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Abstract
Fabricating bimetallic structures using various additive manufacturing processes is an ingenious way to integrate different 
material properties in a single component. This study offers a novel method for fabricating Ti6Al4V and IN718 bimetallic 
structures using a wire-arc-based directed energy deposition process with a CuSi interlayer, both with and without the addi-
tion of pure copper powder at the CuSi–TI6AlV interface. The Cu–Ti and Ni–Cu interfaces of the bimetallic structure have 
been examined in terms of their metallurgical and mechanical characteristics. The study revealed the presence of Cu4Ti3, 
Cu3Ti2, Cu4Ti, CuTi2 and Ti5Si3 phases at the Cu–Ti interface, whereas CuNi and NiCr2 phases at the Ni–Cu interface. The 
Cu–Ti interface with copper powder shows two distinctive layers of intermetallic phases with less intermetallic thickness 
compared to the interface without copper powder. The maximum bonding strength of 152.31 ± 40.74 MPa and hardness 
of ~ 485 HV were achieved in the interface without a copper powder sample. However, for interface with copper powder 
sample, the presence of Ti5Si3 hindered the further transformation of less stable Cu–Ti phases resulting in decreased strength.

Keywords  Bimetallic structures · Wire-arc directed energy deposition · Metallography · Intermetallic · Interface 
engineering

1  Introduction

Multi-material structures provide a competitive edge in 
fabricating highly functional components for demanding 
applications. Different properties of the material, such as 
thermo-physical, mechanical, electrical, and corrosion/oxi-
dation resistance, might benefit the resulting multi-metallic 
structure. Metals can be directly bonded or compositionally 
graded to generate such multi-metallic structures. Direct 
bonding of various dissimilar metals has been challenging 

for many years due to the sharp interface, which is vulner-
able to cracking and delamination at locations with lower 
interfacial bonding due to the component materials' prop-
erty mismatch. A metallurgical adhesive material interlayer, 
on the other hand, could be used to solve the problem by 
creating a diffusion barrier to avoid the development of a 
more undesired interface [1, 2]. Casting, explosive welding, 
diffusion bonding, powder metallurgy, and other traditional 
processes are used to fabricate bimetallic structures. How-
ever, due to intrinsic restrictions, these processes cannot be 
used to fabricate complex-shaped bimetallic components. 
Since the components can be printed layer by layer and the 
material composition in different layers can be easily altered, 
additive manufacturing (AM) technology is ideal for fabri-
cating bimetallic structures. According to the ASTM F42 
standard, the directed energy deposition (DED) technology, 
which encompasses a variety of terminologies such as laser-
engineered net shaping (LENS) [3, 4], wire-arc directed 
energy deposition (WADED) [5, 6], and laser cladding [7], is 
ideal for producing such bimetallic and functionally graded 
structures (FGS).

WADED is a large-scale metal additive manufacturing 
(AM) technology that uses an arc as a heat source to fuse 
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metallic wires for depositing material layer-by-layer to pro-
duce complicated shaped 3D components [8]. The benefits 
of WADED over other metal AM processes include cheap 
cost, high deposition rate, open architecture, high efficiency, 
etc., and it finds applications in the aerospace, automobile, 
and industries primarily because of the advantages dis-
cussed above [9]. Recent advancements in WADED technol-
ogy have expanded the possibilities for fabricating bimetallic 
components. However, the deposition of different metals to 
produce such bimetallic structures utilising the WADED pro-
cess may result in challenges such as the increased formation 
of brittle intermetallic at the interface, variations in physical 
characteristics causing crack production and propagation at 
the interfaces, and eventually disrupting the integrity of the 
formed structure [10]. Many different types of studies are 
being conducted throughout the world on the creation of 
highly functional bimetallic structures using the WADED 
technique. WADED has effectively generated a variety of 
bimetallic structures, and the interfacial phenomena have 
been studied. Ahsan et al. [11] fabricated SS316L to IN625 
bimetallic structure using the CMT-WADED process. FCC 
crystal growth in the < 001 > direction was observed across 
the interface, and a large quantity of δ ferrite and laves 
phase on the SS316L and IN625 sides were detected. The 
ultimate tensile strength (UTS) was observed to be similar 
to the WADED SS316L, and the bimetallic structure fails 
from the SS316L side. Moreover, an increased elongation of 
40%, the 200% of the as-deposited SS316L, was attributed 
to increased ductility. Zhang et al. [2] developed SS316L 
and copper bimetallic structure using an IN718 interlayer 
without metallurgical defects and cracks. The Cu area of 
the SS-IN718-Cu tensile specimens fractured while the 
interiors remained intact, showing that the interfacial bond-
ing strength exceeded the Cu UTS (257 ± 25 MPa). 125% 
increase in thermal conductivity was noticed as compared 
to steel. Furthermore, numerical modelling showed no 
excessive residual stresses were detected across the inter-
face. Singh et al. [12] developed NiTi-SS316L bimetallic 
structure using the WADED process. At the NiTi–SS joint 
interface, brittle intermetallic compounds such as TiCr2, 
FeNi, NiTi, TiNi3, and Ti2Ni were observed. Also, the joint's 
maximum compression strength is 570 MPa, and the joint's 
breakage occurs at the fusion zone on the NiTi alloy side, 
confirming that it is the weakest zone. Moreover, Sridar 
et al. [13] did interfacial characterisation of P91 steel and 
IN740H bimetallic structure fabricated using the WADED 
process. Intergranular cracks with NbC (niobium carbide) 
were observed in the gradient zone, and the gradient zone 
was found to be ~ 2200 µm. Microhardness was lower for 
the gradient zone than for the P91 steel and IN740H sides. 
Although many researchers have published various combi-
nations of bimetallic structures using the WADED process, 
the characteristics of Ti6Al4V-IN718 dissimilar structures 

developed using WADED are not yet known. The bimetallic 
structure of these materials, high-strength alloys utilised in 
various extreme applications, may be used in numerous air-
craft applications. Commonly, it is considered that aerospace 
components have complex geometry, difficult-to-machine 
parts, high buy-to-fly ratio, small production runs, and high 
performance. Moreover, the density of Ti-alloy is roughly 
half that of Ni-superalloys; hence adopting such material 
combinations can result in considerable weight reductions 
for aerospace components like engine combustion chambers, 
channel-cooled rocket nozzles, acoustic liners in subsonic 
jet engines, etc. In fabricating such bimetallic structure, 
due to the challenge of controlling the various detrimental 
intermetallic phase formation (i.e., NiTi, Ni2Ti, and NiTi3) 
at the diffusion interface, it is very difficult to maintain 
the structural integrity between Ti6Al4V and IN718. This 
study demonstrate the development of Ti6Al4V and IN718 
bimetallic structure using CuSi interlayer as the diffusion 
barrier or metallurgical adhesive to hinder the inter elemen-
tal diffusion of titanium and nickel across the interface to 
enhance the functionality of bimetallic structure. Moreover, 
inspired form the high entropy alloy formation mechanism, 
Cu-powder was also introduced along with CuSi interlayer to 
increase the entropy of the Cu–Ti interface to avoid the for-
mation of detrimental intermetallic. The final structure was 
characterised further for microstructure, elemental distribu-
tion, interfacial phase formation kinetics, tensile properties, 
and hardness profile. This study provides a novel approach 
for the development of Ti6Al4V and IN718 bimetallic struc-
ture using WADED process.

2 � Materials and Experimental Procedure

2.1 � Materials

Ti6Al4V, IN718, and CuSi wires of a diameter of 1.2 mm are 
used feedstock for the deposition process. An SS304L plate 
of dimension 200 mm × 150 mm × 15 mm was used as a sub-
strate for the deposition of the IN718–Ti6Al4V bimetallic 
wall structure using CuSi as an interlayer. The composition 
table for the Ti6Al4V (ER Ti-5), IN718 (ERNiFeCr-2), CuSi 
(ER-CuSi A), and SS-304L is shown in Table 1.

2.1.1 � Experimental Procedure

The deposition process is carried out with a 6-axis articu-
lated robotic arm (Make: ABB, Model: IRB1520ID) and 
an inert metal gas (MIG) power source (Make: Fronius, 
Model: TPS320i). The MIG-WADED system utilised for 
the deposition is shown in Fig. 1a. In the beginning, IN718 
was kept at the bottom, followed by two layers of CuSi 
interlayer, and finally Ti–6Al–4V at the top, to create two 
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walls. The addition of copper powder makes the walls dif-
ferent from one another. At the Cu-Ti interface, one wall has 
just CuSi, which is known as an interface without copper 
powder (IWOP), whereas the other wall is CuSi + copper 
powder which is known as an interface with copper powder 
(IWP). These two walls were deposited using similar process 
parameters shown in Table 2. Despite the similarity, one wall 
was incorporated with pure Cu powders at the Cu–Ti inter-
face to increase the entropy of the Cu–Ti interface, which 
may diminish the intermetallic formation [14]. A total of 25 
holes diameter of 3 mm and depth of 3 mm, were drilled on 

the Cu interlayer at equal intervals and filled with Cu pow-
der (~ 45 µm) before the Ti–6Al–4V deposition. The height 
and length of both as-deposited walls were kept at ~ 100 mm 
and ~ 150 mm, respectively.

For a better understanding of the deposition procedure, 
a schematic diagram is shown in Fig. 1b. Figure 1d depicts 
the deposition path taken along with the as-deposited wall 
structure. To determine the ideal deposition parameter of 
Ti–6Al–4V over CuSi, the Cu-Ti interface produced via 
the WADED method was examined early [15]. Table 2 dis-
plays the process parameters used for the deposition. The 

Table 1   Elemental composition summary of materials used (wt%)

Material Composition

SS304L C
0.079

Si
0..2858

Mn
0.8

P
0.0032

S
0.0194

Cr
18.56

Ni
8.2002

Mo
0.2654

Cu
0.2920

Nb
0.0281

Al
0.003

Ti6Al4V Ti
(89.5)

V
(3.81)

Al
(6.28)

C
(0.013)

O
(0.12)

Fe
(0.18)

N
(0.018)

Y
(< 0.005)

H
(0.0029)

–

IN718 Ni
52

Mo
3

Al
0.50

Fe
19

Nb + Ta
5

Cr
18

Ti
0.90

Mn
0.085

–

CuSi Cu
93.99

Si
4.0

Fe
0.50

Al
0.01

Mn
1.50

–

Fig. 1   a Schematic representation of setup used. b Schematic illustration of deposition strategy, c Tensile sample dimension, d As-deposited 
bimetallic wall structure
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parameters for the deposition of IN718 and copper alloy are 
selected from the previous research by Raja et al. [16] and 
Baby et al. [17], respectively. The deposition of the first four 
layers was performed by keeping the factor of low heat input 
into account. The intermetallic formation at the bimetallic 
interface depended on the heat input [18]. As the heat input 
increases, the diffusion across the interface increases and 
this increase in the heat input give rise to the interfacial 
cracking phenomenon. Higher intermetallic thickness (IMT) 
is more prone to interfacial cracking under cyclic thermal 
gradient and extreme condition.

Moreover, during the experiment, it was noticed that the 
sharp cooling gradient of the interface generated cracks as 
the crackling sound was obtained from the deposited Cu–Ti 
interface during cooling. Therefore, a strategy has been 
developed under which the first four layers of Ti over the Cu 
interlayer were deposited, considering the parameters men-
tioned in Table 2. After the 4th layer, the input current was 
increased to 1.5 times the previous one, so the heat trans-
ferred through conduction let the interface cool down. In 
addition, there was no time delay between two consecutive 
layers of titanium deposition to avoid the development of a 
sharp cooling gradient at the Cu–Ti interface. Furthermore, 
to ensure oxide-free titanium deposition, additional shield-
ing is provided to the titanium deposits in addition to the  
torch shielding. The shielding environment was maintained 
at 150 ppm oxygen content measured by Weld Purge Moni-
tor (Make: Huntingdon Fusion Techniques Model: Argweld 

Purg Eye 300 nano) inside an airtight chamber using a con-
trolled argon gas flow from a different cylinder.

2.1.2 � Metallurgical and Mechanical Characterisation

The samples for various characterisations were extracted 
from the wall, as shown in Fig. 1c. Two vertical pieces 
between the three tensile samples were extracted from 
the wall for scanning electron microscopy (SEM), energy 
dispersive x-ray spectroscopy (EDAX), X-ray diffraction 
(XRD), and micro-hardness. The samples were ground and 
evenly polished with sandpapers ranging in grit size from 
180 to 2500, followed by cloth polishing with a diamond 
paste ranging from 0.5 to 1 μm. Kroll's reagent (HNO3 + dis-
tilled water + HF) for Ti–6Al–4V, Kalling's no. 2 reagent 
(CuCl2 + HCl + Ethanol) for IN718, and copper no. 1 rea-
gent (HNO3 + distilled water) for ER-CuSi, are used to etch 
the polished samples preferentially. The etched samples 
were viewed in the SEM (Make: Carl Zeiss; Model: Gemini 
SEM300) and EDAX (Make: Oxford). Then, using a 600 W 
X-ray source and a Hypix-400 MF 2D hybrid pixel array 
detector (HPAD), a Rigaku Miniflex XRD system gath-
ered X-ray diffraction (XRD) patterns across samples that 
were 10 mm × 10 mm × 5 mm in size. A scan rate of 10° 
per minute was used for analysis in the Smart Lab Studio-II 
program.

Furthermore, the tensile testing was performed on ASTM 
E8 (sub-size) specimens as shown in Fig. 1c extracted 3 in 
number from each wall. The gauge section of the specimen 
contains Ti–Cu–Ni alloy sections. The tensile testing was 
performed on universal testing equipment (make: Tinius 
Olsen; model: H50 KS) with a strain rate of 0.04 min−1. 
Along the build direction, the microhardness of the depos-
ited structure is measured. The distance between two suc-
cessive indentations is measured as one millimetre. With a 
100-gf load and a dwell duration of 10 s, the Vicker's micro-
hardness testing apparatus (manufacturer: Innovatest; model: 
Anova Falcon 500) was used.

3 � Result and Discussion

3.1 � Metallographic Characterisation

The metallography obtained at various positions of 
the deposited wall is shown in Fig. 2. The deposition of 
Ti–6Al–4V at the top of the structure in Fig. 2a showed two-
phased structures, i.e., needle like α’ + β-phase (martensite) 
and primary α-phase, in both deposited walls. Such struc-
ture forms when the Ti–6Al–4V alloy rapidly cooled from 
greater than 1050 ℃ temperature [19]. Due to rapid cool-
ing from such a high temperature and availability of copper 
sink at the base, the α’-phase could not able to completely 

Table 2   Process parameter selected for the deposition of bimetallic 
structure

Input parameters Values

For Ti6Al4V
Deposition current (A) 70
Travel speed (mm/s) 6
Voltage (V) 20
For IN718
Deposition current (A) 191
Travel speed (mm/s) 9
Voltage (V) 22.7
For CuSi
Deposition current (A) 91
Travel speed (mm/s) 5.8
Voltage (V) 20
Arc efficiency (η) 0.85
Heat input (J/mm) at Ti6Al4V/CuSi interface 198.3
Shielding gas at the torch 99.99% pure Argon
Shielding gas at the chamber 99.99% pure Argon
Gas flow rate at the deposition torch 20 LPM
The gas flow rate in the shielding chamber 25 LPM
Contact tip to workpiece distance 11–13 mm
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Fig. 2   a Microstructure obtained at Ti-side. b Cu–Ti interface of both deposited walls. c Cu-side. d Ni–Cu interface, e Ni side
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Fig. 3   EDAX area scan a Cu–Ti interface of WOCP. b Cu–Ti interface of WCP. c Non-confirmation of Ti5Si3 at IMC layer-1 of IWOP, d confir-
mation of Ti5Si3 at IMC layer-1 of IWP
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transformed into to β-phase and, hence, retained at room 
temperature. Equation (1) illustrates how the eutectoid reac-
tion led to the α + β-phase transformation after the transition 
temperature of 975 ℃ [20] and Eq. (2) depicts the β-phase 
to α’-phase transition at 1050 ℃ [19].

The rapid transformation of α′-Ti to β-Ti and then into 
α + β Ti is followed by a gradual transformation back into 
α-Ti. The martensite phase precipitating in the matrix causes 
strengthening at room temperature. However, the α-phase 
fraction results in a trade-off between strength at high tem-
peratures and more significant flow stress at high tempera-
tures. In the deposited structure, the α-Ti was found nearly 
65.76% and 66.12% of the wall without powder and the wall 
with powder, respectively. This shows that the deposited 
structure will have ample strength at room and high tem-
peratures to be used in structural application [21]. Moving 
towards the Cu–Ti interface, no cracks have been found at 
the interface, which justifies the effective strategic deposi-
tion of Ti over the Cu interlayer for both walls, i.e., a wall 
without powder and a wall with powder shown in Fig. 2b. 
However, the Cu–Ti interface without powder (IWOP) 
shows three distinctive layers of intermetallics.

In contrast, the interface with powder (IWP) shows only 
two distinctive layers of intermetallic phases with the less 
interfacial thickness (~ 360 µm) compared to the interface 
without powder (~ 535 µm). This suspects the presence of 
some phase kinetics, which inhibited intermetallic phase 
growth at the Cu-Ti interface without a powder sample. The 
CuSi interlayer shows its traditional columnar structures 
with Si precipitated at the interdendritic regions of Cu in 
Fig. 2c. The addition of Si in Cu improves both strengths 
and ductility [22], imparts the proper cushioning effect to 
the thermal stresses developed at the Cu–Ti interface and 
assures the intactness between Cu and Ti. On the other 
hand, the Cu and Ni, which have atomic numbers 29 and 
28, respectively, are next to one another on the periodic 
table. The two substances are entirely miscible in their liq-
uid and solid states and are closely linked [23]. Cu–Ni alloys 
crystallise in a face-centred cubic lattice across the whole 
concentration range; hence, there will be no chance of form-
ing secondary detrimental phases. The as-deposited Cu–Ni 
interface in both walls looked perfect in terms of bonding, 
and no such secondary phases were noticed at the interface, 
as shown in Fig. 2d.

Moreover, a smooth transition between Ni and Cu has 
been noticed, moving Ni to Cu. The Ni dendrites directly 
diffuse into Cu and develop a continuous columnar dendritic 

(1)�Ti ↔ (� + �)Ti → �Ti

(2)(� + �)Ti → �Ti ↔ ��
Ti

growth across the Ni to Cu. The IN718 shows its conven-
tional cellular microstructure with γ-phase and interdendritic 
precipitant, γ′-phase, as shown in Fig. 2e. The intermediate 
phase fraction of the γ′-phase is found at nearly 33.9% and 
34.2% in the wall with powder and without powder, respec-
tively. IN718 is a precipitation hardening alloy in which the 
pure Ni is called γ-phase, whereas the intermetallic second-
ary precipitant, i.e., Ni3(Nb, Ti, Al), is called γ′-phase [23]. 
Therefore, the presence of γ′-phase in adequate amounts will 
improve the strength of the alloy extensively without appre-
ciable depreciation in ductility. The as-deposited IN718 
shows a suitable quantity of γ′-phase to produce excellent 
strength in the material. Looking back at all of the materials 
and their interfaces along with their probable phase analysis, 
the Cu–Ti interface looks much more vulnerable to frac-
ture during loading due to continuous and incoherent Cu–Ti 
intermetallic phases. This phenomenon makes the Cu–Ti 
interface a more important region to be studied further for 
the highly functional Ni–Cu–Ti trimetallic structure.

3.1.1 � EDAX Analysis and Phase Formation Kinetics 
at the Interfaces

3.1.1.1  Cu–Ti Interface  The intermetallic compound 
(IMC) in the layered form experienced the EDAX scan at 
the interface, as shown in Fig. 3. The area and point scans 
were performed at the interface without copper powder 
(IWOP) and interface with copper powder (IWP), as shown 
in Fig. 3a, b. The elemental fraction of Cu and Ti was com-
pared with the Cu–Ti phase diagram and concluded the 
formation of Ti–rich CuTi + CuTi2 phase in zone-1 and 
Cu4Ti3 + Cu3Ti2 phase in zone-2, whereas Cu4Ti + Cu3Ti2 
in zone-3 for the IWOP sample. However, at zone-1, the 
fraction of CuTi would not be significant as the iso-concen-
tration line in zone-1 lies much closer to the CuTi2 phase. 
For IWP, there exist only two layers of intermetallic phases 
at the interface. The area scan at zone-1 indicated the for-
mation of the Cu4Ti3 + Cu3Ti2 phase, whereas zone-2 indi-
cated the formation of Cu4Ti + Cu3Ti2 phases. Comparing 
the EDAX elemental distribution of the Cu-Ti interface for 
IWOP and IWP regions, the IWOP has an additional layer 
of CuTi2 intermetallic. This was undoubtedly incurred due 
to the diffusion of Cu at a considerable distance where the 
Ti–rich Cu–Ti intermetallic formed. The other sample, 
IWOP, did not show such diffusion behaviour of copper, 
despite the same deposition parameters. Observing deep 
down into the Cu–Ti interface of the IWP sample, some 
traces of Ti5Si3 were noticed at the IMC layer-1 (zone-2 
region); however, such disilicide was not effectively traced 
at the IWOP, as shown in Fig. 3c and d despite both deposi-
tion contain same Ti–Si composition. This typical occur-
rence could be related to entropy, which measures random-
ness and rises as entropy increases. In contrast to the solid 
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interlayer in IWOP, the Cu powder added to the IWP inter-
face obviously increases randomness and may therefore 
have a higher entropy. Accordingly, the formation enthalpy 
(∆H = ∆G + T.dS) of Cu–Ti intermetallics also increases 
at the IWP wall. The diffusivity of Cu in Ti is in order of 
3.8 × 10–5 m2/s [24] whereas the diffusivity of Si in Ti is in 
order of 7.5 × 10–14 m2/s [25], which indicates that the dif-
fusion of Cu in Ti is much faster than Si in Ti. Therefore, 
in the case of IWOP, the Cu reaches Ti in a much faster 
manner, resulting in the formation of various Cu–Ti IMCs, 
and Si is prevented from entering Ti and forming Ti–Si 
IMCs as a result. However, in the case of IWP, Cu powder 
is introduced at the interface to increase the enthalpy of 
Cu–Ti IMCs. As a result, during the melting process, Ti 
reacts quickly with Cu and may produce a supersaturated 
solid-solution of CuTi; however, the reaction is incomplete 
and Cu may be rejected during solidification, which could 
allow Si to enter in the interstitial positions and result in the 
formation of the Ti5Si3 compound because it has a lower 
formation enthalpy (− 75  kJ/mol) than any other Cu–Ti 
IMC phase [26]. Furthermore, transition metal silicides, 
such as nickel silicide [27], copper silicide [28], titanium 
silicide [29], etc., are known to act as a copper diffusion 
barrier. Thus, the formation of Ti5Si3 at the IWP hindered 
the Cu diffusion into the Ti, resulting in the lesser IMC lay-
ers thickness in IWP than in IWOP.

Conclusively, as Ti is deposited over the Cu interlayer, 
mixing of Ti and Cu occurs at the interface in a liquid state. 
As the solidification starts, the CuTi IMC forms first, and 
more copper diffuses towards the Ti side, whereas more Ti 
diffuses towards the Cu side. Thus, three distinctive interme-
tallic zones were created at the interface, i.e., the CuTi zone, 
Cu(rich)–Ti zone, and Cu–Ti(rich site). However, due to the 
formation of Ti5Si3, the Cu–Ti (rich) IMC layer is not found 
at IWP. With the further decrease in temperature, the CuTi 
transformed into Cu4Ti3 and Cu3Ti2 [30]; meanwhile, CuTi2 

IMC formed at Ti(rich zone) and Cu4Ti + Cu3Ti2 formed at 
Cu rich zone. The general transformation sequence of CuTi 
IMC follows as CuTi → Cu

4
Ti → Cu

4
Ti

3
→ CuTi

2
 [30]. It 

should be noted that the given heat input during the depo-
sition favoured the complete transformation of CuTi into 
Cu4Ti; however, it was not found enough to establish the 
total change of Cu4Ti into Cu4Ti3 at the Cu(rich)–Ti zone, 
which led to precipitation of Cu4Ti into the Cu4Ti3 + Cu3Ti2 
matrix. Since there is no Ti(rich zone) at IWP, thus no traces 
of CuTi2 has been observed. To better understand the layer 
formation at the Cu–Ti interface for IWOP and IWP, sche-
matic diffusion models are shown in Fig. 4.

3.1.1.2  Ni–Cu Interface  Ni and Cu are completely misci-
ble metals in liquid and solid solutions. Although Ni and 
Cu are readily joined in the fusion process, the residual 
thermal stress may lead to embrittlement and hot crack-
ing [31]. However, the as-deposited Ni–Cu interface did 
not show any cracks or formation of secondary phases at 
the interface. A line scan across the interface identifies 
the diffusion behaviour between the two, shown in Fig. 5. 
Since the Ni–Cu interface was developed under similar 
circumstances and deposition parameters for both walls, 

Fig. 4   Diffusion models for 
IWOP and IWP

Fig. 5   Line scan at Ni–Cu interface for wall-1 (IWOP)
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the diffusion behaviour was also the same. The line scan 
shows a negligible amount of diffused Cu on the Ni side, 
whereas the Cu side received an ample amount of dif-
fused Ni. This might happen because of the difference in 
melting point between the depositing and substrate alloy. 
The melting point of Cu is around 1050 ℃, whereas the 
melting point of Ni is ~ 1450 ℃. Therefore, when Cu was 
deposited over Ni, only partial Ni melted at the interface. 
Moreover, it would have been easier for Ni to diffuse into 
molten Cu rather than diffusion of Cu into solid Ni. Apart 
from this, due to the unaltered concentration of Cu near 
the Ni–Cu interface (Cu-side), the segregation of Si did 
not occur, which avoided the formation of nickel silicides 
in that region.

It could be also noted that when low melting point 
materials like Cu are deposited on high melting point 
materials like Ni, diffusion occurs primarily in the build 
direction and partial melting of the substrate may result 
in a thinner mixed Ni–Cu interface region. In contrast, 
a significant amount of the low melting point substrate 
(Cu) melts while depositing material with a higher melt-
ing point, such as Ti, creating a thicker mixed zone at the 
Cu–Ti interface and diffusion generally occur towards 

build direction. Thus, the position of material with 
respect to their melting point may have an impact on the 
interface thickness.

3.1.2 � Phase Formation and Kinetics

The XRD analysis of the Ni–Cu and Cu–Ti interfaces of the 
as-deposited IWOP and IWP walls revealed the same inter-
metallic phases encapsulated by EDAX analysis of IWOP 
and IWP. The Cu4Ti3, Cu3Ti2, Cu4Ti, and CuTi2 intermetal-
lic phases are detected during the XRD analysis of IWOP 
and IWP, except a different phase is noticed in the IWP, i.e., 
Ti5Si3 as shown in Fig. 6a and b. This section discussed vari-
ous phase formation and transformation kinetics at Cu–Ti 
and Ni–Cu interfaces.

As discussed in Sect. 3.1.1, the first phase, which forms 
due to its low formation enthalpy and higher stability, is 
CuTi in both samples at the Cu–Ti interface at around 
989 ℃. The chances of the formation highly non-stoichio-
metric phase (i.e., Cu4Ti) are high after the CuTi formation. 
The formation enthalpies of CuTi and Cu4Ti are − 11.12 kJ/
mol and − 5.53 kJ/mol, respectively. Instead of the signifi-
cant differences in the formation enthalpies, the driving 

Fig. 6   XRD pattern a for IWOP, b for IWP, and c for the Ni–Cu interface
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force ( Δ G) for the formation of Cu4Ti is ̴ 510 J/mol closer 
to the Cu4Ti3~510 J/mol. However, it is also very difficult 
to form a stoichiometric phase during continuous mixing of 
Cu–Ti at a high temperature of around 890 ℃. This increases 
the probability of forming Cu4Ti after CuTi at the Cu–Ti 
interface. The metastable nature and solid-state diffusion of 
Cu4Ti with the most stable phase (i.e., CuTi) lead to further 
transformation of it into Cu4Ti3. The transformation reac-
tion of Cu4Ti into Cu4Ti3 is shown by Eq. (3) [30]. The 
high cooling rates during the initial layers of deposition hin-
dered the complete transformation of CuTi and Cu4Ti. The 
retained Cu4Ti at the interface further reacts with formed 
Cu4Ti3 to give Cu3Ti2 during the subsequent layers as the 
interfacial temperature at a particular deposition layer turn 
higher enough for solid-state diffusion. Moreover, the trans-
formation reaction of Cu4Ti and Cu4Ti3 is shown by Eq. (4) 
[30].

The XRD results showed no presence of CuTi at the inter-
faces of both the samples, as shown in Fig. 6a and b. This 
offers a complete transformation of CuTi into the subsequent 
phases. Further, as discussed in Sect. 2.2, there was no time 
delay between two consecutive layers of titanium deposition 
to avoid the development of a sharp cooling gradient at the 
Cu–Ti interface. This slowing of the cooling gradient results 
in late nucleation of CuTi and Ti at a lower temperature of 
around 750–780 ℃ resulting in the formation of the CuTi2 
phase of Cu–Ti intermetallic. A similar phenomenon was 
reported by Laik et al. [30] at the CuTi/Ti interface due to 
late nucleation.

Apart from the Cu–Ti interface, the Ni–Cu interface was 
also analysed with the XRD technique. However, the XRD 
peaks obtained at the Ni–Cu interface for IWOP and IWP 
walls are also identical due to similar process parameters and 
strategies. Therefore, XRD peaks of the Ni–Cu interface for 
the IWOP wall are only shown in Fig. 6c. The equiatomic 
CuNi phase has been observed at the interface due to the 
miscibility gap between Cu and Ni phases. A miscibility gap 
is a region of a phase diagram between two highly misci-
ble elements in a certain temperature region [32]. For CuNi 
equiatomic phase, Iguchi et al. [32] determined that the mis-
cibility gap formed at 527 ℃. Due to the high conductivity 
of Cu, rapid solidification at the interface took place, which 
led the CuNi phase to freeze and remain untransformed in 
the matrix.

Moreover, another phase is noticed in the XRD analy-
sis, i.e., CrNi2. However, this phase is not generally seen 
in the Ni–Cr–Mo alloys because of its less stability and 
low temperature of formation, i.e., 590 ℃ [33]. Verma 

(3)8CuTi + Cu
4
Ti → 3Cu

4
Ti

3

(4)Cu
4
Ti (retained) + 5Cu

4
Ti

3
→ 8Cu

3
Ti

2

et al. [32] reported that less content of Ti and W in the 
alloy leads to the formation of the D022 crystal structure 
type CrNi2 intermetallic phase. Since IN718 does not have 
W content and a small amount of Ti may have diffused 
towards the Cu, Ti has many affinities for Cu compared to 
Ni. Thus, during the heating and cooling cycle, as titanium 
started moving towards the Cu matrix, the Cr attacked 
the Ni matrix after reaching the composition to form the 
CrNi2 phase. The CrNi2 phase precipitated very small at 
the Ni–Cu interface, which may increase the interfacial 
strength between the two as it will pin the dislocation line 
during the deformation.

3.2 � Mechanical Characterisation

3.2.1 � Tensile Testing and Fractography

During the tensile test, it was found that the samples of 
IWOP and IWP walls fractured in the vicinity of the Cu–Ti 
interface (on the Ti side). The engineering stress–strain 
curves obtained for samples IWP and IWOP are illustrated 
in Fig. 7. The 0.2% proof stress (PS) values for IWOP and 
IWP are found at 36.43 ± 5.02 MPa and 16.09 ± 1.15 MPa, 
respectively. Furthermore, the ultimate tensile stress 
(UTS) for IWOP and IWP are 152.31 ± 40.74 MPa and 
32.51 ± 11.97 MPa. Despite using the same process param-
eters, a significant difference in PS and UTS can be noticed 
between the IWOP and IWP samples. Thus, the copper 
powder in the IWP sample generates the metallurgical ori-
entation towards reduction in tensile strength by catalysing 
detrimental intermetallic compounds at the interface. The 
presence of copper powder at the Cu-Ti dissimilar interface 
catalysed the formation of highly brittle Ti5Si3 at the inter-
face (on the Ti side). Ti5Si3 at the interface not only impedes 
the diffusion of EDAX Cu towards the Ti but also inhibits 
the elongation during the deformation. This means that the 
work-hardening effect after the yield point is not observed in 
the case of IWP. However, the IWOP samples show signifi-
cant elongation (> 6%) to be considered ductile compared 
to IWP samples. Therefore, during the deformation of IWP 
samples, the strain-induced transformation may occur at the 
Cu–Ti different interface, increasing the strength. To prove 
this hypothesis, the SEM and EDAX analysis has been per-
formed on the fractured surfaces of both IWOP and IWP 
samples.

The SEM images of fractured surfaces have been cap-
tured, as shown in Fig. 7c and d. The fracture mode can be 
asses as brittle as a river bed-like pattern is noticed on the 
fracture surfaces of both IWOP and IWP samples. In the 
brittle fracture, the crack propagates rapidly with sound 
speed and often propagates by cleavage. The cleavage 
breaks an atomic bond along a specific crystallographic 
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plane, also known as the cleavage plane. Because the 
cleavage planes in various grains are oriented differently, 
the texture of the fracture surface is faceted. The nature 
of brittle fracture is transgranular in both IWOP and IWP 
samples; however, the intergranular fracture is also noticed 
in the IWP samples, as shown in Fig. 7d. The intergranu-
lar fracture generally occurs when the grain boundaries 
are weaker than the grain itself. Thus, the intergranular 
fracture weakened the grain boundary due to the precipita-
tion of Ti5Si3. The EDAX analysis reveals the availability 
of the CuTi IMC phase in IWOP samples. In contrast, 
no trace of the CuTi phase is noticed on the fractured 
surface of IWP samples. This means that, in IWOP sam-
ples, the strain-induced transformation of Cu4Ti3, Cu3Ti2, 
and CuTi2 phases into a highly stable CuTi phase [30] 
occurred. However, no strain-induced transformation of 
less stable Cu–Ti phases into CuTi phases is observed 
in the samples of IWP during deformation. Apart from 
this, traces of Ti5Si3 were also noticed on the facets of the 
transgranular fracture. This concludes that the presence of 
Ti5Si3 impends the diffusion of Cu into Ti, imparts more 
brittleness to the Cu–Ti matrix, inhibits the transformation 

of less stable Cu–Ti phases into highly durable CuTi IMC 
phase, and finally decreases the strength and elongation 
during tensile deformation.

3.2.2 � Micro‑hardness Testing

The microhardness was measured from the Ni side towards 
the Ti side along the build direction, including the Cu-inter-
layer, as shown in Fig. 8. The indentations were taken at both 
sides (i.e., 10 mm on both sides) of the Cu–Ti interface. It was 
found that the Ni side shows the harness values ranging from 
195 to 240 HV for IWOP and 190–245 HV for IWP depos-
ited structures which are typical for additively manufactured 
deposited IN718 [34], as there was no infusion of Cu-atom 
found on the Ni-side (shown in Fig. 8c). The hardness value 
in the CuSi layer was observed to be 98–156 HV for IWP and 
120–137.2 for IWOP. This increase in the hardness value of 
the copper was due to the distribution of Ni-atom on the Cu 
side, as shown in Fig. 8c. The hardness value was not found to 
be stabilised (i.e., IS 14811:2000) within the copper because 
of the thickness of the CuSi layer (i.e., 3–4 mm thickness of 
the two layers). The hardness was increased in the region away 

Fig. 7   Engineering stress versus Engineering strain curves for a IWOP, b IWP; EDAX scan of fractured surface for c IWOP and d IWP samples
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from the CuSi towards the Ti–6Al–4V due to the formation 
of various IMC at the Cu–Ti interfacial region. The hardness 
value increases to ~ 680 HV in the IWP structure and ~ 485 HV 
in the IWOP structure. The increase in the hardness depends 
on the composition of CuTi and CuTi2 in the dual-phase IMC 
observed in the interfacial region, as shown in Fig. 4a. Zhu 
et al. [35] reported that the CuTi IMC has the highest hardness 
in the Cu–Ti IMC family, i.e., 11.7 GPa, which corresponds 
to ~ 1193 HV, whereas, CuTi2 has ~ 800 HV (i.e., 7.85 GPa). 
Since multi-phase Cu–Ti intermetallic formation was observed 
in this work, the hardness values at the interface are now 
almost equivalent to the average hardness values of the phases 
present at the interface. The interfacial hardness is highest for 
IWP structures and minimum for IWOP structures. However, 
a proportion of CuTi impacts the interfacial hardness as the 
increase of CuTi fraction increases the interfacial region. The 
fraction of Cu and Ti in various zones is shown in Fig. 3a and 
b. The composition indicates the formation of CuTi + CuTi2 
dual IMC phases at the zones in the interfacial region. Using 
lever rule, the fraction of CuTi in the whole phases of IMC 
can be calculated as 25%–40% for various zones in IWOP 
whereas at IWP interfacial region the fraction reaches as high 
as 75%–90%. Therefore, the more fraction of CuTi in the inter-
facial region of IWP structure may increase the brittle nature 
at the interface which can also be validated by the hardness 
value reached ~ 680 HV. Hence, the formation of a coherent 
and less brittle combination of CuTi + CuTi2 IMC at the dis-
similar interface as a result of fabricating a Ti–6Al–4V/IN718 
dissimilar structure through the WADED process without cop-
per powder will certainly result in the development of a highly 
functional Ni–Ti bimetallic structure.

4 � Conclusion

Bimetallic structures of Ti–6Al–4V and IN-718 have been 
successfully fabricated using wire-arc additive manufac-
turing with improved functionality. The structure seems 
to be with no interfacial cracking in various micrographs. 
Hereafter, the mechanical behaviours were analysed, and 
the following conclusions could be drawn from the work:

a.	 Microstructure on the Ti–6Al–4V two-phased struc-
tures, i.e., needle like α’ + β-phase (martensite) and 
primary α-phase, in both deposited walls with no inter-
facial cracking at the Cu–Ti interface and precipitation 
of Si at the interdendritic region. However, Ni-side 
showed its conventional cellular microstructure with γ 
and γ′-phases. Phase fraction of the γ′-phase is found 
at nearly 33.9% and 34.2% in the wall with powder 
and without powder, respectively. Moreover, inter-
metallic thickness (IMT) was decreased to ~ 360 μm 
from ~ 535 μm for Cu-Ti interface with copper powder 
(IWP).

b.	 EDS analysis confirmed the higher diffusion of Cu 
towards the Ti-side in the interface without copper pow-
der (IWOP) sample, which results in the formation of 
three intermetallic layers, i.e., (Zone 1) CuTi + CuTi2, 
(Zone 2) Cu4Ti3 + Cu3Ti2, and (Zone 3) Cu4Ti3 + Cu3Ti2 
as per the atomic composition. However, IWP showed 
two layers of intermetallic region i.e., (Zone 1) 
Cu4Ti3 + Cu3Ti2 and (Zone 2) Cu4Ti + Cu3Ti2. Moreo-
ver, diffusion of Ni in Cu is larger than Cu in Ni due to 
the significant difference in melting point at the Ni–Cu 
interface.

c.	 Furthermore, the XRD result showed the absence of 
the most brittle CuTi intermetallic phase at the Cu-Ti 
interface for both samples. Moreover, a small amount 
of CrNi2 precipitated at the interfacial region of Cu–Ni.

d.	 Both samples observed a brittle fracture of tensile 
samples on the Ti-side near the Cu-Ti interface. The 
0.2% proof stress (PS) and ultimate tensile stress 
(UTS) values of IWOP i.e., 36.43 ± 5.02  MPa and 
152.31 ± 40.74 MPa, are higher than the IWP samples.

e.	 The formation of multi-phase Cu–Ti intermetallic results 
in a hardness value nearly equal to the average of the 
phases present. The hardness was ~ 680 HV in the IWP 
structure and ~ 485 HV in the IWOP structure. However, 
Ni-side hardness lies in the range of 190–245 HV, and 
for CuSi, it lies between 98 and 156 HV for both sam-
ples.
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