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Abstract: Solid-state bonding between pure titanium and Ti6Al4V (TC4) alloy was conducted by a new bonding method named as
rigid restraint thermal self-compressing bonding. Effects of heating time on bonding interface, atom diffusion and mechanical
properties of the joints were studied. Results show that atom diffusion between pure titanium and TC4 alloy significantly takes place
during bonding. The diffusion depths of Al and V in pure titanium side are increased with increasing heating time. Due to the
enhancement of atom diffusion, bond quality of the bonding interface is improved along with the increase of heating time. The
heating time seems to have little effect on microhardness distribution across the joint. However, the tensile strength and ductility of
the joint have close relation to heating time. Prolonging heating time can improve the tensile strength and ductility of the joint,
especially the latter. When the heating time increases to 450 s, solid-state joint with good combination of strength and ductility is
attained.
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1 Introduction

To satisfy the increasingly strict requirements of
excellent performance, long life, high reliability, high
security and so on, advanced structural materials with
perfect mechanical and physical properties have been
developed for both civil and military aircraft. With
distinguished advantages of lower density, high specific
strength, high specific stiffness and good resistance to
corrosion and heat, titanium and its alloy are one kind of
these main structural materials, and they have played
an increasingly significant role in the aviation
industry [1-4]. Welding process is an indispensable
technique for manufacturing titanium components, and a
variety of welding methods have been developed to join
titanium, such as electron beam (EB) welding [5,6], laser
beam (LB) welding [7,8], brazing [9,10], diffusion
bonding [11,12] and friction welding [13,14]. Among
these methods, solid-state bonding method has drawn
particular attention as it can avoid the solidification

problems occurred in fusion processes and produces
sound solid-state joint with better combination of
strength and ductility.

Rigid restraint thermal self-compressing bonding
(TSCB) is a new solid-state bonding process. During the
process, a local non-melted heating method is employed
to heat the butt interface of rigid restrained plates to be
bonded as illustrated in Fig. 1 [15]. Under the action of
localized scanning heating of EB, LB or other types of
heat source, materials close to the butt interface are
expanded. Due to the existence of surrounding cool
metals and rigid restraints, the expansion of high
temperature materials is restrained; and thus a
compressive pressure (p) is developed which compresses
the high temperature metals near the bonding interface
and facilitates the atom diffusion between butt-weld
specimens to produce permanent solid-state joint.
Utilizing the localized stress—strain field to accomplish
atom bonding between butt-weld specimens, rigid
restraint TSCB can avoid the use of external force.
Previous study has proved the feasibility of rigid restraint
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Fig. 1 Illustration of rigid restraint TSCB

TSCB to join titanium alloy [15]. However, the atom
diffusion behavior during bonding was not studied
because the similar materials were chosen in previous
work.

In this study, pure titanium and Ti6Al4V alloy were
bonded together at different heating time. The bonding
interfaces and the concentration profiles of Ti, Al and V
across the bonding interfaces at different heating time
were analyzed to study the atom migration and the effect
of heating time on the atom migration during rigid
restraint TSCB. At the same time, microhardness
distributions and tensile mechanical properties of joints
at different heating time were determined to analyze the
effect of heating time on the mechanical properties of
joints.

2 Experimental

2.1 Materials

Pure titanium and Ti6Al4V alloy with the
dimensions of 59 mm (L) x 50 mm (W) x 5 mm (H) were
used in this work. The nominal chemical compositions of
pure titanium and Ti6Al4V alloy are listed in Table 1. It
can be seen that Ti6AI4V alloy has 5.5%—6.8% of the a
stabilizing element Al, 3.5%—4.5% of the f stabilizing
element V, and about 90% of Ti element, while pure
titanium only has Ti but no Al and V elements. This
notable chemical compositions difference paves the way
for investigating the atom diffusion during rigid restraint
TSCB.

Table 1 Nominal chemical compositions of pure titanium and
Ti6Al4V alloy (mass fraction, %) [16]

Sample Al V Fe C N H O Ti

Pure

.. 0 0 <03 <0.1 <0.05 <0.015 <0.25 Bal.
titanium

Ti6Al4V 5.5- 3.5—

aloy 68 45 03 5015005 <0015 <02 Bal.

2.2 Rigid restraint TSCB between Ti6Al4V and pure
titanium

Pure titanium and Ti6Al4V plates to be bonded
were cleaned with acid solution and swabbed with
ethanol. Electron beam was employed as the heat source.
Rigid restraint TSCB between pure titanium and
Ti6Al4V alloy was carried out in a high voltage vacuum
electron beam welding machine ZD150-15SMH CV3M.
Multi-beam scanning heating method controlled by
electron beam deflection system was employed to heat
the butt interfaces. Scanning length and scanning
frequency were selected as 50 mm and 100 Hz,
respectively. Other experimental parameters are shown in
Table 2.

Table 2 Parameters of rigid restraint TSCB of pure titanium to

Ti6Al4V alloy
Beam Focus Bean Heating
voltage/kV current/mA current/mA time/s
210
270
150 2809 1.8

330
450

2.3 Analysis of joints

After bonding, specimens used for metallographic
analysis were machined transversely through the bonding
interface and mounted in bakelite for grinding and
polishing. The polished cross-sections after etching were
characterized by a Leica DM6000M optical microscope
(OM). A Quanta 250FEG scanning electron microscope
(SEM) with energy dispersive spectrometer (EDS) was
employed to analyze the element concentration profiles
across the bonding interface. The bond quality was
assessed on the basis of residual voids at the bonding
interface.

Microhardness and tensile mechanical properties of
present dissimilar joints with heating time of 210 and
450 s were tested. A hardness tester (HXD1000) was
used to test the microhardness of joints at room
temperature under a test load of 300 g for 10 s. Three
tensile specimens perpendicular to the bonding interface
for present dissimilar joints and base metals were
machined. The Quanta 250FEG SEM was employed to
analyze the morphology characteristics of the fractured
surfaces of the tensile test specimens.

3 Results and discussion

3.1 Bonding interface of joints

Optical microscope graphs of the bonding interfaces
with different heating time are presented in Fig. 2. At
the heating time of 210 s, many voids distributed at the
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Ti6Al4V ~ Pure titanium

Seh e :
Fig. 2 OM graphs of bonding interfaces produced at different heating time: (a) 210 s; (b) 270 s; (c) 330's; (d) 450 s

bonding interface can be observed and the length of
single void can approach to 10 um as shown in Fig. 2(a),
which indicates that the bond quality is not satisfied. As
the heating time increases to 270 s, the number of
residual voids decreases and the size of the voids is also
smaller than that of joint bonded at the heating time of
210 s. At 330 s, as shown in Fig. 2(c), the number and
size of voids are further diminished compared with those
of the joint at 270 s. There are only few small voids at
the bonding interface, when the heating time increases to
450 s, as presented in Fig. 2(d). Therefore, it can be
concluded that heating time has notable effect on the
bond quality of the interfaces. With the increase of
heating time, the number and size of voids are decreased
and the bond quality is improved accordingly.

Although rigid restraint TSCB has much difference
compared with diffusion bonding, it still relies on atom
diffusion to produce solid-state joint with sound bonding
interface and good bond strength. With the increase of
heating time, the dwell time over high temperature and
the volume of the materials with high temperature are
increased, which facilitates the atom diffusion between
pure titanium and Ti6Al4V alloy. Moreover, during rigid
restraint TSCB, an internal elasto—plastic stress—strain
field is developed by localized heating according to the
numerical analysis of Ref. [17]. With the increase of
heating time, the plastic deformation at bond interface is
increased due to the prolonged time of materials
subjected to thermal compressive action produced by the

Ti6Al4V

Pure titanium
20 pm}

internal elasto—plastic  stress—strain field. Plastic
deformation also enhances the atom diffusion across
bonding interface as shown in Ref. [18]. Therefore,
improved bond quality between pure titanium and
Ti6Al4V alloy is attained with the increase of heating
time.

3.2 Element profiles across bonding interface

As shown in Fig. 2(a), the microstructure of
Ti6Al4V alloy is made up of equiaxed a phase and
transformed f phase while only a phase is contained in
pure titanium. Therefore, two kinds of bond regions exist
around the bonding interfaces of present dissimilar joints.
One i8S OTieal4v/ Opure-titanium T€gion, where the equiaxed a of
Ti6Al4V alloy and the o phase of pure titanium are
bonded together, and the other is Srisaisv/®purc-titanium
region which is composed of transformed f of Ti6Al4V
alloy and the o phase of pure titanium. Element
concentration profiles of Ti, Al and V across the bonding
interface in orisalav/Apurc-titanium ZON€ obtained from EDS
analysis are shown in Fig. 3.

At the heating time of 210 s, it can be seen clearly
that Al and V migrate into pure titanium and both
contents are decreased with increasing the distance away
from the bonding interface in pure titanium substrate.
The concentrations of Al and V equal to zero at about
1.5 pm away from the bonding interface in the pure
titanium side. Conversely, the titanium profile shows an
upward trend from the Ti6Al4V to pure titanium side as
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Fig. 3 Concentration profiles across bonding interface in orisai4v/Opure-titanium z0One at different heating time: (a) 210 s; (b) 270 s;

(c)330s; (d) 450 s

the content of Ti in pure titanium substrate is higher than
that in Ti6Al4V substrate.

At the heating time of 270, 330 and 450 s, the
similar concentration profiles of Ti, Al and V in
OTioAl4V/ Opure-tianium  ZONE  can  be seen from Fig. 3.
Moreover, it can be seen that with the increase of heating
time, the diffusion depths of Al and V in pure titanium
side are increased, reaching appropriately 2.5-3.0 um
away from the bonding interface at the heating time of
450 s, because of the improved atom diffusion along
with the increase of heat time.

Element concentration profiles across the bonding
interface in Sriealsv/Gpure-titanium ZONE are shown in Fig. 4.

It can be seen that concentrations of Ti, Al and V in
Bricaisv/Opure-titanium ~ T€gion  display similar  diffusion
behavior as those in oOrisalsv/Opure-titanium r€gion, but the
diffusion depths of Al and V in Brisaisv/Opure-titanium T€ZiON
are larger compared with ottisa14v/Opure-titanium T€giON at the
same heating time. Taking the diffusion depth at the
heating time of 450 s for example, the diffusion depth is
2.5-3.0 pm in ariealsv/Gpure-titanium  re€gion whilst it is
approximately 4.0 um in Bricaiav/Opure-titanium T€ZION.

Previous studies confirmed that the diffusion
coefficient of atom in f phase is larger than that in a

phase [19]. Therefore, atoms in Brisaisv/Opure-titanium ZONE
diffuse farther than those in ariawsv/Opure-titanium ZONE
according to the relation among the diffusion distance (x),
the diffusion coefficient (D), and diffusion time (¢) [19].

x=+/Dt (1)

3.3 Mechanical properties
3.3.1 Microhardness profiles

Microhardness distributions across the bonding
interfaces of the dissimilar solid-state joints between
pure titanium and Ti6AI4V titanium alloy were tested in
this work and the results are illustrated in Fig. 5. When
the heating time is 210 s, it can be seen that the
microhardness in the Ti6Al4V side fluctuates in the
interval of HV (328+11) which is much higher than that
in the pure titanium side, whereas the microhardness at
the bonding interface is between them. When the heating
time increases to 450 s, similar microhardness profile is
obtained as shown in Fig. 5(b). Therefore, it can be
concluded that the microhardness distribution seems not
to be influenced by heating time. The reason concerning
with the microstructure was not changed significantly
with the change of heating time as shown in Fig. 2.
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Fig. 5 Microhardness profiles across bonding interfaces at different heating time: (a) 210 s; (b) 450 s

3.3.2 Tensile mechanical properties

Tensile test results of the joint and base metals are
shown in Table 3. It can be seen that compared with the
mechanical properties of pure titanium, Ti6Al4V
titanium alloy has higher strength but lower elongation,
which is related to the additive elements of Al and V in
Ti6Al4V alloy.

At the heating time of 210 s, the tensile strength of
the joint is 437.4 MPa which is slightly lower than that
of pure titanium but the elongation is 0 approximately.
Fracture locations of the tensile specimens are located at
the bonding interface of the joint as presented in the
bottom left corner of Fig. 6(a), and the fracture surface
belonging to pure titanium side of present tensile
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specimen was examined by SEM. Overall morphology of
the fracture surface appears to be smooth as shown in
Fig. 6(a). Further observation of the fracture surface at
higher magnification was conducted. As shown in
Fig. 6(b), groove zone can be founded. Only Ti element
is found in groove zone after the EDS analysis, which
suggests that the groove zone is the unbounded defect.

Table 3 Results of tensile test of joint and base metals of pure
titanium and Ti6Al4V alloy

Sample Average tensile  Average yield Averz.ige
strength/MPa  strength/MPa elongation/%
Pure titanium 479.6 348.7 37.3
Ti6Al4V 999.3 944.7 17.4
Joint at 210 s 437.4 - =0
Joint at 450 s 472.5 400.1 32.9

Fig. 6 Morphologies of tensile fracture surface at heating time
of 210 s under lower (a) and higher (b) magnification

When the heating time prolongs to 450 s, the tensile
strength and elongation of the joint are increased to
472.5 MPa and 32.9%, respectively. Both of them are
close to those of pure titanium, which indicates that the
joint has better combination of strength and ductility. The
fracture locations of present tensile specimens are
located at the pure titanium side as shown in the bottom
left corner of Fig. 7, and the fracture morphology of the
tensile specimens is shown in Fig. 7. Sound solid-state
dissimilar joint with good mechanical properties is
attained.

Fig. 7 Morphology of tensile fracture surface at heating time of
450s

Therefore, it can be concluded that although the
microhardness distribution seems not to be influenced by
heating time, the tensile strength and ductility of the joint
have close relation to the heating time. With the increase
of heating time, the tensile strength and ductility of the
joint are increased due to the increase of bond
quality. Especially, the ductility of the joint is improved
notably.

4 Conclusions

1) Pure titanium was bonded to Ti6AI4V alloy by a
new solid-state bonding method named as rigid restraint
thermal self-compressing bonding which can avoid the
use of external forces required in other solid-state
bonding methods.

2) Increasing the heating time, the dwell time over
high temperature, the volume of materials with high
temperature and the plastic deformation at bonding
interface are increased which promote the atom diffusion
between pure titanium and Ti6Al4V alloy, and thus the
number and size of voids at the bonding interface are
decreased. When the heating time increases to 450 s,
only few small voids retain at the bonding interface.

3) Al and V migrate into pure titanium side and both
contents are decreased with increasing the distance away
from the bonding interface in pure titanium substrate.
Conversely, the titanium profile shows an upward trend
from the Ti6Al4V to pure titanium side. The diffusion
depths of Al and V in pure titanium side are increased
along with the increase of heating time.

4) The microhardness distribution seems not to be
influenced by heating time, but the tensile strength and
ductility of TSCB joint have close relation to the heating
time. With the increase of heating time, the tensile
strength and ductility of TSCB joint are increased.
Especially, the ductility of the joint has notable
improvement.
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