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A B S T R A C T   

This study investigated the microstructures and mechanical properties of a bimetallic structure (BS) of a titanium 
alloy (Ti6Al4V) and a niobium alloy (NbZr1) manufactured by wire arc additive manufacturing (WAAM). Three 
BS thin-walls were deposited with different heat input conditions: low (180 amperes (A)), medium (200 A), and 
high (220 A). Microstructural characterization at the interface showed that the Niobium (Nb) diffusion on the 
Ti6Al4V side increased as the heat input was increased. The interfacial microstructure comprised an island area 
and a dendritic zone with solid solutions of (β Ti and Nb) and (α + β Ti and Nb), respectively. The hardness 
ranged from 99 to 367 Vickers Hardness (HV), with a considerable decrease at the interface due to the migration 
of Nb. Maximum ultimate tensile strength of 567 MPa was achieved for the low heat input sample, and the failure 
occurred at the NbZr1 side. The fractography revealed intergranular and transgranular fracture morphologies, 
indicating a brittle failure. The results showed that the proposed BS has a good bonding strength, and neither 
defects (e.g., pores and cracks) nor intermetallic compounds were observed at the interface.   

1. Introduction 

Additive manufacturing (AM) employs layer-by-layer deposition and 
is particularly suited for fabricating dissimilar metals into a single 
component, called “bimetallic structure (BS)” [1]. Niobium-zirconium 
(NbZr1), one of the refractory alloys, is widely used in extreme envi
ronments (e.g., nuclear reactors) due to its extraordinary physico
chemical properties, including high-temperature strength and high 
ductility [2,3]. In addition, Ti6Al4V, one of the titanium (Ti) alloys, is a 
high-performance alloy with a high strength-to-weight ratio. It is used 
for a wide range of applications where low density and excellent 
corrosion resistance are necessary (e.g., aerospace industry) [4]. Pro
vided these two alloys are joined into a single part, their unique char
acteristics can complement each other, enhancing their multifunctional 
capabilities and enabling a broad range of potential applications [1]. 

The Ti6Al4V-NbZr1 BS can be manufactured through traditional 
processes, e.g., welding, brazing, and diffusion bonding. These processes 
have critical issues, including heat-affected zone, heterogeneity at the 
interface, and cracking due to brittle phase formation [1]. Torkamany 

et al. [5] investigated the effects of laser pulse energy, duration, and 
repetition rates on the melt pool in pulsed laser-welded Ti6Al4V-Nb 
sheets. The bonding strength of 269 MPa was achieved with the absence 
of intermetallic compounds (IMCs). Siqueira et al. [6] studied the 
microstructure and hardness of fiber laser beam welded Ti-Nb sheets. 
The samples were defect-free, and the hardness profile decreased from 
the top (Ti) to the bottom (Nb). Franchini et al. [7] also successfully 
welded a Nb-base alloy (C-103) to Ti6Al4V without cracks using elec
tron beam welding, achieving tensile strength of 511 MPa. Gao et al. [8, 
9] observed that no IMC was formed during the laser welding of pure Ti 
to Nb sheets. Shehbaz et al. [10] investigated the influence of Nb as an 
interlayer on the microstructure evolution, mechanical characteristics, 
and interfacial strength of dissimilar CpTi and IN718 TIG weldment. Nb 
interlayer suppressed the interdiffusion of Ti and Ni across the interlayer 
resulting in no TixNiy intermetallic compounds (IMCs) at the 
CpTi/IN718 dissimilar joint. 

Various BSs, for example, steel–bronze, steel–aluminum alloys, 
steel–nickel/nickel alloys, steel–copper, and copper-titanium, have been 
successfully fabricated via metal AM [1,11]. Metal AM can be 
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categorized into powder-bed, powder-fed, and wire-fed processes [12]. 
Wire arc additive manufacturing (WAAM), one of the wire-fed pro
cesses, uses an electric arc as an energy source to melt the wire feedstock 
[13]. It can be further classified as gas tungsten arc welding (GTAW), gas 
metal arc welding (GMAW), and plasma arc welding (PAW). It can 
provide the fabrication capability of multi-materials and 
functionally-graded materials (FGMs) [11,14]. Its unique features (e.g., 
high deposition rate, low capital cost, and high energy density/effi
ciency [14]) have provided great potential for fabricating BS of re
fractory alloys (e.g., NbZr1) and high-performance alloys (e.g., 
Ti6Al4V). 

In this paper, we aim to investigate the microstructural characteris
tics and mechanical properties of bimetallic thin-wall structures of 
Ti6Al4V-NbZr1 fabricated by wire arc additive manufacturing with 
respect to different heat input conditions. Using electron microscopy 
and elemental mapping, microstructures of the bimetallic structures 
were characterized with a focus on the interface. In addition, micro
hardness, tensile tests, and fractured surfaces were investigated to 
extract the mechanical properties. 

2. Materials and method 

A GTAW-based WAAM system was utilized, which consists of a 6-axis 
Fanuc ArcMate 120iC robot with a Fanuc R-J3iB controller, a Miller 
Dynasty 400 GTA welding power source, and a generic wire feeder [15]. 
NbZr1 alloy wire (ASTM-B392) with a diameter of 0.95 mm was used for 
the deposition. The elemental composition of the wire is provided in 
Table 1 [16]. The NbZr1 was deposited on the Ti6Al4V substrate of 120 
× 10 × 32 mm3. Travel speed (200 mm/min), wire feed rate (1500 
mm/min), electrode-to-workpiece distance (5 mm), electrode tip angle 
(45◦), torch angle (90◦), and the shielding gas flow rate (15 L/min) were 
kept constant in all experiments, as listed in Table 2. In addition to 
shielding gas with the composition of 70 % argon and 30 % helium, 
trailing gas of 99.99 % argon was used to prevent oxidation after the 
deposition of each layer. The welding voltage depends on the 
electrode-to-workpiece distance, so all experiments were carried out 
with a constant gap of 5 mm to maintain consistency. 

The deposition conditions of the thin-walls are based on the heat 
input and are controlled by the arc current: low heat input (LHI) for 180 
A, medium heat input (MHI) for 200 A, and high heat input (HHI) for 
220 A. The details of the process parameters are listed in Table 3. Energy 
density and heat input are calculated using Eqs. (1 and 2) [17]. The 
interpass temperature was maintained at 100 ◦C throughout the exper
iment. Fig. 1 shows the three thin-walls. The height and number of 
layers are; 58 mm and 25 for LHI, 57 mm and 29 for MHI, and 55 mm 
and 34 for HHI conditions, respectively. 

Heat input(J/mm) =
Current × Voltage × 60

TS
(1)  

Energy density(J
/

mm3) =
Current × Voltage × 60

π × (wire radius)
2

× WFS
(2) 

After deposition, the bimetallic structures were sectioned along the 
build direction, as shown by the yellow region in Fig. 1(a), to prepare 
samples for microstructures and microhardness tests. The samples were 
hot-mounted, grounded, and polished following standard metallo
graphic procedure. The Ti6Al4V sides of polished samples were etched 
with 3 mL HF + 5 mL HNO3 + 100 mL H2O, and the NbZr1 sides were 
etched with 10 mL HF + 20 mL HNO3 + 10 mL H2O. The microstruc
tures and fractured surfaces were analyzed using Nikon Epiphot inverted 
optical microscope (OM), FEI Quanta 200, and Hitachi SU 7000 scan
ning electron microscope (SEM) coupled with energy dispersive spec
trometry (EDS). For EDS analysis EDAX Octane Elect Super EDS system 

Table 1 
Elemental composition (wt%) of NbZr1 wire used in this study.  

Element Nb Zr Ta O W Mo Hf C N Fe Al Si Ni 

Composition (w%) Bal. 0.8–1.2 0.5 0.025 0.05 0.05 0.02 0.01 0.01 0.01 0.005 0.005 0.005  

Table 2 
Constant process parameters.  

Process parameters Value 

Wire diameter 0.95 mm 
Substrate dimension 120 × 10 × 32 mm3 

Travel speed (TS) 200 mm/min 
Wire feed rate (WFR) 1500 mm/min 
Electrode-to-workpiece distance 5 mm 
Electrode tip angle 45◦

Torch angle 90◦

Shielding gas flow rate 15 L/min  

Table 3 
Process parameters for different heat input conditions.  

Condition Current Heat input Energy density 
(A) (J/mm) (J/mm3) 

LHI 180 810 138 
MHI 200 900 153 
HHI 220 990 168  

Fig. 1. Multi-layer thin-walls of Ti6Al4V-NbZr1 fabricated in (a) LHI, (b) MHI, and (c) HHI conditions.  
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Fig. 2. Optical microscopy images showing the microstructure of Ti6Al4V-NbZr1 BS fabricated in LHI condition: (a) overall cross section, (b1) - (b3) the NbZr1 side, 
(c1) - (c3) the interface, and (d) - (f) the Ti6Al4V side. 

Fig. 3. EDS line and point scan results at the interface for the (a) LHI, (b) MHI, and (c) HHI conditions.  
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with EDAX APEX software was used. X-ray diffraction (XRD) analysis 
was also carried out utilizing the Rigaku Ultima IV machine to deter
mine the phases at the interface. In addition, microhardness tests were 
performed along the build direction of thin-walls using a Buehler-Wilson 
VH1202 with a 500 g load and a dwell time of 10 s. Two tensile speci
mens were prepared from each thin-wall using wire electrical discharge 
machining having a gauge section dimension of (10.16 × 3.175 ×

2 mm3). Tensile tests were conducted on the TestResources 810 E4 
Electrodynamic test machine using a strain rate of 0.001 s−1. 

3. Results and discussion 

3.1. Microstructure analysis 

The microstructural features of the NbZr1 side, the interface region, 
and the Ti6Al4V side for three deposited thin-walls were investigated. 
Since similar characteristics were found in each condition, only the 
micrographs of the LHI condition are explained. Fig. 2(a) shows the 
overall cross-sectional image of the BS. The top portion of the deposit is 
the NbZr1 which consists of a columnar grain, with grains elongated 
towards the build direction, as shown in Fig. 2(b1). Magnified images in 
Fig. 2(b2) and (b3) also reveal the formation of primary and secondary 
dendrites in that region. Similar results were also found in the literature 
[17] The Ti6Al4V-NbZr1 interface is presented in Fig. 2(c1). The 
interface is marked with a red line for better visualization. Higher 
magnification images in Fig. 2(c2) and (c3) confirm that no cracks, 
pores, or IMCs were formed at the interface. Fig. 2(d) - (f) show the 
microstructure of the Ti6Al4V side. The microstructure varies from 
basket weave-like to duplex/bimodal and equiaxed based on the loca
tion. Differences in the microstructure can be attributed to variations in 
the heat affected zone. Typically, Ti6Al4V microstructure contains fine 

acicular α and β and prior β grain boundaries. The microstructure of the 
Ti6Al4V substrate just below the interface shows a coarse β columnar, 
with α lamellae arranged in a basket weave structure as depicted in 
Fig. 2(d). A similar microstructure was observed by Patrizia et al. [18]. 

Fig. 3 shows the SEM images of the interface for three different heat 
input conditions. The microstructure at the interface comprises an island 
area and a dendritic zone with solid solutions of (β Ti and Nb) and (α + β 
Ti and Nb), respectively. Gao et al. [8] observed similar microstructures 
for pulsed laser-welded Ti6Al4V-Nb dissimilar alloys. The formation of 
island areas is due to the difference in melting point of Ti6al4V and 
NbZr1 and the fluid flow of the molten pool. According to the Ti-Nb 
binary phase diagram [19], the melting point of the mixed Ti-Nb 
molten metal increases as the Nb content rises. Accordingly, within 
the melt pool, the zones with higher Nb content have higher melting 
points and are solidified earlier; thus, they form island areas. However, 
zones with higher Ti content solidify later, forming dendritic zone. To 
verify this, an EDS line and point scan analysis were carried out at four 
different locations, as shown in Fig. 3. The heterogeneous Ti, Al, V, and 
Nb distribution along the scan line indicates the lack of Ti and Nb mixing 
in the melt pool. This could result from the difference in composition of 
dissimilar metals and an intense fluid flow in the melt pool due to the 
temperature gradient and surface tension [20,21]. Point analysis for P4, 
which is on the Ti6Al4V side, shows a major concentration of Ti with a 
very small quantity of Nb and Zr in each condition heat input condition. 
The Nb content at P2, located on the island, is greater than 75 %, but it is 
less than 30 % at P2, located in the dendritic zone. This indicates 
macro-segregation at the interface. However, at P1, which is close to the 
NbZr1 side, Ti concentration is more than 40 %, indicating Ti is diffused 
into the NBZr1 side. 

Fig. 4(a) - (c) show the magnified SEM images of the region marked 
with red rectangle in Fig. 3 and the corresponding EDS area map. From 

Fig. 4. SEM images of the interface along with elemental area mapping for the (a) LHI, (b) MHI, and (c) HHI condition; the XRD results at the interface for the (d) 
LHI, (e) MHI, and (f) HHI condition. 
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the overlay images, it is observed that Ti, Al, and V are concentrated at 
the bottom, while Nb and Zr are concentrated at the top. In addition, the 
diffusion of Ti into the NbZr1 region is shown as blue spots. Migration of 
Nb to the Ti6Al4V is also observed. The results showed that as the heat 
input rises and the temperature of the melt pool increases, more Nb is 
diffused into the Ti6Al4V side. Fig. 4(d) - (f) show the XRD pattern of the 
interface region carried out for a scan range of 2θ = 30–100◦. Major 
peaks and corresponding crystal planes are identified. They show the 
existence of Ti and Nb phases without IMC formation. Based on the bi
nary phase diagrams of Ti-Nb and Nb-V [19] and the ternary phase di
agram of Ti-Nb-Al (below 7.5 wt% Al), no IMC is observed [22]. 
Accordingly, no IMC is formed at the interface, and XRD results confirm 
this. Major peaks are observed at 2θ ~ 35◦, 38◦, 55◦, 69◦, 83◦, and 95◦ in 
all conditions indicating that the heat input does not significantly affect 
the location of the peaks. 

3.2. Mechanical test 

The microhardness tests were performed along the build direction at 
a spacing of 1.0 mm for Ti6Al4V and NbZr1 and 0.25 mm for the 
interface, and the results are presented in Fig. 5. For all heat input 
conditions, the average hardness has the highest value at the Ti6Al4V 
substrate and the lowest at the interface. The maximum hardness value 
on the Ti6Al4V side reaches 367.3 HV, close to that of the Ti6Al4V base 
metal. The hardness value ranges from 99.9 HV to 339 HV at the 
interface region. The hardness at the interface randomly fluctuates due 
to the microstructural heterogeneities and variations of local composi
tion at each hardness measurement point. The zones containing higher 
amounts of Ti are expected to have higher hardness. Minimum hardness 
values observed at the interface are 99 HV, 202 HV, and 121 HV for LHI, 
MHI, and HHI, respectively. Reduction in hardness at the interface 
revealed that no hard or brittle IMC is formed during deposition. On the 
NbZr1 side, hardness varied from 162 HV to 321 HV, which is 
comparatively higher than the conventionally fabricated NbZr1 (121.5 
± 2.4 HV) [23]. In addition, on the NbZr1 side, the hardness increased in 
the build direction. In WAAM NbZr1, a similar trend has been found in 
the literature [17]. The paper correlated the increases in hardness value 
with the decrease of the secondary dendritic arm spacing (SDAS). This is 
because the top layers go through a smaller number of thermal cycles 
and heat transfer is comparatively faster. This phenomenon promotes 
smaller SDAS and increases the hardness. 

The stress-strain curves for three heat input conditions, along the 
fractured tensile samples, are illustrated in Fig. 6(a) - (c). The average 
tensile strength of 543.5 MPa, 393 MPa, and 367.5 MPa were measured 
for LHI, MHI, and HHI, respectively. It is observed that the tensile 
strength increases as the heat input decreases. All samples failed on the 
NbZr1 side, indicating relatively good bonding at the Ti6Al4V/NbZr1 
interface. The fracture location is in accordance with the findings of 
Torkamany et al. [5] and Franchini et al. [7] for electron beam welding 
of Ti6Al4V to C103 and laser welding of pure Nb to Ti6Al4V, respec
tively. As sample failed on the NbZr1 side, to some extent, the strength of 
the Ti6Al4V-NbZr1 bimetallic structure could be compared to the 
strength of conventional and additively manufactured NbZr1 alloy. A 
previous study [17] on WAAM-based NbZr1 demonstrated maximum 
tensile strength of 412 MPa, while the Ti6Al4V-NbZr1 bimetallic 
structure achieved average tensile strength of 543.5 MPa for LHI con
dition in the current study. The strength is also comparable to other 
manufacturing methods of NbZr1 [17]. However, the strain was very 
low (less than 4 %) as compared to the previous studies on NbZr1 alloy 
[17], resulting the samples experienced a brittle fracture. Fig. 6(d) - (i) 
represent the lower magnification fractography images. The LHI con
dition samples exhibited intergranular and transgranular fracture mor
phologies, as shown in Fig. 6(d) and (g). However, in MHI samples, an 
entirely intergranular fracture surface was observed, as evidenced by the 
rock candy pattern in Fig. 6(e) and (h). For the HHI condition, a trans
granular fracture by quasi-cleavage and a relatively flat surface with 

river patterns were observed, as illustrated in Figs. (f) and (i). No sig
nificant correlation between heat input condition and fracture 
morphology was observed. Further investigations are required to eval
uate the influence of heat input on fracture behavior. 

4. Conclusion 

This study demonstrated the feasibility of fabricating Ti6Al4V-NbZr1 
BS by WAAM and investigated the microstructures and mechanical 
properties in three heat input conditions. The following conclusions can 
be drawn from the study: 

Fig. 5. Hardness profiles of the Ti6Al4V-NbZr1 BS for the (a) LHI, (b) MHI, and 
(c) HHI condition. 
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• Neither defects (i.e., pores and cracks) nor IMC formation are 
observed at the interface of the BS in three heat input conditions. 

• The interfacial microstructures comprise an island area and a den
dritic zone with solid solutions of (β Ti, Nb) and (α + β Ti, Nb), 
respectively.  

• The lower hardness at the interface is due to the presence of Nb. 
Fluctuations in the hardness along the interface are due to variations 
in local composition. The increasing trend in the hardness value was 
observed on the NbZr1 side.  

• The maximum ultimate tensile strength of 567 MPa is achieved in 
the LHI condition, comparable to the conventionally and additively 
manufactured NbZr1. With a decrease in the heat input, an increase 
in the ultimate tensile strength is observed.  

• The failure occurred at the NbZr1 side, indicating good bonding 
strength at the interface. Fractured samples exhibited intergranular 
and transgranular fracture morphologies, demonstrating a brittle 
fracture. 

For future research, the effects of thermomechanical post-processing 
(e.g., heat treatment) on the microstructures and mechanical properties 
of additively-manufactured NbZr1-Ti6Al4V BS will be investigated. 
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