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Abstract: Diffusion bonding is a process of joining similar and dissimilar materials by atomic transfer at the interface of
both the materials. The parameters that influence the diffusion bonding are bonding temperature, bonding time and
bonding pressure. This process is carried out at elevated temperatures approximately 50-70% of the melting temperature
of the parent material, for easy transfer of atoms from one surface to another surface by gaining the required activation
energy. To prevent the oxidation of metals that occur during the process, high vacuum is created with the help of diffusion
and vacuum pumps. This process gives more bonding strength compared to the conventional joining processes like
welding, brazing and soldering. In this paper process parameters for diffusion bonding of Titanium with Stainless steel
304 and Aluminium 6061 are studied. The microstructure and micro hardness of the interface of diffusion bonded
specimens are studied and analyzed, for evaluation of bonding strength using Micro-Hardness Tester. The optimized
results obtained for Diffusion bonding of Ti/SS were 900 ˚C (bonding temperature), 90 min (bonding time) and 5 MPa
(load) and for diffusion bonding of Ti/Al were 450 ˚C (bonding temperature), 90 min (bonding time) and 10 MPa (load).
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1. INTRODUCTION
The aerospace industry is a very large market for titanium products primarily due to exceptional specific strength, and
high resistance to elevated temperature corrosion [1-2]. Titanium is widely used in aviation, navigation and automobile
industries because of its good elasticity, high strength and good abrasive resistance [3-4]. In some locations, the
performance requirements for titanium and aluminum and copper components are special. So the joining of titanium and
aluminium and copper alloy to form compound structure is necessary, and can reduce the mass of structure. Therefore,
study on the technology for joining of titanium to aluminium and copper is of great importance. However, the properties of
Ti and Al, Cu have great differences in crystal structure, melting point, heat conductivity, and linear expansion coefficient.
Thus, the traditional fusion method is hard to realize the joining process [5]. Brazing is an effective method for dissimilar
materials joining, but the brazing joint of Ti to Cu is difficult to guarantee access to the entire surface of the joint continuity
[6]. Diffusion bonding (DB) is a solid state joining process where coalescence of contacting surfaces occurs with minimum
macroscopic deformation by diffusion controlled process, which is induced by applied definite heat and pressure for a
finite interval [7-8]. Diffusion bonding is suitable for joining Ti to SS because of its high joining quality. In recent years, DB
has been applied widely in brittle materials and dissimilar metals [8]. Furthermore, it has been used in connecting
between titanium alloy and other metals [2-7]. If the joining of titanium alloy and Stainless steel is realized by diffusion
bonding to fabricate composite structure, it will open up a new way to broaden the application of titanium and stainless
steel. So, it is significant to study the diffusion bonding of titanium alloy to copper alloy in a vacuum. The objective of this
study is to realize the vacuum diffusion bonding of Ti-Al and Ti-SS and analysed the microstructure characteristics in the
interfacial zone of specimens.
2. EXPERIMENTAL PROCEDURE
2.1. Materials and fabrication
The materials used in the present research were Titanium alloy (OT4-1), Aluminum, Copper were procured from reliable
suppliers. The specimen size of titanium alloy (OT4-1) bonded with Stainless steel 304 and Aluminum 6061 was 10 x 10
mm and 1 mm thickness separately bonded by diffusion bonding process with different temperature, time and pressure.
2.2. Diffusion bonding procedure
Diffusion Bonding: Diffusion bonding is a method of joining metallic or non-metallic materials. This bonding technique is
based on the atomic diffusion of elements at the joining interface. Diffusion process is the transport of mass in form of
atom movement or diffusion through the lattice of a crystalline solid. Diffusion of atomsproceeds by many mechanisms,
such as exchange of places between adjacent atoms, motion of interstitial atoms or motion of vacancies in a crystalline
lattice structure. The latest is the preferable mechanism due to low activation energy required for atom movement.
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Vacancy is referred to an unoccupied site in a lattice structure. Diffusion of atoms is a thermodynamic process where
temperature and infusibility of

The material are considerable parameters. In general, the diffusion rate [9], in term of diffusion coefficient D, is defined as
(Eq. 1)
Where Do is the frequency factor depending on the type of lattice and the oscillation frequency of the diffusing atom. Q is
the activation energy, R is the gas constant and T is the temperature in Kelvin. The activation energy for atomic diffusion at
the surface, interface and grain boundaries is relatively low compared to the bulk diffusion due to a looser bond of the
atoms and higher oscillation frequency of the diffusing atom. This enhances the atomic diffusion, and thus eases the
diffusion bonding of two metal pieces assuming that a perfect interface contact exists The interface contact can be
optimized by a treatment of the surface to be bonded through a number of processes, such as mechanical machining and
polishing, etching, cleaning, coating, and material creeping under high temperature and loading. Creep mechanism allows
a material flow to produce full intimate contact at the joint interface as required for diffusion bonding. Therefore, surface
treatment and selection of bonding temperature and loading are basically important factors of the diffusion bonding
process. Other factors such as thermal conductivity, thermal expansion, and bonding environment also affect the bonding
process, particularly at high bonding temperature. Experimental Setup. DB was conducted with a Vacuum thermalimitation machine, and the working chamber was evacuated to 1.1*10-3 Pa at room temperature. The mating surfaces of
the specimens were ground with Sic-paper down to grit 80 and finally cleaned in a reagent acetone for 10 s. The mating
specimens were put inside a stainless steel rectangle box to create vacuum and bond at a specified temperature. The
microstructures of the base alloys and the interfaces resulting from joining were characterized by scanning electron
microscopy (SEM). .

Fig. 1: Diffusion Bonding Processes diagram

Fig. 2: Diffusion bonding unit
Non Steady State Diffusion Bonding (Flick's Equation). The quantitative treatment of no steady state diffusion processes is
formulated as a partial differential equation [9]. It is beyond the scope of energy to treat the equations in detail but we can
consider the second law qualitatively and examine some relevant solutions quantitatively. Since the oxidation rate
constant follows an Arrhenius relationship,
K = K0 exp (RT)
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(Eq.2)
Where Q is the effective activation energy for oxidation, R the gas constant, T the absolute temperature and K0 is the
constant for given material. The effective activation energy for oxidation was obtained from an Arrhenius plot of K in
logarithm scale versus T. The activation energy for the titanium material is improved by heating the specimen almost near
the recrystallization temperature which is 1123 K .At higher temperature, creep problems can be eliminated by creating
the inert atmosphere through the use of rotary and diffusion pump. Cooling can be provided with the help of a chiller
through the recirculation pipe lines
The Diffusion bonding set up shown in Fig 2 is utilized for the diffusion bonding on the Titanium alloys and Copper alloy.
This set up includes the Vacuum chamber to minimize the chemical reaction during the bonding process by creating the
necessary Vacuum on application of Rotary
Pump & Diffusion pump. Furnace (heating System), diffusion Pump and Vacuum Chambers are continuously cooled
through water circulation system with Pump and a chillers. The required force on the specimens during bonding can be
applied using Hydraulic loading .
RESULTS AND DISCUSSION
The Microhardness of interfacial regions of Ti/SS and Ti/Al respectively and are represented by the graphs.0In this
application we will consider the indentation0hardness which is defined as0a measure of a material’s resistance0to plastic
deformation0when a hard indenter penetrates into0a softer material.
Microhardness obtained from the tests for interfacial regions of Ti/SS and Ti/Al and for different combinations of bonding
temperature, load and time are compared in the Table 3 and Table 4 .
Table 1: Factors and their corresponding variability levels for Diffusion bonding of Titanium and Stainless Steel

Table 2: Factors and their corresponding variability levels for Diffusion bonding of Titanium and Aluminium

Table 3: Microhardness of Ti/SS interfacial region for different temperature, time and load

Note: For experiment No. 1, 2 and 4 the specimens have not bonded
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Fig 3: Main effect plot for microhardness of Ti/Al
Interfacial region
It was observed from the Fig 3 that microhardness of Ti/SS interfacial region increased with increase in bonding
temperature of 800 to 900 ˚C. It also tells us that increase in bonding temperature increases the bonding strength. It was
inferred that with increase in bonding time from 30 to 60 minutes the microhardness considerably increased. When we
increase bonding time more atomic transfer takes place as a result more voids are filled and therefore microhardness of
the interfacial region increases. From the graph we observed that load affected inversely on microhardness from 5 to 8
MPa, and it slightly increased from 8 to 10 MPa. Hence the optimized result obtained from the Minitab software and main
effect plot for microhardness of Ti/SS is 900 ˚C (bonding temperature), 90 min (bonding time) and 5 MPa (load).
Table 3: Microhardness of Ti/SS interfacial region for different temperature, time and load

Note: For experiment No. 1, 2 and 4 the specimens have not bonded

Fig 4: Main effect plot for microhardness of Ti/Al interfacial region
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It was observed in Fig 4 that microhardness of Ti/Al interfacial region increased with increase in bonding temperature of
350 to 450 ˚C. It also tells us that increase in bonding temperature increases the bonding strength. It was inferred that
with increase in bonding time from 30 to 60 minutes the microhardness considerably increased. When we increase
bonding time more atomic transfer takes place as a result more voids are filled and therefore microhardness of the
interfacial region increases. From the graph we observed that load affected inversely on microhardness from 5 to 8 MPa,
and it gradually increased from 8 to 10 MPa. Hence the optimized result obtained from the Minitab software and main
effect plot for microhardness of Ti/Al is 450 ˚C (bonding temperature), 90 min (bonding time) and 10 MPa(load).
Conclusions
Diffusion bonding is a very promising method in solid state joining processes for joining of different metals. In this project
different metals like Stainless steel, aluminum and copper were diffusion bonded to Titanium. Diffusion bonding of the
metals was carried out at different bonding parameters for all the three combinations and optimum parameters were
found. Taguchi L9 array was used to design the experiments and to observe the effect of all the parameters on
microhardness of the interfacial region.The following points are concluded after the investigation of the bonding process
of Titanium with different materials:
1. The strength of the bonding depends on the nature of the surface to be bonded, pair of materials to be bonded and
the operating process parameters like bonding temperature, bonding time and bonding load.
2. The microhardness value purely depends on the surface in contact, microvoids and surface irregularities at the
interfacial region. If there are minimum microvoids and minimum surface irregularities microhardness will be
maximum and good quality of the bond can be achieved.
3. The optimum bonding parameters for diffusion bonding of Titanium with Stainless steel are bonding temperature
of 900 ˚C, bonding time of 90 minutes and bonding load of 5 MPa.
4. The optimum bonding parameters for diffusion bonding of Titanium with Aluminium are bonding temperature of
450 ˚C, bonding time of 90 minutes and bonding load of 10 MPa.
Future work
The future scope of this project is
1] Diffusion bonding can be done by introducing interlayer material between the bonding surfaces with lower melting
point and the process can be made more efficient.
2] The effect of surface roughness of the bonding surfaces before bonding on the microhardness and the bond strength can
be studied for different combinations of metals.
3] The effect of thickness of the interfacial layer on the bonding strength must be studied and optimized. So that bonds
with better strength can be obtained.
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