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Abstract The transient liquid phase (TLP) bonding of

Ti-6Al-4V alloy to a Mg-AZ31 alloy was performed using

an electrodeposited Ni coating containing a dispersion of

Ni and Cu nanoparticles. Bond formation was attributed to

two mechanisms; first, solid-state diffusion of Ni and Mg,

followed by liquid eutectic formation at the Mg-AZ31

interface. Second, the solid-state diffusion of Ni and Ti at

the Ti-6Al-4V interface resulted in a metallurgical joint.

The joint interface was characterized by scanning electron

microscopy, energy dispersive X-ray spectroscopy, and

X-ray diffraction analysis. Microhardness and shear

strength tests were used to investigate the mechanical

properties of the bonds. The use of Cu nanoparticles as a

dispersion produced the maximum joint shear strength of

69 MPa. This shear strength value corresponded to a 15 %

enhancement in joint strength compared to TLP bonds

made without the use of nanoparticles dispersion.

Introduction

In recent years, there has been an increase in the demand on

advanced structural and engineering applications requiring

the use of joining techniques with the capabilities of bonding

dissimilar alloys [1–3]. Transient liquid phase (TLP) diffu-

sion bonding is a joining technique that is been used as an

alternative to join dissimilar alloys which cannot be joined

by conventional welding techniques such as fusion welding

[2, 4, 5]. The TLP diffusion bonding parameters include

bonding time, pressure, temperature, and interlayer charac-

teristics (e.g., coating or foil). In recent studies, Ni foils have

been used to produce joints between Mg-AZ31 and Ti-6Al-

4V alloys with satisfactory joint strength (39 MPa) [6].

However, further enhancement in joint strength was

achieved by a Ni/Cu double sandwich foil configuration

(57 MPa) [7]. Furthermore, the use of thin Ni electrode-

posited coats resulted in better joint quality and strength

(61 MPa), when compared with joints made with Ni foils [6,

7]. Therefore, the literature shows that the quality of bonds

produced by TLP bonding is significantly affected by the

interlayer characteristics which affect microstructural

development across the bond region and the subsequent joint

strengths [8–13]. Furthermore, in recent work, it has been

shown that the presence of a nanoparticle dispersion in a

coating (i.e. Ni/Al2O3) can also be used as a method of

strengthening the joint region [13–15].

Ti-6Al-4V alloy is an a–b titanium alloy, and has been

used in a number of engineering applications including

aerospace and chemical engineering applications, and this

particular alloy is the most used titanium alloy having a

titanium market share of 60 % [16, 17].

Magnesium is the lightest structural metal and has

attractive properties such as low density, high strength-to-

weight ratio, good formability, and corrosion resistance.

However, recently magnesium and its alloys have received

an increased attention for use in automotive, aerospace, and

electrical applications where weight reduction and specific

strength are important factors for its choice [18, 19].

The ability to join Ti-6Al-4V to Mg-AZ31 can open up

new avenues for product development especially in the

aerospace industry. In this work, Ni coatings electrode-

posited with a dispersion of nanoparticles of Ni, Cu, and
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Ni/Cu were used as eutectic forming interlayers to join Mg-

AZ31 alloy to the Ti-6Al-4V alloy. The effect of Ni and Cu

nanoparticle dispersions on microstructural developments

at the joint and subsequent effect on mechanical properties

was investigated.

Experimental procedure

Base metal alloys of Ti-6Al-4V (6.7Al-4.4V-bal. Ti, wt%)

and Mg-AZ31 (2.8Al-1.1Zn-bal. Mg, wt%) were used.

Both alloys were received in the form of 10-mm-diameter

rods. Samples 5 mm thick were cut and bonding surfaces

were ground and polished to a 1000 grit finish. The Ti alloy

surface was prepared for electrodeposition by soak clean-

ing the Ti-6Al-4V specimens with E-Kleen 102-E for

10 min, followed by a soak with E-Kleen 129-L for 2 min,

and then acid pickling with 31 % HCl for 2 min. Before

bonding, the Ti-6Al-4V was pickled for 3 min in 20 % HCl

and 80 % distilled water, followed by acetone cleaning to

remove surface oxides. The electrodeposition of Ni coat-

ings was carried out in a 250-ml glass beaker using Watt’s

plating solution prepared by dissolving: 250 g NiSO4

6H2O, 45 g NiCl26H2O, 35 g H3BO3, 1 g Saccharin in 1 l

of distilled water. Nanoparticles of Ni and Cu were intro-

duced into the Ni bath at a concentration of 20 g/200 ml in

three formats: Ni alone, Cu alone, and Ni/Cu together. The

bath was ultrasonically agitated for 1 h, followed by

magnetic stirring at 200 RPM for 1 h. Electrodeposition

was carried out using a current density of 5 A/dm2, with pH

level maintained at 3.5, the coating temperature was kept at

room temperature and the bath stirred at 200 RPM. The

current density (5 A/dm2) and deposition time (15 min)

were used as a method of controlling coating thickness.

TLP bonding was carried out using R.F. induction

heating in a vacuum chamber with a pressure of 4 9 10-4

Torr (0.053 Pa). The bonding temperature was set as

520 �C; bonding pressure as 0.2 MPa; and bonding time as

20 min. Joint characterisation was performed using scan-

ning electron microscopy (SEM, JEOL JXA 8200) equip-

ped with energy dispersive X-ray spectroscopy (EDS) for

composition analysis. X-ray diffraction analysis was used

to detect compounds formed at the fracture surface, A

Rigaku Multiflex CuKa radiation source with a step size

0.1o and step time 5 s is used at 40 kW and 20 mA over a

scanning range 10�–90� two Theta (2A). To evaluate the

mechanical properties of the joint, both microhardness

measurements and shear strength tests were performed.

A Vickers microhardness test was carried out using a

Shimadzu mini-load microhardness tester with a 50 g load.

Hardness profiles were established to a distance of 600 lm

on each side of the load interface. The shear strength

measurements were carried out using a 25 kN load-cell

using a Tinius Olsen tensile test rig using a cross-head

speed of 0.5 mm/min.

Results and discussion

Effect of nanoparticle dispersion on joint

microstructure

The microstructure of a joint made at 520 �C, 0.2 MPa for

20 min using a coatings with a Ni nanoparticle dispersion is

shown in Fig. 1. At the Mg-AZ31 bond interface, a grain

boundary precipitate formed and EDS analysis revealed

60 % Mg, 37 % Al, 2 % Ni, and 1 % O. In comparison, the

core of the grains showed a composition of 92 % Mg and

8 % Al. This observation showed that the diffusion of Al and

Ni was greater along grain boundaries and this has been

observed in the published literature [20]. Inside the joint

region, the white ‘‘islands’’ showed a composition of 68 %

Mg, 27 % Al, and 5 %Ni. The total width of the joint zone

was measured to be about 58 lm. However, it was divided

into two reaction layers, L1 and L2, where L1 was measured

with a width of 41 lm and L2 with a width of 17 lm.

The SEM micrograph in Fig. 2 shows a joint interface for

bonds made at 520 �C, 0.2 MPa for 20 min using a dis-

persion of Cu nanoparticles. The micrograph shows only one

reaction layer with a total thickness of about 5 lm. This was

attributed to the amount of liquid eutectic formed at the joint

which was much less than that observed when bonding with

a coating containing a Ni dispersion. The lower amount of

eutectic formed could be due to the faster diffusion coeffi-

cients for Mg in Ni compared to Mg in Cu (The diffusion of

Mg in Ni at 520 �C is 1.88 9 10-11 m2 s-1 and the diffu-

sion of Mg in Cu is 7.75 9 10-15 m2 s-1 [20, 21]), resulting

Fig. 1 SEM micrographs of Ti-6Al-4V/Ni nano/Mg-AZ31 joint

interface after bonding at 520 �C and 0.2 MPa for 20 min
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in faster solidification at the joint. The elemental line ana-

lysis confirmed a low concentration of Cu and Ni (less than

1 at.%) inside the joint centerline. The EDS compositional

analysis revealed that the reaction layer consisted of 69 %

Mg, 16 % Al, 2 % O, 2 % Cu, and 1 % Ni.

The SEM micrograph in Fig. 3 shows a joint made at

520 �C, 0.2 MPa for 20 min using a coating containing a

dispersion of Ni–Cu nanoparticles. Only one reaction layer

of 15 lm thick formed at the joint. However, EDS analysis

also showed that within the reaction layer the composition

varied with different regions of the reaction layer. Table 1

shows the EDS analysis of the points as numbered in

Fig. 3. The formation of different regions inside the reac-

tion layer showed different chemical compositions. This

suggested the formation of different intermetallic com-

pounds which could be detrimental to the mechanical

properties of the joint. Figure 4 shows the joint zone width

as function of coating type.

The literature suggests that nanoparticles have a high

surface energy associated with them, and this can reduce

the melting point of a bulk material [15, 22, 23]. Tiwari

reported that the application of Ni nanoparticles for diffu-

sion bonding of stainless steel 316 resulted in a 20 lm

thick continuous reaction layer. In this work, the SEM

micrograph in Figs 1, 2 and 3 shows that the Ni coating

containing Ni and Cu nanoparticle dispersion reacted with

the Mg-AZ31 alloy and melted to form the reaction layers.

The literature suggests that the use of a multimetallic

component alloy as an interlayer can enhance microstruc-

tural homogeneity and bond strength [24]. Tiwari and Paul

[25] reported that nanopowder technology has received

increased attention in many precision joining techniques

such as integrated circuits and microsystem packaging. The

Ni coating containing a dispersion of Ni and Cu nanopar-

ticles was very thin and could accelerate the TLP bonding

process because of the shorter diffusion distances.

The mechanism of joint formation occurred over three

stages: solid-state diffusion and eutectic formation, disso-

lution of the Mg-AZ31 parent alloy followed by isothermal

solidification of the joint. Solid-state diffusion of Ni in Mg

and Ni in Ti and vise versa during the heating up stage to

the bonding temperature is thought to occur before eutectic

formation of Mg–Ni at the joint. It is thought that the

formation of a metallurgical bond relies on two

Fig. 2 SEM micrographs of Ti-6Al-4V/Cu nano/Mg-AZ31 joint

interface after bonding at 520 �C and 0.2 MPa for 20 min

Fig. 3 SEM micrographs of Ti-6Al-4V/Cu-Ni nano matrix/Mg-AZ31

joint interface after bonding at 520 �C and 0.2 MPa for 20 min

Table 1 EDS point analysis (in wt%) taken from regions as shown in

Fig. 3

Element Mg Al Ti Ni Cu O

1 92.4 7.0 0.0 0.2 0.0 0.3

2 74.2 13.7 5.6 4.4 0.0 2.0

3 63.8 21.9 9.9 0.8 1.8 1.7

Fig. 4 Graph showing the effect of coat types on joint width
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mechanisms. First, solid-state diffusion at the Ti-6Al-4V

alloy interface and second, solid-state diffusion followed

by eutectic liquid formation at the Mg-AZ31 alloy inter-

face. The phase diagrams in Figs. 5 and 6 for the Ti–Ni,

Ti–Cu, and Ti–Ni–Cu systems suggest that no eutectic will

form below a temperature of 883 �C. This temperature is

higher than the bonding temperature of 520 �C.

As the Cu and Ni diffuse into the Mg, they form the

intermetallic compounds illustrated in the phase diagram

(e.g., MgCu2). Because TLP bonding kinetics are controlled

Fig. 5 Binary phase diagrams for a Ni–Ti [37] b Cu-Ti [38] c Cu-Mg [28] d Cu-Ni [39] e Mg-Ni [28]
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by its isothermal nature, and due to the fairly high thermal

conductivities of metals, the diffusion (horizontal sections of

phase diagrams) will overrule the heating (vertical sections

of phase diagrams), leading to melting occurring at con-

trolled compositions (e.g., Mg and Mg2Cu and the two liq-

uidus lines between these compositions at 520 �C), as

opposed to simply melting at the given composition of the

eutectic temperature. These compositions surround the

eutectic compositions that were mentioned for the Cu–Mg

and Mg–Ni systems and are also important to bond kinetics.

According to the phase diagram for Ni–Cu (Fig. 5d), no

eutectic is expected to form below a temperature of

1085 �C. The literature suggests that nanoparticles have

high surface to volume ratio and it is thought that these

particles will diffuse faster into the parent alloy than bulk

foil material (i.e., foil interlayers) [15, 25]. This holds true

for TLP bonding during the solid-state diffusion stage.

Once the liquid state forms, it will have the same diffusion

Fig. 6 Ternary phase diagrams for a Mg–Cu–Ni [28] b Mg–Al–Ni [40] c Ni–Cu–Ti [41] d Cu–Al–Mg [42]

Table 2 Theoretical determination of isothermal solidification times

(tIS)

Dispersion type Ni

nanoparticle

dispersion

Cu

nanoparticle

dispersion

Ni/Cu

nanoparticle

matrix dispersion

W2
max (lm) 3364 9 10-12 64 9 10-12 225 9 10-12

K2 0.0169 0.0169 0.0169

D (m2/S) 1.88 9 10-11 1.88 9 10-11 1.88 9 10-11

tIS (min) 11.03 0.21 0.74 Fig. 7 Microhardness profile for joints made at 520 �C, 0.2 MPa for

different coat types
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rate as that of Mg–Ni and Mg–Cu liquid eutectic. In this

work, the joint width was wider, when Ni nanoparticles

were used as a dispersion than when Cu alone or Cu–Ni

dispersions were used together, the wider joint (this

observation) was expected to deteriorate the bond strength

significantly [12, 26].

No ternary intermetallics are expected to form according

to Fig. 6a in the Mg–Ni–Cu ternary system, and only binary

intermetallics are possible [27, 28]. This observation was

confirmed by this study, and no ternary Mg–Ni–Cu inter-

metallics were detected by the XRD analysis. The presence

of Al in both alloys Mg-AZ31 alloy (2.7 wt% Al) and Ti-

6Al-4V alloy (6.7 wt% Al) affected bond formation. For

Mg–Ni–Al, the formation of s = Ni2Mg3Al was expected.

For Mg–Cu–Al, many intermetallics are expected to form

(Fig. 6d), and the major intermetallic that expected to form

is Mg2Cu6Al5. Both Ni2Mg3Al and Mg2Cu6Al5 were

observed and detected by XRD analysis of the fracture

surface in this research work. A comparison of joint widths

for bonds made using a single Ni foil, double sandwich Ni-

Cu foils, and Ni coatings showed that the thinnest reaction

layers were obtained, when a dispersion of Ni and Cu

nanoparticles was used [6, 7]. Thicknesses were 58, 5, and

15 lm for Ni-dispersed nanoparticles, Cu-dispersed nano-

particles and Ni–Cu dispersed nanoparticle matrix, respec-

tively. The nanoparticles have high surface to volume ratio,

and this encourages the formation of a eutectic faster and at

a lower temperature than with a pure Ni coat or foil [29–31].

In this work, this observation of higher rate of diffusion of

Fig. 8 Joint interface shear strength as a function of coat types for

joints made at 520 �C, 0.2 MPa for 20 min

Fig. 9 SEM micrograph and XRD spectra of fractured surface for Ti-6Al-4V/Ni/Mg-AZ31 bond made at 520 �C, 0.2 MPa, and 20 min: a
Mg-AZ31 side; b Ti-6Al-4V side
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nanoparticles was observed in the microstructural develop-

ments across the joint region.

The microstructural developments of the joint showed

that the time for isothermal solidification varied depending

on the type of particle dispersion present in the coating.

However, in the SEM micrograph, the formation of a

lamellar structure in the eutectic phase and its disappear-

ance indicated eutectic formation followed by completion

of isothermal solidification. The time for isothermal

solidification tIS can be estimated by the equation [32]:

tIS ¼
W2

max

16K2D
ð1Þ

Table 2 shows the estimated isothermal time for joint made

using Ni and Cu nanoparticle dispersions. The minimum

isothermal time tIS corresponded to joints made with a Cu

dispersion (0.21 min).

Microhardness measurements

The change in microhardness profiles across the joint

interface for bonds made using the various nanoparticle

dispersions is shown in Fig. 7. At a distance of 50–400 lm

inside the Ti-6Al-4V alloy, the presence of Ni diffusion

into the Ti alloy resulted in an increase in value to 372

VHN. This was attributed to the formation of a Ni–Ti solid-

solution, and a similar observation was also observed at the

Mg-AZ31 interface. The diffusion of Ni into the Mg alloy

resulted in the formation of intermetallics at the Mg-AZ31

alloy interface and also an increase in hardness value to 93

VHN within the Mg alloy.

In comparison, the hardness values for joints made with

Cu or Cu–Ni nano dispersions resulted in lower microh-

ardness profiles. At a distance of 100–200 lm inside the

Mg-AZ31 alloy, a similar hardness profile of 65 VHN was

recorded and was not affected by the type of dispersion

used at the joint.

The compositional homogeneity of the joint can be

assessed by microhardness testing across the joint region.

In general, a uniform hardness across the joint interface

indicates a good homogeneity. The results in Fig. 7 indi-

cate a uniformity in microhardness on either side of the

joint region suggesting that solid-solution strengthening is

attained by the interdiffusion of elements across the joint

Fig. 10 SEM micrograph and XRD spectra of fractured surface for Ti-6Al-4V/Ni nano/Mg-AZ31 bond made at 520 �C, 0.2 MPa, and 20 min:

a Mg-AZ31 side; b Ti-6Al-4V side
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region. Furthermore, the presence of a dispersion of

nanoparticles within the joint gives a higher hardness

profile compared to joints made with Ni coating without

dispersion. This observation was particularly noticeable at

the Ti-6Al-4V joint interface. In addition to solid-solution

strengthening, the presence of fine intermetallics dispersed

within the joint can also increase the hardness values across

the joint region. Furthermore, it is suggested that the

nanoparticles cause a higher strain-hardening rate and this

resulted in an increase the hardness [13, 33].

Shear strength evaluation

The joint shear strength values obtained for bonds made at

520 �C, 0.2 MPa for 20 min can be seen in Fig. 8. Joints

made with a dispersion of Ni nanoparticles gave shear

strength value of 51 MPa which was lower than the

61 MPa value achieved when using pure Ni coatings. It is

thought that less Ni–Mg eutectic liquid formed when

bonding with Ni dispersion due to the higher diffusivity of

Ni nanoparticles toward the Ti alloy interface.

Joints made with a dispersion of Cu nanoparticles gave a

maximum shear strength value of 69 MPa. This value was

double the value reported for bonds made using Ni foils

(36 MPa). This value was also higher than the shear

strength values obtained when adhesive bonding or spot

welding was used to join these alloys [5, 34, 35].

However, when a Ni coating with Ni/Cu nanoparticle

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

forming inhomogeneous single reaction layer.

Tiwari and Paul [15, 25] reported that a dispersion of Ni

nanoparticles produced a joint with a higher shear strength

at lower bonding temperature than joints made without

nanoparticles. Furthermore, the bond interface has less

brittle intermetallics and phases as well as less voids.

However, in this research work, it is shown that the type of

nanoparticles influences joint strengths. The use of Cu

nanoparticles dispersion gave the best joint shear strength

values of 69 MPa.

Fig. 11 SEM micrograph and XRD spectra of fractured surface for Ti-6Al-4V/Cu nano/Mg-AZ31 bond made at 520 �C, 0.2 MPa, and 20 min:

a Mg-AZ31 side; b Ti-6Al-4V side
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Fractography and XRD analysis

The SEM micrograph and XRD spectra obtained from Mg-

AZ31 and Ti-6Al-4V alloys fractured surface are shown in

Figs. 9, 10, 11 and 12. When Ni coats without a dispersion

were used, both fracture surfaces showed a mixed ductile/

brittle failure mode. Two intermetallic phases were com-

monly detected at the fracture surfaces of both alloys, the

eutectic phase Mg2Ni and the ternary phase Mg3AlNi2.

Furthermore, no Ti–rich phase or intermetallics were

detected at the fracture surface of the Ti-6Al-4V alloy. This

observation suggested that the fracture propagated through

the center of the joint and close to the Mg-AZ31 interface.

Joints made using a Ni nanoparticle dispersion produced

a ductile failure mode (Fig. 10). Furthermore, Mg2Zn3 and

TiZn3 peaks were detected on both the Mg-AZ31 and Ti-

6Al-4V alloy fracture surfaces. This suggested that the

direction of crack propagation deviated from one joint

interface to the other.

Joints made with a dispersion of Cu nanoparticles gave a

failure mode that was brittle (Fig. 11). The SEM micro-

graph in Fig. 2 showed that the width of the joint zone was

less than 10 lm, and this suggested that the fracture

propagated in this joint zone. This observation was con-

firmed 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

temperature (485 �C) [27] was less than the Ni–Mg

eutectic temperature (508 �C) [36]. Once these compounds

formed inside the joint region, these compounds remained

within the joint zone.

Joints made using a dispersion of Ni/Cu nanoparticles

produced Cu–Mg eutectic phase (CuMg2) at the joint

(Fig. 12). Furthermore, no Ti-rich phase was detected at

the Ti-6Al-4V fracture surface indicating that the fracture

path propagated away from Ti-6Al-4V alloy interface and

close to the Mg-AZ31 interface.

Conclusion

The TLP bonding of Mg-AZ31 to a Ti-6Al-4V alloy using a

dispersion of Ni and Cu nanoparticles was successful in

Fig. 12 SEM micrograph and XRD spectra of fractured surface for Ti-6Al-4V/Ni-Cu nano matrix/Mg-AZ31 bond made at 520 �C, 0.2 MPa,

and 20 min: a Mg-AZ31 side; b Ti-6Al-4V side
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achieving joints. This work showed that the presence of

nanoparticles within the joint region enhances joint forma-

tion by affecting the isothermal solidification rate during the

bonding process. The type of dispersion (i.e. Ni, Cu, or Ni

and Cu) affects the thickness of liquid eutectic formed at the

joint and this influences the type of intermetallics formed at

the joint. The use of a Ni dispersion produced intermetallics

of Mg2Ni and Mg3AlNi2 and these changed to CuMg2 and

Mg2Cu6Al5 when a Cu dispersion was used within the

coating. A maximum joint shear strength of 69 MPa was

achieved when a Cu nanoparticle dispersion was used.
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