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Microstructure and mechanical properties of Ti6Al4V/Cu-10Sn bronze
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Abstract: The microstructures and mechanical properties of Ti6Al4V/Cu-10Sn bronze diffusion-bonded joint were studied via
scanning electron microscopy(SEM) and energy dispersive spectrometry(EDS). Diffusion bonding of Ti6Al4V to Cu-10Sn bronze
was investigated at different holding time. Four obvious interfacial layers were observed in the joint. It is revealed that the bonding

joint has high shear strength up to 102 MPa bonded at 830

, bonding pressure 10 MPa and bonding time 15 min. Shear test results

show that the fracture takes place between the reaction layer and the Cu-10Sn bronze substrate, and the shear strength is strongly

related to the formation of Cu-Ti-Sn intermetallic compounds.
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1 Introduction

The aerospace industry is a larger market for
titanium products primarily due to the exceptional
specific strength, and high resistance to -elevated
temperature corrosion[1—2]. Bronze 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 bronze components are
special. So the joining of titanium and bronze alloy to
form compound structure is necessary, and can reduce
the mass of structure. Therefore, study on the technology
for joining of titanium to bronze is of great importance.

However, the properties of Ti and 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 wherein 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 Cu because of its high joining quality. In recent
years, DB has been applied widely in brittle materials
and dissimilar metals[9—11]. Furthermore, it has been
used in connecting between titanium alloy and other
metals[12—14]. If the joining of titanium alloy and
copper alloy is realized by diffusion bonding to fabricate
composite structure, it will open up a new way to
broaden the application of titanium and copper alloy. 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
Ti6Al4V(TC4) and Cu-10Sn bronze, and analyze the
microstructure characteristics in the interfacial zone of
TC4/Cu-10Sn joint.

2 Experimental

Commercial TC4 and Cu-10Sn were applied in this
study. The chemical compositions and physical
properties of TC4 and Cu-10Sn substrate are shown in
Table 1 and Table 2, respectively. The sizes of the
Cu-10Sn and TC4 samples were 5 mm><10 mm><5
mm and 5 mm><35 mm>5 mm, respectively. The
dimension of substrates and schematic diagram of shear
test are illustrated in Fig.1.

The TC4 surfaces were processed as follows: ground
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Table 1 Chemical compositions of base metals (mass fraction,

%0)
Material Ti Al V  Cu Sn Pb Ni Fe
TC4 Bal. 55 45 - - - - 03
Cu-10Sn - - - Bal. 10 2 3 03

Table 2 Physical performances of base metals at room

temperature
. Tensile strength, Yield strength, Elongation,
Material o/MPa o/MPa 5%
TC4 900—1 000 810 17
Cu-10Sn 248 154 35

ZQSn 10-2-3

-— Pressure
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Fig.1 Schematic diagram of shear test for TC4/Cu-10Sn
diffusion bonding joint (mm)

by metallographic sandpaper — etched by 3% HF + 30%
HNO; solution — water flushed — ultrasonically cleaned
in acetone — air dried. The Cu-10Sn surfaces were
processed as follows: ground by metallographic
sandpaper — water flushed — ultrasonically cleaned in
acetone — air dried. Diffusion bonding was carried out
immediately after the sample surfaces were treated.

The vacuum diffusion bonding equipment was used
and the ultimate vacuum of the experiment reached
5.0<10* Pa. For the diffusion bonding process, the
static pressure, bonding temperature and heating rate
were 10 MPa, 830  and 30  /min, respectively. The
holding time ranging from 5 to 20 min was applied in the
experiment.

The shear strength of the TC4/Cu-10Sn joints was
measured by a universal testing machine (Instron 1186).
The push-shear mode was used, and the pushing speed
was | mm/min. The joint hardness was tested by
nanoindentation (MTS Nano Indentor XP). The
microstructure of the fracture surfaces and the
backscattered electron images of the bonded joints were
observed using a Hitatchi S-4700 scanning electron
microscope (SEM). The phase structures in the joints
were analyzed using a D/max-rB X-ray diffraction
instrument(XRD).

3 Results and discussion

3.1 Analysis of microstructure

The TC4/Cu-10Sn joint was bonded at 830  with
different holding time to study the microstructure
evolution in the diffusion zone. The effect of the holding
time on the interfacial microstructure is illustrated in
Fig.2. The successful diffusion bonding of TC4 to
Cu-10Sn was realized under these parameters. Almost no
defects were observed in the joints. There were obvious
reaction layers generated at the interface, which
demonstrates that sufficient interfacial diffusion and
reaction occurred under these parameters. It was found
that the quantity of interfacial layers did not change with
the increase of the holding time. The thickness of
reaction layers increases with the increase of bonding
time, and it is measured to be 6.75, 14.2, 18 um for the
samples bonded at 5 min, 15 min and 20 min,
respectively.
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Fig.2 SEM images of bond interfaces of TC4/Cu-10Sn joint
with different holding time (830 , 10 MPa): (a) 5 min; (b) 15
min; (¢) 20 min

Fig.3 shows the magnification of interfacial
microstructure and elemental line scanning analysis
result. The reaction products can be divided into four



s416 ZHAO He, et al/Trans. Nonferrous Met. Soc. China 19(2009) s414—s417

zones under the conditions of 830 , 15 min and 10
MPa. In order to observe the concentration distribution
of elements in different layers, line scanning was taken
from TC4 to Cu-10Sn. Layer was near Cu-10Sn, which
contained 63.6% Pb and 17.1% Sn. Layer was still
composed of 53.7% Pb, 4.8% Sn, 17.0% Ti, and 23.8%
Cu. The diffusion of Ti into Cu-10Sn is effective to
decrease the activity of Sn. Layer was characterized
by a lightly shaded reaction zone containing 20.0% Pb,
28.4% Ti and 47.0% Cu (mass fraction). The element
analysis in layer showed that the atomic migration of
Cu (strong p-stabilized element) into titanium lattice
resulted in the formation of f-Ti during cooling. Owing
to more open crystallography of f matrix, Cu atoms can
travel longer distance in titanium lattice than other
elements[15]. In summary, it can be inferred that the
reaction layers consist of four zones: enriching Pb and
Ti-Cu-Sn intermetallic phase ( ), poor Sn and Ti-Cu
intermetallic (), Ti-Cu intermetallic (), § phase ()
from Cu-10Sn to TC4.

Mass fraction/%
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Fig.3 Interface microstructure and line scanning of Ti, Pb, Cu
and Sn at interface of TC4/Cu-10Sn joint bonded at 830 , 10

MPa and 15 min: (a) Interfacial microstructure; (b) Elemental

line scanning

The hardness of reaction layers was measured
across the interface resulting from joining at the
conditions of 830 , 15 min and 10 MPa. From the
results, it was noted that the hardness of four reaction

layers was much higher than that of the Cu-10Sn
substrate. Among the four reaction layers, the hardness
of reaction layer was the highest, which was much
higher than that of TC4 substrate. The hardness
distribution at the interface was related to the properties
of interfacial reaction layers. The formation of Ti-Cu-Sn
intermetallic phase in layer led to the highest hardness.

Cu-10Sn

Hardness/GPa

|
| |
| |
| |
| |
| |
| |
-8 -4 0 4 8 12
Relative distance/pm

Fig.4 Hardness distribution at interface zone of TC4/Cu-10Sn
joint bonded at 830 , 10 MPa and 15 min

3.2 Analysis of fracture

The shear strength results of the joints are
summarized in Table 3. When the holding time was 5
min, the interfacial diffusion and
insufficient, and the shear strength was very low. When
the longer holding time was applied in the joining
process, the interfacial reaction became more sufficient
and the joining quality was increased. When the holding
time reached 15 min, the highest shear strength (102
MPa) was achieved. With the further increasing holding
time, the thickness of the interfacial brittle intermetallic
layer was increased. Thus, the shear strength decreased
when the holding time exceeded 15 min.

reaction was

Table 3 Shear strength of joint bonded under 830  and 10
MPa
Holding time/min 5 10 15 20
Shear strength/MPa 70 81 102 83

The bonded joints and the fracture of TC4/Cu-10Sn
were investigated using SEM and XRD. The similar
fracture morphologies were observed for all joints with
different parameters. A typical example is shown in
Fig.5(a), which indicates the fracture morphology of a
joint bonded under conditions of 10 MPa, 830 and
holding time 15 min. It can be observed that the fracture
surface is bright white with a plain morphology. There is
no macro-plastic deformation on the fracture surface,
which proves to be a brittle fracture. The fracture occurs
in a typical cleavage mode. The XRD results of fracture
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are shown in Fig.5(b). From the intensity of the peaks, it
was noted that a large amounts of Cu and CuSn;Tis were
detected, which demonstrated that the fracture
propagated between Cu substrate and the reaction layer

(CuSn;Tis intermetallic layer and Pb). The fracture
analysis accorded with the hardness distribution at the
interface shown in Fig.4.

(b) M - CusnsTis
*e—Pb
+—Cu
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Fig.5 Fracture surface of TC4/Cu-10Sn joint (TC4 side)
bonded under 830 , 10 MPa and 15 min: (a) SEM image of
fracture; (b) XRD pattern of fracture

4 Conclusions

1) The joining of TC4 to Cu-10Sn was successfully
achieved by diffusion bonding method. When the joint
was bonded at 830 for 15 min, the highest shear
strength (102 MPa) was obtained.

2) The typical microstructure at the joint consisted
of four reaction layers. From Cu-10Sn to TC4, the four
reaction layers were enriched Pb and Ti-Cu-Sn
intermetallic phase (layer ), poor Sn and Ti-Cu
intermetallic (layer ), Ti-Cu intermetallic (layer )
and f phase (layer ), respectively.

3) The fraction presented typical brittle
characteristic. The CuSn;Tis, Pb and Cu phases were
detected at the fracture surface. The fracture took place at

the interface between reaction layer

s417
(brittle CuSn;Tis

intermetallic and Pb) and the Cu-10Sn substrate.
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