematics of the fabrication of the

bimetallic sample are represented in Fig. 1c.

Hatch
power

LDED
processing
parameters

e 83
g
Gas flow
rate

Layer
thickness

Contour
power

ot

R
Hatch
speed

>

v

S

S,

17-4 PH

5
- 1:1 pre

s,
B ss316L

S

6
mixed

Figure 1: (a), (b) L-DED setup used for sample fabrication, (c) schematics of the L-DED

process for fabricating the SS316L — 17- 4 PH bimetallic structures, (d) processing parameters of

the L-DED, (e) schematics of various samples fabricated via L-DED with dimensions.



To print the monolithic and bimetallic structures of the SS316 L and the 17-4 PH, computer-
aided design (CAD) files with the required dimensions were uploaded to the computer-aided
manufacturing (CAM) software to generate the necessary toolpath. As the formation of defects,
including porosity, lack of fusion (LOF), and keyhole defects during the printing process, can
substantially influence the mechanical properties and potentially compromise the reliability of
the as-printed components [36], [37] numerous manufacturing trials were undertaken in this
research. These trials were conducted before the final printing stage to achieve optimal and
refined processing parameters, as illustrated in Fig. 1d. The printed compositions encompassed
monolithic SS316L, 17-4 PH, single-layer, multi-layer vertical bimetallic, and radial bimetallic

of SS316L and 17-4 PH, and a 1:1 premixed blend of SS316L and 17-4 PH.

Table 1 represents the comprehensive optimal print parameters for all compositions. This table
also depicts the volumetric energy density (Ev), which signifies the energy supplied by the laser
power source to the powder volume [26], [38]. This relationship is expressed by the equation

provided below.

P (D

Where v is scanning speed (mm/s), h is hatch spacing (mm), which was equal to 0.5 for all

samples, t is layer thickness (mm), and P is laser power (W).



Table 1: Optimized process parameters and compositional nomenclature of the various samples manufactured through powder-based
L-DED process.

Laser power . Gas flow rate | Powder
Sampl Speed (mm/ . .
ampres (Watt) peed (mm/min) (liters/min) feeder
Laver Volumetric
.. Sample | Infill | Contour | Infill | Contour ) Y Shield | Carrier | Disc rate energy
Sample composition thickness .
ID power | power | speed | speed gas gas (rpm) density
(mm) 3
(J/mm°)
Pure SS316L S 350 350 800 800 0.6 175
Pure 17-4 PH S> 400 400 1200 1200 0.5 133
Single and
multi- SS316L 350 350 800 800 0.6 175
layer S3, S4 0.3 13 9
vertical |7 4 py 400 400 | 1200 | 1200 0.5 133
bimetallic
1:1 premix of SS316L
and 17-4 PH Ss 350 400 1000 1000 0.6 140
Radial SSS316L 600 600 0.6 267
A Se | 400 | 400
bimetallic | 17-4 PH 800 1000 0.5 200




2.2 Phase analysis and microstructural characterization

Samples with 12 mm X 12 mm X 6 mm were printed for microstructural
characterization, phase distribution, and hardness analysis. The printed monolithic and bimetallic
samples of SS316L and 17-4 PH were cut longitudinally using a low-velocity diamond saw,
ground using silicon carbide papers of 80-2000 grit sizes, and polished with a suspension of 1-
0.05 um Al>O3/DI water for 15 min each. The samples were scanned for analysis using a Rigaku
mini flex 600 X-ray Diffractometer, which was equipped with a 2-D General Area Diffraction
Detector (GADDS) mounted on a theta-theta goniometer and scanned using Cu k-alpha radiation
(1.54 angstroms at 40 kV and 20 mA) at a speed of 5° per minute over the range of 35° to 100°
of 20. The raw data obtained was processed using Rigaku PDXL software. The microstructural
analysis was performed on the mirror-polished surfaces of the monolithic and bimetallic samples
of SS316L and 17-4 PH. Before the microstructure analysis, the samples were etched by
submerging them in a mixture of 10 ml HNO3, 15 ml HCL, 10 ml CH3COOH, and 2-5 drops of
glycerol [39] for 30 — 45 seconds. The etched metallographic samples were analyzed under the
digital optical microscope (Keyence VHX 7000 series) and field-emission scanning electron
microscope (SEM, Apreo Volumescope™, Thermo Fisher Scientific, Waltham, MA) for macro

and microstructures, respectively, at various magnifications.

2.3 Hardness and compression testing

Monolithic samples Si, Sz, and Ss, with a diameter of 9 mm and a height of 18 mm,
were printed for compression testing. Likewise, sample Sz has a 19 mm height with 9.5 mm of
17-4 PH deposited on 9.5 mm of printed SS316L, while sample S4 has the same height, with

each printed layer having a thickness of 1.5 mm printed alternatively. Sample S¢ has an inner
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radius of 1.5 mm of SS316L and an external radius of 6 mm with a height of 18 mm. The
compression specimens were further machined to give a dimension of 7 mm diameter and 14
mm height. The Vicker's cross-sectional hardness profile was obtained along the build direction
of the samples from the bottom zone to the top zone using a Phase II Plus Micro Vickers
hardness tester (Upper Saddle River, NJ, USA) with an application of 1.961 N load (HVy.), for
15 seconds dwell time. 50-60 indents were made in each zone to ensure comprehensive data
collection. The compression specimens were prepared by milling the outer surface and turning
the cross-sectional area by a 4-axis mill-turn set up according to the ISO/ASTM E9-19 standard
[40]with ~14 mm gauge length and ~7 mm diameter to evaluate the mechanical properties. The
quasi-static compression test was performed on the specimens using the Instron servo-hydraulic
universal testing machine (135 kN load cell) at room temperature with a 0. lmm/min crosshead
speed. The load application for all the specimens was parallel to the build direction. In order to
maintain statistical significance, a minimum of three samples from each composition were tested

under a quasi-static environment for compression.

3 Results and discussion

The ensuing section describes the phase (Fig. 2) and microstructural analysis (Fig. 3
and 4) of the monolithic, vertical, and radial bimetallic structures. These analyses used X-ray
diffraction (XRD), optical, and SEM. Microhardness assessments (Fig. 5) and compression tests
(Fig. 6) were carried out on all specimens under ambient conditions. Fractographic analysis (Fig.

7 - 9) of failed specimens was conducted using SEM.
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3.1 Phase analysis

The X-ray diffraction (XRD) measurements were carried out on the monolithic and
bimetallic samples to discern the phases in the regions along the build direction (BD). The XRD
results of the bulk monolithic SS316L, 17-4 PH, 1:1 premixed, and the bimetallic samples
printed via L-DED are shown in Fig. 2, while the detailed calculations for corresponding phase

fractions in each of the samples are depicted in Tables ST 2, ST 3, ST 4 and ST 5.
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Figure 2: XRD of monolithic SS316L, 17-4 PH, bimetallic of SS316L and 17-PH, and 1:1

premix with scanning direction along the build direction (BD).

11



As illustrated in Fig. 2, the primary phase present in the monolithic SS316L sample is
the face-centered cubic (FCC) austenite (JCPDS 96-900-8470). The monolithic SS316L sample
showed a preferred orientation along the (111) plane of the austenite phase at an angle of 20
equals 43.63°. There has been no trace of 6-ferrite formation observed in the sample. This can be
attributed to the rapid cooling rate and higher scanning speed. Similar results have been reported,
where the formation of 6-ferrite was mitigated by introducing a scanning speed larger than 600
mm/min[31]. Also, the rapid cooling rate restricts the solid-state diffusion of carbon and the
solid-state phase transformation of FCC to body-centered cubic (BCC) [41], impeding the 6-

ferrite phase formation.

The primary phase in monolithic 17-4 PH was BCC martensite (JCPDS 96-901-3475).
The sample showed a preferred orientation along the (011) plane at 44.62° of 26. No austenite
phase was observed in the diffractogram pattern. This contradicts the results reported by other
groups [42], [43] where the presence of retained austenite phase in the as-printed samples of 17-4
PH is reported. One possible explanation for getting the pure martensitic phase is the rapid
cooling and processing technique for printing the 17-4 PH samples. A four-second delay time
was employed between each consecutive layer, which allowed the print to solidify over a longer
period. This additional time, along with rapid cooling, promotes the formation of martensite and
suppresses the austenite [34]. The X-ray pattern of the 1:1 premixed and the bimetallic samples
shows both martensite and austenite peaks. The 1:1 premixed sample showed preferred
orientation along the (011) BCC martensite plane at an angle of 44.52°. The intensity of the (111)
austenite peak was less prominent for this sample, Fig. 2. This can be attributed to the net
reduction of the volume percentage of Ni in the premixed powder. Mixing the SS316L and 17-4

PH powder in a 1:1 ratio reduced Ni by 30% while keeping the Cr almost the same. Ni is an
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austinite stabilizer [44], and by reducing the volume fraction of Ni, the austenite transformation
was suppressed in the bulk structure of 1:1 bimetallic. The austenite percentage in the 1:1
premixed sample was 27.01%. The bimetallic structure of SS316L and 17-4 PH showed equal
preferred orientation along the (111) plane of the austenite and (011) plane of the martensite at
20 0f 43.63°, and 44.56°, respectively. The austenite fraction in the bimetallic sample was 52%.
The additional amount (2%) of austenite may have occurred due to the reversion of the
martensite to austenite in the retained austenite region [45]. Apart from the austenite and
martensite peaks, no other peak was observed, indicating no reactive phase formation. Bulk
monolithic SS316L, 17-4 PH, 1:1 premixed, and the bimetallic samples showed a peak
broadening and a diffraction peak shift in the positive direction. Repeated melting and
solidification could be attributed to the peak broadening, while the residual stress, cyclic thermal
stresses, and O deficiency could be the prime reason for the diffraction peak shift. A positive
deviation in the reflected peak angle can be attributed to reduced lattice parameters, smaller
crystal dimensions, and decreased d spacing. This alteration is primarily due to compressive

residual stresses.

3.2 Microstructural characterization

Fig. 3a shows the stereoscope image of the etched monolithic SS316L. The image
represents distinct layers with a complete fusion of the metal powder particles without noticeable
defects, thereby visually confirming a sound build. Fig. 3a1 delineates the high magnification
optical image of the substrate and the 1* layer of the build, showing no crack and incomplete

melting of the metal powder.
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Build direction

Figure 3: (a) Stereoscope image of the monolithic SS316L, (a1) High magnification optical

image showing the interface between the substrate and the printed SS316L without any defect
and unmelted powders, (a2, a3) cellular and cellular dendritic microstructure present in the
SS316L print, (a4) dendritic microstructure of SS316L, (b) Stereoscope image of the monolithic
17-4 PH, (b1), Low magnification optical image showing the interface between the substrate and
the printed 17-4 PH without any defect and unmelted powders, (b2, b3, bs) low and high
magnification optical and SEM image of the microstructure of 17-4 PH, (c) Stereoscope image
of the printed 1:1 premixed sample, (c1) Low magnification optical image showing the interface
between the substrate and the printed 1:1 premixed sample without any defect and unmelted
powders, (c2) High magnification image of the hemispherical patterns from the laser deposition,
(c3) SEM image of the 1:1 premixed sample showing dendritic microstructure and lathy

martensite present within same layer , (c4) SEM image showing 6 — ferrite of the 1:1 specimen.
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Fig. 3az, a3, and a4 show the high-magnification digital optical images of the various
microstructures observed in the print region of the monolithic SS316L. Cellular, columnar, and
cellular dendrites can be seen throughout the build. The anomaly in the microstructure can be
attributed to the rapid cooling and the direction of the laser scan associated with the L-DED
process [33]. The evolution of the observed microstructure can also be comprehended by
considering the solidification and cooling rates, as described by the subsequent equation [46],

[47]

1 ar Q)

¢ G

In the above equation, "G" represents the thermal gradient, and "R" is the solidification
growth rate. The thermal gradient signifies the variance in temperature between the liquid-solid
interface, while the growth rate denotes the velocity at which the liquid-solid interface displaces
[33]. The ratio of G/R provides insight into the stability of the liquid-solid interface. With higher
cooling rates, there is a tendency toward forming a slender dendritic microstructure, Fig. 3a4
[48], [49]. As shown in Fig. 3az and a3, the cellular and cellular-dendritic microstructure
formation tends to occur within intermediate cooling rate ranges. In contrast, equiaxed dendritic
microstructure formation tends to manifest at lower cooling rates [49]. Cellular dendrites
experience directional growth because the heat flows from the molten pool to the layer surface.
As subsequent layers are added, the heat flow advances in the build direction, accounting for the

vertical growth inclination of cellular dendrites [50].

Fig. 3b shows the stereoscope image of the etched monolithic 17-4PH sample. The high

magnification optical image of the substrate and the 1% layer of the build, Fig. 3b1, showed no
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sign of crack and incomplete melting of the metal powders, thereby confirming a sound build.
High magnification optical and SEM images showing the lathy martensitic microstructure of the
monolithic 17-4PH can be seen in Fig. 3b2, 3bs, and 3b4. This lathy martensitic structure is more
homogenous than reported before [34], [42]. One way to look at the evolution of microstructures
in this type of steel is by analyzing the solidification process and cooling. The ratio of Creq to
Nieq influences the solidification behavior of stainless steel. Given the presence of diverse
alloying elements, the following equations were employed to calculate the chromium equivalent

(Creq) and nickel equivalent (Nieq) of the various feedstock powders [51]

Creq = % Cr + % Mo + 1.5% Si + 0.5% Nb N6

Nieq = % Ni +30% C + 30% N +0:5% Mn .4

Using the equation (3) and (4), the ratio of Creq to Nieq for the 17-4 PH sample was
found to be 2.43. It has also been reported that a higher amount of martensite transformation
happens when the ratio of Creq to Nieq approaches 2.36 [52]. Under equilibrium cooling, 17-4 PH
typically undergoes primary delta ferrite solidification from its liquid state [53]. This delta-ferrite
phase subsequently transforms to austenite, facilitated by solid-state diffusion. The austenite to
martensite transformation occurs between 132°C and room temperature below the martensite
start temperature (Ms) [52], [53]. A delay time was employed between each consecutive layer
while printing, which allowed the print to solidify, thereby promoting martensite formation. This
sequence of events elucidates the dominant martensitic structure observed in the monolithic 17-

4PH samples.

Fig. 3¢ illustrates the stereoscope image of the etched monolithic 1:1 premixed sample.

The high-magnification optical image of the substrate and the initial build layer, Fig. 3c1,
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exhibits no indications of cracks or incomplete fusion of the metal powders. Analyzing the
microstructure in the build direction in Fig. 3¢1 and c2 reveals the presence of interconnected
hemispherical melt pools generated by the laser, characterized by individual melt pool heights
ranging from 130 pm to 150 um; it implies that up to half of the preceding layer undergoes
remelting. The SEM images presented in Fig. 3¢3 and ¢4 showed the formation of cellular and
cellular dendrites of austenite and a combination of 6 — ferrite stingers and laths of martensite.
The formation of such diverse microstructure can be explained using the Schaeffler diagram
[54], Fig. S1. The ratio of Creq to Nieq for the 1:1 premixed sample was 2.07 using equations 1
and 2, which lies in the region of austenite + ferrite + martensite in the Schaeffler diagram,
thereby explaining the microstructure. However, the microstructure shown witnessed prominent
0 — ferrite stingers and laths of martensite than austenite, which can be attributed to the reduced

amount of austenite stabilizer (Ni) than the ferrite stabilizer (Cr).

Fig. 4a shows an etched vertical bimetallic structure. On the substrate, eight layers of
SS316L were deposited from powder feeder 1, while the next eight layers of 17-4 PH were
deposited using powder feeder 2. This process continued till the height of 12.5 mm was reached.
The brighter region in the image is the SS316L, showing austenite grains, while the darker
region is the 17-4 PH, showing martensite grains. Fig. 4a1 and a2 depict the high magnification
optical images showing the interface between the printed SS316L (bottom) and 17-4 PH (top).
Cellular and cellular dendrite microstructures are seen in the SS316L region, while laths of
martensitic grains were observed in the 17-4 PH region. Also, there is a smooth transition of the
microstructure from SS316L to the 17-4 PH region and vice versa, confirming no intermetallic

phase formation at the interface.
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Build direction

Figure 4: (a) Stereoscope image of the vertical bimetallic specimen showing the distinct regions
of SS316L (bright zones) and the 17-4 PH (dark zone), (a1, a2) low and high magnification
images showing the smooth transition from SS316L to 174 PH, (b) the unique wedge-shaped
interlocking microstructure of the radial bimetallic with SS316L core and 17-4 PH casing, (b1,

b2) low and high magnification images showing the interlocking pattern of radial bimetallic.

The longitudinally cross-sectioned radial bimetallic samples reveal a clear demarcation at
the interface between the SS316L core and the 17-4PH casing, exhibiting symmetry along the
axis of build direction as depicted in Fig. 4b. This arrangement establishes a multidimensional
and intricate network of interlocking wedges connecting the two materials, with their extensions
intertwining and encompassing each other. Although previous studies have explored linear
interlocking and overlapping [55], [56] the radial configuration investigated in this study is
unique due to its underlying physics. The 17-4 PH casing was deposited first in a circular way,
followed by the printing of the SS316L core in the same plane, and this process was repeated

until the desired Z-height was reached. This ongoing sequence culminates in the mechanical
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interlocking evident within each cross-section of the bimetallic, as shown in Fig. 4b1 and 4ba.
During this deposition process, the 17-4 PH casing had already solidified while the core was still
molten. Due to uneven cooling and solidification, an average of 2.8% defects have been
observed in the radial bimetallic sample. The defect calculation uses an open-source image
processing software GIMP (V2.10.32) [57]. The primary microstructure of the casing and the
core was martensite and austenite, respectively. Similar to the vertical bimetallic sample, the

radial bimetallic sample also shows a smooth microstructure transition at the interface.

3.3 Microhardness

The microhardness measurements of the monolithic SS316L, 17-4 PH, 1:1 premixed,
and the bimetallic sample components are plotted in Fig. 5. These measurements are taken along
the build direction, starting from the substrate. The average microhardness values for the
monolithic SS316L, 17-4 PH, 1:1 premix are 220 = 9 HVy, 303 =9 HV., and 205 =4 HVy.,
respectively. On the other hand, the microhardness measurements for the vertical bimetallic
sample showed a periodic shape of the curve with an average of 215 =4 HVy in the SS316L
region and 312 + 3 HVy in the 17-4 PH region. Prior research has demonstrated that hardness is
influenced by strengthening through fine grain size, solid solution hardening, dislocation
hardening, and particle hardening [58], [59]. The hardness values for all three monolithic
samples (SS316L, 17-4 PH, and 1:1 premix) decreased from the initial to the final deposited
layer. Due to the actively cooled build platform and the chilled substrate, the initial layers
experienced a rapid cooling rate, resulting in finer grain size near the substrate. This effect has
been reported by [57], [60] and is often described using the Hall-Petch equation, which relates

grain size to mechanical properties. As per the Hall-Petch equation, smaller grain sizes result in
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greater strengthening parameters [61], [62]. However, this variation in hardness was less
prominent in the case of the monolithic 17-4 PH sample than that of the other two due to the
delay provided between each consecutive layer during printing. The rapid cooling rate and the
delay resulted in a supersaturated solid solution of alloy elements in the microstructure, causing
increased lattice deformation and dislocation density. This contributed to enhanced hardness in
the 17-4 PH sample [63]. Another reason for the higher hardness of the 17-4 PH sample can be

attributed to the presence of Cu-rich clusters and NbC particles [64].
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Figure 5: Hardness profile of monolithic SS316L, 17-4 PH, bimetallic of SS316L and 17-PH,

and 1:1 premix with scanning direction along the build direction (BD).
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The minimum amount of hardness was observed in the 1:1 premixed sample. This can
be attributed to the reduction in the overall volume fraction of the strengthening elements like
Cu, Ni, Si, and Mn. Decreased strengthening elements may have reduced dislocation density,
thereby reducing the hardness. The stereoscope image in Fig. 3¢ of the 1:1 premixed structure
witnessed interconnected hemispherical melt pools generated by the laser. Numerous studies
have extensively documented that the superposition of layers can induce particle aggregation,
primarily due to the dilution effects that occur during this process. As a result, it has been
observed that the microhardness of the overlapped layer tends to undergo a reduction [65].
Additionally, the dispersion of austenite in the martensite phase present in the microstructure of
the 1:1 premixed sample might contribute to the decrease in the density of high-angle grain
boundaries (HAGBs), consequently reducing hardness. This phenomenon aligns with findings
from analogous investigations that have also observed a reduction in hardness due to a decrease

in the density of HAGBs [59].

In the context of the bimetallic samples, the hardness variation displayed a gradual
transition from the SS316L region to the 17-4 PH region and vice versa, without any abrupt
deviations at the interface. The calculated average microhardness at the interface was 232 + 7
HVo.at the SS316L region and 321 + 3 HVo. at the 17-4 PH region. These values align closely
with the microhardness values observed in the initial layers of the monolithic SS316L and 17-4
PH samples. Similar microhardness trends are observed for the radial bimetallic samples, as
depicted in supplementary Fig. S2. This consistency can be attributed to residual stress and the
finer microstructure inherent to the respective materials at the interface. Importantly, no
distinctive rise or decline in microhardness values was noted, effectively dismissing the

likelihood of intermetallic phase formation.
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3.4 Compressive testing and fractography

An evaluation of their compressive strength and the post-fracture microstructure has
been conducted to establish the reliability of L-DED components. The nomenclature assigned to
the samples, along with the representation of schematics of CAD models for the compressive
specimens utilized in this study, are illustrated in Fig. 1e. The subsequent section elaborates on a
comprehensive analysis of compressive and fractographic characteristics. Fig. 6a shows the
representative stress vs. strain curves for the specimens from S; to Se. The yield compressive
strength (0.2% offset YS) of the monolithic specimens Si, S», and Ss are 356 = 17 MPa, 914 £ 8
MPa, and 303 + 17 MPa, respectively. On the other hand, for the bimetallic specimens, S3, Sa4,
and S¢ yield compressive strength (0.2% offset YS) are 425 + 7 MPa, 526 + 4 MPa, and 654 + 12

MPa, respectively.

Specimen Si showed a higher yield strength than that of the conventionally
manufactured specimen [66]. The increased yield strength of the AM-fabricated material
compared to conventional wrought materials can be ascribed to the elevated dislocation density
in the former. This correlation follows a Taylor-strengthening relationship, where the cells are
considered a collection of forest dislocations [67]. Also, specimen S; showed a linear strain
hardening in the plastic deformation region, as shown in Fig. 6a. This can be attributed to the
microstructural anisotropy within the sample. The rapid cooling and solidification rate are the
reasons for the formation of the anisotropic microstructure, while the complex thermal history
induces residual stresses in the specimen. Due to this combined effect, S; showed a strain
hardening in the plastic region. Again, considering the results of phase and microstructural

analyses, it's evident that the monolithic SS316L predominantly consists of austenite,
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characterized by a face-centered cubic (FCC) structure with 12 slip systems (4 slip planes and
three slip directions), thereby exhibiting higher levels of ductility [68]. This can be seen from the
bulging edges of the post-compressed sample shown in Fig. 7a. Various deformation
mechanisms, encompassing slip and deformation twinning, can be initiated at distinct phases
during the deformation process of SS316L at room temperature. Substantial interaction exists
between these deformation mechanisms and the microstructural attributes introduced by additive

manufacturing.
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Figure 6: (a) Stress vs. strain curve for monolithic SS316L, 17-4 PH, 1:1 premix, single layer
vertical bimetallic, multi-layer vertical bimetallic and radial bimetallic of SS316L and 17-4 PH,

(b) Compressive Yield strength of the respective specimens- S to Se.
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The principal deformation mechanism at strain levels ranging from low to intermediate
is dislocation slip. During this stage, the interactions between gliding dislocations, the AM
cellular structure, and grain structure determine the early strain-stress response of AM-fabricated
SS316L [69], [70]. A similar accumulation of the slip dislocation can be seen in Fig. 7a1 — a4.
This dislocation accumulation can also be attributed to the strain hardening in the plastic

deformation region for SS316L.

Figure 7: (a) Stereoscope image of the SS316L specimen after compression testing, (ai, az2)

optical image of the post-compression SS316L showing the flow of grains, (a3, as) SEM image
showing the flow of grains post compression, (b) Stereoscope image of the 17-4 PH specimen
after compression testing, (b1) optical image of the post-compression 17-4 PH showing cracks,
(b2, b3, bs) SEM images showing cracks in the microstructure monolithic 17-4 PH at different
magnifications post-compression, (¢) stereoscope image of the 1:1 premixed specimen after

compression testing, (c1) optical image showing deflated hemispherical deposits post
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compression, (c2) & — ferrite microstructure in the compressed monolithic 1:1 premixed
specimen, (c3) deformation slip lines present in the austenite grains of the 1:1 premixed sample

post compression.

Specimen S; showed the maximum compressive yield strength among all the
specimens. However, the yield strength value of the as-printed specimen is still less than that of
the wrought specimen under the H900 condition [71]. The reduced yield strength from the
wrought sample can be attributed to the minor internal defect and the absence of a standard post-
processing operation such as hot isostatic pressing, heat treatment, etc. Nevertheless, the yield
strength of specimen S» was 80% higher than that of the as-printed specimen printed using SLM
[30]. The increase in the yield strength can be attributed to the printing technique introducing a
delay resulting in pristine martensitic microstructure. It has been documented that the martensitic
structure of 17—4 PH exhibits notably high dislocation density in both as-printed and solution-
annealed states [70]. This leads to the emergence of the "dislocation pipe diffusion mechanism,"
contributing to the accelerated formation of nanometric Cu-rich precipitates. Although some
studies have indicated that these Cu-rich precipitates can be as small as 1 nm [72], most literature
converges around 10-20 nm sizes under optimal aging conditions [30]. These precipitates
assume the role of obstacles, impeding the mobility of dislocations through the well-established
Orowan mechanism [73]. The optical and SEM images of the post-compression samples shown
in Fig. 7b — 7ba illustrate the formation of numerous cracks on the surface of specimen Sz due to

martensite phase formation,

The decrease in volume fraction of solid solution strengthening elements like Ni and
Mo by 37.5% and 40% in the premixed powder led to specimen Ss exhibiting the lowest yield

compressive strength. The amount of precipitation hardening elements like Cu also got reduced
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by 50% in the resulting 1:1 premixed powder, thereby assuming a reduction in the formation of
copper precipitates in the printed specimen, Ss. Thus, the combined effect of reduced solid
solution strengthening and precipitation hardening caused the yield strength to be minimal. Fig.
7c¢ and c1 depict the stereoscope and the low-magnification optical image of the post-compression
samples showing the deflated hemispherical deposits, and a detailed representation showing the
radius of curvature of the pre and post-compression hemispherical deposits is shown in Fig. S3.
The increase in the radius of curvature of the hemispherical deposits was calculated to be 62%
more than that of the pre-compression samples. The presence of 6-ferrites shown in Fig. 7¢3 and
the accumulation of slip lines of the austenite shown in Fig. 7¢4 can be the reason for the linear

strain hardening in the plastic zone.

Fig. 8 demonstrates the post-compression optical and SEM images for specimens S3 and
S4. For vertical bimetallic samples, the 17-4 PH is printed on top of the SS316L as bulk (S3) or
printed alternately with lesser thickness (S4) up to a certain height. Notably, this arrangement
involves stacking the FCC and BCC crystals, resulting in a distinctive composite structure. The
compressive Yield strength of S3 and S4 are calculated to be 19% and 48% higher than that of the
monolithic SS316L, respectively. However, the compressive strength of Sz and S4 is reduced by
53% and 42%, respectively, compared to the 17-4 PH. The compressive response of the vertical
bimetallic specimens can be elucidated by considering the specific plastic deformation
mechanism they undergo. The predominant failure mechanism in FCC SS316L involves
dislocation slip [69], [70], while BCC 17-4 PH counteracts dislocation movement due to the lack
of suitable closed-packed slip planes. This unusual behavior leads to the accumulation of
dislocation slip in the SS316L region, resulting in an outward bulge formation, as illustrated in

Fig. 8a and 8b. Such accumulated dislocation slip heightens stress concentrations at the
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materials' interface, triggering nucleation sites and ultimately culminating in crack formation,
Fig. 8ai-a3 and 8bi-b3. Another critical factor that accounts for the compressive response is the
coefficients of thermal expansion (CTE). The CTE of SS316L and 17-4 PH is 15.9 -16.2 x 106
/°C and 10.8 - 11. x 10 /°C respectively [74]. Due to this small mismatch in the CTE value, an
additional amount of residual thermal stress must have been generated at the interface of SS316L
and 17-4 PH. This additional thermal stress can be the reason for the strain hardening in the

plastic zone of specimens S3 and Ss.

Figure 8: (a) Stereoscope image of the single layer bimetallic specimen after compression

testing showing outward bulge in the SS316L, while the 17-4 PH region remains almost straight,
(a1, a2, a3) low magnification and high magnification of the interface of the compressed single
layer bimetallic sample showing the crack at the interface of the SS316L and the 17-4 PH, (b)
Stereoscope image of the multi-layer bimetallic specimen after compression testing showing

outward bulge in all the SS316L region, (b1, b2, b3) low magnification and high magnification of
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the interface of the compressed multi-layer bimetallic sample showing the crack at the interface

of the SS316L and the 17-4 PH.

Fig. 9 represents the post-compression optical images of specimen S¢ with SS316L core
and 17-4 PH casing. The distinctive deposition approach entails the sequential printing of a 17-4
PH casing, succeeded by the core comprised of SS316L, all on a single XY -plane, layer by layer.
The incredible macrostructure of the compressed specimen is vividly depicted in Fig. 9a. This
printing strategy forms an interlocking zig-zag pattern of wedge-shaped protrusions where the
SS316L core slides inside the 17-4 PH region and vice versa on each layer along the entire build
direction. These zig-zag patterns behave as mechanical interlocks, providing additional strength
to the specimen. Again, as discussed in the above paragraph, the linear CTE of the core has a
smaller value than the linear CTE of the casing. During the printing process, as each inner core
circle is printed, it contracts more quickly than the surrounding casing ring, which partially
overlaps. This interaction establishes a clamping effect, where the rapidly contracting core
restricts movement. Consequently, the outer casing, cooling in tandem, applies additional
compressive hoop stress. This cycle repeats as printing continues, resulting in a cumulative
buildup of residual thermal stress between the interlocking sections due to the rapid cooling and
reheating of the printed powders. Similar results have been previously reported by Squires et al.

[15] while printing a radial bimetallic structure via an arc-based DED process.
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Figure 9: (a) Stereoscope image of the compressed macrostructure of the radial bimetallic
specimen showing the bulging, (a1, a2) low magnification and high magnification of the interface
of the compressed radial bimetallic sample showing the crack at the interface of the SS316L core

and the 17-4 PH casing, (a3) twinning of the SS316L microstructure post compression.

The intricate mechanical interlocking mechanism, coupled with the influence of residual
thermal stress, supplemental hoop stresses, and a surrounding BCC crystal structure within the Se
specimen, create a notable impediment to the FCC core's ability to deform across appropriate slip
planes. Consequently, an alternative deformation mechanism emerges as deformation twinning,

as vividly depicted in Fig. 9a3. Nonetheless, it's worth noting that despite this mechanism, some
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degree of bulging at the interface is discernible. This bulging generates a concentration of
dislocations, culminating in the formation of nucleation sites. Ultimately, these nucleation sites
become the precipitating factors behind the development of cracks. To conclude, the computed
compressive yield strength of specimen S¢ registers a reduction of 28% when compared to the
monolithic 17-4 PH counterpart. In contrast, the resultant compressive yield strength of the radial
bimetallic specimen exhibits an impressive 84% superiority compared to that of the monolithic
SS316L. Furthermore, it boasts a 30% advantage over the yield compressive strength of the as-

printed 17-4 PH through SLM [30].

This study's specimens manufactured and analyzed lay a pioneering cornerstone for
delving into cutting-edge materials, especially within bimetallic and multi-material structures
boasting intricate interface placements. These structures harbor immense potential for elevating
performance metrics. A groundbreaking avenue of research in radial bimetallic configuration
holds promise in the automotive sector, revolutionizing the production of camshafts by melding a
cost-effective core with a mechanically superior casing. Furthermore, the approach to radial
bimetallism unveiled here showcases versatile applicability in overhauling aerospace
applications such as the helicopter weapons bay. Additionally, these radial bimetallic structures
can revolutionize oil and chemical pipeline constructions, with the SS316L core providing
exceptional corrosion resistance while the 17-4 PH casing ensures unparalleled structural
integrity. This visionary concept can be extrapolated to more sophisticated materials and a
diverse array of service applications, where amalgamating dissimilar materials within a single
component surpasses the capabilities of each material in isolation. This paves the way for avant-

garde solutions, leading to finely tuned performance enhancements across diverse industries.
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4 Conclusions

In conclusion, the present research has successfully printed three monolithic structures (SS316L,

17-4 PH, 1:1 premix), two vertical bimetallic configurations (SS316L/17-4 PH), and a radial

bimetallic structure (SS316L core encased in 17-4 PH) without visible defects through the L-

DED process. Key findings and observations include:

Phase analysis revealed exclusive austenite and martensite phases in the monolithic
SS316L and 17-4 PH, respectively. The 1:1 premixed and the bimetallic samples contain
different proportions of austenite and martensite phases. Residual stresses induced a shift
in X-ray diffraction peaks across all printed samples, with no intermediate phase

formation observed.

While cellular, columnar, and cellular dendrites were observed throughout the build of
the SS316L, 17-4 PH witnessed only martensite microstructure from SEM. On the other
hand, the 1:1 premix displayed a combination of cellular and cellular dendrites of

austenite and a combination of 6 — ferrite stingers and laths of martensite.

The vertical bimetallic configurations (SS316L/17-4 PH) showed a smooth transition of
grains from one layer to the other. However, a distinctive interlocking zig-zag pattern of
wedge-shaped protrusions, comprising SS316L in the core and 17-4 PH casing, was

identified in the radial bimetallic structure.

Monolithic 17-4 PH samples achieved a maximum hardness of 303 + 9 HV0.2,
contrasting with the 1:1 premixed sample, which exhibited a minimum hardness of 205 +

4 HVO0.2.
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o The vertical bimetallic specimens (S3 and S4) displayed a distinctive crack-arresting
behavior at the interface, diverging from the characteristics observed in the monolithic
17-4 PH samples. At the same time, the compressive yield strengths for S3 and S4
exhibited striking improvement, with increases of 19% and 48%, respectively, compared

to the monolithic SS316L.

o The radial bimetallic specimen (Ss) displayed an exceptional 84% surge in compressive
yield strength relative to the monolithic SS316L and unveiled an impressive crack-
arresting tendency at the interface between the core and casing. This starkly contrasts the
behavior witnessed in the monolithic 17-4 PH, adding an intriguing dimension to the

structural performance of the bimetallic configuration.

In light of these results, it can be inferred that radial bimetallic structures present distinctive

opportunities for designing and manufacturing parts with superior mechanical properties.
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Supplemental Information

Tables
ST 1: Powder characteristics for SS3116L, 17-4 PH and 1:1 premix of 17-PH and SS316L

Composition SS316L 17-4 PH 1:1 Premix
Min (%) Max (%) Min (%) Max (%)

Fe Balance Balance Balance

Cr 17 15.00 17.50 16 17.25
Ni 12 3.00 5.00 7.5 8.5
Mn 1.5 1 1.25

Si 0.8 1 0.9
Mo 2.5 0.50 1.5

C 0.01 0.07 0.04

Cu Nil 3.00 5.00 1.5 2.5

Nb+Ta Nil 0.15 0.45 0.075 0.225

Co Nil 0.4 0.2

o 0.06 0.040 0.020

Al Nil 0.050 0.025

P Nil 0.040 0.020

N Nil 0.030 0.015

S Nil 0.030 0.015

Sn Nil 0.020 0.010
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Calculation of austenite phase fraction

ST 2: Peak list and corresponding weights of martensite phase in 17-4 PH samples from JCPDS

96-901-3475
20 (hkl) (according to 20 (hkl) (obtained Weights Peak intensities
JCPDS) from XRD scanning)
44 .48 44.62 1 277
64.73 64.74 0.137 55
81.9 82.02 0.244 81
98.4 98.5 0.078 20
Total 433
Weighted total (nearest whole number) 306

ST 3: Peak list and corresponding weights of austenite phase in SS316L samples from JCPDS

96-900-8470
20 (hkl) (according to 20 (hkl) (obtained Weights Peak intensities
JCPDS) from XRD scanning)

43.621 43.63 1 182

50.81 50.85 0.453 44

74.7 74.72 0.232 39

90.7 90.73 26 30

95.9 95.99 0.077 16

Total 311

Weighted total (nearest whole number) 220
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ST 4: Peak list and corresponding weights of austenite and martensite phase in 1:1 premixed
samples of SS316L and 17-4 PH
20 (hkl) 20 (hkl) Weights Peak Weighted
(according | (obtained intensities total
Phase to JCPDS) | from XRD Total (nearest
scanning) whole
number)
43.621 43.64 1 88
Austenite 50.81 50.83 0.453 19
74.7 74.7 0.232 14 145 104
90.7 90.6 .26 13
95.9 95.85 0.077 11
44.48 44.52 1 263
Martensite 64.73 64.75 0.137 21 359 281
81.9 81.91 0.244 58
98.4 98.45 0.078 17
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ST S: Peak list and corresponding weights of austenite and martensite phase in bimetallic

samples of SS316L and 17-4 PH

20 (hkl) 20 (hkl) Weights Peak Weighted
(according | (obtained intensities total
Phase to JCPDS) | from XRD Total (nearest
scanning) whole
number)
43.621 43.63 1 170
Austenite 50.81 50.83 0.453 49
74.7 74.79 0.232 32 287 207
90.7 90.53 .26 23
95.9 95.63 0.077 13
44.48 44.56 1 171
Martensite 64.73 64.73 0.137 28 261 188
81.9 81.9 0.244 47
98.4 98.21 0.078 15

Weighted total (WT) = peak intensities * corresponding weights

Approximate Austenite fraction = [(\Nﬂr)austenite]+ [(WT)austenite+(WT)martensite]
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Nichel Equivolent = L Ni +30x XC+0.5 x Mn
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Figure S1: Schaeffler diagram [54]
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Figure S2: (a) Hardness profile of radial bimetallic sample across the print starting from the 17-
4 PH region at the left-hand side. The average microhardness value of the hardness value in the
17-4 PH casing and SS316L core was 310 + 3 HVy, and 224 + 3 HV,, respectively. The
average values of the core and casing align with the results from the vertical bimetallic block

discussed in section 3.3.
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Figure S3: (a) radius of curvature of the hemispherical impressions from the laser on the as-

printed 1:1 premixed specimen, (b) radius of curvature of the hemispherical impressions from the

laser on the as-printed 1:1 premixed specimen post-compression.
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