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Abstract: Since diffusion bonded joint is formed from atomic migration across an interface without a liquid phase, the interface is 
homogeneous microstructure and hence mechanical properties are not different from those of the matrix metal. However, it is not easy to 
control process variables at high temperature. This paper presents diffusion bonding process and a machinery with tool material selection to 
develop diffusion bonding press machine for joining complex contoured metals using hot forming and diffusion bonding technology. 
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1. Diffusion bonding procedure 
Diffusion bonding is an attractive joining method for aerospace 

applications where mechanical properties in the bond area and a 
microstructural bond are important. Diffusion bonding is such a 
process in which two matched surfaces are held together under a 
low pressure without causing a macroscopic plastic deformation in 
the materials at a temperature range between 0.5 of the absolute 
melting temperature of the materials. Solid state diffusion bonding 
is formed from atomic migration across an interface without a liquid 
phase, there is no metallurgical discontinuity at the interface and 
hence mechanical properties and microstructure at the bonded 
region are not different from those of the base metal. The process is 
dependent on various  parameters, in particular, time, applied 
pressure, and bonding temperature to promote microscopic atomic 
movement to ensure complete metallurgical bond.  

 

 
Figure 1 Schematic view of microstructure change during 

diffusion bonding process 

 

 
Figure 2 Microstructure developed during diffusion bonding of 

Ti6Al4V 

 

In the first stage (see Fig. 1a), two surfaces must be in 
immediate proximity each other and the amount of initial contact 
surfaces depends on the surface condition like irregularity and 
roughness. In the second stage (see Fig. 1b), diffusion welding 
starts with microplastic deformation at interface, where ridges of the 
surface asperities deform plastically in such a way that there is no 
macroscopic deformation in the parts to be contacted. During this 
process, voids will be produced and aligned at the interface. The 
voids become isolated and the gas pressure of inside of the voids is 
equal to the pressure in the furnace. It is important to increase 
temperature at this stage. During the third stage (Fig. 2c), the 
pressure inside of the void becomes decreased and the voids starts 
to collapse. In the final stage (Fig. 2d), there is no void or 
discontinuity at the bonded interface and grain boundary migrates to 
accommodate the shrinkage in order to minimize surface energy. 

2. Machinery manufacturing 
Press system The hydraulic press is a closed frame with a high 

volume low pressure and a low volume high pressure pump and 
valve system. The 300 ton press is designed for an electrical input 
supply of 380VAC, 3 phase, 3 wire, 50/60Hz.  During the cycle, the 
pressure in the hydraulic press is a function of the gas pressure 
evolution inside the tooling. The maximum working height is 
1,200mm and platen size is 1,500 x 1,500 mm, which is made of 
corrosion resistant high temperature alloy. The press has two 
metallic platens and in the loading position they will be in parallel 
horizontal planes, one above the other and, in between, forming tool 
will be positioned. The platens are attached to the bolster by a 
method that ensures easy replacement. The lower platen is installed 
on a moving rail for easy tool change and part loading (Fig. 3a).  

 

     
(a)                                    (b) 

Figure 3 Diffusion bonding machine(a) and gas pressure 
controller(b) 

Gas control system and heating elements  Personal computer 
based automatic control system was developed to accurately control 
gas pressure supply. Main control valve is Toko-Valex® flow 
control valve with diaphragm type integral positioner as shown in 
Fig. 3b. The maximum gas pressure is 6MPa and the pressure 
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profile can be uploaded from preset data files. The accuracy of the 
pressure regulation at 6MPa is within 0.5%.   

The heating system is supplied with a step-down transformer to 
assure 380 volt to line the Kanthal® heating elements. The heated 
zones are divided to 4 zones and each heated zone is monitored and 
controlled with programmable logic controller. Each heated zone is 
monitored and controlled with a separate temperature settings. In 
order to avoid tool distortion during heat up, the controllers ramp 
the temperature from room temperature to operating temperature at 
a constant rate.  The maximum operating temperature is 1,100℃. 
The heating chamber is insulated with refractory blocks and water 
cooling is forced in the upper bolster plate to protect press frame 
structure from heating. The platens are additionally insulated on all 
sides by an insulated enclosure. The wiring and insulation located at 
the heated zone is prepared to withstand temperatures at least 20% 
greater than the expected temperatures to which they are exposed. 

 

 
(a) 

 

(b) 
Figure 4 Photograph of a stainless steel tool(a) and schematic 

diagram of the tool(b) [1] 

 

Tool design and manufacturing Diffusion bonding tools must 
be durable at operating temperatures during continuous bonding 
process and especially dimensional stability and corrosion resistant 
property are required. Initially conventional stainless steel was 
chosen as a tool material for prototype forming and a crack was 
found after production of 10 articles. This problem was solved by 
using highly modified heat resistant alloy with cobalt and tungsten 
(28Cr-48Ni-5W-3Co) for diffusion bonding of titanium and duplex 
steels. An example of the diffusion bonding tool is shown in Figure 
4 for a scaled combustion chamber of a liquid engine launch 
vehicle[1]. The tool was designed to allow hydrostatic gas 
pressurization from inside so that solid state diffusion bonding of 
copper and steel is possible. The tool assembly is placed in the 
heating system described above and bonding is conducted in inert 
environment after uniform temperature has been achieved 
throughout. Because this tool needs a gas pressure for 
manufacturing a diffusion bonding product, it is essential to 
maintain the sealing condition at high temperature and high 
pressure.  Since the bonding temperature for nickel base superalloy 
is higher, the fixtures are fabricated with refractory castable ceramic 
material(Fig. 5). The maximum service temperature of this fixture is 
1080℃. 

 

       
(a)                                            (b) 

Figure 5 Photograph of a ceramic tool(a) and the tool with gas 
inlet(b) 

Production of diffusion bonding articles 
Titanium alloys can be easily joined by diffusion bonding 

without secondary materials, due to its ability to dissolve its own 
oxide at elevated temperatures in vacuum. Recent study of the 
kinetics of the decrease of the gas pressure in the closed volume at 
high temperature [2] shows that at 550℃, the gas pressure inside of 
a void of 100 micron is reduced from 7.3 Pa to 3 x10-4 Pa within 
several minutes. At 900℃, the vacuum inside of a void is expected 
to form in several seconds. For Ti-6Al-4V, the diffusion process 
was performed at temperatures where α and β phases are equally 
distributed [3]. The optimum temperature for diffusion bonding 
under the hydrostatic pressure of 4MPa for 1 hour was 875℃ for 
this alloy. The integrity of the microstructure of bonded interface of 
a sandwich panel is shown in Figure 6[4]. 

 

 

 

 

 

 

 

 

(a) 

 
(b) 

Figure 6 Schematic diagram of theoretical analysis(a) and 
photograph of diffusion bonded titanium sandwich panel with 
microstructure(b) [4] 

It is necessary to bond copper and steel directly to produce 
combustion chamber of liquid propellant launch vehicle. The inner 
shell of the chamber is copper with cooling channels for 
regenerative engine and outer shell is dual phase steel to keep high 
pressure inside the chamber. Diffusion bonding of copper and steel 
was performed at 3 different pressure conditions and at 
temperatures of 850 ℃  and 900 ℃ . Mechanical tests and 
microstructural analysis were performed to obtain the optimum 
diffusion bonding condition. The specimen for shear testing was 
bonded at 900℃ and it was shown that the failure did not occur at 
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the bonded region and structural integrity of the bonding interface 
was demonstrated. The scanning electron microscope micrograph is 
shown in Figure 7. It is concluded that the there is no notable 
distinction or foreign phase at the interface and even though there is 
little atomic diffusion process observed at the interface and the 
nature of bonded interface is microscopically in good condition for 
copper and steel. 

 

 
(a) 

 

 
(b) 

Figure 7 Photograph of diffusion bonded Cu/Steel interface[1] 

 

Summarymu 
The present study demonstrates that the diffusion bonding 

machinery can be developed with only hydraulic press, temperature 
chamber and regulated gas pressure to provide forming force and 
the assembly is easy to manufacture bonded components. High 
temperature bonding tool material was selected based on oxidation 
and durability. This paper shows an economic diffusion bonding 
machinery method to manufacture of aerospace components with 
complex contour with titanium and Cu/Steel alloys. 
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