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a b s t r a c t

Hybrid Additive Manufacturing (HAM) is a production strategy enhancing the flexibility of

the already versatile Additive Manufacturing (AM) techniques. AM of Ti6Al4V, on the other

hand, has been of great interest to numerous research works, thanks to the unique

corrosion, biomedical and mechanical properties of the alloy. Hence, this research marks

the first report on the HAM of Ti6Al4V by Transient Liquid Phase (TLP) bonding of an

Electron Beam Powder Bed Fused (EB-PBF) sample to a conventional one. A copper inter-

layer was used for bonding, and the TLP process was performed at 890 �C and 970 �C for

60 min. Shear strength test was carried out and the results showed the highest shear

strengths of 579.3 and 662.5 MPa for TLP bonding at 890 �C and 970 �C, respectively. By

increasing the bonding temperature to 970 �C, no Cu-rich phases were observed in the

microstructure, as opposed to the 890 �C samples, and a complete isothermal solidification

without intermetallic phases was achieved. Moreover, the 970 �C TLP sample was featured

with a much better microstructural integrity and homogeneity in both the base metals and

the bonded zone. TLP bonding at 970 �C resulted in a more ductile fracture surface than

that bonded at 890 �C. The strong differences between the two TLP bonds were primarily

attributed to the faster diffusion rate of elements along the joint and base metal at higher

temperatures.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Titanium alloys are used for various applications and in-

dustries, such as medical, aerospace, and automotive
tapour).
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applications, due to their unique properties, including high

specific strength, superior biocompatibility, good mechanical

properties, low modulus of elasticity, low density, and good

corrosion resistance [1e4]. In fact, titanium alloys are widely

regarded as the most attractive metallic materials for
an open access article under the CC BY-NC-ND license (http://

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:m.atapour@iut.ac.ir
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2022.07.009&domain=pdf
www.sciencedirect.com/science/journal/22387854
http://www.elsevier.com/locate/jmrt
https://doi.org/10.1016/j.jmrt.2022.07.009
https://doi.org/10.1016/j.jmrt.2022.07.009
https://doi.org/10.1016/j.jmrt.2022.07.009
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 2 0 : 1 8 0e1 9 4 181
biomedical applications [5]. Certain applications of Ti alloys

require producing complex and near net shape geometries,

while titanium and its alloys are difficult to machine due to

their costly material loss together with their low thermal

conductivity. Also, the poor machinability of titanium and its

alloys has limited the use of titanium implants [6,7]. Hence,

numerous research works have attempted to combine the

benefits of Additive Manufacturing (AM) to benefits of tita-

nium alloys [8e12].

AM is a promising approach used for producing custom-

ized and net-shape components with complicated geometry

in a layer-wise manner [13]. AM of titanium alloys is chal-

lenging the dominance of conventional manufacturing

methods and has been used for various industrial applica-

tions, especially for the cases where a titanium-based

component with a complex geometry is desired [14,15]. Bulk,

lattice, andmicro-lattice structures of Ti6Al4V alloy have been

manufactured using various AM methods such as Laser

Powder Bed Fusion (L-PBF) [16e19] and Electron Beam Powder

Bed Fusion (EB-PBF) also known as Electron Beam Melting

(EBM) [20e23]. It is worth noting that L-PBF and EBM arewidely

used for producing hard tissue replacements such as AM

metal-ceramic and metal implants [4,11]. However, the feed-

stock materials usually melt at relatively low temperatures in

laser-based methods, which can cause residual stresses

making the components prone to failure in service. While, in

EBM methods, a higher amount of energy is exerted on a

preheated substrate [24], which offers the advantage of

lowering residual stresses [25]. Consequently, EBM is widely

employed for manufacturing Ti-based alloy products,
Fig. 1 e TieCu ph
including implants and lattice structures, with the Ti6Al4V

alloy being among themost promising Ti alloys for processing

via this method [26,27].

Hybrid Additive Manufacturing (HAM) refers to the

controlled application of conventional process mechanisms

on AM components or the controlled application of AM on

products that have been previously subjected to traditional

manufacturing processes [28,29]. Besides the size limitations

often encountered during the AM routes, in some cases, it is

not economical or technically possible to make the whole

product by AM. Under the circumstances, AM parts may be

required to be joined to conventionally manufactured prod-

ucts, sometimes with the same chemical compositions. Also,

the bonding of AMeconventionally manufactured products

can be a useful and cost-effective approach to repair of

damaged parts. Among the joining techniques, diffusion

bondingmethods such as transient liquid phase bonding (TLP)

can keep the AM rapidly solidified microstructure intact by

applying lower amounts of energy to the counterparts, as

opposed to fusion welding methods where the energy input is

significant.

Published research works on the TLP bonding of Ti-based

alloys are divided into similar [30e32] and dissimilar TLP

bonding. The latter constitute bonding with alloys such as

Ti2AlNb alloy [33], Al-based alloys [34e39], Mg-based alloys

[1,40e46], CoeCreMo alloys [3,47], various steels [48e53], and

composites [54,55]. Generally, increasing the time or temper-

ature of the TLP bonding process significantly facilitates the

occurrence of isothermal solidification, which in turn avoids

the formation of intermetallic phases, improves
ase diagram.

https://doi.org/10.1016/j.jmrt.2022.07.009
https://doi.org/10.1016/j.jmrt.2022.07.009


Table 1 e Chemical composition of the base Ti64 alloys.

Ti Al V Cu Mg Si Fe Cr Sn C O N H

Conventional Bal. 5.34 3.84 <1.0 e e <0.1 <0.02 <0.50
Arcam powder Bal. 6.41 3.86 e 0.19 0.02 0.09 0.01 0.002
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microstructure uniformity, and enhances bonding and me-

chanical properties. Moreover, the lower the interlayer

thickness, the lower the isothermal solidification time and the

higher the shear strength. According to the previous reports,

60 min long TLP is suggested to be long enough for a complete

isothermal solidification [3,47e53,56,57].

To the best of the authors' knowledge, there is no published

work on similar or dissimilar TLP bonding of AM alloys to

additively or conventionally manufactured alloys. Hence, this

work reports the first investigation on dissimilar TLP bonding

of AM and conventional Ti6Al4V alloy with Cu foil interlayer.

Considering that the two eutectic temperatures observed in

the TieCu phase diagram (~875 �C and ~960 �C e Fig. 1) have

not been compared in TLP processes yet, the current text

mainly aims to assess the feasibility of producing Ti6Al4V

samples following the HAM approach through the TLP

bonding method at temperatures above the mentioned

eutectic transformations temperatures. Microstructural and

mechanical characterizations were conducted to evaluate the

effect of temperature on the formed bonds.
2. Materials and methods

2.1. Materials

Conventional and AM Ti6Al4V samples were used as base

metals in the form. They are named EBM-Ti6Al4V and

conventional-Ti6Al4V (wrought-Ti6Al4V) alloys, respectively.

To produce the EBM cylindrical samples, extra-low in-

terstitials (ELI) grade Arcam Tie6Ale4V powder was used as

the starting material. The Chemical composition of the

conventional-Ti6Al4V and Arcam ELI Tie6Ale4V powder are

shown in Table 1. The starting ELI Tie6Ale4V powder contains

reduced levels of carbon, nitrogen, oxygen, and iron. Finally, a

20 mm thick pure Cu foil was employed as the interlayer.
Fig. 2 e Microstructures before the TLP-bonding in
2.2. Additively manufactured samples

The starting powders were 45e106 mm in diameter and

approximately 75 mm volume median diameter. EBM

Tie6Ale4V samples were produced based on the standard

Arcam A2X build theme for Tie6Ale4V (60 kV accelerating

voltage, 50 mm layer thickness, and software version of 5.2.52)

[58,59]. The unmelted powder was blown off in a Powder Re-

covery System (PRS) employing the same powder and com-

pressed air.

2.3. TLP bonding of the samples

Cylindrical specimens with 5 mm diameter and 5 mm height

were cut from the as-built EBM-Ti6Al4V samples, and the

same diameter was considered for the conventional-Ti6Al4V

alloy. The sample preparation was carried out using an Elec-

trical Discharge Machining (EDM) machine. The joint surface

of the samples was ground and polished. The polished sam-

ples were ultrasonically washed in acetone along with the Cu

foil. The TLP items were then pickled for 3 min in 20% HCl þ
80% distilled water solution in order to remove surface oxides.

Next, they were degreased once again in an ultrasonic bath

with acetone and remained in ethanol until the TLP process

started. Finally, the samples and Cu interlayer were mounted

in the TLP fixture under a fixed pressure. The TLP bonding

process was carried out in a vacuum furnace under a vacuum

of 10�5 mbar at temperatures of 890 �C and 970 �C for 1 h,

followed by furnace cooling to the room temperature. The

heating rate was 10 �C/min.

2.4. Characterizations

In order to obtain themicrohardness profile of the TLP bonded

region, microhardness measurements were carried out under

a 50 g load on the etchedmicrostructures. Shear strength tests
a) conventional-Ti6Al4V and b) EBMeTi6Al4V.

https://doi.org/10.1016/j.jmrt.2022.07.009
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Fig. 3 e OM micrographs of the bonded samples (a, c, e and g) at 890 �C and (b, d, f and h) at 970 �C.
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Table 2 e Approximate TLP joint zone width (mm) based
on SEM images.

TLP bonding
conditions

DZ-conventional
side

BZ DZ-additive
side

Joint
zone

890 �C/1 h 55 189 51 295

970 �C/1 h 175 131 185 491

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 2 ; 2 0 : 1 8 0e1 9 4184
(with 1 mm/min crosshead speed) were used to determine the

room temperature shear strength of the cylindrical TLP-

bonded samples with 5 mm diameter and 10 mm height.

Each test was repeated twice. The 600 ml H2O þ 25 ml HNO3 þ
10 ml HF solution was used as the etchant. Microstructures

were investigated using Optical Microscopy (OM) (Nikon Epi-

pHot 300) and Scanning Electron Microscopy (SEM) (Phi-

lipsXI30) equippedwith Energy Dispersive Spectroscopy (EDS).
3. Results and discussion

3.1. Microstructural investigations

The microstructure of the base alloys before the TLP-bonding

is shown in Fig. 2. Two light and dark areas are observed in the

microstructure of both alloys, which indicate a and b phases,

respectively. The microstructure of the con-

ventionaldTi6Al4V alloy consisted of blocks and blades of a

phase within the b phase matrix (Fig. 2a). The a phase blades

are observable in higher magnification shown in the inset of

Fig. 2a. The microstructure of the EBMdTi6Al4V alloy con-

sisted of prior b columnar grains with ultra-fine a blades

within the b phase matrix (Fig. 2b).

Figure 3 shows the microstructures of TLP bonded samples

that consisted of three main zones of base metals (BM),

diffusion zone (DZ), and bonded zone (BZ). It is worth noting

that the diffusion zone (DZ) plus bonded zone (BZ) is named

the joint zone (JZ). Figure 3 shows excellent bonding between

base metals in both TLP conditions with no observable defect,

thanks to the intensive diffusion rate and a highly symmetric

joint zone. The diffusion zone is described as the diffusion

into the base metals. Table 2 shows the approximate width of
Fig. 4 e BSE Micrographs of the joint zone in the
the TLP joint zone (DZþ BZ). It can be noted that an increase in

the temperature of TLP bonding from 890 �C to 970 �C
increased the width of the joint zone, decreased the bonded

zone's width and increased the diffusion zone's width (Fig. 3).

These features are controlled by the diffusion rate of the ele-

ments and the isothermal solidification behavior of the

formed liquid. It should be added that increasing the tem-

perature of TLP bonding, enhances the diffusion rate of the

elements and isothermal solidification. An obvious sharp

interface was observed between the DZ and BM zones at

890 �C sample compared with the diffuse one observed for the

970 �C sample. The interface between the DZ and BM zones of

the 970 �C sample is indicative of an intensive diffusion, which

results in microstructural changes in the base metal and a

better TLP bonding. Alpha phases formed at the grain

boundaries of prior equiaxed beta grains are observed as

initiating from the diffusion zones of EBM and conventional

sides, touching each other at the center of the bonded zone.

This feature reveals the occurrence of isothermal solidifica-

tion. While formation of equiaxed grains was observed in the

diffusion zone of both TLP bonding conditions (890 �C and

970 �C), a clearer grain boundary was observed for the 970 �C
sample thanks to the higher diffusion rate at a higher

temperature.

There was not a significant microstructural change in the

conventional and EBM Ti6Al4V side upon TLP bonding at

890 �C, with the blocks and blades of a phase experiencing a

negligible growth, and a reduction in the amount of the b

phase. It is important to note that the microstructures of the

additive Ti6Al4V alloy shown in Fig. 3 are from planes normal

to the build direction, which is why the columnar grains are

not seen in Fig. 3, as observed in Fig. 2b. TLP bonding at 970 �C,
however, induced a significantmicrostructural change in both

the basemetals of the conventional and EBMTi6Al4V. In other

words, the microstructure of the conventional Ti6Al4V side

was changed fromblocks and blades of a phasewithin b phase

matrix to coarse equiaxed beta grains containing a blades. The

coarsening of microstructure in the EBM Ti6Al4V side was

much higher, while it was much finer than the conventional

Ti6Al4V side.
TLP bonded samples, a) 890 �C and b) 970 �C.

https://doi.org/10.1016/j.jmrt.2022.07.009
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Fig. 5 e SEM micrographs with EDS analysis of different areas in the bonded samples at a) 890 �C and b) 970 �C.
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Figure 4 shows the backscattered electron (BSE) micro-

graphs of the joint zone following TLP bonding at 890 �C and

970 �C. The a and b phases are observed with respectively dark

gray and light gray colors. A higher amount of b phases is

observed in the joint zone for the 890 �C sample. Moreover, a

few bright points in Fig. 4a can be Cu-rich zones like Ti2Cu

phases. The microstructure of the bonded zone in Fig. 4b is

very uniform, without the formation of intermetallic phases.

The SEM micrographs also verified the formation of a diffuse

interface for the 970 �C sample, as opposed to the sharp one

observed for the 890 �C one.

Figure 5 shows SEM micrographs of the base metals and

joint zones in TLP bonded samples and EDS analysis of the BZ

(areas 3 and 8). Chemical compositions of the base metals

and joint zones are determined by EDS area analysis
Table 3 e Results of Area EDS analysis in Fig. 5 (Wt.%).

EDS Ti Al V Cu Area

1 88.9 6.6 4.4 0 Conventiona

2 80.8 6.1 4.6 8.5 DZ-Conventi

3 74.8 5.6 3.9 15.6 Bonded zone

4 80.7 6.2 4.9 8.2 DZ-EBM side

5 88.9 6.6 4.5 0 EBM Ti6Al4V

6 88.6 6.5 4.8 0 Conventiona

7 80.2 5.9 5.7 8.2 DZ-Conventi

8 77.5 5.8 5.1 11.6 Bonded zone

9 83.8 5.9 4.4 5.9 DZ-EBM side

10 89.1 5.9 5.0 0 EBM Ti6Al4V
represented in Table 3. The interlayer was pure Cu foil before

the TLP bonding process, but following the TLP bonding

process, the Cu content was reduced to 15.6 and 11.6 wt.% in

the bonding zone based on the EDS analysis (areas 3 and 8). It

reveals the complete dissolution of the Cu interlayer during

the TLP process. The Cu content in the joint zone following

TLP bonding at 970 �C is lower than TLP bonding at 890 �C.
Thus bonding quality at 970 �C is much better and desirable

in terms of the microstructural homogeneity. According to

Table 3, the Cu content in the DZ for both conventional and

EBM sides was similar at 890 �C. However, Cu content on the

DZ-EBM side was lower than on the DZ-Conventional side for

the sample bonded at 970 �C. It can imply a faster diffusion of

Cu at 970 �C in the EBM Ti6Al4V due to its rapidly solidified

structure.
Suggested phases Boding temperature

l Ti6Al4V Ti (aþb) 890 �C
onal side Ti (aþb)

Ti (aþb)

Ti (aþb)

Ti (aþb)

l Ti6Al4V Ti (aþb) 970 �C
onal side Ti (aþb)

Ti (aþb)

Ti (aþb)

Ti (aþb)

https://doi.org/10.1016/j.jmrt.2022.07.009
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Fig. 6 e SE and BSE micrographs with point EDS analysis of phases in various zones (base metals, diffusion zones, and

bonding zone) of the bonded samples at (a and b) 890 �C and (c and d) 970 �C.
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Figure 6 shows the SEM micrograph of the TLP bonded

samples, focused on the bonded zone. Table 4 presents the

results of the EDS point analysis in Fig. 6. The a, b phase, and

other possible phases were analyzed in each zone. Both base

metals did not have Cu content far from the joint zone. Cuwas

enriched in b phase more than a phase in both DZ and BZ

following TLP bonding at 890 �C and 970 �C. There are some Cu

enriched bright phases (up to 29 wt. % Cu) in the bonded zone

of the sample bonded at 890 �C (Fig. 6b) that might be Cu

enriched phases like Ti2Cu phases. Interestingly there are no

Cu enriched bright phases in the sample bonded at 970 �C. The
maximum Cu content is about 11 wt. % and the microstruc-

ture of the DZ and BZ are very uniform. Due to higher bonding

temperature and faster diffusion rate, all alloying elements

from base metals and interlayer (especially Cu) could diffuse
in and out of the joint zone. It can be said that, complete

isothermal solidification was achieved following TLP bonding

at 970 �C. It is worth noting that based on Eq. (1), the diffusion

coefficient (D) of elements is a function of temperature, and it

will be increased by increasing the temperature. Thus, diffu-

sion of elements at 970 �C is faster and higher than ones at

890 �C. Based on the Fick's second law (Eq. (2)) increase in

diffusion coefficient will increase the rate of content change vC
vt

of elements and leads to faster diffusion.

D¼ D0exp

��Q
RT

�
(1)

vC
vt

¼ v

vx
D
vC
vx

ðFick's second lawÞ ½60� (2)

https://doi.org/10.1016/j.jmrt.2022.07.009
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Table 4 e Results of Point EDS analysis in Fig. 6 (Wt.%).

Boding 

temp. (˚C)

Phase 

color
Suggested phasesAreaCuVAlTiEDS

890˚C

LightTi (β)Conventional 

Ti6Al4V

014.33.682.081

DarkTi (α)01.57.591.02

LightTi (β)DZ-Conventional 

side

10.44.85.779.23

DarkTi (α)2.02.67.388.04

LightTi (β)
DZ-EBM side

8.08.14.779.25

DarkTi (α)1.91.77.488.96

LightTi (β)
EBM Ti6Al4V

09.85.584.77

DarkTi (α)03.47.389.38

LightTi (β)

Bonded zone

17.43.35.773.69

LightTi (β)19.73.45.571.49+

DarkTi (α)12.47.35.474.810

BrightTi (β) Cu-rich or Ti2Cu22.03.03.671.411

DarkTi (α)15.44.03.677.012

LightTi (β) Cu-rich or Ti2Cu29.83.42.664.213

DarkTi (α)15.34.53.077.114

970˚C

LightTi (β)Conventional 

Ti6Al4V

010.74.884.51

DarkTi (α)03.36.989.82

LightTi (β)DZ-Conventional 

side

11.35.44.678.73

DarkTi (α)2.01.76.889.454

LightTi (β)Bonded zone10.44.15.280.35+

LightTi (β)
DZ-EBM side

11.56.64.377.65

DarkTi (α)2.22.36.988.66

LightTi (β)
EBM Ti6Al4V

012.35.082.77

DarkTi (α)03.46.590.18

LightTi (β)

Bonded zone

8.610.05.475.99

DarkTi (α)3.52.16.987.510

LightTi (β)10.05.85.778.511

DarkTi (α)10.53.85.779.712
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Equation (3) is used in several works [41e43,49,60e62] for

calculating the required time for isothermal solidification

during TLP boning. Based on Eq. (3), the higher the diffusion

coefficient (D), the lower the isothermal solidification time (t).

t¼ W2
max

16K2D
(3)

In Eq. (3), Wmax is the maximum width of obtained liquid

during dissolution and K is a constant. Further details on

values and proposed equations for Wmax and K can be sought

in Refs [32,41e43,60e62]. According to the results published in

the literature, a total duration of 60 min was considered for

the main steps of TLP bonding (including isothermal solidifi-

cation) both to conduct a precise comparison between the

temperatures and to achieve a complete isothermal

solidification.

The EDS line scan results across the TLP joint and base

metals are shown in Fig. 7. The distribution of elements is

uniform at the TLP joint zones (DZ and BZ), following both TLP

bonding at 890 �C and 970 �C. Interestingly, the distribution of

alloying elements in the sample bonded at 970 �C is much

closer to the base metals than in the sample bonded at 890 �C.
Also, the Cu content is low and uniform across the analyzed

distance, following bonding at 970 �C (Fig. 7b). Figure 8 shows

the EDS map analysis of the TLP joint and the neighbor base

metals. A highly uniform distribution of alloying elements in

the TLP bonded sample at 970 �C is clearly seen in Fig. 8b.
However, TLP bonding at both 890 �C and 970 �C resulted in

uniform distribution of alloying elements, but uniformity is

remarkably higher in the sample bonded at 970 �C by

comparing Figs. 8a and b. This finding further suggests a

higher quality TLP bonding at 970 �C.

3.2. Mechanical properties

The microhardness profile (hardness versus distance) perpen-

dicular to the joint zone is shown in Fig. 9. The curves in Fig. 9

are trendlines, and the standard deviations of the microhard-

ness results are also shown. The hardness of the EBM Ti6Al4V

alloy is slightly higher than the conventional Ti6Al4V. Accord-

ing to the Hall-Petch effect, the higher hardness in the EBM

sample can be caused due to the finer microstructure and

smaller grain size of the EBM Ti6Al4V [47]. The microhardness

profile of both TLP bonding at 890 �C and 970 �C is nearly similar

to base metals hardness without any sharp change within the

joint zone (DZ and BZ). It suggests that no intermetallic phases

were formed in both samples, or at least they were negligible.

The solution hardening effect of the solved elements can be

responsible for slightly higher hardness in some zones, espe-

cially the joint zone. The microhardness profile of the sample

bonded at 970 �C is more uniform (Fig. 9b) thanks to the

enhanced diffusion rates at higher temperatures.

Figure 10 shows the room temperature shear properties of

the samples. The shear strengths of the samples bonded at
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Fig. 7 e SEM Micrographs with line EDS analysis across the bonded zone and neighbor zones in the bonded samples at a)

890 �C and b) 970 �C.
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890 �C and 970 �C are 579.3 and 662.5 MPa, respectively. The

achieved shear strengths are higher than all of the previous

related works (to the best of the authors' knowledge), and the

shear strength of the sample bonded at 970 �C is the best one.

For example, compared to similar work [31] with 492 MPa

shear strength by TLP bonding at 900 �C/300 min and

tempering at 520 �C/360 min. Those outstanding mechanical

properties are derived from the microstructural properties of

the TLP bonded samples. Such as perfect continuous bonding,

uniform microstructure of the joint, uniform distribution of

elements and composition, mostly isothermal solidification

(for sample bonded at 890 �C), fully isothermal solidification

(for sample bonded at 970 �C), less intermetallic phase for-

mation (for sample bonded at 890 �C), no intermetallic phase

formation (for sample bonded at 970 �C). All of these micro-

structural features are much better in the sample bonded at

970 �C. These improvements in microstructural features are

derived from higher and faster elemental diffusion rate,

enough TLP bonding time, and TLP bonding at the higher

temperature. The effects of TLP bonding at temperatures

slightly above the two eutectic transformations in the TieCu
phase diagram, i.e. 890 �C (15 �C above the eutectic trans-

formation at 875 �C) and 970 �C (10 �C above the eutectic

transformation at 960 �C), were investigated. Looking at Figs. 9

and 10, it can be concluded that TLP bonding at 970 �C resulted

in superior mechanical properties.

Figure 11 shows the SEMmicrographs of fractured surfaces

following shear strength tests. The results of shear tests sug-

gest semi-ductile or ductile behavior for both TLP bonded

samples at 890 �C and 970 �C. The fractured surfaces mainly

contained shear flow surfaces (where the material is dragged

onto the surface and hereafter is called mashed), dragged

(elongated), and normal dimples that are also seen in Refs

[63,64]. Numerousmashed and dragged fractured surfaces are

observed in Figs. 11a and b; it is worth noting that these (shear

flow or mashed surfaces) are not cleavage patterns since

cleavage patterns mostly contain flat surfaces or facets that

are different from the mashed patterns (flow and drag of

material). These mashed surfaces were formed following the

dragging and mashing of the dimples and material. This

feature is also seen in Fig. 11c and d. It can be said that

following the formation of dimples, they were enlarged,
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Fig. 8 e SEMMicrographs with Map EDS analysis of the bonded zone and neighbor zones in the bonded samples at a) 890 �C
and b) 970 �C.
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joined together, and dragged towards the shear force during

the shear test. Then, some areas were fractured, and in some

other areas, the dragged dimples and material were mashed.

It was observed that the fractured counterparts for the sample

bonded at 970 �C were elongated towards the tear stress
direction, indicating the fracture was ductile, and a significant

amount of plastic deformation had occurred before the frac-

ture point. It can also be observed that the fracture surface of

the sample bonded at 970 �C is much more ductile than the

sample bonded at 890 �C, indicating amore desirable bonding.
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Fig. 9 e Microhardness profile of the bonded zone and neighbor zones in the bonded samples at a) 890 �C and b) 970 �C.

Fig. 10 e Mechanical properties of the bonded samples a) typical stressestrain curves and b) average shear strengths.
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Fig. 11 e Fracture surfaces of the samples bonded at (a and c) 890 �C and (b and d) 970 �C.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 2 0 : 1 8 0e1 9 4 191
4. Conclusions

Hybrid Additive Manufacturing via TLP bonding of an additive

manufactured sample to a conventional one was investigated

for the first time. This work studied dissimilar TLP bonding

between EBM Ti6Al4V and conventional Ti6Al4V alloys using

pure Cu foil as an interlayer. Effects of two different TieCu

eutectic temperatures on the TLP bonding and its features

such as microstructural and mechanical properties were

investigated. The main results are as follows:

1) Dissimilar TLP bonding between additively manufactured

and conventional Ti6Al4V alloys was successfully achieved

for 60 min at both temperatures of 890 �C and 970 �C.
2) Increasing temperature caused an increase in the width of

the joint zone due to the increased volume of eutecticmelt.

The width of the diffusion zone was increased, but the

width of the bonded zone was decreased due to more

isothermal solidification.

3) Increasing TLP bonding temperature from 890 �C to 970 �C
leads to complete isothermal solidification. Also, it leads to

much better microstructural integrity and homogeneity in

both the base metals and the joint zone.
4) There were some Cu-rich phases (probably b-Cu rich or

Ti2Cu) in the microstructure of the sample bonded at

890 �C, which was not observed at 970 �C.
5) Increasing the TLP bonding temperature from 890 �C to

970 �C enhanced the average shear strength from

597.3 MPa to 662.5 MPa. This significant improvement was

attributed to the formation of awell-bonded zone thanks to

the enhanced diffusion rates at higher temperatures. It was

further noticed that the sample bonded at 970 �C hadmore

ductile fracture than the sample bonded at 890 �C.
6) It can be concluded that the recommended joining condi-

tions via TLP method for bonding EBM Ti6Al4V to a con-

ventional one using Cu interlayer is bonding at is 970 �C for

60 min.
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