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ABSTRACT 

The magnesium alloy Mg-AZ31 and titanium alloy Ti-6Al-4V have physical characteristics and 

mechanical properties that makes it attractive for a wide range of engineering applications in the 

aerospace and automotive industries. However, the differences in melting temperature and 

coefficient of thermal expansion hinder the use of traditional fusion welding techniques.  

Transient liquid phase (TLP) bonding of magnesium alloy Mg-AZ31 and titanium alloy Ti-6Al-

4V was performed and different interlayer types and configurations were used to facilitate joint 

formation. The joining of these alloys using Ni foils was successful at a bonding temperature of 

515
o
C, bonding pressure 0.2 MPa, for bonding time of 5 minutes. At the Ni/Mg-AZ31 bond 

interface, the formation of a eutectic liquid between Mg and Ni was observed. The formation of 

Mg2Ni and Mg3AlNi2 were identified along the bond interface resulting in an isothermally 

solidified joint. At the Ni/Ti-6Al-4V interface, the solid-state diffusion process results in joint 

formation.  

The use of double Ni-Cu sandwich joint resulted in further enhancement in joint formation and 

this produced joints with greater shear strength values. The configuration of Mg-AZ31/Cu-

Ni/Ti-6Al-4V or Mg-AZ31/Ni-Cu/Ti-6Al-4V influence the mechanism of bonding and the type 

of intermetallics formed within the joint. The application of thin Ni electrodeposited coatings 

resulted in further enhancements of joint quality due to better surface-to-surface contact and a 

reduction in the formation of intermetallics at the joint.  

The effect of Cu nano-particles in the coatings was found to decrease the eutectic zone width and 

this resulted in an increase the shear strength of the joints. The highest shear strength of 69 MPa 

was possible with bonds made using coatings containing Cu nano-particle dispersion. 
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1 CHAPTER ONE: INTRODUCTION 

1.1 Background information 

Magnesium has the highest strength-to-weight ratio of all structural metals and due to its light 

weight it has been an attractive choice for automotive and aerospace industries [1–3]. Titanium 

has high strength to weight ratio and excellent corrosion resistance; hence it is an attractive 

choice for aerospace industries. However, the cost of titanium compared to other metals (i.e. 

aluminum and steel) limit its use [4,5]. However, structures built using magnesium, titanium and 

aluminum and their combinations is expected to have an increasing impact on future 

developments especially where light weight structures are required in order to reduce fuel 

consumption, greenhouse gases and improve efficiency of energy converting systems [6]. The 

most commonly used alloys of titanium and magnesium include the Ti-6Al-4V and Mg-AZ31 

alloys [7–9]. The development of joining methods for these two dissimilar alloys will increase 

their potential applications for the aerospace and automotive industries. However, the joining of 

these very dissimilar alloys which have significant differences in physical and mechanical 

characteristics presents a great challenge. A variety of conventional joining techniques such as 

fusion welding, adhesive bonding, soldering and brazing are used in industry but cannot be 

applied to join the Ti-6Al-4V to the Mg-AZ31 alloys. Differences in the melting point and 

composition of the alloys make the application of fusion welding techniques difficult.  

Other methods commonly used for joining dissimilar alloys such as adhesive bonding, soldering 

and brazing offer some potential, but these two light alloys have been designed for use in 

applications in which the temperature could exceed 200
o
C and would be exposed to moisture, 
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alkaline and acidic solutions. Therefore, adhesive bonding would not be suitable and for 

soldering or brazing to be successful, a suitable filler metal is required.  

However, other advanced joining methods such as solid-state diffusion bonding and transient 

liquid phase (TLP) bonding could be suitable for joining these types of alloys because diffusion 

bonding has been successfully applied to advanced metal alloys [10–14]. In TLP bonding, a thin 

interlayer is used to form a eutectic reaction at the joint region and this result in a metallurgical 

bond. The TLP bonding process can be used to produce high temperature joints and has the 

ability to bond dissimilar metals and complex alloys such as oxide dispersion strengthened 

(ODS) alloys [15]. 

1.2 Research objectives and scientific contributions 

The aim of this study is to investigate the application of diffusion bonding techniques to join the 

Ti-6Al-4V alloy to the Mg-AZ31 alloy. The first objective of this research work is to study the 

effect of bonding parameters (bonding time, bonding pressure, bonding temperature and 

interlayer characteristics) on the microstructural developments and mechanical properties 

(micro-hardness and shear strength) of TLP bonding. A systematic study was undertaken to 

optimize the process parameters in order to minimize microstructural changes within the parent 

metals and achieve optimum joint strength. Second objective was to investigate the effect of 

interlayers and coatings on the mechanism of joint formation, and microstructural development. 

The literature shows that among different available metallic foils, nickel and copper have been 

successfully used as eutectic formers in TLP diffusion bonding of titanium alloys and 

magnesium alloys [11,14,16–19]. In earlier stage, three different eutectic forming interlayers 

(nickel, copper and aluminum) have been tested on Ti-6Al-4V and Mg-AZ31 system. 

Preliminary results showed that nickel resulted in higher shear strength and an evident of 
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eutectic formation inside joint region, as a result, eutectic forming thin foils (20 µm) of nickel 

was investigated and the mechanism of joint formation was evaluated. Copper foils resulted in 

eutectic formation with magnesium at a temperature below the eutectic formation temperature of 

nickel with magnesium. Therefore, and in order to take advantage of lower copper-magnesium 

eutectic temperature and to utilize the better joint quality achieved by nickel, a combination of 

copper and nickel sandwich foils were tested. Thinner interlayers are expected to produce 

thinner joint widths and this result in a smaller volume of liquid eutectic and less intermetallic 

formation within the joint region. Therefore, thin nickel electroplated coatings were investigated 

with and without Ni and Cu nano-particle dispersions.   

This research work is a feasibility study in which diffusion bonding processes are used to join 

these dissimilar alloys for the first time. Furthermore, the application of metallic nano-particle 

dispersions in eutectic forming interlayers as a method of controlling the TLP bonding process is 

investigated for the first time for this combination of alloys. The mechanism of joint formation is 

investigated in order to understand the deviation of the bonding mechanism from the traditional 

TLP bonding process.  

1.3 Thesis structure 

In chapter 2 the literature review describes the general properties of the Ti-6Al-4V and Mg-

AZ31 alloys. The various joining techniques that have been applied to these alloys and the 

advantages and disadvantage of each process are also discussed. The TLP bonding process is 

described and the important bonding parameters used in the TLP bonding process are discussed. 

In chapter 3 the materials used in the research and the experimental work are described in detail. 

The preparation of samples for TLP bonding, the electroplating process to form coatings and the 
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microstructural analysis are explained. The metallographic analysis of joints using light and 

scanning electron microscopies (SEM) and mechanical evaluation of joints using shear tests and 

micro-hardness indentation across joints are described. 

The TLP diffusion bonding using nickel foils is discussed in chapter 4. The effect of the bonding 

parameters on joint microstructure, micro-hardness and joint shear strengths is discussed. 

Chapter 5 describes the application of double sandwich foils of nickel and copper, and 

investigates the effect of interlayer arrangement on microstructural developments across the 

joint, micro-hardness and strength, as well the mechanism of joint formation are discussed. 

The applications of thin coatings of pure nickel and nickel/copper nano-particles to facilitate the 

bonding process are discussed in chapter 6 and 7, respectively. In addition to the bonding 

parameters discussed in earlier chapters, the effects of coat thickness on microstructural and 

mechanical property are also presented.   

Finally, the conclusions of this research work and future work recommendations are presented in 

chapter 8.    
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2 CHAPTER TWO: LITERATURE REVIEW 

2.1 Introduction 

Titanium and magnesium alloys have been used in aerospace, marine and automotive industry 

because of their attractive mechanical properties and physical characteristics. However, the 

ability to join dissimilar alloys such titanium to magnesium system may increase its use in 

aerospace, automotive and biomedical applications. Therefore, in this chapter the different types 

of titanium and magnesium alloys are discussed. The possible joining and welding techniques, 

which can be applied to join dissimilar metals and alloys, are discussed showing the ability and 

limitation of each technique to bond this system of titanium and magnesium alloy.    

2.2  Titanium alloys 

2.2.1 Titanium overview 

Titanium and its alloys have a variety of excellent physical and mechanical characteristics, 

which include high strength to weight ratio, corrosion resistance and low thermal conductivity. 

These properties make titanium very attractive for different engineering applications in the 

aerospace, oil and gas industries and biomedical industries. The titanium has been used in 

aircraft manufacturing (high strength to weight ratio), aero-engines (high strength, high creep 

resistance) and chemical industry (corrosion resistance)[20,21].  

Titanium, like iron, can exist in more than one crystalline set up. There are two crystal structures 

of titanium, the closed-packed hexagonal α-phase at room temperature and pressure, and a body-

centered cubic β-phase which is an allotropic transformation at 885
o 

C and is stable up to the 

melting point, The alloying elements have a great effect on the transformation temperature, and 

some elements (e.g. V, Fe, Cu, and Ni) decrease the transformation temperature and are known 
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as beta stabilizers. On the other hand, elements (e.g. Al, C, O) which increase the transformation 

temperature are called alfa stabilizers [22,23]. 

Four categories of titanium alloys are recognized [22,24]: 

1. Alfa alloys; non-heat treatable, corrosion resistant, includes neutral alloying elements and 

alfa stabilizers. 

2. Near-alfa alloys; heat treatable, includes 1-2% of beta stabilizers where remaining are 

alfa stabilizers. 

3. Alfa-Beta alloys; heat treatable, stable high strength, includes both alfa and beta 

stabilizers. 

4. Beta alloys; heat treatable, includes beta stabilizers. 

 

Figure 2.1: Unit cell for titanium (a) α-phase and (b) β-phase [20]. 
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The various titanium alloy grades and their mechanical characteristics are presented in table 2.1: 

 

Table 2.1: Different titanium alloy and its mechanical characteristics [22,25] 

Alloy Category 

Chemical 

composition 

wt% 

Hardness 

(VHN) 

Yield 

Strength 

(MPa) 

Tensile 

Strength 

(MPa) 

Elongati

on % 
Remarks 

Grade 1 Alfa Ti-0.2Fe-0.1O 120 170-310 >240 24 
Corrosion 

resistant 

TIMETAL 

1100 
Near-Alfa 

Ti-6Al-2.7Sn-

4Zr-0.4Mo-

0.4S 

340 900-950 1010-1050 10-16 

High strength 

at elevated 

temperatures 

Ti-6Al-4V Alfa-Beta Ti-6Al-4V 300-400 800-1100 900-1200 13-16 
Universal 

 

Beta III Beta 
Ti-11.5Mo-

6Zr-4.5Sn 
250-450 800-1200 900-1300 8-20 

Cold 

workable 

 

Although titanium and titanium alloys are considered attractive for use in many engineering 

applications, the cost associated with titanium production and market price limit its use to 

critical components or functions in which its use is necessary for the required performance [20]. 

Table 2.2: Comparison between Ti, Fe, Ni, and Al characteristics [20] 
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In general titanium and its alloys are considered weldable, using fusion welding techniques. 

However, the alloying elements appear in titanium alloys such as aluminum and vanadium may 

prevent/hinder or at least affect the quality and the ability to produce a sound joint by fusion 

welding. Another parameter affect the titanium alloy weldability by fusion welding is the 

transition temperature from α to β phases. The fusion welding of α-β titanium alloys (i.e. Ti-6Al-

4V) resulted in a discontinuous microstructure, which affects the final mechanical properties of 

the weldments [20,25,26].  The α-titanium alloys have better weldability characteristics than α-β 

titanium or β titanium alloys, and research has shown that the α-β titanium or β titanium alloys 

need a post-weld heat treatment to reduce the brittleness of the joint caused by the phase 

transformation [27]. 
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Figure 2.2: Examples of engineering application for titanium:  (a) GE-90 aero-engine; (b) aircraft engine 

fan disk; (c) bulkhead for a twin engine military aircraft; (d) Ti-6Al-4V seamless rolled ring 

[20]. 

c 

b a 

d 
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2.2.2 Titanium production 

Titanium is the fourth most abundant metal in the Earth’s crust; after aluminum, iron, and 

magnesium. Rutile (TiO2) and ilmenite (FeTiO3) are the main sources of titanium. The 

production of pure titanium with high ductility was considered difficult to attain due to the 

tendency of titanium to react with atmospheric oxygen. However, a new extraction process was 

invented by Kroll in Germany in 1940, in which a “titanium sponge” was produced by the 

reduction of titanium tetrachloride and magnesium in inert gas atmosphere [20]. 

The production of titanium includes the following steps [25,26,28]: 

1. Sponge-pellets-making: Mg-reduction of Ti tetrachloride (TCT);  

2. Melting: Induction, arc melting, and electron beam melting (EBM);  

3. Casting:  high precision process cast as investment casting; 

4. Primary and final processing: powder metallurgy; 

5. Alloying: alpha + beta stabilizers;  

A major component of titanium production is the alloying elements. Alloying elements can be 

classified based on the effect the alloying constituent have on titanium into. The addition of the 

alloys can affect the phase formed and shift in the transformation temperature of phases in 

titanium. Examples of alpha stabilizers are: aluminum, nitrogen, carbon and oxygen. These 

elements result in more α stable phase and hence increase the transformation temperature above 

882
o
C. Among all α stabilizers, aluminum and oxygen are widely used in industry, while 

aluminum has a high solubility in α and β phases, oxygen is widely used in alloying commercial 

titanium.  
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For β stabilizers, vanadium, molybdenum, iron, nickel, copper and silicon is used in industry to 

control β transformation temperature. 

The transformation between α (HCP) phase and β (BCC) phase can occur either martensitically 

or by diffusion and nucleation growth depending on the cooling rate. However, the hardening 

mechanism (i.e. precipitation hardening, solid solution hardening, dislocation, and boundary 

hardening)  can be seen in commercially alloyed titanium due to the transformation from α to β 

phases [20]. 

 

 

 

 

 

 

 

 

 

Figure 2.3: Sponge-making production of titanium (low magnification) [20]. 
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Figure 2.4: Diffusion coefficients for different elements in titanium [20]. 

 

Figure 2.4 shows the diffusion coefficient rates of β self-diffusion is much higher than α self-

diffusion. The literature survey indicate that substitutional diffusing elements (e.g. aluminum 

vanadium, oxygen), are slower than interstitial elements (e.g. nickel, iron, and cobalt) for both α 

and β phases [20,29]. 
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2.2.3 Titanium alloy: Ti-6Al-4V  

Although there are over 100 different titanium alloys that have been developed, only 20 – 30% 

have been commercially available and the dominant titanium alloy, Ti-6Al-4V occupies about 

50% of the total usage in the aerospace industry. 

 

Figure 2.5: Usage of titanium alloy by type in USA market in 1998 [20]. 

 

The chemical composition of this alloy includes aluminum as α-stabilizer, as well as vanadium a 

β-stabilizer.  This combination leads to a great effect on the characteristics of the alloy based on 

the percent fraction of each phase.  The ductility of α-phase is less than the β-phase based on the 

fact that the body centered cubic is less dense than hexagonal packed and hexagonal packed 

planes allow more plastic deformation as it has more slip plan system. An example of this effect 

was given by Leyens and Peters (2003) that the addition of aluminum (α-stabilizers, BCC crystal 

structure) deteriorates the ductility even it enhances the creep resistance and the corrosion 

resistance, furthermore, this effect was also expected due to diffusion coefficient of the α-phase 

is two orders less than that of β-phase [22]. 

The Ti-6Al-4V alloy plays a significant role in a wide range of applications, including the 

biomedical, aerospace, chemical, marine industries.  This is due the excellent properties of this 
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alloy such as biocompatibility, corrosion resistance, high strength to weight ratio, superplastic 

formability [24,30]. However, the frame of Boeing 777 contains at least 10% titanium, where Ti-

6Al-4V is the dominant[20].  

 

Table 2.3:  Some physical characteristics for structural metal and Ti-6Al-4V [20]. 

Physical property Ti-6Al-4V Al Ni 

Linear coefficient of  thermal expansion (10
-6

K
-1

) 9 23.1 13.4 

Thermal conductivity (W M
-1

K
-1

) 7 237 90 

Specific heat capacity (Jkg
-1

K
-1

) 530 900 440 

Electrical resistivity (µΩm) 1.67 0.03 0.07 

 

Comparing the Ti-6Al-4V alloy with aluminum and nickel, it can be seen the titanium alloy has 

less thermal expansion coefficient and thermal conductivity, hence Ti-6Al-4V is considered a 

good candidate for applications need high strength to low thermal conductivity. On the other 

hand, the high value of electrical heat resistivity hinders the application of Ti-6Al-4V in 

electrical applications. 
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2.3 Magnesium alloys  

2.3.1 Magnesium overview 

Magnesium is the lightest of all structural metals [8] and has some attractive properties over 

other metals such as a low density, high specific strength, good formability, and corrosion 

resistance. But on the other hand, there are few properties of magnesium that limits its 

application, such as low strength at moderate temperatures, high chemical reactivity with water 

and oxygen,  and low toughness [8]. 

 However, recently magnesium and its alloys have received an increased attention for use of the 

alloy in the automotive, aerospace and electrical applications where weight reduction is very 

important in parallel with high specific strength [8,9,31]. Furthermore, there is an interest in the 

automotive industry to increase fuel efficiency and to reduce emissions to the environment [9]. 

Magnesium crystal structure has a lattice ratio of 1.6236 which is close to an ideal value of 

1.633. Therefore, magnesium is considered as a perfect hexagonal close packed structure as 

shown in figure 2.6 [32]. 

 

 

 

 

 

 

Figure 2.6: Magnesium unit cell [32]. 
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Table 2.4: Physical properties and mechanical characteristics of magnesium [9,32]. 

Property Magnesium Aluminum Iron 

Crystal structure HCP FCC BCC 

Density at 20
o
C (g/cm

3
) 1.74 2.7 7.86 

Coefficient of thermal expansion 20–100°C 

(×10
6
/
o
C) 

25.2 23.6 11.7 

Elastic Modulus (MPa) 44.126 68.947 206.842 

Tensile strength (MPa) 240 for AZ91D 320 (for A380) 350 

Melting point (
o
C) 650 660 1536 

 

Magnesium has a density of 1.74 g/cm
3
 and when compared to titanium or aluminum, (density 

4.51 g/cm
3
,
 
2.7 g/cm

3
, respectively) it is 61% lighter than titanium and 35% lighter than 

aluminum. Furthermore, when it comes to specific strength (strength to weight ratio) magnesium 

has excellent characteristics over aluminum and iron [9,33]. 

Since magnesium crystal structure is uniaxial, the diffusion rates take different values based on 

the direction, i.e. if the diffusion is parallel or perpendicular to the c axis (see figure 2.6) [32]. 

Table 2.5 shows the self-diffusion coefficient at different directions. 

Table 2.5: Self-diffusion coefficients in different direction for magnisum [32]. 

Purity D0|| [cm
2

/s] D0┴ [cm
2

/s] Q|| [kJ/mol] Q┴ [kJ/mol] 

99.9% 1.5 1.0 136.1 134.8 
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 The weldability of magnesium and its alloys have been investigated since 1924. Tungsten–arc 

inert gas (TIG), metal-arc inert gas (MIG), diffusion bonding (DB), and laser welding (LW) 

have been used successfully to weld magnesium. However, limitations still exist where the 

formation of cracks inside welds, oxide films at the joint interface, cavities within weld pool, and 

broad melting interval of magnesium (420-620 
o
C) resulted in research towards alternative 

welding techniques for magnesium and its alloys [32,34]. Recently TIG and MIG techniques 

have been used to weld magnesium alloys. However, both techniques resulted in changes in 

microstructure and mechanical properties, heat affect zone and residual stress[34]. Furthermore, 

the differences in thermal conductivity, melting energy, and thermal expansion between 

magnesium and aluminum makes the comparison between magnesium welding to aluminum 

welding not possible, as an example; only 60% of the energy is required to melt the same 

volume of Mg compared to Al, furthermore, only 1/3 the required energy for welding Mg is 

required to weld the same amount of Al as a result of lower thermal conductivity of Mg 

compared to Al [32] (thermal conductivity of Mg is equal to 156 W·m
−1

·K
−1

, and for Al is equal 

to 237 W·m
−1

·K
−1

). 

 

Figure 2.7: Distribution of magnesium applications [32]. 
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Figure 2.8: Engineering component made of magnesium alloys: (a) engine box; (b) seat frame (c) door 

frame; (d) oil pan and (e) wheel drive [9]. 
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Figure 2.9: Application of magnesium in engineering structural component (a) all Mg aircraft (b) 

Missile with 100Kg Mg in sheet and casted (c) tail of satellite rocket (d) Mg in 

automotive VW car [32]. 

a 

d 

b 

c 
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2.3.2 Magnesium production 

Magnesium is considered as the sixth most abundant element found in the Earth’s crust [31]. The 

main source of magnesium are  magnesite (MgCO3), dolomite (MgCo3.CaCO3) and sea water 

[9]. Each one cubic meter of sea water contains 1.3 kg of magnesium [35]. Magnesium can be 

produced by reduction of magnesium oxide using silicon (metallothermic) or from sea water 

using magnesium chloride (electrolysis) [9].  The mechanical property of magnesium is affected 

by the production method; table 2.6 shows the effect of production method on mechanical 

properties of pure magnesium (99.9%). 

Table 2.6: Effect of production methods on pure magnesium (99.9%) mechanical   

properties [32]. 

Production 

type 

Tensile 

strength 

MPa 

Tensile 

yield strength 

MPa 

Compressive 

yield stress 

MPa 

Elongation  

% 

 

Brinell 

hardness 

BHN 

Sand cast 90 21 21 2-6 30 

Extrusion 165-206 69-105 34-55 5-8 35 

Hard rolled 

sheet 
180-220 115-140 105-115 2-10 45-47 

Annealed 

sheet 
160-195 90-105 69-83 3-15 40-41 
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The alloying of magnesium is often necessary before it is used in any engineering application; as 

a result of the chemical reactivity of Mg , However, ten elements are commonly used as alloys in 

magnesium  [32].  

The addition of aluminum, zinc and rare earth elements (i.e. Thorium, Yttrium and Zirconium) 

can be used to enhance the mechanical characteristics and extend the use of magnesium alloy for 

industrial applications. Recently, magnesium alloys have replaced steels, aluminum and copper 

alloys in many engineering components especially in the automotive industry  [9,33,36]. 

Magnesium is chemically very active, and the addition of alloying elements modifies its 

characteristics by changing its chemical affinity and reactivity which lead to stable compounds. 

However, the addition of alloying elements can result in the formation of intermetallic 

compounds. The main mechanisms for increasing the strength of  magnesium is by solid-

solution and precipitation hardening [31]. Although many elements are used to alloy with 

magnesium, aluminum and zinc are the most preferable choices. The addition of aluminum to 

magnesium up to 6 wt. % or less enhances the mechanical properties of magnesium (i.e. tensile 

strength and hardness). The use of aluminum also enhances the castability and heat treatment of 

magnesium. The formation of Mg17Al12 was observed when aluminum was used as an alloying 

element for magnesium [32]. The addition of zinc when used with other alloying elements such 

as aluminum or iron can further enhance when compared to the single elements addition. The 

addition of zinc with aluminum resulted in enhancement of strength while maintaining the 

ductility of the magnesium alloy. The addition of zinc with iron, enhance the corrosion 

resistance characteristics of the magnesium alloy [31,37] . The addition of zinc to magnesium 

aluminum alloy resulted in transformation of Mg17Al12 to Mg32(AlZn)49 when the ratio of zinc to 

aluminum is more than 1 to 3 [32]. 
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Addition of nickel and copper to magnesium results in the formation of hard intermetallic 

compounds such as Mg2Ni and Mg2Cu. However, the addition of nickel enhances the strength of 

the magnesium alloy at room temperature, while the addition of copper enhances the strength 

both at room and elevated temperatures (above 175
o
C). Addition of nickel and copper can also 

deteriorate the ductility and corrosion characteristics of magnesium alloys [31,37–39].   

Table 2.7: Different magnesium alloys and its mechanical characteristics [31,32,37]. 

Alloy 

Basic 

alloying 

elements 

Tensile 

strength 

(MPa) 

Elongation 

% 

Shear 

strength 

(MPa) 

Hardness 

(HRB) 

AZ31 Al, Zn 260 15 130 49 

AZ61 Al, Zn 310 16 140 60 

AZ80 Al, Zn 380 7 165 82 

HM31 Th, Mn 290 10 150 - 

ZC 71 Zn, Cu 360 5 - 70-80 

Zk40 Zn, Zr 275 4 - - 
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2.3.3 Magnesium alloy: Mg-AZ31  

The magnesium alloy Mg-AZ31 contains both aluminum and zinc in order to enhance the 

mechanical properties of the magnesium at room temperature [9]. The Mg-Al-Zn system has 

received the most attention in automobile industry because the alloy can be cast or formed by 

extrusion, and the tensile strength and yield strength increased with addition of Al and Zn 

[40,41]. Recently, automobile manufacturers such as Volkswagen have used light-weight 

magnesium alloys Mg-AZ21 and Mg-AZ31 in the production of various parts by deep drawing 

[42]. 

The attractive strength to weight ratio of Mg-AZ31 alloy in addition to its modulus of elasticity 

which is comparable to the human bone modulus of elasticity (40-57 GPa) as well its ability to 

be a biocompatible implement, all of this makes it a very attractive choice for various biomedical 

applications e.g. dental prosthetics. Furthermore, magnesium is not harmful to human body and 

it could be used as a healing for bone tissue [43].  

Recently, Jin and Khan (2012) successfully applied TLP bonding to join Mg-AZ31 alloy using 

pure nickel interlayers. A eutectic was formed between the Mg and Ni and on joint formation a 

maximum shear strength of 36 MPa was reported for a bonding time of 60 minutes [16]. 

Table 2.8 shows the basic mechanical properties for alloys used in automobile production, it 

include Mg-AZ31, Aluminum (AlMg4.5Mn0.4) and cold rolled steel (DC04). 
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Table 2.8: Mechanical properties of sheet Mg-AZ31 at room temperture compared to 

aluminum and cold rolled steel [32,44]. 

Properties Symbol Unit 
AZ31 

Annealed 

AZ31 

Work-

hardened 

AZ31 

Experimental 

AZ31 

Commercial 

AlMg 

4.5Mn0.4 
DC04 

Tensile 

strength 
Rm MPa 221-275 269 230-280 220-290 279 306 

Yield 

strength 
RP 0.2 MPa -- 200 130-200 125-220 146 160 

Uniform 

elongation 
Ag % -- -- 10-18 -- -- -- 

Elongation 

at rupture 
A80 % 12 6 10-23 8-21 26 40 
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2.4 Joining of titanium and magnesium alloys  

2.4.1 Introduction to joining techniques 

The integration of joining technology in the manufacturing process offers flexibility in 

fabrication and production of engineering components. However, the need to join dissimilar 

alloys and metals in any engineering system requires a careful selection of joining techniques. 

The factors that can affect the type of joining method chosen are shown in figure 2.10.  

 

 

 

Figure 2.10: Selection criteria for joining process [32]. 
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2.4.2 Fusion welding  

Fusion welding is considered as one of the most commonly used welding techniques in 

manufacturing [45]. The fusion process brings about joint formation by melting and then 

solidification. The joint region consists of different zones namely, weld pool with a cast 

structure, a chill zone, and heat affected zone. During fusion welding there is a steep temperature 

gradient from a molten weld pool to the colder section of the parent metal which results in a 

change in the joint microstructure and phase structure. The weld pool temperature is above the 

melting point of the metal being joined and shielding is used to protect it and this is either in 

gaseous or a solid flux. The fusion process includes gas welding, stick welding, submerged arc 

welding, gas metal arc welding, tungsten inert gas welding, electron beam welding, and laser 

welding. 

Balasubramanian et al. (2011) suggest that gas tungsten arc welding (GTAW) is the preferred 

technique to join reactive metals and alloys such as Ti-6Al-4V because it is easy to apply and it 

is not expensive compared to other joining techniques such as laser welding or electron beam 

welding. However, the GTAW technique also results in the coarsening of microstructure of the 

Ti-alloy which deteriorates the strength of the alloy [46]. 

Liu and Dong (2006) studied the autogeneous fusion welding of Mg-AZ31 alloy, using GTAW 

with and without the aid of filler metal composed of Mg-AZ61 wire. The results showed that the 

grain size of the heat affected zone (HAZ) and fusion zone (FZ) varied significantly when the 

filler metal wire used. Such that the grain size varied from 6-23µm when GTAW applied 

without filler wire and from 13-18 µm with filler wire. This change in grain size resulted in 

different strength and fracture location after tensile testing. Adding a filler metal of Mg-AZ61 
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wire resulted in enhancement in tensile strength and fracture location,  94% strength of base 

alloy was achieved with filler wire compared to 90% without the filler wire [47]. 

Sun and Karppi (1996) studied the application of electron beam welding for the joining of 

dissimilar metals, the high density of energy and the high control of beam size and location 

make this process very attractive, and the process shows great potential for joining dissimilar 

metals. 

Balasubramanian et al. (2011) suggested the applications of electron beam welding and laser 

beam welding methods are considered more appropriate to join Ti-alloy, although these are 

expensive alternatives. The literature shows a great interest in joining Ti-6Al-4V alloy using 

electron beam welding, and the results show that higher tensile strengths at the joint is achieved 

when compared with other welding techniques such as laser welding or gas tungsten arc welding 

[46]. 

Scintilla et al. (2010) discussed the welding of Mg-AZ31 alloy sheet with thickness of 3.3 mm 

using the YAG laser under the presence of helium and argon inert gases. Three values for power 

input were investigated; 1750W, 1875W, and 2000W. The lower heat input resulted with the 

highest ultimate tensile strength (UTS) about 95% of base alloy strength. The weld bead showed 

less defects in case of 1750W, where surface defects appeared on the bead surface for higher 

power inputs with less deep penetration [48]. 

Quan et al. (2008) discussed the use of CO2 laser for joining three dissimilar magnesium alloys 

namely; Mg-AZ31, AM60 and ZK60. The tensile strength value was very close for those values 

of parent metal alloys (90% of base metal alloys). Higher welding speed of 3.5mm/min resulted 

in shorter weld bead compared to welding speed of 2mm/min. Furthermore, heat affected zone 
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was wider when welding AM60 and ZK60 compared to Mg-AZ31. The hardness tests indicate a 

sudden decrease at the heat affected zone (HAZ) compared to the base metal alloy [49]. 

In fusion welding the high heat input affects the parent metal microstructure i.e. coarsening of 

the grain size, deterioration in the mechanical strength, micro-voids and hot cracks inside joint 

zone [50–52]. The main concern about the application of fusion welding to the joining  Ti-6Al-

4V and Mg-AZ31 is the difference in the melting point between these two alloys (i.e. liquidus 

point for Mg AZ31 is 628
o
C [17], where the melting point of Ti-6Al-4V is 1600

o
C). This 

difference in melting points makes fusion welding process not applicable for joining these two 

dissimilar alloys. In regards to joining dissimilar metals and alloys, other joining techniques 

include diffusion bonding, brazing, and adhesive joining is mainly used in order to overcome the 

difficulties faced in fusion welding techniques. This is because melting of the parent alloy is 

avoided and the parent metal microstructure remains in solid-state format. Diffusion bonding is 

considered superior for dissimilar metal joining and is still the highest in publications among 

other joining techniques [45]. 
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2.4.3 Adhesive bonding  

The use of adhesive bonding as another alternative to join dissimilar metals has been 

documented in the literature [53]. Materials used for adhesive bonding can be classified either as 

thermoplastic (which is water soluble and melt with heating) or thermosetting (which is not 

water soluble and burn with heating). The advantage of using adhesives includes no weight gain, 

uniform distribution of stress, and provides bonding over irregular surfaces, as well the 

application to complex shapes which reduces the amount of machining after joining. The process 

includes surface preparation of the bonding metals and applying the adhesive in the form of a 

liquid, and curing the adhesive to achieve full joint strength [54]. 

Joining metal to metal or metal to polymer is possible using adhesive bonding. The use of 

adhesive have an advantage of reducing the weight of the bonding components, also it does not 

distort the joint region as in fusion welding. The process include some limitations such as safety 

because the adhesive material is flammable, emission is not controlled and time consuming for 

curing [55].   

The main disadvantage of adhesives is that the joint cannot be used in service temperatures 

above 300
o 

C and is sensitive to environmental conditions (e.g. water moisture and humidity). 

Joint design is critical for the success of adhesive joints and joint design which uses shear for 

adhesive applications must be encouraged [53]. 
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2.4.4 Soldering and Brazing  

Soldering and brazing processes involve joining using metal interlayer placed between two 

parent metal surfaces and the process includes heating the filler metal until it melts. The main 

difference between soldering and brazing is the joining temperature, such that in soldering the 

applied process temperature is less than 450
o
C, where in brazing the applied process temperature 

is greater than 450
o
C. Three steps can explain the mechanism of joining and involves surface 

wetting, alloying with the surface and spreading through capillary action. The brazing process 

can be carried out in vacuum or in air. 

Soldering and brazing is considered as a possible joining technique to solve the joining problem 

faced in fusion welding since the parent metals remain in the solid state. Brazing is considered as 

one of the most widely acceptable techniques for joining dissimilar metals and alloys [56,57]. 

Chan and Shiue (2003) reported the brazing of Ti-6Al-4V to a molybdenum alloy (T2M) using 

pure silver as an interlayer, and sound joints were achieved at 1000
o
C [56]. 

Liu et al. (2002) studied the process of brazing Ti-6Al-4V to 304 stainless steel using three 

different silver based alloys as interlayers. The Ti-6Al-4V suffered from phase separation at a 

brazing temperature of 860
o
C. It was suggested that the use of silver as braze material with 

titanium based alloys, such that the formation of TiAg intermetallics enhanced the toughness of 

the joint. The advantage of using silver as braze interlayer was that the melting point of silver 

was less than the transition temperature from α to β [57]. 

In both soldering and brazing the service temperature of the joint must be below the melting 

point of the soldering or brazing materials. 
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2.4.5 Solid-state Diffusion Bonding 

In the solid-state diffusion bonding process, the surface of the metals to be joined are brought 

together and this intimate contact allows for interdiffusion of elements across the bond interface 

and allows for micro-plastic deformation which together form the bond [58]. The parameters 

involved in solid-state bonding includes: bonding time, bonding temperature, contact pressure, 

and surface roughness. It is suggested that the bonding time and bonding temperature are the 

most critical parameters that can affect joint shear strengths [59]. Furthermore, in solid-state 

diffusion bonding, an interlayer can be used to facilitate the joint formation [60–62]. The 

bonding process takes place at a temperature between 60%-80% of the melting temperature of 

the parent metal or the interlayer. Interdiffusion occurs between the parent metal and the 

interlayer, high pressure is required to achieve a sound joint [63].  

Applying solid-state diffusion bonding at elevated bonding temperature and bonding pressure 

resulted in change in the microstructure within in the bonding zone and at the joint interface 

[64]. These changes affect the properties of the joint and can result in either the enhancement or 

deterioration of the joint strength. Dissimilar metals can be successfully joined together using 

diffusion bonding with minimum effect on the joint region and interface. The bonding process is 

performed so that the bonding temperature is less than the solidus temperature of the parent 

metals in a dissimilar joining system. 

The solid-state bonding of two dissimilar metals; Cu and Fe has been studied under elevated 

temperature (above 800
o
C) and high bonding pressure (1.15 to 3.85 MPa). It was noticed that the 

microstructure near the bond interface has changed. The mechanism controlled the bond 

formation is assumed to be the interdiffusion across the bond interface between Cu and Fe which 

also decided the final joint properties. Two processes was also noticed; solid-state precipitation 
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of Cu into Fe, and then eutectic reaction at bonding temperature above 900
o
C. This study 

represents a typical example of bond formation between dissimilar metals with low inter-

solubility [65]. 

Kundu et al. (2011) achieved a joint between Ti-6Al-4V and micro-duplex stainless steel by 

diffusion bonding at a bonding temperature range from 850-1000
o
C, bonding times 45 minutes 

under vacuum. Bonding temperature resulted in microstructure development where the 

formation of phases; σ, λ + FeTi and λ + FeTi + β-Ti phase mixtures were observed at bond 

interface for all specimens bonded at bonding temperature of 900
o
C or higher, however the 

increase in bonding temperature resulted in increase of intermetallics volume and joint zone 

width. The maximum shear strength reported was 405 MPa at 900
o
C this was attributed to the 

minimum embrittlement resulted from thinner width of intermetallics compound zone. However 

the failure path changed based on bonding temperature where it went through λ + FeTi  for 

bonding temperature below 900
o
C and through the σ phase for bonding temperature higher than 

950
o
C [66].   Hill and Wallach (1989) modeled the solid-state diffusion bonding process and put 

forward theoretical model describing the changes in void geometry and their effect on the 

joining process. A comparison between the theoretical and experimental results was used to 

validate the mechanism involved, the grain boundary orientation was considered in this model, 

such that the chemical potential driving force for grain boundary diffusion and its relation with 

applied bonding pressure. Three stages for the process have been determined; the first stage is 

the plastic deformation of the contacting asperities which increases the contact area between the 

two surfaces; the second stage involves void closure, and the last stage involved the elimination 

of voids by diffusion. The limitation of the proposed model that it can only applied for solid-

state diffusion bonding of similar materials [67].  
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2.4.6 Transient liquid phase (TLP) Diffusion Bonding 

2.4.6.1 Transient liquid phase (TLP) bonding overview  

Transient Liquid Phase Bonding (TLP) is a variation in the solid-state bonding process and has 

been used to join advanced metals. The process uses an interlayer between the bonding metals 

and aims to reduce the process parameters such as bonding time, temperature, and pressure to 

produce a joint with parent-metal characteristics and properties [68–71]. Diffusion is the driving 

force for TLP bonding [72–74]. TLP bonding can be used to bond similar metal alloys [75–78], 

dissimilar metal alloys [79–83], superalloys [84–87] and composites [88–90] . 

The diffusion could be in either way, from interlayer towards the parent metal or from parent 

metal towards the interlayer. Isothermal solidification followed by solid-state homogenization 

can result in joints mechanical properties and microstructure characteristics similar to the metals 

being joined. Isothermal solidification is different than solidification results from cooling, such 

that isothermal solidification occurs at a constant bonding temperature due to change in 

composition. The produced joint has a melting point similar to the metals being joined and offers 

an advantage over other joining techniques such as brazing [68]. 

Published literature on TLP bonding mechanism debate different stages for the joining process, 

Duvall et al. in 1974 suggested three stages after heating and melting of parent metal include: 

diffusion caused solidification, isothermal solidification complete and anneal homogenization of 

joint region [91]. Later Tuah-poku et al. (1988) suggested a separate stage before isothermal 

solidification where homogenization of the dissoluted liquid, this increased the stages to four 

[72,92,93].  MacDonald and Eager (1992) considered the stage where solid state diffusion take 

place during the early process of heating, hence added a another stage called “heating stage” 
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[70]. Zhou et al. (1995) classified the TLP bonding in four stages; heating stage, dissolution 

stage,  isothermal solidification stage and homogenization stage [94]. Gale and Butt (2004) 

suggested three clear different sequence process through the process of TLP bonding; first 

substrate dissolution, second isothermal solidification, and third solid-state homogenisation. 

However, this does not follow other TLP bonding processes, where substrate does not go into 

dissolution when TLP bonding with foils contains Fe-B-Si or Ni-B.   

In summary the stages of TLP bonding process include (see figure 2.11): 

1. Heating stage: 

During the heating stage, solid-state diffusion takes place between elements in the filler 

metal and base metal. This inter-diffusion causes a change in the concentration of 

elements at the joint. The thickness of filler interlayer metal plays significant role at this 

stage, the minimum critical thickness of the interlayer is determined based on the 

diffusion at this stage, and certain thickness is needed to maintain liquid at the joint after 

heating stage [95]. However, the heating rate and diffusion coefficient in the solid-state 

affects the amount of materials transferred during this stage [94].   

Figure 2.11 shows the phase diagram schematic for TLP bonding stages. A and B 

represent the substrate material and interlayer respectively. TB is the bonding temperature 

which is above the eutectic forming temperature. CA is substrate material composition 

and CB is interlayer composition. Immediately after melting, the liquid attains a 

concentration of CE which represents eutectic forming composition (see figure 2.11 a). 

2. Substrate dissolution and widening:  

Takes few seconds to minutes to occur, where a local equilibrium happened at the 

bonding temperature due to the dissolution of parent metal and the compositional 
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changes towards the solidus and liquidus at the solid/liquid interface [68,93]. 

Elthalabawy (2010) suggested TLP bonding can be carried out either using eutectic 

forming interlayers or using interlayers with melting point depressants. The formation of 

a eutectic reaction can help to dissolve surface oxides. In both methods, the eutectic 

forming and melting point depressant; upon heating to the bonding temperature the liquid 

starts to form and wets the bonding surfaces. Further heating up to another temperature 

resulted in the widening effect of joint zone until the solid-liquid interface reaches 

composition equilibrium; the process in this stage is controlled by liquid-state diffusion 

which has higher value than solid-state diffusion, hence dissolution occurs rapidly.  

Upon reaching the bonding temperature TB, the formation of liquid starts when the 

eutectic concentration is reached, after the total interlayer dissolution, the formed liquid 

is inhomogeneous and supersaturated [92] with an average interlayer composition CB 

above liquidus composition CL . In order for the liquid concentration to reach equilibrium 

it reacts with the solid interface and dissolve it partially then equilibrium state at the 

solid/liquid interface is reached. The formation of liquid eutectic and substrate 

dissolution continue until the composition of liquid is adjusted to reach liquidus 

concentration CL. The compositional concentration of substrate material CA is shifted to 

the solidus composition CS at the bonding temperature in order to reach a local 

equilibrium at the solid/liquid interface. The local equilibrium stops the progress of 

dissolution stage (see figure 2.11 b)  

3. Isothermal  solidification: 

This stage can be completed within a few minutes to a few hours and results in the joint 

solidifying due to the loss of melting point depressant from the joint region. The length 
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of this stage depends on the metal system and is determined by the diffusion coefficient, 

interlayer thickness, and the complexity of the phase diagram [79,96]. The liquid zone 

solidifies at this stage. This is stage is considered the most important as the completion 

time of the process depends on the time needed for isothermal solidification [94]. It 

assumed in the published literature that the concentration of solute is kept constant 

during this stage where the diffusion in liquid is two to three orders higher in magnitude 

than the diffusion in solid [68,69,92,94].  

The diffusion of substrate material into bonding zone and the diffusion of interlayer 

materials outside bonding zone resulted in the onset of isothermal solidification stage. 

The isothermal stage shrinks the joint zone width and solid/liquid interface reverse 

direction and the solidus composition CS became dominant (see figure 2.11 c and d).  

4. Solid-state homogenisation: 

Homogenisation of the joint occurs as the solute and eutectic concentration are reduced 

within the joint and this reduces the amount of unwanted second phase precipitates from 

forming in the joint region. This stage depends on the diffusion coefficient as well on the 

amount of intermetallics formed at the joint interface and can take a few minutes to 

several hours to achieve [68]. At this stage a redistribution of the small amount of solute 

remaining from previous stage is carried out. The stage depends on the solid diffusion of 

the solute into the solvent, and hence it may take long time, hence the homogenization is 

considered done once a pre-set concentration is reached [94].   

A pro-longed bonding time resulted in liquid vanish from joint zone and reducing the 

interface composition below CS resulted in solid-solution. If the concentration is kept 

below the room-temperatures solubility of B in A (CR) the formation of microstructure 
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similar to substrate material is achieved and the formation of intermetallics is avoided 

(see figure 2.11 e and f).  

 

 

 

Figure 2.11:Schematic showing the TLP bonding stages (a) start of bonding; (b)dissolution; 

(c and d); isothermal solidification; (e and f) homogenization [68]. 
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2.4.6.2 Transient liquid phase (TLP) bonding applications 

Cook and Sorensen (2011) suggested that TLP bonding is a relatively new joining process which 

is applicable to many alloy systems with the advantage that the process produces bonds with a 

higher melting point than possible with any other joining method. 

Different interlayer forms can be used and include thin foils, fine powders, brazing pastes, and 

surface coatings, etc. Different orders of pressures (1 kPa - 100 MPa) are used in order to keep 

metals being joined aligned and to enhance metal to metal contact. Different heating sources can 

be used to heat the joint region and includes resistance heating and radio frequency heating [97]. 

MacDonnald and Eagar (1992) suggested that when heating a thin interlayer between the two 

parent metals, a liquid is formed, due to either the melting point of the interlayer is exceeded or 

because of a reaction takes place between the parent metals and the interlayer. The interlayer 

must be chosen so as to minimize bonding time, increase wetting and reduce intermetallic 

formation within the joint. The liquid interlayer can fill voids, alloy the mating surface and 

surface contamination can be dissolved. During the bonding process, elements diffuse form the 

liquid phase and into the parent metal resulting in isothermal solidification [69]. Once the joint 

has cooled to room temperature the joint region cannot be distinguished from that of the parent 

metals and no liquid trace can be seen. The coefficient of diffusion for elements in the interlayer 

must be above 10
-8 

cm
2 

sec
-1

 to achieve complete isothermal solidification in a reasonable time 

of few minutes to few hours. As early as 1955, titanium alloys used in aviation were TLP 

bonded with silver-brazing foils; the shear strength was extremely high even when the grain size 

was affected by the bonding process. Complex shapes can be joined using this technique, and 

parent metal strength can be achieved using optimum process and coating conditions. The tensile 

strength depends on the surface finish where smoother surface results in better joint quality. The 
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theoretical and experimental procedures for TLP bonding need further investigation in order to 

allow for  more wider applications for TLP bonding in engineering applications especially where 

fusion welding methods have failed to produce joints [69,70]. 

Gale (1999) suggested that the transient liquid phase bonding allows the joining of non-weldable 

materials, especially those materials used for high temperature applications. When brazing 

techniques are compared to TLP bonding process it is seen that in brazing a filler metal with a 

melting temperature below the melting point of the parent metal is applied. In brazing, oxide 

forming at the contact interface and filler metal appears in the final joint prevent the use of 

brazing in high temperature applications.  TLP bonding overcome those problems faced before 

in brazing, and ideal joint microstructure, characteristics and properties like parent metal 

produced which makes the bonding of intermetallic compounds possible to achieve. The 

interactions between the liquid and solid interfaces are very crucial to the TLP bonding such that 

the wettability and capillary action depends on the ability of the liquid to spread over the solid 

surface [98]. 

Akselsen (1992) discussed the application of diffusion bonding to ceramic-ceramic and ceramic-

metal systems. The process parameters such as temperature, pressure and time were discussed in 

addition to other parameters such as bonding atmosphere, and joint surface structure. 

Engineering ceramics have unique characteristics which include high temperature creep 

resistance, high hardness and wear resistance. Conventional joining methods are not applicable 

to ceramics, and new techniques are needed to increase the potential usage and application of 

ceramics. The process of diffusion bonding has advantages over other joining techniques such as 

excellent joint shear strength and the ability to join complex shapes. The disadvantage of 

diffusion bonding is that the process can take a long time for complete joint formation and 
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equipment and set up cost can be high. The most important process parameter is the temperature, 

since it effects the process kinetics such that a small change in temperature can result in a 

significant effect on joint formation [99]. 

Cam et al. (2008) suggested that diffusion bonding would be a suitable process to overcome the 

problems encountered while producing materials for high temperature applications. 

Conventional production methods as casting and machining are not effective for producing TiAl 

and Ti-6Al-4V. The application of diffusion bonding process to join dissimilar systems of TiAl 

and Ti-6Al-4V has been studied [100]. The joining of TiAl to Ti-6Al-4V was successfully 

achieved using the TLP bonding and process parameters (time, pressure and temperature) were 

optimized to attain good joint shear strengths. The joint strengths were less than that of the 

parent metals, and this was attributed to the presence of a brittle α2 layer at the bond interface. 

The optimum joining conditions were found to be 850
o 
and 5MPa, respectively. The highest joint 

shear strength was obtained at a bonding time of 15 minutes and when this time was increased to 

30 and 45 minutes a reduction in shear strength was recorded. This was attributed to an increase 

in the amount and size of brittle α2 phase formed within the joint [100]. 

Transient liquid phase bonding of Ti-6Al-4V to Al7075 was studied by AlHazaa et al. (2009) 

and  Kenevisi et al. (2012) [14,18,101,102]. In addition to the process parameters mentioned 

before, the interlayer material plays a significant role in the joint strength and microstructural 

developments. Both alloys used in this research are aerospace alloys and have attractive 

properties which include high strength to weight ratio and corrosion resistance. The Al7075 is 

40% lighter than Ti-6Al-4V alloy and is much cheaper. The Ti-6Al-4V alloy has a greater 

mechanical strength than Al7075 and therefore the joining of both alloys makes it very attractive 

for a wide range of engineering applications. The use of traditional fusion welding techniques to 
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join these alloys is very difficult due to differences in mechanical and physical properties of 

these two alloys. The formation of an oxide layer at the surface of these alloys hinders the 

application of other joining techniques. However, TLP bonding can displace oxides at the 

aluminum interface and this result in good joint formation due to better wettability at the joint. 

TLP bonding has been proved to be better than solid-state diffusion bonding because lower 

bonding temperatures are used and less bonding pressure is required to form good joints. 

Different interlayers have been used to help facilitate bond formation in solid-state and TLP 

bonding processes. In solid-state bonding without an interlayer, the successful formation of a 

bond is possible when higher temperatures and pressures are used. The use of interlayers can 

lower bonding temperature and pressure, but intermetallics are formed on both sides of the joint 

(e.g. when bonding using Cu interlayers). The effect of bonding time is also noticeable on joint 

microstructure and mechanical properties [14,18,101]. 

Lee et al. (2006) suggested that Ti-6Al-4V extra low interstitial is a better grade of this titanium 

alloys (i.e. better fracture toughness, and ductility). Joining by diffusion bonding for this alloy 

was much better than the brazing process where capillary action is necessary for good metal to 

metal contact compared to the atomic migration at the joint interface in case of diffusion 

bonding. Diffusion bonding was successful even without a vacuum showing its suitability as a 

joining method for industrial use [103]. 

Elthalabawy and Khan (2011) studied the diffusion bonding behaviour of a magnesium alloy 

(Mg-AZ31) to an austenitic stainless steel (316 L) using a pure copper interlayer. These alloys 

are attractive for use in the automotive industry to replace traditional steels in order to decrease 

the weight of the vehicle. The difference in properties between the two alloys prevents the wide 

scale application, and therefore diffusion bonding was used as a method to bond these dissimilar 
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metals. The bond was successful for this system at a temperature of 530
o
C, and four stages were 

suggested for the bonding mechanism. First is the solid-state diffusion which takes place during 

the heating stage. Second stage involves eutectic formation between the Mg-AZ31 and the Cu 

interlayer which encourages the wetting of the 316L steel surface and this is followed by 

complete interlayer dissolution. The final stage involves the isothermal solidification of the joint. 

The effect of bonding time on the microstructural evolution and mechanical properties of the 

joint revealed that with increasing the time from 5 to 60 minutes can cause a significant effect on 

the bond microstructure, micro-hardness profile and shear strengths. The maximum recorded 

shear strength was 69% of the parent alloy Mg-AZ31 [19]. The solid-state bonding of Mg-AZ31 

and 316L steel was successful at a temperature of 550
o
, 30 minutes and pressure of 1.3 MPa. 

Beyond these bonding conditions, failure in the bond occurred or permanent deformation of the 

Mg-AZ31 sample occurred. To enhance joint characteristics, Ni and Cu foils where used, and 

joint strengths were increased, but the shear strength was still (40%-50%) below that of the Mg-

AZ31 parent metal shear strength. Further increase in joint strength was achieved through the 

use of electroplated coatings. The application of Cu and Ni coatings enhanced not only the 

microstructure of the joint, but also the maximum shear strength obtained leading to maximum 

shear value of 51% to 63% [17]. 

Mahendran et al. (2009) suggested a “diffusion bonding window” for Mg-AZ31B and Cu alloys. 

This work studied the bonding temperature from 400-550
o
C, bonding pressure from 5-20 MPa, 

and bonding times from 5-90 minutes. Forming oxide layer at the magnesium alloy interface, as 

well forming intermetallics in the bond region resulted in week or poor joint. Bonding pressure 

of 12 MPa, bonding temperature of 500
o
C, and bonding time of 15 minutes leads to the best 

shear strength values [104]. 
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2.5 Bonding Parameters for Transient Liquid Phase Bonding 

In order to get a sound joint with characteristics similar to the parent metal, the selection and 

optimization of the TLP bonding process parameters is very important [69,105]. 

The literature review showed that the TLP bonding parameters include the applied pressure, 

bonding temperature, holding time, surface roughness, interlayer characteristics (e.g. interlayer 

forms, thickness, and composition) and interface wetting. 

2.5.1 Bonding pressure 

The pressure applied during TLP bonding has a significant role in joint formation [97,100]. 

Bonding pressure holds the joining surfaces together, but also can enhance bonding mechanisms 

by reducing and closing interface voids. However, a high bonding pressure can deteriorate joint 

properties due to the squeezing out of the liquid phase from the joint region [59]. 

In this research, joining of two different alloys, Mg-AZ31 and a Ti-6Al-4V alloy with different 

mechanical properties (i.e. yield strength of Ti-6Al-4V is 800-1100 MPa, and for Mg-AZ31 is 

125-220 MPa) [22,25,32,44] is studied. The amount of applied pressure should be optimized in 

order to achieve voids closure, but at the same time to prevent macro-deformation of the base 

metal especially the magnesium alloy Mg-AZ31. 

The use of pressure on the joint also enhances the wettability and spreading of the liquid 

interlayer at the joint interface which can increase bond contact area and this will produce better 

joint strengths. 

2.5.2  Bonding temperature 

Temperature is considered one of the most important parameters in transient liquid phase 

bonding [99] because it determines the formation of the liquid eutectic phase at the joint [106].  
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As mentioned earlier, the transient liquid phase bonding process depends on the interdiffusion of 

elements and the rate of diffusion is strongly influenced by temperature which affects both the 

isothermal solidification and homogenization stages of the bonding process. 

Temperature will also affect the wettability and spreading of the liquid interlayer and these 

results in changes in joint microstructure and joint strengths [15]. Temperature has an effect not 

only on the joint region, but also on the parent metal microstructure. Therefore, an increase in 

temperature can affect the parent metal properties detrimentally (i.e. grain coarsening) [78]. 

The relationship between the diffusion coefficient of an element and the temperature can be 

given by the Arrhenius equation [107]: 

D= Do exp (- Qd / RT)………….Equation 2.1 

Where,  

D:  Diffusion coefficient 

Do: Temperature-independent pre-exponential  

Qd: Activation energy for diffusion 

R:  Gas constant  

T:  Absolute temperature  
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2.5.3 Holding time 

The bonding time is considered as an important parameter, because it affects the joint 

microstructure and joint strength [13,108]. The amount of the liquid formed at the joint will 

increase with a prolonged hold time and this can result in enhancement in wettability and joint 

strength as a result of increased amount of materials diffusion towards the parent metal and vies 

versa [108]. However, the hold time is influenced by the characteristics of the materials to be 

joined, their phase structure, the grain size, gap size and other factors such as the bonding 

temperature and pressure [77,97]. Tuah-Poku et al. suggest that the holding time depends on the 

other bonding factors [92].  

2.5.4 Surface roughness 

Surface roughness plays an important role in the transient liquid phase bonding process; it will 

affect the initial contact between the mating surfaces which will affect the joint region. The 

rougher the surface the more residual voids will be created at the bond interface[101]. Rough 

hard surface are used to break the oxide layer on the other soft surface (i.e. bonding Ti-6Al-4V 

to Al7075 alloy by solid-state diffusion bonding). 

The surface roughness will affect the joint quality, the optimal surface roughness is considered 

equal to the grain size of the joint metals [109]. 
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2.5.5 Interlayer characteristics 

The interlayer characteristics include the interlayer material, interlayer format (i.e. thin foils, 

coatings, powders etc.) and thickness of the interlayer. The interlayer thickness can range from 

less than one micron to above five hundred microns. The published literature shows that the 

thickness commonly used is between 10 to 60 microns. The interlayer can be a pure material, an 

alloy, or even a combination of interlayers of different metals [51,87,91,97,110]. 

Bosco and Zok (2004) suggested that the critical interlayer thickness is considered to be above 

the grain size of the largest expected intermetallic formed [111] otherwise pores will be formed. 

The interlayer thickness should be above the thickness consumed in the solid-state stage at the 

heating stage [97]. Interlayer materials must have a low melting temperature, high solubility and 

high diffusivity in bonded materials in order to minimize the bonding time and bonding 

temperature and to increase bond strength [112]. 

The published literature shows the use of different interlayers in TLP bonding of Ti-6Al-4V and 

Mg-AZ31 to other metals. When the magnesium Mg-AZ31 alloy was bonded using copper foils, 

a joint strength of 85% of the parent alloy strength was recorded at 530
o
C for 30 minutes. The 

formation of CuMg2 brittle compound at the joint resulted in failure within the joint [113]. 

The use of aluminum as an interlayer for TLP bonding of Mg-AZ31 was also reported by the 

same authors [10]. A joint strength of 92% was recorded compared to the parent metal strength 

when bonded at 480
o
C for 60 min.

 
The presence of Al12Mg17 brittle compound was detected 

within the joint and this caused failure at the joint. 

The TLP bonding of dissimilar metals using different interlayers for Al 7075 to Ti-6Al-4V were 

also investigated by AlHazaa et al. (2010) using copper interlayers. The formed compound were 
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different at each side where θ(Al2Cu), T(All2Mg3Zn3) and Al13Fe was found at the Al7075 alloy 

and Cu3Ti2  was formed at the Ti-6Al-4V. The maximum shear strength obtained was 19.5 MPa 

for bonds made at 500
o
C for 30 minutes [14]. 

Elthalabawy and Khan (2011) reported the bonding of an austenic stainless steel to magnesium 

Mg-AZ31 alloy using different interlayers namely Cu and Ni [11,12,19]. Bonding trials showed 

that when nickel interlayers were used a joint strength of 46 MPa (48% of Mg-AZ31 shear 

strength) was attained at 510
o
C for 20 minutes. A better joint strength of 57 MPa (69% of Mg-

AZ31 shear strength)  was achieved with copper interlayers at 530
o
C for 30 minutes [11,12,19]. 

Cooke et al. (2012) reported the bonding of Al-6061 using nano-dispersed Ni coatings. Bond 

formation was attributed to solid-state diffusion followed by Ni-Al eutectic formation and 

isothermal solidification. The proposed model estimated the value for the maximum joint width 

produced during bonding [114].  
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2.5.6 Interface wetting and capillary action  

Brazing and TLP bonding processes use capillary action for joint formation and these depend on 

the spreading of a liquid film over the solid surface of the metals being joined. Wetting between 

a liquid and a solid substrate will take place firstly if there is mutual solubility between both the 

solid and liquid coming into contact; secondly if intermetallics are formed during the joining 

process [115]. To enhance wettability a reduction in the interface energy is required and a 

reaction between the solid substrate and liquid braze [116]. The reaction normally includes an 

increase in the width of the joint as liquid diffuses in to the parent metal. Elements present in the 

filler metal at the joint can help to reduce surface metal oxides which results in greater 

wettability at the solid-liquid interface [98,115]. For a sessile liquid drop resting on the surface 

of a solid substrate, the Young-Dupre equation for the surface energy relationship is given as 

follows:  

γSL = γSV - γLV cos θ………. Equation 2.2 

 

 

 

 

 

 

 

 

Where, 

 

γSL: Solid-Liquid surface energy γSV: Solid-Vapour surface energy 

γLV: Liquid-Vapour surface energy θ: wetting angle 

Figure 2.12: Wetting principles: (a) surface tension balance; 

(b) non-wetting and (c) complete wetting. 
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2.6 Modeling transient liquid phase (TLP) bonding 

The Transient liquid phase bonding process is controlled by diffusion processes and the 

published literature on model developed to explain  the behaviour of TLP bonding and predict 

the effect of bonding parameters on joint formation have been developed by a number of 

researchers [59,72,74,92,94,96,117–121]. Fick’s laws apply to TLP bonding; Fick’s first law at a 

steady state condition: 

J=  D 
  

  
  ………….. Equation 2.3 

Fick’s second law is also applicable during the transient phase, such that the concentration 

changes with time: 

  

  
  

   

   
 ………….. Equation 2.4 

The general solution of equation 2.2 can be obtained using a Fourier transformation on  

(       ),      with the initial condition  (   )   ( ): 

 (   )  
 

 √   
∫  ( ) 

 (
   

 √  
)
 

  
  

  
………….. Equation 2.5 

In order to eliminate the integral and simplify the expression, it is necessary to substitute the 

solutions for the error function assuming an initial temperature profile condition: 

 (   )   ( )   (    )   (    )  (
        
          

) 

 (   )  
 

 √   
∫  

 (
   

 √  
)
 

  
  

   ………….. Equation 2.6 
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Giving the definition of the error function 

   ( )  
 

√ 
∫    

 
 

 

    

C(x,t) can be reformulated as,  

 (   )  
 

 
[    (

    

 √  
)      (

    

 √  
)] ………….. Equation 2.7 

2.6.1 Time and thickness of joint region estimation for TLP bonding stages 

The time estimation for each stage is considered the most important factor affecting the 

microstructure and quality of the joint. Several works have been done on time estimation for the 

completion of each stage [72,92,94]. The thickness of the joint region also affects the quality of 

the joint, several researches have noted its importance [92,95]. 

1. Heating stage 

In the early works on TLP bonding models, Tuah-poku et al. suggested another general solution 

to equation 2.4[92] 

          (  √  ̅   ………….. Equation 2.8 

Where C is the concentration gradient, E and F are constants dependent on the boundary 

conditions, y is the distance across the joint region,  ̅ is the diffusion coefficient, and t is the 

diffusion time. From equation 2.8 Tuah-poku et al. concluded that the interface movements 

follow a general square root, hence: 

    √  ̅   ………….. Equation 2.9 
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Where K is a constant evaluated based on the temperature for a specific phase diagram. Equation 

2.8 and 2.9 can be used only when the effective diffusion coefficient is used. Hence, MacDonald 

and Eager suggested an equation to calculate the diffusion based on the work of Shewmon. 

 ̅  
∫  (  )  
 

 

  
 ………….. Equation 2.10 

Where   ̅ is the amount of diffusion during the heating stage and t is the diffusion time. 

The coefficient  ̅ is then applied to the equation suggested by Darken and Gurry [69] to obtain 

the loss in  coat thickness during heating as a function of heating rate: 

      ( ̅  )
  ………….. Equation 2.11 

In equation 2.11,   represents the coat/foil reduction of thickness as a function of heatup time, K 

is a constant depends on material,     is the solubility limit of the interlayer in the parent alloy, 

 ̅ is the diffusion rate during heating stage as calculated in equation 2.10 and t1 is the heating 

time during the first stage. 

 

2. Substrate dissolution and widening 

In this stage, the solid interlayer turns into liquid due to the reaction of diffusion of the solute 

into solvent, note that the interlayer attains its maximum thickness at this stage. Tuah-Poku et al. 

suggested that equation 2.9 can be rewritten as  

  

 
    √      ………….. Equation 2.12 

Where 
  

 
 defines the width of the liquid zone, K2 is a material constant at selected temperature 

dictated by respective phase diagram,    is the diffusion coefficient of the solute in liquid state, 

and    is the time needed for substrate dissolution. 
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Solving for    , the equation 2.12 can be rewritten as [92] 

   
  
 

    
   

 ………….. Equation 2.13 

Tuah-Poku et al. estimated that the time required for this stage is very small; hence the 

dissolution is considered instantaneous. However, to estimate the maximum width of liquid joint 

region the law of mass conservation is applied [92] 

   
    (          )  

        
    ………….. Equation 2.14 

          represent the densities of parent metal A and interlayer B respectively, where as 

  and     are the weight fraction compositions. This equation can be rearranged as 

          [  
      

   
  
  

  
] ………….. Equation 2.15 

 

3. Isothermal solidification 

Isothermal solidification occurs when the liquid eutectic transforms to a solid by the increase of 

solvent concentration at the joint region at the bonding temperature. The isothermal 

solidification and homogenization stages, together form a major part of the TLP bonding time 

[72]. The published works on modeling the TLP bonding process, have adopted the assumptions 

[72,92]: 

1. The diffusion coefficient is composition independent. 

2. The concentration of base metal material is kept constant at the interface at a level 

equal to solid/liquid concentration on phase diagram. 

3. Thin interlayer thickness resulted in neglecting convection of liquid. 

4. Local equilibrium is maintained at joint solid/liquid interface.   
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Based on those assumptions Padron et al. followed the earlier work by Zhou and Crank and 

suggested two models [72]: 

1. Stationary interface model 

In this model the concentration of solute is assumed to be fixed (equal to CαL) [72].  

Given the definition of the error function 

   (
 

 √  
)  

 

√ 
∫    

 
  

 

 √  

 
 ………….. Equation 2.16 

Equation 2.7 can be rewritten as  

 (   )  
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√ 
 ∫    

 
    

√   

 
    

 

√ 
 ∫    

 
    

√   

 
   ]………….. Equation 2.17 

In order to solve for rate of change in concentration as a function of time and distance, the 

derivative for equation 2.17 can be derived based on the fundamental theory of calculus: 

   (   )

  
 [         ]

 
 (

 

√   
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√   
 ………….. Equation 2.18 

The derivative of the error function in equation 2.16 can be expressed as: 
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) 

 ………….. Equation 2.19 

Hence, in this case equation 2.18 can be rewritten to give the solute concentration as 

   (   )

  
 [         ] 

 

  
   (

 

√   
) ………….. Equation 2.20 

Where       is the base material concentration and     is the solute concentration.  

Substituting equation 2.18 in Fick’s first law, assuming x= 0, leads to 
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  (         )
√ 

√  
 ………….. Equation 2.21 

The integration of equation 2.21 (for a time interval between t = 0 to t = isothermal solidification 

time (tIS)) yields to the total amount of solute and as denoted by Padron et al. [72]  

  ∫ (         )
√ 

√  
  

     

   

 

   (         )
√    

√ 
 ………….. Equation 2.22 

After considering the conservation of mass and substituting        , equation 2.22 can be 

rewritten for     as: 

    
 

   

  
   

 

(         )
 
 ………….. Equation 2.23 

 

2. Migrating interface model  

A second model proposed by Zhou [120] and Padron et al. [72] assume two semi-infinite phases 

with a migrating solid/liquid interface and a constant concentration at the interface. In this model 

the general solution for equation 2.4 can be written as 

 (   )          [
 

√   
] ………….. Equation 2.24 

Given an initial condition of   (   )     and boundary conditions of  

1.  (   )       

2.  (   )        

The concentration of solute      will equal equation 2.24, and since           are constants 

equation 2.24 can be written as 



55 

 

 

 

[
 

√   
]= K= constant ………….. Equation 2.25 

Zhou suggested the constant K can be calculated numerically by  

 (     ( )√ )

   
  

          

         
 ………….. Equation 2.26 

Tuah-poku et al. showed during isothermal solidifcations the displacement of the interface will 

equal  

  
    

 
 ………….. Equation 2.27 

And the time of isothermal solidifcation can be calculated by 

    
    
 

      
 ………….. Equation 2.28 

Tuah-Poku et al. also showed that the maximum width during isothermal solidifcation can be 

calculated by applying a mass balance to equation 2.27 

       [  (
  

  
) (

      

   
)]………….. Equation 2.29 

Where    is the density of base material and    is the density of interlayer. 

The published research by Zhou, Padron et al. and Cooke [59,72,120] indicate that the migrating 

interface model are more accurate in predicting the time and thickness of joint width during 

isothermal solidification since they account for the migrating interface during this stage. Their 

studies showed that the first model can lead to an over estimation of        and      unless 

the values     and       are very small and     is very large. 
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2.7 Summary  

The joining of two dissimilar alloys that differ in their physical and mechanical properties is a 

great challenge. The scientific literature  shows that different attempts have been made to bond 

dissimilar alloys by various joining techniques, namely, fusion welding [45–49], adhesive 

bonding [53–55] soldering, brazing [56,57] and diffusion bonding [11,12,14,19]. 

However, the TLP diffusion bonding process has been shown to offer considerable potential to 

join these complex alloys and is perhaps the only method which can bridge the gaps in the 

physical properties of dissimilar alloys. 

However, the TLP bonding process involves a number of different parameters; bonding 

temperatures, bonding pressure, bonding time, surface roughness and interlayer characteristics 

and must be optimized in order to produce good quality joints in this novel combination of 

alloys. Different models have been suggested to predict the time and width of joint zone formed 

during the various stages of bonding. The migrating interface model will be used in this thesis 

for determining the time for isothermal solidification of joint. 
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3 CHAPTER THREE: EXPERIMENTAL PROCEDURE 

3.1 Introduction 

This chapter include description of the materials used in this research, the procedure for sample 

preparation at different stages include the sample preparation for bonding, metallographic 

analysis, and characterization of bond quality.  The equipment used to apply TLP bonding. 

Different metallurgical techniques were used to observe and analyse microstructural changes by 

optical (light) microscopy and scanning electron microscopy (SEM). The elemental composition 

analysis was applied by energy dispersive spectroscopy (EDS), wave dispersive spectroscopy 

(WDS) and X-ray diffraction (XRD). 

The mechanical quality of the joint was evaluated by Vickers micro-hardness and shear test. The 

micro-hardness measurements are used to quantify the homogeneity of the joint zone, as well to 

identify the effect of new phases formation on the joint characteristics. In order to evaluate the 

relation between microstructural development and mechanical properties the shear test was 

carried out. 
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3.2 Materials characterization 

3.2.1 Parent alloys 

For this study two alloys have been used, the first alloy is a commercial titanium alloy 

(Ti-6Al-4V) and the second alloy is a commercial magnesium alloy (Mg-AZ31). The 

composition of these alloys is shown in Table 3.1.  

Table 3.1: Composition of Ti-6Al-4V and Mg-AZ31 alloys in wt. % using the WDS analysis 

Alloy Al V Fe Zn Ni Mn Mg Ti 

Ti-6Al-4V 6.69 4.44 0.17 0.05 0.02 0.02 0.00 Rem. 

Mg-AZ31 2.82 0.01 0.00 1.10 0.00 0.13 Rem. 0.00 

 

Figure 3.1 (a, b) shows the SEM micrograph and XRD spectra of the as-received Ti-6Al-

4V and Mg-AZ31 alloys, respectively. The Ti alloy was received in as-rolled plate of 10 mm 

thickness and samples were cut to the dimensions of 10x10x10mm. The Ti alloy was also 

received in the form of a rod with a 10 mm diameter. The Mg-AZ31 alloy was received as a rod 

with a 10 mm diameter, the bonding samples were cut into dimensions of 5x10 mm for both 

alloys. Table 3.2 includes the mechanical and physical properties for both parent alloys. 

The liquidus and solidus temperature for the Mg-AZ31 alloy was determined using 

differential scanning calorimetry (DSC)in earlier work in this research group [17] and is shown 

in figure 3.2. 
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Figure 3.1: SEM and XRD spectra for (a) Ti-6Al-4V and (b) Mg-AZ31 as received. 

α (grey area) 

β (white area) 

a 

b 
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Table 3.2: Mechanical and physical properties of Ti-6Al-4V and Mg-AZ31 [17,20,22,25,32] 

Selected properties Ti-6Al-4V Mg-AZ31 

Mechanical 

properties 

Hardness (VHN) 300-400 68 

Yield strength (MPa) 800-1100 203.7 

Tensile strength (MPa) 900-1200 271.2 

Elongation (%) 13-16 % 13.2% 

Physical 

properties 

Crystal structure BCC, HCP HCP 

Density (g/cm
2
) 4.5 1.77 

Electrical resistivity (µΩm) 1.67 10 

Coefficient of thermal expansion 

(10
-6

K
-1

) 

9 26 

Thermal conductivity (W M
-1

K
-1

) 7 0.23 

Melting temperature (
o
C) 1670 

T solidus T liquidus 

582 628 

 

 

 

  

Figure 3.2: DSC analysis for Mg-AZ31[44]. 
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3.2.2 Interlayer material  

3.2.2.1 Metallic foils 

In order to facilitate the TLP bonding process, thin (20 µm) nickel and copper foils (99.99% 

purity) were used in this research. Both foils were purchased from Goodfellow Corporation, 

Cambridge, UK. The XRD spectra taken from the foils are shown in figure 3.3 and the results 

confirm the purity of these foils. 

 

 

 

 

 

 

 

   

 

 

 

 Figure 3.3: XRD spectra for Ni and Cu foils as received. 
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3.2.2.2 Electro-deposited interlayers 

Thin electro-deposited coatings were employed on the titanium alloy surface and the thickness 

of these coatings ranged from 1 µm to 20µm. The set-up used for electro-deposition is shown in 

figure 3.4.  In this research work two types of coatings were used, pure Ni and Ni with a 

dispersion of nano-particles of Cu and Ni. Before the coating process, the samples were cut from 

the Ti rod to 5x10 mm, then surfaces prepared to a 1000 grit finish, followed by degreasing with 

liquid soap detergent and rinsed in tap water. A surface cleaning process to remove oxides 

involved 3 steps: 

1. Soak clean with E-Kleen 102-E for 10 minutes at a temperature of 60
o
C and stir at 200 

RPM, followed by tap water rinse for 30 seconds; 

2. Clean with E-Kleen 129-L for 2 minutes at a temperature of 75
o
C and stir at 200 RPM, 

followed by tap water rinse for 30 seconds; 

3. Acid pickling with 31wt.% HCl for 2 minutes at room temperature followed by tap water 

rinse for 30 seconds. 

The electro-deposition of Ni coating was carried out in a 250 ml glass beaker using Watt’s 

plating solution prepared by dissolving: 250 g NiSO46H2O, 45 g NiCl26H2O, 35 g H3BO3, 1 g 

Saccharin in 1 L of distilled water. Nano particles of Ni and Cu were introduced into the Ni bath 

at a concentration of 20g/ 200 mL. The bath was ultrasonically agitated for 1 hour, followed by 

magnetic stirring at 200 RPM for 1 hour. For electro-deposition the current density was set at 5 

A/dm
2
, pH level maintained at 3.5, the coating temperature was kept at room temperature and 

the bath stirred at 200 RPM.  
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In order to establish a relation between the coat thickness and deposition time, the deposition 

parameters were kept constant and the effect of time was established. Five readings for coat 

thickness values obtained at each coating time and an average value was plotted as shown in 

figure 3.5. The SEM micrograph of the coat cross-section is shown in figure 3.6. The SEM and 

EDS analysis of the coating surface is shown in figure 3.7. 

 

 

Anode 

Stirrer plate 

Cathode 

Power supply 

Figure 3.4: Electro-deposition equipment and set up. 
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Figure 3.5: Effect of deposition time on coat thickness. 

Figure 3.6:SEM micrograph showing cross-section of Ni coat on Ti-6Al-4V 

substrate at 30 minutes coating time. 
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c 

d 

a 

Figure 3.7: SEM and EDS surface analysis for the: (a) pure Ni coat; (b) coat containing Ni 

nano-particles; (c) coat containing Cu nano-particles; (d) coat containing Cu and 

Ni nano-particles. 
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3.3 Bonding Process and equipment 

3.3.1 Sample preparation 

The bonding samples where cut from the parent alloy rods to a dimension of 5x10 mm. To 

produce a uniform flat surface with a defined surface roughness, the surfaces were ground using 

silicon carbide to 1000 grit finish. Prior to bonding, surface oxides on the Ti-6Al-4V surface 

were pickled for 3 minutes in 20% HCl and 80% distilled water, followed by acetone cleaning. 

The interlayer foils were also pickled for 1 minute in the same acid and cleaned with acetone. 

The Mg-AZ31 alloy was cleaned using acetone.  

3.3.2 Bonding equipment 

The bonding apparatus consists of the external heat induction input unit, stainless steel vacuum 

chamber, temperature indicator, and a rotary pump, this apparatus was custom built equipment 

for TLP and diffusion bonding purposes. The heat induction unit was a Radyne Flexitune with a 

maximum power output of 5 kW. The unit provides an AC current through water cooled copper 

coils, which generate a magnetic field. The specimens placed inside the coils are heated by radio 

frequency induction heating. 

Upper and lower platens are made from stainless steel and are used to hold the sample at the 

center of the coil. The upper platen is adjustable and is used to apply a dead weight to the 

samples being joined. The chamber door was secured by four bolts and contained a quartz 

widow which allowed samples to be observed during the bonding process. The temperatures are 

controlled using a Eurotherm temperature controller.  The rotary pump produced a vacuum 

pressure of 4x10
-4

 Torr (0.053 Pa). The bonding apparatus can be seen in figure 3.8. 
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Figure 3.8: Diffusion bonding apparatus. 

 

 

 

 

2 
3 

4 
5 

6 

7 9 

8 



68 

 

 

 

  

 

 

 

 

 

 

 

 

 

3.3.3 Bonding parameters and procedure 

3.3.3.1 Bonding parameters 

In this research four parameters were studied; bonding temperature, bonding time, bonding 

pressure and interlayer characteristics. Each parameter was selected based on a preliminary 

results and accumulated knowledge within the joining and interface research group.  

Table 3.3: Parameters values for the diffusion bonding experiments 

Temperature 
o
C 

Pressure 

MPa 

Time 

Minutes 
Interlayer type 

Interlayer 

thickness µm 

500
o
-550

o
 0.0-0.7 1-60 

Foils, Ni electroplated,  

Ni & Cu nanoparticles 
1- 20 

Figure 3.9: Diffusion chamber. 

Induction coil 

Thermocouple 

Specimen 

Alumina 

insert 
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To monitor temperature, a thermocouple was inserted in a hole drilled next to the bonding 

interface. The hole was drilled using a 0.1 mm drill bit at about 1 mm from the interface in the 

Mg-AZ31 alloy (shown in figure 3.9). To control pressure during the joining process a pre-

calculated dead load was applied to the upper platen directed onto the joint assembly. The load 

was selected to avoid macro-deformation of the joint region especially at the Mg-AZ31 side. 

A heating rate of 50
o
C/min up to the bonding temperature was used and once the bonding cycle 

was complete, the bonding equipment was turned off, and the sample allowed to cool down to 

room temperature in vacuum.  

3.3.3.2 Bonding procedure 

The bonding samples where cut from the as-received parent alloys. The Mg-AZ31 and Ti-6Al-

4V rods with 10 mm diameter were cut to a 5 mm length.  Cutting process for the alloys was 

done by either using an abrasive water jet cutting machine or by SiC high speed abrasive cutting 

wheels. For bonding, samples were prepared using SiC paper to a 1000 grit finish. Prior to the 

diffusion bonding, surface oxides were removed from the titanium alloy surface by pickling in 

dilute HCl (10%HCl-90%distilled water) for 3 minutes followed by acetone clean. Interlayer 

foils were held in dilute HCl (10%HCl-90%distilled water) for 1 minutes followed by acetone 

clean. The Mg-AZ31 alloy was cleaned in acetone. The joint assembly was held inside the 

induction coil by alumina block. 
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3.4 Bond Evaluation  

The evaluation of bonds involved metallurgical and joint strength assessment. Microstructural 

analysis involved light microscopy, scanning electron microscopy (SEM), energy dispersive 

spectroscopy (EDS), wave dispersive spectroscopy (WDS), X-ray diffraction (XRD), micro-

hardness measurements and mechanical testing by shear testing of the joints. The purpose for 

metallurgical testing was to show the composition and microstructures development of the alloys 

[122]. After TLP bonding the bonded specimens where sectioned transversely to the bonding 

surface by a diamond cutting blade, then cold mounted in acrylic powder. The half-sample was 

ground and polished down to 1 µm finish and etched to show microstructure. In order to etch the 

joint region, two different etchants were used. First half of the sample (Mg-AZ31 side) was 

covered by scotch tape and the Ti-6Al-4V was etched for 20 seconds using kroll’s reagent (5 ml 

HNO3, 5 ml HF, and 90 ml distilled water). This was repeated for other side and same procedure 

was applied using Nital (5 ml HNO3, 95 ml ethanol) etchant for 10 seconds [122]. 

3.4.1 SEM, EDS and WDS analysis 

The scanning electron microscope is an important technique for examining the joint 

microstructure at high magnification and resolution. In this technique an electron beam is 

emitted from an electron gun (tungsten filament) and this beam of electrons has a diameter 

ranging from 0.4 nm to 5nm. The interaction of the electron beam and the surface produces three 

main reflections and these include the back scattered electrons, secondary electrons, and X-rays. 

The detection of the back scattered electrons and the secondary electrons results in an image of 

the surface, and the X-rays can be used to provide chemical compositional data of the material. 

The secondary electrons give a better image of the surface morphology and the backscattered 

electrons provide a better image which can differentiate between the phases present within the 
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microstructure. When electrons in the inner shell are excited by the primary electron beam, other 

electrons from the outer shell release energy and fill the vacancy. This energy released is specific 

for each element in the periodic table; as well the wave length of those X-rays is also associated 

with each elements electromagnetic radiation. These two types of system are called Energy-

Dispersive X-ray Spectrometry (EDS) and Wavelength-Dispersive X-ray Spectrometry (WDS). 

The EDS spectrum consists of a series of peaks which represent the type and amount of each 

element. In WDS analysis qualitative and quantitative data in addition to the total percentage of 

each element are recorded. 

Each sample where analysed and image are taken using JEOL JXA 8200 and/or Philips XL30 

electron microprobe analyzer at the University of Calgary, the sample were prepared by grinding 

and then polishing down to 1 µm finish. The surface was coated by carbon in order to maintain 

the beam stability.  

3.4.2 Light Microscopy 

Using an inverted Ziess light microscope examination of the alloy and the joint region was 

carried out and a micrograph was taken using a digital camera.  

 

 

 

 

 

Figure 3.10: Light microscope and its attached 

external digital camera. 



72 

 

 

 

3.4.3 X-Ray diffraction 

X-ray diffraction was used to identify phases and intermetallic compounds formed inside the 

joint region. In this technique the use of XRD analysis allows the determination of mineral 

content, crystallographic structure, and the identification of intermetallics and compounds using 

Bragg’s low. The cathode tube generates the X-ray beam, and then it filtered to produce 

monochromatic radiation. Samples are scanned over an angle of 2-Theta from 0 to 90 degrees, 

and the diffraction direction of the lattice is detected.  

A Rigaku Multiflex X-ray diffractometer was used in this research to obtain composition data 

from fractured surfaces and further characterization was conducted using JADE6.5 software.  

3.4.4 Micro-hardness measurements 

Vickers-micro-hardness tester model “Leitz Mini-load” was used to examine changes in 

hardness across the joint region as a function of distance from the bond interface. Micro-

hardness measurements were made across the joint region using a Vickers micro-hardness 

indenter. A comparison in hardness values across the joint region as a function of different 

interlayers and bonding conditions was studied. 

Due to the large difference in hardness value between the Ti-6Al-4V and Mg-AZ31 alloys, 

different trial experiments were carried out to determine a suitable load such that a clear 

indentation in the Ti-6Al-4V alloy is obtained and the indent to be small enough to measure the 

hardness values of the small phases in the Mg-AZ31 alloy. A value of 50 gm was used for all 

hardness measurements. The hardness profile measurements were taken from the center of joint 

to 600 µm on both sides of parent alloys with a step of 50 µm away from joint center towards the 

parent alloys, four hardness values were reported per condition step.  
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3.4.5 Shear Testing  

In order to measure the joint strength a single lap shear testing fixture was used. In addition, the 

shear test causes failure at the joint interface and this can provide important information on the 

type of failure and the location of intermetallics or hard compounds at the joint. Figure 3.12 

shows a schematic of the shear testing fixture. 

The total height of the bonded specimens were about 12 mm, this was produced by cutting the 

original rods of Ti-6Al-4V alloy and Mg-AZ31 alloy to 6 mm high. The Tinius-Olsen testing 

machine with capacity of 25 KN generates the maximum load output after loading the sample. 

The shear strength was calculated as τ =P maximum /A, where P is the maximum load and A is the 

effective area of the joint and τ is the calculated shear strength. The cross-head speed of the test 

was 0.5 mm/min. At each bonding condition the reported shear strength value was the average of 

at least two shear tests.   

Figure 3.11: Vickers micro-hardness testing 

equipment. 
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Figure 3.12: Shear testing fixture (dimension in mm). 
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4 CHAPTER FOUR: TRANSIENT LIQUID PHASE BONDING USING 

NICKEL FOIL 

4.1 Introduction 

The published literature shows that different metallic foils have been used successfully to 

achieve joints when TLP bonding dissimilar alloy systems. Among those foils Ni and Cu were 

successfully used as eutectic formers to bond dissimilar titanium alloy and magnesium alloy 

[11,14,16,17,19,101]. AlHazaa et al. applied Cu interlayer to join Ti-6Al-4V to Al7075, the 

liquid eutectic formed by the reaction between Cu and Al dissolved the surface oxide formed on 

Al. In the joining of 316L stainless steel and Mg-AZ31, Elthalabawy et al. suggested the use of 

Ni foils to enhance joint formation especially at the Mg-Ni interface. The joint made using Ni 

foils resulted in higher shear strengths compared to joints made using Cu foils.   

Earlier work done by the author showed that solid-state diffusion failed to achieve a sound joint 

[123]. However, different interlayers (nickel, copper, and aluminum) have been tested on the Ti-

6Al-4V to Mg-AZ31 system to choose the best eutectic forming interlayer based on the effect of 

those interlayers on the joint microstructure and bond shear strength between  Ti-6Al-4V and 

Mg-AZ31 [124]. The preliminary results showed among the three successful interlayers the Ni 

foils showed an evidence of eutectic forming inside joint region, moreover, Ni resulted in 

maximum shear strength.  

In this chapter the application of nickel (Ni) foils as eutectic forming interlayer was investigated 

and its compatibility to bond Ti-6Al-4V to Mg-AZ31 is examined. The effect of bonding 

parameters (bonding time, bonding temperature, and bonding pressure) on the joint 

microstructure and mechanical properties was established. The TLP bonding mechanism for joint 
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formation at the Ti-6Al-4V/Ni and Mg-AZ31/Ni interfaces was studied using SEM and XRD 

analysis. Fracture joint surfaces were also examined in order to determine the mode of joint 

failure and identify the mechanism of fracture propagation.  

 

 

Figure 4.1: Mg-Ni phase diagram [39]. 
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Figure 4.2: Flow chart for experimental parameters tested in chapter 4. 
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4.2 Effect of bonding time on joint formation 

4.2.1 Microstructural development and compositional analysis 

The SEM micrograph of joint interface for Ti-6Al-4V/Ni/Mg-AZ31 made at 515
o
C for different 

bonding times is shown in figure 4.3. At a bonding time of 5 minutes, the Ni interlayer started to 

dissociate and formed a small amount of eutectic liquid within the joint. Another intermetallic 

phase formed as an “island” with a chemical composition of (47%Ni, 42% Mg and 8%Al) was 

noticed within the joint. The joint width increased from 20 µm (original foil thickness) to 86µm, 

this can be seen in figure 4.3 (a) for a TLP bond made at 515
o
C for 5 minutes. Three distinct 

reaction layers formed inside the joint region start as the bonding time increased to 10 minutes. 

These reaction layers were defined as: L1 next to Mg-AZ31 interface; L2 contains the eutectic 

and bulk phases; and L3 next to the Ti-6Al-4V interface. The parent alloys were labelled as: P1 

for Mg-AZ31 and P2 for Ti-6Al-4V.  Table 4.1 shows the EDS analysis taken from the reaction 

layers and parent alloys for bonds made at 515
o
C for 10 minutes. The solid-state diffusion during 

the heating stage resulted in the formation of solid solution as indicated by the chemical 

composition obtained for L1; this solid solution contains rich grains of Mg with Ni precipitate at 

the grain boundary.  The compositional analysis of reaction layer L2 suggested the formation of 

eutectic; this eutectic liquid formed at the bonding temperature, which is below the melting point 

of the parent alloys and the interlayer. This suggested the formation of the bond by TLP bonding. 

This bond formation can be attributed to the increase in the concentration of Mg and Ni inside 

the joint region. Further increase in bonding times resulted in increase of Mg diffusion inside 

joint region and diffusion of Ni outside. As a result the amount of eutectic decreased inside the 

joint region and the gradual change in concentration lead to a microstructure similar to that of the 

parent alloys. 
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Figure 4.3: SEM micrographs of Ti-6Al-4V/Ni/Mg-AZ31 joint interface after bonding at 515
o
C and 0.2 

MPa for: (a) 5 min; (b) 10 min; (c) 20 min; (d) 30 min; (e) 60 min. 
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Table 4.1: EDS analysis for reaction layers indicated in Fig. 4.3(b) 

Layer 
Chemical composition (wt. %) 

Mg Al Zn Ti V Ni 

P1 93.40 3.76 1.85 0.17 0.07 0.76 

L1 84.28 4.40 1.61 0.22 0.12 9.38 

L2 61.65 3.21 1.30 0.30 0.11 33.43 

L3 52.35 2.15 0.62 12.68 0.81 31.38 

P2 1.30 7.43 0.64 87.19 2.73 0.71 

 

However, the compositional analysis for the reaction layer L3 indicated 12wt.% of Ti, showing 

that the diffusion of Ti into the joint region had occurred. Furthermore, L3 also contained 

significant amount of Mg, Ni and Ti showing the L3 to consist of intermetallics. Analysis of the 

bond shows that joint formation varies through the joint region and joint formation at the Ti-6Al-

4V side is determined by solid-state diffusion rather than the TLP bonding process. An increase 

in bonding time from 5 minutes to 10 minutes resulted in an increase in the joint zone width from 

86 µm to 140 µm. Further increase in time to 20 minutes also resulted in an increase in width to 

197 µm. This increase in joint width can be attributed to an increase in the eutectic and 

intermetallic phases inside joint region. A further increase in bonding time to 30 minutes resulted 

in a decrease in the joint width to 144 µm. When the bonding time was increased to 60 minutes, 

it was very hard to distinguish the interface microstructure between the Mg-AZ31 alloy and the 

joint zone, but with BSE image the reaction layers zone was measured to 90 µm. The decrease in 

joint width with increasing bonding time after 20 minutes was attributed to isothermal 

solidification of the joint. Furthermore, the increase of bonding time resulted in the formation of 

a finer phase structure and as the amount of eutectic inside the joint region increased. Figure 4.4 

shows the relation between bonding time and the corresponding change in joint zone width.   
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Figure 4.4: Effect of bonding time increase on joint width at 515
o
C, 0.2 MPa. 

 

Table 4.2: EDS analysis for reaction layers indicated in Fig. 4.3(e) 

Layer 
Chemical composition (wt. %) 

Mg Al Zn Ti V Ni 

P1 91.92 3.83 2.48 0.83 0.09 0.85 

L1+ L2 65.70 7.30 1.21 4.30 0.24 21.65 

L3 61.19 5.10 1.37 5.04 0.46 26.84 

P2 1.27 6.67 1.05 87.21 2.59 1.21 

 

Table 4.2 shows the composition of the joint region for bonds made at 515
o
C, 0.2 MPa for 60 

minutes. The analysis indicated that the reaction layers L1 and L2 become a single layer with 

increasing bonding time to 60 minutes. This was attributed to increasing compositional 

homogeneity of L1 and L2 as shown by the EDS analysis in table 4.2. It can be noticed that Mg 
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also diffused into the other parent alloy Ti-6Al-4V; this can be attributed to the higher diffusivity 

of Mg into Ti. It was observed that as the bonding time increased the reaction layers L1+L2 and 

L3 start to have a similar composition. 

The SEM micrograph and WDS line analysis across the joint interface for bond made at 515
o
C, 

0.2 MPa and 20 minutes are shown in figure 4.5. The line analyses showed a transition for Mg, 

Ti and Ni from one side to the other. The WDS analysis did not pick up any oxygen in the 

middle of joint region, which suggested the dissolution of surface oxide. The Ni concentration 

gradient showed that Ni from the 20 µm Ni foil diffused a distance of up to 100 µm into the Mg 

and Ti alloys. Furthermore, Mg diffused all the way into the Ti-6Al-4V side even it decreased 

gradually. The Ti also diffused a distance of 20 µm towards the center of the joint, confirming 

the earlier discussion that solid-state diffusion is responsible for joint formation at the Ti 

interface.   
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Mg-AZ31 Mg-AZ31 

Ti-6Al-4V B Ti-6Al-4V 

A 

B 

A 

Figure 4.5: SEM micrograph and WDS line analysis for joint made at 515
o
C, 0.2 MPa for 

20 minutes. 
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4.2.2 Micro-hardness evaluation 

Micro-hardness profiles for joint interface as a function of time are shown in figure 4.6. The 

micro-hardness profile can give a good indication on the nature of intermetallics and phases 

formed inside joint region. The changes in chemical composition across the reaction layers as 

indicated earlier by the EDS and WDS analysis affected the micro-hardness profiles. As the 

bonding time increased, the micro-hardness at joint interface also increased within 600 µm from 

joint towards Ti-6Al-4V. However, at 50 µm from joint center towards Mg-AZ31 a value of 201 

VHN was observed when bonding at 515
o
C, 0.2 MPa for 5 minutes. As the bonding time 

increased the micro-hardness value decreased and the lowest value observed was 93 VHN at 

515
o
C, 0.2 MPa for 10 minutes. The micro-hardness value tends to take a profile similar to the 

parent alloys after 200 µm on both sides. It was noticed the increase in bonding time in case of 

60 minutes resulted in increase of micro-hardness at Ti-6Al-4V side only.  

Figure 4.6: Micro-hardness profile for joints made at 515
o
C, 0.2 MPa for different bonding times. 
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4.2.3 Shear strength evaluation 

Figure 4.7 shows the joint shear strength as a function of time for bonds made at 515
o
C, 0.2 MPa 

for bonding time between 5 to 60 minutes. The increase in bonding time from 5 to 30 minutes 

resulted in reduction in joint shear strength. This can be attributed to the increase of intermetallic 

phases formation inside joint region. The maximum shear strength value reported inside joint 

was 11 MPa for bond made at 515
o
C, 0.2 MPa for 5 minutes. The minimum shear strength value 

of 3.8 MPa was reported for bond made at 515
o
C, 0.2 MPa for 30 minutes. As the bonding time 

increased from 30 to 60 minutes the shear strength value increased to 6.5 MPa, this can be 

attributed to a decrease in intermetallic concentration at the joint interface due to the diffusion of 

Ni outside the joint zone and the diffusion of Mg towards the joint zone hence the differences in 

solid-solution strengthening. 

 

 

 

 

 

 

 

 

Figure 4.7: Joint interface shear strength as a function of bonding time for joints 

made at 515
o
C, 0.2 MPa for different bonding times. 
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4.2.4 Fractography and XRD analysis 

The SEM micrographs and XRD spectra taken from Mg-AZ31 and Ti-6Al-4V fractured surfaces 

are shown in figures 4.8 – 4.12. At bonding times from 5 to 30 minutes the results showed the 

formation of Mg2Ni intermetallics are the dominant compounds formed inside the joint. At 

bonding time of 5 minutes mixed brittle-ductile failure mode was observed. However, the 

increase in bonding times from 5 minutes to 30 minutes resulted in a more ductile failure mode. 

Further increase in bonding time to 60 minutes resulted in mixed brittle-ductile failure mode. 

This observation explained the shear strength properties seen before, where the bond strength 

was higher at 5 minutes. The failure path took a path following the higher hardness 

intermetallics; this can be seen in the XRD spectra where Mg0.97Zn0.03 was seen at the Ti-6Al-4V 

fractured surface. 

The Mg2Ni compound was seen on the fracture surface until a bonding time of 30 minutes. The 

XRD spectra did not show peaks of these compounds for bonding time of 60 minutes. This can 

be attributed to the diffusion of Ni away from the joint region initiating the process of isothermal 

solidification. Another ternary compound was also noticed inside joint region. The Mg3AlNi2 

compound was detected and continues until a bonding time of 20 minutes. The XRD analysis 

detected the compounds expected by the EDS analysis for the reaction layers and based on Mg-

Ni phase diagrams. AlHazaa et al reported that oxide formed inside joint region may affect the 

quality of the joint due the difference in the coefficient of thermal expansion between the oxides 

and base metal alloys [14]. It’s worth mentioning that XRD analysis did not pick up any oxides 

at the fracture surfaces. This was expected because the formation of Mg2Ni eutectic liquid along 

the joining surfaces was expected to displace any surface oxide during the bonding process.  
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Figure 4.8: SEM micrograph and XRD spectra of fractured surface for 

bond made at 515
o
C, 0.2 MPa, and 5 minutes: a) Mg-AZ31 

side; b) Ti-6Al-4V side. 

b 

a 

Figure 4.9: SEM micrograph and XRD spectra of fractured surface for 

bond made at 515
o
C, 0.2 MPa, and 10 minutes: a) Mg-AZ31 

side; b) Ti-6Al-4V side.   

b 

a 
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Figure 4.11: SEM micrograph and XRD spectra of fractured surface for 

bond made at 515
o
C, 0.2 MPa, and 30 minutes: a) Mg-AZ31 

side; b) Ti-6Al-4V side. 

b 

a 

Figure 4.10: SEM micrograph and XRD spectra of fractured surface for 

bond made at 515
o
C, 0.2 MPa, and 20 minutes: a) Mg-AZ31 

side; b) Ti-6Al-4V side.  

b 

a 
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Observations made from fractographs and XRD analysis show that the path of fracture 

propagation changes with increasing bonding time. Figure 4.13 shows a schematic for bonds 

made at 515
o
C, 0.2 MPa and 5-60 minutes and illustrate the fracture path observed for different 

bonds as a function of bonding time. At 5 minutes bonding times the fracture path was through 

L1 reaction layer. However, increasing the bonding time from 10-30 minutes resulted in fracture 

path through the L2 reaction layer. For a 60 minutes bonding time the fracture path was though 

L3 reaction layer.  

 

 

Figure 4.12: SEM micrograph and XRD spectra of fractured surface for 

bond made at 515
o
C, 0.2 MPa, and 60 minutes: a) Mg-AZ31 

side; b) Ti-6Al-4V side. 

b 

a 
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Figure 4.13: Schematic of fracture path for joint made at 515
o
C, 0.2 MPa and A) 5 minutes 

B) 10-30 minutes C) 60 minutes. 

A 

B 

C 
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4.3 Effect of bonding temperature on joint formation 

4.3.1 Microstructural development and compositional analysis  

Figure 4.14 shows the SEM micrographs of joint microstructure for Ti-6Al-4V/Ni/MgAZ31 for 

the joint interface made at 540
o
C, 0.2 MPa for different bonding times. At a bonding time of 5 

minutes, less intermetallics phases, greater amount of eutectic phase formed and a wider 

diffusion zone (185.5) µm was observed compared to bonds made at 515
o
C (diffusion zone 

width 86 µm). Two reaction layers (L1 and L2) out of three (L1, L2, and L3) continue to be seen 

at higher bonding temperature i.e. 540
o
C; however, these two reaction layers (L1 and L2) have 

the same chemical composition as the one seen before at lower bonding temperature but at 

earlier stage (5 minutes instead of 10 minutes). The EDS chemical analysis for the reaction 

layers and the parent alloys for bond made at 540
o
C for 5 minutes are shown in table 4.3. It can 

be seen that a large difference in chemical composition between the reaction layers; L1 and L2. 

Reaction layer L1 showed a chemical composition of 85% Mg, 4%Al and 9%Ni compared to 

69%Mg and 29% Ni for reaction layer L2. The chemical compositions for parent alloys P1 (Mg-

AZ31) and P2 (Ti-6Al-4V) did not change compared to bonds made at lower bonding 

temperature of 515
o
C. Increasing bonding times to 10 minutes resulted in non-uniform joint 

width with an average joint width of 221 µm. The increase in liquid eutectic formed from Ni rich 

interlayer towards P1 (Mg-AZ31) suggested a change in the mechanism of joint formation. 

Further increase in bonding times from 20 minutes to 30 minutes resulted in reduction in joint 

width to 86 and 54 µm respectively. This observation indicated the onset of isothermal 

solidification. Increasing the bonding times to 60 minutes resulted in further decrease in joint 

width and attained a value of 24 µm. This was anticipated due to the continuous diffusion of Mg 

into the joint zone and diffusion of Ni outside joint zone. 
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Figure 4.14: SEM micrographs of Ti-6Al-4V/Ni/Mg-AZ31 joint interface after bonding at 540
o
C 

and 0.2 MPa for: (a) 5 min; (b) 10 min; (c) 20 min; (d) 30 min; (e) 60 min. 
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Table 4.3: EDS analysis for reaction layers indicated in Fig. 4.14(a). 

Layer 
Chemical composition (wt. %) 

Mg Al Zn Ti V Ni 

P1 94.09 3.11 1.63 0.18 0.00 0.99 

L1 84.89 4.06 1.44 0.30 0.22 9.09 

L2 69.18 0.21 1.13 0.23 0.11 29.14 

P2 0.98 6.50 0.61 87.35 3.31 1.26 

 

 

Table 4.4 show the chemical composition of the joint region and parent alloys for bonds made at 

540
o
C, 0.2 MPa for 60 minutes. The analysis indicate that the reaction layers L1 contains a trace 

of Ti and Al (6.23 wt.% Ti, 4.75 wt.% Al) this result show that the mechanism of joint formation 

varies with an increase in bonding time. For the reaction layer L1 to contain Ti and Al suggests 

Figure 4.15: Effect of bonding time increase on joint width at 540
o
C 

and 0.2 MPa. 
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that solid-state diffusion of Ti and Al towards the Mg-AZ31 interface takes place. The analysis 

of reaction layer L2 shows a composition similar to the one seen before for L2 in joints made 

with a bonding time of 5 minutes. The increase in bonding time to 60 minutes did not have major 

effect on the chemical composition for parent alloys P1 (Mg-AZ31) and P2 (Ti-6Al-4V) in 

comparison to bonds made at less bonding time (i.e. 5 to 30 minutes).  

 

Table 4.4: EDS analysis for reaction layers indicated in Fig. 4.14(e). 

Layer 
Chemical composition (wt. %) 

Mg Al Zn Ti V Ni 

P1 93.18 3.27 2.00 0.238 0.12 1.20 

L1 64.01 4.75 0.92 6.23 2.14 21.95 

L2 64.81 0.86 3.12 0.93 0.38 29.89 

P2 0.79 6.79 0.49 88.23 2.90 0.80 

 

The SEM micrograph and WDS line analysis taken from the Mg-AZ31 to the Ti-6Al-4V across 

the joint region for a bond made at 540
o
C, 0.2 MPa and 20 minutes is shown in figure 4.16. The 

line analyses showed that the smooth transition for Mg, Ti from one side to the other still exists 

at higher bonding temperature. However, the Ni profile showed a fluctuation with less 

concentration at the joint center. This decrease in Ni concentration indicated the diffusivity of Ni 

out of the joint region. The WDS did not pick up any peaks for the presence of oxygen within 

joint which suggest the dissolution of surface oxide. In comparison to bonding temperature of 

515
o
C, the higher bonding temperature of 540

o
C resulted in additional diffusion of Mg, Ti and 

Ni a distance of 10-20 micron. The Ni concentration gradient showed that the Ni diffused a 

distance of 110 µm from the original 20 µm Ni foil thickness. Furthermore, Mg diffused all the 
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way to Ti-6Al-4V side even it decreased gradually. The Ti also diffused 30-40 µm towards the 

joint region, this confirm the previous discussion that the solid-state diffusion at the Ti interface 

take place.   

The effect of increasing the bonding temperature from 515
o
C to 540

o
C was to increase the 

concentration of Mg within joint region and the diffusion of Ni outside the joint region. The 

increase of Mg concentration at joint center resulted in the formation of a larger amount of 

eutectic at the joint.  
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Figure 4.16: SEM micrograph and WDS line analysis for joint made at 540
o
C, 0.2 MPa for 

20 minutes. 

B 

A 
Mg-AZ31 

Ti-6Al-4V 

Mg-AZ31 

Ti-6Al-4V 
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4.3.2 Micro-hardness evaluation 

Figure 4.17 shows the micro-hardness profiles for joints made at 540
o
C, 0.2 MPa for different 

bonding times. For a bonding time of 5 minutes, the micro-hardness profile shows the highest 

hardness value was 330 VHN. This observation was similar to that seen before when bonds were 

made at a lower bonding temperature of 515
o
C. However, the micro-hardness profile showed 

different behaviour at 10 minutes where the profile increased to (328 VHN) following the 5 

minutes profile, this is different than the one seen before at 515
o
C where 10 minutes showed the 

lowest profile on both sides of parent alloys and inside joint region. When the bonding time 

increased to 20 minutes the profiles showed uniform hardness value across both Ti-6Al-4V and 

Mg-AZ31. Further increases of bonding time to 30 minutes resulted in increase of micro-

hardness profile to 410 VHN at Ti-6Al-4V side, and then have the lowest profile (60 VHN) at the 

Mg-AZ31 side. The increase in bonding time to 60 minutes resulted in an increase in the micro-

hardness profile to 117 VHN in the Mg-AZ31 alloy, but resulted in softening of the Ti alloy (310 

VHN). This was anticipated due to the effect of longer bonding time of 60 minutes at higher 

temperature of 540
o
C. This was attributed to the diffusion of Ni and other alloying elements 

away from the joint zone. 
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Figure 4.17: Micro-hardness profile for joints made at 540
o
C, 0.2 MPa for different 

bonding times. 
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4.3.3 Shear strength evaluation 

Figure 4.18 shows the shear strength as a function of bonding time for joint made at 540
o
C, 0.2 

MPa. When comparing these shear strength values with those obtained at lower bonding 

temperature (see figure 4.7), the use of a higher bonding temperature resulted in higher shear 

strengths. Increasing the bonding times from 5 to 20 minutes resulted in shear strength increase 

from 15.8 MPa to 39.3 MPa. This increase was attributed due to the enhancement in wettability 

and spreading of liquid eutectic over the bond interface due to the increase in temperature. 

However, the increase in bonding time from 30 to 60 minutes resulted in deterioration of shear 

strength to 28.3 MPa and 7.9 MPa respectively. This decrease in shear strength was attributed to 

an increase in the concentration of intermetallic compounds inside the joint region as the bonding 

time increased. The same observation was reported by Kundu et al [66] when bonding Ti-6Al-

4V to micro-duplex stainless steel at a temperature range between 850-900
o
C. Also, Elthalabawy 

and Khan [12,17] reported the same observation when bonding 316L stainless steel alloy to Mg-

AZ31 at a temperature range between 510-540
o
C. 

Figure 4.18: Joint interface shear strength as a function of bonding time for joints made at 

540
o
C, 0.2 MPa for different bonding times. 
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4.3.4 Fractography and XRD analysis 

The SEM micrograph and XRD spectra obtained from Mg-AZ31 and Ti-6Al-4V fractured 

surfaces for bonds made at 540
o
C, 0.2 MPa for bonding time from 5 to 60 minutes are shown in 

figures 4.19 to 4.23. At bonding time of 5 minutes the results showed brittle fracture mode, the 

dominant compounds formed were Mg2Ni, Mg2Zn3 and traces of pure Ni. However, the increase 

in bonding time from 10 to 20 minutes resulted in mixed brittle-ductile failure modes. This 

failure mode was anticipated to cause the shear strength of the joint to increase.  The Mg2Zn3 

phase was continue to be seen at bonding times 10 - 20 minutes in addition Al6Ti19 intermetallics 

was seen on both sides of the fractured surfaces of parent alloys. The formation of MgNi2 was 

only observed at a bonding time of 20 minutes. Further increase in bonding time to 30 and 60 

minutes resulted in a ductile fracture mode. This observation explained the reduction in shear 

strength properties of the joint as a resulted of bonding times elongations. At 60 minutes bonding 

times, ternary intermetallics compounds start to be dominant and the formation of Mg3AlNi2, 

Mg3TiNi2, and Mg32(AlZn)49 was observe, the eutectic solution Mg2Ni also seen at the surface at 

this bonding times. The formation of ternary compounds can be attributed due to the continuous 

diffusion of Ni outside joint region towards the Mg and Ti interfaces and the diffusion of Mg and 

Ti towards the joint center. 

Figure 4.24 is a schematic for bonds made at 515
o
C, 0.2 MPa and 5-60 minutes. It illustrates the 

fracture path observed for different bonds as a function of bonding time. At 5 minutes bonding 

time the fracture path was through the L1 reaction layer and close to the Mg-AZ31 interface. 

However, increasing the bonding time from 10-20 minutes resulted in fracture path between L1 

and L2 reaction layers. For 30-60 minutes bonding time the fracture path was though L2 reaction 
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layer and close towards Ti-6Al4V interface. Those observations were confirmed by the XRD 

spectra and SEM fractographs taken from both the Mg-AZ31 and Ti-6Al-4V surfaces. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19: SEM micrograph and XRD spectra of fractured surface for 

bond made at 540
o
C, 0.2 MPa, and 5 minutes: a) Mg-AZ31 

side; b) Ti-6Al-4V side. 

b 

a 
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Figure 4.20: SEM micrograph and XRD spectra of fractured surface for 

bond made at 540
o
C, 0.2 MPa, and 10 minutes: a) Mg-AZ31 

side; b) Ti-6Al-4V side. 

b 

a 

Figure 4.21: SEM micrograph and XRD spectra of fractured surface for 

bond made at 540
o
C, 0.2 MPa, and 20 minutes: a) Mg-AZ31 

side; b) Ti-6Al-4V side. 

b 

a 
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Figure 4.22: SEM micrograph and XRD spectra of fractured surface for 

bond made at 540
o
C, 0.2 MPa, and 30 minutes: a) Mg-AZ31 

side; b) Ti-6Al-4V side. 

b 

a 

Figure 4.23: SEM micrograph and XRD spectra of fractured surface for 

bond made at 540
o
C, 0.2 MPa, and 60 minutes: a) Mg-AZ31 

side; b) Ti-6Al-4V side. 

b 

a 
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Figure 4.24: Schematic of fracture path for joint made at 540
o
C, 0.2 MPa and A) 5 minutes; 

B) 10 to 20 minutes; C) 30 to 60 minutes. 

A 

B 

C 
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4.4 Effect of bonding pressure on joint formation 

4.4.1 Microstructural development and compositional analysis  

Figure 4.25 shows the SEM micrographs of joint microstructure for Ti-6Al-4V/Ni/MgAZ31 for 

the joint interface made at 515
o
C, 0.7 MPa for different bonding times. Four reaction layers L1, 

L2, L3 and L4 formed inside the joint region at a bonding time of 5 minutes. All reaction layers, 

except L3, continued to appear for a bonding time of 10 to 60 minutes. Table 4.5 shows the EDS 

analysis from reaction layers formed inside the joint region for a bonding time of 5 minutes. 

In comparison to bonds made at lower bonding pressure of 0.2 MPa for 5 minutes, the higher 

bonding pressure caused a thinner eutectic layer to form and a corresponding thinner diffusion 

zone was seen. The measured width of joint zone was 59 µm which represent 32% reduction in 

joint width i.e. 86 µm at 0.2 MPa pressure. The EDS and SEM analysis revealed a continuous 

phase rich in Mg with a chemical composition 87% Mg, 5% Al, and 2% Ni. 

The reaction layer L2 showed a chemical composition similar to the one obtained before in 

section 4.2.1 and 4.3.1 for eutectic reaction layers with chemical composition of (65% Mg and 

25% Ni). The partially melted Ni foil resulted in reaction layer L3 with chemical composition of 

89% Ni and 9% Mg.   

A Ti-Ni solid solution with composition of 47.5% Ti and 42.1 %Ni was obtained by EDS 

analysis from reaction layer L4. This was attributed to the solid-state diffusion of Ni towards the 

Ti-6Al-4V alloy interface and the diffusion of Ti towards joint center during the heating stage to 

the bonding temperature (see table 4.5).  

The effect of bonding time on changes in joint width can be seen in figure 4.26. The joint width 

was seen to be less than the width recorded for a bonding pressure of 0.2 MPa. As the bonding 
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time increased from 10 to 20 minutes the joint width increased to 156 µm followed by decrease 

to 123 µm. The decrease in width at a bonding time of 20 minutes was attributed to the onset of 

isothermal solidification. An increase in bonding time from 30 to 60 minutes resulted in a width 

of 75 µm and 37 µm respectively. However, the increase in bonding pressure from 0.2 MPa to 

0.7 MPa did not result in joint homogeneity, but resulted in micro-crack formation inside the 

joint region along the Mg alloy interface.  

Table 4.5: EDS analysis for reaction layers indicated in Fig. 4.25(a). 

Layer 
Chemical composition (wt. %) 

Mg Al Zn Ti V Ni 

P1 92.62 3.13 2.44 0.36 0.39 1.06 

L1 87.06 5.03 2.88 2.45 0.30 2.28 

L2 65.25 5.92 1.47 1.39 0.58 25.39 

L3 8.76 0.00 0.88 0.86 0.20 89.3 

L4 4.93 3.57 0.00 47.51 1.89 42.1 

P2 1.66 6.91 0.74 87.49 2.32 0.88 

 

Table 4.6 show the chemical composition of the joint region and parent alloys for bonds made at 

515
o
C, 0.7 MPa for 60 minutes. As seen in joints made at lower pressure of 0.2 MPa for 60 

minutes, the analysis indicated that the reaction layers L1 contains a trace of Ti and Al (0.63% 

Ti, 5.63% Al). This result indicates that the increase in bonding time resulted in variation of the 

mechanism of joint formation such that solid-state diffusion of Ti towards the joint region takes 

place.  
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Figure 4.25: SEM micrographs of Ti-6Al-4V/Ni/Mg-AZ31 joint interface after bonding at 515
o
C 

and 0.7 MPa for: (a) 5 min; (b) 10 min; (c) 20 min; (d) 30 min; (e) 60 min. 
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Figure 4.26: Effect of bonding time changes on joint width at 515
o
C, 0.7 MPa. 

The analysis of reaction layer L2 for bonds made at 515
o
C, 0.7 MPa for bonding time of 60 

minutes shows an increase in Ni concentration compared to the one seen before for reaction layer 

L2 for bonds made at 515
o
C, 0.7 MPa for bonding time of 5 minutes. However, for reaction layer 

L4 the Ni concentration decreased from 42.1wt. % to 12.03 wt. %  as bonding time increased 

from 5 to 60 minutes. It can be noticed that the increase in bonding time to 60 minutes did not 

resulted in chemical composition changes at both parent alloys P1 (Mg-AZ31) and P2 (Ti-6Al-

4V) in comparison to bonds made at less bonding time (i.e. 5-30 minutes).  

Table 4.6: EDS analysis for reaction layers indicated in Fig. 4.25(e). 

Layer 
Chemical composition (wt. %) 

Mg Al Zn Ti V Ni 

P1 92.51 3.83 2.11 0.26 0.31 0.97 

L1 80.46 5.63 1.59 0.63 0.08 11.60 

L2 38.69 7.92 1.56 1.46 0.23 50.14 

L4 28.02 8.79 1.50 47.48 2.10 12.03 

P2 1.02 6.37 0.79 88.03 3.11 0.69 
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The SEM micrograph and WDS line analysis across the joint region interface for bond made at 

515
o
C, 0.7 MPa and 20 minutes is shown in figure 4.27. The WDS line analyses showed that the 

transition for Mg and Ti from one interface to the other still exists at higher bonding pressure. 

However, the Ni profile showed a fluctuation within joint zone, the minimum value of Ni was 13 

at.% and the maximum value was 33 at.%, the same observation of Ni profile fluctuation was 

seen at higher bonding temperature of 540
o
C. The WDS line analysis did not pick up any oxygen 

peaks at the joint region which suggested the dissolution of surface oxide. Higher bonding 

pressure of 0.7 MPa resulted in the diffusion of Mg, Ti and Ni a distance of 30 to 60 micron 

more than the distance seen before at lower bonding pressure of 0.2 MPa. The initial Ni foil 

thickness of 20 µm Ni diffused a distance of 130 µm. The Ti diffused a distance of 90 µm inside 

the joint region; this was attributed to the solid-state diffusion of Ti at Ti-6Al-4V interface. 
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Figure 4.27: SEM micrograph and WDS line analysis across joint made at 515
o
C, 0.7 MPa for 

20 minutes.  
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4.4.2 Micro-hardness evaluation 

Figure 4.28 shows the micro-hardness profiles for joints made at 515
o
C, 0.7 MPa for different 

bonding times. In comparison to bonds made at 0.2 MPa pressure, the joints made at 5 minutes 

showed an increase in micro-hardness towards the Ti-6Al-4V interface, and the maximum value 

observed was 395 VHN at 200 µm from joint center. Furthermore, the micro-hardness value at 

the joint center was higher than the values obtained at other bonding times and a value of 268 

VHN was recorded at the joint center. However, the hardness value decreased to 50-65 VHN 

starting at a distance of 100 µm towards the Mg-AZ31 interface.  

As the bonding time increased, the micro-hardness value decreased and the lowest value 

observed at the joint center was 80 VHN for bonds made at 515
o
C, 0.7 MPa for 10 minutes. The 

micro-hardness value tends to take a profile similar to the parent alloys after 100 µm on Mg-

AZ31 side. In general, it was noticed that the increase in bonding time resulted in an increase in 

micro-hardness at the Mg-AZ31 interface. A fluctuation in hardness values towards Ti-6Al-4V 

alloy was observed when a higher bonding pressure was used. This can be attributed to the solid-

solution strengthening along the Ti alloy interface. Furthermore, higher variation in hardness 

values at the joint center was recorded for a lower bonding pressure of 0.2 MPa in comparison to 

a higher bonding pressure of 0.7 MPa. This could be attributed to the “squeezing action” of the 

pressure on the eutectic formed within the joint. A reduction in eutectic width will result in 

shorter diffusion distances and a greater degree of compositional homogenization for the same 

bonding time. 
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Figure 4.28: Micro-hardness profile for joints made at 515
o
C, 0.7 MPa for different 

bonding times. 
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Figure 4.29: Joint interface shear strength as a function of bonding time for 

joints made at 515
o
C, 0.7 MPa for different bonding times. 

4.4.3 Shear strength evaluation 

Figure 4.29 shows the joint shear strength as a function of time for bonds made at 515
o
C, 0.7 

MPa for bonding time between 5 to 60 minutes. The increase in bonding pressure from 0.2 to 0.7 

MPa enhanced the joint shear strengths for a bonding time between 10 to 30 minutes. At 5 

minutes bonding time, the formation of hard intermetallics dispersed inside the joint zone 

resulted in a low joint shear strength value. At bonding time of 10 minutes the micro-hardness 

was minimum, and the joint shear strength attained a maximum value. Other than this it resulted 

in deterioration effect on the shear strength and the strength of the joint reach a value of 2 MPa 

for bond made for 60 minutes. This was attributed to the pushing effect of the liquid eutectic 

outside the bond region, and the segregation of Mg-Ni hard intermetallics towards joint interface. 

The same observation was reported by Elthalabawy and Khan [12,17] when bonding 316L 

stainless steel alloy and Mg-AZ31 using a pressure of 0.85 MPa. 

 

 

 

 

 

 

 

 



114 

 

 

 

4.4.4 Fractography and XRD analysis 

The SEM micrograph and XRD spectra obtained from Mg-AZ31 and Ti-6Al-4V fractured 

surfaces are shown in figures 4.30 – 4.34. At a 5 minute bonding time, the fracture surface 

showed a brittle/ductile mixed failure mode with the formation of Mg2Ni intermetallics which 

can be seen on both sides of the fracture. The fracture path is shown in figure 4.35(a).  Increasing 

the bonding times to 10 minutes resulted in the formation of Mg7Zn3, and a ternary Mg3AlNi2 

intermetallic. Furthermore, it was observed that in these joints the fracture path goes through 

both reaction layers L2 and L4, see figure 4.35(b). The fracture mode observed showed a shear 

plastic deformation at bonding time of 10 minutes which was an indication of ductile fracture 

mode only, this could explain the increase in shear strength seen before in section 4.4.3.   

The increase in bonding time from 20 to 60 minutes resulted in mixed brittle-ductile fracture 

mode at all bonding time of 20, 30 and 60 minutes. At 20 minutes bonding time, the intermetallic 

phase Mg3AlNi2 was detected at Mg-AZ31 fractured surface and Mg2Ni was deducted on both 

Mg-AZ31 and Ti-6Al-4V fractured surfaces. Further increase in bonding time to 30 minutes 

resulted in the deduction of Mg32(AlZn)49  on both Mg-AZ31 and Ti-6Al-4V fractured surfaces. 

However, at higher bonding time of 60 minutes the intermetallic Mg7Zn3 was dominant and 

observed on both Mg-AZ31 and Ti-6Al-4V fractured surfaces. The increase in bonding time 

from 10 to 60 minutes at higher bonding pressure of 0.7 MPa resulted in reduction of shear 

strength (see section 4.4.3); this was attributed to the increase in intermetallics concentration at 

the joint center as the bonding time increased. It was observed that the increase in bonding 

pressure from 0.2 to 0.7 MPa resulted in increase the pushing effect of the eutectic phase outside 

the joint zone, which led to a shorter diffusion path hence shorter joint width was observed. 
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Figure 4.30: SEM micrograph and XRD spectra of fractured surface for 

bond made at 515
o
C, 0.7 MPa, and 5 minutes: a) Mg-AZ31 

side; b) Ti-6Al-4V side. 

b 

a 

Figure 4.31: SEM micrograph and XRD spectra of fractured surface for 

bond made at 515
o
C, 0.7 MPa, and 10 minutes: a) Mg-AZ31 

side; b) Ti-6Al-4V side. 

b 

a 
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Figure 4.32: SEM micrograph and XRD spectra of fractured surface for 

bond made at 515
o
C, 0.7 MPa, and 20 minutes: a) Mg-AZ31 

side; b) Ti-6Al-4V side. 

b 

a 

Figure 4.33: SEM micrograph and XRD spectra of fractured surface for 

bond made at 515
o
C, 0.7 MPa, and 30 minutes: a) Mg-AZ31 

side; b) Ti-6Al-4V side. 

b 

a 
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Figure 4.34: SEM micrograph and XRD spectra of fractured surface for 

bond made at 515
o
C, 0.7 MPa, and 60 minutes: a) Mg-AZ31 

side; b) Ti-6Al-4V side. 

b 

a 
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Figure 4.35: Schematic of fracture path for joint made at 515
o
C, 0.7 MPa: A) 5 minutes; 

B) 10 minutes; C) 20-60 minutes. 

A 

B 

C 
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4.5 Mechanism of joint formation 

The experimental results showed that the mechanism of joint formation varies over both sides. 

The TLP bonding using single Ni foils include four stages: solid-state diffusion during the 

heating stage; formation of a eutectic liquid; dissolution and widening of the Mg-AZ31; and 

isothermal solidification of the joint.   

4.5.1 Solid-state diffusion 

During the heating stage, the solid-state diffusion is thought to be the mechanism of bonding. 

MacDonald and Eager [69] observed that during the heating stage up to the bonding temperature 

the effect of diffusion into the interlayer can be neglected until 80% of bonding temperature 

achieved. 

The diffusion coefficient of magnesium in nickel is higher than the diffusion of nickel in 

magnesium. At a temperature range from 427
o
C to 527

o
C the diffusivity of nickel into 

magnesium is 1.2x10
-9

 m
2
s

-1
 On the other hand, the calculated diffusivity from the Arrhenius 

equation for the diffusion of magnesium into nickel at the same temperature range is 5.6x10
-4

 

m
2
s

-1 
[125]. Therefore, it’s expected that more magnesium will diffuse into the nickel than nickel 

into magnesium (i.e. diffusion coefficient: D Mg into Ni at 510 and 530
o
C are 1.82x10

-11 
and 

2.05x10
-11 

m
2
s

-1
, and D Ni into Mg at 510 and 530

o
C are 4.81x10

-16 
and 6.94x10

-16 
m

2
s

-1
, respectively 

[17]). 

The EDS analysis of the reaction layers confirmed the interdiffusion of elements at the Ni/Mg-

AZ31 interface for all the bonding conditions used. Furthermore, the Ni-Mg phase diagram 

suggested the formation of intermetallic compounds such as Mg2Ni and MgNi2 at a temperature 

as low as 350
o
C, below the eutectic reaction temperature of 512

o
C.  The XRD spectra confirmed 

the formation of Mg2Ni, which was detected at the fracture surfaces of Mg-AZ31 and Ti-6Al-4V 
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for bonding time of 5 minutes. Furthermore, the WDS line analysis confirmed the diffusion of 

Mg into 30 µm inside the Ti-6Al-4V alloy. 

The EDS analysis of the reaction layer close to the Ti-6Al-4V interface at a bonding temperature 

of 515
o
C showed 12wt.% of Ti. Also WDS line analysis showed that diffusion of Ti had diffused 

a distance of 30 µm inside joint region from the Ti alloy interface.      

As shown before in section 2.6.1, MacDonald and Eager suggested an equation based on the 

work by Shewmon which allows the diffusion coefficient to be calculated  

 ̅  
∫  (  )  
 

 

  
 …………….Equation 4.1 

 ̅ is the effective diffusion coefficient during heat up and t is the diffusion time. Following 

Darkem and Gurry, MacDonald and Eager applied the calculated effective diffusion coefficient 

to obtain the loss in the coat thickness during heating stage; the same equation can be applied to 

calculate the loss in nickel foil thickness by diffusion during the heating stage. This loss is 

insignificant when dealing with thick foil (above 20μm) but critical when the interlayer is less 

than 10μm, to maintain a thickness higher than this critical value to guarantee the supply of 

solute (Ni) for later stages that’s enough to form a eutectic [69] 

      ( ̅  )
  ………….. Equation 4.2 

Where   represents the foil loss as a function of heat up time, K is a constant depends on 

material suggested by Tuah-Poku et al [92],     is the solubility limit of the nickel interlayer in 

the parent alloy Mg-AZ31,  ̅ is the effective diffusion rate as calculated in equation 4.1 with unit 

of m
2
s

-1
, and t1 is the heating time during the heating stage. 
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Tuah-Poku suggested K depends on the material system, based on a table of  
      

       
 and 

       

       
 and from the phase diagram of Mg-Ni shown in figure 4.37 (section 4.5.2), those value 

would be                  and                           Then 
      

       
      

and 
       

       
      those values lead to the K= 0.13.  

The phase diagram of Mg-Ni suggest a value          and based on the published literature 

on the diffusion coefficient D Mg into Ni at 515 and 540
o
C are 1.88x10

-11 
and 2.11x10

-11 
m

2
s

-1
, 

respectively [17]. For the work in this research two bonding have been used, 515
o
C and 540

o
C, 

and a heating rate of 50
o
C/min. The t1 have two values: 10.3 at 515

o
C and 10.8 at 540

o
C. Then 

the value of loss in nickel foil thickness can be calculated as  

  at 515
o
C= 9.74x10

-22 
µm 

  at 540
o
C= 13.50x10

-22 
µm 

The previous work by Cooke [59] suggested a value of 1.81x10
-22 

µm for foil loss during heating 

stage in a system of TLP bonding of aluminum metal matrix composites (Al-MMC) using 25 µm 

thick nickel foil. The difference between the   values (foil thickness loss) obtained for Mg-

AZ31/Ni foil/Ti-6Al-04V system and the Ni/Al-MMC was attributed to the differences in the 

diffusivity of Ni in Mg-AZ31 and Ti-6Al-4V system and the diffusivity of Ni in Al-MMC 

systems. 
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4.5.2 Eutectic formation  

The interdiffusion of elements during the heating stage causes an increase in the Mg-Ni 

concentration, so that at the bonding temperature a eutectic liquid reaction takes place. The phase 

diagram in figure 4.1 shows the eutectic reaction to occur at a temperature (TE) of 512
o
C (11 

at.% of Ni which is equal to 23 wt.%). The bonding temperatures used in this study were set at 

TB=515
o
C and 540

o
C. Raghavan evaluated the ternary phase diagrams Al-Mg-Ni at two 

temperatures 427
o
C and 700

o
C, in his work he showed the formation of various intermediate 

binary and ternary intermetallics (see figure 4.36). When the Al-Mg is the dominant elements a 

cubic intermetallic phase of Mg2Al (denoted β) and Mg17Al12 (denoted γ) was observed. For Al-

Ni binary system five phases were seen. Furthermore, for the Ni-Mg phase diagram, two 

compounds are observed Mg2Ni and MgNi2 (both hexagonal). For the ternary system a ternary 

phase of Ni2Mg3Al (denoted as τ). However, the Mg2Ni and MgNi2 can dissolve up to 10% Al. 

The Mg-AZ31 alloy used in this work contains only 3% of Al which makes the formation of 

Mg2Ni and MgNi2 expected [126]. Elthalabawy showed that a reaction layer of Mg2Ni may form 

at the Ni/Mg-AZ31 interface during the eutectic reaction: 

L (23.5%Ni)                           Mg2Ni (54.7% Ni) + Mg (0 Ni%)  ……….Equation 4.3 

The published scientific literature debates the temperature at which the eutectic reaction takes 

place. Islam and Medraj (2005) determined the eutectic temperature using CALPHAD method to 

be 508
o
C  [127]. Okamato (2007) showed three eutectic reactions occurred in the Mg-Ni system, 

at 10.5 at.% Ni (correspond to 23 wt.% Ni) with 508
o
C, at 29.1 at.% Ni (correspond to 54 wt.% 

Ni) with 758
o
C, and at 79.7 at.% Ni (correspond to 91 wt.% Ni) with 1105

o
C [128]. Miettinen 

(2008) showed in the thermodynamic evaluation of Mg-Ni system that the first eutectic reaction 

occurred at 512
o
C [39]. 

508
o
C 
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Okamoto (2000) showed four reactions occurred in this system [129]; 

Eutectic: L (11.3%Ni)                           Mg (0% Ni) + Mg2Ni(33.3% Ni) ….…...  Equation 4.4 

Peritectic: L (29%Ni) + MgNi2 (66.2% Ni)                         Mg2Ni (33.3% Ni) ….. Equation 4.5 

Congruent: L (%Ni)                           MgNi2 (66.7% Ni)   …………….……… Equation 4.6 

Eutectic: L (80.3% Ni)                   MgNi2 (67.3% Ni) + Ni (100% Ni) ………........ Equation 4.7 

506
o
C 

760
o
C 

1147
o
C 

1097
o
C 

Figure 4.36: Al-Mg-Ni ternary phase diagram at 427
o
C [126]. 
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In this research work it is thought that according to Okamoto [129] only the first eutectic reaction 

(equation 4.4) is possible and the XRD analysis of the fractured surfaces confirmed this 

observation. The presence of Mg2Ni and (Mg) phases was dominant for all bonding conditions 

and follows the phase diagram suggested by Okamoto as shown in figure 4.37 [128]. 

Elthalbawy’s (2010) observations were based on Orimo’s work which suggested a ternary phase 

(B2) may form in the Mg-Ni system in the presence of Al. This phase may have an approximate 

chemical composition of (Mg0.7Al0.3)Ni [17]. Semenova showed that the formation of NiMg2-

xAlx (0 ≤ x ≤ 0.5) alloys increase in Mg2Ni system with the presence of Al [130]. 

 

 

 

 

 

 

 

 

 

Figure 4.37: Mg-Ni phase diagram by Okamoto [128]. 

𝑪𝜶𝑳 𝑪𝑳𝜷 
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4.5.3 Dissolution and widening  

As the bonding time increased (20 minutes at 515
o
C and 10 minutes at 540

o
C) it was observed 

that the interlayer zone width increase up to certain limit. This effect can be attributed to the 

diffusion of Mg towards joint zone and the diffusion of Ni outside the diffusion zone. 

Furthermore, the widening of the liquid eutectic resulted in the dissolution of the Mg-AZ31 solid 

interface. The effect of pressure and capillary action resulted in spread of the liquid eutectic 

along the joint interface. The increase in bonding time resulted in more spreading of the liquid 

eutectic and an increase in contact area between the Mg-AZ31 and Ti-6Al-4V was achieved. At 

the end of this stage the Ni foil had dissolved and a maximum joint zone width recorded was 221 

µm. Zhou et al. suggested the dissolution of base metal and interlayer occurred at the same time 

[94]. Similar mechanism of base metal dissolution was reported by Cooke for TLP bonding of 

Al-MMC using 25µm thick Ni foils [59]. It was shown before in section 2.6.1 that the estimated 

time for base metal and foil dissolution can be calculated using: 

   
  
 

    
   

 ………….. Equation 4.8 

 

Tuah-Poku et al. estimated that the time required for this stage is very small; hence the 

dissolution is considered instantaneous. The thickness of nickel foil used in this study was 

  =20µm, the diffusion coefficient D Mg into Ni at 515 and 540
o
C are 1.88x10

-11 
and 2.11x10

-11 

m
2
s

-1
, respectively [17], and the calculated K1 =0.13 (see section 4.5.1). The theoretical time 

estimated calculated from equation 4.8 for this stage is 78 second (1.31 minutes) at 515
o
C, and 

70 second (1.17 minutes) at 540
o
C. This value is in agreement with the time estimation 

suggested by Tuah-Poku et al. for this stage [92]. 
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Furthermore, the theoretical maximum joint zone width can be calculated by the equation: 

          [  
      

   
  
  

  
] ………….. Equation 4.9 

          represent the densities of parent alloy Mg-AZ31 and Ni foil interlayer respectively, 

where as   and     are the weight fraction compositions for Ni and Mg respectively. The 

density (   ) of Mg is 1.74 g/cm
3 

[9,32] and the density of Ni (   ) is 8.90 g/cm
3
[131].    is 

taken as 100 wt.% since pure Ni foil is used and     is taken from the Mg-Ni phase diagram 

shown  in figure 4.37 as 20 wt.%. Based on these values the theoretically calculated maximum 

width       when the initial Ni foil thickness    is 20 µm using equation 4.9 to be 429 µm. the 

difference between the theoretical calculated maximum width (429 µm) and the experimental 

observed one (221 µm) can be attributed to the differences in     between the actual density of 

Mg-AZ31 alloy and the assumed density of Mg for this alloy. The scientific literature suggests 

that minimizing the joint zone width will lead to an increase in the joint strength [59,69,94]. 
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4.5.4 Isothermal solidification  

A hold time of 20 minutes at the bonding temperature of 515
o
C resulted in the continuous 

diffusion of Mg into the liquid eutectic. This caused a change in the eutectic composition with 

the increase in Mg concentration, and allowed for the formation of the stable binary intermetallic 

phases of Mg2Ni and ternary Mg(NiAl). This change in composition leads to the onset of 

isothermal solidification and reduction of joint zone width. The difference between the weight 

fraction compositions    and     is considered as the driving force for this stage [92].  

The microstructural analysis in sections 4.2.1, 4.3.1 and 4.4.1 showed the shrinkage of joint zone 

from the maximum attained width of 221 µm to 37 µm for bonding time of 60 minutes. 

Furthermore the XRD spectra analysis shown in sections 4.2.4, 4.3.4 and 4.4.4 confirmed that 

the formation of eutectic liquid as well as the Mg2Ni phase continues to react and become 

another compounds then it disappears for 60 minutes bonding times.  

To homogenise the joint region, it must be held for longer time until all eutectic residual and 

intermetallics phases are diffused out. Tuah-Poku et al. suggested that isothermal stage and 

homogenisation stage may take several hours each [92].  

It was suggested in section 2.6.1 that the time     for isothermal solidification can be estimated 

for migrating interface model assuming two semi-infinite phases with migrating solid/liquid 

interface as: 

    
    
 

      
 ………….. Equation 4.10 
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The maximum obtained width (    ) was 221µm, K was estimated to be 0.13 (see section 

4.5.1), and the diffusion coefficient D Mg into Ni at 515 and 540
o
C are 1.88x10

-11 
and 2.11x10

-11 

m
2
s

-1
[17], respectively, then the time estimation for isothermal solidification (   ) can be 2.67 

and 2.38 hour for 515 and 540
o
C, respectively. 

Figure 4.38 show a schematic of the TLP bonding stages based on the microstructure observed 

for bonds made between Mg-AZ31 and Ti-6Al-4V using Ni foil. 
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Figure 4.38: Schematic of TLP bonding mechanism stages: a) initial condition and heating 

stage; b) eutectic formation; c) dissolution and widening; d) isothermal 

solidification; e) homogenized joint. 

A B 

C D 

E 
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4.6 Summary 

Transient liquid phase bonding of Mg-AZ31 and Ti-6Al-4V was carried out using 20 µm thick 

nickel foil as eutectic forming interlayer. The bonding process started with intimate interfacial 

contact between the Ni/Mg-AZ31 and Ni/Ti-6Al-4V interface. During the first stage of the 

process while heating up the system to reach the bonding temperature, solid-state diffusion take 

place and change in the joint elements concentrations. The increase in Ni-Mg concentration leads 

to the formation of eutectic layers and Mg2Ni intermetallic phase. As the bonding time increased 

to 10 minutes dissolution and widening effect took place. In case of bonding temperature of 

515
o
C and 0.2 MPa, further increase in joint width was noticed with time increase. However, In 

case of bonding temperature of 540
o
C, 0.2 MPa and bonding temperature of 515

o
C and 0.7 MPa 

further increases in bonding times resulted in isothermal solidification onset, and shrinkage of 

joint zone width was noticed. As the bonding time progress to 60 minutes further reduction in 

joint width as well homogenization of joint microstructure.  

The microstructure development showed an increase in joint zone width to a maximum of 221 

µm for bonding time of 10 minutes, 540
o
C, 0.2 MPa, further increase in bonding time resulted in 

change of joint composition and onset isothermal solidification which resulted in shrinkage of 

joint width to 37 µm for bonding time of 60 minutes, 515
o
C, 0.7 MPa. The mechanical 

evaluation of joint by showed that the maximum shear strength was 39.3 MPa which achieved at 

bonding time of 20 minutes, bonding temperature 540
o
C and 0.2 MPa bonding pressure. 
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5 CHAPTER FIVE: DIFFUSION BONDING USING DOUBLE NICKEL 

COPPER FOILS 

5.1  Introduction 

The published scientific literature showed that various single metallic foils have been used and 

applied to enhance joint formation in TLP bonding. However, the use of double sandwich foils 

has not been reported before for the combination of alloys studied in this research. The formation 

of hard intermetallic phases between the magnesium alloy Mg-AZ31 and nickel foil was a 

challenge and affected the shear strength and interfacial homogeneity of the final joints. 

Therefore, an alternative technique was considered to enhance the joint shear strength and the 

contact area between the two bonded alloys of Ti-6Al-4V and Mg-AZ31.    

In earlier work by the author [124], three  eutectic forming foil interlayers of nickel, copper and 

aluminum  were tested to enhance joint formation between Ti-6Al-4V to Mg-AZ31.  It was 

found that the nickel foil is the best joint former by eutectic reaction. However, the copper foil 

produced a eutectic liquid with magnesium at a temperature much lower than the eutectic 

temperature for nickel-magnesium (TE Cu/Mg= 485
o
C and TE Ni/Mg= 512

o
C) [128,132]. The 

literature review shows that copper and its alloys have been used as eutectic forming interlayers 

in diffusion and TLP bonding of titanium, magnesium and dissimilar alloys systems  [113,133–

135]. Therefore, in order to take advantage of the lower eutectic temperature achieved with Cu 

foils, but also utilise the better joint quality achieved with nickel foils, it is conceived that a 

combination of Cu and Ni foils could result in fewer intermetallics forming inside the joint 

region. 
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The effect of bonding parameters on microstructure, mechanical properties and mechanisms of 

joint formation and failure are discussed and evaluated in this chapter.  Figure 5.1 shows the flow 

chart of experimental parameters tested in this chapter. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Flow chart for experimental parameters tested in chapter 5. 
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5.2  TLP bonding with copper-nickel interlayers  

5.2.1 Microstructural development and compositional analysis 

The SEM micrograph of joint interface for Mg-AZ31/Cu-Ni/Ti-6Al-4V made at 515
o
C for 

different bonding times is shown in figure 5.2. At bonding times less than 10 minutes all bonds 

failed to produce a joint and failure was seen at the Ni and Ti-6Al-4V interface. This was 

attributed to the absence of eutectic liquid formation at the Ni/Ti-6Al-4V interface. Furthermore, 

at short bonding times, less diffusion of Cu and Mg to the Ni/Ti-6Al-4V interface was observed. 

At a bonding time of 10 minutes, the Cu-Mg eutectic formed and reacted with the Ni interlayer. 

This reaction resulted in the dissolution of the Ni foil to form two reaction layers L1 and L2 

inside the joint region and a maximum liquid width of 132µm was observed (figure 5.2(a) and 

5.3). Increasing the bonding time to 20 minutes resulted in a decrease in the joint width to 75µm. 

This was attributed to the increase in the outward diffusion of Mg which resulted in partial 

solidification of liquid within the joint. Further increase in the concentration of Mg resulted in a 

new liquid eutectic of Ni-Mg forming in the joint. The L2 reaction layer had a chemical 

composition of 43%Ni, 25% Mg, 13%Al and 5%Cu. The reaction layer L2 contained a partial 

zone L2’ with a chemical composition of 51%Ni, 31% Mg, 12%Al and 2%Cu as shown in 

5.2(b). Further increase in bonding time to 30 minutes resulted in slight decrease in joint width to 

71µm. The reaction layers L1 and L2 were observed in the joint. The increase in the width of L1 

can be attributed to the dissolution of parent alloy P1 (Mg-AZ31) and the formation of liquid 

eutectic. When the bonding time reached 60 minutes, the joint width increased to 101µm. This 

was attributed to the formation of eutectic Ni-Mg as indicated in the EDS analysis in table 5.2. 
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Table 5.1: EDS analysis for reaction layers indicated in Fig. 5.2(b). 

Layer 
Chemical composition (wt. %) 

Mg Al Zn Ti V Ni Cu 

P1 91.11 4.40 1.83 0.40 0.19 1.04 1.02 

L1 60.43 9.35 2.37 5.61 0.39 19.99 1.85 

L2 25.08 13.40 1.60 0.88 0.27 53.33 5.44 

L2’ 31.29 11.81 1.36 1.79 0.37 51.27 2.11 

P2 2.27 6.51 0.00 87.49 3.17 0.14 0.41 

 

The Mg content in reaction layer L1 increased to 80% and the Ni concentration decreased to 

11%.  Furthermore, the composition of L2’ showed an increase in Mg concentration to 57% and 

25%Ni, this composition was comparable to the eutectic composition and is responsible for the 

increase in joint width.   

Table 5.2: EDS analysis for reaction layers indicated in Fig. 5.2(d). 

Layer 
Chemical composition (wt. %) 

Mg Al Zn Ti V Ni Cu 

P1 91.00 3.69 1.97 0.15 0.22 1.20 1.77 

L1 80.17 5.49 1.16 0.51 0.15 11.17 1.35 

L2 26.66 12.74 0.95 0.52 0.11 54.98 4.05 

L2’ 57.98 11.04 1.54 0.34 0.16 25.10 3.84 

P2 1.28 6.60 0.00 88.07 3.02 0.58 0.45 

 

The starting foil thickness for the single Cu and Ni foils was 20µm each, and the double Cu-Ni 

had an initial thickness of 40µm. However, results show that the double foil resulted in a smaller 

joint width. This was attributed to partial solidification of the joint during the bonding process 
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and the change in joint composition resulted in less amount of eutectic formed and less 

dissolution of parent alloy Mg-AZ31 (see figure 5.2).  
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P1 

P2 

P1 

P2 

Figure 5.2: SEM micrographs of Mg-AZ31/Cu-Ni/Ti-6Al-4V joint interface after bonding at 515
o
C and 

0.35 MPa for: (a) 10 min; (b) 20 min; (c) 30 min; (d) 60 min. 

a b 

c d 

L2’ 
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The SEM micrograph and WDS line analysis across the joint region interface for bond made at 

515
o
C, 0.35 MPa and 30 minutes starting from Mg-AZ31 side towards Ti-6Al-4V with line steps 

of 10 µm is shown in figure 5.4. The WDS line analysis showed the 20µm Cu interlayer diffused 

all the way and it can be noticed even at 310 µm inside Ti-6Al-4V. The elements Ni, Cu and Al 

showed higher concentration between a joint width of 90-150 µm. However, Ni was detected up 

to a distance of 150µm towards the Ti-6Al-4V alloy. This observation further confirmed the 

previous discussion concerning the Cu having a higher diffusivity than Ni.   Furthermore, Mg 

diffused 30µm inside the Ti-6Al-4V alloy. 

The application of double foils (Cu and Ni) compared to single Ni foil resulted in a smaller joint 

width, as a result shorter diffusion paths. However, it did not result in greater amount of joint 

compositional homogenization within reaction layers.  

 

Figure 5.3: Effect of bonding time increase on joint width at 

515
o
C, 0.35 MPa. 
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Mg-AZ31 Mg-AZ31 
A 

Ti-6Al-4V Ti-6Al-4V 

A 

B B 

Figure 5.4: SEM micrograph and WDS line analysis for Joint of Mg-AZ31/Cu-

Ni/Ti6Al-4V made at 515
o
C, 0.35 MPa for 30 minutes. 
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Figure 5.5: Micro-hardness profile for joint of Mg-AZ31/Cu-Ni/Ti6Al-4V joints 

made at 515
o
C, 0.35 MPa for different bonding times. 

5.2.2 Micro-hardness evaluation 

Micro-hardness profiles for joint interface as a function of time are shown in figure 5.5. The 

variation in hardness across the joint gives a good indication to the compositional homogeneity 

of the joint and distribution of phases forming in the joint. As the bonding time increased the 

micro-hardness profile increased inside the Ti-6Al-4V alloy adjacent to the joint interface. At 

bonding time of 10 minutes a smooth transition between the two parent alloys was noticed from 

250 VHN to 60 VHN. Inside joint region, the same observations seen before when using a single 

Ni foil an increase of micro-hardness at 50µm from joint center towards Mg-AZ31, the 

maximum value of 357 VHN was observed for bonds for 60 minutes. The micro-hardness value 

tends to take a profile similar to the parent alloy Mg-AZ31 after 200 µm with a range from 50-70 

VHN.  Exactly at the center of joint region the 10 minutes bonding time resulted in the highest 

micro-hardness value inside joint region with 195 VHN. 
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5.2.3 Shear strength evaluation 

The joint shear strength for bonds made for bonding time between 10 to 60 minutes is shown in 

figure 5.6. The maximum shear strength obtained was 27 MPa. This value was equal double the 

value obtained when bonds were made using a single Ni foil of (11 MPa). As the bonding time 

increased to 20 minutes the shear strength value reduced to 18 MPa. However this value was still 

higher than the joint strengths obtained for a single Ni foil bonded at 515
o
C, and 0.2-0.7 MPa. 

This decrease in shear strength was attributed to the change in Cu-Mg concentration before the 

reaction with Ni. Further increase of bonding times to 30 minutes resulted in an increase in the 

shear strength value to 23 MPa which corresponds to a 5 times increase compared to a value of 

3.5 MPa obtained by using single Ni foils. This increase was attributed to the formation of Ni-

Mg eutectic at the joint center. However, when the bonding time was increased to 60 minutes, a 

decrease in joint shear strength to a value of 13 MPa was seen for the Cu-Ni double foil setup. 

This decrease was anticipated due to the formation of hard intermetallics seen at 50µm from joint 

center towards the Mg-AZ31. The fluctuation of shear strength can be attributed to changes in 

joint microstructure where the formation of phases and intermetallics within the liquid eutectic 

and the partial solidification of the joint interface will result in a decrease in the joint strength. 

The formation of a more homogenized microstructure will result in higher shear strength.  Over 

all, the use of two double Cu-Ni foils resulted in an increase in joint shear strength, which could 

be related to the formation of a shorter joint zone compared to the one seen when bonding with 

single Ni foils. 
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Figure 5.6: Joint interface shear strength for Mg-AZ31/Cu-Ni/Ti6Al-4V as a function of 

bonding time for joints made at 515
o
C, 0.35 MPa for different bonding times. 
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5.2.4 Fractography and XRD analysis 

The SEM micrograph and XRD spectra achieved from Mg-AZ31 and Ti-6Al-4V fractured 

surface are shown in figures 5.7 to 5.10. The complexity of the system makes it not easy to 

identify the formed phases and intermetallics inside the joint region where several elements are 

responsible in the reactions which lead to bond formation. However, the application of XRD 

spectra with WDS and EDS makes it possible to predict and expect the formed phases even some 

XRD peaks could not be identified. At a bonding time of 10 minutes, 7 major compounds were 

detected on both fractured surfaces, only two were common on both parent alloy fractured 

surfaces, and these were CuMg2 and Mg3AlNi2. A mixed failure mode showing brittle and ductile 

fracture was observed. These two observations suggested that the fracture path took place 

between the reaction layers L1 and L2. Increasing the bonding time to 20 minutes resulted in 

brittle fracture mode and only Mg3AlNi2 was observed on the Mg-AZ31 fracture surface. 

Furthermore Al6Ti19 was deducted on the Ti-6Al-4V fracture surface. This suggested that the 

fracture path was between the reaction L2 and Ti-6Al-4V alloy surface which also explains the 

lower shear strength value seen at this bonding time. The CuMg2 intermetallic was not detected 

which suggested that a decrease in the amount of Cu-Mg eutectic occurred while an increase in 

the amount of Ni-Mg eutectic as the bonding time increased.  

As the bonding time was increased to 30 and 60 minutes, only a brittle failure mode was 

observed. The intermetallic phases of Mg3AlNi2 and Mg was dominant and detected on both 

fractured surfaces. The XRD did not detect Ti or Al while it detect Mg on the Ti-6Al-4V 

fractured surface this suggested the fracture path was through the reaction layer L2. It was 

noticed that as the bonding time increased to 60 minutes the complexity of phases and 

intermetallics formed within the joint increased and 10 phases were detected by XRD analysis 



142 

 

 

 

from the fractured surfaces. Figure 5.11 shows a schematic illustrating the fracture path taken in 

Ti-6Al-4V/Cu-Ni/Mg-AZ31 bonds made at 515
o
C for different bonding times.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: SEM micrograph and XRD spectra for Mg-AZ31/Cu-Ni/Ti-6Al-4V of 

fractured surface for bond made 515
o
C, 0.35 MPa, and 10 minutes: a) 

Mg-AZ31 side; b) Ti-6Al-4V side. 

a 

b 
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Figure 5.8: SEM micrograph and XRD spectra for Mg-AZ31/Cu-Ni/Ti-6Al-4V of 

fractured surface for bond made 515
o
C, 0.35 MPa, and 20 minutes: a) 

Mg-AZ31 side; b) Ti-6Al-4V side. 

a 

b 

Figure 5.9: SEM micrograph and XRD spectra for Mg-AZ31/Cu-Ni/Ti-6Al-4V of 

fractured surface for bond made 515
o
C, 0.35 MPa, and 30 minutes: a) 

Mg-AZ31 side; b) Ti-6Al-4V side. 

a 

b 



144 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10: SEM micrograph and XRD spectra for Mg-AZ31/Cu-Ni/Ti-6Al-4V of 

fractured surface for bond made 515
o
C, 0.35 MPa, and 60 minutes: a) 

Mg-AZ31 side; b) Ti-6Al-4V side. 

a 

b 
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Figure 5.11: Schematic of fracture path observed for Mg-AZ31/Cu-Ni/Ti-6Al-4V joint made at 

515
o
C, 0.35 MPa for: A) 10 minutes; B) 20 minutes; C) 30 minutes; D) 60minutes. 

A 

D 

C 

B 
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5.3  TLP bonding with nickel-copper interlayers  

5.3.1 Microstructural development and compositional analysis 

The SEM micrograph of joint interface for Mg-AZ31/Ni-Cu/Ti-6Al-4V made at 515
o
C for 

different bonding times is shown in figure 5.12. At bonding times less than 20 minutes (i.e. 5 and 

10 minutes) all bonds failed to join, and the failure was seen at the Cu foil and between the Ni-

Cu interlayer and Cu/Ti-6Al-4V interface. This was attributed to the short bonding time in which 

the Ni eutectic liquid was unable to completely wet the Cu foil. However, three reaction layers 

formed and these were labelled L1, L2 and L3. For a bonding time of 20 minutes, the joint width 

was 64µm (see figure 5.12(a)). As the bonding time increased from 20 to 30 minutes the width of 

the reaction layers L1 and L2 increased and led to total joint zone width of 66µm. Furthermore, 

the increase in bonding time to 60 minutes resulted in a joint width similar to the one seen for the 

Mg-AZ31/Cu-Ni/Ti-6Al-4V with joint width of 111µm. This increase in joint width as a result of 

bonding time increase was attributed to the increase of Ni-Mg and Cu-Mg eutectic liquid where 

the increase in Mg concentration was not enough to onset the isothermal solidification of the 

joint. 

Table 5.3 shows the EDS analysis of the reaction layers seen in figure 5.12(a). Reaction layer L1 

showed a chemical analysis similar to the one seen when using single Ni foils; a high 

concentration of Ni at Mg grain boundary. The reaction layer L2 showed a chemical composition 

rich in ternary Al-Mg-Ni intermetallics. However, L3 indicated the same mechanism of solid–

state diffusion between Ni and Ti as suggested for single Ni foil on Ni/Ti-6Al-4V interface, and 

the trace concentration of Ti in L3 confirmed the solid-state diffusion between Ti and Ni.     
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Table 5.3: EDS analysis for reaction layers indicated in Fig. 5.12(a). 

Layer 
Chemical composition (wt. %) 

Mg Al Zn Ti V Ni Cu 

P1 90.25 4.73 2.64 0.26 0.13 1.03 0.95 

L1 78.01 6.43 0.81 0.70 0.38 12.03 1.64 

L2 25.25 16.27 1.31 0.66 0.28 47.77 8.43 

L3 30.20 5.99 4.43 21.01 1.05 22.02 15.30 

P2 4.64 5.80 0.86 84.64 2.77 0.74 0.55 

 

Table 5.4 shows the chemical composition of the joint region for bonds made for 60 minutes. 

When comparing the bonds made for 20 minutes with the one made for 60 minutes, the analysis 

indicated that the reaction layers L1 and L2 have more Mg and Cu diffused, while concentration 

of Ni and Al decreased. Also L3 showed more Ti diffused into joint region, this observation 

suggest the continuous solid-state diffusion at the Ti alloy interface. The continuous increase in 

joint width suggested that no isothermal solidification occurred even at 60 minutes. It can be 

noticed that Mg also diffused into the other parent alloy (P2) Ti-6Al-4V; this can be attributed to 

the higher diffusivity of Mg in Ti.  

Table 5.4: EDS analysis for reaction layers indicated in Fig. 5.12(c). 

Layer 
Chemical composition (wt. %) 

Mg Al Zn Ti V Ni Cu 

P1 90.67 3.49 1.91 0.59 0.16 1.10 2.08 

L1 84.61 3.48 0.48 1.10 0.13 6.28 3.93 

L2 31.09 14.46 1.77 2.86 0.23 36.05 13.53 

L3 22.78 9.50 2.93 25.01 1.16 22.52 16.10 

P2 1.10 6.69 0.36 87.43 3.40 0.36 0.39 
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Ti-6Al-4V 
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P1 

P2 

Figure 5.12: SEM micrographs of Mg-AZ31/Ni-Cu/Ti-6Al-4V joint interface after bonding at 515
o
C and 

0.35 MPa for: (a) 20 min; (b) 30 min; (c) 60 min. 

a b 

c 
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The SEM micrograph and WDS line analysis across the joint region interface for joint of Mg-

AZ31/Ni-Cu/Ti6Al-4V made at 515
o
C, 0.35 MPa for 30 minutes with line steps of 10 µm is 

shown in figure 4.5. The line analyses showed a fluctuating transition for Mg, Ti, Ni and Cu 

from one side to the other.  The WDS line analysis showed that Ni diffused 70 µm outside the 

joint. Ni and Al showed higher concentration between 60-120 µm within joint zone the same 

observation was seen for the Mg-AZ31/Cu-Ni/Ti6Al-4V joints. However, the concentration of 

Cu fluctuated up and down with a maximum concentration of 12 at.% at 60µm inside the joint 

zone.  It’s interesting that the Ti diffused more into the joint zone when the Cu interlayer was 

placed in contact with the Ti alloy. This can be attributed to the higher diffusivity of Ti in Cu 

than in Ni. 

Even the application of two foils (Cu and Ni) compared to single Ni foil resulted in a narrow 

joint width, hence a shorter diffusion path, but this did not result in greater amount of joint 

homogenization.  

Figure 5.13: Effect of bonding time increase on joint width at 

515
o
C and 0.35 MPa. 
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Mg-AZ31 Mg-AZ31 
A 

Ti-6Al-4V Ti-6Al-4V 

B 

A 

B 

Figure 5.14: SEM micrograph and WDS line analysis for joint of Mg-AZ31/Ni-Cu/Ti-

6Al-4V made at 515
o
C, 0.35 MPa for 30 minutes. 
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5.3.2 Micro-hardness evaluation 

Micro-hardness profiles for joint interface as a function of time are shown in figure 5.15. As the 

bonding time increased from 20 to 30 minutes the micro-hardness profile increased inside Ti-

6Al-4V, then decreased when the bonding time increased from 30 to 60 minutes. The maximum 

value obtained at the joint center was 308 VHN of bonds made for 20 minutes. The micro-

hardness values continue to decrease with increasing bonding time and this was attributed to the 

continuous formation of eutectic. This observation is also confirmed by the continuous increase 

in joint width with bonding time increase. In comparison to the other set up where Cu foil is next 

to Mg-AZ31 the micro-hardness profile shows different behaviour, such that the increase in 

bonding times did not resulted in direct increase of micro-hardness. 

The micro-hardness value tends to take a profile similar to the parent alloy Mg-AZ31 after 100 

µm with a range from 50-70 VHN. 

Figure 5.15: Micro-hardness profile for joint of Mg-AZ31/Ni-Cu/Ti-6Al-4V joints made 

at 515
o
C, 0.35 MPa for different bonding times. 
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5.3.3 Shear strength evaluation 

Figure 5.16 shows the shear strength as a function of bonding time for the Mg-AZ31/Ni-

Cu/Ti6Al-4V joints made at 515
o
C, 0.35 MPa. A maximum shear strength value of 57 MPa was 

obtained. This value was five times the value obtained for joint made using a single Ni foil (11 

MPa) and three times the shear strength value of 18 MPa for Mg-AZ31/Cu-Ni/Ti6Al-4V joints 

made for 20 minutes. However, as the bonding time increased to 30 minutes, the shear strength 

value decreased to 17 MPa. This can be attributed to the increase in intermetallic phases formed 

inside the joint region, as shown in the micro-hardness profiles in figure 5.15. Further increase in 

bonding time to 60 minutes resulted in similar value seen before for Mg-AZ31/Cu-Ni/Ti6Al-4V 

joint and a value of 13 MPa was reported. Over all, the use of two double Ni-Cu foils resulted in 

an increase in joint shear strength, which might be related to the smaller joint width (64 μm) 

compared to joint width produced (197 μm) when using the single Ni foil. It was also observed 

that the joint configuration in which Ni foil was in contact with Mg-AZ31 gave higher joint 

strength than when Cu was placed in contact with Mg-AZ31. 

 

 

 

 

 

 

Figure 5.16: Joint interface shear strength for Mg-AZ31/Ni-Cu/Ti-6Al-

4V as a function of bonding time for joints made at 515
o
C, 

0.35 MPa for different bonding times. 
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5.3.4 Fractography and XRD analysis 

The SEM micrograph and XRD spectra taken from the Mg-AZ31 and Ti-6Al-4V fractured 

surfaces are shown in figures 5.17 to 5.19. The same level of complexity seen before for the 

double foil set up of Mg-AZ31/Cu-Ni/Ti6Al-4V was also observed in this case. Eight 

intermetallic compounds are detected on the fracture surface of the parent alloys for bond 

made for 20 minutes.  However, the use of XRD analysis with WDS and EDS made it 

possible to predict the phases formed. 

Only Mg and VZn3 were common on the Ti and Mg alloy fractured surfaces. The CuMg2 and 

Mg3AlNi2 were detected on the fracture surface of the Mg-AZ31, and a brittle failure mode 

was observed. On the other side the eutectic phase of Mg2Ni was detected on Ti-6Al-4V, 

these two observations suggest the fracture path took place between the reaction layers L1 

and L2 following a non-linear path. Increasing the bonding time to 30 minutes resulted in a 

brittle fracture mode and intermetallic phases of CuMg2 and Mg3AlNi2 were observed on 

both parent alloy fractured surfaces. This suggested the fracture path was inside the L2 

reaction layer.  

As bonding time increased from 30 to 60 minutes mixed failure modes of brittle/ductile were 

observed. The Mg3AlNi2 was detected at the fractured surfaces. These results suggested that 

the fracture path was through the L1 reaction layer at 60 minutes bonding time. Furthermore, 

the XRD analysis did not detect Ti or Cu while it detected Mg on the Ti-6Al-4V fractured 

surface.  

Figure 5.20 is a schematic showing the fracture through the joint made using the Ti-6Al-

4V/Ni-Cu/Mg-AZ31 at 515
o
C for various bonding times of 20 to 60 minutes.   
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Figure 5.17: SEM micrograph and XRD spectra for Mg-AZ31/Ni-Cu/Ti-6Al-4V of 

fractured surface for bond made 515
o
C, 0.35 MPa, and 20 minutes: a) 

Mg-AZ31 side; b) Ti-6Al-4V side. 

a 

b 

Figure 5.18: SEM micrograph and XRD spectra for Mg-AZ31/Ni-Cu/Ti-6Al-4V of 

fractured surface for bond made 515
o
C, 0.35 MPa, and 30 minutes: a) 

Mg-AZ31 side; b) Ti-6Al-4V side. 

a 

b 
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Figure 5.19: SEM micrograph and XRD spectra for Mg-AZ31/Ni-Cu/Ti-6Al-4V of 

fractured surface for bond made 515
o
C, 0.35 MPa, and 60 minutes: a) 

Mg-AZ31 side; b) Ti-6Al-4V side. 

a 

b 
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Figure 5.20: Schematic of fracture path observed for Mg-AZ31/Ni-Cu/Ti-6Al-4V joint made at 

515
o
C, 0.35 MPa and A) 20 minutes B) 30 minutes C) 60 minutes. 
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5.4  Mechanism of joint formation 

5.4.1 Heating, solid state diffusion and eutectic formation 

The solid-state inter-diffusion of elements such as Mg, Ni and Cu is an important factor required 

for the formation of a liquid at the joint interface during TLP bonding. During the heating stage, 

solid-state diffusion required to cause the concentration of Mg, Ni and Cu reach a limit between 

the liquidus lines in Mg-Cu and Mg-Ni system, this concentration change onset the TLP 

bonding. It is expected that lack of enough time to increase the concentration of Mg on the Cu-

Mg/Ni interface caused the bond to fail on Mg-AZ31/Cu-Ni/Ti-6Al-4V if bonding time is less 

than 10 minutes, as well Ni-Mg/Cu for the Mg-AZ31/Ni-Cu/Ti-6Al-4V for bonding time less 

than 20 minutes. The differences in the minimum time required between those two systems (10 

minutes for Mg-AZ31/Cu-Ni/Ti-6Al-4V, and 20 minutes for AZ31/Ni-Cu/Ti-6Al-4V) can be 

attributed to the differences in eutectic forming temperatures in Mg-Cu (483
o
C) and Mg-Ni 

(512
o
C) [39,132].  

However, in both setups tested in this work the systems are more complex where two steps liquid 

formation are expected, one at Mg-Ni and the other one at Mg-Cu.  For the Cu-Ni it is not 

expected to produce any liquid as suggested by Miettinen for Cu-Ni phase diagram where the 

minimum temperature for liquid to form is about 1085
o
C which is above the bonding 

temperature and the melting temperature of Mg [136]. 

The experimental results showed that in the mechanism of joint formation using double foil 

interlayers both solid-state diffusion and eutectic formation mechanism occurred simultaneously. 

Figure 5.21shows the SEM for different bond zones inside joint region of Mg-AZ31/Cu-Ni/Ti-

6Al-4V joint interface after bonding at 515
o
C and 0.35 MPa for10 min. The lamellar structure at 
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Mg-AZ31/Cu interface suggested the formation of liquid eutectic between Mg and Cu.  

However, the SEM micrograph in figure 5.21 shows that the Ni foil remains unmelted, this 

suggest that a longer bonding time is necessary to ensure complete liquid formation at the joint. 

 

 

 

 

 

 

  

 

 

 

In earlier work by Gupta, he showed only four intermediate phases are possible in the three 

binary systems of Cu-Mg-Ni. Furthermore, no ternary phases are known to form in this system 

[137]. Table 5.5 shows the phase designations with associated composition in Cu-Mg-Ni system. 

 

 

Figure 5.21: BSE-SEM micrographs of Mg-AZ31/Cu-Ni/Ti-6Al-4V joint interface after 

bonding at 515
o
C and 0.35 MPa for10 min. 
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Table 5.5: Phase designation and composition in Cu-Mg-Ni ternary system [137]. 

Phase designations Composition 

γ (Cu), (Ni), (Cu, Ni) 

ε (Mg) 

λ2 Cu2Mg 

ρ CuMg2 

λ3 MgNi2 

δ Mg2Ni 

 

 

Figure 5.22: BSE-SEM micrographs of Mg-AZ31/Ni-Cu/Ti-6Al-4V joint interface after 

bonding at 515
o
C and 0.35 MPa for20 min. 
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Table 5.6: Three-Phase and four Phase invarient equilibria for Cu-Mg-Ni ternary system [137]. 

Reaction Type Temp. 
o
C Phase 

Chemical composition, at.% 

Cu Mg Ni 

L+λ3                λ2 P1 930 

L 49.7 33.3 17.0 

λ2 38.7 33.3 28.0 

λ3 32.7 33.3 34.0 

L+λ3           γ+ λ2 U1 808 

L 
63.0 22.3 14.8 

65.0 20.0 15.0 

λ2 45.0 32.0 23.0 

λ3 5.0 32.0 63.0 

γ 72.0 5.0 23.0 

L+λ3           λ2 +δ U2 650-658 

L 
21.1 71.1 7.8 

25.0 67.0 8.0 

λ3 5.0 34.0 61.0 

δ 21.0 67.0 12.0 

λ2 41.0 34.0 25.0 

L+λ2              δ+ρ U3 540 

L 
30.6 66.2 3.2 

29.0 68.0 3.0 

λ2 65.0 35.0 0.0 

δ 25.0 67.0 8.0 

ρ 32.0 67.0 1.0 

L            ε+ ρ + δ E 480 

L 
14.9 84.1 1.0 

15 84 1 

ε 0 100 0 

δ 25 67 8 

ρ 32 67 1 
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Figure 5.23: Liquidus projection with tempreture isotherms for Cu-Mg-Ni ternary system [137]. 

Figure 5.24: Isothermal section at 427
o
C for Al-Mg-Ni ternary system [126]. 
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Based on the previous work by Gupta, it’s expected that two reactions will be dominant on Cu-

Mg-Ni system, namely [137]:  

 

L+ λ2                              δ + ρ …………Equation 5.1 

L                                        ε + ρ + δ……...Equation 5.2 

The microstructural observations showed that during the bonding process, the phases CuMg2, 

Mg2Ni, and Mg3AlNi2 formed as a result of initial solid-state diffusion between the foils and Mg 

alloy. However, at the eutectic reaction temperature of 480
o
C for Cu/Mg-AZ31 and 512

o
C for 

Ni/Mg-AZ31 the formation of these phases would be accelerated. It can be suggested once the 

Mg phase (ε) concentration increased inside joint region, the reaction with Cu and Ni (γ) can be 

broken down to CuMg2 (ρ) and Mg2Ni (δ) phases within the liquid. Furthermore, Raghavan 

suggested the formation of ternary phase between Al, Mg and Ni, Mg3AlNi2 at a temperature as 

low as 427
o
C [126]. 

The solid-state diffusion process is dominant for Cu/Ti-6Al-4V and Ni/Ti-6Al-4V at all stages of 

TLP bonding. Bormann suggested a eutectic reaction between Ni and Ti may occur at a 

temperature higher than 940
o
C. However, TiNi3, TiNi and Ti2Ni intermetallics might form even 

at a low temperatures [138]. Turchanin et al suggested that the minimum eutectic reaction 

temperature between Cu and Ti to occur is 883
o
C. However, Cu4Ti, Cu3Ti2, Cu4Ti3 and CuTi2 

intermetallics might form at a lower temperature as low as 200
o
C [139].  Hence it’s concluded 

that only solid-state diffusion is possible between Cu or Ni with Ti-6Al-4V interface at the 

515
o
C bonding temperature. 

540
o
C 

480
o
C 
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5.4.2 Dissolution and widening  

In the Mg-AZ31/Cu-Ni/Ti-6Al-4V it was observed that the dissolution of joint region increased 

the width from 40 µm to 132 µm, and then it reduced the width to 71 µm. however further 

increase in bonding time resulted in an increase in joint width to 101 µm. This observation 

suggested that the bonding mechanism for this system at this stage occurred in two steps, first the 

dissolution of the Cu foil due to the reaction between Mg and Cu which resulted in eutectic 

liquid formation. A widening of the joint region followed, where the increase in bonding time 

resulted in an increase in Mg concentration which leads to temporary solidification. The second 

step involves the reaction between Mg and Ni interlayer which reacted to form a new liquid 

phase of Mg-Ni eutectic.       

On the other hand, in the Mg-AZ31/Ni-Cu/Ti-6Al-4V the dissolution and widening of the joint 

region was continuous up to 60 minutes. This observation suggested the continuous reaction 

between Mg-Ni and Mg-Cu, once the temperature of Mg-Ni reached the 515
o
C it will be already 

passed the eutectic temperature of Mg-Cu (480
o
C) which guaranteed the continuous increase in 

joint width until the concentration of Mg change which will lead to reduction of joint width again 

because of solidification.  

It was shown earlier in section 2.6.1 that the maximum joint width at the dissolution stage can be 

estimated by:  

          [  
      

   
  
  

  
] ………….. Equation 5.3 

However, the complexity of the alloy system used in this work makes the application of this 

formula difficult to the current work. This is because the model proposed by Tuah-poku et al. to 

predict the      is for simple binary systems, and the terms            can only be obtained 
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for a binary system which make the application of this model to a ternary system impossible at 

this stage. 

5.4.3 Isothermal solidification  

The isothermal solidification was seen only in Mg-AZ31/Cu-Ni/Ti-6Al-4V. However, the 

observation of the microstructure for Mg-AZ31/Ni-Cu/Ti-6Al-4V showed that the joint width 

continuously increased even for a prolonged bonding time of 60 minutes. As a result of 

continuous formation of eutectic liquid no isothermal solidification was observed for Mg-

AZ31/Ni-Cu/Ti-6Al-4V system. 

For Mg-AZ31/Cu-Ni/Ti-6Al-4V, a temporary solidification was observed between 10 to 30 

minutes. The suggested isothermal solidification time     (as discussed in section 2.6.1) can be 

estimated for the migrating interface model, assuming two semi-infinite phases with migrating 

solid/liquid interface as:   

    
    
 

      
 ………….. Equation 5.4 

The maximum obtained width (    ) was 131µm, and K was estimated to be 0.13 (see section 

4.5.1). The diffusion of magnesium in nickel at 515
o
C is 1.88x10

-11
 m

2
s

-1 
and the diffusion of 

magnesium in copper is 7.75×10
-15

 m
2
s

-1 
[17,140]. In this case, diffusion coefficient of 

magnesium in nickel is higher and can be used as the main diffusion coefficient. The time 

estimation for isothermal solidification (   ) using equation 5.4 is 56.3 minutes. The continuous 

diffusion of Mg and the interaction with Ni resulted in repeating the previous stage of dissolution 

where the joint width was observed to increase again. 
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5.5 Summary  

Transient liquid phase (TLP) bonding of Mg-AZ31 and Ti-6Al-4V was carried out using double 

20 µm copper and nickel foils as eutectic forming interlayers. Two interlayer arrangements were 

used; Mg-AZ31/Cu-Ni/Ti-6Al-4V and Mg-AZ31/Ni-Cu/Ti-6Al-4V. The results showed that a 

minimum bonding time of 10 minutes for Mg-AZ31/Cu-Ni/Ti-6Al-4V and 20 minutes for Mg-

AZ31/Ni-Cu/Ti-6Al-4V was required to achieve a joint, were below this time the bond failed. 

This was attributed to the lack of diffusion from the Ni and Cu foils with Ti-6Al-4V interface at 

shorter bonding time. The mechanism of joint formation includes three stages; solid-state 

diffusion, dissolution and widening of the joint, and isothermal solidification. Solid-state 

diffusion resulted in a change in the Mg concentration; this led to the formation of a liquid 

eutectic. In Mg-AZ31/Cu-Ni/Ti-6Al-4V configuration, when the bonding time increased to 10 

minutes the joint width increased to its maximum joint width of 131 µm, followed by decrease in 

joint width to 71µm at 30 minutes bonding time. Further increase in bonding times to 60 minutes 

resulted in onset the dissolution again and the joint width increased to 101µm.This increase in 

joint width was attributed to the eutectic reaction of Mg-Ni.  For the Mg-AZ31/Ni-Cu/Ti-6Al-4V 

configuration, it was observed that the dissolution and widening stage continued and the joint 

width increased as the bonding time increased, the maximum joint width obtained was 111µm. 

The formation of ε phase (Mg), ρ (CuMg2), δ (Mg2Ni) and Mg3AlNi2 was dominant. The XRD 

results were in good agreement with the literature for the evaluation of Cu-Mg-Ni ternary 

system.  

Over all, the use of double Ni-Cu foils resulted on increase in joint shear strength and this 

corresponded to the shorter joint width. Furthermore, the Mg-AZ31/Ni-Cu/Ti-6Al-4V 

configuration showed a higher shear strength than Mg-AZ31/Cu-Ni/Ti-6Al-4V configuration. 
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The maximum shear strength obtained was 57 MPa for bonds made using the Mg-AZ31/Ni-

Cu/Ti6Al-4V configuration at 515
o
C, 0.35 MPa for 20 minutes. 
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6 CHAPTER SIX: TRANSIENT LIQUID PHASE BONDING USING 

NICKEL COATING 

6.1 Introduction 

The TLP bonding of Mg-AZ31 and Ti-6Al-4V using a single Ni foil and double Ni/Cu foils can 

produce sound joints.  It is expected that the use of thinner interlayers will produce a smaller 

volume of liquid eutectic and result in less intermetallics forming at the joint. Furthermore, 

thinner interlayers may result in thinner joint widths, and shorter diffusion distances. The 

literature suggests that minimizing the joint zone width will lead to an increase in joint strength, 

hence it is expected that the application of thinner Ni coat will enhance microstructural 

homogenization of the joint and thereby increase joint strength [59,69,94]. As well shorter 

diffusion distances are expected to accelerate the bond formation. 

In this chapter, thin electroplated nickel coats were used. The effect of bonding and process 

parameters; coat thickness, bonding temperature, bonding time, and bonding pressure on 

microstructural development, micro-hardness, joint strength and subsequent failure mechanisms 

were evaluated.  Figure 6.1 shows the flow chart for bonding parameters tested in this chapter. 

 

Figure 6.1: Flow chart showing bonding parameters used to produce TLP bonds in chapter 6. 
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6.2 Effect of coat thickness on joint formation 

6.2.1 Microstructure development and compositional analysis 

In order to test the effect of coat thickness, the optimum results for single nickel foils obtained 

from chapter 4 were applied. Hence the bonding parameters of 540
o
C, 0.2 MPa for 20 minutes 

were kept constant and the thickness of the electroplated coating was varied from 1 to 20 

microns. As a result the effect of coat thickness on the joint width, microstructure and strength 

was established.   

Figure 6.2 shows the SEM micrographs for joint microstructure of Ti-6Al-4V/Ni coat/Mg-AZ31 

bonds made at 540
o
C, 0.2 MPa for 20 minutes with a coat thickness from 1-20 μm. On heating, 

upon reaching the eutectic temperature between Ni and Mg of 512
o
C [39], the Ni coat melts and 

diffused inside joint, simultaneously the Mg diffused into joint zone, this interaction onset the 

bonding process, this lead to have joint with higher melting temperature than the bonding 

temperature. On the other side of the joint interface towards the Ti-6Al-4V alloy, the Ni/Ti 

interaction was expected to occur by solid-state diffusion only, since the lowest Ni-Ti eutectic 

temperature is 740
o
C [138].  Another important element which affected the microstructural 

development of the joint was the effect of Al, which diffuses from the Ti alloy (Al 6 wt.%) and 

from the Mg alloy (Al 3 wt.%). In both cases Al plays a significant role in the formation of 

binary and ternary phases inside the joint region. According to Zhong et al. the Al may form a 

eutectic liquid with Mg at a temperature of 440
o
C [141]. However, the Al is not expected to form 

a eutectic with Ti or Ni because the eutectic temperature for Al-Ti is 665
o
C and for Al-Ni is 

642
o
C respectively, and these values are above the bonding temperature [142,143].  
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As mentioned earlier, the bonding parameters of 540
o
C, 0.2 MPa for 20 minutes were set 

constant; at a coat thickness of 1 µm, the produced joint width was 24 µm. the formed eutectic 

dissociated and no traces of bulk Ni  was noticed. Increasing the coat thickness to 2 µm resulted 

in 2.5 X the previous produced joint width with 60 µm. However, traces of Ni-rich island was 

formed and noticed inside the joint. At 4 µm coat, the produced joint width was 64 µm. Even a 

bulky Ni-rich island and a non-dissolved Ni were noticed. 

Further increase of initial coat thickness to 6 µm resulted in joint width of 60 µm. This reduction 

in joint width was anticipated due to the formation of more liquid phase eutectic at the bond line 

and the squeeze of this liquid outside the joint region. Furthermore, it was reported that critical 

initial interlayer thickness in addition to the heating may significantly decrease the joint zone 

width [97].  Further increase in initial coat thickness from 8 to 10 µm resulted in joint width 

increase to 110 and 135 µm respectively. However, upon increasing the initial coat width to 12 

µm it resulted in 91µm joint width. This observation suggested the 12 µm initial coat thickness, 

resulted in liquid/solid surface tension change with the amount of liquid eutectic formed which 

increase with the increase of coat thickness. 

The increase in coat thickness from 14 to 16 µm increased the joint width from 65 µm to 168 

µm, further increase in coat thickness from 18 to 20 µm resulted in 154 and 144 µm. a bulky 

phases of Ni-rich phases with almost equal volume of eutectic was observed at 14 µm, however 

more liquid eutectic with almost no bulky phases was seen at 16 µm.  
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c 

Ti-6Al-4V 
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Figure 6.2:SEM micrographs of Mg-AZ31/Ni coat/Ti-6Al-4V  joint interface after bonding at 540
o
C and 0.2 

MPa for 20 minutes: (a) 1 μm; (b) 2 μm; (c) 4 μm; (d) 6 μm; (e) 8 μm; (f) 10μm. 
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Ti-6Al-4V 

W 

Mg-AZ31 j 

Ti-6Al-4V 

W 

Mg-AZ31 k 

Ti-6Al-4V 

W 

Cont. figure 6.2:SEM micrographs of Mg-AZ31/Ni coat/Ti-6Al-4V  joint interface after bonding at 540
o
C 

and 0.2 MPa for 20 minutes: (g) 12 μm; (h) 14 μm; (i) 16 μm; (j) 18 μm; (k) 20 μm. 

h g 
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97 wt % Mg, 2 wt % 

Ni, 1 wt %Al 

99 wt % Mg 97 wt % Mg, 2 wt 

%Ni, 1 wt %Al 

87 wt % Mg, 7 wt %Ni, 6 wt %Al 

98 wt % Mg, 1 wt %Ni 

56 wt% Mg, 30 wt% Ni, 

11 wt% Al, 3 wt% O 

88 wt % Mg, 2 wt %Ni, 1 wt % 

Ti, 9 wt %O 

61 wt% Mg, 31 wt% Ni, 7 wt% Al 

Figure 6.4: SEM micrographs and EDS point analysis of Mg-AZ31/Ni coat/Ti-6Al-

4V joint interface after bonding at 540
o
C and 0.2 MPa for 20 minutes 

and 14 μm. 

Ti-6Al-4V 

Mg-AZ31 

Figure 6.3: Effect of coat thickness on joint zone width for Mg-AZ31/Ni coat/Ti-

6Al-4V joint interface after bonding at 540
o
C and 0.2 MPa for 20 

minutes and different coat thickness. 
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The EDS point analysis shown in figure 6.4 towards Ti-6Al-4V showed a small Ti trace of 1 

wt%, this result suggest that Ti diffused into the adjacent joint zone. Oxygen was detected in two 

zones. Firstly, 9 wt % close to Ti interface and secondly, 3 wt % within the joint center, the 

higher oxygen percentage towards Ti-6Al-4V was expected due to the higher Ti affinity of 

oxygen. The EDS point analysis of both the lamellar structure (eutectic) and the big white island 

revealed that it consists mainly of Mg, Ni and Al. However, the dark area showed a rich 

concentration of Mg (above 98%). This suggested the separation of Mg from parent Mg-AZ31 

alloy during the liquid formation before the liquid solidification and isothermal solidification. 

The same observation was reported by Elthalabawy for the TLP bonding of 316L stainless steel 

to Mg-AZ31 using Cu foils at 490
o
C for 10 minutes [17]. 

EDS analysis taken from grains within the joint region and close to the Mg-AZ31 interface gave 

a composition of 97% Mg, 2%Ni and 1%Al. However, the analysis from the grain boundaries 

gave a composition of 87% Mg, 7% Ni, and 6% Al. This difference in composition was 

attributed due the higher diffusion at the grain boundaries compared to grains.  It’s thought that 

the formation of those diffusion zones in addition to those phases granted the formation of 

metallurgical bonds, but on the other hand, it is expected that the increase of intermetallics 

concentration within joint center will affect the mechanical properties of the joint such as shear 

strength and hardness.     

Figures 6.5-6.7 illustrate the WDS line analysis obtained across joint interface for joint made 

with coats of 2, 12, 18 μm. This elemental distribution suggested as the coat thickness decreased 

the diffusion path decreased which allow for the increase of Mg concentration.  
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Overall, the diffusion patterns of concentration vs. distance for elements were the same for all 

coat thickness.  However, it was noticed that the concentration of Al and Ni peaks increased with 

the decrease of initial coat thickness, this was attributed to the shorter diffusion path which also 

hinder the movement of solid phases and intermetallics inside the formed liquid phase.   
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Figure 6.5: SEM micrograph and WDS line analysis for joint of Mg-AZ31/Ni coat/Ti-6Al-

4V joint interface after bonding at 540
o
C and 0.2 MPa for 20 minutes and 2 

μm. 
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Figure 6.6: SEM micrograph and WDS line analysis for joint of Mg-AZ31/Ni coat/Ti-

6Al-4V joint interface after bonding at 540
o
C and 0.2 MPa for 20 minutes 

and 12 μm. 
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Figure 6.7: SEM micrograph and WDS line analysis for joint of Mg-AZ31/Ni coat/Ti-6Al-

4V joint interface after bonding at 540
o
C and 0.2 MPa for 20 minutes and 18 

μm. 
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6.2.2 Micro-hardness evaluation 

In figures 6.8 to 6.10 the micro-hardness profiles across joints made using Ni coatings of various 

thicknesses at 540
o
C, 0.2 MPa and 20 minutes can be seen. For coatings of thickness 1 to 6 μm, 

show that the hardness values decrease as coat thickness increases. This change in hardness was 

attributed to more Ni diffusing into the Ti-6Al-4V alloy, which affect the microstructure of Ti-

6Al-4V and according to the Ni-Ti phase diagram, the formation of TiNi, Ti2Ni and TiNi3 phases 

are possible in the Ni-Ti system at this bonding temperature [138]. A smooth transition was seen 

from the Ti side towards the Mg side. However, the micro-hardness profiles were almost the 

same towards Mg-AZ31, except an increase at 200 μm where the 4 μm coat resulted in higher 

hardness of 91 VHN. 

   Figure 6.8: Micro-hardness profile for the Mg-AZ31/Ni coat/Ti6Al-4V joints made at 

540
o
C, 0.2 MPa, 20 minutes as a function of coat thickness from 1-6 μm. 
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Figure 6.9 shows the micro-hardness profiles for the Mg-AZ31/Ni coat/Ti6Al-4V joints made at 

540
o
C, 0.2 MPa, 20 minutes for coat thickness from 8-14 μm. For coat thickness from 8-14 μm, 

the micro-hardness profiles were different than the micro-hardness profiles for coat thickness 

from 1-6 μm. The micro-hardness profiles for coat thickness from 8-14 μm did not decrease 

when coat thickness increased. However, the maximum value observed was 344 VHN for coat 

thickness of 14μm. The scatter in micro-hardness values within the Ti-6Al-4V alloy side, this 

was attributed to the formation of intermetallic phases inside the joint region. Furthermore, the 

size of intermetallics formed and the high Mg concentration (above 97 wt %) is expected to 

increase with increasing joint width. However, at the joint centerline, all coat thicknesses 

resulted in similar micro-hardness values (about 100 VHN). The joints made with the 10 μm coat 

resulted in a value of 190 VHN, and this was attributed to the formation of hard interlayer at the 

Ti-6Al-4V interface and this can be seen in the SEM of figure 6.2(f). 

Figure 6.9: Micro-hardness profile for the Mg-AZ31/Ni coat/Ti6Al-4V joints made at 

540
o
C, 0.2 MPa, 20 minutes as a function of coat thickness from 8-14 μm. 
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The microstructural observation, where high concentration of Mg (above 97%), and the 

formation of binary and ternary Mg-Al-Ni intermetallics is expected to affect the micro-hardness 

of the joint region. The micro-hardness value at 50 μm towards Mg-AZ31 was measured to be 

148 VHN for the coat thickness 14 μm followed by 88 VHN for 8 μm coat.  

Figure 6.10 shows the micro-hardness profiles for Mg-AZ31/Ni coat/Ti-6Al-4V bonds made at 

540
o
C, 0.2 MPa, 20 minutes for coat thickness from 16-20 μm. It was observed as the coat 

thickness increased the micro-hardness profiles increased within 600 μm inside Ti-6Al-4V. Over 

all, a smooth transition from Ti-6Al-4V towards centerline and Mg-AZ31 was seen. The 

maximum micro-hardness value at 100 μm inside Ti-6Al-4V was 256 VHN for 20 μm coat 

thickness. This increase is expected due to the solid-state diffusion of Ni into Ti and the Ti inside 

the joint zone. Furthermore, the formation of TiNi, Ti2Ni and TiNi3 intermetallics is expected at 

the Ni-Ti interface and is expected to affect the micro-hardness values. The micro-hardness 

profiles showed similar values as the parent alloy at Mg-AZ31 side with values range from 60-65 

VHN except for 16 μm coat where the value was slightly higher with 77 VHN.  
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Figure 6.10: Micro-hardness profile for the Mg-AZ31/Ni coat/Ti6Al-4V joints made at 540
o
C, 

0.2 MPa, 20 minutes as a function of coat thickness from 16-20 μm. 
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6.2.3 Shear strength evaluation 

Figure 6.11 shows the shear strength as a function of coat thickness from 1-20 μm. The increase 

in coat thickness from 1 to 12 μm resulted in shear strength increase from 9 MPa to 47 MPa. The 

increase in bond shear strength was thought to be due to the interlayer dissolution at Mg-Nicoat 

interface, the formation of enough liquid eutectic phase to react with Mg and to wet Ti. 

Furthermore, this will help the diffusion reaction at Ti-Nicoat and increases the contact area. When 

the coat thickness increases to greater than 12 μm, the shear strength deteriorates. At a coating 

thickness of 14 μm, a joint shear strength of 34 MPa was obtained.  Further increase in coat 

thickness to 18 μm resulted in a shear strength value of 11 MPa. This was attributed to the 

formation of excess liquid phase at the joint which resulted in a higher volume of intermetallic 

compounds forming at the joint interface (see section 6.2.1). Furthermore, it’s expected that the 

formation of thicker joint width resulted in higher concentration of intermetallics within joint 

Figure 6.11: Joint interface shear strength as a function of coat thickness for Mg-

AZ31/Ni coat/Ti6Al-4V joints made at 540
o
C, 0.2 MPa, 20 minutes for 

coat thickness from 1-20 μm. 
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zone at the Mg-Ni interface. The critical interlayer thickness is thought to be 12 μm, the Mg 

grain growth and transgranular intermetallics formation after the formation of transient liquid 

phase resulted in maximum shear strength of 47 MPa (see figure 6.2(g) and 6.11). This 

observation was reported before by Bosco et al. and Cooke [59,111] where a critical coat 

thickness correspond to maximum bond shear strength and exceeding the width of the critical 

coat thickness affect the microstructure and deteriorate the joint strength as a result the optimum 

critical coat thickness is expected to correspond to the maximum bond strength.   
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6.2.4 Fractography and XRD analysis 

The fractured surfaces were examined using SEM micrographs to compare the effect of coat 

thickness on joint fracture mechanism. Moreover, XRD spectra were obtained for fractured 

surface samples with coat thickness of 2, 12 and 18 µm. The SEM micrograph achieved from 

Mg-AZ31 and Ti-6Al-4V fractured surface are shown in figures 6.12 to 6.22. It was observed 

that the fracture failure took different modes; for coat thickness of 1 µm, only ductile fracture 

mode was observed. When the coat thickness increased from 2 to 6 µm a mixed brittle/ductile 

failure mode was recorded with both planar fracture and rough fracture morphology being 

observed. However, it was also observed that the ductile rough fracture were more than planar 

brittle fracture (see figures 6.13 and 6.14). In addition the XRD spectra obtained from bonds 

made using the 2 µm coat showed the presence of Mg on both fractured surfaces of the Mg and 

Ti alloys. Furthermore, Mg32(AlZn)49 was also detected from the fracture surface of Ti-6Al-4V 

fracture surface. However, Al6Ti19 was only observed at Ti-6Al-4V. The detection of 

Mg32(AlZn)49 and Al6Ti19 compounds at Ti-6Al-4V fractured surface was an evident that the 

fracture path propagated through both bonding zones and closer to the Ti-6Al-4V interface. This 

was attributed to the crack propagated through the weakest path, which was within the two 

interfaces of Mg-AZ31 and Ti-6Al-4V (see figure 6.20). 

When the coat thickness was increased from 8-16 µm a mixed failure mode was observed. 

However, the failure mode differs from the one seen for bonds made using a 2 to 6 µm thick 

coating, such that it was more on the ductile side with more rough fracture morphology seen at 

the fractured surfaces (see figure 6.15 to 6.18). The XRD analysis of the fractured surface of the 

bonds made using a 12 µm thick coat indicated that the fractured surface of Mg-AZ31 contained 

intermetallics and a eutectic phase (see figure 6.21). These phases include Mg2Ni, Mg3AlNi2, 
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Mg7Zn3 and pure magnesium. Moreover, Mg2Zn3 and Ni3(AlTi) were detected on the Ti-6Al-4V 

surface. This indicated that the weakest fracture path was not only on one side of the joint 

interface (Mg-Ni eutectic), but also it propagates through the Ti-Ni interface (see figure 6.21). 

Raghavan studied the Al-Ni-Ti ternary system [144] and the Al-Ni-Ti-V quaternary system 

[145],  The results of these two studies showed that considerable number of reactions may occur 

in these two systems, and the lowest temperature at which a liquid formed was 800
o
C. This 

suggested that at the bonding temperature only solid-state diffusion was responsible for the 

formation of a metallurgical bond along the Ni/Ti-6Al-4V alloy interface. According to 

Raghavan [146] for Al-Ni-Ti pseudo-binary system, the Ni3Al and Ni3Ti, the solidus line is at 

1360
o
C. The formation of Ni3(AlTi) was expected, and this compound was seen at the Ni/Ti 

alloy fractured surfaces at a 515
o
C bonding temperature. 

Semonova [130] and Raghavan [126] studied the Al-Mg-Ni system. Both studies showed that 

numerous intermetallic phases may form. Semonova suggested that based on the data given by 

Yuan et al. [147] and Guanglie et al. [148], a ternary solid phase of Mg3AlNi was formed in the 

Al-Mg-Ni ternary system. However, the invariant equilibria showed that at least four liquid 

eutectic phases may form. These phases include a binary (Al-Mg, Al-Ni, Mg-Ni systems) phases 

such as Mg2Al3 at 449
o
C, Ni2Al3 at temperatures below 1138

o
C [130] and Mg2Ni at 508

o
C [127]. 

In this study both phases liquid eutectic Mg2Ni and solid ternary Mg3AlNi2 were detected by 

XRD on the fracture surface of Mg-AZ31 for 12 µm coat thickness.  

At 18-20 µm coat thickness only planar fracture morphology was observed which suggested the 

brittle fracture. However, the Mg2Ni liquid eutectic phase was observed at the Ti-6Al-4V 

fracture surface of 18 µm coat thickness, also Mg, Ni, Mg4Zn7 was observed, also pure Ti was 

detected. The formation of Mg4Zn7 as suggested by Miettinen [39] is expected to form in Mg-Zn 
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system. The profile of the fracture path was attributed to the high joint zone width (140-150 µm). 

The presence of Mg3TiNi2 at Mg-AZ31 fracture surface and the presence of Mg2Ni, Mg4Zn7 and 

Mg at Ti-6Al-4V fracture surface indicated that the fracture path was through both alloys 

fracture surface (see figure 6.22). Zavaliy et al. [149] studied the Mg-Ni-Ti ternary system at 

450
o
C; and showed the formation of Mg3TiNi2. This compound was also detected at the Ni/Mg-

AZ31 fracture surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.13: SEM of fractured surface for 

bond made using 4 μm, 540
o
C, 

0.2 MPa, and 20 minutes: a) 

Mg-AZ31; b) Ti-6Al-4V. 

a 

b 

Figure 6.12: SEM of fractured surface for 

bond made using 1 μm, 540
o
C, 

0.2 MPa, and 20 minutes: a) 

Mg-AZ31; b) Ti-6Al-4V. 

a 

b 
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Figure 6.15: SEM of fractured surface for 

bond made using 8 μm, 540
o
C, 

0.2 MPa, and 20 minutes: a) 

Mg-AZ31; b) Ti-6Al-4V.  

a 

b 

Figure 6.14: SEM of fractured surface for 

bond made using 6 μm, 540
o
C, 

0.2 MPa, and 20 minutes: a) 

Mg-AZ31; b) Ti-6Al-4V.   

a 

b 

Figure 6.17: SEM of fractured surface for 

bond made using 14 μm, 540
o
C, 

0.2 MPa, and 20 minutes: a) 

Mg-AZ31; b) Ti-6Al-4V. 

a 

b 

Figure 6.16: SEM of fractured surface for 

bond made using 10 μm, 540
o
C, 

0.2 MPa, and 20 minutes: a) 

Mg-AZ31; b) Ti-6Al-4V.   

a 

b 
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Figure 6.19: SEM of fractured surface for 

bond made using 20 μm, 540
o
C, 

0.2 MPa, and 20 minutes: a) 

Mg-AZ31; b) Ti-6Al-4V.    

a 

b 

Figure 6.18: SEM of fractured surface for 

bond made using 16 μm, 540
o
C, 

0.2 MPa, and 20 minutes: a) 

Mg-AZ31; b) Ti-6Al-4V.    

a 

b 
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Figure 6.20: SEM micrograph and XRD spectra of fractured surface for 

bond made using 2 μm, 540
o
C, 0.2 MPa, and 20 minutes: a) 

Mg-AZ31; b) Ti-6Al-4V. 

a 

b 

Figure 6.21: SEM micrograph and XRD spectra of fractured surface for 

bond made using 12 μm, 540
o
C, 0.2 MPa, and 20 minutes: 

a) Mg-AZ31; b) Ti-6Al-4V.  

a 

b 
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Figure 6.22: SEM micrograph and XRD spectra of fractured surface for 

bond made using 18 μm, 540
o
C, 0.2 MPa, and 20 minutes: a) 

Mg-AZ31; b) Ti-6Al-4V.   

a 

b 
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6.3 Effect of bonding temperature on joint formation 

6.3.1 Microstructure development and compositional analysis 

The SEM micrograph in figure 6.23 illustrates the joint interface for bonds made at 20 minutes, 

0.2 MPa using a 12 µm coat made at a bonding temperature from 500 to 540
o
C. At a bonding 

temperature of 500
o
C, the joint zone width was 17 µm. However, at the joint interface 

intermetallics were hard to observe. Increasing the bonding temperature from 510
o
C to 520

o
C 

resulted in an increase in joint width to 73 µm. Furthermore, increasing in bonding temperature 

to 530
o
C resulted in joint width of 78 µm. This increase was attributed to the formation of more 

liquid eutectic which results in the dissolution of Mg-AZ31 interface. Increasing the bonding 

temperature to 540
o
C resulted in the joint width of 91 µm. This increase in joint width at a 

temperature of 540
o
C was attributed to the increase in the amount of liquid eutectic formed at the 

joint center as the bonding temperature increased. It was observed that the size of phases and 

intermetallics formed inside the joint region varies with bonding temperature. The size of 

intermetallics decreases as the bonding temperature increases from 510 to 520
o
C (see figure 

6.23). No change was seen for a temperature of 520 to 530
o
C. However, the size of these 

intermetallics increased as the bonding temperature increased to 540
o
C (see figure 6.23).    

These results show that the joint region was heterogeneous, with the formation of various 

intermetallic phases due to the presence of a concentration gradient for Mg diffusion during the 

bonding process. This coincide with Al-Mg-Ni isothermal section at 427
o
C reported by 

Raghavan [126] where different phases such as τ=Ni2Mg3Al+Mg2Ni+(Mg) may form 

simultaneously in Al-Mg-Ni systems. 
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Figure 6.25 shows the SEM micrograph and EDS point analysis for bonds made at 530
o
C, 0.2 

MPa, 12 µm and 20 minutes. The EDS analysis of Mg-AZ31 interface showed strong peaks for 

Mg with 97%Mg, 2%O and 1%Al. This observation was seen before where a high concentration 

Mg layer is diffused and formed at Mg-AZ31 interface (see section 4.3.1). The formed white 

phases inside joint zone which dispersed at both interfaces of Ti-6Al-4V and after the high 

concentration Mg layer showed the same phase composition with 66%Mg, 7%Al, and 27% Ni. 

The dark phases showed 80%Mg and 20% O, this high concentration of oxygen is expected to 

affect the joint strength. AlHazaa et al. reported that the oxide formation deteriorated the joint 

strength in TLP bonding of Ti-6Al-4V to Al7075. The differences in the coefficient of thermal 

expansion between the oxide and the non-oxidized Mg phases caused the dark region to develop 

micro-cracks (see figure 6.25). These micro-cracks are expected to lead to further crack 

propagate and joint failure. 

Figure 6.26 illustrate the WDS line analysis across joint interface for bond made at 510
o
C, 0.2 

MPa for 20 minutes and 12 μm. The Ni distribution showed that it diffused from 12 μm initial 

coat thickness to 90 μm. Furthermore, the diffusion profile for Ni and Al increased between 90 

and 110 μm away from point A towards B (see figure 6.26).  
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Mg-AZ31 

a 

Ti-6Al-4V 

W 

Mg-AZ31 

b 

Ti-6Al-4V 

W 

Mg-AZ31 

c 

Ti-6Al-4V 

W 

Mg-AZ31 

d 

Ti-6Al-4V 

W 

Mg-AZ31 
e 

Ti-6Al-4V 

W 

Figure 6.23: SEM micrographs of Mg-AZ31/Ni coat/Ti-6Al-4V joint interface made using 12 µm, and 0.2 

MPa for 20 minutes: (a) 500
o
C; (b) 510

o
C; (c) 520

o
C; (d) 530

o
C; (e) 540

o
C. 



194 

 

 

 

97 wt % Mg, 2 wt %O, 1 wt %Al 

66 wt % Mg, 27 wt %Ni, 7 wt %Al 

80 wt% Mg, 20 wt %O 

Figure 6.25: SEM micrographs and EDS point analysis of Mg-AZ31/Ni coat/Ti-6Al-4V joint 

interface after bonding at 530
o
C and 0.2 MPa for 20 minutes and 12 μm coat thickness. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.24: Effect of bonding temperature on joint zone width for Mg-AZ31/Ni coat/Ti-

6Al-4V joint interface using 12 µm coat thickness and 0.2 MPa for 20 

minutes at various bonding temperatures. 
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Figure 6.26: SEM micrograph and WDS line analysis for joint of Mg-AZ31/Ni coat/Ti-

6Al-4V joint interface after bonding at 510
o
C, 0.2 MPa for 20 minutes and 

12 μm coat thickness. 
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6.3.2 Micro-hardness evaluation 

Figure 6.27 shows the micro-hardness profile as a function of distance from the joint center line 

to 600 μm for bonds made at 0.2 MPa bonding pressure, 20 minutes bonding time, 12 µm coat 

thickness for bonding temperature from 500-540
o
C. At 500

o
C, 100 μm inside Ti-6Al-4V the 

micro-hardness attain the maximum value of 372 VHN. However, it was observed from 510 to 

530
o
C as the bonding temperature increased a decrease in micro-hardness values was observed to 

a distance of 600 μm inside the titanium alloy with an average value of 250VHN. 

At the joint interface a micro-hardness value of 158 and 166 VHN was measured for 500 and 

540
o
C, respectively. The same behaviour seen inside Ti-6Al-4V was also seen at the joint 

interface, where the increase in bonding temperature from 510 to 530
o
C resulted in reduction of 

micro-hardness value from 97 VHN to 79 VHN. 

A hardness value of 132 VHN was obtained at 50 μm from joint centerline towards Mg-AZ31. 

However, from 100 to 600 μm the micro-hardness values became uniform with Mg-AZ31 parent 

alloy and have a value from 50 to 68VHN. The differences in micro-hardness values across the 

interface (within 600 μm on both sides) were attributed to the formation of numerous 

intermetallics at the joint interface. 
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Figure 6.27: Micro-hardness profile for Mg-AZ31/Ni coat/Ti-6Al-4V joints made at 0.2 MPa, 20 

minutes, 12 µm coat thickness for bonding temperature from 500 to 540
o
C. 
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6.3.3 Shear strength evaluation 

The effect of bonding temperatures on joint shear strength is shown in figure 6.28. It was 

observed that the joint strength increased from 26 MPa for 500
o
C bonding temperature to 61 

MPa for 520
o
C. This was attributed to the formation of a liquid eutectic phase at the bonding 

temperature above 508
o
C. This liquid formation resulted in wetting of the Ti-6Al-4V interface 

and spread across the joint interface. Furthermore, the eutectic reaction with Mg-AZ31 formed a 

metallurgical bond. When the bonding temperature increased from 530 to 540 
o
C, the shear 

strength decreased from 47 MPa to 27 MPa, respectively. 

This reduction in joint shear strength was expected due to the increase in the amount of 

intermetallics formed due to the Mg-Ni eutectic reaction at the joint interface. 

Figure 6.28: Joint interface shear strength as a function of bonding temperature for Mg-AZ31/Ni 

coat/Ti-6Al-4V joints made at 0.2 MPa, 20 minutes, 12 µm coat thickness for bonding 

temperature from 500-540
o
C. 



199 

 

 

 

6.3.4 Fractography and XRD analysis 

The SEM micrograph and XRD analysis taken from the Mg-AZ31 and Ti-6Al-4V fractured 

surfaces are shown in figures 6.29 to 6.33. At a bonding temperature of 500
o
C no eutectic phase 

was detected. Furthermore, pure Ni and Mg2Zn were detected at the Ti-6Al-4V fractured surface. 

This observation showed that at the Ni/Mg-AZ31 and Ni/Ti-6Al-4V interfaces the solid-state 

diffusion result with the formation of a metallurgical bond. It was also observed that the fracture 

path passed between the Ni coat and Mg-AZ31 from one side and along the Ti-6Al-4V/Ni coat 

interface. This observation could explain the detection of AlNi2Ti at the Mg-AZ31 fractured 

surface (see figure 6.29). 

Increasing the bonding temperature to 510
o
C resulted in a mixed brittle/ductile failure mode. The 

SEM of figure 6.30 shows the planar fracture and rough fracture morphology at both fractured 

surfaces. Even at 510
o
C no eutectic phase was detected at the fractured surface, however there is 

a debate about the eutectic forming temperature,  Islam and Medraj, and Okamoto suggested 

508
o
C is the eutectic temperature for the Mg/Ni system [127,128], where Miettinen suggested 

512
o
C [39]. However, during the bonding process liquid eutectic was seen at the bond interface. 

The detection of Al6Ti19 suggested that the fracture surface was close to Ti-6Al-4V interface. 

However, the detection of Mg32(AlZn)49 on the Ti-6Al-4V fractured surface is expected to be 

from the spheres seen on the fracture surface (see figure 6.30). As discussed before the formation 

of Mg3AlNi2 and Mg3TiNi2 is expected in this system (please refer to section 6.2.4).  

Increasing the bonding temperature to 520
o
C resulted in mixed brittle/ductile fracture mode. 

However, the level of complexity increased and 9 intermetallic phases were detected at the 

fractured surfaces. A Mg2Ni eutectic phase was detected at the Mg-AZ31 fractured surface, 

showing that a liquid eutectic formed at the 520
o
C bonding temperature (see figure 6.31). 
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A mixed ductile/brittle failure mode was seen at 530
o
C, 12 μm, 0.2 MPa, and 20 minutes. 

However, the XRD spectra did not show any eutectic phase at the fracture surface, which 

suggested that the eutectic formed at lower temperature and predicted at 520
o
C transformed to 

another intermetallic compounds as the bonding temperature increased. The TiZn3 intermetallic 

was detected at the Mg-AZ31 fracture surface showing that the increase in temperature resulted 

in a higher rate of solid-state diffusion of Ti (see figure 6.32). The presence of Mg2Zn3 and 

Mg32(AlZn)49 in addition to Ni3(AlTi) were detected on the Ti-6Al-4V fracture surface. This 

suggested the fracture path passed among both interfaces, from one side close to Mg-AZ31 and 

from the other side close to Ti-6Al-4V (see figure 6.32). 

Increasing the bonding temperature to 540
o
C resulted in ductile fracture mode. The presence of 

Mg3AlNi2 was detected at the Mg-AZ31 fractured surface. The Mg2Zn3 intermetallic was seen at 

the Ti-6Al-4V interface. Higher bonding temperature of 540
o
C resulted in the formation of 

Al6Ti19 and it was observed at Ti-6Al-4V fractured surface (see figure 6.33). 

Figure 6.34 shows the SEM micrograph and EDS point analysis obtained from the fractured 

surface of bonded samples at 530
o
C, 0.2 MPa, 20 minutes using a 12 μm coating. The EDS 

analysis confirmed the data obtained by XRD analysis, where 77% Mg, 18%Ni, 5%Al was 

detected and this suggested the formation of Mg3AlNi2 at Mg-AZ31 fracture surface. On the Ti-

6Al-4V fracture surface, the EDS detected (73 wt.% Ti, 13 wt.% Ni, 9 wt.% Mg and 5 wt.% Al) 

and (86 wt.% Mg, 8 wt.% Ti and 6 wt.% Ni). The high concentration of Mg (86 wt.%) and 

Ti(73wt.%) suggested that the fracture path passed through two different phases and this also 

explains the presence of the mixed ductile/brittle fracture mode. 
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Figure 6.30: SEM micrograph and XRD spectra of fractured surface for bond made at 

510
o
C, 12 μm, 0.2 MPa, and 20 minutes: a) Mg-AZ31; b) Ti-6Al-4V.   

a 

b 

Figure 6.29: SEM micrograph and XRD spectra of fractured surface for bond made 

at 500
o
C, 12 μm, 0.2 MPa, and 20 minutes: a) Mg-AZ31; b) Ti-6Al-4V. 

a 

b 
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Figure 6.32: SEM micrograph and XRD spectra of fractured surface for bond made at 

530
o
C, 12 μm, 0.2 MPa, and 20 minutes: a) Mg-AZ31; b) Ti-6Al-4V.    

a 

b 

Figure 6.31: SEM micrograph and XRD spectra of fractured surface for bond made at 

520
o
C, 12 μm, 0.2 MPa, and 20 minutes: a) Mg-AZ31; b) Ti-6Al-4V.  

a 

b 
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Figure 6.33: SEM micrograph and XRD spectra of fractured surface for bond made 

at 540
o
C, 12 μm, 0.2 MPa, and 20 minutes: a) Mg-AZ31; b) Ti-6Al-4V.    

a 

b 

92 wt % Mg, 8 wt %Ni 

77 wt % Mg, 18 wt %Ni, 5 wt %Al 86 wt % Mg, 8 wt %Ti, 6 wt % Ni 

73 wt %Ti, 13 wt %Ni, 9 wt % Mg, 5 wt %Al 

b a 

Figure 6.34: SEM micrograph and EDS point analysis of fractured surface for bond made at 

530
o
C, 12 μm, 0.2 MPa, and 20 minutes: a) Mg-AZ31; b) Ti-6Al-4V. 
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6.4 Effect of bonding time on joint formation 

6.4.1 Microstructure development and compositional analysis 

Figure 6.35 shows the SEM micrograph of the microstructure at the joint interface for bonds 

made at 520
o
C, 12 μm coat thickness, 0.2 MPa bonding pressure for 1 to 60 minutes. For a 1 

minute hold, the joint zone was not uniform and part of the Ni coat had not melted within the 

joint region. An average joint width of 46 μm was produced. However, new phases and 

intermetallics were observed at the bonded zone. Increasing the bonding time to 5 minutes 

resulted in a uniform joint zone and two reaction layers were observed with a total width of 60 

μm. This increase was attributed to the increase in the amount of eutectic formed for a longer 

bonding time. An increase in bonding time from 5 to 20 minutes resulted in an increase in joint 

width. The joint width was measured to be 63 and 73 μm for a bonding time of 10 and 20 

minutes respectively. The intermetallics formed were finer, smaller in size and agglomerated at 

the joint centerline when compared with a bond made at 5 minutes (see figure 6.35 c and d). 

The joint width decreased as the bonding time increased from 20 to 60 minutes. The joint width 

was 69 and 70 μm for bonding time of 30 and 60 minutes. This observation suggested the onset 

of isothermal solidification at 20 minutes bonding time.  

Figures 6.37 and 6.38 shows the SEM micrograph and EDS point analysis for bonds made at 

520
o
C, 0.2 MPa, 12 μm for 5 and 30 minutes respectively. The EDS analysis of the reaction layer 

at Mg-AZ31 interface showed a composition of 96% Mg, 2% Al and 2% O for 5 minutes. For 

higher bonding time of 30 minutes the chemical composition was 95% Mg, 3% O and 2%Al. 

However, at both bonding times of 5 and 30 minutes three same distinctive areas were formed 

inside joint zone; first is a rich Mg zone was seen inside the bond region with 98% Mg and 2% 
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O. The second was the large gray island with 68% Mg, 25% Ni and 7% Al. The third region was 

the small agglomerated islands with 44% Mg, 33% Ni, 18% Al, and 5% O for 5 minutes bonding 

time and 63% Mg, 21% Ni, 10% Al, and 6% O for 30 minutes bonding time. The formation of a 

metallurgical bond at the Ni/Mg-AZ31 interface is expected to occur due to the formation of this 

intermetallic zone at the bond interface. The increase in O concentration at 30 minutes bonding 

time for the Ti-6Al-4V interface was attributed to the affinity of Ti for O. 

Figure 6.39 illustrate the SEM micrograph and WDS line analysis obtained across the joint 

interface for bonds made at 520
o
C, 12 µm, 0.2 MPa for 20 minutes. It was observed that the Ni 

and Al attain the maximum atomic weight percent at 90 µm distance with 35% and 18% 

respectively. However, this increase in Ni and Al corresponds to a drop in the concentration in 

Mg from 100 at.% to 45 at.%. This observation was attributed to the formation of a ternary 

Mg3AlNi2 phase.  
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Mg-AZ31 
a 

Ti-6Al-4V 

W 

Mg-AZ31 

b 

Ti-6Al-4V 

W 

Mg-AZ31 

c 

Ti-6Al-4V 

W 

Mg-AZ31 

d 

Ti-6Al-4V 

W 

Mg-AZ31 

e 

Ti-6Al-4V 

W 

Mg-AZ31 

f 

Ti-6Al-4V 

W 

Figure 6.35: SEM micrographs of Mg-AZ31/Ni coat/Ti-6Al-4V joint interface made at 12 µm and 0.2 MPa for 

520
o
C: (a) 1 minutes; (b) 5 minutes; (c) 10 minutes; (d) 20 minutes; (e) 30 minutes (f) 60 minutes. 
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Figure 6.36: Effect of bonding time on joint zone width for Mg-AZ31/Ni coat/Ti-6Al-4V 

joint interface bonded at 12 µm, 0.2 MPa and 520
o
C. 
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63 wt % Mg, 21 

wt %Ni, 10 wt 

%Al, 6 wt %O 

67 wt % Mg, 25 wt %Ni, 8 wt %Al 98 wt % Mg, 2 wt %O 95 wt % Mg, 3 wt %O, 2 wt %Al 

Figure 6.38: SEM micrographs and EDS point analysis of Mg-AZ31/Ni coat/Ti-6Al-4V joint 

interface after bonding at 520
o
C, 12 μm and 0.2 MPa for 30 minutes. 

98 wt % Mg, 2 wt %O 

68 wt % Mg, 25 wt %Ni, 7 wt %Al 44 wt % Mg, 33 wt %Ni, 18 

wt %Al, 5 wt %O 

96 wt % Mg, 2 wt %O, 2 wt %Al 

Figure 6.37: SEM micrographs and EDS point analysis of Mg-AZ31/Ni coat/Ti-6Al-4V 

joint interface after bonding at 520
o
C, 12 μm and 0.2 MPa for 5 minutes. 
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Figure 6.39: SEM micrograph and WDS line analysis for joint of Mg-AZ31/Ni 

coat/Ti-6Al-4V joint interface after bonding at 520
o
C, 0.2 MPa and 12 

μm for 20 minutes. 
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6.4.2 Micro-hardness evaluation 

Figure 6.40 shows the micro-hardness profile as a function of distance from the joint centerline 

to 600 µm for bonds made at 520
o
C, 0.2 MPa, 12 µm for bonding times from 1 to 60 minutes. 

The joint zone compositional homogoneity can be assessed by micro-hardness test, where 

uniform hardness indicate uniform homogenity. However, from 50 to 600 µm from joint 

centerline  towards the Ti-6Al-4V the micro-hardness measurment showed a non-uniform micro-

hardness profiles which indicates an inhomogeneous composition. For 1 minute bonding time the 

hardness attains its maximum value of 297 VHN, which was recorded at 50 µm from joint 

centerline. However, the maximum recorded hardness value was 313 VHN obtained for bonds 

made for 60 minutes. The overall increase in micro-hardness profile towards Ti-6Al-4V side was 

attributed to the formation of solid-solution between Ni and Ti at Ti-6Al-4V interface. Its 

thought that the solid-solution concentration increased with bonding time increase. The 

minimum observed micro-hardness was recorded for 20 minutes bonding time, a value of 217 

VHN was measured at 600 µm inside Ti-6Al-4V.  

At the joint centerline, the micro-hardness value increased from 87 VHN for 5 minutes to 135 

and 144 VHN for 10 and 20 minutes respectivly. Further increase in bonding time from 30 to 60 

minutes resulted in decrease of micro-hardness profile to 125 and 103 respectivly. This 

difference in micro-hrdness profile was related to the microstructural development at the joint 

centerline and the formation of intermetallic phases at certain time ( i.e. 5 to 20 minutes) and the 

changes in these phases as bonding time increased from 30 to 60 minutes (see figure 6.40). 

The micro-hardness profile measured inside Mg-AZ31 showed a better homogenity at all 

bonding times except at 5 minutes where the micro-hardness value was 144 VHN, other than this 
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the micro-hardness profiles were similar and within the hardness value for Mg-AZ31 alloy (60 to 

70 VHN). 

 

 

 

 

Figure 6.40: Micro-hardness profile for Mg-AZ31/Ni coat/Ti6Al-4V joints made at 0.2 MPa, 520
o
C, 

12 µm for bonding time from 1 to 60 minutes. 
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6.4.3 Shear strength evaluation 

Figure 6.41 shows the shear strength profiles of joint bonded as a function of bonding time from 

1 to 60 minutes using 12 µm coat thickness, 0.2 MPa bonding pressure and 520
o
C bonding 

temperature. The shear strength increased with an increase in bonding time from 1 to 5 minutes 

to a value of 35 to 45 MPa respectivly. This increase was attributed to the increase in the amount 

of eutectic liquid which wets the Ti-6Al-4V interface. When the bonding time increased to 10 

minutes, the shear strength decreased to 35 MPa a value simmilar to that obtained for a bonding 

time of 1 minute. This decrease in joint strength was attributed to the increase in the 

concentration of intermetallics formed inside the joint zone and it deteriorates the mechanical 

strength of the joint. Increasing the bonding time to 20 minutes resulted in maximum shear 

strength of 61 MPa. The same observation was reported in section 4.3.3 where 20 minutes is 

assumed to be the minimum bonding time necessary to attain the maximum bond strength. The 

shear strength of bonds made at 30 minutes bonding time resulted in the lowest shear strength of 

11 MPa. However, increasing bonding time to 60 minutes still resulted in lower shear strength of 

18 MPa. This shear strength is half  the value when compared to joint strength of a 1 minute 

bonding time. This was attributed to the longer bonding time producing a higher amount of 

intermetallics precipitate within the joint. The same observation was reported by Elthalabawy 

[17] for bonds made between Mg-AZ31 to 316L steel using Cu foils at 490
o
C. In his work the 

joint shear strength decreased from 40 MPa at 20 minutes to 21 MPa at 60 minutes.  
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Figure 6.41: Joint interface shear strength as a function of bonding temperature for Mg-AZ31/Ni 

coat/Ti-6Al-4V joints made at 520
o
C, 12 µm, and 0.2 MPa for bonding time from 1 to 

60 minutes. 
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6.4.4 Fractography and XRD analysis 

Figures 6.42 to 6.47 illustrate the SEM micrographs and XRD spectra from fracture surfaces of 

joints made at 520
o
C, 12µm, 0.2 MPa for 1 to 60 minutes. For the bonds made from 1 to 10 

minutes a mixed brittle-ductile fracture mode was observed. It was evident that at 1 and 5 

minutes bonding time eutectic was formed and the eutectic phase of Mg2Ni was detected over 

the fracture surface. However, for 10 minutes bonding time no Mg2Ni eutectic phase was 

detected, although it was observed during the experiment. This was attributed to the fracture path 

propagated through the weaker path where higher amount of intermetallics were observed and 

this was evident by the detection of 11 phases over the fracture surface for bonds made at 10 

minutes (see figure  6.44). The ternary phases of Mg3AlNi2 and Mg3TiNi2 were detected at both 

the Mg-AZ31 and Ti-6Al-4V fracture surfaces. For the fractured surfaces of joints made at 20 

minutes bonding time, the surface was characterized by both planar and rough fracture 

morphology. Furthermore, the rough fracture morphology on the fracture surface indicated that 

the ductility of the joint increased to a maximum value at bonding time of 20 minutes. The 

complexity of the hybrid system for the bonds made it difficult to identify the phases and 

intermetallics formed within joint zone where 7 elements of Mg-AZ31 and Ti-6Al-4V reacted 

with each other to form the metallurgical bonds. The XRD analysis detected 9 compounds. The 

detection of Mg, Mg3AlNi2, Mg3TiNi2, Mg7Zn3, and Ni3Zn22 at Ti-6Al-4V fracture surface 

suggested that the fracture path propagated away from Ti-6Al-4V interface. This suggested that 

liquid eutectic wetted the Ti-6Al-4V surface and produced a strong metallurgical bond. 

When the bonding time increased to 30 and 60 minutes, the fractured surface showed planar and 

rough fracture morphology which indicates a mixed brittle/ductile fracture mode with more 

brittle tendency. The XRD spectra taken from Ti-6Al-4V fracture surface of bonds made for 30 
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minutes revealed Mg, Mg7Zn3 and Mg32(AlZn)49. The absence of Ti and by product 

intermetallics suggested the fracture surface was away from the Ti-6Al-4V alloy. Furthermore, 

the presence of Mg2Ni suggested that 30 minutes resulted in diffusion of Ni away from joint 

zone where it may re-reacted with Mg, and this deteriorated the joint strength as seen in previous 

section to the minimum value of 11 MPa. In other words softer matrix with harder eutectic 

decreased the shear strength. However, even the XRD spectra from Ti-6Al-4V fracture surface 

for bonds made at 60 minutes revealed the formation of Al6Ti19 and Ti2Ni with no eutectic 

Mg2Ni detected at Mg-AZ31 fractured surface, it still affect the bond quality and lower shear 

strength was obtained. 

Figure 6.48 and 6.49 shows the SEM micrograph and EDS point analysis obtained from the 

fractured surface of bonded sample at 520
o
C, 12µm, 0.2 MPa for 5 and 30 minutes. The EDS 

confirmed the results of XRD spectra where 87%Ti, 7% Al and 6% Mg was detected at the 

planar surface and 87% Mg, 8% Ni and 5% Ti at the rough surface of the Ti-6Al-4V fractured 

surface for bonds made for 5 minutes. However, for 30 minutes bonds, the Ti-6Al-4V fractured 

surface revealed 60% Ti, 26% Mg, 9%Ni and 4% Al and 93% Mg, 4% Ni, 2% Al, and 1% Ti. 

This confirmed that the fracture path propagate away from Ti-6Al-4V interface. 
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Figure 6.42: SEM micrograph and XRD spectra of fractured surface for bond made 

at 520
o
C, 12 μm, 0.2 MPa, and 1 minute: a) Mg-AZ31; b) Ti-6Al-4V. 

a 

b 

Figure 6.43: SEM micrograph and XRD spectra of fractured surface for bond made 

at 520
o
C, 12 μm, 0.2 MPa, and 5 minutes: a) Mg-AZ31; b) Ti-6Al-4V.    

a 

b 
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Figure 6.44: SEM micrograph and XRD spectra of fractured surface for bond made 

at 520
o
C, 12 μm, 0.2 MPa, and 10 minutes: a) Mg-AZ31; b) Ti-6Al-4V. 

a 

b 

Figure 6.45: SEM micrograph and XRD spectra of fractured surface for bond made 

at 520
o
C, 12 μm, 0.2 MPa, and 20 minutes: a) Mg-AZ31; b) Ti-6Al-4V.    

a 

b 
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Figure 6.46: SEM micrograph and XRD spectra of fractured surface for bond made 

at 520
o
C, 12 μm, 0.2 MPa, and 30 minutes: a) Mg-AZ31; b) Ti-6Al-4V.  

a 

b 

Figure 6.47: SEM micrograph and XRD spectra of fractured surface for bond made at 

520
o
C, 12 μm, 0.2 MPa, and 60 minutes: a) Mg-AZ31; b) Ti-6Al-4V.   

a 

b 
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Figure 6.48: SEM micrograph and EDS point analysis of fractured surface for bond made 

at 520
o
C, 12 μm, 0.2 MPa, and 5 minutes: a) Mg-AZ31; b) Ti-6Al-4V. 

97 wt % Mg, 3 wt %Ni 

91 wt % Mg, 9 wt %Ni 

87 wt % Mg, 5 wt %Ti, 8 wt %Ni 

87 wt %Ti, 7 wt %Al, 6 wt % Mg 

a b 

Figure 6.49: SEM micrograph and EDS point analysis of fractured surface for bond made 

at 520
o
C, 12 μm, 0.2 MPa, and 30 minutes: a) Mg-AZ31; b) Ti-6Al-4V. 

73 wt % Mg, 22 wt %Ni, 5 wt %Al 

90 wt % Mg, 9 wt %Ni, 1 wt %Al 

93 wt % Mg, 4 wt %Ni, 2 wt %Al, 1 wt %Ti 

61 wt %Ti, 9 wt %Ni, 26 wt % Mg, 4 wt %Al 

a b 
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6.5 Effect of bonding pressure on joint formation 

6.5.1 Microstructure development and compositional analysis 

Figure 6.50 illustrate the SEM micrograph for bonds made at 520
o
C, 12 µm, 20 minutes and 

bonding pressure from 0-0.8 MPa. Bonding specimens without external pressure resulted in joint 

width increase to 88 µm. In figure 6.50(a) it was noticed that the intermetallics formed were 

larger in size compared to intermetallics formed when a higher bonding pressure was used during 

bonding. Upon increasing the bonding pressure to 0.2 MPa the joint width was measured as 

73µm. the decrease in joint width on increasing the pressure was anticipated because of the 

greater squeezing of the liquid eutectic. 

An increase in joint width to 102 µm was noticed at 0.4 MPa bonding pressure even the size of 

the formed intermetallics was noticed to be finer than the 0.2 MPa bonding pressure. However, 

upon increasing the bonding pressure to 0.6 MPa and 0.8 MPa, the average joint width was 69 

and 66 µm respectively. This decrease in joint width was attributed to the pushing effect of the 

formed liquid eutectic at the joint interface during the bonding process. Hence the amount of 

liquid eutectic remained at the joint was less. However, the width of the reaction layer formed 

towards Mg-AZ31 was noticed to increase as the bonding time increased. Figure 6.51 shows the 

relation between the measured joint widths with the bonding pressure at 520
o
C, 12 µm for 20 

minutes. 

The SEM micrograph and EDS point analysis from the interface of bonds made at 520
o
C, 20 

minutes, 12 µm and 0.6 MPa is shown in figure 6.52. The EDS analysis of the reaction layer at 

the Mg-AZ31 interface showed that the diffusion rate of Ni and Al was higher at the grain 

boundaries and the diffusion of Ni and Al towards Mg-AZ31 alloy was along grain boundaries. 
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The point analysis showed that at the middle of the grains, the chemical composition was 97% 

and 3% Al, and at the grain boundaries it was 71% Mg, 26% Al and 2% Ni. The black “islands” 

located after the reaction layer and towards the Mg-AZ31 alloy showed 100% Mg and appear to 

be islands of Mg which separated from the Mg-AZ31 alloy. At higher bonding pressures, less 

eutectic lamellar structure was noticed inside the joint zone and this was attributed to the 

squeezing of the liquid eutectic to the edges of the joint. The analysis showed less Mg-Ni 

eutectic composition in the white islands (67% Mg, 27% Al, 5% Ni and 1% O), compared to the 

gray area (88% Mg, 9% Al, 2% Ni and 1% O). A reaction layer was formed towards Ti-6Al-4V 

interface with composition of 90%Mg, 8%Ni and 2%Ti. The presence of Ti in this reaction layer 

suggested solid-state diffusion of Ti towards the bonding zone.  

Figure 6.53 shows the SEM micrograph and WDS line analysis obtained across the joint 

interface for bonds made at 520
o
C, 12 µm, 20 minutes and 0.4 MPa. The Ni diffused from the 12 

µm initial Ni coat thickness to 110 µm. The Al concentration profile increased towards the Ti-

6Al-4V interface, this was attributed to higher concentration Al concentration in Ti-6Al-4V 

compared to Mg-AZ31 and the diffusion of Al from Ti-6Al-4V alloy towards the joint zone. The 

Ni and Al profiles attains 25 at.% and 11 at.% at a distance of 110 µm, this correspond to a drop 

in Mg concentration from 78 at.% to 60 at.%. This behaviour is similar to the behaviour obtained 

at 520
o
C, 12 µm, 0.2 MPa for 20 minutes, and was attributed to the formation of a ternary 

Mg3AlNi2 phase. 
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Ti-6Al-4V 
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Mg-AZ31 b 

Ti-6Al-4V 
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Figure 6.50: SEM micrographs of Mg-AZ31/Ni coat/Ti-6Al-4V joint interface made at 520
o
C, 12 µm for 20 

minutes: (a) 0 MPa; (b) 0.2 MPa; (c) 0.4 MPa; (d) 0.6 MPa; (e) 0.8 MPa. 
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Figure 6.52: SEM micrographs and EDS point analysis of Mg-AZ31/Ni coat/Ti-6Al-4V 

joint interface after bonding at 520
o
C, 12 μm and 0.6 MPa for 20 minutes. 

88 wt % Mg, 9 wt %Al, 

2 wt % Ni, 1 wt %O 

96 wt % Mg, 3 wt % Al, 1 wt % O 

80 wt % Mg, 19 wt % Al, 1 wt % Ni 70 wt % Mg, 27 wt %Al, 2 wt % Ni, 1 wt %O 

90 wt % Mg, 8 wt % Ni, 

2 wt % Ti 

100 wt % Mg 

67 wt % Mg, 27 wt %Al, 5 wt % Ni, 1 wt %O 

Figure 6.51: Effect of bonding pressure on joint zone width for Mg-AZ31/Ni coat/Ti-6Al-4V 

joint interface after bonding at 12 µm and 520
o
C for 20 minutes. 
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Figure 6.53: SEM micrograph and WDS line analysis for joint of Mg-AZ31/Ni coat/Ti-6Al-4V 

joint interface after bonding at 520
o
C, 0.4 MPa and 12 μm for 20 minutes. 
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6.5.2 Micro-hardness evaluation 

Figure 6.54 shows the micro-hardness profiles obtained across joints made using different 

bonding pressures (from 0 to 0.8 MPa) at 520
o
C, 12 µm for 20 minutes. The results showed that 

the hardness values within the Ti-6Al-4V alloy (600 µm from joint center) increased as bonding 

pressure increased. The hardness attains its maximum value of 325 VHN at 200 µm from joint 

centerline for 0.6 MPa bonding pressure. However, at 0.4 MPa bonding pressure the hardness 

values attains its minimum value of 208 VHN. This difference corresponds to the formation of 

various phases and intermetallics at the bonds zone with differences in its hardness which was 

randomly dispersed in the joint.    

At the joint centerline, 0 MPa and 0.6 MPa responded to the minimum 66 VHN and the 

maximum 155 VHN hardness respectively. 

It was noticed that the micro-hardness profiles fluctuated and a variation in hardness values was 

observed from 0 to 400 µm towards Mg-AZ31 alloy. This difference was attributed to the 

formation of liquid eutectic and intermetallics at Mg-AZ31 interface and the “squeezing action” 

of the pressure on the liquid eutectic which push the liquid eutectic outside joint zone and leave 

other intermetallics trapped inside the joint zone. At Mg-AZ31 interface the hardness values 

ranged from 65 to 106 VHN. It was observed from the profiles at 400-600 µm towards the Mg-

AZ31 alloy that the micro-hardness attains profile close to each other with values from 58-70 

VHN. 
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Figure 6.54: Micro-hardness profile for Mg-AZ31/Ni coat/Ti6Al-4V joints made at 520
o
C, 

12 µm, for 20 minutes and bonding pressure from 0 to 0.8 MPa. 
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6.5.3 Shear strength evaluation 

Figure 6.55 shows the joint shear strength as a function of bonding pressure. The increase in 

bonding pressure from 0 to 0.2 MPa resulted in a higher shear strength from 34 to 61 MPa. This 

increase was attributed to the better flow and uniformity of the liquid eutectic within the joint 

will also contribute to better surface to surface contact between the two alloys and the Ni coat. 

Further increase in bonding pressure from 0.4 to 0.8 MPa resulted in lower shear strength of 28, 

27 and 26 MPa, respectively. As the error bars indicate in figure 6.55 at 95% confidence level 

there were no differences in shear strength values from 0.4 to 0.8 MPa. However, the decrease in 

shear strength with increasing bonding pressure (from 0.4 to 0.8 MPa) corresponded to the 

pushing effect of liquid eutectic outside the bond region and the segregation of Mg-Ni hard 

intermetallics. The same observation was reported by Elthalabawy when bonding 316L stainless 

steel and Mg-AZ31 using a pressure of 0.85 MPa [17]. Similar results were seen when bonding 

Mg-AZ31 to Ti-6Al-4V using Ni foil at 0.7 MPa bonding pressure [150]. 

Figure 6.55: Joint interface shear strength as a function of bonding pressure for Mg-

AZ31/Ni coat/Ti-6Al-4V joints made at 520
o
C, 12 µm, for bonding time 20 

minutes and bonding pressure from 0 to 0.8 MPa. 
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6.5.4 Fractography and XRD analysis 

Figures 6.56 to 6.60 illustrate the SEM micrograph and XRD spectrum achieved from joint 

fracture surface at 520
o
C, 12 µm, 20 minutes and bonding pressure from 0 to 0.8 MPa. Mixed 

failure showing brittle and ductile fracture modes could be seen at the SEM fractographs 

simultaneously for all bonded samples at pressure from 0 to 0.8 MPa. However, 0.6 MPa 

bonding pressure showed more tendency to brittle fracture. Numerous numbers of intermetallics 

and phases were detected at the fracture surface. This can be confirmed by the formation of 

Mg2Zn3, Mg7Zn3, Ni2V and Ni3Zn22 at the Ti-6Al-4V with the absence of major Ti compounds. 

Simultaneously, eutectic phase of Mg2Ni and ternary phases of Mg3AlNi2 and Mg3TiNi2 were 

detected at Mg-AZ31 fracture surface (see figure 6.56 and 6.57). For 0 and 0.2 MPa bonding 

pressures, the obtained phases at both fractured surfaces of Mg-AZ31 and Ti-6Al-4V showed 

that the fracture path was a way from Ti-6Al-4V interface. 

Upon increasing the bonding pressure to 0.4 MPa the eutectic phase of Mg2Ni was the dominant 

phase. However, Ti2Ni, TiZn3 was also detected at Mg-AZ31 fracture surface. On the Ti-6Al-4V, 

Ti2Ni and TiZn2 were detected, this suggested that the fracture path was closer to the Ti-6Al-4V 

interface (see figure 6.58). 

When the bonding pressure increased to 0.6 MPa, Mg2Zn3 was the major phase obtained at both 

fractured surfaces. However, no Ti phases or intermetallics achieved at Ti-6Al-4V fracture 

surface. The SEM micrograph of the fracture surface for bonds made at 0.6 MPa shows the 

machining marks at Ti-6Al-4V fracture surface, which suggested the fracture path was close to 

Ti-6Al-4V interface. 
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 Increasing the bonding pressure to 0.8 MPa, resulted in Mg32(AlZn)49 and Mg3TiNi2 at the Mg-

AZ31 fracture surface, and Mg32(AlZn)49 and Al6Ti19 at the Ti-6Al-4V fracture surface. This 

suggested that the fracture path propagated through the weakest path which passed among both 

Ti-6Al-4V and Mg-AZ31. It was observed that at higher bonding pressure of 0.6 and 0.8 MPa, 

no Mg2Ni was detected at the fractured surfaces. This confirmed the earlier suggestion that the 

higher bonding pressure results in the squeezing of the liquid eutectic outside the joint region. 

Figure 6.61 shows the SEM micrograph and EDS point analysis obtained at the fractured surface 

for 520
o
C, 12 µm, 20 minutes and 0.6 MPa. The rough surface fracture on Mg-AZ31 surface has 

99% Mg and 1% Ni where the planar fracture has 79% Mg, 18% Al, and 3%Ni. On the Ti-6Al-

4V rough fracture surface it showed 67% Mg, 22% Al, 10% Ti and 1% Ni, however, the planar 

fracture surface showed 70% Mg, 19% Al, and 11%Ti, this suggested that the rough surface and 

ductile fracture modes comes from the Mg-AZ31 where the eutectic formed inside the bond 

region. Where the Ti traces on the planar fracture surface comes from the Ti-6Al-4V. The 

presence of Ti in EDS, while it was not detected by the XRD spectra can be attributed to the 

surface roughness and the groves formed at the Ti-6Al-4V fracture surface which prevents the 

reflection of the XRD spectra.  
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Figure 6.57: SEM micrograph and XRD spectra of fractured surface for bond made at 520
o
C, 

12 μm, 20 minute and 0.2 MPa bonding pressure: a) Mg-AZ31; b) Ti-6Al-4V. 

a 

b 

Figure 6.56: SEM micrograph and XRD spectra of fractured surface for bond made at 520
o
C, 

12 μm, 20 minute and 0 MPa bonding pressure: a) Mg-AZ31; b) Ti-6Al-4V. 

a 

b 
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Figure 6.59: SEM micrograph and XRD spectra of fractured surface for bond made at 520
o
C, 

12 μm, 20 minute and 0.6 MPa bonding pressure: a) Mg-AZ31; b) Ti-6Al-4V. 

a 

b 

Figure 6.58: SEM micrograph and XRD spectra of fractured surface for bond made at 520
o
C, 

12 μm, 20 minute and 0.4 MPa bonding pressure: a) Mg-AZ31; b) Ti-6Al-4V. 

a 

b 
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Figure 6.60: SEM micrograph and XRD spectra of fractured surface for bond made at 520
o
C, 

12 μm, 20 minute and 0.8 MPa bonding pressure: a) Mg-AZ31; b) Ti-6Al-4V. 

a 

b 

99 wt % Mg, 1 wt %Ni 

79 wt % Mg, 18 wt %Al, 3 wt %Ni 

70 wt % Mg, 19 wt % Al, 

11 wt % Ti 

67 wt % Mg, 22 wt %Al, 10 wt %Ti, 1 wt %Ni 

a b 

Figure 6.61: SEM micrograph and EDS point analysis of fractured surface for bond made 

at 520
o
C, 12 μm, 0.6 MPa, and 20 minutes: a) Mg-AZ31; b) Ti-6Al-4V. 
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6.6 Mechanism of joint formation 

The published work on TLP bonding mechanisms considers simple binary systems, however the 

complexities of multi-components systems such as Ti-6Al-4V and Mg-AZ31 exist in reality. The 

Ni electroplating process deposited a thin (1-20μm) coat over the Ti-6Al-4V alloy. It was found 

that the 12 μm Ni coating resulted in the highest shear strength as discussed in section 6.2.3.  

6.6.1 Heating and solid-state diffusion 

During the heating stage from room temperature to the bonding temperature, solid-state diffusion 

is believed to be dominant and will form a metallurgical bond. Furthermore, the magnitude of 

diffusion coefficients on both sides of the liquid/solid interface varies; the diffusivity of 

magnesium in nickel (Do Mg in Ni= 5.6x10
-4

 m
2
s

-1
) is higher than nickel in magnesium (Do Ni in 

Mg=1.2x10
-9

 m
2
s

-1
) [125]. Hence, it was concluded that the diffusion of the Mg into the joint 

region occurred much faster than the diffusion of Ni outside the liquid zone, hence Mg diffusion 

is expected to have a higher influence on the bond formation than Ni during the bonding process. 

Figure 6.62 shows that a bonding time of 1 minute resulted in four reaction layers formed inside 

the joint region these are marked L1, L2, L3 and L4. The EDS and WDS analysis of L1 reaction 

layer showed that it has the chemical composition of 96% Mg, 2%O, 2%Al and this was 

expected due to solid-state diffusion of Mg from Mg-AZ31 alloy towards the joint zone during 

the heating stage. The reaction layer L2 consists of the liquid eutectic, this was indicated by the 

formation of a lamellar structure. However, the black islands has a 100% Mg concentration, as 

well the formation of the intermetallics (white phases) contains approximately 67% Mg, 25% Ni, 

8% Al. The literature of Mg-Ni-Al ternary system suggested the formation of ternary compounds 

denoted as τ (Mg3AlNi2) and Mg2Ni, both phases in addition to (Mg) may form simultaneously 

(see figure 6.63) [126]. The XRD spectrum confirmed the formation of Mg2Ni and Mg3AlNi2 
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(see sections 6.2.4, 6.3.4, 6.4.4 and 6.5.4). The reaction layer L3 is a non-melted Ni coat, 

however, this layer melted to form a eutectic when the bonding time increased to 5 minutes and 

greater. The L4 reaction layer formed towards the Ti-6Al-4V alloy and was expected to form due 

to solid-state diffusion between Ti and Ni. However, Zavali et. al. reported in the Mg-Ni-Ti 

ternary phase diagram, the formation of Mg3TiNi2 at a temperature of 450
o
C (see figure 6.64). In 

this study, XRD analysis confirmed the formation of Mg3TiNi2 compound at a bonding time of 

10 minutes (see section 6.4.4, figure 6.44). The formation of multiple reaction layers was also 

reported by Cooke [59] for TLP bonding of MMC-Al using a combination of Cu coatings and Sn 

foils. 

   

 

 

 

 

 

 

 

 

 

Mg-AZ31 

Ti-6Al-4V 

L4 

L2 

L3 

L1 

Figure 6.62: SEM micrographs of Mg-AZ31/Ni coat/Ti-

6Al-4V joint interface made at 12 µm and 

0.2 MPa for 520
o
C and 1 minute. 
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Figure 6.63: Al-Mg-Ni ternary phase diagram and isothermal section at 427
o
C [126]. 

τ (Mg3AlNi2) + 

Mg2Ni+(Mg) 

Figure 6.64: Mg-Ni-Ti ternary phase diagram at 450
o
C [149]. 

Mg2Ni & 

Mg3TiNi2 
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6.6.2 Eutectic formation and Mg-AZ31 dissolution 

Immediately after the heating stage upon reaching the bonding temperature, the TLP bonding 

resulted in a liquid layer formed inside the joint zone by eutectic reaction between Ni and Mg. 

The formation of the liquid eutectic was visually seen during the bonding process where small 

amount of liquid squeezed out of the joint interface and solidified outside the joint, this was seen 

once the temperature reached 512
o
C. Bormann and Zöltzer (1992) suggested that the minimum 

liquid formation temperature in Ni-Ti system is 940
o
C [138] (see figure 6.66). This temperature 

is way higher than the bonding temperature and the melting temperature of the Mg-AZ31. 

According to Islam and Medraj (2006) the minimum eutectic liquid formation in Mg-Ni system 

is 508
o
C [127]. The differences in liquid formation temperature implies that the formation of 

metallurgical bond varies at both sides, where solid-state diffusion was dominant at Ni-Ti 

interface and eutectic formation was dominant at Ni-Mg interface. According to Ni-Mg phase 

diagram, the eutectic liquid starts to form at any interaction point when the Ni atomic 

concentration reaches 10 at. % and Mg at 90 at.%. Furthermore, the formation of Mg2Ni could be 

considered as a proof of eutectic formation. The XRD results presented in sections 6.2.4, 6.3.4, 

6.4.4 and 6.5.4 showed the presence of Mg2Ni. 

The interaction between Ni and Mg resulted in Mg-AZ31 parent alloy interface dissolution, as a 

result the liquid layer grows and joint region width increased. The increase in joint width starts 

from the moment the interface concentration reach a value equal to the eutectic composition. A 

Ni concentration of 10 at.% triggers the eutectic formation and results in an increase in joint 

width. This increase in joint width continues until the liquid concentration reaches the solidus 

line concentration corresponding to 8 at.% as indicated by the phase diagram. The widening 

effect continues until the liquid becomes saturated with concentration increase of the Mg.     
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Figure 6.65: Mg-Ni phase diagram [128,151]. 

Start of eutectic 

formation and joint 

width increase 

Driving force for 
joint width increase 

Driving force 

for Isothermal 
solidification 

Tuah-poku et al. (1988) reported for the interaction between the liquid/solid phase to occur and 

the dissolution of the base metal to take place is an order of seconds [92]. The case mentioned by 

Tuah-poku et al. (1988) is valid for similar parent alloys in both sides, however, in the case of 

Ti-6Al-4V/Ni coat/Mg-AZ31 this is only valid at the Mg-AZ31/Ni coat interface and solid-state 

diffusion is dominant at the Ni coat /Ti-6Al-4V interface. Once the concentration reached the 

liquidus line the liquid started to saturate and reached an equilibrium state and onset the 

isothermal solidification which also lead to decreasing in liquid joint zone width as the bonding 

time progress. During this stage liquid diffusion coefficient is considered as the dominant 

diffusion mechanism.  
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It was shown before in section 2.6.1 that the estimated time for base metal and interlayer 

dissolution can be calculated using: 

   
  
 

    
   

 ………….. Equation 6.1 

The thickness of nickel interlayer coat used in this study was   =12µm, and diffusivity D Mg in Ni 

at 510
o
C are =1.82x10

-11
 m

2
s

-1 
, and

 
D Mg in Ni at 530

o
C are = 2.05x10

-11
 m

2
s

-1
, hence D Mg in Ni at 

515
o
C are = 1.88x10

-11
 m

2
s

-1 
[17]. The calculated K1 = 0.13 (see section 4.5.1). The theoretical 

time estimated from equation 6.1 for this stage is 28.3 second. This value is in agreement with 

the time estimation suggested by Tuah-Poku et al. [92].  In comparison to the time calculated for 

the 20 µm Ni foils at 515
o
C (78 second = 1.30 minutes), the time for the interlayer dissolution is 

smaller, and this was attributed to the difference in the initial thickness between the Ni foils and 

the Ni coats. 

Furthermore, the theoretical maximum joint zone width can be calculated by the equation: 

Figure 6.66: Ni-Ti Binary phase diagram [138]. 
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          [  
      

   
  
  

  
] …………   Equa ion 6.2 

          Represent the densities of parent alloy Mg-AZ31 and Ni coat interlayer respectively, 

where as   and     are the weight fraction compositions for Ni and Mg respectively. The 

density (   ) of Mg is 1.74 g/cm
3 

[9,32] and the density of Ni (   ) is 8.90 g/cm
3 

[131].    is 

taken as 100 wt.% since pure Ni coat was used and     was taken from the Mg-Ni phase 

diagram shown  in figure 6.65 as 20 wt.%. Based on those values the theoretical calculated 

maximum width       at initial Ni coat thickness   = 1 to 20 µm using equation 6.2 is shown 

in figure 6.67. The differences between the theoretical calculated maximum width and the 

experimental observed one can be attributed to the difference in     between the actual density of 

Mg-AZ31 alloy and the assumed density of Mg for this alloy. Furthermore, the proposed model 

failed to predict the reduction in thickness due to the solidifications. The differences between the 

calculated and measured values suggested that the weight fraction compositions for the measured 

were less than the one published in the literature for the Mg-Ni binary system. This can be 

attributed to the complexity of the system where 7 elements from the Ni coat, Mg-AZ31 and Ti-

6Al-4V alloys were interacting with each other. Furthermore, the formed phases and 

intermetallics at the Ni/Mg-AZ31 interface may reduce the direct contact area between the coat 

and the alloy interface, hence less fraction of the theoretical calculated width are actually 

available, this may lead to slower process and reduce the actual measured maximum joint width.     
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6.6.3 Isothermal solidification  

The isothermal solidification continues from the solidus concentration until the solvent (Mg) 

concentrations reach the solid-solution concentration (see figure 6.65) [151]. Furthermore, the 

isothermal solidification continues until it consumed the liquid interlayer totally. Further increase 

in bonding time resulted in a homogeneous bond region. The concentration of the formed joint 

may reach a similar composition of the solid-solution alloy; hence it is expected to have similar 

physical properties and mechanical characteristics to the Mg-AZ31 parent alloy. 

The experimental work in this chapter showed that the isothermal solidification depends on 

different parameters such as the initial coat thickness, the temperature, and the bonding time. It 

was observed that initial coat thickness may affect the isothermal solidifications (see section 

6.2.1). The onset of isothermal solidification may be confirmed by two things; first the shrinkage 

Figure 6.67: Relation between Experimental measured and theoretical calculated joint width. 
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of joint width and vanish of the lamellar structure eutectic phase Mg2Ni. However, both were 

seen at prolonged holding time (above 20 minutes) and different coat thickness. 

It was suggested in section 2.6.1 that the time     for isothermal solidification can be estimated 

for migrating interface model assuming two semi-infinite phases with migrating solid/liquid 

interface as: 

    
    
 

      
 ………….. Equation 6.3 

The maximum obtained width (    ) varied with initial coat thicknesses, K was estimated to be 

0.13 (see section 4.5.1). The diffusion coefficient of Mg in Ni at 515
o
C can be calculated based 

on Elthalabawy work for the diffusion coefficient of Mg in Ni at 510 and 530
o
C to be 1.88x10

-11
 

m
2
s

-1
 [17]. Then the time estimation for isothermal solidification (   ) is as 17.47 minutes when 

12 μm initial coat was used (correspond to 73 μm maximum width). This is in agreement with 

Padron et al. where the authors suggested that isothermal stage and homogenisation stage may 

take from several minutes to hours each [72]. However the actual isothermal solidification time 

is expected to be longer, since other elements in the systems (Al, Ti, V, and Zn) diffusion is 

expected to affect the bonding process. However, the experimental work revealed that the onset 

of isothermal solidification is at 20 minutes where the joint width was observed to shrink.  
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6.7 Summary 

Transient liquid-phase bonding of two dissimilar alloys, Ti–6Al–4V and Mg–AZ31, was carried 

out using thin Ni coats (1-20μm). Microstructural characterization of the joint region showed that 

the application of Ni coats showed a joining mechanism similar to the bonding mechanism 

achieved for Ni foils. The mechanism includes Ni-Mg eutectic formation at the Mg-AZ31 

interface and solid-state diffusion between Ni-Ti at Ti-6Al-4V interface. The results showed that 

as the initial coat thickness increased it affects the formed joint zone and the maximum joint 

zone widths varies based on the sizes of different intermetallics formed. The increase in bonding 

temperature from 500 to 540
o
C resulted in change of bonding mechanism from solid-state to 

liquid eutectic formation. However, 540
o
C resulted in higher joint width and lower shear 

strength.  

 The heating and solid-state diffusion stages led to the formation of eutectic Mg2Ni, in addition 

the presence of Al in both alloys Mg-AZ31 and Ti-6Al-4V resulted in the formation of ternary 

Mg-Ni-Al intermetallics. However, the formation of intermetallics found to have great effect on 

the joint quality, where the increase of intermetallics concentration deteriorates the joint shear 

strength.     

Higher bonding pressure resulted in higher diffusion at the grain boundary, however after 0.2 

MPa bonding pressure, higher bonding pressures deteriorates the joint quality as it was found 

that higher pressure resulted in squeezing out the liquid eutectic. The results showed that the use 

of Ni coats enhanced the surface to surface contact and resulted in better joint strength, the 

maximum shear strength obtained was 61 MPa using 12 μm coat thickness, 520
o
C bonding 

temperature, 20 minutes bonding time,  and 0.2 MPa bonding pressure. 
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7 CHAPTER SEVEN: TRANSIENT LIQUID PHASE BONDING USING 

NICKEL AND COPPER NANO-PARTICLE DISPERSIONS 

7.1 Introduction 

Joints produced using Ni foils resulted in sound (39 MPa shear strength) TLP bond of Mg-AZ31 

and Ti-6Al-4V, however further enhancement (57 MPa shear strength) was achieved by Ni-Cu 

sandwich foils. Pure Ni coats resulted in higher joint strength (61 MPa shear strength) in 

comparison to the Ni foils. The literature shows that the quality of bonds produced by TLP 

bonding is significantly affected by the interlayer composition [94,152,153]. Furthermore, in 

recent published studies, it was shown that a nano-particle dispersed coat (i.e. Ni/Al2O3) as an 

interlayer can improve joint strengths significantly [114,153,154]. 

In this chapter, Ni coats produced by electroplating and containing a dispersion of Ni/Cu nano-

particles as a eutectic forming interlayer were used to join the Mg-AZ31 to Ti-6Al-4V. The 

effect of dispersed Ni and Cu nano-particles in electroplated Ni coats on joint microstructural 

development and subsequent effect on mechanical properties such as micro-hardness and joint 

shear strength were investigated. 

  

Figure 7.1: Flow chart showing experimental parameters tested in chapter 7. 
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7.2 Effect of dispersed nano-particle coat on joint microstructure 

Figure 7.2 shows the microstructure of Ti-6Al-4V/Ni nano/Mg-AZ31 for joint interface made at 

515
o
C, 0.2 MPa for 20 minutes using Ni coatings containing a dispersion of Ni nano-particles. At 

the Mg-AZ31 joint interface the diffusion of Al and Ni was found to be higher at the grain 

boundaries. The EDS analysis revealed 60 % Mg, 37% Al, 2% Ni and 1% O. However, at the 

center of the grain a higher concentration of Mg was noticed and the EDS reveled (92 % Mg and 

8% Al). This observation was in agreement with the published literature, in which it was found 

that the diffusion along grain boundaries was higher than transgranular lattice diffusion [17]. 

Inside the joint region the white “islands” showed a composition of 68% Mg, 27% Al and 5%Ni. 

The width of the joint zone was measured at 58 μm. However, it can be divided into two reaction 

layers, L1 and L2, where L1 was measured at 41 μm and L2 as 17 μm.  

Figure 7.3 shows the WDS line analysis obtained across the joint interface for bonds made at 

520
o
C, 0.2 MPa for 20 minutes. As seen before, a change in the element concentration was seen 

and the Ni diffused from the initial thickness (12 μm) to a distance of 80 μm into Mg-AZ31 

alloy. For the Al a change in concentration from 4 at.% at Mg-AZ31 interface to about 18 at.% at 

the Ti-6Al-4V interface was recorded.    

 

 

 

 

 

Mg-AZ31 a 

Ti-6Al-4V 

W 

Mg-AZ31 b 

Ti-6Al-4V 

W 

Figure 7.2: SEM micrographs of Ti-6Al-4V/Ni nano/Mg-AZ31 joint interface after bonding 

at 520
o
C and 0.2 MPa for 20 min: (a) back scattered image (b) secondary image. 

L1 

L2 
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Figure 7.3: SEM micrograph and WDS line analysis for Ti-6Al-4V/Ni nano/Mg-

AZ31 joint made at 520
o
C, 0.2 MPa for 20 minutes. 
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The co-electrodeposited Ni coat with Cu dispersed nano-particles thickness was controlled by the 

current density (5 A/dm
2
) and deposition time (12 minutes) were applied. However, it was 

observed that the electroplating process resulted in ultra-thin coat before bonding, which was 

thinner than Ni coats or Ni coats with dispersed Ni nano-particles. The SEM and EDS analysis in 

figure 3.7 confirmed this observation. The Ti-6Al-4V alloy was visible and EDS revealed a high 

concentration of Ti.  

Figure 7.4 shows the SEM of the joint interface for bonds made at 515
o
C, 0.2 MPa for 20 

minutes using Cu nano-particles dispersed in Ni coatings. However, unlike the joint interface 

seen before formed with Ni coats or Ni nano-particles dispersed coats, the joint interface 

consisted of one reaction layer only (see figure 7.4). Furthermore, the thickness of joint width 

attains a minimum value of 5 μm. When Cu nano-particles dispersed in Ni coats was used, 

during the experiment, the amount of formed liquid eutectic observed was less than the one 

observed when Ni electroplated coats without dispersed nano-particles used. This was also 

attributed to the ultra-thin coat thickness of Cu nano-particles dispersed in Ni coats. Also it was 

confirmed by the WDS line analysis where the Cu and Ni attain a very low at% (less than 1%) 

inside the joint centerline. Figure 3.7 shows that the coat is continuous and the nano-particles 

were uniformly distributed. The EDS compositional analysis revealed that the reaction layer 

consists of 69% Mg, 16% Al, 2% O, 2% Cu and 1% Ni. 
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Figure 7.4: SEM micrographs of Ti-6Al-4V/Cu nano/Mg-AZ31 joint interface after bonding at 

520
o
C and 0.2 MPa for 20 min: (a) back scattered image (b) secondary image. 
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Figure 7.5: SEM micrograph and WDS line analysis for Ti-6Al-4V/Cu 

nano/Mg-AZ31 joint made at 520
o
C, 0.2 MPa for 20 minutes. 
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Figure 7.6 illustrate the SEM micrograph for a joint made at 520
o
C, 0.2 MPa for 20 minutes 

using Ni coats with dispersed Ni-Cu nano matrix particles. It was observed that only one reaction 

layer formed inside joint center. From the SEM micrograph, a 15 μm joint zone width was 

observed. However, the EDS analysis showed that within the reaction layer the composition 

varied with different regions of the reaction layer. Table 7.1 shows the EDS analysis of the 

points as numbered in figure 7.6. The formation of different regions inside the reaction layer 

with different chemical compositions, suggested the formation of multi-phases and compounds 

which could deteriorate the quality of the bond.  

Table 7.1: EDS point analysis (in wt%) as mentioned in figure 7.6 

Element Mg Al Zn Ti V Ni Cu O 

1 92.4 7.0 0.0 0.0 0.0 0.2 0.0 0.3 

2 74.2 13.7 0.0 5.6 0.0 4.4 0.0 2.0 

3 63.8 21.9 0.0 9.9 0.0 0.8 1.8 1.7 
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Figure 7.6: SEM micrographs of Ti-6Al-4V/Cu-Ni nano matrix/Mg-AZ31 joint interface after 

bonding at 520
o
C and 0.2 MPa for 20 min: (a) back scattered image (b) secondary 

image. 
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Figure 7.7: SEM micrograph and WDS line analysis for Ti-6Al-4V/Cu-Ni nano 

matrix/Mg-AZ31 joint made at 520
o
C, 0.2 MPa for 20 minutes. 
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The literature suggests that nano-particles have a high surface energy associated with them and 

this can reduce the melting point of a bulk material [154–156]. Tiwari reported that the 

application of Ni nano-particles for diffusion bonding resulted in a 20 μm thick of continuous 

reaction zone. Furthermore, the application of nano-particles resulted in a reduction in the 

formation of intermetallics, and this enhanced the quality of the joint. The same observation was 

seen for Ni coats with Ni and Cu dispersed nano-particles. The SEM micrograph in figures 7.2, 

7.4 and 7.6 shows that the Ni coat with Ni and Cu dispersed nano-particles reacted with Mg-

AZ31 alloy and melted to form the reaction layers. The literature suggests the use of multi-

metallic-component alloy as an interlayer to enhance the microstructural homogeneity and bond 

strength. Ryan (1989) reported the application of Ti, Ni and Cu alloy to bond Ti alloy to stainless 

steel [154,157]. The Ni coating containing a dispersion of Ni and Cu nano-particles was very 

thin and was expected to accelerate the TLP bonding process because of the shorter diffusion 

Figure 7.8: Relation between coat type and joint width 
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distances. As a result Tiwari and Paul (2010) reported that nano-powders and nano-particles have 

received increased attention in many precision joining techniques such as integrated circuits and 

microsystem packaging [158].  

7.3 Micro-hardness measurements 

Figure 7.9 shows change in micro-hardness profiles across the joint interface for bonds made 

using the various nano-particle dispersions. From 50 to 400 μm inside the Ti-6Al-4V alloy, Ni 

nano-particles dispersed in Ni coats showed the highest micro-hardness profile. The maximum 

value was measured as 372 VHN at 100 μm from joint centerline. This was attributed to the 

diffusion of the Ni inside the Ti alloy and the formation of Ni-Ti solid-solution. The same 

observation was also observed at Mg-AZ31 side from 50 to 600 μm where the hardness value 

was measured as 93 VHN at 600 μm from joint centerline. This was attributed to the diffusion of 

Ni into Mg alloy and the formation of intermetallics at the Mg-AZ31 alloy interface.  

Both micro-hardness profiles resulted from the Cu nano-particles dispersed in Ni coats and 

Cu/Ni nano-particles matrix dispersed in Ni coats were very close to each other. Except at the 

joint centerline where a difference of 43 VHN exists between the two profiles. Furthermore, it 

was noticed that from 100 to 200 μm inside the Mg-AZ31 alloy, the Ni electroplated coat, Cu 

dispersed nano-particles and Cu/Ni dispersed nano-particle matrix, the micro-hardness attains a 

similar profiles with an average value of 65 VHN. 

The compositional homogeneity can be assessed by micro-hardness testing across joint region, 

where uniform hardness across joint interface indicates a good chemical homogeneity. The 

results in figure 7.9 indicate that Ni coat with a dispersion of Ni and Cu nano-particles attains a 

higher hardness value than Ni coating without a nano-particle dispersion. This observation was 
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clearer at the Ti-6Al-4V interface. It is thought that the Orowan strengthening mechanism is 

responsible for the increase in the hardness and joint strength. It is suggested that the nano-

particles cause a higher strain hardening rate and this resulted in an increase the hardness 

[153,159].  

 

 

 

Figure 7.9: Micro-hardness profile across joints made at 520
o
C, 0.2 MPa for different coat 

dispersions. 
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7.4 Shear Strength evaluation 

Figure 7.10 shows the joint shear strength values obtained for bonds made at 520
o
C, 0.2 MPa for 

20 minutes. When Ni coatings with a Ni nano-particle dispersion were used, a reduction in joint 

shear strength from 61 to 51 MPa was observed when compared with joints made using pure Ni 

coatings.  

The Ni coatings containing dispersion of Cu nano-particles gave a maximum shear strength 

value of 69 MPa and this value was double the value reported when Ni foils were used to bond 

Mg-AZ31 alloy (36 MPa). This value was higher than the shear strength attained when using 

adhesive bonding or spot welding [16,160,161]. 

 However, when a Ni coating with a Ni-Cu nano-particle dispersion was used to form a joint, a 

decrease in joint shear strength was observed to 19 MPa. This drop in shear strength was 

attributed to the segregation of Mg-Ni, Mg-Cu, and Ni-Cu intermetallics within the joint center, 

and the observed inhomogeneity of the single reaction layer composition (see table 7.1 and 

figure 7.6).  

Tiwari and Paul (2010) reported that Ni nano-particle assisted joint resulted in higher shear 

strength at lower temperature than the one without nano-particles [154,158]. Furthermore, the 

bond interface has less brittle intermetallics and phases as well less voids. However, in this 

research work, Ni nano-particle dispersion did not enhance the shear strength (drop in shear 

strength from 61 to 51 MPa was observed) and the reaction layer included different 

intermetallics. The Ni coats with Cu nano-particle dispersion were the only nano-particle to 

increase the joint shear strength to 69 MPa.  
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Figure 7.10: Joint interface shear strength as a function of coat types for joints made at 

520
o
C, 0.2 MPa for 20 minutes. 
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7.5 Fractography and XRD analysis 

The SEM micrograph and XRD spectra obtained from Mg-AZ31 and Ti-6Al-4V alloys fractured 

surface are shown in figures 7.11 to 7.14. When Ni coats were used both fracture surface showed 

a mixed ductile/brittle failure mode. Two intermetallic phases were commonly detected at the 

fracture surfaces of both alloys, the eutectic phase Mg2Ni and the ternary phase Mg3AlNi2. 

Furthermore, no Ti secondary phase or intermetallics were detected at the fracture surface of the 

Ti-6Al-4V alloy suggesting that the fracture path was along the bond center and close to the Mg-

AZ31 alloy interface. 

Using Ni coats with a dispersion of Ni nano-particles resulted in ductile failure mode. 

Furthermore, Mg2Zn3 and TiZn3 peaks were detected at both the Mg-AZ31 and Ti-6Al-4V 

fracture surfaces. This suggested that the direction of crack propagation alternates from one 

interface to the other. When Ni coats with dispersion of either Cu or Ni nano-particles were used, 

the observed failure mode was brittle in both cases. The SEM micrograph in figure 7.4 showed 

that the width of the joint zone was less than 10 μm, and this suggested that the fracture 

propagated in this joint zone. This observation was confirmed by the detection of Mg and 

Mg2Zn3 at the Mg-AZ31 fracture surface, and Al6Ti19 at Ti-6Al-4V fracture surface. 

Furthermore, a ternary phase of Mg2Cu6Al5 was detected, and this was anticipated because the 

Cu-Mg eutectic formation temperature (485
o
C) [137] is less than the Ni-Mg (508

o
C) temperature 

[128]. Once these compounds formed inside the bond region, these compounds remained within 

the joint zone.  

When Ni coatings with a Ni-Cu nano-particle dispersion used, only Cu-Mg eutectic phase 

(CuMg2) was observed. Furthermore, no Ti rich phase was detected at the Ti-6Al-4V fracture 
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surface indicating that the fracture path propagated away from Ti-6Al-4V alloy interface and 

close to the Mg-AZ31 interface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.11: SEM micrograph and XRD spectra from fractured surface 

for Ti-6Al-4V/Ni/Mg-AZ31 bond made at 515
o
C, 0.2 MPa, 

and 20 minutes: a) Mg-AZ31 side; b) Ti-6Al-4V side. 

a 

b 
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Figure 7.12: SEM micrograph and XRD spectra from fractured surface 

for Ti-6Al-4V/Ni nano/Mg-AZ31 bond made at 515
o
C, 0.2 

MPa, and 20 minutes: a) Mg-AZ31 side; b) Ti-6Al-4V side. 

Figure 7.13: SEM micrograph and XRD spectra from fractured surface 

for Ti-6Al-4V/Cu nano/Mg-AZ31 bond made at 515
o
C, 0.2 

MPa, and 20 minutes: a) Mg-AZ31 side; b) Ti-6Al-4V side. 
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b 
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Figure 7.14: SEM micrograph and XRD spectra from fractured surface 

for Ti-6Al-4V/Ni-Cu nano matrix/Mg-AZ31 bond made at 

515
o
C, 0.2 MPa, and 20 minutes: a) Mg-AZ31 side; b) Ti-

6Al-4V side. 
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7.6 Mechanism of joint formation 

The bonding of Mg-AZ31 to Ti-6Al-4V using a Ni interlayer with a dispersion of Ni and Cu 

nano-particles was expected to follow the same stages observed in bonding using Ni 

electroplated coatings. The presence of Cu nano-particles within the joint was thought to have 

the same effect as that of a double Ni-Cu sandwich foil as seen earlier in chapter five. 

7.6.1 Solid-state diffusion and eutectic formation 

Solid-state diffusion during the heating up stage to the bonding temperature is thought to occur 

before eutectic formation at the joint. It is thought that for a metallurgical bond to form, two 

mechanisms are involved. Firstly, solid state diffusion at the Ti-6Al-4V alloy interface and 

secondly, solid-state diffusion followed by eutectic formation at the Mg-AZ31 alloy interface. 

The literature review about the Ti-Ni, Ti-Cu and Ti-Ni-Cu systems suggests that no eutectic will 

form below a temperature of 883
o
C. This temperature is higher than the bonding temperature of 

515
o
C, (see figure 7.15). 

At the Mg-AZ31 alloy interface, solid-state diffusion of Ni and Cu from the interlayer into the 

Mg-AZ31 alloy occurs and Mg diffuses into the joint region to cause a change in the 

concentration of elements. Once the concentration of Mg-Ni reaches 13 at% at 512
o
C the Mg-Ni 

eutectic starts to form. Once the Cu-Mg concentration reaches 86 at% at a temperature of 483
o
C 

the Mg-Cu eutectic starts to form. According to the phase diagram of Ni-Cu it is not expected to 

produce any eutectic below a temperature of 1085
o
C.  

The literature suggest that nano-particles have high surface to volume ratio and it is expected that 

these particles will diffuse faster into the parent alloys than bulk material (i.e. faster than foils) 
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[154,158]. In case of TLP bonding this observation is valid during solid-state diffusion. Once the 

liquid state forms it will have the same diffusion rate of Mg-Ni and Mg-Cu eutectic.  

In this research work, the joint shear strengths showed that when nano-particles of Ni and Cu 

dispersions were used together, the joint shear strength decreased. Furthermore, the joint zone 

width was wider than when Cu and Ni dispersion were used separately. This observation was 

attributed to the agglomeration of nano-particles. The agglomeration of nano-particles within a 

TLP bond was reported to deteriorate the bond strength significantly [152,162]. 

Gupta showed that no ternary intermetallics were detected in the Mg-Ni-Cu ternary system, and 

only binary intermetallics are possible [137]. This observation was confirmed by this study 

where no ternary Mg-Ni-Cu intermetallics were detected by the XRD analysis.     

The presence of Al in both alloys Mg-AZ31 alloy (3 wt% Al) and Ti-6Al-4V alloy (6 wt% Al) 

affected the bond formation. For Mg-Ni-Al, the formation of τ= Ni2Mg3Al is expected. For Mg-

Cu-Al many intermetallics are expected to form, with the major intermetallic being a compound 

of Mg2Cu6Al5. Both Ni2Mg3Al and Mg2Cu6Al5 were observed and detected by XRD analysis 

from the fractured surfaces in this research work. 

 

 

 

 

 



262 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a 

e 

d c 

b 

Figure 7.15: Binary phase diagrams for (a) Ni-Ti [138] (b) Cu-Ti [139] (c) Cu-Mg [39] (d) Cu-Ni [136] 

(e) Mg-Ni [39]. 
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Figure 7.16: Ternary phase diagrams for (a) Mg-Cu-Ni [39] (b) Mg-Al-Ni [166] (c) Ni-Cu-Ti [167] (d) 

Cu-Al-Mg [168]. 
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7.6.2 Dissolution and widening 

A comparison of joint widths obtained when bonding with a single Ni foil, double Ni-Cu foils, 

and Ni electroplated coatings showed that the thinnest reaction layers were obtained when Ni and 

Cu dispersed nano-particles were used. Thicknesses were 58, 5 and 15 µm for Ni dispersed nano-

particles, Cu dispersed nano-particles and Ni-Cu dispersed nano-particle matrix. This 

observation was attributed to two factors; firstly, the initial interlayer thickness was less when Ni 

and Cu dispersed nano-particles were used and secondly as discussed earlier in section 7.6.1, the 

Ni and Cu nano-particles are expected to diffuse faster during solid-state diffusion. The nano-

particles have high surface to volume ratio, and according to the literature it is expected to melt 

and diffuse outside the joint region faster than Ni foils and pure Ni coating interlayers [163–165]. 

In this research work this observation of higher rate of diffusion of nano-particles was in 

agreement with the microstructural observations where the application of Ni and Cu nano-

particle dispersions resulted in thinner joint zone width.  

7.6.3 Isothermal solidification 

Isothermal solidification was observed when both Ni and Cu nano-particles dispersion were 

used. The liquid eutectic was formed and observed during the experiment. However, in the SEM 

micrographs of joint interface, the lamellar structure of the eutectic phase disappeared from the 

reaction layer, this observation indicated the completion of isothermal solidification. The time 

for isothermal solidification (   ) can be estimated by the equation given in equation 7.1 (see 

section 2.6.1): 

    
    
 

      
 ………….. Equation 7.1 
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Table 7.2 shows the estimated isothermal time for Ni and Cu nano-particle dispersion. The 

minimum isothermal time     corresponds to the Cu dispersed nano-particle (0.21 minutes). The 

Ni coat containing a dispersion of Cu nano-particles resulted in a thinner interlayer coating. 

 

Table 7.2: Theoretical determination of isothermal solidification times (tIS). 

Dispersion type 

Ni nano-particle 

dispersion 

Cu nano-particle 

dispersion 

Ni/Cu nano-particle 

Matrix dispersion 

W 
2
 max  (µm) 3364x10

-12
 64x10

-12
 225x10

-12
 

K
2 
 0.0169 0.0169 0.0169 

D    (m
2
/s) 1.88x10

-11
 1.88x10

-11
 1.88x10

-11
 

    (Minutes) 11.03 0.21 0.74 
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7.7 Summary 

Surface coatings containing a dispersion of Ni and Cu nano-particles were successfully used to 

produce TLP bonds. The use of Cu nano-particle dispersions resulted in enhancement of bond 

shear strength, and the maximum bond shear strength was 69 MPa. However, the use of Ni nano-

particle dispersion and Ni/Cu nano-particle dispersion matrix decreased the joint shear strength. 

The use of dispersed Ni and Cu nano-particles in Ni coats resulted in higher hardness at the Ti-

6Al-4V alloy interface. The SEM micrograph of joint interface showed a thinner joint width with 

the formation of one reaction layer when Ni coats with dispersed Cu nano-particles used and two 

reaction layers when Ni coats with dispersed Ni nano-particles used. The EDS and WDS 

elemental analysis as well the XRD spectra showed that the type of phases and intermetallics 

formed changed from eutectic Mg2Ni and Mg3AlNi2 when Ni nano-particles dispersion used to 

CuMg2 and Mg2Cu6Al5 upon the use of Cu nano-particles dispersion. However, the type and 

application of nano-particle dispersions must be carefully selected to enhance and accelerate the 

joint formation and joint shear strength. 
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8 CHAPTER EIGHT: CONCLUSIONS AND FUTURE WORK 

8.1 CONCLUSIONS 

In this research, the joining of Ti-6Al-4V alloy to Mg-AZ31alloy has been investigated for the 

first time using diffusion bonding technology. The transient liquid phase (TLP) bonding process 

was applied to join a Mg-AZ31 alloy to a Ti-6Al-4V alloy with the aid of eutectic forming 

interlayers. The interlayers consisted of foils of Ni and Cu, and electrodeposited Ni coatings with 

and without a dispersion of nano-particles. The effect of the bonding parameters and interlayer 

characteristics on microstructural developments and property changes across the joint were 

assessed using metallurgical analysis and mechanical tests. The research results identified a 

change in bonding mechanism from the traditional TLP bonding process to a semi-solid TLP 

bonding process. Furthermore, in this work a nano-particle dispersion of metallic copper and 

nickel powers was used with electro-deposited coatings in order to change the mechanism of 

bonding. The published work on modeling TLP bonding processes adopted the assumptions that 

the diffusion coefficient is independent of the compositions at the joint region; the solid/liquid 

concentration is remains constant at the joint interface and the effect of liquid convection is not 

considered because of the thin width of the interlayer used; and finally, the local equilibrium is 

maintained at the solid/liquid joint interface [72,92]. However, limitations of models currently 

available failed to predict the reduction in joint thickness due to solidification. This was 

attributed to the complex nature of the metals being studied in this work. For instance, the Ti-

6Al-4V and Mg-AZ31 alloy system contain up to 5 different elements in addition to the Ni and 

Cu interlayer elements and alloys which interact within the joint region to form phases and 

intermetallics. It is considered that these intermetallics can reduce the direct contact area formed 

between the interlayer and the alloys being joined and hence, affect bond strength values.      
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The results are summarized as follows: 

8.1.1 TLP bonding using foils 

 TLP bonding between the magnesium alloy Mg-AZ31 and titanium alloy Ti-6Al-4V was 

successfully achieved using two types of foils, and different configurations. Single Ni foils and 

double sandwich foils of Ni and Cu were used with two configurations for bonding. In both 

cases, joint formation occurred in four stages: heating and solid-state diffusion, eutectic 

formation, dissolution and widening at the joint and isothermal solidification of the joint towards 

Mg-AZ31 alloy and solid-state diffusion towards Ti-6Al-4V alloy. Experimental results showed 

that when single Ni foils were used, the joining process starts with compositional changes at the 

Ni/Ti-6Al-4V and Ni/Mg-AZ31 interfaces. This was followed by liquid eutectic formation and 

XRD analysis detected the formation of Mg3AlNi2, Mg3TiNi2, and Mg2Ni. Increasing the 

bonding time beyond 10 minutes resulted in wider joint width due to the dissolution of Mg-

AZ31. However, for a 20 minutes bonding time the onset of isothermal solidification was 

marked by shrinkage in the joint width. An increase in bonding temperature from 515
o
C to 

540
o
C resulted in an increase in the joint shear strength. The maximum bond shear strength using 

Ni foils was 39 MPa obtained at a bonding temperature of 540
o
C, bonding pressure 0.2 MPa for 

bonding time of 20 minutes. The effect of bonding pressure on joint microstructure showed that 

with an increase in the bonding pressure from 0.2 to 0.7 MPa produced thinner joint widths. This 

had the effect of reducing the time for the onset of isothermal solidification. The effect of 

increasing the bonding pressure on the joint shear strength was not clear. The maximum shear 

strength obtained at higher bonding pressure of 0.7 MPa was 11 MPa at bonding time of 10 

minutes. However, the same intermetallics (Mg2Ni and Mg3AlNi2) obtained when using a lower 
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bonding pressure of 0.2 MPa were also seen when a higher bonding pressure of 0.7 MPa was 

used.  

When the double Ni and Cu foils were used the results showed that the different interlayer 

configurations resulted in different times to achieve a bond and this gave joint with different 

bond shear strength. The results showed that the minimum bonding time required to achieve a 

joint was 10 minutes for Mg-AZ31/Cu-Ni/Ti-6Al-4V and 20 minutes for Mg-AZ31/Ni-Cu/Ti-

6Al-4V. This was attributed to the difference in liquid eutectic formation between Mg-Ni and 

Mg-Cu. The mechanical assessment of the joint showed that when double foils were used, an 

increase in joint shear strength was obtained. The maximum shear strength obtained when double 

foils used was 57 MPa for the Mg-AZ31/Ni-Cu/Ti-6Al-4V bonds made at 515
o
C, 0.35 and 20 

minutes. The XRD analysis of the fracture surfaces for double foils was in good agreement with 

the literature for the Cu-Mg-Ni ternary system. Intermetallics of CuMg2, Mg2Ni and Mg3AlNi2 

were dominant within the joint and detected on the fractured surfaces. 

8.1.2 TLP bonding using electrodeposited coatings 

TLP bonds were made using Ni electrodeposited coatings with and without the dispersed Ni and 

Cu nano-particles. Coatings of thickness from 1 to 20 μm were used to control eutectic liquid 

formation. The bonding process showed the same mechanism of joint formation as seen for foils; 

solid-state diffusion, eutectic formation, dissolution and widening, and isothermal solidification. 

Results showed that the coat thickness affects the amount of eutectic liquid formation and this in 

turn affects the concentration of intermetallics formed. The maximum bond shear strength was 

achieved for a 12 μm coat thickness. When the bonding temperature was increased from 500 to 

540
o
C it was found to change the mechanism of bond formation from solid-state to liquid 

eutectic formation. No significant change in joint width observed from 510 to 530
o
C, however 
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540
o
C resulted in shorter joint width and higher bonding temperature was thought to accelerate 

joint formation and resulted in shorter diffusion path. Increasing bonding pressure beyond 0.2 

MPa deteriorate the quality of the joint. This was attributed to the effect of higher bonding 

pressure on squeezing the formed liquid eutectic outside the joint interface. Mechanical 

evaluation of the bonds made using Ni electrodeposited coat showed an increase in joint shear 

strength in comparison to the bond made using Ni foils or Ni-Cu sandwich foils. The maximum 

shear strength obtained was 61 MPa using 12 μm coat thickness, bonding temperature of 520
o
C, 

bonding pressure 0.2 MPa for 20 minutes bonding time.  

Nano-particles have high surface to volume ratio, and high surface energy. This high surface 

energy can reduce the melting point of these nano-particles compared to the melting point of the 

same metal in the bulk form [154–156]. Earlier work has shown  that nano-particle assisted joints 

can be joined at a lower bonding temperature than normal and have a higher shear strength than 

joints made  without nano-particles [154,158]. It is reported in the literature that nano-powders 

and nano-particles have received increased attention in precision joining techniques such as 

integrated circuits and micro-system packaging [158]. 

Bonds made with dispersed Ni and Cu nano-particles resulted in shorter joint width. However, 

the type of intermetallics formed changed from Mg2Ni and Mg3AlNi2 when Ni nano-particles 

were used to CuMg2 and Mg2Cu6Al5 when Cu nano-particles were used. The results showed that 

the presence of Cu nano-particles enhanced the shear strength of the bond and the maximum 

shear strength obtained was 69 MPa. However, it was reported in the literature that the 

agglomeration of nano-particles in TLP bonding may significantly deteriorate the bond strength 

[152,162].  In this study, it was observed that the application of Ni nano-particle dispersion and 

Ni/Cu nano-particle matrix decreased the joint shear strength compared to the bond without 
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nano-particle dispersions from 61 MPa to 51MPa and 19 MPa, respectively. This was attributed 

to the intermetallics formation and the agglomeration of nano-particles within the joint zone. 

Hence, the application of nano-particle dispersion must be carefully selected to enhance and 

accelerate the joint formation and joint shear strength.  

8.2 Recommendations and future work  

TLP bonds using Ni coatings with a dispersion of nano-particles of Cu gave the best joint shear 

strength values. However, more research work is required to investigate the process further in 

order to understand the strengthening mechanisms. The use of dispersion strengthened coatings 

for bonding need to be investigated and applied to join other types of dissimilar alloys such as Ti 

alloy to Al alloy and steel alloys to Ti alloys.  

Further experimental work is necessary in order to establish the effect of component size and 

joint dimensions on microstructural developments across TLP joints. For instance, can bonding 

parameters optimized for a small joint be used for bonding a joint twice as large. This flexibility 

in TLP bonding parameters (bonding time and bonding temperature) for practical engineering 

and industrial applications is necessary.   

This research work was mainly experimental in nature and developed a process window for the 

joining of these alloys. Theoretical model must be also developed which relates the time for 

isothermal solidification of the joint to the bonding parameters and concentration of 

intermetallics formed within the joint.  

Further joint characterization using transmission electron microscopy (TEM) is necessary to 

determine the effect of nano-particle dispersion on the nucleation of Ni grains during the 

solidification of the liquid eutectic at the joint. 
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The promising results of this work should be extended to evaluate the TLP bonding of other 

dissimilar alloys system that’s required in the industry but could not be joined by other 

techniques.  

Finally, mechanical evaluation of the bonds at elevated temperature from 200 to 600
o
C is 

required to assess the joint strength in service conditions. As well other mechanical evaluation 

techniques such as fatigue test and impact test can be used; this may provide a full understanding 

of the reliability of the bond to be applied for a variety of engineering applications. 
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