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Abstract
Joining is a process that brings two or more materials together to form continues single unit. Joining is done to facilitate design
flexibility in combining the hybrid structures thereby increase the functionality and produce so called smart structures. Solid state
joining produces coalescence at temperatures below the melting point of base materials. The present paper examines two of the
non-conventional solid state joining processes, thermo-hydrogenated diffusion bonding and electromagnetic welding.

1. INTRODUCTION

Joining technology is vital for a broad range of hybrid
structures. It combines the advantages of multi material,
increases the design flexibility and functionality of large
number of industrial products. The process of joining is
normally done by mechanical fastening, adhesive bonding
and welding.

Welding can be achieved by the application of heat or
pressure or both. An additional metal may or may not be
used in the welding process. Conventional welding process
is established by fusion of the base materials where an
external heat source is used. There is a bulk melting of base
metals at the joint area. Especially dissimilar materials may
produce fragile intermetallic phases leading to degradation
of mechanical joints at elevated temperature. Solid state
joining process involves low temperature and often the
welding is established at wvery short duration. Thus,
dissimilar materials are easily joined by solid state joining
techniques. Solid state joining involves either the use of
deformation or diffusion and limited deformation producing
a high-quality joint between similar as well as dissimilar
materials [1]. Two non-conventional solid state process,
thermo-hydrogen  processed diffusion bonding and
electromagnetic welding are detailed in the paper.

Temporary alloying of titanium is called as thermo
hydrogen processing (THP) and is extensively employed in
enhancing both fabricability and mechanical behaviour of
titanium (Ti) alloys [2]. Hydrogen though deleterious on the
mechanical properties, can also be used in some cases to
enhance the processing of Ti alloys. Alloying of hydrogen
results in the formation of more ductile B phase and
decreases the B transition temperature. This aspect is used
mainly for processing Ti at lower temperature. Diffusion
bonding, a solid-state pressure welding is used for joining
hydrogenated CP-Ti to 304 stainless steel.

Electromagnetic welding (EMW) is a type of solidstate
impact welding which uses repulsive Lorenz force created

between the electromagnetic coil and a flyer material [3].
The flyer hits on a target material at very high impact
velocity and vyields to form bonding between flyer and
target. Aluminium is joined to 304 stainless steel by EMW.

2. EXPERIMENTAL DETAILS

Commercial pure titanium (CP-Ti) is used for electrolytic
charging of hydrogen and subsequently joined to hot-rolled
304 stainless steel (SS) by diffusion bonding. Schematic
diagram of the diffusion setup is shown in the Fig 1.

Hydrogen charging on CP-Ti is carried out by electrolytic
charging using platinum as anode with sulphuric acid
electrolyte bath, at constant current density of 0.2A/cm?.
Microstructure of the hydrogen layer at the surface of
titanium is shown in the Fig. la.
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Fig 1 Schematic layout of diffusion bonding setup a.)
Microstructure of hydrogenated titanium

Rectangular pieces of 10 x10 x 0.5 mm is cut from hydrogen
charged CP-Ti , as received CP-Ti and 304 SS sheets.
Sandwich type diffusion couples are prepared by
hydrogenated CP-Ti with SS and as received CP-Ti with SS.
The die assembly is tightened under a contact pressure of
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10MPa in a hydraulic press and heated in a dynamic vacuum
of 10-5 torr, for 2hrs at 600°C,750°C and 850°C
temperature.
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Fig 2 Schematic layout of Electromagnetic welding setup

[4].

Electromagnetic welding experiment is done to join
commercially available 6061 aluminium tube of 50mm
diameter to 304 stainless steel using 40kJ/ 20kV multi turn
electromagnetic welding machine at Bhabha Atomic
Research Centre. The experimental current input used is
200kA at frequency 10kHz. Schematic layout of the
electromagnetic welding setup is shown in the Fig 2.

3. RESULTS AND DISCUSSION
3.1 Evaluation Diffusion Bonded Samples

Optical micrographic examination (Fig.3) of the diffusion
bonding of the un-hydrogenated as received CP-Ti with SS
at 600°C showed a complete debonding at the interface.
Whereas the interface of the hydrogenated CP-Ti with SS
showed a complete bonding at interface with some voids.
This indicated that it is possible to achieve bonding at 600°C
which is normally difficult by conventional diffusion. The
voids indicated traces of hydrogen may be present in the
samples.

m
Fig 3. Optical micrograph of samples a) unhydrogenated
CP-Ti/SS b) hydrogenated CP-Ti /SS

Further examination of the samples at 750°C (Fig. 4a.) by
electron probe micro analyser indicated a very good bonding
with large interface reaction layer of Widmanstaten o-f

structure and parent unaffected Ti. in hydrogenated CP-Ti
with SS. The chemical analysis represented in the
concentration profile (Fig. 4b) also indicated the presence of
large width of interface layers.Traces of hydron are absent
showing no voids, that hydrogen has been removed at 750°C
from the titanium during the bonding at the vacuum pressure
. The bonding is visible in unhydrogenated CP-Ti with SS at
750°C. But it has lesser reaction zone with some
intermetallic (Fig. 5a). Chemical analysis shown in the
Fig.5b confirmed lesser diffusion zone in the bonded area.
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Fig 4. a) Interface microstructure at 750 °C for
hydrogenated CP-Ti /SS b) Concentration profile
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Fig 5. a) Interface microstructure at 750 °C for
unhydrogenated CP-Ti /SS b) Concentration profile

3.2 Evaluation of Electro Magnetic Welded
Samples

The interface microstructure of aluminium AA6061 bonded
to stainless steel (Fig.6) showed a complete bonding with
Helium leak rate for the sample in the range of 1 to 3x10-8
torr-I/s . Leak tightness at the interface signifies that EMW
process offers a strong promise for end closure joint.There
no traces of intermetallics which are normally present in the
conventional bonding.
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Fig 6: Microstructure of electromagnetic welded
aluminium/SS. b) Welded samples

4. CONCLUSION

Two non-conventional solid state bonding process are
successfully carried to join dissimilar materials.

a) Themo hydrogenated commercial pure titanium alloys
could be joined to stainless steel with lower temperatures
when compared to un-hydrogenated commercial pure
titanium to stainless steel.

b) Electromagnetic welding of aluminium to steel had a
characteristic wavy interface at the bonded region. The
result of helium leak test also indicating tightness at the
interface.
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