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Abstract

Bimetallic structures of nickel (Ni) and commercially pure titanium (CP Ti) were manufactured
in three different configurations via directed energy deposition (DED)-based metal additive
manufacturing (AM). To understand whether the bulk properties of these three composites are
dominated by phase formation at the interface, their directional dependence on mechanical
properties was tested. X-ray diffraction (XRD) pattern confirmed the intermetallic NiTi phase
formation at the interface. Microstructural gradient observed at the heat-affected zone (HAZ)
areas. The longitudinal samples showed about 12% elongation, while the same was 36% for
the transverse samples. During compressive deformation, strain hardening from dislocation
accumulation was observed in the CP Ti and transverse samples, but longitudinal samples
demonstrated failures similar to a brittle fracture at the interface. Transverse samples also showed
shear band formation indicative of ductile failures. Our results demonstrate that AM can design
innovative bimetallic structures with unique directional mechanical properties.
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1. Introduction

Natural structures often show unique structural features with optimized mechanical
properties [1-3]. Design and manufacturing such natural materials having competing
performance goals such as strong-yet-stiff require new manufacturing paradigms. However,
biomimicry or the emulation of models and architecture to solve complex human problems
in a synthetic material is challenging. For instance, the unique crack-arresting and damage
tolerance ability of a hierarchical, highly porous bone structure originates from gradual load-
transferring between the platelets and intrinsic plastic deformation of fibrils that increases
failure resistance [4]. The extreme strength, stiffness, and fracture toughness of nacre
highlight its architecture and composition [5] (see Fig. 1A). All Nature-inspired materials
inherit their bulk properties from their constituents. For instance, bulk properties derive

from the rule of the mixture in a layered structure with two different materials. One central
guestion absent in the literature and focused in this study is the possibility of manufacturing
layer-by-layer metal-metal bimetallic structures with superior bulk properties that do not
follow the rule of mixture. In other words, would it be possible to manufacture a bimetallic
structure whose bulk properties are influenced and controlled by the interface properties of
the structure rather than the bulk properties of the constituent phases? And that is the novelty
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of our work, which has been demonstrated in Ni-CP Ti system with the help of DED-based
metal AM.

Although conventional tools cannot work with the complexities of different natural
materials, AM, or 3D printing, is a bottom-up, layer-by-layer, cost-effective technique

for mimicking intricate prototypes on-demand [6,7]. Depending on the architecture and
elements of the targeted substance, different AM approaches have been used to emulate
natural materials. Powder bed fusion (PBF), binder jetting (BJ), and directed energy
deposition (DED) are typical examples of AM techniques to print multi-materials [8,9];
lattice and scaffold structures [10]; and layered and metal/ceramic coatings [11]. Among
these, the DED approach can process locally-tuned multi-materials (Fig. 1C) with different
compositions and microstructures efficiently by varying the feedstock powder materials
during the printing process [12,13]. Bimetallic structures are manufactured from two
metals and benefit from their electrical, corrosion, and mechanical properties. These
multicompositions would be used in various applications, such as an implant screw shown
in Fig. 1B [14-16]. For instance, Inconel 718 and copper alloy (GRCop-84) structures
were fabricated, and the bimetallic composite experienced a 250% and 300% increase than
Inconel 718 in thermal diffusivity and conductivity, respectively, due to GRCoP-84 addition
[17]. Groden et al. [18] studied the thermal and mechanical properties of Inconel 718

and W-alloy bimetallic structures and found a 100% improvement in thermal diffusivity
and compressive yield strength with a 50% reduction in young’s modulus to Inconel 718
alone. However, mismatches between the constituents’ thermal properties in direct-bonding-
based manufacturing can result in crack formation, debonding, and failure [19,20]. Several
techniques to improve part quality include optimized processing parameters such as laser
power, scanning speed, and powder feed rate. Besides, the smoothness of the final part can
be improved by compositionally graded fabrication which removes the thermal mismatch
between different metals [21].

Heat accumulation/cycling during the DED fabrication causes /n situ high-temperature
reactions and phase formation [22-25]. Kang et al. [22] investigated the DED fabrication

of pure Ti and Mo powders and found the presence of a graded microstructure along

the build direction and phase transformation from hcp-a Ti to bee-f Ti. Microstructural
evolution from equiaxed grains at rapid solidification to a heterogeneous grain structure in
post-heating was studied by Wang et al. [25]. It was found that an optimized mechanical
property with ~ 2 times increase in yield strength can be achieved by controlling the thermal
history during the DED fabrication. Among different materials available in the powder form,
CP Ti is known for its corrosion resistance and biocompatibility, while pure nickel (Ni)
with a face-centered-cubic (FCC) crystal structure is known for high electrical and thermal
conductivities and good corrosion resistance [26,27]. Shape memory alloys (SMAs) such

as NiTi show an 8% recoverable strain similar to 1% strain recovery in the bone tissue
[28,29]. While NiTi (Nitinol) has been extensively studied, minimal work has been done

on the reactive phase formation and microstructural changes in NiTi bilayered structures.
Moreover, there is a lack of systematic investigation on the layer-by-layer fabrication of
reactive elements such as CP Ti and Ni, corresponding phase formation at the interface,

and its influence on mechanical properties. The knowledge gap here is the possibility of
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fabricating Ni and CP Ti layers and forming various Ni-Ti intermetallic phases at the
interface.

This study investigated the processability, microstructure, and mechanical performance

of CP Ti and Ni bimetals fabricated via DED-based metal additive manufacturing. It is
envisioned that the formation of the reactive phase at the interface would influence the
bulk compressive strength and crack arresting capabilities of the final metal composite
(MC) part. In addition, it is theorized that the compressive properties are dependent on the
interface directions, which is a reminder of the natural materials. To this end, samples were
fabricated in three different configurations: transverse (compressive load is parallel to the
build direction or perpendicular to the layers’ plane), longitudinal (loading is perpendicular
to the build direction), and shear (compressive load is at 45° from the build direction or
45° aligned interface) samples, (see Fig. 1D). Microstructure, phase analysis, hardness, and
quasi-static compression testing were performed on these samples.

2. Materials and methods

2.1. Laser processing of CP Ti to Ni bimetallic structure

The DED system (FormAlloy, Spring Valley, CA) with two powder feeders and a continuous
fiber laser to melt deposited powder was utilized to fabricate CP Ti to nickel bimetallic
structures. The entire build platform and environment were kept in a controlled argon
atmosphere (O, < 15 ppm) to limit oxidation. The entire platform and stage can move in X
and Y directions, while the laser-head can move in Z direction once one layer is deposited
entirely. For this study, spherical CP Ti powder (Grade 2 Ancor-Ti, Hoganas, Sweden) and
pure spherical nickel powder (Powder Alloy Corporation, Cincinnati, Ohio) were obtained
for printing bimetallic samples. The Cp Ti powder was within a 45-150 um particle size
range, and the Ni powders ranged from 45 to 75 pm. Transverse and shear samples were
printed as 12 mm x 12 mm square cross-section patterns, while longitudinal specimens were
fabricated as 15 mm x 25 mm rectangular cross-section onto a 3.4 mm thick CP Ti substrate,
according to the processing parameters outlined in Table 1. In this table, energy density (E)
is the supplied energy from the laser beam to powder volume and was calculated as [30]:

where E (J/mm3) is the energy density input, P (W) is the laser power, v (mm/s) is scanning
speed, h (mm) is hatch spacing, and d (mm) is layer thickness.

2.2. Phase analysis and microstructure

The fabricated samples were sectioned using a low-speed diamond saw to cut in different
directions according to the sample types (longitudinal, transverse, and shear). As depicted in
Fig. 1D, a 45° cut was required for shear specimens. After that, samples were mounted in
phenolic resin, then sequentially wet-ground using 80-2000 grit SiC sandpaper and polished
with 1-0.05 um alumina-DI water suspension, each for 15 min. For better polishing results,
samples were polished for two hours (using VibroMet™ 2 vibratory polisher, Buehler, Lake
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Bluff, Illinois). In the end, samples were ultrasonically cleaned for 15 min in a 50% ethanol
solution.

Samples were scanned using Cu k-alpha radiation at 40 kV and 20 mA on a Bruker D8
X-ray Diffractometer equipped with a 2-D General Area Diffraction Detector [GADDS]
mounted on a thetatheta goniometer. XRD data were collected on four sequential GADDS
frames with an exposure time of 5 min per frame and processed with Bruker DIFFRAC
EVA software. For microstructure analysis, samples were cut in cross-section direction,
mechanically ground up to 2000 grit SiC sandpaper, and polished up to 0.05 pm alumina-
DI water suspension. Kroll’s solution (92 mL DI Water, 6 mL HNO3, & 2 mL HF)

was utilized to etch the samples by submerging them for 25 s. Field-Emission Scanning
Electron Microscopy (FESEM, SEM), electron backscattered diffraction (EBSD) analysis,
and Energy Dispersive Spectroscopy (EDS, EDAX by Ametek, PA) were done. For EBSD
analysis, samples were also polished via a low nap cloth and electropolished in 0.05
colloidal silica suspension for 1 h at 2 Volts and rinsed in ethanol immediately.

2.3. Hardness and compression test

Vicker’s cross-section hardness indents (phase I, Upper Saddle River, NJ) at a 1.96 N load
(HV(.2) and 15 s dwell time were performed at different areas. A quasi-static compression
test [31] (UTM-HYD Instron) was performed at a constant crosshead displacement rate of
0.15 mm/min (~0.2 x 10-4 s~1 strain rate in the linear region) until plastic deformation and
complete failure. Three samples per configuration were ground to side-length of 5. 1 + 0.05
mm, 5+ 0.05 mm, and 3.5 + 0.03 mm from the transverse, longitudinal and, shear samples.
The height of these specimens was 10.1 + 0.05 mm, 11 + 0.05 mm, and 7.5 £ 0.03 mm,
respectively. In general, the average height to side-length ratio was 2. Pure CP Ti and nickel
samples were ground to a side length of 4.1 £ 0.05 mm and 8 + 0.05 mm height.

3. Results

Three different bimetallic configurations were produced via the DED-based reactive-
deposition technique, as shown in Fig. 1D. The manufacturing and characterization
flowchart is represented in Fig. 2A, and the alternate layering of two elements is
schematically represented in Fig. 2B. It is also shown how reactive phases formed at the
intermetallic region. The resulting microstructures and mechanical properties, including
Vicker’s hardness and compression, were investigated to evaluate the effect of adding nickel
to a CP Ti for application-specific designs requiring high-toughness capability. In the end,
fracture surfaces of compression samples were imaged to understand the failure mechanisms
of the bimetallic structure.

3.1. Microstructural analysis of CP Ti-Ni bimetallic structure

Figs. 3 and 4 display the microstructural differences of intermetallic regions at multiple
zones. Fig. 3(A-E) shows the microstructure and elemental mapping of the first intermetallic
zone. There is a sharp transition from acicular a-phase Ti (Fig. 3D, E) in the CP Ti
deposition to the equiaxed bimetallic part. According to the EDS, there is no nickel
deposition inside the CP Ti region, while the reaction zone displays the presence of both
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elements. A unique gradient microstructure at the CP Ti and Ni region can be seen and the
interface with no cracking and porosity, Fig. 3B. The SEM and EDS images of the second
layer of CP Ti are shown in Fig. 4. There is a smooth transition from Ni to CP Ti with

the dendritic-like nickel phase deposited in the CP Ti region (Fig. 4D). Also, different size
microhardness indents (Fig. 4B) are displayed, showing the difference in hardness profile.
A larger indent exemplifies the lower hardness value and vice versa. More importantly, no
crack initiation at the crack tips was observed even with the presence of spherical residual
voids randomly distributed through the interface, Fig. 4C. The grain map, grain size range,
and inverse pole figure map (IPF) are shown in Fig. 5. Different colors in the IPF key show
corresponding pole orientations aligned with the specimen surface normal orientation of the
CP Ti grains. CP Ti has an hcp crystal structure, and the IPF map shows orientations of the
grains forming the Widmanstatten structure typical of transformation microstructures. The
< 0001 > pole figure shows six distinct orientations relating to six (011) planes in a single
prior B grain from which this structure evolved. The grains in the transformation structure
have an average size of 6.3 um.

3.2. Phase analysis and hardness

Fig. 6A shows the XRD results at the intermetallic region, demonstrating the existence of
HCP a-Ti, FCC nickel, NiTi (B2), and NiTi (B19") phases. B2 is the high-temperature
austenite cubic created on heating, and B19” is the low-temperature monoclinic martensite
generated on the cooling process [32]. In other words, the transformation sequence for
DED laser-processed samples was B19” —B2 on heating and B2 — B19” on cooling.

A higher amount of low-temperature martensite phase with a visible yet minor amount

of high-temperature austenite phases corresponds to annealing during the laser processing
and stabilization of B19” phases. Lower cooling rate due to layer-by-layer manufacturing
attributes the annealing, mitigates the larger melt pool and a stronger peak of B19” phase
[33]. Also, a long orthogonally oriented a.-Ti in the CP Ti nucleates before the B-Ti phases.
As a result of heat accumulation during processing, the amount of a-Ti has been decreased
[34].

Fig. 6B displays the Vicker’s microhardness along the cross-section of the build direction,

showing an indication of the transition of hardness from the built plate until the bimetallic

parts. The hardness value in all CP Ti regions remained constant, around 250 HV », while
there was a slight increase in the hardness from 250 £ 6 HV » in the substrate to 278 + 24

HV( > in printed CP Ti. Hardness values increased to 1043 + 21 HVg, and 972 £ 91 HVj »
at the reaction zones, showing around 270% and 50% increase compared to the first CP Ti

and fusion zone.

3.3. Compression test

The compression test results for the different configurations and loading directions are
presented and compared in Fig. 7 and Table 2. Transverse samples experienced the highest
failure strain and toughness with 36% + 3% elongations at failure and 163 + 5 MPa. There
are two different slops in the stress—strain curve of the transverse sample, including elastic
and plastic strain. The softening and hardening mechanisms represented in the figure are
mainly due to the defects such as porosities and grain refinement and dislocation locking
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during the compression test [35]. On the other side, longitudinal samples reported the
highest yield stress with 1187 + 66 MPa and the lowest failure strain with 0.1 2 + 0.005.
Also, longitudinal cracks were initiated along with the interfaces and propagated, causing
delamination between the layers. After the yielding point in the longitudinal samples, each
corresponds to the crack generation at the interfaces and separation between layers. Shear
samples display 498 + 20 MPa, 710 + 24 MPa, 79 + 4 MPa, 17% + 3% for their yield
stress, strength, toughness, and failure strain, respectively. As an FCC metal with 12 active
slip systems, nickel reported the lowest toughness, yield stress, and compressive strength.
In general, bimetallic joints exhibit distinct elastic and plastic deformation zones during
the test compared to nickel. Video of the compression tests related to the three different
configurations can be found in Appendix A of the supplementary material.

3.4. Fractography

Fig. 8 shows the fracture surface and lines of three different configurations. Faceted fracture
surfaces in the delaminated area of the longitudinal samples are reported. Cleavage, known
as low strain, low toughness fracture, is the dominant fracture surface of the longitudinal
samples and represents the brittle fracture (see Fig. 8A, B). Also, there is no dimple-like
fracture presented in the delaminated surface, corresponding to the brittleness of the surfaces
[36]. Fig. 8C, D displays the fracture lines of the shear samples. It is evident that sliding of
the bottom and top regions occurred, causing through-interface crack initiation. Longitudinal
cracks are also created and stopped at the intermetallic region. There are shear cracks
presented in the transverse samples, initiating from the top layer (below the moving jaw or
loading point), crossing the interface with the same angle without any crack-branching, and
ending at the other sample edge (Fig. 8E-G). Other than that, transverse crack is also created
at the lower interface region without causing catastrophic failure. The results indicate the
samples’ directional dependence of compressive strength, yield strain, and stress. Also, the
shear samples display a crack arresting capability at the interface, inhibiting cracks crossing
the entire sample causing complete failure.

4. Discussion

Reactive phase formation of the bimetallic structures via DED-based additive manufacturing
was investigated in this study to emulate natural materials such as bone and nacre. One

of the main objectives of this research was to explore the possibility of manufacturing
bimetallic structures of CP Ti and Ni using additive manufacturing. Bonding two dissimilar
metals and creating a layer-by-layer structure makes the composite structure’s mechanical
properties sensitive to part orientation. Another important goal was to study the effect of
phase formation on the microstructure and mechanical properties. Multiple powder feeders
in the DED system offer flexibility to fabricate composite structures by feeding different
materials, yet it needs optimization of processing parameters. Porosity and microcracks were
the primary defects in the DED-printed samples. The pores can be initiated from entrapped
protective gas in the powder or lack-of-fusion with unmelted powder particles inside [37].
The microcracks and pores are presented in Fig. 9(A-C), while a delaminated interface is
shown in Fig. 9D. Delamination and debonding between layers are mainly because of poor
bonding resulting from weak shock resistance during the solidification process and a lack
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of fusion pores [16] (Fig. 9(A—C)). Optimization studies were performed to reduce crack
formation or delamination in the structure (see Fig. 9). Table 1 highlights the optimized
processing parameters necessary to fabricate CP Ti-Ni bimetallic parts. The higher scan
speed for nickel composition was chosen to decrease the laser power source at the top of the
sample and avoid creating a melt pool. All samples have a hatch spacing of 0.6 mm, and a
different layer height of 0.2 mm and 0.05 mm for CP Ti and nickel for transverse and shear
samples. Layer heights were 0.25 mm (CP Ti) and 0.05 mm (Ni) for longitudinal samples.
Also, the as-printed sample dimensions for shear and the transverse samples were 12 mm x
12 mm x 15 mm, while it was 15 mm x 25 mm x 12 mm for the longitudinal samples (Fig.
1D and Fig. 2B).

The SEM and EDS images (Figs. 3 and 4) revealed a compositionally graded microstructure
from CP Ti deposition to nickel region. The SEM images of the first CP Ti deposition show
a long orthogonally oriented martensite a-Ti laths (or Widmanstatten martensitic titanium
microstructure) having an acicular morphology (Fig. 3 D, E). This layer of CP Ti has

been formed due to the non-equilibrium solidification [38]. Equiaxed NiTi grains have been
formed at the intermetallic region. In any areas away from the substrate, conduction is the
primary source of heat transfer, while both convection and conduction are presented in the
near-substrate area. Thus, going to the second layer of CP Ti deposition, the distance from
the substrate increased, resulting in a lower cooling rate along the deposition direction [34].
Consequently, grain morphology changed. As a result of the low solidification rate, large
columnar grains were formed in the area away from the substrate along the build direction,
Fig. 4D. Even with randomly dispersed pores over the interface, there is no crack initiation
at the indenter tip, which supports the high-strength and good dimensional stability behavior
of NiTi alloy manufactured during the DED process [39]. One of the most significant
factors affecting microstructures and grain size of DED parts is the high solidification

rate. As a result, fine acicular titanium grains have been fabricated in the transformation
structure instead of equiaxed grains that would be seen upon prolonged cooling (Fig.

5). Consequently, a finer grain size would result in higher yield stress according to the
Hall-Petch equation [40], given by:

o'y=<70+kd_1/2

where, oy is the friction stress or overall resistance of the lattice to dislocation movement,
k is the locking parameter that measures relative hardening, d is the average diameter of
grains, and oy is the yield stress [41].

NiTi or Nitinol, in commercial terms, is known for shape memory effect, corrosion
resistance, biocompatibility, and superelasticity, making it favorable in various applications
such as dental, biological, and aerospace [42]. The XRD pattern in Fig. 6A shows NiTi
austenite and martensite phases. a-Ti grains composed of a long acicular morphology were
formed at the layers close to the substrate. Increasing the laser power, going away from

the substrate, and decreasing the scan speed reduced the solidification rates and decreased
the high-temperature B2 (austenite) phase at the intermetallic region. To understand the
high-temperature reaction between CP Ti and Ni during the AM process, Gibbs Free Energy
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gives an insight even though it considers thermodynamic equilibrium and does not include
time for diffusion. Based on that, the higher amount of free energy reduction will show the
higher possibilities of the corresponding reaction to occur [24]. The most common reactions
between the CP Ti and Ni have been given in the literature as [33]:

Ti+Ni — NiTi )
2Ti + Ni — NiTi, 0)
Ti+3Ni — NisTi (3)

Between 100 °C to 500 °C, AG ranges from —584 J/mol to =548 J/mol for equations (i) and
(iii), while it ranges from —512 J/mol to —488 J/mol for equation (ii) [43]. Based on Gibbs
Free Energy change, it is evident that the formation of Ni3Ti and NiTi phases is likely that
the presence of NiTi component corroborates the phases’ XRD findings. However, further
studies are necessary to confirm various intermetallic phase formations and their amount.

This effect is further supported by the widened a-Ti grains and its transition to columnar
dendritic Ti grains, evidenced by SEM images in Figs. 3 and 4. The cross-sectional profile
is displayed in Fig. 6B and shows the hardness value changes along the build direction. Due
to the thin nickel layer, two fusion zones are formed in the first CP Ti-Ni deposition, one in
the CP Ti and the other in the Ni regions. Higher hardness values can be attributed to NiTi
formation at the interface, supported by the XRD analysis. The hardness profiles have also
been backed up by the SEM images, where there is no crack formation and branching at the
high-stress concentration area of the indenter tips. Grain refinement and residual stress are
the main reasons for the increasing hardness value previously reported [44]. It is evidenced
that the hardness value was 548 + 45 HV » at the fusion zone and increased to 1043 + 21
HV » in the first reaction zone. There is a similar pattern in the second depositional layer
from the fusion zone to the reaction zone, where the hardness increased from 479 + 28
HV(, 10 972 £ 91 HV( .

Compression test results are presented in Figs. 7, 10, and 11. By looking at Fig. 11(A,

B), one can see the formation of shear bands and shear band kink in the CP Ti samples,
while nickel shows a flower-like failure. Also, Fig. 11(C, D) represents the after-test micro-
level fracture and shear band formation in the longitudinal sample. It is hypothesized that
accumulating those band kinks will lead to crack formation and damage propagation. Shear
bands are crystallographic and non-crystallographic band-like deformation, occurring at the
highly concentrated plastic flow regions. It is happening due to the inhibition of dislocation
slip or twinning. It is well known that CP Ti is an HCP metal with three slip systems, while
nickel is an FCC metal with 12 slip systems. Due to the small number of slip systems,
dislocation/twinning accumulation (hardening or buildup of deformation stress in the stress—
strain curve shown in Fig. 7) occurs in a narrow deformation zone. In such cases, shear
banding can act as an alternative non-crystallographic deformation mode, often associated
with a sudden drop in the local flow stress [45] (see Fig. 7). As such, shear banding is a
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softening mechanism. Having many fractured areas in the nickel contributes to the higher
number of slip systems causing easier dislocation flow because of the high Schmid factor as
follows:

7SS = gcos D cosb

A where s, is resolved shear stress, P is force, A is cross-section, @ and &are angles
between load direction, slip plane normal, and slip direction, respectively. In the following,
cosdcos@is known as the Schmid factor. According to Schmid’s law, plastic deformations
begin when the shear stress resolved along the slip direction on the slip plane reaches a
critical value [45]. On the other hand, composite samples have different compressive and
fracture behavior. In the longitudinal samples, stress increases linearly to about 1100 MPa
and then drops slightly due to the formation of two longitudinal cracks, presented in Fig. 10.
Two more drops in stress in the longitudinal sample are attributed to the crack propagation
and debonding between intermetallic layers. The stress remained almost constant before
complete failure, which corresponds to detachment of the nickel layer due to brittle failure
at the interface (Fig. 8). In other words, there is no work hardening after the yield point,
showing perfectly plastic behavior. According to Figs. 7, 8, and 10, the main failure modes
of the transverse sample are the formation of shear band in the CP Ti region, intermetallic
crack formation, and peeling of the interface. Strain or work hardening results from a
significant increase in dislocations and their interactions, reducing dislocation mobility. As a
result, larger stresses must be applied so that additional deformation may occur [46]. Other
than grain size, there are three main strain hardening mechanisms in the crystallographic
metals, including Frank-Read source and forest (Baily-Hirsch) hardening. So, the stress
equation can be written as follows:

_ —1/2 ub _ (Pc
oy =o0(+kd + (mb@ + TCOS(T)

where, a is a constant depending on crystal structure, 4 is shear modulus, b is burgers
vector, L is the distance between two obstacles (Frank-Read source size), ¢, is the critical
angle of glide dislocation around the obstacle (which is taken as a material parameter), and
pgis dislocation density. In the transverse sample, dislocations can be stuck by the pores
created during manufacturing (Frank-Read source). In addition, by looking at Fig. 8(E-G),
one can figure out that crack is initiated at the CP Ti region due to dislocation pile-up at
the shear band. Shear bands propagated until they reached the interfaces with more slip
systems, resulting in more dislocation annihilation and crack growth until complete failure
[47]. Failure mode in the shear sample is different from transverse and longitudinal ones.
With creating an aligned interface, failure will happen due to the sliding between the top
and bottom parts. Accordingly, the strain was going up with no hardening effect, initial
cracks formed, and two regions failed at the bonding area. One hardening at the end of the
stress—strain curve is attributed to the macroscopic friction between the layers.
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5. Conclusion

In this work, reactive phase formation via DED-based metal additive manufacturing for
producing directionally dependent architecture was investigated to envision the possibility
of creating nature-inspired materials. Three different composite configurations consisting of
nickel and CP Ti were considered and printed by changing the deposited feedstock. NiTi
phase formed at the interface of nickel and Ti, and influenced the bulk structure’s properties.
Vicker’s hardness experienced 2.76 times increased in the reaction zone compared to CP

Ti region and showed a fluctuating behavior to build direction. SEM and EDS presented

a compositionally gradient microstructure from the pure metal to the interface. As such,
acicular titanium in the CP Ti region turned to equiaxed grains at the interfaces. The
compression tests revealed that shear band formation as a plastic deformation mechanism,
toughness, and yield stress all depend on the loading direction and sample configuration.
While the primary fracture mode in the longitudinal sample was brittle debonding,
transverse loading caused shear band formation and strain localization with work hardening.
The aligned interface, for the shear samples, experienced a sliding between the top and
bottom region during the compression tests and showed lower strength than the other two
composites.
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HIGHLIGHTS

Ni-CP Ti reactive bimetallic structures processed using DED-based metal
additive manufacturing.

In situ Ni-CP Ti reaction improved mechanical properties of bimetallic
structures than pure metals.

Longitudinal samples showed a brittle fracture, but shear samples showed
ductile failure.

Transverse samples also showed shear band formation indicative of ductile
failures.
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Schematic of different
samples and the
compressive loading
direction.

Schematic of nacre:
« Anisotropic nature gives high compressive strength.
« Higher toughness compared to pure mineral materials due to the hierarchical nature.

Bl (8)

Interface
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implants:

« Crack and damage
arresting ability, thermal
barrier.

« Improve the interfacial and

intermetallic bond strength. Cutting direction

(45°) for the
shear samples

Fig. 1.
Examples of layered structures presented in nature and industry that can be inspired for the

next generation bimetallic multi-functional composite structure. (A) schematics of nacre’s
hierarchical design. Reprinted from [4] with permission from Elsevier. (B) schematics of
titanium tantalum implant screw. Reprinted from [16] with permission from Elsevier. (C)
schematics of DED fabrication process of CP Ti-nickel bimetallic layered structure, (D)
different samples’ configuration.
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Illustrative DED processing and fabricated bimetallic structure (A) manufacturing and
characterization diagram, (B) alternate material deposition process and intermetallic phase

microstructure.
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(A)

Reactign zone

First layer of Ni

First layer of CPTi
(B)

Fig. 3.
Microstructure and EDS at the sample’s cross-section from the first CP Ti-Ni deposition

layers. (A), (B) lower magnification interface and its elemental mapping. (C) higher
magnification of the interface. (D) First layer of CP Ti in lower magnification. (E) needle-
like structure of first layer of CP Ti.
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Fig. 4.
Microstructure and EDS at the sample’s cross-section from the second CP Ti-Ni deposition

layers. (A) second layer of CP Ti deposited on the top of the nickel. (B) lower magnification
of nickel region. (C) higher magnification of nickel region showing micro-voids and
hardness indent, no cracking was observed around the indent tip. (D) Microstructure and
elemental mapping of second layer of CP Ti.
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Fig. 5.
Microstructure and EBSD pattern showing inverse pole figure (IPF) maps and average

effective grain size distribution of CP Ti.
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(A) Phase analysis, (B) Vicker’s microhardness profile for the CP Ti-Ni bimetallic

structures.
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Quasi-static compression test results for different sample configurations.
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Fig. 8.
Surface and cross-sectional images from the damaged area. (A, B) longitudinal, (C, D)

shear, (E, F, G) transverse samples.
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Fig. 9.
Cracks and pores generated during the printing without processing parameters’ optimization.

(A-C) Crack propagation at the interface, (D) delamination and macrocracks of the built
sample.
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Fig. 11.
(A, B) Failure of pure CP Ti and nickel, (C, D) microscopic cracks and micron level shear

band formation in the after-test longitudinal sample.
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