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Abstract 

The formation of brittle intermetallics is a challenge for the direct joining of commercially pure 

titanium (CpTi) and Inconel 718 (IN718) alloy. In the present work, dissimilar weldments using 

the P-TIG (Pulsed-Tungsten Inert Gas) welding technique were produced, with elemental 

Niobium (Nb) as an interlayer. The insertion of Nb acted as a barrier and suppressed the 

interdiffusion of Ti and Ni across the interlayer resulting in no TixNiy intermetallic compounds 

(IMCs) at the CpTi/IN718 dissimilar joint. Titanium (Ti) and Nb on CpTi side joined by solid solution 

(Ti, Nb) strengthening mechanism. Nickel (Ni) joined with Nb at IN718 side via eutectic reaction, 

where a diffused layer comprising of NbNi3, and Nb7Ni6 IMCs was found. Owing to the formation 

of brittle IMCs (NbNi3, Nb7Ni6), the diffused layer at Nb/IN718 interface exhibited the 

microhardness of ~782 HV, which is ~64 % higher than the Nb/CpTi interface and considered 

highest in comparison to the other regions of the joint. The maximum tensile strength of the 

weldment was 150 MPa, which is significantly less than CpTi (360 MPa) and IN718 (850 MPa) 

base alloys possibly due to the presence of cracks in the diffused layer and the welded joint.   

Key words: P-TIG welding, CpTi, Inconel 718, Niobium interlayer, nanoindentation, residual 

stresses, Mechanical properties. 

 



1. Introduction: 

The welding of dissimilar alloys is increasingly demanded from the industry since it can effectively 

reduce the material cost and improve the design features. This has encouraged a number of 

researchers to delve into the joining of various dissimilar alloys [1]–[5]. Ni-based superalloys 

possess unique mechanical properties at high temperatures due to the presence of strengthening 

elements such as Cr, Fe and Nb and these alloys are widely used in manufacturing of gas turbine 

components, rocket and aircraft engine components [6] [7]. Commercially pure titanium’s (CpTi) 

exceptional biocompatibility, high specific strength, and corrosion resistance make it an 

attractive choice for applications in the biomedical engineering, aerospace and automobile 

industries [8]–[10].  

Therefore, high quality welding of titanium and nickel alloys can combine their advantages and 

increase the design flexibility and hence the product functionality [11], [12]. However, the direct 

joining of Ti alloys with Ni alloys is highly challenging due to the formation of brittle phases, 

cracks, and residual stresses in the weldment. This is owing to the difference in physical and 

chemical properties of these alloys, resulting in degradation of mechanical properties of the joint. 

Chatterjee et al. [13], [14] investigated the microstructural features of a Ni/Ti dissimilar butt 

welded joint developed with a CO2 laser and electron beam welding. They observed the presence 

of the brittle intermetallic compounds (IMCs), such as Ti2Ni and TiNi3 in the welded joint, along 

with macroscopic cracks and macrosegregation. Seretsky and Ryba [15] used Nd:YAG laser to 

investigate welding of pure Ni and Ti and demonstrated that the crack generated in the weldment 

could not be healed by altering the laser power. 

For the welding of these dissimilar alloys, one of the methods employed to prevent the formation 

of the brittle IMCs and allow the formation of solid solution, with outstanding properties or 

certain IMCs with minimal brittleness, is by using an interlayer. Niobium (Nb), a refractory metal 

with a high melting point of 2468°C and excellent thermophysical characteristics, has proved to 

be a successful interlayer due to its excellent compatibility and strengthening effect on Ti alloys. 

Moreover, Nb contributes to the strengthening of precipitation-hardened Ni-based superalloys 

such as 706, 718, 725 alloys by the formation of γ”-phase (Ni3Nb) during age-hardening treatment 

[16], [17]. In addition, it acts as a successful diffusion barrier in the joining of these high-



performance dissimilar alloys. According to Oliveira et al. [18],  mixing of Ti and Ni in the molten 

pool may be entirely avoided by using Nb as the interlayer in laser welding of Ti6Al4V to NiTi 

shape memory alloy. Kar et al.[19] investigated the effect of Nb interlayer in dissimilar friction welding 

of aluminum and titanium and reported that Nb acted as an efficient interlayer to inhibit the formation of 

Al3Ti IMCs. Moreover, in comparison to base Al, the strength of weldment was poor owing to the presence 

of microcracks at the Nb and TI interface. According to Ge et al.[20] direct joining of Ti2AlNb to NiTi shape 

memory alloy resulted in the formation of Ti-rich IMCs. However, the use of Nb interlayer in the laser 

welding of dissimilar alloys to produced lap joint configuration retard the formation of IMCs. Moreover, 

lap shear strength of joint was improved owing to the hypoeutectic structure formed by Nb and NiTi. 

Zhang et al. [21] obtained the hybrid joint comprising two metallurgical bonding zones pulsed laser 

welding of titanium alloy(TC4) to stainless steel (SUS301L) with Nb as Interlayer. The reaction between Ti 

and Fe was prevented in the presence of Nb interlayer. However, a reaction layer comprised of f Fe7Nb6, 

Fe2Nb and α-Fe eutectic was formed. The overall strength of the was 370MPa, and joint fractured at steel 

and Nb interface due to the formation of reaction layer comprised of f Fe7Nb6, Fe2Nb and α-Fe eutectic 

phases. Torkamany et al. [22] successfully joined Ti6Al4V to Nb using pulsed Nd: YAG laser and 

found the mixing of Ti and Nb as a solid solution, without forming any IMCs. Zhang et al. [21] 

reported that the use of Nb interlayer could prevent the mixing of the parent alloys in the pulsed 

laser welding of Ti alloy (TC4) and stainless steel (SS 301L). Gao et al. [12] concluded that the 

presence of Nb eliminated the Ni /Ti IMCs in the dissimilar laser welding of Ti6Al4V and IN718. 

However, at the Nb/IN718 interface, a layer comprising of NbNi3, and Nb7Ni6 IMCs was found, 

due to a eutectic reaction. 

Many researchers have studied the joining of Ti and Ni-based alloys using laser welding, electron 

beam and friction stir welding [15], [23]–[25]. However, limited studies have been carried out on 

the TIG welding of dissimilar Ti and Inconel alloys. According to the comprehensive literature 

review carried out by the authors, TIG welding of CpTi and IN718 using Nb as an interlayer has 

not been reported.  

The current study seeks to comprehend and establish the influence of Nb as an interlayer on the 

microstructure evolution, mechanical characteristics, and interfacial strength of dissimilar CpTi 

and IN718 TIG weldment. 



2. Experimental Method  

The weldments in this investigation were produced using 80 × 50 × 1 mm3 sheets of CpTi and 

IN718. The chemical compositions of the base alloys are given in Table 1. Approximately 380 μm 

thick niobium foil (99.5 %) was used as an interlayer between the CpTi and the IN718. 

The welding process was carried out with a TIG welding equipment (OTC-300, DAIHEN Japan), as 

shown in Figure 1. A thoriated tungsten electrode was used to produce the weld, and argon 

((EN439 class 11) 99.99) was used as a shielding gas, in order to keep the weldments free from 

contaminations.  Important welding parameters were identified for full penetration in the alloy 

sheets and partial melting of Nb interlayer through initial trials. Welding speed, welding current 

and arc length were considered as the critical parameters in the TIG welding process according 

to the literature [26]–[28]. After a number of trials, the optimized parameters for an acceptable 

weld quality were ascertained and are given in Table 2.  

 

Figure 1: (a) Schematic of TIG welding configuration (b) close view of weld location and (c) 

experimental set-up for dissimilar alloys weldment. 

 



Table 1: Chemical Composition (at. %) of CpTi, and IN718 as measured by EDS.  

Material Al Ti Cr Fe Ni Nb Mo Co C O 

IN 718 0.88 1.02 21.75 18.61 Bal. 5.29 1.61 0.09 - - 

CpTi  - Bal. - 0.15 - - -  0.04 0.15 

 

2.1. Microstructural characterization 

Electrical discharge machining (EDM) is based on the fundamental concept of material cutting 

using spark which burns a tiny hole in the workpiece material. The spark created by this action 

generates heat, which locally erodes and evaporates the metal. In this method, both the work 

piece and the tool must be made of conductive material for this machining procedure. This 

technique was used to remove the metallographic specimens from the welded plate. After cold 

mounting using epoxy, the samples were ground using SiC grit-papers ranging from 240 to 4000 

grit and were further polished with 3 to 0.25 µm diamond paste. The etching solutions employed 

for the IN718, Nb and CpTi were 2 g CuCl2 + 15 ml HCl+5 ml HNO3 + 5 ml H2O, 4 ml HNO3+ 4 ml 

H2O+ 2 ml HF and Kroll solution (2% HF in distilled water), respectively. The etched samples were 

then observed using a polarizing microscope (Olympus BH2-UMA). The microstructures and 

chemical composition of the dissimilar joints were examined and analyzed using a Scanning 

Electron Microscope (Carl Zeiss, EVO 15) equipped with an Energy Dispersive Spectroscopy (EDS) 

attachment. The phases in the weld joint were studied using an X-Ray Diffractometry (Philips, PW 

3710) at 25 mA and 40 kV, with a Cu K-alpha target in angular range of 2θ = 15° to 80°, and a step 

size of 0.05° per step per sec. 

 

Table 2: Parameters for TIG welding of dissimilar joint of CpTi, Nb and IN718 

 

Primary 
current (A) 

Background 
current (A) 

Arc Voltage 
(V) 

Welding speed 
(mm/min) 

Arc length 
(mm) 

Gas flow rate 
(L/min) 

51 91 11 400 3 15 



Specimens for tensile testing were produced using a wire EDM, following the ASTM standard 

E8M-04 [29]. The tensile tests for the weldment were performed using an Instron machine with 

a 30 kN load and at a constant strain rate of 1 mm/min. 

Micro-hardness (TUKON 300) of the weldment was measured using a diamond pyramid indenter, 

with a load of 200 g and a dwell time of 15 sec. The hardness was measured along with the weld 

bead, including the base alloys, interlayer, heat-affected zones (HAZ) and fusion zones (FZ) of the 

CpTi, Nb and IN718. The schematic diagram of the tensile test sample with dimensions is shown 

in Figure 2. 

 

Figure 2: Schematic of Tensile specimen 

 

2.2. Residual Stresses  

The Hole-drill strain measurement method was used to measure the residual stresses in the 

welded plates. Two strain gauges were placed at a distance of 5 mm from the weld centerline, as 

shown in Figure 3. The relieved strain data of the weldment was acquired by drilling holes in the 

centre of the strain gauges. The strain gauges were connected to a multi-channel data acquisition 

system, which stored the strain data. The data was acquired at an incremental depth of 0.4 mm 



and 0.8 mm, starting from the surface. A H-drill software was used to calculate longitudinal and 

transverse stresses using the acquired strain values. 

 

Figure 3: Location of strain gauges for residual stress measurement in the weldment  

2.3. Nanoindentation 

Nanoindentation was performed at room temperature using a nanoindenter (iMicro, 

Nanomechanics, USA) with a three-sided Berkovich tip and at a constant load of 200 mN. The 

load-displacement (P-h) curves during indentations were continuously monitored and recorded 

using the continuous stiffness mode. The indentations were performed on different zones of the 

welded joint according to the ASTM standard E2546. The hardness and elastic moduli were 

calibrated using a fused silica sample before and after the indentation on each specimen. To 

avoid the effect of indentations on the adjacent indents, the minimum spacing between them in 

each of the samples was kept to 40 μm.  

3. Results and Discussions 
 
3.1. Physical appearance 

The arc facing and bottom side of the dissimilar P-TIG weld joint between the CpTi and IN718 

with Nb interlayer is shown in Figure 4. The weld bead appears to be free of contamination due 

to the continuous supply of the argon shielding gas during the welding. However, the arc facing 

side of the weld bead showed solidification cracks, which were not observed across the thickness 



of the sheets. These presence of cracks can be ascribed to the excessive heat input, restraining  

forces, and alloying elements with low melting points [30], [31]. The unmelted Nb due to its high 

melting temperature can be seen on both the sides of the weldment as shown in Figure 4.   

 
Figure 4: Physical appearance of weldments between CpTi and IN718 with Nb interlayer: (a) arc 

facing side with high magnification image of the crack (b) bottom side   

3.2. Microstructures of welded joint 

Figure 5 (A) shows an overview of the evolved microstructures of the weldment. Various zones 

marked as A, B, C, D on the CpTi and E, F and G on the IN718 side can be clearly differentiated by 

observing the grain structures and morphologies. During welding, the TIG arc was focused on the 

centre of interlayer between the alloys, resulting in the formation of corresponding fusion zones. 

The rapid heat transfer accelerated the atomic diffusion between the Ni, Ti and Nb interlayer. 

The Nb, due to its high thermal conductivity (~54 W/m-K) than the base alloys (CpTi, ~ 17.2 W/m-

K and IN718 ~11.4 W/m-K), absorbed heat and transferred to both alloy at the Nb/IN718 and the 

Nb/CpTi interface [32]. The width of the zones starting from the Nb interlayer was observed to 

be approximately 2.75 mm and 1.25 mm in CpTi and IN718 respectively. The relatively large width 



of the fusion zone on the CpTi side can be attributed to the high specific heat of the CpTi (520 

J/Kg-K) as compared to the IN718 (430 J/Kg-K) causing absorption of majority of the heat rather 

than dissipating to the bulk alloys [33]. Figure 5 (a) represents zone A in Figure 5, which shows 

equiaxed α grains of the Ti base metal (BM) with β grains at the grain boundaries. The zone B 

immediately next to the BM(CpTi) comprised of relatively coarse planar grains that grew 

epitaxially from the base metal's crystalline structure, is shown in Figure 5 (b). This may be due 

to the partially melted base metal surface, which functions as a nucleating surface for the liquid 

weld melt and therefore leads to the competitive grain growth process. Fomin et al.[34] discussed 

the similar epitaxial growth mechanism in joining of CpTi and Ti6Al4V using the laser welding 

process. FZ, considered as zone C and Melt zone (MZ) as zone D, which are differentiated by a 

boundary in the CpTi arc facing and bottom side, can be seen in Figure 5(c) and Figure 5(d), 

respectively. The variation in microstructure between the two zones may be attributed to the 

low heat input due to the high welding speed and high thermal conductivity of the CpTi (~ 17.2 

W/m-K) in comparison to the IN718 (~11.4 W/m-K) and relatively fast cooling rate, which resulted 

in a sharp thermal gradient in the weldments. It appears from the microstructure that the FZ 

comprises of relatively coarser α Ti grains as compared to the BM, whereas the MZ zone displays 

widely spaced columnar dendritic features. The BM (IN 718) exhibited an equiaxed γ austenitic 

microstructure with few annealing twins and carbide inclusions and can be observed in Figure 

5(g). The average grain size of the BM (IN718) is relatively less as compared to the CpTi. The FZ 

on the IN718 side adjacent to the Nb interlayer is shown in Figure 5(e) and is mainly comprised 

of cellular and columnar dendrites. The dendritic structure can be seen even higher magnification 

in Figure 5(h).  

Furthermore, a thin white diffused layer at the Nb/IN718 interface can also be seen, which might 

result due to the interdiffusion of Nb and Ni from the IN718 alloy. As presented in Figure 5(f), 

moving towards the HAZ from the FZ, the microstructure consisted of relatively fine-grained 

features of gamma austenite similar to the BM.  

Moreover, it is evident from the low magnification image in Figure 5, that the width of the Nb 

interlayer at the arc facing side was substantially less (~236 μm) than the bottom side (~375 μm). 



This reduced thickness at the facing side of the weldment can be associated with more dissolution 

of the Nb interlayer in the adjacent alloys. 

 

Figure 5: (A) showing overview of the weldment CpTi (left), Nb (Centre) and IN718 (Right) with 

different zones. (a-d) higher magnification images of CpTi region. (e-h) higher magnification 

images of IN718 region. 

3.3. Influence of the Nb interlayer on the interfacial microstructure 

3.3.1. CpTi-Nb Interface 

Figure 6(a) presents a cross-section of the welded joint with the Nb interlayer. The weldment has 

several metallurgical zones and interfaces, including the interface between the MZ and the FZ, 

CpTi with Nb, IN718/ Nb interface, FZ of IN718 and the unmelted Nb. Furthermore, the weldment 

shows defect-free interfaces between the CpTi, Nb interlayer and IN718 alloy. The MZ, as shown 

in Figure 6(b), comprises of relatively coarse and fine columnar dendrites. The EDS results 

presented in Table 3 indicate the presence of Ti and Nb as the major elements in this region, 

which suggests that no Ni and Ti intermetallic compounds (IMCs) were formed. However, the 

presence of the relatively less amounts of Ni, Cr and Fe in this region might be associated with 



the dissolution of IN718 in CpTi due to the melting of the arc facing side during the welding 

process. Moreover, the MZ and FZ regions, separated by an interface, can be seen in Figure 6(c). 

This interface contains 96.28% Ti and 3.72% Nb, which indicates the formation of (Ti, Nb) solid 

solution. 

 

Table 3: EDS (at. %) analysis of the MZ and at the interface between the MZ and FZ of the CpTi 

side. 

Elements (% at.) Ti Cr Fe Ni Nb 

A 47.01 8.31 7.25 15.9 21.53 

B 25.63 8.94 2.90 2.68 58.02 

C 96.28 3.72 - - - 

 

The CpTi and Nb interlayer in Figure 6(d), along with a magnified image of the highlighted area 

in Figure 6(e), shows a defect-free bonding interface. Owing to the high wettability of the liquid 

titanium on the Nb surface, the liquid phase dissolved the high melting temperature niobium 

(2468oC) and enhanced its diffusion through convection currents. Moreover, according to the  

binary phase diagram [35], both elements have complete solubility, promoting the solid-state 

diffusion of the Nb into the CpTi to form a (Ti, Nb) solid solution. Zhang et al. [36] discussed the 

solid-solution strengthening mechanism of Nb and Ti alloys in an accumulative roll bonding of 

Ti/Al/Nb foils.  



 

Figure 6: (a) Overview of the CpTi/Nb/IN718 joint. (b) Melt Zone (MZ) on CpTi side (c) Interface 

between MZ and FZ. (d) Interface between CpTi and Nb interlayer (e) magnified image of area in 

(d).  



The line scans at the CpTi (MZ) and CpTi (FZ) with Nb interface indicated by L1 and L2, 

respectively, are shown in Figure 7(a) and Figure 7(b), respectively. It is evident from Figure 7(a) 

that Nb diffused in CpTi to a distance of approx. 1200 μm. The dissolution of Nb in the melt zone 

of the CpTi side can be attributed to the convection current and Marangoni effect [37]. However, 

the width of the (Ti, Nb) diffused region in the fusion zone of the CpTi is ~22 μm, as shown by the 

line scan along with the L2 in Figure 6(a). In addition, Nb diffusion was observed along the line L2 

was less in compared with L1. Owing to the difference in the chemical composition, relatively 

high heating, and cooling rates of the pulsed TIG welding process, the intermixing of Ti and Nb 

within the majority of the fusion zone was prevented [18]. 

 

         Figure 7: Line scans at CpTi and Nb Interface: (a) MZ and Nb (b) FZ and Nb. 



3.3.2. IN718-Nb interface 

The diffused layer at the IN718 and Nb interface can be seen in Figure 8 (b). The formation of the 

diffused layer can be associated with the elemental diffusion of the Nb into the IN718 alloy. The 

thickness of this layer varied between ~ 35 to 57 μm at the arc facing to the bottom side of the 

weldment, respectively. This reduced thickness of the diffused layer at the arc facing side 

compared to the bottom side, can be attributed to the relatively higher dissolution of the Nb in 

the CpTi side. Based on the EDS analysis and Ni/Nb binary phase diagram [38], the diffused layer 

comprises of IMC (Ni3Nb). Vulpe et al. [39] observed a similar diffused layer formation at the Ni 

and Nb interface. Moving from the diffused layer to the BM (IN718) in Figure 8(d), the majority 

of the region comprises of a mixture of lamellar eutectic solidification region and γ-matrix as can 

be seen in the magnified image (Figure 8 (e)). Similar microstructures have been observed by 

other researchers [12], [18]. According to the EDS analysis and Ni/Nb binary phase diagram, the 

potential phases in this region with the Nb interlayer are listed in Table 4. The formation of the 

eutectic mixture can be attributed to the spontaneous melting which occurred at the IN718 and 

Nb interface when the temperature exceeded 1170oC. During the TIG welding and rapid 

solidification, where the Ni3Nb IMC nucleated first during cooling, resulting in a higher 

concentration of the Nb in the liquid, leading to a eutectic reaction. Furthermore, the region 

shown in Figure 8(c), is entirely composed of lamellar eutectic microstructure.  



 

Figure 8: (a) Overview of the CpTi/Nb/IN718 joint. (b) Diffused layer with microcrack (c) lamellar 

structure in the FZ zone (d) eutectic microstructure adjacent to diffused layer (e) magnified view 

of area in (d).    



Several cracks in the diffusion layer at the Nb/IN718 interface can be seen in Figure 8(b). The 

presence of these cracks may be related to the temperature field distribution during dissimilar 

welding, shrinkage strains, residual stresses, and the brittle nature of  IMCs [40]–[42].  

EDS line scan was performed on the CPTi/Nb/IN718 joint along the lines L3 and L4 to observe 

elemental diffusion across the interlayer. As shown in Figure 9 (a), along the line L3, the content 

of Ti is almost diminished at the CpTi/Nb Interface, indicating that Nb prevented the diffusion of 

Ti in the IN718.  

 

Figure 9: Line scan along the weld joint (a) top side including melt zone (b) bottom side including 

FZ of CpTi. 

 



Similarly, the concentration of Ni element from the IN718 is reduced at the Nb/IN718 interface. 

However, a minor increase can be observed near the middle of the Nb interlayer, indicating Ni 

diffusion. It is also evident from Figure 9(a) that the content of the Nb element on the CpTi side 

are higher than that in the IN718 side. The reason behind the higher content of Nb in the CpTi is 

associated with the dissolution of Nb in Ti, rather than the diffusion due to high temperature at 

the arc facing side. In addition, a significant concentration of Nb is also diffused into the IN718 

alloy matrix. However, the line scan along the Line L4 in Figure 9 (b) shows that the Nb interlayer 

acted as a barrier to prevent the diffusion of the elements across the weldment. Moreover, the 

Nb diffused in the IN718 side and promoted the formation of IMCs, which is evident from the 

XRD results.   

 

Table 4: EDS (at. %) results of Nb and IN718 side of the weldment with positions (D-G) 

indicated in Figure 8.   

 

The XRD spectra of a CPTi/IN718 joint with the Nb interlayer is shown in Figure 10. Two IMCs 

were identified at the Ti/Nb/IN718 weldment, including NbNi3 and Nb7Ni6 and these results are 

in conformity with the EDS analysis.  

Position Ni Nb Cr Fe Mo Ti Possible Phases 

D - 100 - - -  Nb 

E 34.33 38.48 12.87 12.82 1.51  NbNi3, Nb7Ni6 

F 38.74 26.99 15.98 12.14 2.84 3.32 Nb7Ni6, NbNi3 

G 50.2 5.93 18.14 19.11 3.17 3.45 Ni(γ) 

H 48.31 8.37 18.6 18.22 4.18 2.32 Ni, NbNi3 



 

Figure 10: X-Ray diffraction of CpTi/Nb/IN718 joint. 

3.4. Microhardness  

The microhardness distribution across the cross-section of the P-TIG-welded CpTi/Nb/IN718 

dissimilar joint is shown in Figure 11. The hardness values of the BM of the CpTi side ranged from 

approximately 240 to 256 HV, with a sudden decrease in FZ to a value of approximately 136 HV 

due to the grain coarsening in the FZ, compared to the BM. The reasonably high hardness (278 

HV) observed at the CpTi/Nb interface can be attributed to the solid solution strengthening. The 

hardness at the interface is ~ 15% greater than that at the BM of CpTi. 

Moreover, the microhardness value for the Nb interlayer varied from ~ 73 to 79 HV whereas, the 

microhardness value for the IN718 side ranged from approximately 196 to 231 HV. The Nb/IN718 

interface and the diffusion layer exhibited highest hardness of ~ 782 HV and 598 HV, respectively, 

due to the formation of the IMCs. In summary, owing to the diffusion of Nb along IN718 and the 

formation of brittle IMCs (NbNi3, Nb7Ni6), the Nb/IN718 showed ~ 64% higher hardness than 

Nb/CpTi interface.  



 

Figure 11: Micro-hardness (Vickers) profile across the CpTi/IN718 joints welded with Nb 

interlayer.  

3.5. Nanoindentation 

Nanoindentation tests were performed to quantify the hardness and elastic moduli of all the 

individual zones (FZ, HAZ and interfaces) near and at the interfaces created to determine the 

nanomechanical characteristics of the joint as shown in Figure 12 and Figure 13. The well-known 

Oliver and Pharr method [43] was used to analyze the recorded load–depth (P–h) curve. The load-

penetration depth curves of the Nb/CpTi interface and neighboring regions are presented in 

Figure 12(a). It can be seen that significant variation exists between the maximum penetration 

depth in different regions of the weldments. This can be attributed to the highly distinguishable 

indentation response, resulting from the microstructural variations in different regions caused 

by the welding process. 



On Nb/CpTi side, the MZ depicting ~1500 nm penetration depth increased to a maximum of 

~3100 nm in the Nb interlayer, indicating the minor plastic deformation and work hardening rate 

of this region. In addition, the FZ showed relatively higher penetration in comparison to the BM 

due to the coarser grain morphology. However, on the Nb/IN718 side, as shown in Figure 13 (a), 

the diffused layer comprised of IMCs (NbNi3, Nb7Ni6), as discussed in section 3.3.2, showed 194% 

and 78% higher resistance to indentation than the Nb interlayer and the BM, respectively, 

indicating relatively higher brittleness in this region. The corresponding hardness and elastic 

moduli of the Nb/CpTi and Nb/IN718 sides are presented in Figure 12 (b).  

 

Figure 12: (a) Load -displacement curves (b) indents locations with average hardness and elastic 

modulus of different zones of Nb/CpTi side of the weldment. 

The maximum hardness of ~ 7 GPa can be seen at the MZ zone of the CpTi side, which gradually 

decreased to ~ 4.4 GPa at the interface. This increase in hardness can be attributed to the 

dissolution of Nb on the arc facing side of the weldment and solid-state diffusion of Nb, resulting 

in the formation of (Ti, Nb) solid solution at the interface. It is worth mentioning here that the 

nanohardness of the FZ is relatively less than the BM, as can also be seen in Figure 12 (a), which 

is in good agreement with the microstructures of both regions. Similarly, as shown in in Figure 

13(b), the maximum nanohardness of ~ 14.62 GPa was measured at the diffused layer, which is 

~ 10.3 and ~ 3.7 times higher than the Nb interlayer and the BM of IN718 alloy, respectively. The 



nanohardness of FZ1 and FZ2 is measured as 8.14 GPa and 5.98 GPa, respectively. The increase 

in hardness of these regions can be associated with the formation of IMCs and eutectic reaction.   

 

Figure 13: (a) Representative load-displacement (p-h) curves (b) showing indents at different 

regions with average hardness and elastic modulus of the Nb/IN718 side.  

3.6. Mechanical Properties 

Table 5 shows the tensile strength (UTS) of the base alloys (CpTi and IN718), and it can be seen 

that the overall strength of the CpTi/Nb/IN718 (150 MPa) weldment is less than that of both the 

base alloys, CpTi (360 MPa) and IN718 (850 MPa) respectively. The reduction in the UTS of the 

weldment could be attributed to the existence of cracks, brittle IMCs, and the development of 

residual stresses during the welding process. This has also been reported by Commin et al. [44] 

who concluded that the presence of transverse residual stresses in the weldment affects the 

tensile yield stress.  Therefore, the yield strength of the weldment decreased due to the presence 

of a higher transverse residual stresses. This was a substantial improvement over the non-

interlayer joint, which was not tested since they cracked due to formation of Ni/Ti IMCs during 

removal from the welding fixture [12], [13]. 

 

 

 



Table 5: Mechanical properties of the welded joint and base alloys.  

SAMPLE NO. ALLOY UTS (MP) MAX. STRAIN  

1 CpTi 360 0.35 

2 IN718 850 0.65 

3 CpTi/Nb/IN718 150 0.0065 

 

3.7. Fractography 

Figure 14 presents the fractured surface of the CpTi/Nb/IN718 dissimilar joint and its EDS 

analysis. The fractured surface of the dissimilar joint had a cleavage appearance, indicating brittle 

fracture of the welded joint. EDS analysis at the specified areas (a and b) indicated the presence 

of the Ni-Nb IMCs and the existence of these IMCs suggested that the joint failure occurred at 

the Nb/IN718 interface. 

 

Figure 14: Fractured surface of the CpTi/Nb/IN718 joint. 

3.8. Residual Stresses Measurement 

A weldment's operational strength is affected by the residual stresses in the FZ and BM. Residual 

stresses in the weld structure may cause early yielding, according to Commin et al. [44]. During 

the TIG welding process, a heat source flows over the titanium and nickel alloy plates and heats 

the region in front of it, while argon flow cools the space behind it. In addition, the weld metal 

undergoes non-uniform expansion and contraction due to a rapid heating and cooling. The 



distribution of the residual stresses is also complicated by the microstructural changes. This 

includes grain coarsening in the FZ and HAZ due to the rapid cooling, substructure strengthening, 

and solid solution strengthening, according to Liu et al. [45]. To establish the degree of induced 

residual stresses, it is necessary to evaluate residual stresses over the whole structure (length, 

breadth, and thickness). Hole drill Stress measurement(HDSM), according to Schajer [46], can 

accurately estimate residual stresses at a depth less than the hole diameter from the surface of 

the plate. By comparing the stresses relieved during incremental hole drilling with the 

experimental results of Rendler and Vigness, the trend in non-uniformity of the through-

thickness stress profile may be predicted [47]. To compute the normalized coefficients "p" and 

"q" according to this criterion, the data points from the alleviated strains are used first. A typical 

through-thickness uniform stress profile established by Rendler and Vigness is represented in 

Figure 15 by a solid line of "P" and "Q" strains. "p" and "q" at a given position in the present case, 

would imply a uniform through-thickness stress profile in the area bounded by the solid lines in 

Figure 15. The stress profile is highly non-uniform because the normalized strains are not evenly 

distributed. Residual stresses were therefore measured using the integral technique, as Grant et 

al. [48] indicated that this method is optimal for the non-uniform stress profile. The residual 

stresses profile of the weldment is shown in Table 6. It can be observed that the IN718 side of 

the weldment had the highest tensile longitudinal residual stresses. In addition, the IN718 side 

of the weldment also showed the highest compressive transverse residuals stresses compared to 

the CpTi side.  

Figure 15: Percentage of residual strains as a function of normalized hole depth for rosettes at 

(a) 5 mm from the CpTi Side (b) 5 mm from the IN718 side 



Table 6: Residual stresses measurement using HDSM method 

Sample 
Longitudinal Residual Stress 

(MPa) 
Transverse Residual Stress 

(MPa) 

Depth from the surface (mm) 0.4 0.8 0.4 0.8 

CpTi side 172 95 -115 216 

IN 718 side  241 -86 -165 -133 

 

4. Conclusions: 
 

After successful production and characterization of P-TIG-welded CpTi/IN718 joints with Nb as 

interlayer, the following conclusions were drawn: 

• The melted region identified by dendritic morphology was formed at the arc facing side 

of the CpTi showed dissolution of Nb in higher proportion due to the high temperature of 

arc and thermal conductivity of the CpTi. 

• Nb restricted the reaction between Ni and Ti and acted as an efficient interlayer to hinder 

the formation of the brittle Ni/Ti IMCs. The tensile strength of the weldment was 

measured as 150 Mpa. The reduction in strength can be attributed to the existence of 

cracks, high residual stresses, and the formation of brittle IMCs.  

The CpTi and Nb interface was identified by the formation of a solid solution due to the 

mutual solubility of Ti and Nb. Furthermore, no IMCs formed at CpTi/Nb interface. 

However, the Nb/IN718 interface displayed the eutectic reaction, resulting in the 

formation of NbNi3, Nb7Ni6 intermetallics. 

• The formation of the diffused layer at the Nb/IN718 interface exhibited the highest 

microhardness of 782 HV in comparison to other regions of the weldment. In addition, ~ 

64% higher microhardness was observed at the Nb/IN718 than the CpTi/Nb interface 

because of the presence of the hard IMCs. Similarly, the diffused layer showed the 

maximum nanohardness (~ 14.62 GPa), which was ~ 10.3 and ~ 3.7 times higher than the 

Nb interlayer and the BM of the IN718 alloy, respectively. 
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