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Abstract: This article provides a comprehensive review of the advancements made in the diffusion
bonding of titanium and its alloys to other advanced materials such as aluminium, stainless steel, and
magnesium. This combination of advanced alloys has received considerable attention in different
industries, including aerospace, petrochemical, and nuclear applications due to high specific strength,
lightweight, corrosion resistance, and moderate to high mechanical properties. The mechanisms
of bond formation are discussed based on the type of microstructures formed and the mechanical
properties achieved. The scientific literature identifies various methods/processes for controlling the
volume of intermetallic compounds formed within the joint regions, as well as ways of maximising the
strength of the weld/joints. This paper discusses the relationship between weld/bond properties and
bonding parameters such as time, temperature, surface roughness, pressures, interlayer composition,
and thickness. The scientific literature also shows that the bonding mechanisms and microstructural
evolution of the bond zone can be significantly affected by suitable optimization of the bonding
parameters. Additionally, this is a method of maximising bond strength.

Keywords: diffusion bonding; titanium alloys; dissimilar joining; stainless steels; aluminium alloys;
magnesium alloys

1. Introduction

In its pure state, titanium exists as a hexagonal close-packed (HCP) structure (α− phase) at room
temperature and undergoes an allotropic transformation to body-centred cubic (BCC) (β-phase) when
heated to 885 ◦C [1]. To improve the stability of the α and β phases, titanium is alloyed with elements
such a V, Fe, Cu, and Ni. Titanium and its alloys possess a variety of excellent physical, chemical,
and mechanical characteristics, which include high strength-to-weight ratio, creep resistance, and
corrosion resistance. The benefit that can be derived from these properties ensures that titanium alloys
find application extensively in biomedical, chemical, aerospace, and automotive industries because
of its superior mechanical and chemical properties when compared to other alloys of similar density.
Because of these properties, titanium alloys are often used in the construction of high-performance
components such as aero-engines and aircraft manufacturing [2–4].

Although titanium alloys present many unique features for the manufacture of high-performance
parts [5–7], the differences between its chemical and thermo-mechanical properties and the unavailability
of suitable technology for creating dissimilar joints have restricted its application to the development
of single-component systems. However, as the world responds to climate change and the demand for
high-strength lightweight systems increases, more research is required to find solutions for dissimilar

J. Manuf. Mater. Process. 2020, 4, 39; doi:10.3390/jmmp4020039 www.mdpi.com/journal/jmmp

http://www.mdpi.com/journal/jmmp
http://www.mdpi.com
https://orcid.org/0000-0002-4689-9918
https://orcid.org/0000-0002-6720-3043
http://www.mdpi.com/2504-4494/4/2/39?type=check_update&version=1
http://dx.doi.org/10.3390/jmmp4020039
http://www.mdpi.com/journal/jmmp


J. Manuf. Mater. Process. 2020, 4, 39 2 of 21

joining of advanced alloys and composites for application primarily in automotive and aerospace
industries [8–12].

Over the last two decades, several researchers have focused extensively on the development of
suitable technologies that are capable of joining dissimilar advanced alloys to form hybrid structures.
Researchers are still tackling limitations such as the formation of intermetallic compounds at the
interface, galvanic corrosion, slow welding process, and high production cost of the technology [13–17].
This article provides a comprehensive review of the advances made in the diffusion bonding of Ti and
its alloys to other advanced structural materials such as aluminium, stainless steel, and magnesium.
The paper includes a detailed discussion on the methods of controlling the formation of intermetallic
compounds within the joint regions and maximizing weld/bond strength.

1.1. Dissimilar Joining of Titanium Alloys

The development of joining methods for dissimilar alloys will increase their potential applications
in the aerospace and automotive industries. However, the joining of these very different alloys which
have significant differences in physical and mechanical characteristics presents a great challenge.
The differences in the melting point and composition of the alloys dissimilar joining by fusion welding
techniques extremely difficult. The heat generated in fusion processes to melting the materials often
leads to the formation of various undesirable compounds within the joint zone. During fusion welding,
the thermal gradient from a molten weld pool and the parent metal can significantly affect the joint
microstructure and phase structure.

The scientific literature contains several fusion welding techniques for dissimilar joining of Ti
and other advanced alloys. These techniques include laser welding (LW) [18], resistance spot welding
(RSW) [19], friction stir welding (FSW) [20], and friction stir spot welding (FSSW) [21]. Among the
available techniques, diffusion bonding [22] has the potential of joining Ti alloys to materials such as
aluminium [23], stainless steel [24,25], and magnesium [16,26]. The primary disadvantage of these
methods of welding is that the high temperature used in the welding process often leads to the
formation of various undesirable intermetallic compounds at the interface [18,27–29]. The presence
of thick intermetallic phases at the interface can significantly decrease the bond strength [30,31].
Figure 1 shows a spider diagram that compares the weld/bond efficiency and relative hardness as a
function of the joining techniques. The results show that electron beam welding, on average, produces
joint strength of approximately 81% that of the base metal. While laser welding and friction stir
welding provide the second-highest bond strength, however, the cost of the equipment used in the
welding processes is prohibitively expensive in comparison. The weld/bond strength and interface
hardness evaluated as a function of the joining techniques were normalized and transformed into
percentile representing joint efficiency to make a reasonable comparison between different processes
and different alloy combinations.

Table 1 presents a summary of recent research work on dissimilar joining of Ti alloy to stainless
steel, aluminium, and magnesium alloys utilizing different joining/welding processes. The table also
compares the various alloy couples based on interlayer composition and highlights the associated
welding parameter settings for maximising strength (MPa) and hardness (HV) for diffusion couples.
The data presented confirm the findings from the spider diagram. Welding processes such as electron
beam welding (EBW), LW, and FSW have demonstrated the potential for joining titanium to magnesium,
aluminium, and stainless steel. However, numerous limitations restrict the widespread application of
these technologies. As demonstrated in Table 1, diffusion bonding is a candidate for joining titanium
to other advanced alloys.



J. Manuf. Mater. Process. 2020, 4, 39 3 of 21

J. Manuf. Mater. Process. 2020, 4, 39 3 of 22 

  

 

Figure 1. Spider diagram showing the relative joint strength and hardness for dissimilar joints 

produced by the different welding processes. 

Table 1 presents a summary of recent research work on dissimilar joining of Ti alloy to stainless 

steel, aluminium, and magnesium alloys utilizing different joining/welding processes. The table also 

compares the various alloy couples based on interlayer composition and highlights the associated 

welding parameter settings for maximising strength (MPa) and hardness (HV) for diffusion couples. 

The data presented confirm the findings from the spider diagram. Welding processes such as electron 

beam welding (EBW), LW, and FSW have demonstrated the potential for joining titanium to 

magnesium, aluminium, and stainless steel. However, numerous limitations restrict the widespread 

application of these technologies. As demonstrated in Table 1, diffusion bonding is a candidate for 

joining titanium to other advanced alloys.  

Table 1. Recent studies on dissimilar joining of Ti alloy utilizing different processes. 

No. Welding 

/Joining 

Process 

Parent Materials Interlayers 

Materials 

Strength 

(MPa) 

 

Interface 

Hardness 

(HV) 

 

Remarks Ref. 

1 FSW Ti-6Al-4V to 

30CrMnSiNi2A 

None 490–640 500–800 Increased rotational speed 

resulted in less thickness of 

affected interlayer and 

strength higher than base 

metal alloy of medium 

carbon steel. 

[32] 

2 Pure Ti to Pure 

Mg 

Al foil 150 Not 

available 

As Al foil thickness 

increased, the welding 

defects increased due to 

reduced materials flow. 

[33] 

3  

 

LW 

Ti-Al-V/Al-Cu-Li 

& 

Ti-Al-V/Al-Mg-Li 

None 250 

100 

350–450 

350–430 

Alloying elements affected 

the joint properties, i.e., Cu 

vs. Mg such that it increased 

by 2.5×. Also, the laser beam 

offset towards Ti alloy. 

[34] 

4 Al-Cu-Li and Ti-

Al-V 

None 103–272 Not 

available 

Mechanical characteristics 

of the intermetallic layer 

substantially depended on 

[35] 

Figure 1. Spider diagram showing the relative joint strength and hardness for dissimilar joints produced
by the different welding processes.

Table 1. Recent studies on dissimilar joining of Ti alloy utilizing different processes.

No.
Welding
/Joining
Process

Parent Materials Interlayers
Materials

Strength
(MPa)

Interface
Hardness

(HV)
Remarks Ref.

1

FSW

Ti-6Al-4V to
30CrMnSiNi2A None 490–640 500–800

Increased rotational
speed resulted in less
thickness of affected

interlayer and strength
higher than base metal

alloy of medium carbon
steel.

[32]

2 Pure Ti to Pure
Mg Al foil 150 Not

available

As Al foil thickness
increased, the welding

defects increased due to
reduced materials flow.

[33]

3

LW

Ti-Al-V/Al-Cu-Li
&

Ti-Al-V/Al-Mg-Li
None 250

100
350–450
350–430

Alloying elements
affected the joint

properties, i.e., Cu vs. Mg
such that it increased by

2.5×. Also, the laser beam
offset towards Ti alloy.

[34]

4 Al-Cu-Li and
Ti-Al-V None 103–272 Not

available

Mechanical
characteristics of the

intermetallic layer
substantially depended

on the composition of the
alloying elements of the

aluminium alloy.

[35]

5
TC4 Ti alloy to 304

austenitic
stainless steel

38Zn-61Cu alloy
filler 128 100–420

The laser beam at the Ti
alloy side and produced a

variety of intermetallic
compounds at the bond

interface.

[36]
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Table 1. Cont.

No.
Welding
/Joining
Process

Parent Materials Interlayers
Materials

Strength
(MPa)

Interface
Hardness

(HV)
Remarks Ref.

6 Ti–22Al–25Nb to
TA15 None 943–1011 260–350

O phase was formed in
the fusion zone while

applying dual-beam laser
due to decrease of cooling

rate.

[37]

7
TC4 Titanium (Ti)
alloy and SUS301

L
None 350 350–450

At the peak temp of 1116
◦C, the liquid phase

formed and existed only
in the narrow region of
interface with eutectic

phase formation and β-Ti
solid-solution.

[38]

8 TC4/TA15 None 50–700 300–420

Coarse β columnar
crystals that contain

acicular α’ martensitic
phase inside fusion zone.

[39]

9
Ultrasonic

assisted
FSW

Ti-6Al-4V to
6061-T6

aluminium
None 236 60–380

Diffusion like bonding
without the intermetallic
compounds observed at

the joint interface.

[40]

10 RW
Ti-6Al-4V to
EW140 glass

fabric with PEI

Carbon
nanotube

lamina
17.3 Not

available

Successful joining of Ti
alloy to GF/PEI laminate.

Welding time severely
affected the joining

process.

[41]

11 EBW Ti55 to TA15 None 650–1050 310–380
Formation of martensite
α’ and acicular α within

the fusion zone.
[42]

12 DB Ti–6Al–4V to
Mg–AZ31 Ni foil 5–45 50–420

Bonding mechanism
involves Ni–Mg eutectic

formation at the Mg-alloy
interface with solid-state

diffusion and bond
formation at the Ti-alloy

interface.

[16]

13
Titanium Alloys

and Stainless
Steels

Not Available 194 Not
Available

Influence of Cu, Ni (or
nickel alloy), and Ag

interlayers on the
microstructures and

mechanical properties of
the joints.

[25]
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Table 1. Cont.

No.
Welding
/Joining
Process

Parent Materials Interlayers
Materials

Strength
(MPa)

Interface
Hardness

(HV)
Remarks Ref.

14

TLP
bonding

Ti–6Al–4V to
Mg–AZ31

Ni & Cu
nanoparticles 19–69 50–400

Use of Cu nanoparticles
as a dispersion produced
the maximum joint shear

strength of 69 MPa.

[43]

15 Ti–6Al–4V to
Mg–AZ31 Ni & Cu foils 12–55 50–400

Formation of phase (Mg),
(CuMg2), (Mg2Ni) and

Mg3AlNi2.

[44]

16 Ti–6Al–4V to
Mg–AZ31

Ni
electro-deposited

coats
26–61 50–350

Increasing the bonding
temperature from 500 to

540 ◦C resulted in a
change in the bonding

mechanism from
solid-state to eutectic

liquid formation.

[15]

17 Ti–6Al–4V to
Al7075

Cu coatings and
Sn–3.6Ag–1Cu

interlayers
15–42 120–500

Results showed that the
Sn–3.6Ag–1Cu interlayer

resulted in good joints
with a thin Cu interlayer.

[45]

1.2. Diffusion Bonding Process

Diffusion bonding occurs as either solid-state or liquid phase bonding processes. The solid-state
variant involves heating of the faying surfaces to a suitable elevated temperature, typically between
60% and 80% of the melting point temperature of the lowest melting point base metal or interlayer.
The process contains several steps. The first step involves contact in which surface asperities are
deformed as the surfaces to be joined under the effects of heat and static pressure. The second stage is
heating, followed by holding the samples at the bonding temperature to facilitate the formation of the
joint. During the heating and holding stage of the bonding process, inter-diffusion takes place between
the base metals and or base metal and interlayer.

Parameters of importance in solid-state bonding are bonding time, contact pressure, bonding
temperature, surface roughness, and interlayer composition [46]. The effect of surface treatment on
bond strength varies with the quality of the surface treatments, which can range from an electro-polished
finish to turning in a lathe or wire brushing. Figure 2 shows a schematic of the bond set up with a
representative heating cycle and process parameters. The results indicate that as the surface roughness
increases, the bond strength decreases, which implies that during solid-state bonding, surface roughness
is of considerable significance. Higher pressures are typically required to achieve plastic deformation
and oxide break-up at the interface and creating an intimate contact between the materials couples.
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The second variant of the diffusion bonding is known as transient liquid phase (TLP) bonding.
During TLP bonding, a liquid form at the interface wets and spreads between the surfaces by capillary
action. Bonding parameters such as temperature, time, interlayer composition, and thickness have a
considerable impact on the quality of the weld/bond. However, unlike solid-state diffusion bonding,
high pressures are not required to achieve contact between the surfaces. The type of interlayer selected
determines the temperature at which liquid forms at the interface. In some cases, interdiffusion
between the interlayer and the base metal leads to the formation of eutectic composition, which melts
at the bonding temperature. Alternatively, an interlayer having a eutectic or peritectic composition
would melt at the bonding temperature [47,48]. TLP bonding contains four stages: heating melting
and widening, isothermal solidifications, and homogenization for the bond region. The driving force
for the TLP process is the diffusion coefficient, which varies from liquid-phase diffusion during stage 1,
to solid-state diffusion during stage two of the bonding process [49].

When the interlayer melts, the liquid wets the base metal surface and is then drawn into the
joint by capillary action. The driving force of the bonding process is diffusion, as described by Fick’s
first and second laws shown Equations (1) and (2). The first law shown in Equation (1) describes
diffusion under steady-state conditions while Fick’s second law defines a dynamic process in which
the composition of the joint zone changes with time

J = −D
∂C
∂x

(1)

Fick’s second law describes a non-steady state diffusion in which the concentration gradient
changes with time

∂C
∂t

= D
∂2C
∂x2 (2)

a general solution for Equation (2) using separation of variables is [50]

C(x, t) =
1

2
√

Dπt

∫ +∞

−∞

f (ξ)e(
ξ−x)
4Dt dξ (3)

where the error function solution for this equation is

C(x, t) =
C0

2

[
er f

(x− x1
√

4Dt

)
− er f

(x− x2
√

4Dt

)]
(4)

2. Effect of Bonding Parameters

2.1. Bonding Time and Temperature

Interdiffusion between Ti/SS, Ti/Al, or Ti/Mg often leads to the formation of various reaction
layers at the interface. The parabolic law shown in Equation (5) estimates the width of the reaction
layer. The rate of formation of the reaction layer can be determined using Equation (6), which also
demonstrates the impact of temperature and activation energy on the growth rate of the reaction layer.

x =
√

Kt (5)

where
K = Koe

−Q
RT (6)

where x is the thickness of the reaction layer, K is the rate factor, t is the diffusion time, and n is
the time exponent. The use of the parabolic law suggests that volume diffusion controls the growth
kinetics of the intermetallic layer; therefore, diffusion time is t1/n where n =2. Figures 3 and 4 shows the
relationships between the thickness of the reaction, bonding time, and temperature for Ti/stainless
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steel and Ti/Mg couples. The Arrhenius type rate equation presented in Equation (6) confirms that the
bonding temperature is directly proportional to the growth rate of the reaction layer.
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Figure 3. Relationship between the width of the reaction layer bonding time for Ti-6Al-4V and 316
stainless steel [59].

Diffusion bonding between titanium alloys and stainless steels typically occurs at higher
temperatures than would be used for Ti/Al and Ti/Mg couples, since Al and Mg had a much lower
melting point temperatures than stainless steels. Diffusion bonding in titanium to stainless steel typically
occurs within the temperature range of 650–950 ◦C. In a study conducted by Velmurugan et al. [51],
the authors studied low-temperature diffusion bonding of Ti-6Al-4V and Duplex stainless steel within
the temperature range of 650–800 ◦C and external pressure of 10 MPa. The results of the study
showed that both the thickness of the reaction layer and shear strength of the joint increased with
increasing bonding temperature from 140 MPa at 650 ◦C to 192 MPa at 750 ◦C, this may represent
an increase of 27% in bond strength. Further increase in temperature resulted in the bond strength,
decreasing to 174 MPa, hence resulted in a 9% decrease of the achieved bond strength. The formation
of a larger volume of intermetallic compounds at higher temperatures caused a reduction in bond
strength. The literature shows that the thickness intermetallic layer formed at the interface increased
with increasing temperature above a specific limit (750 ◦C). In another study [52], it found that when
Ti-6Al-4V is diffusion bonded to ferritic stainless, mutual distribution of Fe and Ti controlled the
interface microstructure. However, in this study, the maximum joint strength of 187 MPa at 980 ◦C.
The differences in the bonded strength may be attributed to changes in the composition of intermetallic
compounds formed at higher temperatures [53].

Additionally, the author showed that the thickness of the FeTi intermetallic phase layer decreased
by increasing the process temperature; however, the width of the Fe2Ti layer in the interface region
increased. Consequently, samples bonded below 880 ◦C experienced failure through the FeTi layer.
The literature showed that a bonding time of two hours ensured optimum bond strength between
titanium alloys and stainless steels.

Li et al. showed that for the diffusion bonding of Ti-17 alloy at a bonding temperature of 860 ◦C
and bonding pressure of 3 MPa not only the voids percentiles but also their average size has a reverse
relation with bonding time. Furthermore, as the bonding time increased, the shape of voids transformed
from irregular shape to ellipse then to small circular shape, this reduction in voids amount and size
increased shear strength to 887.4 MPa at 60 min bonding time [54].

The conditions used for bonding titanium to aluminium and magnesium alloys are significantly
different from those used for diffusion bonding Ti/stainless steel couples. The scientific literature shows
that the melting point of the aluminium or magnesium alloy constrains the bonding temperature
during the diffusion bonding of Ti/Al or Ti/Mg couples. Given the differences in thermo-mechanical
properties between titanium, aluminium, and magnesium, require substantially shorter bonding time,
and lower bonding temperatures are necessary. Diffusion bonding of Ti/Al couples typically occurs
between 500 and 600 ◦C [55,56]. Rajakumar et al. [57] used a desirability function with a response



J. Manuf. Mater. Process. 2020, 4, 39 8 of 21

surface modelling (RSM) to optimise the parameters for diffusion bonding titanium to aluminium
alloys. The results of the study showed that at a bonding temperature of 510 ◦C, a bonding time of
37 min, and pressure of 17 MPa, the joint strength can be maximised. Transient liquid phase diffusion
bonding of Ti/Al and Ti/Mg couples utilises a low melting interlayer between the base metal alloys.

The interlayer may melt at the bonding temperature or react with the base metals to form a eutectic
liquid at the bonding temperature. The transient liquid wets the surface and spreads by capillary
action between the faying surfaces. The eutectic reaction removes the surface oxides and ensures
metal-to-metal contact [58]. The capillary action provides the principal driving force for liquid-phase
joining. The free energy of the metal surfaces aids the capillary action depending on the contacting
liquid or gaseous phase. The primary parameter is the contact angle “θ” which provides a measure
of the wettability of the surface by the liquid filler metal. The contact angle is defined as the angle
between the solid–liquid and liquid–gas surface tensions and can be determined using Equation (7).

Cos θ =
γSV − γSL

γLV
(7)

where: γSV is the surface free energy at the solid–vapour interface γSL is the surface free energy at the
solid–liquid interface and γLV is the surface free energy at the liquid–vapour interface.
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The total bonding time includes the duration of the heating stage and the period of holding at
the bonding temperature. During the heating stage, the entire assembly heated in a vacuum or inert
atmosphere (argon or helium) to the bonding temperature. The mass transferred by interdiffusion
taking place within the heating stage is dependent on the rate of heating and the bonding temperature.
A longer heating rate will result in the diffusion of more of the interlayer into the base metal. However, if
the heating stage is too long because the heating rate is too slow, the maximum composition of solute
in the interlayer may dip below the solidus composition at the bonding temperature, and no liquid
will form upon further heating. While this problem does not affect solid-state diffusion bonding, it will
severely impact TLP bonding using very thin interlayers.

Li et al. [60] used Fick’s second law to develop a model for the prediction of bonding time and its
probability distribution during diffusion based on the stochastic characteristics of the surface finish of
the bonded area. Equation (8) provides a probabilistic model for calculating the bonding time.

t =
∫ f

fo

−σe/
.
ε(

3p
√

f−
2γ
√

f
ro

+
2γ
ro

)
+

2r2
op

ln
(

1
f

)
−

1−f
2

Ω
KT

[
1+ h

d
h Dgbδ+2ΩDv

] df (8)

where σe,
.
ε is Levy–Mises effective stress and effective plastic strain rate, respectively. P is the external

pressure; T the temperature (K); γ the surface energy; A, Q, and n are the Dorn constant in power-law
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creep equation, activation energy and creep, exponent, respectively. The application of Fick’s second
law shows that the rate of change in f, which is caused by grain boundary diffusion and volume
diffusion. Where Ω is the atomic volume, Dgb, Dv the grain boundary diffusivity and volume diffusivity,
δ, d, and h are the grain boundary width, grain size and void height, respectively.

2.2. Pressure and Surface Roughness

The roughness of the faying surfaces is critical in diffusion bonding since the quality of the
initial surface contact has a significant impact on the real contacting area and the mass solute atoms
diffusing during the heating stage of the bonding process. As an integral part of the bonding process,
the surface finish determines the first surface contact area and the size of the voids at the interface.
The quality of the surfaces is dependent on the technique for preparation; a smooth surface finish is
better to ensure excellent initial contact for transient liquid phase bonding. Zuruzi et al. [61] found that
rougher surfaces yielded superior ultimate tensile strength; however, the number of incomplete bonds
increased as the surface roughness increased. In a similar study applied to diffusion bonding copper,
the results showed that the tensile strength of the joint decreased with increasing surface roughness,
as shown in Figure 5. Additionally, the data showed that the joint efficiency increased with reduced
surface roughness. This behaviour was attributed to incomplete contact and plastic deformation at
the interface for rough surfaces during the initial stages of bonding. The scientific literature shows
that during solid-state diffusion bonding of Ti to base metals such as aluminium, stainless steel, and
magnesium [62]. The impact of increasing bonding pressure is increased plastic deformation of the
asperities at the interface, which also increases the real area of contact. The microstructure formed
at the interface during solid-state diffusion bonding of Ti/SS, Ti/Al, and Ti/Al couples improves with
increasing bonding pressure. However, given the similarities of the mechanical properties of Ti and
stainless steels, higher pressures are typically required for joint Ti/SS couples than the bonding pressure
needed for Ti/Al and Ti/Mg couples.
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Figure 5. (A) Relationship between the tensile strength of joints and bonding temperature for various
surfaces prepared by lathe machining method. (B) Relationship between joint efficiency and percentage
of the bonded area for multiple surfaces [63].

Liquid phase diffusion bonding, on the other hand, has been shown to use much lower external
pressure than solid-state diffusion bonding. Nominal weight is typically used in TLP bonding since
high pressure would squeeze the liquid from within joint [15]. Surface roughness also influences the
interlayer thickness since the maximum liquid width must be larger than the average surface roughness
to ensure that the liquid phase sufficiently wets the base metal at both interfaces. Also, given that
only minimal pressure is required in TLP bonding to provide metal-to-metal contact, the removal of
surface contaminants and thick oxides before bonding is crucial to guaranteeing intimate contact at the
interface, under low-pressure bonding. Samavatian et al. [64] studied the impact of pressure on the
diffusion bonding of Ti-6Al-4V using Cu interlayer. The results showed that although the width of
the bond zone decreased with increasing bonding pressure. Conversely, while the width of the bond
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region decreased, the bond strength increased to a maximum value of 571 MPa at a bonding pressure
of 4 MPa. The reduction in the width of the bond region was attributed to liquid squeeze out during
the bonding process.

2.3. Interlayer Composition and Thickness

The addition of an intermediate material between the two base metals improves the quality of the
bond. In addition to the composition and thickness of interlayer, the different interlayer format may
affect the joint formation, for instance, foils, coats, and nanoparticles have been used as an interlayer to
establish the bond or to accelerate the bond formation.

Various interlayers have shown varying degrees of success in joining titanium to other
advanced alloys such as titanium alloys to stainless steels, aluminium alloys, and magnesium
alloys. Figure 6 shows a Ti/Steel joint bonded at 700 ◦C. In instances where titanium is diffusion
bonded to stainless steels, intermetallic compounds such as FeTi and Fe2Ti form at the interface [65].
The presence of thick intermetallic layers at the interface severely limits bond strength and reduces the
mechanical capabilities of the joint [31]. The Gibbs energy of formation suggests that the compound
FeTi typically forms first with an activation energy of 124.9 kJ/mol [66]. The presence of the FeTi
intermetallic within the joint zone has a detrimental effect on joints made below 850 ◦C. For samples
bonded at 900 ◦C intermetallic compounds such as Ti2Fe and TiFe at the interface [31]. The Fe2Ti (Cr,
Ni) intermetallic typically forms at a higher temperature with an activation energy of 125.8 kJ/mol [66]
and its impact on the mechanical properties of the joint has been shown to less damaging since
the compound generally forms as discontinuous phases within the joint zone. Compounds such as
Cr2Ti(Fe) may also develop in diffusion bonded couples of stainless steel (AISI 316) and commercially
pure titanium at 950 ◦C [66].
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Figure 6. Scanning electron microscope (SEM) micrographs of the TiAl/steel joints produced at;
(A) 700 ◦C under a pressure of 50 MPa using Ni/Ti multilayers with 30 nm of bilayer thickness;
(B) 800 ◦C under a pressure of 10 MPa using Ni/Ti multilayers with 30 nm of bilayer thickness;
(C) 800 ◦C under a pressure of 10 MPa using Ni/Ti multilayers with 60 nm of bilayer thickness and
(D) Energy dispersive spectroscopy (EDS) profile across the interface presented in (A) [67].

The addition of an intermediate material between the faying surfaces modifies the composition
and structure of the intermetallic layers. Interlayers such as Ni [65], Cu/Nb multilayer [59], Ag [53],
Cu/Al2O3 [68], Al [69], Cu [70], and Sn [71], have demonstrated the ability to modify the type of
reaction layers that form at the interface. The addition of monolithic interlayers prevents the formation
of intermetallic compounds between Ti and stainless steel (see Figure 6). New intermetallic compounds
form between the interlayer materials and the base metals. The use of aluminium interlayer prevents



J. Manuf. Mater. Process. 2020, 4, 39 11 of 21

the formation of intermetallic compounds between Ti and Fe. However, intermetallics of FeAl6, Fe3Al,
and FeAl2 form at the Al/SS interface. The presence of intermetallic compounds at the interface severely
decreases the strength of the bond formed. The use of copper as the interlayer during diffusion bonding
of Ti to stainless steels results in the formation of a eutectic liquid at the bond interface which has
been shown to decrease the volume of intermetallic compounds forming at the interface but does not
prevent its development [24,70,72]. Recent studies have shown that embedding Al2O3 nanoparticles in
the Cu interlayer reduces the width of the intermetallic layer that forms at the interface and decreases
the grain sizes within the bond region. Figure 7 shows a comparison of joint bonded with Cu-foil and
Cu coating containing Al2O3 nanoparticles. The composition of each phase is presented in Table 2 [68].
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Figure 7. (A) Diffusion bonding of Ti-6Al-4V and super-duplex stainless steel (SDSS) using Cu/Al2O3

interlayer for 30 min at a bonding temperature of 850 ◦C; (B) Detail micrograph of the region-1;
(C) Ti/SDSS couple joined using 25 µm Cu-foil interlayer for 30 min at a bonding temperature of 850 ◦C;
(D) Detail of region-2 [68].

Table 2. Composition of the bond interface measure with EDS (wt %) [68]

Phase Al Ti V Fe Cu C Cr Ni Possible Phase

p1 - 0.22 - 61.57 0.68 3.51 24.45 5.73
p2 1.86 28.64 1.03 0.54 67.34 - - 0.59 TiCu2
P3 2.43 33.78 1.24 1.26 58.45 2.34 - - TiCu2
P4 0.32 41.31 0.73 - 55.54 2.1 - - TiCu
P5 1.36 41.55 1.40 1.13 51.32 2.89 TiCu
P6 5.53 79.00 4.83 0.45 10.18 - - - Ti2Cu
P7 7.49 47.08 1.95 40.47 1.47 1.08 0.46 TiCu-Al2O3
P8 1.35 41.55 1.40 1.13 51.32 2.89 0.36 - Tix Cux-Fex
P9 2.19 54.19 1.91 0.81 37.77 2.58 0.29 0.26 Ti2Cu

Joining titanium alloys to heat treatable aluminium and magnesium alloys experience similar
challenges to those encountered when diffusion bonding titanium to stainless steels [57]. The oxide
film present on the surfaces of both the titanium and the aluminium alloys severely hampers bond
formation. The scientific literature shows that diffusion bonding of Ti/Al couples often leads to the
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precipitation of intermetallic compounds such as TiAl and Ti3Al [56]. Additionally, the presence of
an oxide layer on the surface of the Ti and Al surfaces reduces the chances of metal-to-metal contact
during the bonding process and decreases the efficiency of the joint. The use of intermediate materials
at the interfaces ensures that the faying surfaces are wetted and change the types, shape, and sizes of
the intermetallic compounds formed at the interface. The use of Cu as an intermediate material at
the interface between Ti-6Al-4V and Al 7075 leads to the formation of compounds such as θ(Al2Cu),
T(Al2Mg3Zn3) and Al13Fe within the alloy. Additionally, the diffusion of Cu into the titanium alloy
results in the formation of Cu3Ti2 [73].

Interdiffusion at the Ti/Al or Ti/Mg interfaces causes the formation of intermetallic compounds.
Figure 8 shows the microstructure produces when Mg-AZ31 is bonded directly to Ti-6Al-4V. Solid-state
diffusion bonding of Ti/Mg couples has been demonstrated in previous studies however the results of
these studies show that within these diffusion couples Al reacts with Ti and Mg leading to the formation
of the TiAl3 and Ti2Mg3Al18 intermetallic compounds at the Ti interface. Additionally, Mg17Al12

intermetallic compounds appear to have formed at the Mg grain boundaries. The joint formation
occurs because of a metallurgical bonding leading to the precipitation of TiAl3 and Ti2Mg3Al18 [23].

J. Manuf. Mater. Process. 2020, 4, 39 12 of 22 

P4 0.32 41.31 0.73 - 55.54 2.1 - - TiCu 

P5 1.36 41.55 1.40 1.13 51.32 2.89   TiCu 

P6 5.53 79.00 4.83 0.45 10.18 - - - Ti2Cu 

P7 7.49 47.08  1.95 40.47 1.47 1.08 0.46 TiCu-Al2O3 

P8 1.35 41.55 1.40 1.13 51.32 2.89 0.36 - Tix Cux-Fex 

P9 2.19 54.19 1.91 0.81 37.77 2.58 0.29 0.26 Ti2Cu 

Joining titanium alloys to heat treatable aluminium and magnesium alloys experience similar 

challenges to those encountered when diffusion bonding titanium to stainless steels [57]. The oxide 

film present on the surfaces of both the titanium and the aluminium alloys severely hampers bond 

formation. The scientific literature shows that diffusion bonding of Ti/Al couples often leads to the 

precipitation of intermetallic compounds such as TiAl and Ti3Al [56]. Additionally, the presence of 

an oxide layer on the surface of the Ti and Al surfaces reduces the chances of metal-to-metal contact 

during the bonding process and decreases the efficiency of the joint. The use of intermediate materials 

at the interfaces ensures that the faying surfaces are wetted and change the types, shape, and sizes of 

the intermetallic compounds formed at the interface. The use of Cu as an intermediate material at the 

interface between Ti-6Al-4V and Al 7075 leads to the formation of compounds such as θ(Al2Cu), 

T(Al2Mg3Zn3) and Al13Fe within the alloy. Additionally, the diffusion of Cu into the titanium alloy 

results in the formation of Cu3Ti2 [73].  

Interdiffusion at the Ti/Al or Ti/Mg interfaces causes the formation of intermetallic compounds. 

Figure 8 shows the microstructure produces when Mg-AZ31 is bonded directly to Ti-6Al-4V. Solid-

state diffusion bonding of Ti/Mg couples has been demonstrated in previous studies however the 

results of these studies show that within these diffusion couples Al reacts with Ti and Mg leading to 

the formation of the TiAl3 and Ti2Mg3Al18 intermetallic compounds at the Ti interface. Additionally, 

Mg17Al12 intermetallic compounds appear to have formed at the Mg grain boundaries. The joint 

formation occurs because of a metallurgical bonding leading to the precipitation of TiAl3 and 

Ti2Mg3Al18 [23]. 

On the other hand, transient liquid phase diffusion bonding of Ti/Mg couples shows a varying 

degree of success with various interlayers. Intermediary materials such as Cu [74], Ni [15], Cu/Al2O3, 

Ag, Zn, and Sn. Figure 9 shows a Ti-6Al-4V/Mg (AZ31) joint bonded with Ni/Al2O3 used as the 

interlayer the nanoparticles successful in modifying the size and shape of the intermetallic structures 

present at the interface. 

 

Figure 8. (A) Solid-state diffusion bonding of Ti and Mg for 60 min; (B) magnified region of the bond-

line showing the reaction layer at the bond interface [23]. 
Figure 8. (A) Solid-state diffusion bonding of Ti and Mg for 60 min; (B) magnified region of the
bond-line showing the reaction layer at the bond interface [23].

On the other hand, transient liquid phase diffusion bonding of Ti/Mg couples shows a varying
degree of success with various interlayers. Intermediary materials such as Cu [74], Ni [15], Cu/Al2O3,
Ag, Zn, and Sn. Figure 9 shows a Ti-6Al-4V/Mg (AZ31) joint bonded with Ni/Al2O3 used as the
interlayer the nanoparticles successful in modifying the size and shape of the intermetallic structures
present at the interface.
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Considering the Mg to Ti alloy system, Zhang et al. studied the effect of Cu coating thickness on the
interfacial reaction in laser welding/brazing of Mg to Ti. In their work, they have electrodeposited the Cu
coating on the titanium alloy. Intermetallic compounds such as; Ti3AL, Ti2Cu, and AlCu2Ti formed at
the interface. These intermetallic evolved with an increase of Cu coating thickness. The thermodynamic
calculations suggest that Cu promotes the mutual diffusion of Ti and Al. However, the Ti-Al reaction is
preferred compared to Ti-Cu. The presence of Cu enhanced the joint strength by 55% compared to
similar Ti-Mg dissimilar joint without Cu [75].

Ti-6Al-4V alloy coated with Cu-Ni were laser welded/brazed to Mg-AZ31 alloy. It was observed
that Al-Ni-Ti, Ti3Al, and Ti2Ni were produced at the bond interface when 15.4 µm Ni and 5.5 µm
Cu was utilized as an interlayer. A critical interlayer thickness of 10 µm produces a sound joint.
Interestingly, when the Cu layer increased significantly (17.1 µm) compared to Ni (4.2 µm), only Ti3Al
phase formed inside the joint interface. This increase in Cu and decrease in Ni resulted in increased
then decrease of bond strength, the maximum achieved strength of 2.02 kN at comparable Cu and
Ni thickness [76].

The scientific literature shows that the composition of the interlayer has a considerable impact
on the microstructure and mechanical properties of the joints formed during diffusion bonding.
Table 3 shows a summary of the influence of interlayer composition. The quality of the joint produce
when bonding base metal-1 to basemetal-2 using an interlayer is labelled E, G, F, P, or N to represent
the soundness of the bond produced as a function of joint efficiency. Where E means excellent for joint
with efficiency higher than 80%, G is for Good (efficiency between 61–79%), F is for Fair (efficiency
between 50–60%), P- Poor (efficiency below 50%), and N means data is unavailable for the specific
combination. The results show that the bond efficiency Ti/Al as a function of interlayers varied from
‘Fair’ to ‘Poor’ with Cu, Ga, and Sn-5.3Ag-2Bi producing bonds with the best properties. When bonding
Ti/Mg couples Cu/Al2O3, Ni, and Cu have demonstrated considerable potential for producing sound
bonds. Similarly, diffusion bonding of Ti/SS couples using monolithic interlayer such as Ag, Cu has
shown significant promise. Additionally, the literature indicates that alloyed interlayers such as Cu-Nb,
V-Cr-Ni, and Ni–17Cr–9Fe are best suited when diffusion bonding Ti to stainless steels.

Table 3. Composition of interlayers used during diffusion bonding Ti/Al, Ti/Mg and Ti/SS couples with
the following key: E—excellent, G—Good, F—Fair, P—Poor, N—No data.

Base
Metal 1

Interlayer
Material

Basemetal-2

Ref.Al
Alloys

Mg
Alloys

Stainless Steels

Ferritic Austenitic Duplex

Ti None N P G G F [23,66,77,78]

Ti Cu F F F G F [24,73,79–81]

Ti Ni N F F F F [15,74,82]

Ti Ag N N E G G [83,84]

Ti Al N N F F N [67]

Ti Ga F N N N N [85]

Ti Cu-Nb N N G G N [59]

Ti Nb/Cu/Ni N N F F F [86]

Ti Cu-Zn P N N N N [87]

Ti Cu-Ni N P N N N [43]

Ti Ni/Al2O3 N N N N G [68]
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Table 3. Cont.

Base
Metal 1

Interlayer
Material

Basemetal-2

Ref.Al
Alloys

Mg
Alloys

Stainless Steels

Ferritic Austenitic Duplex

Ti Cu/Al2O3 N G N N N This work

Ti V-Cr-Ni N N E E N [88]

Ti Ni–Cr–B N N N N F [89]

Ti Sn-3.6Ag -1Cu P N N N N [45]

Ti Sn-10Zn-3.5Bi P N N N N [55]

Ti Sn-4Ag-3.5Bi P N N N N [90]

Ti Sn-5.3Ag-2Bi F N N N N [91]

Ti Al-Si-Cu-Ge F N N N N [92]

Ti Ni–17Cr–9Fe N N N N G [77]

3. Mechanical Performance of Joints

A critical consideration driving dissimilar joining is the desire to maximise the strength of the
resulting weld/joint while minimising unwanted reactions that lead to the formation of intermetallic
compounds within the joint zone. The aim of dissimilar welding and joining of Ti alloy is to maintain
the mechanical properties of the Ti base metal alloy. The mechanical properties depend on the
amount of heat input into the material during the joining/welding process and the parameters of
the welding/joining process. In general, the dissimilar joints assessed by bond strength, high fatigue
resistance, asymmetric hardness profiles, and moderate to high shear strength. The mechanical
properties of the joint depend on the mechanism of joint formation, and specifically the formation of
intermetallic compounds and phases within the joint region. The presence of intermetallic compounds
within the bond area often play a significant role in the integrity of the joint.

Alhazaa [73] demonstrated that the Ti-6Al-4V and be successfully bonded to Al7075 using an
appropriate intermediate material. As shown in Table 3, Ti/Al couples bonded interlayers Cu, Ga,
and Sn-5.3Ag-2Bi producing bonds with the best properties. However, in these cases, the formation
of intermetallic compounds at the bond interface still has the potential of compromising the bond
strength. Similar findings were reported by Atieh and Khan [15], who showed that the use of Ni and
Cu interlayers demonstrate the considerable potential for producing sound bonds.

Balasubramanian investigated diffusion bonding of titanium alloy and 304 stainless steel using
Ag as the interlayer and characterised the impact of process parameters on hardness, stiffness, and
the width of the reaction layer formed at the interface [5]. The study showed a bond shear strength
of 158 MPa at a bonding temperature of 800 ◦C, which corresponds to a joint efficiency of 77%.
The literature suggests that temperature has the most significant effect on the shear strength of the
bond, followed by the holding time and pressure [5]. In his other study, Balasubramanian reported
that as traditional welding techniques are not suitable to join titanium alloy due to its affinity to
nitrogen and oxygen from the atmosphere. When titanium alloys were bonded to 304 stainless steel
using fusion welding, brittle intermetallic compounds formed inside the joint region and deteriorated
the mechanical strength of the joint. As a result, diffusion bonding is an alternative for joining this
dissimilar system. The bonding parameters studied include: bonding temperature from 650 to 825 ◦C,
bonding pressure from 2–5 MPa and bonding time from 30–120 min. The results showed that the
maximum shear strength of 158 MPa was achieved with parameter settings of 800 ◦C, 5 MPa for
90 min [53].

Kundu et al. [72] diffusion bonded commercially pure titanium to 304 stainless steel using 300 µm
Cu interlayer. The bonding in the temperature range of 850–950 ◦C for 1.5 h under 3 MPa uniaxial load
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in a vacuum. The authors indicated that though the Cu interlayer was not able to block the diffusion of
Fe, Cr, and Ni to the Ti side and Ti to 304-SS side and developed a bond strength of 318 MPa with 8.5%
ductility. In another study, Kundu et al. [93] demonstrated successful diffusion bonding of Ti-6Al-4V
and micro-duplex stainless steel. The bonding parameters studied include: bonding temperature of
850–1000 ◦C, bonding time of 45 minutes under vacuum. The high temperature used in the process led
to the formation of several intermetallic phases at the interface. These include; σ, λ + FeTi and λ + FeTi
+ β-Ti phase mixtures for samples bonded at 900 ◦C or higher. Higher bonding temperature increased
the volume of intermetallics compounds formed withing the joint zone. Maximum bond strength was
recorded for samples bonded at 900 ◦C and corresponded to a thin intermetallic layer at the interface.

4. Mechanisms of Bond Formation

Solid-state diffusion bonding of Ti-SS, Ti-Al, and Ti-Mg couples typically occur in several stages.
Figure 10 shows a schematic of the solid-state diffusion bonding process. The first stage of the
solid-state diffusion bonding process is the initial contact at the faying surfaces under the applied
pressure. The applied force causes plastic deformation of the faying surface and increases the area
of contact. The quality of the surface finish will determine the height of the asperities present at
the surface and controls the real area of contact. Stage two of the bonding process involves heating
the assembled samples to the bonding temperature. According to MacDonald and Eager 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.
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Figure 10. Formation process of titanium alloy and stainless steel diffusion-bonded joint using
Cu/Nb multi-interlayer: (A) pores exist at the interface; (B) diffusion of atoms and growth of grains;
(C) formation of α-β Ti and diffusion layers; (D) liquid phase formed at the interface; (E) formation of
intermetallic compounds [25].

The application of external pressure and the combination of heating facilitates additional plastic
deformation at the interface, which results in void closures that displace surface oxides and increased
metal-to-metal contact. Stage three involves holding the assembly at the bonding temperature, which
facilitates interdiffusion between the base metals or the base metals and the interlayer. At the bonding
temperature, interdiffusion leads to the formation of a reaction layer at the interface. The final stage of
the bonding process is the homogenization of the bond region. The driving force for the homogenization
stage of the bonding is diffusion, which is also dependent on the bonding temperature.
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The mechanism of bond formation during liquid phase bonding includes five distinct stages,
as shown in the schematic in Figure 11 [68]. The first stage of the process is heating during which
interdiffusion between the interlayer and the base metals causes the composition of the joint region to
changes, and this stage is very similar to the first stage seen at the solid-state diffusion. However, the
first stage causes an increase of element concentration interdiffusion, which leads to eutectic liquid
reaction takes place at the bonding temperature, which affects the following steps. The second stage of
the process is dissolution and widening during this stage of the bonding process, the interlayer melts,
and the joint zone widens due to the changing composition of sections of the base metal. The effect of
pressure and capillary action resulted in the spread of the liquid eutectic along with the bond interface.
The thermodynamic evaluation of the reaction follows the specific binary/ternary phase diagram for
those combinations: Ti-Al-Mg, Ti-Al-Fe, Ti-Al, Ti-Mg, and Ti-Fe. The increase in bonding time resulted
in more spreading of the liquid eutectic and an increase in the contact area between the bonded alloys.
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Figure 11. A schematic of the mechanism involved in the bond formation of Ti–6Al–4V and super-duplex
stainless steel using a Cu/Al2O3 interlayer: (A) initial surface contact and asperity deformation;
(B,C) interdiffusion between interlayers and base metals; (D) formation of the reaction layers; (E) eutectic
melting which occurs in samples bonded at 900 ◦C; (F) isothermal solidification and homogenization of
the interface [68].

Stage three includes the isothermal solidification of the liquid interface. The joint region solidifies
due to continued interdiffusion within the interface which pushed the composition of the area below the
solidus line, and the driving force for this stage to occur is the difference between liquidus concentration
between the two base metal alloys. The scientific literature showed that diffusion during the isothermal
solidification is the most significant factor affecting joint quality. Tuah-Poku et al. [49] demonstrated
that the duration of the isothermal solidification stage is proportional to the maximum obtained width
and inversely proportional to the diffusion coefficient. The final stage of the bonding process involves
the homogenization of the bond region. This stage of the bonding process requires a longer holding
time, which allows the eutectic residual to diffuse away from the interface. The exact duration of this
stage is unclear and could last anywhere from several minutes to several hours.

5. Key Challenges and Future Direction

Although extensive research work has occurred in dissimilar joining/welding of advanced alloys,
Ti/SS, Ti/Al, and Ti/Mg couples there still exist numerous challenges that have not been successfully
addressed by existing research. Multiple research groups are investigating the use of diffusion bonding
as a method of dissimilar welding. The intermetallic formation at the interface remains a significant
issue that still needs further attention. Recent research work has demonstrated that the addition of
ceramic nanoparticles to the interlayer has the potential of disrupting the continuous intermetallic
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layer while simultaneously producing smaller grains such that it works as reinforcement inside the
joint region.

Additionally, the diffusion bonding process is substantially slower all the other available welding
processes capable of welding titanium to other alloys. Successful integration of DB into current
manufacturing practises, demands an increase in the speed at which the samples can be welded/bonded.
A clear example of this is the application of 3D metallic printing to generate nanostructure interlayers
for diffusion/TLP bonding. The large surface to volume ratio of the nanomaterials and the high surface
energy decreases the duration of the bonding process and reduced bonding temperature. Utilization of
different heat sources for better process control is needed; currently, most research work on diffusion
bonding and TLP focuses on induction heating.

Transient liquid phase bonding of these advances alloys does reduce the bonding time from
hours to approximately 30 min, but further improvements in the speed of the process are still needed.
Another limitation of the application of diffusion bonding is the type/configurations of the joints that
can be made by the process. The process typically utilizes butt joints or lap joints since large surface
areas are required to ensure interdiffusion between the base metals and the interlayer.

As research into diffusion bonding continues, bond efficiency (Ti/Al, Ti/SS, and Ti/Al) will increase
as the technology matures. Additional research is also required to develop suitably automated diffusion
bonding systems that integrate mechanisms for assessing the quality of the weld/bond. Further studies
are also needed to explore the development of smart joints/welds, which can communicate with an
externally connected system when the weld/bond has come to the end of its useful life.

The development of standards to support the proliferation of technology in a way that gives
manufacturers the confidence. Finally, the provision of education and training for technical staff

who will be required to use this technology. These changes would ensure that diffusion bonding is a
desirable alternative to conventionally available techniques.
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